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Abstract

Nowadays, building floors are prone to excessive vibrations induced by human actions,
especially when a group of people performs rhythmic activities in a coordinated manner.
Resulting effects on the floor occupants vary from perception, discomfort or even panic. A
reliable model for rhythmic activities, taking into account the experimentally observed group
effect, is thus essential for the serviceability assessment of such structures. However, design
guidelines dealing with the subject are mainly based on time domain load models for a single
person exciting a floor structure, and little information is given about the response calculation
of floors when subjected to crowd-rhythmic activities.

This thesis addresses the development of a spectral load modelling approach characterizing
rhythmic activities induced by a single person or a group of individuals. The proposed model
comprises a Power Spectral Density (PSD) function for a single person, combined with
coordination factors for multiple individuals. For that purpose, a floor specimen was designed
on which a test campaign involving two particular types of rhythmic activity (jumping,
skipping) was conducted. In this experiment, up to 16 individuals were asked to perform
rhythmic activities in a coordinated manner while exposed to audible and visual stimulus.
Parameters of the PSD function for a single person are identified by means of a least-squares
procedure. It is found that specific load parameters characterize the human motion associated
to each investigated activity. Recommendations for the choice of such parameters for design
purposes are then proposed depending on the comfort level defined by the stakeholders.
Moreover, coordination factors for multiple individuals are obtained from best-fit functions
describing the variation of crowd forces against group size. Resulting coordination factors are
described by hyperbolic functions for jumping activities against decreasing exponential
functions for skipping activities. The developed crowd load models are then verified by means
of response measurements on a full-scale structure and their scope extended to a maximum
number of 32 individuals. It is concluded that the coordination stimulus has an influence on the
developed load model between the two previous experiments, but it is deemed plausible that
this model could be used for similar situations encountered in real life. Comparison of the
proposed load models and existing models in the literature are performed afterwards, and
remarkable differences are highlighted in terms of individual and crowd forces as well as
numerical responses computed for three different floor structures.

In addition, methods for predicting the response of floors subjected to crowd-rhythmic activities
are proposed. These methods are based on the developed spectral load model and the random
vibration theory. The assessment of floors against human discomfort could then be carried out
using these methods, in accordance with the vibration acceptability criterion agreed by the
stakeholders. This includes various facilities such as sports venues, fitness centres,
gymnasiums, grandstands, etc. The findings of this work might also represent a first step of a
procedure to be implemented in future Eurocodes editions for practical application.
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Résumé étendu

De nos jours, la construction des planchers de batiments a connu des développements
remarquables. En effet, ['usage de matériaux plus résistants et plus légers a permis la
construction de structures plus légéres, plus minces et plus flexibles, tout en satisfaisant les
criteres de vérification a I’Etat Limite Ultime. Il en résulte une diminution des fréquences
propres et des amortissements, remettant ainsi en cause le comportement vibratoire de ces
planchers a I’Etat Limite de Service. En particulier, les occupants percoivent de plus en plus
couramment les vibrations des planchers, ce qui peut engendrer des problémes d’inconfort voire
méme de panique.

La prise en compte des effets vibratoires sur les planchers doit alors étre menée des la phase de
dimensionnement. Toutefois, la prise en considération de 1’effet de ces vibrations est assez
limitée dans les Eurocodes. En guise d’illustration, 1’Annexe Nationale Francaise a
I’Eurocode 3 [6] propose des fréquences propres minimales au-dela desquelles le confort
vibratoire des planchers est supposé acceptable. Cependant, 1’expérience a montré que des
planchers souffrent de veéritables problemes vibratoires méme lorsque ces critéres fréquentiels
sont satisfaits. En réalité, le comportement vibratoire des planchers est régi par de nombreux
paramétres modaux autres que la fréquence propre (masse généralisée, coefficient
d’amortissement, déformée modale). Concernant les vibrations d’origine humaine, le cas de
chargement le plus défavorable correspond a des activités rythmiques pratiquées par un groupe
de personnes ayant un certain degré de coordination (voir Figure 1).

W‘ 1

Figure 1: Groupe de personnes sur un plancher (modifié de [75])

Face a cette situation, deux éléments principaux doivent étre établis pour un dimensionnement
adéquat de tels planchers :

e Un modele de charge communément accepté pour les activites rythmiques de foule ;
e Une méthode de calcul de la réponse vibratoire des planchers soumis a ces activiteés.
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Résumé étendu

L’objectif de cette these est de contribuer a mieux répondre aux problématiques engendrées par
les points précédents, actuellement indisponibles pour la pratique courante. En premier lieu,
une nouvelle approche de modélisation des activités rythmiques de groupe dans le domaine
fréquentiel, dont les parametres du modéle sont déterminés sur base d’essais expérimentaux,
est établie. En second lieu, des procédures pour I’évaluation de la réponse des planchers induite
par ces activités sont proposées.

Une revue de la littérature a été d’abord effectuée dans le Chapitre 2, en se basant sur la
subdivision courante du probléme en trois parties : la source vibratoire (modéle de charge), le
chemin de transmission (réponse du plancher) et le récepteur (limites d’acceptabilité des
vibrations). L’étude est limitée aux activités rythmiques avec perte de contact avec le sol qui
causent le maximum de vibrations aux planchers.

Dans un premier temps, les principaux documents dont dispose I’ingénieur pour évaluer le
confort vibratoire des planchers soumis aux activités rythmiques sont présentés. Il s’agit de
deux guides pratiques, a savoir le guide SCIP354 [81] et le guide AISC DG11 [63].
L’évaluation du confort des planchers a ’aide de ces guides se base sur deux éléments
essentiels :

e Des modeles analytiques exprimeés principalement dans le domaine temporel. Pour le
cas d’une seule personne sollicitant un plancher, les modéles existants sont de deux
types : décomposition en série de Fourier suivant un nombre d’harmoniques (voir
Figure 2(a)) ou impulsions successives basées sur un modéle d’impulsion défini (voir
Figure 2(b)). Les paramétres de ces modeles ont été initialement déterminés par des
méthodes théoriques.

e Des limites d’acceptabilité des vibrations vis-a-vis des occupants, sur la base des
directives fournies par les normes de confort vibratoire en vigueur (ISO 2631-1 [46],
ISO 2631-2 [48], ISO 10137 [45] et DIN 4150-2 [25]).

4000 4000
3000 ﬂ n 1 3000 ¢
z. z
- 2000 - 2000 |
= 2
= 1000 1= 1000 ¢
o bl bl bl L L o]
0 1 2 3 4 5 0 l 2 3 4 5
Time [s] Time [s]
(a) Série de Fourier (b) Impulsions successives

Figure 2: Modeéles de charge temporels [50]

Dans un second temps, les principales recherches visant le développement des modéles de
charge rythmiques sont détaillées. Dans le domaine temporel, une amélioration des modéles
analytiques décrits précédemment est effectuée en déterminant leurs paramétres sur la base de
mesures expérimentales pour s’approcher d’activités réelles. Toutefois, I’inconvénient majeur
d’une telle modélisation réside dans le fait que la personne est supposée répéter la méme action
durant le mouvement. En réalité, ceci n’est pas possible au vu des variations de fréquences et
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Résumé étendu

amplitudes d’un impact a I’autre (« effets d’intra-variabilités »). L’activité humaine est plutot
considérée comme un processus stochastique quasi-périodique a bande étroite. Des modeles ont
donc été developpés dans le domaine fréquentiel, notamment en terme de densité spectrale de
puissance.

Pour le cas d’un groupe de personnes sollicitant un plancher (voir Figure 1), le chargement total
n’est pas égal a la somme des chargements individuels, puisque chaque personne posseéde un
rythme de mouvement différent de I’autre (« effets d’inter-variabilités »). Une réduction du
chargement total est donc considérée dans les modeles temporels en y introduisant des
coefficients de coordination dépendant du degré de synchronisation entre individus. Pour les
modeles fréquentiels, le chargement de foule est caractérisé par la densité spectrale d’une seule
personne ainsi qu’une fonction de corrélation pour prendre en compte la coordination entre
personnes.

La réponse vibratoire des planchers soumis aux modéles de charge précédemment présentés est
calculée pour les modé¢les de charge temporels en résolvant 1I’équation de mouvement découplée
(apres décomposition modale) par des méthodes numériques (Newmark-4 par exemple). En
revanche, une approche de vibrations aléatoires est utilisée pour obtenir la réponse sous
chargement fréquentiel de la foule. Cette réponse pourra étre comparée aux limites
d’acceptabilité fournies par les normes décrites ci-dessus pour évaluer le confort vibratoire des
planchers soumis aux activités rythmiques de foule.

La majorité des recherches évoquées dans le Chapitre 2 sont dédiées au développement de
modeles de charge temporels pour les activités rythmiques. Ce type de modeéle est caractérisé
par des pics étroits pour chaque harmonique du chargement, négligeant ainsi les « effets d’intra-
variabilités » évoqués précédemment. Ceci conduit a des amplitudes plus grandes au niveau de
chaque harmonique et plus faibles au niveau de leur voisinage. Une surestimation de la réponse
vibratoire en cas de résonance est donc envisageable. L’effet inverse pourra se produire hors
résonance. De plus, ces modeles ne permettent d’exciter qu’un seul mode propre dominant a la
fois, ce qui n’est pas approprié pour une large gamme de planchers caractérisés par des modes
propres proches en fréquence (planchers a travées ou a panneaux multiples par exemple).

Il s’avere donc nécessaire de disposer d’un modele de charge fréquentiel, sur la base d’une
caractérisation expérimentale des activités rythmiques de foule. Le Chapitre 3 présente le
développement de cette derniére, a partir d’un plancher de dimensions réduites. Une campagne
d’essais a ainsi ét¢ conduite sur un plancher de laboratoire de type mixte acier-béton ayant 8 m
de longueur et 7 m de largeur (voir Figure 3). Les caractéristiques du plancher sont celles
couramment rencontrées dans la pratique. Le comportement dynamique du plancher a été
analysé en modélisant la structure par la méthode des éléments finis (éléments coques pour la
dalle en béton et éléments poutres pour les poutres, les poteaux, le bac acier et les connecteurs).
Une étude paramétrique menée a I’aide de ce modéle a permis de choisir une configuration de
plancher dont un seul mode propre a une fréquence inférieure a 10 Hz (correspondant a la
fréquence maximale d’excitation humaine), de maniére a éliminer la contribution des modes
supérieurs dans cette gamme de fréquences.
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Figure 3: Vue en plan du plancher de laboratoire (dimensions en mm)

Des essais statiques ont d’abord été réalisés afin d’estimer la raideur du plancher en des points
spécifiques et en les comparant avec les résultats numériques. Ensuite, les propriétés modales
du plancher (fréquences propres, coefficients d’amortissement, déformées modales) ont été
déterminées a I’aide d’une analyse modale expérimentale en utilisant un marteau instrumenté
(voir Figure 4). Un seul mode, ayant une fréquence propre de 7,65 Hz, a bien été obtenu dans
la gamme de fréquences d’intérét. La comparaison des résultats expérimentaux et numeériques
a réveélé des fréquences propres inférieures pour le cas numérique (différence de 5 % pour le
mode fondamental). Le plancher modélisé est en fait plus souple que la réalité car certains
assemblages entre les poutres ont été considérés comme articulés alors qu’ils sont semi-rigides.

W

"y

Figure 4: Marteau instrumenté utilisé pour [’analyse modale
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Résumé étendu

Des mesures de vibration du plancher faisant intervenir des groupes de personnes ont été ensuite
menées. Des cellules de force ont été placées sous les quatre poteaux afin de mesurer les
réactions dynamiques correspondantes au cours du mouvement, et un capteur LVDT a été
utilisé pour mesurer le déplacement dynamique du plancher. La majorité des recherches dans
la littérature se focalisent sur 1’analyse du « saut normal » étant donné qu’il produit les efforts
maximaux. Néanmoins, d’autres activités sont plus récurrentes (comme dans les salles de sport
ou de fitness, les gymnases, les stades, etc.) et peuvent méme donner des amplitudes plus
grandes que le saut normal. Par conséquent, quatre activités rythmiques ont été selectionnées
pour les essais de vibration, a savoir deux activités de saut (le « jJumping jack » et le « quick
jumping ») ainsi que deux activités de course sur place (« skipping » sur les pointes de pied et
« skipping » sur la plante de pied). Les tailles de groupe envisagees étaient de 1, 2, 4, 8 et 16
individus avec une densité d’environ 0,3 personne/m?, ce qui a nécessité la participation de 33
personnes. Il a été demandé aux participants de pratiquer les quatre activités en suivant les
mouvements d’un coach expérimenté et une bande sonore (voir Figure 5).

Figure 5. Illustration d’essais rythmiques avec 16 personnes sur le plancher de laboratoire

Dans le but de surmonter les limitations des modéles temporels (exposées dans le Chapitre 2)
et d’apporter une modélisation plus simplifiée par rapport aux modeles existants par champs
aléatoires, un modele de charge fréquentiel est établi dans le Chapitre 4 pour représenter les
activités rythmiques de foule. L’approche proposée est basée sur un modéle spectral pour une
seule personne combiné avec des coefficients de coordination pour le cas d’une foule.

Le modele de charge proposé pour une seule personne émane d’une simplification du modele
de densité spectrale de puissance établi par Xiong et Chen [89]. Les paramétres définissant le
modele développé sont la fréquence d’excitation fp, le coefficient d’amplitude o (lié au pic
d’harmonique) et le coefficient d’énergie ¢ tenant compte de la distribution d’énergie autour
des harmoniques d’excitation (comme illustré a la Figure 6).

15




Résumé étendu

Amplitude

Fréquence (Hz)

Figure 6: Illustration du modéle de charge spectral propose (avec une fréquence d’excitation de 2 Hz)

L’identification de ces trois parameétres est réalisée sur la base de mesures expérimentales de
forces vibratoires pour I’activité rythmique étudiée. Pour ce faire, une méthode basée sur la
technique des moindres carrés est établie, en utilisant 1’algorithme de Levenberg-Marquardt
adapté a un probléeme non-linéaire. Cette approche permet de prendre en compte 1’intégralité
du signal pour I’optimisation, contrairement aux méthodes d’identification existantes basées
soit sur le pic d’harmonique, soit sur le calcul d’énergie par harmonique. Les variabilités
observées durant le mouvement peuvent donc étre prises en compte. Une étude synthétique est
conduite afin de déterminer la gamme des conditions initiales permettant d’obtenir la solution
optimale du probléme d’identification, et de tester la robustesse du modele proposé face aux
bruits de mesure. De plus, une procédure pour calculer des coefficients d’amplification
dynamique équivalents est présentée pour pouvoir comparer ultérieurement le modéle proposé
avec les principaux modéles temporels existants.

L’inclusion de I’effet de groupe dans le modéle est ensuite effectuée sur la base des mesures
des forces de foule pour un nombre donné de personnes. La variation de la valeur RMS (ou
valeur efficace) de ces forces, en fonction de la taille de groupe, est caractérisée par une fonction
optimisée a partir de la méthode des moindres carrés. Le choix de cette grandeur vient du fait
qu’elle est couramment adoptée par les guides d’évaluation du confort vibratoire des occupants
d’un plancher. Le coefficient de coordination est alors calculé en divisant la valeur RMS de la
force équivalente d’une personne au sein du groupe (force de foule divisée par la taille de
groupe) par celle de la force d’une seule personne présente sur le plancher.

La combinaison du modeéle spectral pour une seule personne et des coefficients de coordination
meéne a un modele final dédié¢ aux activités rythmiques de foule. La méthode de validation d’un
tel modéle est détaillée en calculant les valeurs RMS des réponses numériques et
experimentales.

Les enregistrements temporels des forces et déplacements (six séquences par activité et par
taille de groupe, donnant lieu a 120 enregistrements au total) relatifs aux essais présentés dans
le Chapitre 3 ont été post-traités. 1l en résulte des signaux de base utilisés pour déterminer les
paramétres du modele proposé en appliquant les méthodes d’identification décrites ci-dessus.
En premier lieu, les paramétres du modele de charge spectral pour une seule personne ont été
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détermines pour les quatre activités étudiées. Les modeles ainsi parametrés sont généralement
proches des forces mesurées (comme illustré a la Figure 7). Les parameétres obtenus dépendent
effectivement du type de stimulation adopté lors des essais, mais ils sont donnés dans une
gamme de variation (moyenne * écart-type) rendant les modeles applicables a d’autres
situations. Une différence notable des parameétres des modéles pour les différentes activités a
été également observée en termes de valeurs moyennes et écart-types, montrant que chaque
activité possede un rythme de mouvement distinct de I’autre. L’énergie du chargement est assez
concentrée au niveau de chaque harmonique sauf pour le «quick jumping », tandis que
I’amplitude associée présente la plus grande fluctuation étant donnée la variation d’impact sur
le sol d’une séquence a I’autre. Des recommandations pour le choix des paramétres des modéles
ainsi obtenus sont alors fournies pour le dimensionnement des planchers soumis aux activités
rythmiques, en fonction du degré de confort défini par les parties prenantes (moyen ou
conservatif).

x10

8 T T T T T T 1
I Charges mesurées
Charges identifees |

Amplitude

| |
0 ! j_L_ oY AA.L’;UJ; - e J&L_ !

7 8 9 10
Fréquence (Hz)

Figure 7: Comparaison des forces mesurees et des modéles de charge identifiés (cas du « skipping »
sur la plante de pied)

Par la suite, les coefficients de coordination ont été extraits sur la base des valeurs RMS des
forces de foule. 1l en résulte que les individus arrivent a coordonner leurs mouvements plus
facilement en pratiquant les activités de saut comparativement aux activités de course sur place.
De plus, chaque type d’activité posseéde sa propre loi de décroissance du coefficient de
coordination en fonction de la taille de groupe : hyperbolique pour les activités de saut (voir
Figure 8(a)) et puissance pour les activités de course sur place (voir Figure 8(b)). Le type de
contact avec le sol a également une influence sur la synchronisation des individus. Les
coefficients de coordination pour le « skipping » sont plus importants pour le cas du contact sur
la plante de pied par rapport a celui du contact sur les pointes de pied. Les modéles de foule
ainsi établis ont été utilisés pour calculer la valeur RMS des déplacements en les comparant aux
valeurs mesurées au méme point. L’écart obtenu était acceptable, avec une différence relative
moyenne allant de 7,2 % a 21,8 %.
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Figure 8: Variation du coefficient de coordination en fonction de la taille de groupe

Afin de tenir compte des caractéristiques des structures rencontrées dans la pratique et d’étendre
I’étude a des tailles de groupes plus larges, une investigation a grande échelle des activités
rythmiques devrait étre effectuée. Dans cette optique, des essais in-situ réalisés sur un batiment
de parking aérien a trois étages sont presentés dans le Chapitre 5. Le plancher est de type mixte
acier-béton, situé au 1°" étage du batiment. La zone étudiée du plancher a une longueur de
22,5 m et une largeur de 15,785 m (voir Figure 9(a)). Dans un premier temps, les propriétés
modales du plancher ont été déterminées moyennant une analyse modale expérimentale par le
biais d’un excitateur dynamique (« shaker », voir Figure 9(b)). 20 modes propres ont été
identifiés dans la gamme de fréquences d’intérét (inférieures a 10 Hz). La fréquence propre du
mode fondamental valant 3,56 Hz montre que le plancher est a faible fréquence (au sens du
guide SCI P354 [81]) et donc sensible aux vibrations humaines.
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(a) Vue en plan du plancher (dimensions en mm)
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(b) Shaker excitant le plancher
Figure 9: Configuration du plancher de parking

Dans un second temps, des essais de vibration sous excitations humaines ont été réalisés pour
deux activités rythmiques (« jumping jack » et « skipping » sur la plante de pied), avec des
groupes de 2, 4, 8, 16 et 32 personnes (voir Figure 10). Des conditions identiques a celles des
essais rythmiques en laboratoire ont ¢té adoptées ici, et les réponses ont €t€ mesurées a 1’aide
d’accélérométres cablés.
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Figure 10: Illustration d’essais rythmiques avec 32 personnes sur le plancher de parking

Apres post-traitement des réponses vibratoires, la valeur RMS des accelérations mesurees a eté
évaluée et comparée aux valeurs numériques calculées en utilisant les modéles de charge de
foule établis dans le Chapitre 4 et la base modale dominante du plancher (comme illustré a la
Figure 11). La différence relative moyenne entre les résultats numeriques et expérimentaux était
de 9,8 % et 17,5 % pour I’activité « jumping jack » et 1’activité « skipping » sur la plante de
pied, respectivement. Cet écart est probablement dd a la différence de stimulation (coach et
bande sonore) entre les deux essais réalisés.

Cette étude a permis également d’étendre le domaine d’application des coefficients de
coordination de 16 a 32 personnes. En effet, 1’utilisation de la courbe hyperbolique obtenue
précédemment pour les activités de saut (voir Figure 8(a)) a été jugée valide jusqu’a 32
personnes. En revanche, 1’'usage de la loi de puissance pour les activités de course sur place
(voir Figure 8(b)) entraine une sous-estimation de la réponse vibratoire, ce qui a conduit a
proposer un plateau constant entre 16 et 32 personnes pour ces activités.

20




Résumé étendu

0.04

+ Réponse expérimentale
—5—Réponse numerigue

0.035 -
0.03 |-
0.025 -
0.02 -
0.015 —

0.005 | | | | | I
0 5 10 15 20 25 30

Taille de groupe

Valeur RMS en accélération (m/s?)

Figure 11: Comparaison des accélérations expérimentales et numériques (cas du « jumping jack »)

Une comparaison des modeles spectraux proposés avec les modéles de la littérature présentés
dans le Chapitre 2 a été ensuite entreprise. Pour les forces d’une seule personne, les coefficients
d’amplification dynamique équivalents montrent que I’amplitude du 1° harmonique est
similaire dans les différents modéles. En revanche, les amplitudes des harmoniques supérieurs
sont plus grandes pour le modéle proposé car celui-ci prend en compte 1’augmentation de la
propagation d’énergie en fonction de 1’ordre d’harmonique. Pour les effets de groupe, les
coefficients de coordination des activités de saut figurant dans la littérature se subdivisent en
trois catégories : lois linaires avec palier constant, lois de décroissance en puissance et lois de
décroissance graduelle. Les coefficients proposeés se situent dans la troisiéme catégorie avec des
valeurs moins conservatives. Les mémes tendances en puissance entre les modeles ont été
observées pour les activités de course sur place avec des coefficients du modéle établi plus
élevés pour des grandes tailles de groupe. Les modéles proposés ont été également confrontés
aux trois principaux modeles temporels de foule existants dans la littérature en terme de réponse
vibratoire. Ces modéles ont été appliqués pour évaluer a la fois la réponse du plancher de
laboratoire (a un seul mode) et du plancher de parking (multimodal). Il s’est avéré que les
modeles proposés sont moins sensibles a la fréquence d’excitation que les modeles temporels
et permettent d’exciter simultanément plusieurs modes ayant des fréquences propres proches.
Une comparaison avec le modéle de Xiong et Chen [89] a été également effectuée en se basant
sur les résultats expérimentaux d’un plancher existant obtenus par Xiong et al. [91]. Bien qu’il
fournisse des résultats conservatifs pour des petites tailles de groupe, le modele proposé prend
bien en compte la diminution du degré de coordination observée expérimentalement surtout
pour un grand nombre d’individus.

L’analyse de la variation du déplacement du plancher de laboratoire en fonction de la taille de
groupe entreprise dans le Chapitre 4 (comme illustré a la Figure 12) a montré que la réponse
décroit plus rapidement que la force induite par la foule. La raison réside dans le fait que
I’amplitude moyenne du mode fondamental est inversement proportionnelle au nombre de
personnes, en raison de leurs plus grandes distances par rapport au centre du plancher ou
I’amplitude modale est maximale. Cette observation a conduit a considérer que les charges
appliquées en différentes positions d’excitation (utilisées dans la méthode exacte de calcul de
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réponse) peuvent étre réduites a une seule charge équivalente appliqué a 1’endroit ayant
I’amplitude moyenne du mode fondamental. Ceci meéne a développer un modéle de charge
rythmique équivalent appliqué a cette position.
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w
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Figure 12: Variation du déplacement du plancher de laboratoire en fonction de la taille de groupe
(cas du « jumping-jack »)

L’établissement d’une procédure compléte de détermination de la réponse vibratoire constitue
I’objet du Chapitre 6. Pour rappel, les guides d’évaluation du confort vibratoire évoqués dans
le Chapitre 2, s’appliquent principalement aux planchers soumis aux activités rythmiques
pratiquées par une seule personne. Aucune indication explicite n’est fournie pour le calcul de
la réponse des planchers pour le cas d’une foule. Certains détails concernant la prise en compte
du chargement rythmique de foule existent dans les normes en vigueur, mais demeurent
insuffisants.

Le modéle équivalent décrit plus haut a été utilisé pour proposer une méthode générale de calcul
de la réponse vibratoire des planchers soumis a des activités rythmiques. Une étude de
sensibilité a été ainsi effectuée dans le but d’étudier I’influence des paramétres de chargement
et des propriétés modales du plancher sur la réponse vibratoire. Une dépendance étroite entre
cette derniere et la fréquence d’excitation ainsi que la fréquence propre du plancher a été mise
en évidence. De plus, les accélérations calculées par la méthode exacte (utilisant le modele
spectral de foule) et la méthode générale (utilisant le modéle équivalent) étaient sensiblement
proches.

Afin d’établir une méthode pratique applicable par les ingénieurs, une procédure simplifiée
d’évaluation de la réponse vibratoire a été proposée pour les planchers satisfaisant certaines
conditions (mode fondamental dominant, déformée modale proche d’une sinusoide classique).
Cette méthode est basée sur une approximation de la fonction exponentielle caractérisant le
modeéle de charge proposé, tout en en recommandant des parametres de calcul (déformée
modale, distribution des individus). L’application de cette méthode est illustrée sur un plancher
existant destiné a un usage de bureaux.
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Les conclusions majeures du présent travail sont résumées dans le Chapitre 7. L’objectif a été
de développer une approche simplifiée de modélisation des activités rythmiques de foule sur
les planchers. Deux campagnes d’essais ont été menées pour la caractérisation et la validation
du modele de charge propose, visant a représenter quatre activités rythmiques pratiquées dans
des conditions proches de la réalité. Des méthodes de calcul de la réponse vibratoire des
planchers soumis a de telles activités ont ensuite été établies sur la base d’un modéle de charge
équivalent de la foule. Aprés concertation sur les critéres d’acceptabilité des vibrations par les
parties prenantes, ces méthodes peuvent &tre adoptées pour 1’évaluation du confort des
occupants d’une large gamme de planchers concernés.

Des perspectives pour de futures recherches, élargies ou complémentaires, sur le sujet, sont
également suggérees, dont :

e Des essais de vibration avec des paramétres complémentaires (taille de groupe plus
large, densité de personnes plus élevée, participants plus expérimentés aux activités
rythmiques, structures variées) ;

e Un « monitoring » des personnes en conditions réelles de mouvement moyennant des
mesures d’accélération pendant une longue période ;

e L’analyse des activités aléatoires de foule (marche, course) frequemment rencontrées
en différents lieux (hdpitaux, gares, centres commerciaux, etc.) ;

e L’étude de I’interaction homme-structure, provoquant une variation des propriétés
modales du plancher en présence des personnes, ainsi qu’un changement du rythme de
mouvement des personnes dans le cas d’une structure oscillante.
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1.1 Research problem and motivation

In recent years, structures designed for human occupation (building floors, footbridges,
staircases, grandstands, etc.) have experienced a rapid development due to the increasing
demands of performance and economic efficiency. This includes [93]:

e The use of materials having high strength properties but low weight, giving rise to more
lightweight structures;

e The growing design of long-span structures (such as open-plan offices) resulting in the
elimination of non-structural partitions;

e The trends for more aesthetic and architectural requirements, leading to novel structural
forms and increased slenderness.

These improvements yield floors having appropriate strength behaviour against static loads,
fulfilling Ultimate Limit State requirements. However, these structures are characterized by low
natural frequencies and low damping ratios, which makes them more sensitive to vibrations
induced by human occupants. Their design is thus governed by the Serviceability Limit State.
The resulting vibration may cause discomfort or even panic to occupants.

In 1999 and 2000, vibration issues occurred at two footbridges: the Paris Solférino Bridge and
the London Millennium Bridge [51]. Both bridges swayed in the lateral direction due to walking
of a group of people just after their inauguration [94]. Moreover, since 1889, a significant
number of demountable grandstands excited by jumping crowds collapsed [21]. These
unexpected incidents triggered researchers to work on better understanding of the behaviour of
such structures when subjected to human-induced excitation.

Building floors are one of the structures most sensitive to excessive vibrations. Depending on
the usage of the floor, several activities may take place such as walking, running, jumping,
skipping, bouncing, etc. However, the worst load case corresponds to rhythmic excitation in the
vertical direction, especially in presence of a coordinated group of people on the floor ([50],

[71]).

An et al. [4] put in evidence this phenomenon by conducting an experimental investigation on
an innovative composite floor subjected to human-induced vibrations. Among investigated
rhythmic activities, they confirmed that crowds jumping synchronously produced the greatest
acceleration responses. De Silva and Thambiratnam [23] analysed a multi-panel composite
floor devoted to a high-rise office, and found that the floor accelerations due to normal jumping
could exceed the allowable limits for human comfort. The impact of these actions could be even
more pronounced. Lee et al. [53] investigated a 39-storey steel building in Seoul, South-Korea,
whose upper floors shaked vertically for 10 min causing panic to occupants. The authors
demonstrated that this abnormal vibration was produced by crowd rhythmic movements in a
fitness centre located at the 12" floor of an adjacent complex service (see Figure 1.1). In
addition, a temporary grandstand in Bastia, Corsica, collapsed under the rhythmic jumping of
the audience during a sports match [50], which resulted in the injury and even the death of
several persons [21]. As a conclusion, floor structures must be accurately designed so that
vibrations caused by rhythmic activities would be acceptable to occupants. This requires two
keys elements to be provided:
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e The establishment of a reliable load model for crowd-rhythmic activities;
e The development of a serviceability assessment method of floors against human-
induced vibrations.

These points are discussed in detail in Chapter 2 but are briefly pointed out here.

1 Shake for
» about 10
minutes

Office
(39 story)

Complex
Service
(12 story)

Figure 1.1: 39 storey building and an adjacent 12 storey complex service [53]

e Crowd-rhythmic load models

Several attempts are made in order to develop accurate load models for rhythmic activities.
Crowd models proposed in the literature were at first based on a single person practicing
rhythmic movements on the floor. The developed analytical load models were either expressed
as a Fourier series with harmonics having frequencies that are multiples of the excitation
frequency [33], or a combination of series of identical jumping pulses each given by a pulse
model [7]. These load models were characterized by parameters obtained analytically, but they
do not reflect experimental findings in terms of amplitude and frequency [50]. To overcome
this issue, measurements have been conducted on floors subjected to jumping in order to
determine Dynamic Load Factors (DLFs) characterizing Fourier series load [3], or a modified
half-sine model to be used for jumping pulses [15].

However, those load models, having constant parameters, did not include the variability
observed during human motion. In fact, each person cannot maintain a constant frequency and
amplitude during movement (called “intra-subject variability”) and has a specific motion
different from another person (called “inter-subject variability”) [50]. This leads to a total force
produced by crowds which does not correspond to a simple multiplication of individual loads.
Some standards dealing with the subject, such as 1SO 10137 [45], proposed using coordination
factors to attenuate the total force induced by crowds due to group effect. A review of existing
coordination factors in the literature can be found in [57]. On the other hand, many studies have
been undertaken in order to characterize load variability based on a jumping pulse formulation
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and a sample of individual force measurements ([58], [71], [80]). Randomness of load
parameters is described by fitted probability distributions for a single person. Next, Monte Carlo
simulations have been used to generate loads for a given group of people. Although it provided
a more realistic jumping load model for multiple persons, this method did not consider crowd
effects observed in real situations due to physical constraints, visual cues from crowd
movement, stimulation from near environment [18], etc.

An experimental investigation of the crowd size effect is then essential in order to derive an
appropriate model for crowd rhythmic loads. A straightforward method consists of conducting
direct force measurements induced by a group of people on the floor [73]. This could be done
either by force plates placed at each excitation position ([39], [65], [67]) or by load cells located
at the corners of the floor [27]. Alternatively, force parameters could be determined from
measured vibrations by means of indirect identification techniques. This includes collected
responses on the floor ([31], [34]) or gathered accelerations of the human body at specific
locations [54]. The resulting crowd model usually comprises a load model for a single person
exciting the floor, in which experimentally determined coordination factors are appended to
reflect the lack of synchronization between participants.

Most of the load models representing rhythmic activities are expressed in the time domain,
characterized by sharp peaks at each harmonic. In reality, there is a spread of energy near each
harmonic of the load due to “intra-subject variability” [71]. Assuming the same load energy as
for real cases, these load models have larger amplitudes at the peaks of each harmonic and lower
amplitudes at their vicinity. This leads to an overestimation of the floor response when
resonance occurs and the inverse effect in non-resonant cases [88]. In addition, the response of
structures when using time domain load models would be dominated by only one mode of
vibration at resonance. Many building floors encountered in real life have multiple dominant
modes in general, and some have closely-spaced modes as for multi-span or multi-panel floors
([20], [22], [75]), indicating that the previously mentioned load models would not provide
accurate results for these structures. Frequency domain modelling is a suitable alternative to
circumvent these limitations, as it offers an excitation frequency window that could excite
multiple close modes simultaneously. This was initially done for walking excitation in terms of
Power Spectral Density functions ([12], [42], [95]), but only a few proposals of such model
have been made for rhythmic activities, especially in a random field approach ([89], [90]).

e Response prediction of floors subjected to human activities

Despite being an issue of concern nowadays, human-induced vibrations in building floors are
poorly treated in the Eurocodes, which are the official design codes of practice in Europe.
Indeed, Eurocode 3 [37] admits that the vibrations of floors subjected to human activities could
result in significant discomfort to users, but only refers to the National Annex of each country
to specify limits for such vibrations. For instance, in the French National Annex of
Eurocode 3 [6], floors are assumed acceptable with regard to vibration if the natural frequency
of the fundamental mode exceeds some frequency limits depending on the type and usage of
the floor. The same procedure was also adopted by the Comité Euro-International du Béton
(CEB) [19] with different limiting values. However, this condition is not always sufficient in
practice, especially when the floor is subjected to rhythmic activities [56]. In fact, other modal
properties (modal mass, damping ratio, modal shape) must be considered as they affect the
vibrational behaviour of floors.
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To this end, guidelines presenting methodologies for the serviceability assessment of floors
against human discomfort were established. Some design recommendations were based on the
results of European projects [77], such as HiVVoSS guideline [40] for walking activity. This
guideline provides a simplified calculation method for the response of floors by means of charts
depending on damping ratio (see Figure 1.2). Other guidelines were drawn by technical and
scientific centres for steel construction around the world. Two of them are commonly used for
rhythmic activities: SCI P354 guideline [81] and AISC DG11 guideline [63]. Nevertheless,
Royvaran et al. [76] found critical differences in terms of floor responses using the last three
guidelines for a large number of investigated floors. This was also confirmed by Muhammad et
al. [62], who attributed that to different estimation methods of modal properties along with the
unrepresentative character of vibration descriptors. On the other hand, SCIP354 and
AISC DG11 guidelines are majorly based only on the rhythmic excitation of a single person.
They provide no explicit guidance about calculating the response of floors induced by a crowd-
rhythmic load, although this case is quite common in many structures (stadiums, fitness centres,
sports halls, etc.). Vijayan et al. [86] pointed out the considerable impact of the group effect on
floors (especially for slender ones) and invited to take it into account in their serviceability
design.

Frequency [Hz]

A0
//4/
2000 x()oﬂ 4000 50006000 8000 10000

Modal Mass [kg]

Figure 1.2: Example of a chart for the calculation of floor response [40]

1.2 Scope and objectives

Structures covered by this research are building floors expected to be excited by humans
performing rhythmic activities. This includes various facilities such as sports venues, fitness
centres, gymnasiums, grandstands, etc.

This work aims to establish a load modelling strategy in the frequency domain which could
reproduce two particular types of rhythmic activity induced by a single person or a group of
people. The proposed model comprises a Power Spectral Density (PSD) function for a single
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person, combined with coordination factors for multiple individuals. This formulation
overcomes the issues of time domain load models cited above and provides a simpler
representation of crowd loads compared to random field technique. For that purpose, test
campaigns involving four rhythmic activities (two jumping and two skipping actions) were
carried out. In these experiments, conditions close to real life situations were adopted for
rhythmic activities, as individuals were moving comfortably while exposed to audible and
visual stimulus. Parameters of the PSD load model are identified by means of a least-squares
procedure, whilst coordination factors are obtained from best-fit functions describing the
variation of crowd forces against group size. In addition, methods for predicting the response
of floors subjected to crowd-rhythmic activities are suggested, based on the developed spectral
load model and the random vibration theory. After choosing a vibration acceptability criterion
with the stakeholders, these methods could be used by engineers to assess such floor structures
against human discomfort. The outcomes of this work might be a first step of a procedure to be
implemented in future Eurocodes editions for practical application.

1.3 Thesis outline

The research work outlined in this thesis is divided in seven chapters. Chapter 1 introduces the
context of the research and highlights the main objectives and the organisation of the work.

Chapter 2 presents a literature review about the vibration of floors subjected to rhythmic
activities. The state-of-the-art starts with a presentation of the analytical rhythmic load models,
followed by the available official documents dealing with the subject of floor vibrations due to
rhythmic activities. These include standards characterizing the human exposure to vibrations
along with design guidelines for the serviceability assessment of floors against human
discomfort. Subsequently, the main research findings about crowd-rhythmic load models are
highlighted, including single person models and crowd size effect. The chapter concludes with
the presentation of methods for the response calculation of floors subjected to rhythmic
activities.

Chapter 3 describes an experimental campaign carried out on a laboratory floor subjected to
multiple rhythmic activities. At first, the presentation of the floor specimen used for that
purpose is made. This includes numerical modelling and final configuration design of the
structure. First experiments conducted on the floor specimen are then introduced, comprising
deflection tests along with Experimental Modal Analysis. Vibration tests under crowd-rhythmic
activities for up to 16 individuals are presented afterwards, by giving details about adopted
instrumentation and experimental setup.

Chapter 4 is dedicated to the proposition of a load model for crowd-rhythmic activities. A
simplified PSD load model for a single person is established first, followed by the presentation
of a direct identification method to determine load parameters based on force measurements on
the floor. Coordination factors are then obtained via optimal functions describing the variation
of crowd forces against the number of participants. The total crowd load model is formulated
using the PSD load model together with coordination factors, and the procedure for the
verification of such model using response measurements on the floor is detailed. The
experimental results from vibration tests described in Chapter 3 are used to identify the above
rhythmic load models for each investigated activity. Results of identification of the PSD load
model are presented for the case of a single person, followed by obtained coordination factors
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for the case of crowds. Finally, the predicted response using the proposed crowd-rhythmic load
models is compared against displacement measurements on the floor.

Chapter 5 focuses on experiments realized on a full-scale floor in order to verify the crowd-
rhythmic load models established in Chapter 4. The floor structure is first presented together
with the conducted tests. The proposed load models are then verified by means of acceleration
responses with an extension of their scope to a maximum number of 32 individuals.
Subsequently, the verified load models are compared against existing literature in terms of
forces. The proposed and existing load models are also used to compute floor accelerations and
compared against each other for three different floor structures. In the last part of this chapter,
an equivalent crowd load model is established, based on the observation of experimental loads
and responses against crowd size. Indeed, instead of applying the PSD load model at each of
the excitation positions, the equivalent model is concentrated at a single specific location.

Chapter 6 is devoted to propose methods for the prediction of the response of floors against
crowd-rhythmic activities, accounting for the crowd load models established in the previous
chapters. The equivalent load model formulation detailed in Chapter 5 enables a more direct
response prediction of floors compared to the exact model developed in Chapter 4. Based on
that model together with the random vibration theory, a general method for the response
evaluation of multi-modal floors is established and a sensitivity study is conducted in order to
analyse and validate the proposed method. The last part of this chapter presents a simplified
method for the response calculation of single-mode floors which is applied to an existing floor
structure.

Chapter 7 summarizes the main conclusions of the present work and proposes
recommendations for further research on the subject.
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2.1 Introduction

Human-induced actions exciting floor structures are divided into two major categories ([3],
[64]). In the first category, loss of contact of the individual with the structure does not occur
resulting in a continuous loading [7] (see Figure 2.1(a)). Corresponding activities include
walking, some aerobic exercises, bobbing or bouncing [26]. The second category comprises a
phase when the person loses contact with the structure (being in the air for a few moments),
leading to a discontinuous loading [7] (see Figure 2.1(b)). Activities producing such a loading
include running, jogging [72], distinctive styles of jumping and skipping. The vast majority of
structures are designed to resist vertical loads whereas the magnitude of loads in other directions
are far below and have a little effect [50].

Among these vertical loads, rhythmic exercises with loss of contact are likely to produce the
most significant loads and responses ([50], [71]). This is more pronounced when a group of
people performs such activities with a certain degree of synchronization. Discomfort or even
panic of occupants could result from such a load case [50]. The present review is focused on
this type of activity. According to 1SO 10137 [45], the key elements of the vibration problem
to be defined are the vibration source (load model), the transmission path (floor response) and
the vibration receiver (acceptability limits).

Following the above rationale, this review begins with a presentation of the analytical rhythmic
load models, followed by the available guidance documents dealing with the subject of floor
vibrations due to rhythmic activities. These include standards characterizing the human
exposure to vibrations along with design guidelines for the serviceability assessment of floors
against human discomfort. Subsequently, the main research findings about crowd-rhythmic
load models are highlighted, including single person models and crowd size effect. Methods for
the response calculation of floors subjected to rhythmic activities are then detailed.
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Figure 2.1: Human load records

2.2 Analytical rhythmic load models

This section presents the approaches aiming to describe load models representing a single
person performing rhythmic activities (with loss of contact). This includes the rhythmic pulse
model characterized by a combination of series of identical jumping pulses and the Fourier
series model with harmonics having frequencies that are multiples of the excitation frequency.
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2.2.1 Rhythmic pulse model

When an individual practices a rhythmic activity, successive impacts are recorded on the
structure. A first modelling approach is to characterize each pulse of the load, and then
reconstruct the entire signal using successive pulses.

A jumping pulse (see Figure 2.2) is characterized by a landing phase when the person is in
contact with the floor, and an aerial phase when the person leaves the floor in the air.

i

F|:., max

load Fp

fime t

Figure 2.2: Idealized jumping pulses (modified from [7])

Bachmann and Ammann [7] used the following half-sine expression to model a jumping pulse
impact P(t):

it

Kstin( j 0<t<t,
t

P() = c (2.1)

0 t. <t<T
1 C p
Here, G is the weight of the jJumper, with three major parameters defined below for each pulse:

e The impact factor K, which is the ratio of the maximum force to the weight of the
individual;

e The pulse period Tp, which is the time comprising the landing and the aerial phase;

e The duration of the landing phase t..

By assuming conservation of momentum, the following relation is obtained [50]:

[P@dt=GcT, 2.2)

The impact factor is then expressed by:

-
P 2a,
where ac is the contact ratio, which is the ratio between the landing phase time tc and the pulse
period Tp.

K (2.3)
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2.2.2 Fourier series model

In this modelling approach, rhythmic excitation is considered as a periodic signal P(t), which
can be decomposed in Fourier series as follows:

P(t)=G [1+i DLF, sin(27if t +¢,)} (2.4)

i=1
where G is the individual’s weight, f, the excitation frequency, H the number of considered
harmonics, DLFi the Dynamic Load Factor (DLF) of the i harmonic and ¢; the phase lag of
the i harmonic.

Parameters characterizing the load model are f,, DLF; and ¢i. As can be seen in Figure 2.3, this
load model simulates jumping pulses with a non-zero component between two successive
pulses. However, in the frequency range of human excitation, it is considered that this
component has a negligible amplitude when three harmonics of the load are used [32].

4000 . :
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Figure 2.3: Fourier series load model [50]

The excitation frequency depends on each rhythmic activity and the training level of each
individual. Low frequencies are encountered for activities like low-impact aerobics, whilst high
frequencies are observed in activities close to running-on-the-spot. However, the most frequent
frequency range for such activities is between 1.5 and 3.5Hz, as stated by several guidelines
([45], [81]). Based on half-sine approximation ([33], [50]), it was possible to determine
analytically DLF; and ¢i by the following equation:

DLF, = /aZ +b?

a (2.5)
 =tan™'| =
0, la, =0.5
a = i .
: l+cos(_2|7r2ac)’ i %05
1-4i2a;
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T

—, o, =0.5
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sin@iza) 5 Los

1-4izg,

Here, ac = tc/Tp is the contact ratio as defined for the jJumping pulse model.

Another alternative is to use the Fourier series model with a cosine function instead of sine [65]:

i=1

P(t) =G{1+i DLF, cos(27zifpt—¢i)} (2.6)

2.3 Human exposure to vibrations

When a floor structure is excited by a dynamic load (inside or outside the building), occupants
may be affected by the resulting vibrations of the structure. This effect ranges from just a
perception of the vibration to a certain degree of discomfort or even panic [50]. In particular,
human-induced excitation on the floor is one of the most encountered vibration sources in
buildings which increasingly caused such effects to the floor users. Vibration acceptability
limits regarding human response are then a key element for a convenient serviceability
assessment of such floors. This section presents common standards dealing with the subject of
human response to vibrations, providing recommendations about response parameters to be
calculated along with limit values for human comfort [29]. The objective is to address the
comfort of the users of a structure exposed to human-induced vibrations, by assessing its
acceptability for the intended use.

ISO 2631 provides values, expressed in terms of acceleration, to assess comfort taking into
account the direction of vibration, the frequency sensitivity and the effects of duration of
vibrations. ISO 10137 suggests acceptability criteria and comfort limits based on the quantities
from the above mentioned standard. Finally, DIN 4150-2 proposes performance criteria for
vibration comfort, no longer based on acceleration, but on velocity.

2.3.1 1SO 2631 standard
2.3.1.1 Overview

The international standard 1SO 2631 ([46], [48]) provides a detailed procedure for the analytical
determination of characteristic parameters for the human-induced vibration response (mainly
in terms of acceleration). These parameters are used in the evaluation of the impact of vibrations
on the human body (for receivers) with respect to certain criteria (health, motion sickness,
perception, comfort). Focus here is on the criterion of vibration comfort.

The effect of vibrations depends on both the direction of incidence and the position of the
human body, which may be standing, sitting or lying. The standard coordinate system is shown
in Figure 2.4; human perception is generally more important for vibrations in the x or y
direction.
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Figure 2.4: Coordinate system according to human body positions [46]

2.3.1.2 Frequency weighting

The impact of vibration on the occupants of a structure depends on their sensitivity to vibrations,
strongly related to its frequency of incidence. In general, there are frequency ranges not very
perceptible to humans, where the received response is attenuated by means of so-called
frequency weighting factors W, presented in the form of curves (expressed in dB) shown in
Figure 2.5. These factors are applied to the response terms (presented in Section 2.3.1.3). The
choice of frequency weighting curves is made according to Table 2.1, depending on the
direction of vibration shown in Figure 2.4. The frequency weighting depends on the axes of
incidence since the user perceives vibrations more easily along the x and y-axes than along the
z-axis.

Pondérations fréquenticlles. g8

(a) Wi, Wq and Ws [46]
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Figure 2.5: Frequency weighting curves from 1SO 2631

Frequency weighting

AXis

Known body position Unknown body position

X
y
z

Wy Wm
Wy W
Wk W

Table 2.1: Choice of frequency weighting curves from I1SO 2631 ([46], [48])

According to the previous curves, the most perceptible frequency range to humans is between
4 and 8Hz for the z direction (W) as well as between 0.5 and 2Hz for x and y directions (Wag).

An equivalent calculation of the frequency weighting factors can be made using four transfer

functions presented next:

e High pass:

e Low pass:

.I:4
H (f)=
(1) féf
f4
H,(f
()= £+ f)

e Acceleration-velocity transition:

Ht(f):\/ :

e Upward step:

f2+ 17 f,'Q;
fy f4Q; + f217(1-2Q) + f,'Q;

fQ5+f f (L- 2Q5)+f Q5 for W, and W,

Q
Hs(f)_ Q
1

fQ7 + 217 (1-2Q%) + f,'Q?
for W,

2.7)

(2.8)

(2.9)

(2.10)
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The total frequency-weighting factor is then obtained by:

W(F)=H,(f)H (F)H (F)H(T) (2.11)

Parameters of the previous transfer functions fi (1<i<6) and Qi (4<i<6) are given for each
weighting curve (see Figure 2.5(a)) in Table 2.2.

High  Low Acceleration-velocity

Weighting  pass pass transition Upward step
fi(Hz) f.(Hz) f3(Hz) fa(Hz) Q4  fs(Hz) Qs  fs (H2) Qs
Wi 0.4 100 12.5 12.5 0.63 2.37 0.91 3.35 0.91
Wy 0.4 100 2 2 0.63 - - - -
Ws 0.08 0.63 0 0.25 0.86 0.0625 0.8 0.1 0.8

Table 2.2: Parameters of transfer functions [46]

2.3.1.3 Basic method (weighted RMS acceleration)

The basic method is applied in the case of continuous vibrations. It consists of calculating a
weighted RMS acceleration, which takes into account the reduction of response in the frequency
ranges of low human perception. This acceleration is calculated per direction of vibration
according to two cases:

e |If N: discrete values of acceleration over time are available, a cumulative acceleration
calculation is performed using the following expression:

a0 =\ Wa) (2.12)

e If a continuous acceleration record is available, an integral is made over the recording
time T as follows:

a; , (t)dt (2.13)

g
B =47

O Ly, —

The total acceleration is then obtained as:

a, = [k, +kaZ, +k’a’ (2.14)

y “w,y 7%,z

In the previous equations, aw,d iS the RMS acceleration calculated for each direction d (x, y or
z), W; a frequency weighting factor (see Section 2.3.1.2), a; the incident acceleration in the
direction of the human body (see Figure 2.4), awd(t) the weighted acceleration at time t, kx, ky
and k; are multiplying factors depending on the studied effect of vibration and the position of
the receiver (taken equal to 1 for comfort assessment).

2.3.1.4 Additional methods

A first method consists of determining a running acceleration (Maximum Transient Vibration
Value - MTVV), in order to take into account the transient effects of the response, by calculating
a RMS acceleration noted aw,d(to) for small time intervals zalong the entire signal as follows:
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0 (ty) = /1 [ a2, @t (2.15)
v -7

Here, aw,q(t) is the weighted time-dependent acceleration for each direction of vibration.

Subsequently, the maximum value of these accelerations is evaluated by:

MTVV = mtoax[awyd (t,) | (2.16)

A second method considers the intermittent nature of the loading: for occasional vibrations, the
level of time domain accelerations is generally low over a certain duration. Instead, a response
parameter called Vibration Dose Value (VDV, in ms™*) is adopted, allowing considerable
responses for limited durations of vibration. It is calculated using the following expression:

VDV = U a’, (t)dt} (2.17)

2.3.2 1SO 10137 standard

ISO 10137 standard [45] suggests serviceability acceptance criteria for vibration loading
applied to buildings and footbridges, using the characteristic parameters of 1SO 2631-1 [46]
(weighted RMS acceleration, VDV). This standard is limited to the analysis of the occupant
vibration comfort.

2.3.2.1 Basic method (RMS acceleration)

The basic method is mainly used for continuous vibrations, defined as excitations lasting more
than 30 minutes per day. For each excitation frequency, the standard presents basic
acceptability curves, showing the acceleration limits beyond which the vibration is perceived
by the receiver, depending on the excitation frequency and the direction of vibration shown in
Figure 2.4. These curves are presented in Figure 2.6.

a k 1
01
05
0,05
A
4/ 0,144
L
/ 01
/ 0,05
001 /
d
WV
74
0,005
0,01
0,005
0.0036
0,001
1 4 5 8 10 50 80100 f
0,001
2 5 10 50 80100 f
(a) Along z-axis (b) Along x and y-axis

Figure 2.6: Basic acceptability curves from ISO 10137 [45]
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In order to assess the acceptability of vibration, a response factor evaluating the degree of
exceedance to the vibration perception limit is adopted. This factor is based on the
determination of the weighted RMS acceleration awrms according to 1SO 2631 (see
Section 2.3.1.3) and calculated as follows:

B s for z axis

R= awz (2.18)
2™ for xand y axis
a,,
Here, the limits of perception are a, = 0.005m/s? and axy = 0.00357m/s?. The response factor R
must remain below the values provided in Table 2.3 to ensure an acceptable level of comfort

for the occupants.

Continuous®™ / Repetitive®

Use Time Occasional vibration

vibration

. . Day 1 1

Critical working areas Night 1 1
. . Day 2to 4 30to 90
Residential Night 1.4 1.4 t0 20
. : Day 2 60 to 128
Quiet offices Night 2 60 to 128
General offices, Day 4 60 to 128
schools Night 4 60 to 128
Day 8 90to 128
Workshops Night 8 90 to 128

(1) Continuous vibration: lasts more than 30 minutes per day.
(2) Repetitive vibration: occurs more than 10 times per day.
Table 2.3: Response factor limits according to 1ISO 10137 (modified from [45])

2.3.2.2 VDV method

For the case of repetitive vibrations (recurring more than 10 times per day), limit values are
also given for the Vibration Dose Value (see Section 2.3.1.4), as a function of the duration of
exposure and the probability of occurrence of the events acceptable by the client. Depending
on the latter probability of occurrence, the VDV limits are provided in Table 2.4.

Residential buildings Probability of occurrence
Duration Low Possible  Probable
16h day 0.2t004 04t00.8 0.8t01.6
8h night 0.13 0.26 0.51

Table 2.4: VDV limits in ms™* (modified from [45])

The major shortcoming of this method is its limited usage on floor areas likely to be subjected
to walking action (notably corridors) which are supposed to be known in advance and well
defined by the stakeholders.
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2.3.3 DIN 4150-2 standard

The German standard DIN 4150-2 [25] proposes a method for assessing the vibration comfort
level of building occupants subjected to continuous or non-continuous vibrations with an
excitation frequency ranging between 1 and 80Hz. This standard is not generally used in
comfort assessment guidelines ([63], [81]), because it is based on velocity, which is more
difficult to measure in practice than acceleration.

2.3.3.1 Vibration velocity

The velocity characterizes the vibration response of the structure and is directly related to the
vibration energy produced by the human activity over the time. It should be measured at the
points where vibrations are occurring most of the time. The frequency domain vibration velocity
KB( f) is determined as follows:

Vv (f)

1{1;0} (2.19)

where V( f) is the Fourier transform of the velocity response, f the frequency of the input signal
and fo a reference frequency equal to 5.6Hz.

KB(f)=

The weighting of V( f) is performed to account for the range of vibration frequencies perceived
by humans. By performing the inverse Fourier transform of KB(f), the time-dependent
vibration velocity KB(t) is obtained which constitutes the basis of the acceptability assessment
parameters presented below.

2.3.3.2 Basic method

This method aims to determine the transient effective vibration amplitude KB,(¢,) obtained by:

ty -t

KB.(t,) = Jl [e = KB*(t)dt (2.20)
4 0

where 7 is the integration time window (taken as 0.125s) and KB(t) the vibration velocity at

time t.

The maximum transient effective velocity is then computed by:

KBy o, = Max [KB, (t,)] (2.21)

This value should be compared against the values noted Ay and A, given in Table 2.5.

Day Night
Au Ao Au AO
1 Exclusively commercialarea 04 6 03 0.6

Class Zone

2 Mainly commercial area 03 6 02 04
3 Mixed zone 02 5 015 0.3
4 Residential area 015 3 01 0.2
5 Protected area 01 3 01 0.15

Table 2.5: Limits of KBrmax [25]
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Three cases are possible:

o |If KBrmax < Ay, the vibration is acceptable;
o If KBrmax > Ao, the vibration is not acceptable;
e If Ay < KBrmax < Ao, then the additional method, described below, must be used.

2.3.3.3 Additional method

When Ay < KBrmax < Ao, an alternative method is to determine a velocity for an oscillatory
vibration evaluation denoted KBx(7,.), which takes into account the accumulation of vibration
doses throughout the vibration period. More severe excitation for a shorter period of time can

then be allowed. This velocity is determined by the following equation:

KB, (T,) = JNiZ KB? cri)\/iz (2.22)

¢ i=l
where T is the total time of vibration, Te the total time of evaluation (from 6 a.m. to 10 p.m.
during the day and 10 p.m. to 6 a.m. at night), KBp,,,.(7;) the maximum transient effective
value during a 30s cycle and Nc the number of 30s cycles during Te.

The velocity KBx(T,) is then compared to a limiting value noted Ay, given in Table 2.6.

Day Night
Ar Ar
1 Exclusively commercial area 0.2 0.15

Class Zone

2 Mainly commercial area  0.15 0.1
3 Mixed zone 0.1 0.07
4 Residential area 0.07 0.05
5 Protected area 0.05 0.05

Table 2.6: Limits of KBr(T;) [25]

2.4 Design guidelines of floors against human discomfort

The application of the standards described in Section 2.3 is not at the reach of all stakeholders
participating in the building process, but rather at that of the specialists in the field of structural
dynamics. In order to bring the verification of the comfort of floors to the greatest possible
number of the persons involved, various design recommendations were drafted in order to
provide guidelines for the assessment of floors against human discomfort, yet with verifications
not necessitating a complex structural dynamics analysis.

In these guidelines, investigated floors are not only characterized by their natural frequencies
as was proposed previously in terms of frequency limitations ([6], [19]), but also by other modal
properties affecting their vibrational performance (modal masses, damping ratios, modal
shapes). They are all based on the key elements of the vibration problem as presented in
ISO 10137 [45], which are the vibration source (load model), the transmission path (floor
response) and the vibration receiver (acceptability limits). Since this research is limited to
rhythmic activities, this section presents the two commonly used guidelines for this type of
activity, which are SCI P354 guideline and AISC DG11 guideline [29].

Note: A uniform notation for the parameters used by the two design guidelines has been
adopted in this section. Therefore, slight differences in notation may be encountered while
consulting the official versions of these documents.

56




Chapter 2: Literature review

2.4.1 SCI P354 guideline

SCI P354 guideline was developed by the British Steel Construction Institute. In 1989, a
simplified method, based on a brief analysis of the vibration properties of the structure, was
proposed in SCI PO76 guideline [87]. In order to take into account the major advances in
vibration analysis of floors (mainly provided in the European RFCS research project
“Vibrations of Floors” [77]), a new guideline, SCI P354, was published in 2007 by Smith et al.
and revised in 2009 [81]. The proposed general method is applicable to all types of floors
subjected to the action of a single person (walking or rhythmic activities). This method should
be favoured when the analysis of the vibration properties of the floor is performed using a Finite
Element Model. The comfort evaluation method for rhythmic activities is presented in this
section, where the response study is carried out using weighted RMS accelerations.

2.4.1.1 General considerations

If a floor subjected to rhythmic activities has a fundamental natural frequency exceeding 24Hz,
it is considered that serviceability conditions are fulfilled. Below this limit, the response
evaluation must be carried out. In this case, the vibrational response is considered as stationary,
due to the continuous nature of the applied loading. A gradual increase in response is perceived
during the application of the loading until its stabilization (resonance), as illustrated in Figure
2.7.

Acceleration

Figure 2.7: Stationary response [81]

The adopted load model for rhythmic activities is the Fourier series model given by Eq. (2.4).
Numerical parameters are obtained by Eq. (2.5) for three rhythmic activities and summarized
in Table 2.7.

oc Type of activity Parameter i=1 =2 i=3
DLF; 9/7 9/55 2/15

2/3 Low impact aerobics

di -n/6  -57/6 -m/2

. . DLF; w2 213 0

1/2  High impact aerobics 5 0 -2 0
Lo DLF; 9/5 97 2/3

1/3 Normal jumping 4 /6 -6 -m/2

Table 2.7: Fourier series load parameters proposed by SCI P354 guideline [81]
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For the case of multiple individuals, the guideline proposes DLFs for the case of a group
performing "normal jJumping" activity based on the crowd size relation proposed by Ellis and
Ji [31]. For the first three harmonics, DLFs are expressed as a function of the crowd size N by
the following equation:

DLF,(N) =1.61N %%
DLF,(N) =0.94N " (2.23)
DLF,(N) =0.44N"%%

2.4.1.2 Weighted RMS acceleration

The weighted RMS acceleration aw,rmse.rin for anatural mode n depends on the excitation point
e, the response point r and the excitation harmonic i, and is expressed as:
a,Q

a'W,rms,e,r,i,n = /ue,n:ur,n \/§—M Dn,ivvi (224)

n

where L is the amplitude of the normalized modal shape of the n" mode at the excitation point
e, Hrn the amplitude of the normalized modal shape of the n'" mode at the response point r,
the DLF of the i harmonic of the load (depending on the considered activity as listed in Table
2.7), Q the weight of the individual (usually taken as 746N), M, the modal mass of the n" mode,
Wi the frequency weighting factor corresponding to if, and Dn,i the dynamic magnification factor
applied to the acceleration response (with g = f, / fn), given by:

_: (iB,)

L= + sy
When amplitudes of modal shapes are unknown, pen = prn =1 are conservatively taken. The
damping ratio & depends on the type of the floor finishes and is given in Table 2.8.

(2.25)

Type of floor finishes Damping ratio
Fully welded steel structures (staircases) 0.5%
Completely bare floors or floors when only a small amount of furnishings 11%
is present '
Fully fitted-out and furnished floors in normal use 3%
Floors with partitions interrupting the relevant mode(s) of vibration 4.5%

Table 2.8: Floor damping ratio according to SCI P354 guideline [81]

The frequency weighting Wi is obtained from one of the weighting curves of BS 6841 [11] (see
Figure 2.8) according to Table 2.9.
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Figure 2.8: Frequency weighting curves from BS 6841 [11]
Type of use V|brqt|on Category Weighting
axis curve
. : : . Vision - hand
Critical working areas (hospital operating z control Wy
theatres, precision laboratories) .
X-y Perception Wy
Residential, offices, wards, general z Discomfort Whp
laboratories, consulting rooms X-y Discomfort Wy
: : z Discomfort Wp
Worksh nd circulation .
orkshops and circulation spaces Xy Discomfort Wi

Table 2.9: Choice of frequency weighting curves according to SCI P354 guideline [81]

The above calculation should be made with respect to the dominant modes of vibration, the
natural frequency of which is lower than 26Hz. The weighted RMS acceleration for all
dominant natural modes is then calculated by combining the responses of H harmonics
according to M dominant modes of vibration as follows:

H[ M 2
a'W,rms,e,r = Z{ aw,rms,e,r,i,n:| (226)
n=1

2.4.1.3 Acceptability check

In accordance with BS 6472 [10], which is quite close to 1SO 10137 [45], a response factor R
is determined with respect to the perception base curve along the vibration axis by:

aw,rms,e,r

for z axis
a'Z
R= (2.27)
a‘w,rms,e,r H
—==° forx andy axis
a,,

Here, the limits of perception are a, = 0.005m/s2 and axy = 0.00357m/s?. The response factor R
should be lower than the values given in Table 2.10.
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Place Response factor limit
Office 8
Shopping mall 4
Dealing floor 4
Stairs — light use (e.g. Offices) 32
Stairs — heavy use (e.g. public buildings, stadia) 24
Car parks 65
Floors subjected to crowd rhythmic movements 120

Table 2.10: Response factor limits according to SCI P354 guideline [81]
2.4.2 AISC DG11 guideline

AISC DG11 guideline is applicable to floor vibrations under the action of walking or rhythmic
activities of a single person. It was established in collaboration between the American Institute
of Steel Construction and the Canadian Institute of Steel Construction in 1997 and revised in
2003 [63]. Similarly to SCI P354 guideline, modal Finite Element Analysis of floors is also
favoured in this guideline.

The procedure for the comfort assessment of floors subjected to rhythmic activities is detailed
in this section. The adopted load model for this type of activity is the Fourier series model given
by Eq. (2.6). Corresponding DLFs are provided for three rhythmic activities in Table 2.11.

Activity DLF; DLF2 DLF3
Jumping exercises 1.5 0.6 0.1
Sports event 0.25 0.05 -
Bouncing 0.5 - -
Table 2.11: Dynamic Load Factors proposed by AISC DG11 guideline [63]

2.4.2.1 Natural frequency limitation

For each harmonic excitation, it must be checked that the maximum acceleration remains below
a given value of ao/g (presented in Section 2.4.2.2). This check is expressed as a condition on
the natural frequency f1 of the fundamental mode, given by:

(2.28)

where «;i is the DLF of the i harmonic (depending on the considered activity given in Table
2.11), wp the maximum surface weight of individuals (related to their occupied surface) and w
the surface weight of the floor including the weight of people. The excitation frequency f, and
weight wp are provided in Table 2.12. The latter parameter was based on the maximum density
of participants on the occupied area of the floor for “commonly encountered conditions”, which
could be greater for special events. Parameters k and ao/g are given by:

e k=2;ao/g=5% for jumping and aerobics;
e k=1.3; ao/g = 2% for bouncing;
e k=1.7; ao/g = 5% for sports event.
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. Jumping or aerobics Bouncing Sports event
Harmonic
fo(Hz)  wp (kPa) f, (Hz) wp (kPa) fo (H2) W, (kPa)
1 2-2.75 0.2 1.5-3 0.6 1.5-3 1.5
2 4-5.5 0.2 - - 3-5 1.5
3 6-8.25 0.2 - - - -

Table 2.12: Parameters f, and w, for various rhythmic activities [63]

2.4.2.2 Response evaluation

As the frequency limitation given in Section 2.4.2.1 may be quite conservative, a response
analysis can be conducted, in particular, when the criterion of the previous method is not
verified for some harmonics.

For a natural mode n (frequently the fundamental one), three possible cases should be
considered for each harmonic i (with frequency fi = ify):

e I 0.83fi <f, < 1.2f;, the response is resonant, and the maximum acceleration is:

B K oW, (2.29)
g 2§n Wt .
e If fy, > 1.2f;, the response is transient, and the maximum acceleration is:
i kAW
g (tY LW (2.30)
fi
o Iff, <0.83fj, the following equation is applied:
" 4w,
i _ W,
(2.31)

g l[ J Jl}{% [:H

The damping ratio £ is taken equal to 6%. The peak accelerations determined for H harmonics
are then combined to give the total acceleration as follows:

& _ {i[‘i) | } (2.32)

g i1\ 0

This acceleration should be compared with the acceleration limit ao/g, obtained using the
acceptability curves of 1ISO 2631-2:1989 [47], illustrated in Figure 2.9.
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Figure 2.9: Acceptability curves for peak acceleration from 1SO 2631-2:1989 [47]

The values of ao/g are conservatively taken by extending the horizontal line of each of the above
curves for all frequencies, resulting in the following values:

e Bouncing: 1.5%;
e Jumping / sports event: 5%.

2.4.3 Common limitations of guidelines

Although widely used for the assessment of floors against human discomfort around the world,
the two presented design guidelines have technical and usage limitations.

The first common limitation is the assumption that the floor is loaded by a single person in
service conditions, which is only the case for a limited category of floors (some gymnasiums
and residential spaces). In spite of being very frequent in many structures (sports venues, fitness
centres, grandstands, etc.), the case of crowd loading is not explicitly considered by these
guidelines. In fact, the SCI P354 guideline proposes DLFs for the case of a group performing
"normal jumping"” activity (see Section 2.4.1.1). However, no detail is provided about the
implementation of that model for the response calculation of floors. On the other hand, it is not
clear whether or not AISC DG11 guideline allows evaluating the comfort of a floor subjected
to crowd loads, as stated by Jones et al. [50]. The unique provided information is that the
maximum density of participants on the occupied area of the floor corresponds to “commonly
encountered conditions”. Vijayan et al. [86] confirm the impact of the group effect on floors
(especially for slender ones) and invite to take it into account in their serviceability design.

The second limitation is that both guidelines consider the human load as a deterministic periodic
action, which is far from being the case in reality, as highlighted by Muhammad et al. [62].
Indeed, there are other load models in the literature accounting for the realistic behaviour of
human motion which will be presented in the next section.
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2.5 Rhythmic load models reported in literature

This section presents several models in the literature aiming at characterizing rhythmic
activities. This includes loads produced by either a single person or a group of people,
considering the coordination between individuals during movement.

Note: A comprehensive comparison of the load models detailed in this section (for a single
person and crowds) against the proposed load models is given in Chapter 5.

2.5.1 Single person load models

Rhythmic excitation resulting from the performance of a single person on a structure can be
modelled either in the time domain or in the frequency domain. The two modelling strategies
are presented in the next sub-sections.

25.1.1 Time domain load models
e Rhythmic pulse model

As outlined in Section 2.2.1, the analytical definition of the rhythmic pulse model assumes
constant jumping pulse parameters during the activity. However, this may not correspond to
jumps encountered in real life, where jumpers cannot maintain a constant frequency and
amplitude during the activity. This phenomenon is called “intra-subject variability”.

Further works based on experimentally recorded jumps attempted to define an appropriate
function for the jumping pulse shape. Corresponding parameters were considered as random
variables characterized by fitted probability distributions, and Monte Carlo simulations were
used to generate successive jumps based on these parameters.

Chen et al. [15] compared the model given by Eq. (2.1) with measured jumps, and confirmed
that the half-sine pulse model is not appropriate for this activity. Instead, a modified half-sine-
squared model has been suggested along with a Gaussian distribution for the model parameters.
Sim et al. [80] proposed a cosine-squared function for the pulse profile, whose parameters were
characterized by a beta distribution. Martinez et al. [58] modified the latter model and suggested
to use a double cosine-squared function with a normal distribution to generate pulse parameters.
Racic and Pavic [71] considered that the real jumping pulse has an asymmetric morphology. A
double Gaussian function was then proposed for the pulse model, whilst peak-to-peak time
intervals were assumed to follow a normal distribution. The same distribution was considered
by Li et al. [55] for jumping pulse parameters. However, they analysed the shape of measured
jumping pulses and proposed a jumping pulse model with three different patterns depending on
the excitation frequency (double-peaked, merged and single-peaked pattern) as illustrated in
Figure 2.10.
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Figure 2.10: Hlustration of jumping pulse patterns [55]

Table 2.13 summarizes jumping pulse models proposed by different authors.

Reference Normalized jumping pulse model (P(t)/G)

Kpsin(ﬂ—t} fp <2Hz
tC

Kpsinz[’tﬂ] f, > 2Hz

Chen et al. [15]

v ip =
C

Sim et al. [80] K, cos’ [f—tj
Martinez et al. [58] iA cos” (o, (t-t,))
Racic and Pavic [71] Za exp( (tzt;[z) j
Faisca [39] 0.5K {1 cos(ztﬁtﬂ

Table 2.13: Normalized jumping pulse models

All models cited above correspond to “normal jumping” only, where an individual is launching
himself in the vertical direction and returning to the ground with an impact. However, this
behaviour may differ from other rhythmic activities. Faisca [39] analysed two different
rhythmic activities (aerobics, audience motion) and concluded that the Hanning window
function best fitted their resulting impacts (see Table 2.13). Corresponding parameters were
found to be normally distributed, with mean and standard deviations given in Table 2.14.

Activity tc () To (S) Kp
Free jumps 0.32+0.09 0.44+0.15 3.17+0.58
Aerobics 0.34+£0.09 044+0.09 2.78+0.60
Audience motion 0.33+0.09 0.37£0.03 2.41+0.51
Table 2.14: Jumping pulse parameters proposed by Faisca [39]

e Fourier series model

As previously stated for the pulse model, analytical parameters of the Fourier series model
(presented in Section 2.2.2) may not reflect experimental findings especially in terms of
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rhythmic load amplitudes [50]. Consequently, several experiments have been conducted in
order to determine corresponding load parameters.

Ellis and Ji [31] characterized individual normal jumping loads, whereas Alves et al. [3]
determined DLFs for jumping and running activities. DLFs for various activities (normal and
high jumping, running) had been suggested by CEB (Comité Euro-International du Béton)
based on a previous experimental research [19]. Pernica [67] also determined maximum DLFs
for three rhythmic activities (jumping, stride jumps, running-on-the spot). Table 2.15
summarizes DLFs proposed in the previously mentioned references.

Reference Activity DLF1 DLF2 DLFs
Ellis and Ji [31] Jumping 161 094 044
Jumping 18 119 051

Alves etal. 3] Running 135 025 0.13
Normal jumping 1.8 1.3 0.7
CEB [19] High jumping 1.9 1.6 1.1
Running 1.6 0.7 0.2

Jumping 1.8 1.1 047

Pernica [67] Stride jumps 175 11 042

Running-on-the-spot 157 0.58 0.26
Table 2.15: Various Dynamic Load Factors (DLFs)

All research mentioned earlier considered that DLFs are independent of the excitation
frequency. However, observations in real situations highlighted that people have difficulties to
maintain the same amplitude for usual frequencies when they are subjected to higher excitation
frequencies [49]. This was taken into account by ISO 10137 [45], which proposed a Fourier
series load model for coordinated jumping having DLFs inversely proportional to excitation
frequency. Other rhythmic activities were also considered (vertical actions for seated audience,
running) as can be found in Table 2.16.

Activity DLF: DLF2 DLF3
Coordinated Jumping 2.1-0.15f, 1.9-0.34f, 1.25-0.33f,
Vertical actions for seated audience 0.5 0.25 0.15
Running 14 0.4 0.1

Table 2.16: Dynamic Load Factors proposed by ISO 10137 [45]

In all Fourier series load models, when the phase lag is not provided, it is recommended to take
a value equal to zero because it has in general a little effect on the floor response [50].

2.5.1.2 Frequency domain load models

As stated previously, each individual cannot maintain the same amplitude and frequency when
performing a rhythmic activity (“intra-subject variability”). While this is not taken into account
in Fourier series loads, this variability is simulated in jumping pulse models by a random
generation of load parameters (see Section 2.5.1.1). In this way, each pulse would have a set of
parameters different from the others along the activity duration. However, this method would
not capture variabilities as observed in real situations, which are dependent on several
conditions (audible stimulus, visual cues, etc.) [50]. Furthermore, the response of floors when
using time domain load models would be dominated by only one mode of vibration at
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resonance, which is not convenient for many building floors having multiple closely spaced
modes such as multi-span or multi-panel floors ([20], [22], [75]).

For these reasons, it is more common to consider the rhythmic load as a near-periodic
narrowband process [71], which is characterized in the frequency domain by its Power Spectral
Density function (PSD) [70]. If the time-varying load p.(¢) is assumed to be a stationary

stochastic process, then its PSD Gp( f) is calculated by [88]:

. 1 2
Gp(f)zTILerEEDP(f,TN ] (2.33)

where f is the frequency, T the duration of the excitation and P( f,T ) the Fourier transform of
p,(8), which can be computed by:

P(f.T)= T pr (t)e " "dt (2.34)

2
where j stands for the imaginary unit. For practical applications in which the frequency f does
not take negative values, the one-side Power Spectral Density Sp( f) (called PSD in the rest of
the manuscript for simplicity) is often used, as defined by [88]:

2G (), f>0
S, (f)=4G,(f), f=0 (2.35)
0, f <0

This type of model was first used to simulate walking excitation especially on footbridges.
Several authors proposed PSD load models based on experimental tests (e.g. Brownjohn et
al. [12], Zivanovic et al. [93], etc.). Moreover, the frequency domain approach was first
partially adopted by Racic and Pavic [71] in order to characterize the variability of pulse
amplitudes in their proposed time domain jumping model (see Table 2.13). A PSD function
was established for the peak amplitudes, from which a complex Fourier transform can be
derived. Using the inverse Fourier transform, a random set of pulse amplitudes can then be
obtained assuming randomly generated phases between —x and 7.

However, little experimental research has been carried out to determine complete frequency
domain load models for rhythmic activities. The major contribution in this line was made by
Xiong and Chen [88]. They measured individual jumps at various excitation frequencies, and
fitted experimental PSDs using a bilinear symmetrical model (see Figure 2.11) given by:

ﬂ(0.1Afi—|f—fi|), |f—fi|e{0,0.lAfi(1— G H

0.1Af, 0.9Af A
C A (Af —|f - f _
Spi(f): P 'A‘(Z ! | '|), |f—fi|e 0.1Af, | 1- G , Af, (2.36)
’ (0.9Af.)° A +0.1C.Af. 0.9Af. A
0, otherwise
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For each harmonic i: Spi( f) is the PSD function (normalized by the weight of the individual),
fi the excitation frequency (ifp), Ai the PSD amplitude and Af; the frequency bandwidth defining
the spread range of energy (iAf).

' 3

Power Spectral Density

Fa

f.& _I"ﬁ‘fk Ji — 0147, fi [i+0.14f, .f.x- +-’—"!fk

Frequency

Figure 2.11: Bilinear symmetrical PSD model (k is the considered harmonic) [88]

The energy correction factor p accounts for the difference between the total energy of the
analytical and experimental PSDs by the following expression:

P =% (2.38)

where:

sozfsp(f)df
(2:39)
S,= [ 8,(f)df

f,—Af,

The final mass-normalized PSD load model is then given by:

S,(f)=>_S,.(f) (2.40)
The definition of such a load model depends on five parameters: fy, Si, Ai, p and Af. Table 2.17

provides corresponding parameters obtained for the first three harmonics at various excitation
frequencies.
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fo(Hz) 15 2 2.67 3.5
So 088 127 139 119
S1 053 090 0.78 0.89
S2 0.066 0.13 0.12 0.10
S3 0.031 0.011 0.010 0.0029
As 21.38 26.00 23.72 28.55
Az 045 143 240 1.01
Az 0.23 0.064 0.052 0.013
p 140 122 151 119

Af(Hz) 015 0.15 0.15 0.15

Table 2.17: PSD jumping load parameters proposed by Xiong and Chen [88]

2.5.2 Crowd size effect

When a floor structure is subjected to rhythmic activities performed by a group of people (see
Figure 2.12), the corresponding load is not a simple summation of the individual loads. In fact,
each individual has a specific motion different from that of another person, resulting in different
amplitudes and frequencies during movement. This is called “inter-subject variability” [50].
This effect was initially taken into account in jumping pulse models, by randomly generating
the load parameters as described in Section 2.5.1.1 to have specific parameters for each
individual in the group. Combination of random loads have then been made to have the total
crowd load. Although it provides a more realistic jumping load model for multiple persons, this
method is quite laborious in terms of implementation and does not consider crowd effects
observed in real situations due to physical constraints, visual cues from crowd movement,
stimulation from near environment, etc. [18]. This section discusses several propositions to
characterize crowd size effect based on experimental observations.

Mw (L

Figure 2.12: A group of individuals on a floor structure (modified from [75])
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2.5.2.1 Deterministic crowd models

Deterministic load models are established by multiplying the time domain crowd model by a
reduction parameter (called coordination factor) to take into account the lack of synchronization
between individuals resulting from inter-variability effects. This reduction is expressed by the
following relation:

P, () =C(N)P(t) (2.41)

where P(t) is the force due to a single person present on the floor, C(N) the coordination factor
and Pn(t) the equivalent force of an individual in a group of N participants defined by [31]:

P t
A= —“,(;’ ® (2.42)
where Pcrowd (t) is the total force produced by the group of N individuals.

A unique coordination factor was first proposed, such as 0.75 by Bachmann and Ammann [57]
and 0.67 by BS 6399-1 [9]. These coefficients allow only a first approximation of the actual
load since the variation of crowd size is not considered in the final load. This variation was
analysed by ISO 10137 which suggested the following crowd size relation for walking and
running activities [45]:

C(N) =% (2.43)
where N is the number of individuals. Costa-Neves et al. [20] determined numerical coefficients
by crowd size based on experimental measurements made by Faisca [39] for two rhythmic
activities (see Table 2.18).

N Aerobics Free jumps
1 1 1

3 1 0.88

6 0.97 0.74

9 0.96 0.70

12 0.95 0.67

16 0.94 0.64

24 0.93 0.62

32 0.92 0.60

Table 2.18: Coordination factors by crowd size N from Faisca experiments [20]

Further research was intended to determine crowd size relations dependent on each harmonic
of the load, defined by:

Pu.i () =C/(N)R () (2.44)

where Pyi(t) is the i™ harmonic of the equivalent force related to a single person in a group of
N individuals (given by Eq. (2.42)), Pi(t) the i harmonic of the force due to one person present
on the floor and Ci(N) the coordination factor dependent on the i*" harmonic.

The reduction was applied to the corresponding Dynamic Load Factors (DLFs) for the first
three harmonics. This was initially done by Ebrahimpour and Sack [27] for a jumping group of
up to 40 persons, and DLFs were expressed as a function of the crowd size N by:
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DLF,(N) =ﬂ, 1<N <10
WP
c (2.45)
DLF,(N)=—, N >10
p
where Aj, Bi and C; are reduction parameters of the i harmonic (see Table 2.19) and wp, the load

intensity per person (weight by occupied surface).

Ellis and Ji [31] examined crowd loads produced by up to 64 persons jumping and suggested
DLF relations for a group size N given by Eqg. (2.23).

Parkhouse and Ewins [65] analysed squared DLFs of jumping activity simulated for a group of
up to 200 persons and proposed the following model for each group size N:

2

DLF?(N) =r? +rSWT (2.46)

where r. is the DLF of the synchronized component of the load and rst the DLF of the stochastic
component of the load (see Table 2.19).

Reference Parameter 1%t harmonic 2" harmonic 3™ harmonic
Ai (psf) 50.89 20.89 4
Ebrahimpour and Sack [27]  Bi (psf) 1.89 0.89 0
Ci (psf) 32 12 4
. o 1.09 0.29 0.024
Parkhouse and Ewins [65] fer 107 0.62 0.2

Table 2.19: Parameters for various crowd size relations

Two major developments have been performed regarding crowd size effect models. The first
one consists of the derivation of various relations depending on the coordination degree among
participants. This was done in ISO 10137 [45], which proposed coordination factors for three
levels of synchronization:

e High: all individuals are well trained and are experienced to coordinate the motion in a
group;

e Medium: only some individuals are well trained, but most individuals are experienced
to coordinate the motion in a group;

e Low: only some individuals are well trained, and most individuals are not experienced
to coordinate the motion in a group.

Table 2.20 presents coordination factors for more than 50 persons. A coordination factor of 1
is considered for a group of 5 persons or less. A linear interpolation should be made between 5
and 50 individuals.

Coordination 1%t harmonic 2" harmonic 3™ harmonic

High 0.8 0.67 0.5
Medium 0.67 0.5 0.4
Low 0.5 0.4 0.3

Table 2.20: Coordination factors for more than 50 persons according to 1SO 10137 [45]
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The second proposition was to characterize each excitation frequency by an appropriate group
reduction, assuming that people have difficulties to coordinate their motion at higher
frequencies [18]. Li et al. [54] suggested such crowd relations for frequencies ranging between
1.5 and 3.5Hz and a group of up to 48 persons jumping, which have the following form:

RDLF.(N)=aN"+c, 2<N<N__
(2.47)

RDLF, (N) = RDLF (N N>N,_,
where RDLF; is the ratio of DLF for a person in a group of N individuals to the DLF of a single

person on the floor for the i™ harmonic. Table 2.21 illustrates obtained parameters ai, bi, and ci
for an excitation frequency of 2Hz (with Nmax=45).

max)’

Parameter 1%tharmonic 2" harmonic 3™ harmonic

ai (2Hz) 0.48 0.90 0.90
bi (2Hz) -1.06 -0.59 -0.55
¢i (2Hz) 0.52 0.08 0.10

Table 2.21: Illustration of crowd size relation parameters proposed by Li et al. [54]

2.5.2.2 Random field models

Individual spectral load models can be extended to crowds by means of a random field
approach. For walking excitation, this was initially done by Piccardo and Tubino [68] for the
case of unrestricted traffic on footbridges. The model was then generalized by Ferrarotti and
Tubino [42] for any traffic situation, and numerically validated by Venuti and Tubino [85].

Concerning rhythmic activities, Xiong and Chen [89] proposed a random field model based on
two major components:

e An auto-spectral model Sp( f) for the case of a single person;
e A coherence function yu( f) defining the degree of coordination between every couple
of persons in the group, given by the following expression:

Sy (f)

fy— S\ J

7a(f) S (05,01 (2.48)
In the above equation, Sk(f) and S(f) are the PSD load models for the individual k and |,
respectively, and Su( f) the cross-PSD between the two persons, obtained by random field
theory ([84], [89]). The spatial variation of Sk( f) was not considered because individuals do
not change their position during movement.

For a single person, Xiong and Chen [89] updated the mass-normalized PSD load model
presented in Section 2.5.1.2 (expressed by Eqg. (2.36)), by replacing the bilinear function with
Gaussian functions. The resulting model has the following expression for each harmonic i:

§pi(f_)ff—s[p5 exp[—[ fp_lj J+ P, exp[—[ fp_lJ H (2.49)

Here, S_p,,.(f) is the mass-normalized PSD load of the i harmonic, f, the excitation frequency,
f= f/ij; the normalized frequency, Si the load energy of the i harmonic and p an energy-
compensation factor expressed by:
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_ S
P= s (2.50)
i1
where Si = plfp3 + P, fpz + P fp + Py (2.51)

px (1<k<®) are model coefficients which were determined using experimental records and
summarized in Table 2.22 for the first three harmonics.

Parameter P1 p2 ps p4
So 021 -192 562 -3.96
S1 021 -184 523 -3.77
RY) 0.035 -0.36 1.17 -0.99
S3 -0.018 0.14 -0.35 0.31

Parameter Ps Ps p7 Ps

- 280 0.079 29.27 0.012
Table 2.22: PSD load model parameters proposed by Xiong and Chen [89]

The mass-normalized PSD load model is then given by:

5,(1=38,,() (2.552)

Figure 2.13 displays a log-plot of the PSD load model obtained by Eqg. (2.52) for an excitation
frequency of 2Hz, where the three harmonic peaks are clearly visible.
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Figure 2.13: Normalized PSD load model proposed by Xiong and Chen [89] for an excitation
frequency of 2Hz (log-plot)

The coherence function yu( f) equals one for a perfectly synchronized group and zero for a
totally uncoordinated group. The realistic case is somewhere in between. Experimental tests
were conducted for up to 48 individuals jumping and correlation parameters were then
suggested to simulate crowd-rhythmic activities [89].
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2.6 Response of floors subjected to rhythmic loads

Consider a floor structure having a number of M dominant natural modes where a single person
or a group of individuals (N > 1) performs rhythmic movements at fixed positions, as shown in
Figure 2.14. The floor is assumed to represent a linearly elastic system. The objective of this
section is to present the major steps to calculate the response of the floor due to this load case,
either in the time domain or in the frequency domain.

Figure 2.14: Floor subjected to crowd-rhythmic loads (modified from [89])

2.6.1 Response in time domain
The N loads exciting the floor are collected in a force vector noted {p(t)}.

Using the modal decomposition method, the equations of motion for the M natural modes are
uncoupled, which gives for each mode n [17]:

6, (1) + 2£,0,0, (1) + @7 q, (1) = Mi P (1) (2.53)

n

where wn, Mn, &, and p’(¢) are the circular frequency, the modal mass, the damping ratio and
the generalized force of the n" mode, respectively, and q,(®, ¢, and g (1) are the
displacement, the velocity and the acceleration modal coordinates of the n'” mode, respectively.

The generalized force p’ () is determined by the following expression:
* T
P ={2,,} {pO)} (2.54)

where {®pn}" is the transposed modal shape vector of the n' mode at all excitation positions
(2 x N) and {p(t)} the force vector applied at each excitation position (N x 1).

Eq. (2.53) is solved using step-by-step numerical integration methods. The most common ones
are the Wilson-6 method and the Newmark-£ method [66]. Parameters of such methods should
be chosen so that the integration process could be unconditionally stable, which results in
accurate modal coordinates g, (£), ¢, () and g, ().

The displacement response of the floor could then be calculated as follows:
M
d(®)=> @, ,q,(t) (2.55)
n=1
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where @, is the modal shape amplitude of the n™" mode at the response position.

The acceleration response is also computed by:

a0 =3 ®,,4,0 (2.56)

For a given response parameter w (displacement or acceleration), the Root Mean Square (RMS)
value wrms was adopted as the main parameter in response prediction. Indeed, it takes into
account the variation of the whole signal such that parasite peaks would have a limited effect
on the resulting amplitude. This explains its wide use in the definition of vibration acceptability
limits against human discomfort ([45], [46], [81]).

The RMS response is computed for a duration T by:

W= /%iwz ()dt (2.57)

2.6.2 Response in frequency domain

The crowd load model is considered as a stationary stochastic process. It contains an auto-
spectral density defining each individual load k (noted Spk(f)) and a cross-spectral density
defining correlation between each two persons k and | (noted Spxi(f)), as defined in
Section 2.5.2.2.

Applying Fourier transform to Eq. (2.54) for all natural modes results in:

{Pr(0)} =[o, ] {P(1)} (2.58)

where {P*(/)} is the Fourier transform vector of generalized forces (M x 1), [CI)p]Tthe transpose
of the modal shape matrix at all excitation positions (M x N) and {P( f )} the Fourier transform
of the load vector {p(t)}.

Using the definition of Power Spectral Density provided in Section 2.5.1.2, the PSD matrix of
generalized forces [S,-(f)] (M x M) is then calculated from {P"( )} by [70]:

(5. (O]=[@,] [s,(O][®,] (2.59)
Here, [S,(f)] is the PSD matrix of crowd loads (N x N) defined by:
S,k (f), k=l
[S,(1)],, :{Sp,k,.(f), - (2.60)
The Fourier transform of Eq. (2.53) for all natural modes gives:
{Q(H} =[H(@]{P"(f)} (2.61)

where {Q( f)} is the Fourier transform vector of modal coordinates (M x1) and [H(w)] the
Frequency Response Function matrix (M x M) defined by:

1
N P  F TERR (262
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The PSD matrix of modal coordinates [S,(f)] (M x M) is then:

[S.(D]=[H@][s, (N ]|[A@] (2.63)
Here, [H(w)]" is the transpose conjugate matrix of [H(w)].

Performing Fourier transform to Eq. (2.55) leads to:

D(f)={®, }{Q(f)} (2.64)
where D( f) is the Fourier transform of the displacement response and {®:} the modal shape
vector at the response position (1 x M).

This results in the PSD of displacement response Sq( f) given by:

So(f)={®,}[S,() |{®,} (2.65)
The PSD of acceleration response Sa( f) is obtained by:

S.(f)=w's,(f) (2.66)
For a given parameter w (displacement or acceleration), the RMS response is then deduced by:

+00

W, =[S, (f)df (2.67)
0

The resulting responses (in time or frequency domain) could be used to perform the

serviceability assessment of floors against human discomfort based on one of the standards

detailed in Section 2.3 agreed by the stakeholders.

2.7 Conclusions

This review was intended to present the principal findings dealing with the topic of vibrations
of floors subjected to rhythmic activities. It was found that the modelling of the human motion
is a rather complex task because of many variabilities coming into play. The key outcomes of
the state-of-the-art can be summarized as follows:

2.7.1 Load models

e Forasingle person, rhythmic activities are generally modelled in the time domain. Both
modelling strategies (Fourier series, jumping pulses) do not account for “intra-subject
variability” (the variation of load parameters during movement) observed
experimentally. Time domain load models also cannot excite multiple dominant natural
modes simultaneously. Few frequency domain models were developed to overcome
these issues.

In this research, a simplified spectral load model for rhythmic activities will be
proposed, and corresponding parameters identified using force measurements.

e For a group of people, the lack of synchronization due to “inter-subject variability” was
modelled either by deterministic coordination factors in time domain models or by
correlation functions in a random field model.
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The load modelling strategy proposed in this research will adopt coordination factors to
be added to the spectral load model, which is simpler to manage compared to a random
field approach.

e The majority of research reported in the literature focused on “normal jumping” activity
(corresponding to a regular vertical jumping) since it produces the greatest loads among
rhythmic actions. However, there are other rhythmic activities taking place at many
locations (such as fitness centres, sports venues, gymnasiums, etc.) which could have
larger loads than “normal jumping” [67].

Four common rhythmic activities will be investigated in this work by conducting
experiments on two floors where individuals are moving under controlled conditions.

2.7.2 Response of floors subjected to rhythmic loads

The two comfort evaluation guidelines investigated in this review (SCI P354 and AISC DG11)
exhibit some limitations. Firstly, both guidelines consider the human load as a deterministic
periodic action, which is far from reality as explained previously. Secondly, they are primarily
applied to floors loaded by a rhythmic activity produced by a single person in service
conditions. The case of rhythmic activities performed by groups of people is not explicitly
studied by the guidelines, although quite frequent in many structures (sports venues, fitness
centres, grandstands, etc.).

In that context, response prediction methods for floors subjected to crowd-rhythmic activities
will be derived using the developed spectral crowd models.

76




Chapter 3: Design and vibration testing of a laboratory floor

3 Design and vibration testing of a laboratory floor
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3.1 Introduction

Human-induced vibrations, especially due to crowd-rhythmic activities, are a complex random
phenomenon observed on full-scale floor structures such as sports venues, gymnasiums,
grandstands, etc. ([50], [82]). Thus, experiments on small-scale floor structures are a first step
paving the way for characterizing loads and responses due to such activities.

In the vast majority of tests carried out for that purpose, the analysed activity was “normal
jumping” and the movement of individuals was controlled by a metronome, which does not
reflect real situations where people are free to perform such activities while subjected to various
audible and visual stimulus. Therefore, four different rhythmic activities are investigated in this
study. The scope corresponds to situations close to reality (without metronome), with a low
density of participants (below 0.3 person/m? [42]).

This chapter begins with the presentation of a laboratory floor representing steel-concrete
building floors. This includes numerical modelling and final configuration design of the
structure. First experiments carried out on the floor specimen are then introduced, comprising
deflection tests along with Experimental Modal Analysis. Vibration tests under various crowd-
rhythmic activities are described afterwards, by providing details about instrumentation and
experimental setup.

3.2 Design of the floor specimen

Several tests have been conducted on small-scale structures in order to investigate human
rhythmic activities. Alves et al. [3] used a 4x1.15m2 floor to measure loads due to a single
person jumping, without studying crowd effects due to limited floor surface. These effects were
analysed by Pernica [67] on a 17.04x2.13m?2 floor, allowing to measure the loads for up to 8
persons performing three rhythmic activities (jumping, running-on-the-spot, stride jumps).
Ebrahimpour and Sack [27] worked on a 4.57x3.66m? laboratory floor and recorded loads and
responses produced by up to 40 persons jumping. A 12.2x2.2m2 floor specimen was designed
by Faisca [39] where loads induced by up to 20 persons were measured. In that case, various
rhythmic activities have been studied (jumping, aerobics, audience motion) but in a quite
crowded situation (density of 2 persons/m2 [42]). The above tested structures had a beam shape
in general (length much larger than width) or considerably small dimensions, far from floors
commonly encountered in practice.

For that reason, the floor specimen designed for vibration experiments within this study has
comparable dimensions in plan (representing existing floors) in order to allow a uniform
distribution along with a low density of individuals while performing rhythmic activities.
Considerations related to the design of the laboratory floor are first presented. A parametric
study of the main floor characteristics is undertaken based on a numerical model developed
using ANSYS. From this analysis, the final configuration of the floor is defined, and both static
and dynamic design are carried out.

3.2.1 General considerations
3.2.1.1 Area constraints

The structure is a typical steel-concrete composite floor, comprising a reinforced concrete slab
with steel-decking profile, steel primary and secondary beams and steel columns. The
connection between the slab and the beams is achieved by welded shear studs.
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The floor was constructed at the FCBA technical centre in Bordeaux, France. The available
area was about 60m? (see Figure 3.1(a)). A floor area of 8x7m? was then chosen,
accommodating a maximum of 16 individuals with a density of 1 person/3m? (approximately
0.35 person/m?). As the area had an inclined bituminous ground, variable column heights were
adopted to compensate the lack of horizontality of the floor specimen (see Figure 3.1(b) for
ground altitudes).

(a) Front view
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(b) Initial plan view with ground altitudes (dimensions in mm)
Figure 3.1: Laboratory floor area
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The heights of the four floor columns are given in Table 3.1. As columns could not be anchored
in the bituminous ground, the stability of the structure must then be ensured by two conditions:

e All column base horizontal displacements are restrained,
e Beam to column connections are rigid in bending.

Column Al A2 Bl B2
Height (mm) 594 522 476 430
Table 3.1: Columns heights

3.2.1.2 Floor requirements

The floor specimen should meet two major requirements in order to be suitable for the
investigation of crowd-rhythmic activities. First of all, the floor should have an adequate
strength [27] so that the safety of the participants could be guaranteed [31]. Moreover, the
response of the floor should be dominated by its fundamental mode only, so that the interaction
between higher modes in terms of the floor response could be avoided. The fundamental
frequency should also be below 10Hz, which is the maximum expected frequency for human
excitation [31]. This leads to a low-frequency floor where the response is likely to be stationary
([61], [81]). The above conditions were fulfilled by an adequate modelling and design of the
floor as presented in the next sections.

3.2.1.3 Typical floor characteristics

The composite slab characteristics are in line with current practice. Indeed, reinforcements were
composed of steel mesh ST25C of 7mm diameter and 150mm spacing. Cofraplus 60 steel-
decking profile having 0.75mm thickness was selected, with the ribs perpendicular to secondary
beams. The shear studs were TRW Nelson KB 3/4"-125, with 19mm diameter and 125mm
height. They had a 207mm spacing (between steel profile ribs) for 7m span secondary beams
and 200mm spacing for 8m span primary beams (see Figure 3.1(b)). Remaining characteristics
to be determined are slab thickness, concrete strength, profile types (beams and columns),
number and connection type of intermediate beams as well as number of columns.

3.2.2 Numerical modelling of the floor

A parametric study has been performed with a Finite Element Model (FEM) varying the
remaining characteristics provided earlier. These parameters should contribute to the fulfilment
of the second requirement presented in Section 3.2.1.2.

3.2.2.1 Description of the numerical model

The numerical model of the floor has been implemented using ANSY'S largely used to model
steel-concrete composite floors by the Finite Element Method [8]. The mesh has a density of
200mm, made up of the following element types:

e Shell elements with 8 nodes and 6 degrees of freedom per node (SHELL 281) for the
concrete slab, with a layer to model reinforcements at the appropriate height;

e Beam elements with 2 nodes and 7 degrees of freedom per node (BEAM 188) for beams
and columns.

e Beam elements with 2 nodes and 6 degrees of freedom per node (BEAM 188) for shear
connectors and steel-decking profile.
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An equivalent stiffness for shear studs Eleq is considered as follows:

El, _El

e d
where Els is the initial stiffness of shear studs, e the mesh density and d the actual spacing of

studs. This corresponds to an equivalent diameter for shear studs ¢eq determined by:

€
¢eq - ¢s \/; (32)

where ¢s is the actual stud diameter. Figure 3.2 provides a general view of the FEM model.

(3.1)

Concrete slab
SHELL 281

Connectors
BEAM 188

Steel deck
BEAM 188

Beams and columns
BEAM 188

Figure 3.2: FEM model with element types (modified from [8])

Regarding boundary conditions, translation in the three directions along with rotation about the
vertical direction were restrained at column bases (see Section 3.2.1.1). Rigid connections were
considered between primary beams and columns and between edge secondary beams and
primary beams, whilst intermediate secondary beams were considered simply supported (see
Figure 3.1(b)). Vertical restraints were positioned in the middle of the primary beams to account
for the presence of intermediate columns.

The specific weight was considered equal to 2.4t/m® for concrete and 7.85t/m?® for steel. Steel
tensile strength was taken as 275MPa for hot-rolled profiles, 355MPa for welded 1-members,
and 350MPa for shear studs [38]. Young’s modulus was 210GPa for all steel members. For
concrete, Young’s modulus has been determined according to Eurocode 2 [36] as follows:

0.3
E =22 (fkl—JSj (3.3)

where Ec is Young’s modulus of concrete (in GPa) and fe the nominal compressive strength of
a concrete cylinder (in MPa).

3.2.2.2 Parametric study

A parametric study was performed in order to assess the influence of floor characteristics on
the natural frequencies of the dominant natural modes. The study was applied to the first four
modes to cover a frequency range exceeding 10Hz (maximum for human activities) [31].
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e Initial floor configuration

An initial set of floor characteristics was selected, representing one of the most common
situations for steel-concrete floors. The composite deck was 15cm thick (11cm height for
reinforcements) with a compressive concrete strength of 25MPa (class C25/30). IPE200 profile
was chosen for secondary beams spaced at 2.6m (resulting in two intermediate beams). In
addition, IPE400 and HEB240 profiles has been selected for primary beams and columns,
respectively. The latter members were placed at the floor corners. Figure 3.3 presents a
perspective view of the floor model with and without slab.

ELEMENTS ANSYS

z 2019 R3

SEP 1 2022
11:16:42

(a) Without slab
ELEMENTS o ANSYS

2019 R3

SEP 1 2022
11:14:53

(b) With slab
Figure 3.3: FEM model of the floor specimen
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Modal analysis was performed using Block-Lanczos eigenvalue extraction method for the first
four natural modes. Obtained natural frequencies for the initial floor configuration are given in
Table 3.2.

Mode 1 2 3 4
Natural frequency (Hz) 5.96 9.85 13.58 15.29
Table 3.2: Natural frequencies for the initial floor configuration

e Variation of floor characteristics

Each of the above characteristics was varied and natural frequencies of the four dominant
natural bending modes were computed. Table 3.3 summarizes obtained frequencies for each
investigated parameter.

Natural frequency (Hz)

Parameter Value

f1 f f3 fa

Y 13cm 596 9.9 1371 15
Slab’s thickness 17cm 602 998 1355 15.65
Concrete strength 20MPa 591 9.77 1348 15.13
30MPa 6.01 9.92 13.67 15.43
Columns HEB180 576 9.35 12.83 14.63
HEB300 6.05 10.05 13.97 15.56
Primary beams IPE300 568 9.81 11.75 14.84
IPE500 6.11 9.87 14.81 15.52
Edge secondary beams IPE180 58 9.21 1351 14.68
IPE400 6.72 13.63 14.82 20.36
Intermediate secondary beams IPEL80 58 981 1335 1528
IPE300 6.86 10.19 1456 15.28
Intermediate beams Rigid connection 6.06 9.88 13.69 15.29
Intermediate beams 1 beam 56 9.62 13.14 15.24
3 beams 6.25 10.06 13.88 15.37
1 beam 594 9.63 15.94 16.64

Intermediate columns 2 beams 801 1262 19.09 21.74

Table 3.3: Floor natural frequencies for each parameter variation

e Discussion

To satisfy the second requirement presented in Section 3.2.1.2, the fundamental mode of
vibration should have a natural frequency below 10Hz whereas higher modes should have a
natural frequency exceeding 10Hz. As can be noticed from Table 3.3, characteristics that had
negligible effect on natural frequencies are slab thickness, concrete strength, column profile,
primary beam profile, intermediate beam profile and number of intermediate beams. When
varying these characteristics, the second mode of vibration had a natural frequency near 10Hz,
relatively close to the fundamental frequency.

However, when the edge secondary beams were of IPE400 profile (same as primary beams),
the fundamental frequency was 6.72Hz, well-separated from the second natural frequency of
13.63Hz. The same remark is made for the case when two intermediate columns were
considered at the middle of the floor, where the floor was much stiffer, leading to a fundamental
frequency of 8.91Hz and a second natural frequency of 12.62Hz. Among these two situations,
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the first is more economical (four columns instead of six) and provides more convenient results
in terms of natural frequency.

3.2.3 Final floor configuration and design
3.2.3.1 Final floor configuration

Remaining characteristics of the floor were chosen according to the parametric study presented
in Section 3.2.2. Composite slab properties were the same as for the initial floor configuration
(see Section 3.2.2.2), with a thickness of 15cm and a concrete class of C25/30. Reinforcements
were placed at 40mm below the upper portion of the slab thickness. Four columns consisting
of HEB240 profiles were positioned at the corners. Two simply-supported intermediate
secondary beams were considered (with 2.6m spacing). However, the profile was taken as
IPE240 to meet connection requirements. For primary and edge secondary beams (having rigid
connections), the steel construction company proposed to build-up welded I-members with a
web of 400x6 and flanges of 150x15. This profile had a moment of inertia for the strong axis
of about 22584cm?, close to that of IPE400 profile (23130cm?).

Modal analysis was performed using the FEM model presented in Section 3.2.2.1. Natural
frequencies of the four natural modes are provided in Table 3.4. The modal shape of the
fundamental mode is illustrated in Figure 3.4. It can be seen that the second requirement of
Section 3.2.1.2 (dominant fundamental mode with natural frequency below 10HZz) is well
satisfied with the proposed configuration.

Mode 1 2 3 4
Natural frequency (Hz) 7.02 14.05 14.88 23.80
Table 3.4: Natural frequencies of the final configuration

ANSYS
NODAL SOLUTION i
SUB =1 JUN 6 2022
FREQ=7.01898 Z 13:50:35
USuUM (avG)
RSYS=0
DMX =.44485
SMX =.44485

0

=
.098856 .197711 .296567 .395422
.049428 .148283 .247139 .345995 .44485

Figure 3.4: Modal shape of the fundamental mode

Various drawings of the final configuration of the floor are presented in Figure 3.5. Further
details regarding connection between steel members are provided in Appendix A.1.
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(b) Front view (columns Al and B1)
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(c) Perspective view
Figure 3.5: Final floor specimen layout (dimensions in mm)

3.2.3.2 Design under static loads

In order to meet the first requirement presented in Section 3.2.1.2 (adequate floor strength to
ensure the safety of participants), the floor was designed to support the following static loads:

e The self-weight of the floor (total mass of 18.64t): G = 3.33kN/m2;

e The weight of 16 participants for the worst load case. In fact, the weight of each
individual was considered equal to 100kg, amplified by a factor of 1.8, which is the first
Fourier coefficient related to “normal jumping” activity proposed by SCI P354
guideline [81]. This gives a live load Q1 = 0.52kN/m?;

e Equipment live loads: Q2 = 0.48kN/m?, which results in a total live load applied to the
floor Q = Q1+ Q2 = 1kN/m2

The floor elements were designed at the Ultimate Limit State (ULS) according to Eurocode
prescriptions (Eurocode 2 [36] for reinforced concrete slab, Eurocode 4 [38] for composite
beams and Eurocode 3 [37] for columns and connections) with a load combination of
1.35G+1.5Q. Composite beams were also designed at the Serviceability Limit State (SLS)
according to Eurocode 4 with a load combination of G+Q, considering a shrinkage of about
170um/m for the concrete slab (60 days after the slab pouring). Details regarding the static
design of the floor are presented in [30].

3.2.3.3 Floor response simulation

When rhythmic activities are performed on the floor, the total applied force F is given by:
F=M(a-9) (3.4)
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Here, M is the mass of the floor, g the gravity acceleration and a the acceleration of the floor
due to rhythmic excitation. This force is directed downwards in major cases, but this direction
could change if the acceleration a exceeds g (causing an uplift of the floor). To verify that such
phenomenon will not take place, the floor response under crowd loads was investigated.

Calculation has been made considering only the fundamental mode of vibration having a natural
frequency of 7.02Hz and a modal shape presented in Figure 3.4. Remaining modal parameters
were determined according to HiVVoSS guideline [40]. The damping ratio was taken equal to
1% as proposed by this guideline for bare steel-concrete composite floors. Given rigid
connections between edge beams, the modal mass of the floor was considered equivalent to that
of a double-clamped beam, expressed as follows [40]: M1 = 0.41M. With a total floor mass of
18.64t, the obtained modal mass was then My = 7.64t.

The loading scenario corresponds to 16 individuals jumping on the floor according to a uniform
distribution as presented in Figure 3.6. The load model used to simulate jumping activity has
been proposed by Ellis and Ji [31], including individual model and crowd size relations (given
by Eq. (2.23)). The load parameters were chosen to represent the worst possible case (see Table
2.15). Each individual’s mass was taken equal to 100kg and the excitation frequency equal to
2.4Hz, causing resonance at the third harmonic of the load (7.2Hz). The floor response was
calculated at the centre, for a duration of 60s and a time step of 0.005s.

g
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e e e e
g
P9 P10 P11 P12
@ @ & &
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8
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® @ @ ®
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Figure 3.6: Positions of 16 individuals for response calculation (dimensions in mm)

A MATLAB script was written to calculate the time domain response of the floor using
Newmark-£ method (see Section 2.6.1). The resulting acceleration is plotted against time in
Figure 3.7. The computed peak acceleration was 5.21m/s?, below the gravity acceleration
(9.81m/s?). Therefore, the floor is well secured against uplift risk for all possible rhythmic load
cases.

87




Chapter 3: Design and vibration testing of a laboratory floor

Acceleration (m/s?)

6 I | I | I
0 10 20 30 40 50 60

Time (s)

Figure 3.7: Simulated floor acceleration at centre

3.3 First experiments on the constructed floor

After the construction of the floor specimen, experiments were carried out at the structural
mechanics laboratory of FCBA technical centre in order to verify the quality of the modelling
presented in Section 3.2. Deflection tests along with Experimental Modal Analysis on the
structure are first described. Resulting modal parameters are then compared against Finite
Element Analysis.

3.3.1 Construction and deflection tests

The steel-concrete composite floor was erected according to the steps described in
Appendix A.2. A side view of the floor 28 days after erection is shown in Figure 3.8. At that
time, measured compressive strength and Young’s modulus of the concrete slab (see
Appendix A.3) were 29.8MPa and 28.1GPa, respectively.

Figure 3.8: Side view of the floor specimen
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The first field tests on the floor aimed at determining the floor’s stiffness. For that purpose,
deflections have been measured using comparator devices labelled C1 to C4 (see Figure 3.9(a))
located at four positions below the floor, two at each intermediate secondary beam (at 1/3 and
2/3 of the span), as can be seen in Figure 3.9(c). The floor was loaded using plumb bags having
pre-determined masses (see Figure 3.9(b)). The total masses applied on the floor were 550kg
and 1050kg, respectively [13].

(a) Comparator (b) Plumb bags

= = = =
z 2
c1lL C3L
1 B
a o =
g ] I
2 5 g
C2 c4
—t R
g g
e I = H H
[P 5000

(c) Location of measuring points (dimensions in mm)
Figure 3.9: Deflection test setup

Resulting deflections are plotted as a function of the applied mass in Figure 3.10. A different
quasi-linear tendency exists between the four points (maximum relative difference is 42%
between C2 and C3). This may be caused by the imperfections of the structure resulting from
construction circumstances. However, the difference between deflections gradually decrease
for higher applied masses, indicating a limited influence of the imperfections at this load range.
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Figure 3.10: Experimental deflection against applied mass

The FEM model of the floor presented in Section 3.2.2 was updated to take into account
concrete parameters measured experimentally (compressive strength of 29.8MPa, Young’s
modulus of 28.1GPa). Simulations were performed to calculate the deflections at the four points
presented in Figure 3.9(c) using the two previous loads (550kg and 1050kg). Resulting
deflections-mass curves are plotted in Figure 3.11. The deflection of the modelled structure
increases linearly with respect to the mass as expected. Closer values between the investigated
points are also noticed compared to measured deflections (with a maximum relative difference
of 5% between C2 and C3) since experimental imperfections are not considered in the FEM
model.
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Figure 3.11: Numerical deflection against applied mass

Based on the previous results, the experimental and numerical stiffness are summarized in Table
3.5.
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Point C1 C2 C3 C4
Experimental stiffness (N/mm) 15376 16537 11690 14929
Numerical stiffness (N/mm) 12263 12559 11980 12263
Table 3.5: Floor stiffness by deflection point

The experimental and numerical stiffness have the same order by measuring points, indicating
that the updated FEM model is appropriate for deflection calculations. It was found that the
mean experimental and numerical stiffness are equal to about 14700N/mm and 12300N/mm,
respectively. This difference can be attributed to the fact that connections of intermediate beams
are modelled pinned whereas they are actually semi-rigid (see Appendix A.1).

3.3.2 Experimental Modal Analysis

In order to verify whether the built structure was in accordance with the design, modal
parameters were determined by means of Experimental Modal Analysis (EMA) [69]. The setup
of this campaign is first described and corresponding results are presented.

3.3.2.1 Experimental setup
e Instrumentation

Since the floor configuration is rather classical yet with a limited floor surface, the floor
excitation was performed using an instrumented hammer [2] (see Figure 3.12(a)). The hammer
model is PCB 086D20, which could produce up to 22.5kN of impulsive load amplitude within
a wide frequency range. The response of the floor due to these impacts was measured by
PCB 3711 accelerometers (see Figure 3.12(b)) having a frequency limit of 1000Hz. Acquisition
was made by a Bruél & Kjaer Lan XI data acquisition system.

(a) Instrumented hammer (b) Accelerometer
Figure 3.12: Hammer EMA equipment

e Test procedure

First of all, the floor surface was meshed with 121 points (12 points along each line parallel to
a longer span, 10 points along each line parallel to a shorter one, and the floor’s centre). The
distance between points was taken equal to 70cm in both directions, as shown in Figure 3.13(a).
Accelerometers were placed at 10 locations over the floor (noted Al to A10 in Figure 3.13(a))
and fixed on the floor using adhesive tape (see Figure 3.13(b)).
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At each mesh point, an impact was performed by the hammer (see Figure 3.13(c)), and the
corresponding load and acceleration responses were measured. The Frequency Response
Function (FRF) H(w) was then calculated for each response point by:

Alw)

H(w) F (@) (3.5)
where A(w) is the Fourier transform of the acceleration and F(w) the Fourier transform of the
load. The impact was applied three consecutive times and the average of FRFs was then
computed.
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(a) Mesh and response points (dimensions in mm)

(b) Accelerometer placed on the floor
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(c) Hammer impact on the floor
Figure 3.13: Hammer EMA setup

Successive impacts at all points of the mesh allow constructing a FRF matrix with dimensions
10x121 (10 response points, 121 excitation points) for each frequency. Since the FRF matrix is
symmetric for linear systems due to Maxwell’s Reciprocity Theorem [2], the transpose of FRF
matrix (121x10) was used in modal extraction.

3.3.2.2 Experimental results

The floor modal parameters were extracted using BK Connect [13]. First, FRFs determined
previously were condensed to obtain a function called Complex Mode Indication Function
(CMIF), characterizing the dynamic behaviour of the structure [79]. An initial curve fitting of
the plotted CMIF as a function of frequency was then performed (see Figure 3.14). A stability
diagram was built-up afterwards using Rational Fraction Polynomial Method [74], where each
mode was characterized by a vertical line illustrating successive iterations related to modal
parameters (red diamonds in Figure 3.14). Identified natural modes were those presenting stable
results after a certain number of iterations. Subsequently, natural frequencies, damping ratios
and modal shapes could be determined using the first stable results (white circles with black
contours in Figure 3.14).
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Figure 3.14: CMIF plot and stability diagram after modal extraction [13]

Modal extraction was done for frequencies ranging between 0 and 20Hz, which resulted in five
natural modes. Table 3.6 summarizes associated natural frequencies and damping ratios, and
Figure 3.15 illustrates modal shapes of the first four modes.

Mode Natural frequency (Hz) Damping ratio (%)

1 7.65 2.92
2 12.33 1.90
3 14.98 3.42
4 15.74 3.95
5 17.02 2.96

Table 3.6: Experimental modal properties
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Figure 3.15: Experimental modal shapes
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3.3.3 Comparison against numerical results

For comparison purposes, numerical modal analysis of the floor was performed using the
updated FEM model (see Section 3.3.1). However, since concrete becomes stiffer when
subjected to dynamic loads ([40], [63], [81]), the corresponding Young’s modulus was
increased by 35% ([16], [63]). Obtained natural frequencies of the first four modes are given in
Table 3.7 and corresponding modal shapes are presented in Figure 3.16.

Mode 1 2 3 4
Natural frequency (Hz) 7.30 14.38 15.42 2451
Table 3.7: Natural frequencies from the updated FEM model
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Figure 3.16: Numerical modal shapes

Experimental Modal Analysis resulted in only one mode having natural frequency below 10Hz,
clearly distinct from higher natural modes. This corresponds to what was expected by the
numerical model and satisfies the second requirement of Section 3.2.1.2 (dominant fundamental
mode with natural frequency below 10Hz). Furthermore, the experimental and numerical
fundamental modal shapes are similar, with a maximum amplitude near the floor centre.
However, the fundamental frequency obtained experimentally (7.65Hz) is 5% higher than its
numerical counterpart (7.30Hz). This is probably due to the lower stiffness in the FEM model
compared to the actual floor as concluded from deflection analysis (see Section 3.3.1).
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Differences are especially noticeable for higher modes, but their influence is overlooked since
they would not be excited by human activities.

3.4 Vibration tests under crowd-rhythmic activities

Vibration tests were performed at the structural mechanics laboratory of FCBA technical centre
on the floor specimen presented in Section 3.2 involving crowd-rhythmic activities. Adopted
instrumentation for the test campaign is described first, followed by a presentation of the
experimental setup. This includes involved rhythmic activities, crowd sizes and positions, type
of coordination stimulus, timing and repetitions. Characteristics of the individuals participating
in the tests are also provided.

3.4.1 Instrumentation
3.4.1.1 Force measurements

When a group of people performs rhythmic excitation, corresponding forces are mainly acting
vertically on the floor structure. Direct measurement of such forces can be accomplished by
two principal techniques [73]. The first one consists of placing force plates (see Figure 3.17(a))
on each position of the participants. Individual loads are then measured while performing
rhythmic excitations. This method was implemented by Parkhouse and Ewins [65] who
measured individual jumping loads produced by 60 different participants one after another.
Pernica [67] also used force plates to record loads for up to 8 persons performing rhythmic
excitations. Although this technique allows to investigate experimental group effects for each
person and trigger its variation during motion, it is not practical for a large crowd size. In fact,
the maximum number of individual force plates used for crowd experiments as stated by Comer
et al. [18] corresponds to 15 individuals jumping simultaneously. Moreover, the motion of each
individual is restricted by the area of the force platform, such that he could not freely practice
the activity which is characterized by a forward-backward and sideway movements.

Alternatively, human-induced forces can be measured by setting load cells (see Figure 3.17(b))
at specific locations on the floor. The total load produced by large crowds could then be
measured without restricting their motion. This device was used by Alves et al. [3] to measure
individual loads for various activities (involving jumping) and by Ebrahimpour and Sack [27]
to record jumping forces for up to 40 individuals.

(a) Force plate (b) LC-C110C load cell
Figure 3.17: Force measurement devices
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For the previous reasons, load cells were selected to measure vertical crowd-rhythmic loads.
Effectively, four load cells were placed at the bottom of each floor column, and the total group-
induced loading applied on the floor during rhythmic activities could be obtained by summing
the four measured loads after eliminating the floor inertial force. The principal requirement to
select the device model to be used is the maximum load to be measured. The total expected
static load was 6kN/m? (see Section 3.2.3.2), which gives 8.5t supported by each column.
Instrumentys LC-C110C load cells (see Figure 3.17(b)) with a capacity of 10t have then been
adopted for safety considerations. These devices were tested for loads between 1 and 90kN,
providing a measurement with a discrepancy of +3%. Calibration has been made to have
balanced measurements over the floor. The four load cells approximately measured the same
load (25% of the weight of the floor) at the bare state of the floor.

After summing these loads, the total mass of the floor was equal to 18.85t. The modal mass of
the fundamental natural mode of the floor could then be determined by the same method as
presented in Section 3.2.3.3, considering the actual mass of the floor determined above, which
gives: M1 =0.41M =7.73t.

3.4.1.2 Response measurements

The response of the floor specimen subjected to crowd-rhythmic activities was measured. The
aim was to investigate response amplitudes and to validate the associated load models. Proposed
response parameter was the vertical displacement of the floor. One response point was assumed
sufficient to capture the vibrational behaviour of such a classical structure. This practice has
been made by Ellis and Ji [31], who measured displacements at the centre of two laboratory
floors subjected to crowd-jumping loads.

Maximum expected displacement has been determined from the analysis carried out in
Section 3.2.3.3, according to the worst possible floor loading scenario. It resulted in a
displacement of 3.1mm. Linear Variable Differential Transformer (LVDT) device was adopted
for such measurements. Associated model is ACT1000C transducer having a measurement
range of £25mm. The LVDT was placed below the floor at the mid-span of an intermediate
beam (see Figure 3.18), which is considered as a fixed reference support.

Figure 3.18: LVDT device placed below the floor
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3.4.1.3 Auxiliary instruments

The load cells and the LVDT transducer were connected to a Bruél & Kjaer Lan Xl data
acquisition system for signal conditioning and digitalization. The adopted sampling frequency
was 128Hz for both measurement devices. Furthermore, a lightweight barrier was placed along
three edges of the floor to ensure the safety of participants (see Figure 3.19).

Figure 3.19: Floor with edge barriers

3.4.2 Description of crowd-rhythmic tests
3.4.2.1 Investigated rhythmic activities

There are several rhythmic activities in which people stay at a fixed position and lose contact
with the ground. The most classical one is normal jumping ([33], [50]), where an individual is
launching himself in the vertical direction and returning to the ground with an impact. This
activity has been widely studied by several authors for either individual ([3], [65]) or crowd
cases ([18], [27], [31]). However, other jumping-type activities are commonly encountered in
some usages (such as fitness centres). These activities could also produce higher loads, as found
by Pernica [67] for stride jJumps, which had greater Dynamic Load Factors (DLFs) than normal
jumping for the case of 4 persons.

Among these activities, two jumping-type ones were investigated in this research. The first is
jumping jack, where the arms move up with the outward movement of the legs and down with
their inward movement for each jumping cycle. The second is quick jumping, similar to normal
jumping, but the individual returns quickly to the ground due to a more limited duration of the
launching phase. These activities are performed in sport venues, fitness centres, stadiums, etc.
and illustrated in Figure 3.20.
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() Jumping jack (b) Quick jumping
Figure 3.20: Jumping activities

Moreover, apart from jumping-type loads, there is a category of rhythmic activities where
people practice running while remaining approximately at the same location. This type of
activity is called running-on-the-spot [67], stepping [4], or skipping [7], and is likely to occur
in gymnasiums, sports halls and other facilities. In this research, skipping (the adopted term in
the rest of the manuscript) was investigated in terms of two contact modes with the ground: on

feet toes and on feet soles as shown in Figure 3.21.

[ =N

4

(a) Skipping on feet toes (b) Skipping on feet soles
Figure 3.21: Skipping activities

In general, skipping loads have higher frequencies but lower amplitudes than jumping loads [4].
The adopted terminology for the investigated activities (throughout all chapters) is presented in
Table 3.8.
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Activity Terminology
Jumping jack Jumping 1
Quick jumping Jumping 2

Skipping on feettoes  Skipping 1
Skipping on feet soles  Skipping 2
Table 3.8: Adopted terminology for rhythmic activities

3.4.2.2 Experimental setup
e Crowd sizes and positions

It was considered that substantial effects on loads and responses would be observed through
stepwise changes of group size [31]. In general, such activities are performed in well-spaced
environments, resulting in reduced load densities ([44], [50]). The maximum crowd size
allowed by the floor surface to have a limited density (1 person/3m?2) was 16 individuals.
Therefore, tests were carried out with numbers of 1, 2, 4, 8 and 16 participants. Figure 3.22
illustrates one performed activity for each investigated crowd size.

(I III I ,,,,

(a) 1 participant
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(b) 2 participants

(c) 4 participants
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(d) 8 participants

(e) 16 participants
Figure 3.22: Examples of rhythmic activities by crowd size performed on the laboratory floor

The participants were uniformly distributed over the floor according to positions shown in
Figure 3.23. This corresponds to a spacing between individuals equal to 2.1m in the direction
parallel to a longer span and 1.4m in the direction parallel to a shorter one. Table 3.9 indicates
adopted positions for each group size.
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Figure 3.23: Positions of individuals in red circles and LVDT in green circle (dimensions in mm)

Crowd size Positions
1 P11
2 P6, P11
4 P6, P7, P10, P11
8 from P5 to P12
16 from P1to P16

Table 3.9: Positions of individuals by crowd size

e Coordination stimulus

The degree of coordination between individuals in rhythmic activities varies [45]. In order to
achieve a high coordination degree, various external stimulus are possible. The first stimulus

type is audible, which could be realized either by a metronome set at different frequencies ([3],
[18], [27], [31], [65], [67]), or by a rhythmical song [34]. The second stimulus type is visual,

ensured by following the movement of a person coaching away from the floor [39] or by

watching a video of the performed activity displayed on a front screen [65].

The stimulus leading to a coordination which is the most likely to occur in real life situations
are a rhythmical song (audible), combined with the movement of a person outside the floor
surface (visual). Both stimulus were used in the performed tests. The visual stimulus was made
by an experienced sports coach standing in front of the participants (see Figure 3.24). Moreover,

participants were requested to perform rhythmic activities at their comfortable pace.
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Figure 3.24: Sports coach in front of participants

e Timing and repetitions

Before each activity, a preliminary test was made during 30s so that participants could warm-
up and get used to the activity movements. Then, individuals performed continuous movements
during 45s, since people are likely to be tired after this duration [18]. For each investigated
crowd size and rhythmic activity, the sequence was repeated three times, and the whole set was
repeated two times, as noted in Table 3.10. Repetitions were adopted in order to take into
account variabilities observed during motion [71] and to have a statistically representative
sample of records. In total, experimental testing lasted about one and a half day.

Setl Set 2
Preliminary test Rhythmic test Preliminary test Rhythmic test
30s 45s x 3 30s 45s x 3
Table 3.10: Duration of sets for each activity and crowd size

3.4.2.3 Characteristics of the participants

A group of 33 individuals (all volunteers) participated in crowd-rhythmic tests, comprising 18
men and 15 women. Participants were majorly post-graduate students or staff of FCBA
technical centre. Prior to starting experiments, the test protocol was briefly described to all
involved persons. Data related to participants included sex, weights, ages and birth countries
and are summarized in Table 3.11.
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Individual Sex Age Birthcountry  Body mass (kg)

1 Male 29 France 85
2 Female 31 Algeria 63.9
3 Female 28 France 63
4 Male 30 France 82.5
5 Male 39 Algeria 79.7
6 Male 24 France 84.7
7 Male 30 Morocco 72.5
8 Female 27 Algeria 58.8
9 Female 25 Morocco 66.1
10 Male 30 Congo 65
11 Female 24 France 64.4
12 Female 54 France 66
13 Male 52 France 78.3
14 Female 46 France 70
15 Female 50 France 60
16 Male 42 France 78.3
17 Male 32 France 80.5
18 Female 32 France 76.2
19 Male 48 France 86.6
20 Female 55 France 58.8
21 Female 53 France 67.7
22 Male 60 Yugoslavia 78.4
23 Female 43 France 58.6
24 Male 19 France 73
25 Male 55 Morocco 92.8
26 Female 47 France 65.6
27 Male 23 Réunion, France 108
28 Female 30 France 66
29 Male 29 France 61
30 Male 31 France 105.3
31 Male 31 Nigeria 70.3
32 Female 23 France 61
33 Male 43 France 78.6

Table 3.11: Collected data related to test participants

According to Table 3.11, 24 participants were born in European countries whereas 9
participants came from African ones. Their ages ranged between 19 and 60 years (mean:
37 years, standard deviation: 12 years) and their body masses varied from 58.6 to 108kg (mean:
73.5kg, standard deviation: 12.4kg). The mean mass is close to the nominal body mass
suggested by several design recommendations (SCI P354 guideline [81] for example). Figure
3.25 illustrates body mass and age distributions, indicating that the sample of participants is
quite representative of the whole population.
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Qccurrences

55-64 65-74 75-84 85-94 95-114
Body mass (kg)

(a) Body mass

Occurrences

19-25 26-32 33-39 40-46 47-53 54-680
Age

(b) Age
Figure 3.25: Distribution of parameters related to participants

3.5 Conclusions

This chapter describes a test campaign aiming to investigate the vibration of floors when
subjected to crowd-rhythmic activities. A floor specimen representing steel-concrete composite
floors was firstly designed to resist vertical loads and to have only one mode than can be excited
by human-induced loads (with a natural frequency below 10Hz). After erection, deflection tests
conducted on the floor specimen revealed that the numerical stiffness of the floor is lower than
the experimental one. Experimental Modal Analysis carried out on the laboratory floor using
hammer impacts confirmed the existence of one mode with a natural frequency below 10Hz.
The obtained value is higher by 5% than its numerical counterpart, because more flexible
connections were considered in the FEM model of the floor. Human-induced vibration tests
were then realized involving four rhythmic activities usually encountered in practice (jumping
jack, quick jumping, skipping on feet toes, skipping on feet soles). Groups of up to 16
individuals were uniformly distributed over the floor (with a density of 1 person/3m?2).
Participants were asked to move following audible and visual stimulus to be as close as possible
to real life situations. Test results in terms of forces and displacements are dedicated to the
identification of a load model characterizing crowd-rhythmic activities as will be presented in
the next chapter.
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4 Spectral load model identification for crowd-
rhythmic activities
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4.1 Introduction

Appropriate modelling of human-induced loads is a pre-requisite for the serviceability
assessment of floors against human discomfort, especially when they are subjected to crowd-
rhythmic activities with loss of contact [50]. As developed in Chapter 2, several models were
established for such activities. Most of them were expressed in the time domain, which do not
account for “intra-subject variability” as observed experimentally. Time domain load models
are also unable to excite multiple dominant natural modes simultaneously. On the other hand,
few frequency domain models were developed to circumvent these limitations.

This chapter has two main objectives. The first one is to present a load modelling approach in
the frequency domain which is simple to handle yet appropriate for crowd-rhythmic activities.
The proposed model is expressed as a Power Spectral Density (PSD) function for a single
person, combined with coordination factors for multiple individuals. The second objective is to
identify the parameters of the above established load model based on the vibration tests carried
out on the laboratory floor described in Chapter 3. Two particular types of rhythmic activity
(detailed in Section 3.4.2) are investigated, where corresponding load models are identified,
and the model response is compared with measurements.

4.2 Rhythmic load model identification methods

The crowd-rhythmic load was modelled in the literature in two major ways. The first consists
of a time domain load model for the case of a single person, with crowd size relations provided
to take into account the reduction of the crowd load due to the lack of coordination between
individuals in the group. The second was based on a random field approach, comprising a PSD
function for one individual and a coherence function to consider the synchronization between
multiple persons. This section presents a load modelling approach for crowd-rhythmic activities
that combines the two previous procedures. A simplified PSD load model formulation is first
established. A direct identification method is detailed in order to determine load parameters
based on force measurements on the floor. Coordination factors are then obtained by size-
dependent relations of crowd forces obtained for each number of participants. Finally, the total
crowd load model is formulated using the PSD load model together with coordination factors,
and the procedure for the verification of such model using response measurements on the floor
is described.

4.2.1 Single PSD load model
4.2.1.1 Direct identification of individual load models

Based on direct force measurements on floor structures, load models for a single person
performing rhythmic activities were identified by several authors. These models were generally
expressed in the time domain, either as Fourier series decomposition or a succession of jumping
pulses (see Section 2.2). For the first load model type, Dynamic Load Factors (DLFs) were
identified based on the frequency domain representation of the measured forces. Pernica [67]
and Yao et al. [92] determined DLFs from peaks of each harmonic component obtained by Fast
Fourier Transform (FFT) of recorded loads (see Figure 4.1(a)). Alves et al. [3] used three
methods for the identification of DLFs, which are Fast Fourier Transform (FFT), Discrete
Fourier Transform (DFT), and step-by-step method (based on time convolution theorem).
However, these methods do not consider the frequency content in the vicinity of each excitation
frequency, thus leading to an underestimation of the load amplitude at these regions [90].
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Ebrahimpour and Sack [27] as well as Parkhouse and Ewins [65] used PSD loads instead, and
computed the energy content at each harmonic of the load (see Figure 4.1(b)). This resulted in
an average peak used to obtain corresponding DLFs, but the concentration of the whole energy
at the peaks could results in an overestimation of the load amplitude for each harmonic [90].
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Figure 4.1: Determination of Fourier series load model parameters
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In what concerns the second load model type, each jumping pulse of the rhythmic action was
isolated and associated parameters including landing phase time, pulse period and impact factor
(see Section 2.2.1) were calculated (see Figure 4.2(a)). Parameters were obtained for successive
jumps (see Figure 4.2(b)), and their variation was then characterized by probability density
functions ([15], [39], [58], [80]).
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(a) Single pulse parameters [3] (b) Consecutive jumping pulses [15]
Figure 4.2: Determination of jumping pulse load model parameters

All previous identification procedures are widely used in practice since they provide load
parameters in a simple and straightforward way. However, time domain models are unlikely to
represent the incapacity of each individual to keep the same frequency and amplitude during
motion (called “intra-subject variability””) [50], as encountered in real situations. For instance,
Figure 4.3 illustrates the frequency content of a Fourier series load against an experimentally
measured load. It can be seen that a large spread of energy, termed leakage [71], is present in
the latter load, whereas energy is concentrated in the harmonics of the load for the time domain
model. Furthermore, all previous methods used some parts of the recorded forces in order to
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obtain load parameters. Hence, experimental observations related to the continuous motion over
time could not be captured in these load models.
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Figure 4.3: lllustration of jumping loads in the frequency domain [71]

4.2.1.2 Proposed load model formulation

The frequency domain (PSD) modelling approach is adopted in order to consider randomness
of the rhythmic action during time. Compared to time domain load models, PSD load models
allow to have peak load amplitudes which gradually decrease for each harmonic, resulting in
energy leakage. For that reason, time domain load models would overestimate structural
response in a resonant case and underestimate this response in a non-resonant case [88].

The load model proposed by Xiong and Chen [89] is used for that purpose (see Section 2.5.2.2).
Eq. (2.49) can be rewritten for each harmonic i by:

sp,i(f)=(m9)2£'i0f—?] psexpi{(%:_lﬂz} P, exp{{(%ﬁ] (4.1)

where m is the body mass of the individual and g the gravity acceleration (9.81m/s?). It is
noticed that the exponential function accurately models the frequency content at each harmonic.
In fact, it has a bell shape allowing a gradual decrease in amplitude, which represents the spread
of energy (leakage) in the vicinity of the peak of each harmonic. Inspired by the time domain
model proposed by Racic and Pavic [71] (see Table 2.13) characterizing jJumping pulses (having
also bell shapes), the proposed formulation simplifies Eq. (4.1) by assuming that each harmonic
can be modelled by a unique exponential function given by:

(f-if, )

S, (f)=(mg)" o? exp| — = (4.2)
The total PSD load model is then obtained by:
3
S,(f)=>.8,(f) (4.3)
i=1

The proposed formulation was verified in comparison with the PSD load model developed by
Xiong and Chen [89]. Both models were calculated using Eq. (4.3) (based on harmonic PSDs
given by Eq. (4.1) and Eq. (4.2), respectively), for an individual having 75kg and an excitation
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frequency of 2Hz. Both models are plotted in Figure 4.4, assuming equal load energy (variance
of the PSD function). The two plots match well in general in terms of peaks for the three
harmonics of the load. However, the proposed PSD model has a narrower bottom part than the
model proposed by Xiong and Chen, which is compensated by a larger upper part. Hence, an
equivalent energy content at each harmonic could be provided by the proposed load model.
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Figure 4.4: Comparison of PSD load models for an excitation frequency of 2Hz

The first three harmonics were considered because they represent most of the load energy in
the frequency range of human excitation ([32], [89]). Parameters characterizing the proposed
load model are then:

e The excitation frequency fp;

e Parameter ai (amplitude coefficient), which controls the load amplitude around the it"
harmonic;

e Parameter ¢; (bandwidth coefficient), which determines the range of the spread of
energy in the vicinity of the i"" harmonic (depending only on the rhythm of motion).

In the frequency domain, the distribution range of energy becomes wider at higher
harmonics [88], which is expressed in Eq. (4.1) by a linear increase in the denominator of each
exponential. Hence, the variation of ¢; by harmonic i was taken as: di=id1.

In general, load amplitudes exhibit a decreasing trend by harmonic order ([3], [27], [65], [67],
[92]). This is considered in Eqg. (4.1) by a term inversely proportional to the harmonic
frequency. Therefore, as DLFs could be directly obtained for a given rhythmic activity (from
measurements or literature), it was assumed that the decreasing rate of the PSD load amplitude
Is equivalent to the same rate as these DLFs. In other words, the following relation applies:

a;

DLF,
—_—= = ai

@, DLF,
Here, a1 and i are amplitude coefficients of the PSD load model for the first and i harmonic,
respectively, whilst DLF; and DLF; are Dynamic Load Factors of the same activity for the first
and i harmonic, respectively. Noting ca=a and 61=4, the simplified PSD load model Sp( f) is

expressed by:

(4.4)
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Sp(f):(mga)zi a’ exp —(f _ifp)

(i) (45)

Load model parameters to be identified for each rhythmic activity are then reduced to f,, o and
J. They are collected in a vector noted 6 ={ fy, a, 5}".

4.2.2 Least-squares load model identification
4.2.2.1 Objective function

Consider Spexp( f) as the experimental PSD load corresponding to a rhythmic activity performed
by a single person and Sp(f, #) the -dependent analytical PSD load model for the same activity
(obtained by Eq. (4.5)). The objective is to determine the optimal parameters of vector ¢ (noted
Oopt), in order to have the closest analytical PSD model to its experimental counterpart.

This optimization problem is solved using the least-squares method for two main reasons:

e |t is the most common and straightforward method for such problems [52];
o It allows the use of the complete signal record. Intra-variability effects are thus taken
into account during the continuous rhythmic action.

Using the Euclidean 2-norm, an objective function representing the difference between
analytical and experimental PSDs is formulated. The optimal vector ot is then obtained by
minimizing this function as follows [52]:

0, =argmin [Hsmh (f.0)— sp,exp(f)uj (4.6)

From a practical point of view, the experimental load produced by one person is represented by
a load vector noted {Spexp}- In this case, the 6-dependent analytical PSD load model is also a
vector of the same length Ne noted {Sp.(6)}. EQ. (4.6) is thus rewritten as:

Orpe =argmin {Z ‘{Sp,th (19)}i ~{Sp 00 }i ﬂ (4.7)

Optimal parameters were identified using Isqnonlin solver available in the Optimization toolbox
of MATLAB [60]. This solver is convenient for most of the least squares problems. The optimal
vector fopt is computed using Levenberg-Marquardt algorithm, adapted for nonlinear
formulations [60]. Another advantage of this algorithm is that it finds the optimal solution even
if it starts very far off the final minimum [1]. It requires two inputs: an initial estimation of
vector 6 (noted o) and a difference function fy(6) in which the Euclidean 2-norm is applied:

fa(0)={Sp.n(0)}— {Sp.exo}-
Corresponding options for the optimization process are:

e Maximum number of iterations: 400;
e Maximum number of evaluations of the objective function: 2000;

e Step tolerance: Msm‘m;
149
‘fd,i+l - fd,i‘

<100,
1+‘ fd’i‘

e Function tolerance:
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4.2.2.2 Parametric identification procedure

Consider a floor structure where a single person, having a known body mass m, performs a
rhythmic activity. The associated force Pexp(t) was assumed to be measured and provided in the
time domain, along with the activity duration T and the time step dt. Because the signal has
limited duration, the PSD of the experimental load {Spexp,0} is calculated by the periodogram
method using the rectangular window, which is implemented in MATLAB. The maximum
investigated frequency is 10Hz, corresponding to the range of rhythmic excitation [31]. The
frequency vector is resampled in order to provide more points near the peaks of each harmonic
and less points away. Values of the experimental load {Spexp} are then deduced by linear
interpolation from the values of {Spexp0}-

Load parameters to be determined are those collected in the vector 6 ={ f,, a, 6}". First of all,
initial parameters 6o should be provided, and the analytical PSD load model vector {Spin(0)} is
calculated by Eq. (4.5). Hence, the optimal vector 6opt is obtained using least-squares technique
by Isgnonlin solver (see Section 4.2.2.1).

In case successive forces are recorded for a given activity, the above procedure is applied for
each force signal. The variability of all resulting optimal parameters f,, @ and ¢ is then
characterized by their arithmetic mean values and standard deviations [39].

As stated earlier, the optimization algorithm requires initial parameters to be chosen in such a
way that the obtained solution corresponds to the global minimum of the objective function.
The variation range of such parameters is determined in the next section.

4.2.2.3 Synthetic study
Based on the proposed PSD load model, a synthetic study is conducted for two main objectives:

e Determine the range of initial conditions (see Section 4.2.2.2) leading to the optimal
parameters of the identified PSD load model;
o Verify the robustness of the proposed model with regards to ambient noise.

To accomplish that, an initial case study is selected using the following parameters:

e A duration of 30s with a maximum frequency of 10Hz [31];

e A 75kg body mass, which is close to the nominal body mass recommended by design
guidelines (SCI P354 for example [81]);

e An excitation frequency of 2.5Hz, which is the mean of the frequency range for
rhythmic activities [1.5, 3.5Hz] ([45], [81]).

Remaining parameters (see Eq. (4.5)) are provided to have an appropriate RMS force and are
presented in Table 4.1. Corresponding load model is plotted in Figure 4.5. It has an RMS force
of 996N. This initial choice of parameters has no effect on the findings in this section (the same
conclusions apply to other PSD load parameters).

Parameter o oJ(Hz) a1 a2 a3
Value 35 005 1 05 0.25
Table 4.1: Parameters for the synthetic PSD load model
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Figure 4.5: Synthetic PSD load model

¢ Range of initial conditions

The above developed load model is considered as a synthetic input signal for which load
parameters are to be determined. Initial parameters (of vector 6o) are then varied in order to
examine their influence on the obtained solution. A multi-start optimization technique is
adopted by determining successive optimal values for each set of initial conditions (using the
method described in Section 4.2.2.2). The mean optimal parameters are then deduced as a
representative solution to be compared with the PSD model input values of fp, & and o.

In general, a first approximation of f, can be obtained from the frequency corresponding to the
peak of the 1% harmonic of the load (termed peak picking). Therefore, the variation of f; is
considered by frequency increments close to f, 0 = 2.5Hz, given by:

f, = f,otAf (4.8)

where fp; is the perturbed parameter and Af the frequency increment. However, there is no way
to have a first approximation of parameters o and o. The variation of human load parameters is
generally assumed to follow a normal distribution ([32], [39]). Hence, a random perturbation
using the Gaussian distribution is used for the latter parameters, expressed by:

p, = Py | [L+£,N(0,)] (4.9)

Here, po is the initial value of « or ¢ (see Table 4.1), p. the perturbed parameter, N(0,1) a random
number generated using the Gaussian distribution and ¢p the corresponding coefficient of
variation.

100 increments are considered for each value of Af (between Af/100 and Af) whilst 100 samples
are generated for each value of ¢p. Table 4.2 summarizes obtained optimal parameters after the
variation of initial conditions.

114




Chapter 4: Spectral load model identification for crowd-rhythmic activities

Optimal solution
fo(H2) a 0 (H2)

Parameter Maximum Range

Initial - 2.5 3.5 0.05
Af=+0.2Hz 2.5 3.5 0.05
fo Af=0.3Hz 2.8 0.003 0.074
Af=-0.3Hz 2.2 0.003 0.075
a, 0 ep=1 2.5 3.5 0.05
fo Af=201Hz 55 35 (05
a, o ep=1
fp Af = OZHZ
o £5= 0.5 2.57 3.18 0.048
5 Af=—02Hz
o £5= 0.5 2.48 3.32 0.047

Table 4.2: Optimal solutions after the perturbation of initial conditions

When varying each parameter at once, the optimal solution is found for Af <0.2Hz with a=3.5
and 0=0.05Hz. The same result is noticed using =1 with f,=2.5Hz. For Af =+0.3Hz, the
solution differs from the optimal one with a maximum relative difference of 12% for fp, 99.9%
for a and 50% for ¢. On the other hand, when varying all parameters (which is the most common
case), it is found that the optimal solution is reached with Af <0.1Hz and ¢p=1 for a and o. This
corresponds to a variation range of [1, 10] for « and [0.01, 0.2 Hz] for ¢, respectively. However,
using Af =+0.2Hz and &,=0.5, discrepancies to the optimal values occur with a maximum
relative difference of 3% for f,, 9% for o and 6% for .

As a result, the initial conditions should be chosen for a given rhythmic activity as follows:

e The frequency peak of the 1% harmonic of the experimental PSD load is chosen for f,
with a tolerance range of +0.1Hz;
e o ischosen in the interval [1, 10] and ¢ in the range [0.01, 0.2 Hz].

Using one set of the above parameters fp, & and ¢ as initial conditions, the optimization method
presented in Section 4.2.2.2 would lead to a solution corresponding to the global minimum of
the objective function (given by Eq. (4.7)).

e Load perturbation

In order to verify the robustness of the PSD load model towards ambient noise, a second
analysis is carried out considering a perturbation of the synthetic load, given by:

S,.(£)=S,,(f)[[1+&N(0,1)] (4.10)

where Spo(f) is the initial (synthetic) PSD load, Sp.(f) the perturbed PSD load, N(0,1) a
random number generated using the Gaussian distribution and ¢s the corresponding coefficient
of variation. 100 samples were generated for each value of &s.

Using synthetic load parameters f,, « and ¢ as initial conditions, identification is performed
according to the instructions of Section 4.2.2.2 and mean optimal parameters are determined
for four values of & (0.02, 0.05, 0.1 and 0.2). Table 4.3 summarizes obtained results and Figure
4.6 illustrates the perturbed PSD load model using &=0.1.
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Optimal solution
® f,(Hz) o o(Hz)
0.02 25 353 0.051
0.05 249 347 0.044
01 252 334 0.051
02 251 29 0.06
Table 4.3: Optimal solutions after load perturbation

108
7 a T T T T T

— Initial PSD load
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Figure 4.6: Comparison between synthetic and identified PSD load models after perturbation (with a
coefficient of variation of 0.1)

It is noticed that the optimal parameters have a lower variation range than the load perturbation.
Even for a coefficient of variation of 0.2, relative differences between the initial and identified
parameters were 0.4% for fp, 17% for a and 20% for ¢. The general shape of the load is also
barely affected (see Figure 4.6). Consequently, the PSD load model can be considered as robust
towards ambient perturbation.

4.2.2.4 Equivalent DLF identification

In order to compare the proposed load amplitude with that of existing time domain load models
associated to the same activity, equivalent DLFs should be determined from the PSD model
Sp( f), after identifying its optimal parameters f,, « and 6.

For each harmonic i, the load energy is located in the frequency range between (i-0.5)fp and
(i+0.5)f, [31] as can be seen in Figure 4.7. Hence, the RMS force of the i" harmonic Fms;i is
calculated by:

(i+0.5) f,
Froes = \/ [ s,(f)df (4.12)

(i-05)f,

116




Chapter 4: Spectral load model identification for crowd-rhythmic activities

Figure 4.7: Load energy by harmonic (modified from [27])

An equivalent Fourier series load P(t) is expressed as follows:

P(t) =mg {1+ 23: DLF, sin(27zifpt)} (4.12)

i=1
where m is the body mass of the individual, g the gravity acceleration (9.81m/s?), f, the
excitation frequency and DLF;i the Dynamic Load Factor (DLF) of the i harmonic. An average
peak amplitude for this load could then be obtained by multiplying Frmsi by V2 ([27], [65]).
This amplitude takes into account the whole frequency content of each harmonic, not only the
associated peak value. The equivalent DLF of the i harmonic is then deduced by:

\/EFrms,i

mg
In case multiple PSDs of the same activity are provided, the latter procedure is applied to each
identified PSD. Resulting DLFs are then characterized by their mean values and standard
deviations.

4.2.3 Crowd size effect

The common case of rhythmic activities on a floor consists of a group of individuals performing
actions with a certain degree of synchronization. As outlined in Chapter 2, each individual has
a specific motion different from other persons, resulting in different amplitudes and frequencies
during movement. This effect is denoted “inter-subject variability”, such that the total force
would have a reduced amplitude compared to the sum of individual forces. This reduction is
evaluated using experimental measurements of crowd forces for multiple group sizes.

DLF, = (4.13)

4.2.3.1 Crowd size relation

For a given rhythmic activity, crowd forces are assumed to be measured for various numbers
of individuals (each having a body mass mg) for a number of S times (called windows) per
crowd size. The RMS force is used as a representative load parameter since it covers all the
frequency content of the measured load and allows to have more accurate evaluation of the
amplitude (eliminating the effect of parasite peaks). As highlighted by Eq. (4.12), the rhythmic
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load contains both a static part (weight of participants) and a dynamical part (load harmonics).
However, since the weight of individuals is directly summed, the group effect must be
investigated considering the dynamical part of the human loads (having a zero mean load).

For each crowd size, the dynamical load of the s™ activity window Fs(t) is extracted and the
corresponding RMS force F,,,, . is computed by:

ms,s

A 1 &
Fonss =3[y 2 e ) (4.14)
e m=1

Here, Fs(tm) is the time domain load amplitude of the s activity window at time tm and Ne the
number of time samples.

Eq. (4.12) indicates that the ratio of the rhythmic load to the body mass of the individual is
constant for a given activity. In other words, two individuals having different weights but are
performing a rhythmic activity in exactly the same way would have the same body acceleration
(load to body mass ratio).

Hence, in order to eliminate the effect of variable body mass on the crowd load, RMS forces
are normalized by the following expression:
Frms,s = NN lfrms,s
Z m, (4.15)
k=1

3l

where Frmss is the normalized RMS force of the s™ activity window, 7, , the initial RMS force,
N the crowd size, mx the body mass of the k™ individual and 7 a nominal body mass for all
individuals (usually taken as 75kg [81]).The statistical variability of the resulting S RMS forces
is then characterized by their mean values and standard deviations.

The variation of the mean RMS force F,,,,(N) against crowd size N would exhibit a growth with
a decreasing rate due to “inter-subject variability”. This variation is fitted in order to obtain
deterministic crowd size relations to be included in the total crowd load model. This was done
by selecting an appropriate function that best describes this tendency, noted Fims(NV, 1) (4 being
the vector of function parameters). Corresponding optimal parameters Jopt are then determined
by means of curve fitting using Isqcurvefit function available in the Optimization toolbox of
MATLAB [60]. This function calculates values of Jopt that best fit the experimental data in a
least-squares sense by:

Aot =2IQ mjn [

— 2
Frms(N'ﬂ“)_ Frms(N)H2:| (416)
4.2.3.2 Coordination factor
The coordination factor takes into account the lack of synchronization among participants, by
applying a reduction coefficient to the individual load as follows [45]:

Py (t) = C(N) pl(t) (4-17)

Here, N is the crowd size, C(N) the coordination factor, pi(t) the load produced by a single
person on the floor and pn(t) the equivalent load of a single person within the group of N
individuals.
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The coordination factor depends on the performed rhythmic activity (impact, style, etc.) and is
usually determined by conducting vibration experiments on floors excited by the action of
multiple groups of individuals.

Based on load measurements, this factor can be determined using RMS parameters by:

F N
ey =Ty (@.18)

where Frms(1) is the RMS force corresponding to the case of a single person on the floor and
Frms.eq(N) the equivalent RMS force for a single person within the group of N individuals.

The RMS force Frmseq(N) can be obtained by [31]:

l:rms(N’/’i“o t)
Frms,eq(N) = Tp

where Frms(N, Zopt) IS the best-fit function for measured crowd RMS forces (see Section 4.2.3.1).

(4.19)

4.2.4 Final crowd-rhythmic load model

In the frequency domain, rhythmic activities practiced by a group of people (see Figure 4.8) are
usually modelled by a random field approach (see Section 2.5.2.2), including an auto-spectral
model for a single person and a coherence function to consider the interaction between two
persons [84]. The same approach was used for the final crowd load model. However, since the
positions of individuals are not variable during movement, a simplified coherence function was
adopted.

Figure 4.8: Interaction between individuals on a floor structure (modified from [43])
The Fourier transform of Eq. (4.17) expressed for each individual k gives:

Puk(F)=C(N)P, (f) (4.20)

where N is the number of individuals, Pnk( f) the Fourier transform of the time domain load
pr(t) for the k™ individual and P1k( f) the Fourier transform of pa(t).
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Applying Eq. (2.33) to Pn( f) results in the auto-spectral load Spnk( f) as follows:

Sy (F)=[CIN)]" S, () (4.21)
where Spk( f) is the PSD load model of a single person given by Eq. (4.5). It could be noticed
that the auto-spectral model is corrected by the coordination factor C(N) to take into account
“inter-subject variability” effects.

The cross-PSD between two individuals k and | Spn( f) is calculated by:

Sp,N,k,I ( f) = \/Sp,N,k(f)Sp,N,l(f) = [C(N)]Z ‘\/Sp,k ( f )Sp,l ( f) (4-22)
Here, Spk( ) and Sp,( f) are the PSD load models for the individual k and I, respectively. This
leads to the coherence function yp,( f) obtained by:

Sp N kI ( f ) 2
- =[C(N

NSRGENG) [C(N\)] (4.23)
In the proposed crowd load model, the spatial coherence function was considered equal to 1.
Indeed, the positions of individuals is assumed to be invariable during rhythmic motion and the
density of occupants is at the low range (below 0.3 person/m? [42]). In that case, a global
coherence is introduced using coordination factors in the auto-spectral model, providing a
reduction of the single person model to simulate the level of synchronization as noticed
experimentally (see Figure 4.8). This level begins with perfect coordination for a single person
(y=1), while a lack of synchronization is obtained as the number of individuals increases (until
y=0), thus confirming the formulation proposed in Eq. (4.23).

yp,k,l(f):

To conclude, the major steps to establish the crowd-rhythmic load model are presented next:

e Determine time parameters (duration, time step) and the body mass of each individual
m (@ nominal value of 75kg is adopted if unknown [81]);

e Identify load parameters fp, o and o for the PSD load model Sy( f) given by Eqg. (4.5),
using the procedure detailed in Section 4.2.2;

e Establish the relation of coordination factors against the number of individuals based on
crowd RMS forces as described in Section 4.2.3;

e Deduce the auto-spectral load model Spnk( f) using Eq. (4.21) and the cross-spectral
load model Spnki( f) using Eq. (4.22).

A PSD matrix of the crowd load [Sp,N(f)] (NxN) could then be formulated as follows:

Sonk(f), k=l
ENGIN ={S (), ke (4.24)

4.2.5 Evaluation of floor response

The crowd-rhythmic load model established in Section 4.2.4 could be verified for a rhythmic
activity by conducting response measurements on the floor when subjected to crowd loads for
various numbers of individuals. The response parameter w could be the dynamical displacement
or acceleration of the floor. The RMS response is adopted as the main parameter in all
calculations for the reasons highlighted in Section 2.6.1. The present section describes the
method for performing such verification that is used in the upcoming investigations.
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Each individual k is supposed to have a known position on the floor and body mass my, and the
response measured at a number of r response points, with a duration T and a time step dt. The
floor has known modal properties (natural frequencies, modal masses, damping ratios, modal
shapes). Considered bending natural modes are those below 10Hz which is the maximum
frequency reached by rhythmic excitations (at the third harmonic) [31].

4.2.5.1 Numerical RMS response for the proposed model

For each crowd size N, the PSD matrix of the crowd load model is formulated by Eq. (4.24).
The response of the floor is then calculated in the frequency domain using the procedure
detailed in Section 2.6.2 for a given response point r. Resulting parameter is the numerical RMS
response w,,, . (given by Eq. (2.67)). An alternative is to compute normalized RMS response
in order to have a uniform body mass for all crowd sizes by:
Nm
Wrms,r = N—Wrms,r

Z m, (4.25)

k=1
where Wrms is the normalized RMS response at the r™ response point, #,,,, the initial RMS
response, My the body mass of the k™ individual and 7 a nominal body mass for all individuals
(usually taken as 75kg [81]).

The mean and standard deviation (noted w,,,., ..., aNd &, .., respectively) are then computed
for the r parameters (w,,, . Or Wrmsr) to represent the RMS response for the crowd size N [39].

4.2.5.2 Numerical RMS response for time domain load models

Time domain load models for crowd-rhythmic activities proposed in the literature usually
comprise a single person model associated with coordination factors for multiple individuals.
The equivalent load for each person within a group of individuals pn(t) is expressed by
Eq. (4.17). For the studied activity, the excitation frequency used in pn(t) is the same as the
adopted optimal fp in the associated PSD load model (obtained by Eq. (4.5)).

For a given crowd size N, the auto-spectral load model Synx( ) (obtained by Eq. (4.21)) is
computed from pn(t) by means of the periodogram method with a rectangular window (using

MATLAB). The PSD matrix of the crowd load [Sp,N( f )] is then deduced by Eq. (4.24), after
calculating the cross-spectral load model Spnki( f) by Eq. (4.22). The same procedure detailed
in Section 4.2.5.1 is finally applied using [Sp,N(f)] to determine RMS responses of the floor
related to this load model (noted W,,,.; um AN G, i, TESPECtiVEly).

4.2.5.3 Experimental RMS response

For each crowd size N, the activity is assumed to be recorded at the r response points for a
number of S times (called windows). Corresponding RMS response ,,, .., is calculated by:

< 1 &
Wims,rs = N_zwrzs (tm) (426)
e m=1

Here, wrs(tm) is the response of the floor at time tm for the r'" response point and the s' activity
window and Ne the number of time samples.

121




Chapter 4: Spectral load model identification for crowd-rhythmic activities

When a uniform body mass is required for all crowd sizes, the normalized RMS response could
be obtained by:
Nm .
Wrms,r,s = N—Wrms,r,s 4.97
ka ( * )
k=1

where Wrmsrs is the normalized RMS response for the r'" response point and the s activity
window, ,,,,, the initial RMS response, m the body mass of the k™ individual and i a
nominal body mass for all individuals (usually taken as 75kg [81]).

For each response point, the mean and standard deviation (noted w,,,,, . and o,,, ., respectively)
are calculated for the S RMS responses (i, ., Of Wrmsr.s). TO take into account the variability
of activities in case of multiple response points, two values are generated per response point by
adding and decreasing the standard deviation o,,, . to the mean value w,,, . [39]. From the 2r
new samples associated to all response points, the mean and standard deviation (noted w,,,,; .,
and o, respectively) could be deduced to represent the response of the floor at the crowd

rms,exp?

size N.

For verification purposes, comparison could then be made between numerical responses
Wymsum(N) COMputed using the load model related to each activity and corresponding
experimental responses ,,, ..,,(V) for all investigated group sizes.

4.3 ldentification of rhythmic load models on the laboratory floor

The experimental results from vibration tests described in Section 3.4 are used to identify
rhythmic load models for each investigated activity. Obtained records in terms of forces and
displacements are first illustrated and pre-processing method is detailed. Results of
identification of the PSD load model are presented for the case of a single person, followed by
obtained coordination factors for the case of crowds. Finally, the response of crowd-rhythmic
load models is compared against displacement measurements on the floor and results are
discussed.

4.3.1 Test results and pre-processing
4.3.1.1 Test results

In the laboratory vibration tests, four rhythmic activities (see Section 3.4.2.1) along with five
crowd sizes (see Section 3.4.2.2) were investigated. For each activity and crowd size, test results
were the rhythmic forces and displacements measured while performing activities (see
Section 3.4.1). Corresponding datasheets were imported using readtable function of
MATLAB [59], in which signals were further pre-processed. The total number of records was
120 forces and 120 displacements (6 measurements x 4 activities x 5 crowd sizes per
parameter).

Figure 4.9 displays force and displacement records in the time domain for the case of one
person. Each record comprises a 45s window of rhythmic activity followed by a small signal
(after 55s in Figure 4.9) representing walking of individuals on the floor. For each activity and
crowd size, this force is obtained as the sum of the forces in the four columns. In the rest of the
manuscript, it is assumed that the latter force corresponds to the applied rhythmic load, which
actually differs due to the own dynamics of the floor specimen.
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Figure 4.9: Example of raw test records for “skipping 2" activity
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4.3.1.2 Pre-processing procedure

A pre-processing of test records is necessary to provide convenient signals that could be used
for further analysis. Results for a single person performing “skipping 2” activity were selected
to illustrate the procedure which is also applied to all other activities.

As can be seen in Figure 4.9, the records contain some parts which do not correspond to human
activities (at the beginning and the end). Therefore, the relevant window during which
participants performed rhythmic activities is to be determined. It was observed that this window
began with a force amplitude higher than 0.5% of the mean force (corresponding to static loads),
and lasted during 45s (see Table 3.10). This time window was extracted for both forces and
displacements, as can be seen in Figure 4.10 for a force sample.

T T T
— Initial signal
—Extracted signal .
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Figure 4.10: Illustration of force signal extraction
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The mean force corresponds to the static load (self-weight of the floor, weight of participants)
whereas the mean displacement corresponds to the static deflection under the weight of
individuals only. Therefore, all mean values were removed from test records in order to keep
only the dynamical contribution of forces and displacements useful for further analysis (see
Section 4.2.3.1).

The next step is to filter all signals to meet the usual frequency range of human activities which
lies between 0 and 10Hz [31]. This was done by removing all frequency content above 10Hz
using Fast Fourier Transform (FFT) technique. Figure 4.11 illustrates a load signal before and
after filtering (with elimination of the mean force).
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(b) Filtered dynamic load
Figure 4.11: Illustration of signal filtering

Filtered signals were finally truncated by removing 10s at the beginning and 5s at the end. The
objective was to conserve the stationary response only and to match with the slot where all
individuals were moving according to the protocol. An example of truncation of a load record
for the case of a single person is presented in Figure 4.12.
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Figure 4.12: lllustration of load signal truncation

Figure 4.13 shows final load and displacement signals which were pre-processed from initial
records of Figure 4.9 using the procedure detailed earlier. Resulting records have a duration of
30s and a time step of 0.0078s. This time frame is sufficiently long to allow post-processing in
the frequency domain [77] and thus adequate for the next analysis.
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Figure 4.13: Example of pre-processed test records for “skipping 2" activity

125




Chapter 4: Spectral load model identification for crowd-rhythmic activities

4.3.2 Single person load model identification
4.3.2.1 Ildentified PSD load models

The PSD load model Sp( f) established in Section 4.2.1.2 was adopted for both jumping and
skipping activities (see Section 3.4.2.1). The related formulation is expressed by:

Sp(f)=(mga)223: a’ exp —(f _ifp)

2 —(i 5)? (4.28)

where m is the body mass of the individual, g the gravity acceleration (9.81m/s?), and for each
activity: f, is the excitation frequency, a the amplitude coefficient, ¢ the bandwidth coefficient.

This model requires the determination of coefficients a; (i={1, 2, 3}) for each activity,
controlling the variation of load amplitudes by harmonic (see Eg. (4.28)). Pernica [67]
conducted an experimental study to extract Dynamic Load Factors (DLFs) for various human
activities, including running-on-the-spot and stride jumps. These DLFs are presented in Table
4.4,

These findings lead to one of the most widely used models from the literature reproducing
experimental activities (stride jumps for jumping jack, running-on-the-spot for skipping).
Moreover, since activities of the same type (jumping or skipping) produce similar impacts on
the floor, they were assumed to hold the same coefficients a;i (i={1, 2, 3}). Therefore, these
coefficients were deduced by type of activity from associated DLFs obtained by Pernica (using
Eq. (4.4)) and provided in Table 4.4.

Activity DLF; DLF; DLF; a1 a2 a3
Skipping / running-on-the spot 157 058 026 1 04 0.15

Jumping / stride jumps 175 11 042 1 06 025
Table 4.4: Dynamic Load Factors [67] and coefficients a; for jumping and skipping activities

For each activity, six pre-processed load signal windows were available (see Section 4.3.1) for
the case of a single person. The body mass of the individual performing these activities was
63kg. The PSD load parameters were then identified using the method detailed in Section 4.2.2.
Both measured and identified PSD loads are represented by their amplitude envelopes at each
frequency (between minimum and maximum values of the six activity windows). Results are
plotted in Figure 4.14 for the four analysed activities.
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Figure 4.14: Measured and identified single person PSD loads

Overall, the experimental excitation frequency of each activity is well identified by the
corresponding predicted PSD load model, and the mean relative difference between measured
and numerical RMS forces ranges between 10.9% and 25.1% for the four investigated activities.
This indicates that predicted PSDs are generally in good agreement with their experimental
counterparts especially for the first load harmonic. The difference between the two PSDs is
increasing with harmonic order. However, this has a little effect on the load amplitude since the
energy of each activity is mainly concentrated at the first harmonic of the load. The
experimental PSDs have the property of frequency content spreading for higher harmonics,
which is well considered in the proposed PSD load model (see Section 4.2.1). Moreover, closer
results between identified and measured PSDs are noticed for skipping activities compared to
jumping activities. This is principally due to the wide energy band for “jumping 2” (see Figure
4.14(b)) and the great fluctuation of the excitation frequency for “jumping 1” (leading to two
distinct peaks in Figure 4.14(a)). A probable reason for this could be that the individual lost
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synchronization with the audible stimulus or that the latter has been changed in terms of
frequency (beats per minute). This result reflects cases encountered in real life situations, which
could not be captured using a metronome for the guidance of rhythmic activities as adopted by
the vast majority of previous research.

4.3.2.2 ldentified load model parameters

The previous results show that the identified load models depend to some extent on the type of
coordination stimulus adopted in the experiments. However, the variability between activity
windows allows to have a variation range (mean + standard deviation) for each load parameter.
The developed model could then be applied to similar situations encountered in real life.

Table 4.5 summarizes the mean and standard deviation of identified load parameters fp, o and
o obtained from the six activity windows of each investigated activity. RMS forces were
calculated using the mean load parameters for the four activities. Results by increasing order
were 669N for “skipping 17 (on feet toes), 693N for “skipping 2” (on feet soles), 986N for
“jumping 1”7 (jumping jack) and 1308N for “jumping 2 (quick jumping).

Activity fp (Hz) a 0 (Hz)
Jumpingl 2.36+0.21 4.64+0.70 0.035%0.01
Jumping2 2.81+0.05 3.64+0.81 0.100+0.05
Skipping1l 3.26 +0.06 3.80+0.40 0.033+0.01

Skipping2 2.62+0.10 3.53+0.49 0.041 +0.02
Table 4.5: Identified parameters for individual PSD rhythmic loads

It can be seen from Table 4.5 that the PSD load parameters are different for each investigated
activity. For jumping activities, the excitation frequency indicates that “jumping 1” is a low-
frequency activity whereas “jumping 2” is a high-frequency one. The same remark is made for
“skipping 2” and “skipping 17, respectively. All activities except “jumping 2” have similar
values of a and ¢, with differences attributed to the amplitude of each activity. This amplitude
depends on the combination of both parameters. It is also noted that the signal energy
(controlled by the bandwidth coefficient ) is quite concentrated at each harmonic peak (see
Figure 4.14(c) for example). However, “jumping 2” has the highest value of ¢, indicating that
this activity is characterized by a large spread of energy near the harmonic peaks (as noticed in
Figure 4.14(b)).

The standard deviation results reveal that the parameter with the greatest fluctuation between
the six activity windows is a, followed by f, and then ¢. This is due to the variable amount of
energy produced by the individual at each rhythmic action. Activities were performed without
pre-determined fixed frequency, which explains the variability in terms of f,. It is observed that
the frequency range is more limited for higher f, since the choice of the excitation frequency by
the participant is more restricted at that level. Maximum variation is found for “jumping 1”
which copes well with the multiple peaks of Figure 4.14(a).

For design purposes, the choice of load parameters for the calculation of floor responses due to
rhythmic activities (based on Table 4.5) depends on the comfort level agreed by the
stakeholders. Therefore, recommendations are provided for each activity considering two
principal load cases:
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e Usual/mean load case: This is devoted to the most frequent and regular loads applied
to a floor. Since human-induced load parameters are generally assumed to follow
Gaussian distributions ([32], [39]), the mean of fp, @ and o (see Table 4.5) are to be
adopted for this load case as they represent the most probable values.

e Occasional/maximum load case: Corresponding rhythmic loads are likely to produce
the maximum responses on a floor structure. Maximum values of a and 6 (mean +
standard deviation) are thus taken from Table 4.5. However, the excitation frequency
should be chosen in order to cause resonance at one of the three harmonics of the load
whenever possible. In other words, if an excitation frequency (or its integer multiples)
in the interval provided in Table 4.5 (mean + standard deviation) is equal to the natural
frequency of the dominant natural mode of the floor, it is used for the considered load.
Otherwise, the mean excitation frequency is selected because the floor response would
be barely affected by this parameter due to the absence of resonant effects.

4.3.3 Crowd size effect
4.3.3.1 Coordination factors

Crowd size effect has been investigated for 1, 2, 4, 8 and 16 individuals. The procedure
described in Section 4.2.3.1 was adopted to determine crowd size relations. For each activity
and crowd size, the six pre-processed force records (see Section 4.3.1) were used to calculate
RMS forces. Table 4.6 provides the mean and standard deviation of RMS forces for each crowd
size. The variation of mean RMS forces by number of participants is displayed in Figure 4.15
for the four investigated activities. This variation is best described by a linear function for
jumping activities and a power function for skipping activities.

RMS force (N)
1 2 4 8 16

Jumpingl 1536+156 1899+96 2992+ 170 4470 +1382 9946 + 1636
Jumping2 1630+79 2067 +259 2736+398 4041+857 8256+ 1271
Skipping1 871+47 1338+103 1474+116 2223+646 3181+ 338

Skipping2 958 +29 1643 +115 1763 +254 3135+466 4565 * 631
Table 4.6: Experimental RMS forces by crowd size

Activity
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Figure 4.15: Experimental RMS forces against crowd size (mean in asterisk marks, standard deviation
in error bars) and optimal curves (black lines)

The optimal parameters for the best-fit functions of RMS forces against crowd size are
presented in Table 4.7 for a group size between 1 and 16. Regression has a high quality for all
activities (R2>0.98).

Activity Best fit function R2?
Jumpingl F,(N)=558N+711 0.99
Jumping 2 F, (N)=437N+1037 0.99
Skipping 1 F_.(N)=853N°¥ 0.99

Skipping2  F..(N)=944N°*"  0.98
Table 4.7: Variation of RMS force Fyns against crowd size N (R? is the determination coefficient)
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Coordination factors were then deduced from crowd size relations by the method explained in
Section 4.2.3.2. They are given in Table 4.8 and illustrated in Figure 4.16 for up to 16
individuals.

Activity  Coordination factor
: 0.56
Jumping 1 C(N):O'44+T

g
Jumping2 C(N)= 0.30+%

Skipping 1 C(N)=N"*
Skipping 2 C(N)=N"*
Table 4.8: Coordination factors C(N) by crowd size N for investigated activities (up to 16 individuals)
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Figure 4.16: Coordination factors against crowd size (for up to 16 individuals)
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4.3.3.2 Discussion

The standard deviation of RMS forces is more important for higher crowd sizes. This is due to
the growing variability in the movement of individuals as their number increases, because each
of them responds differently to audible and visual stimulus.

The coordination factor has a hyperbolic trend for jumping activities, which vyields a
stabilization of group effect for higher crowd sizes (see Figure 4.16(a)). However, lower
coordination factors are observed for skipping activities, with a decreasing exponential trend
providing a stronger decrease of these factors for larger groups (see Figure 4.16(b)). In fact,
jumping activities are characterized by a longer aerial phase, enabling jumping pulses to be
clearly distinguished. On the other hand, skipping activities are similar to running at a fixed
place, exhibiting more randomness between impulses. Hence, participants have more chance to
better synchronize their motion in the first category than in the second.

For jumping activities, the excitation frequency is higher for “jumping 2” than “jumping 1” (see
Table 4.5). In that case, individuals find more difficulties to synchronize their action in response
to audible and visual stimulus. This explains the lower coordination factors determined for the
first activity compared to the second.

Concerning skipping activities, it can be concluded that the contact mode of the feet on the floor
has an impact on the crowd synchronization. Indeed, the coordination factor corresponding to
skipping on feet soles is slightly higher than skipping on feet toes. This may be due to the fact
that the contact at soles is more comfortable and less dependent on the type of shoes worn by
each participant, thus allowing more coordination than the other type of contact.

4.3.4 Evaluation of floor response due to rhythmic activities

For the analysed activities, the crowd-rhythmic load model is obtained in accordance with
Section 4.2.4, by calculating the auto-spectral load model Spnx( ) using Eq. (4.21) and the
cross-spectral load model Spnki( f) using Eq. (4.22). The response of these load models is
compared against displacement measurements on the floor (see Section 3.4.1.2) for 1, 2, 4, 8
and 16 individuals. For both experimental and numerical cases, a nominal value of 75kg was
considered for the mass normalization of responses (see Section 4.2.5), whereas the body mass
of individuals was taken from Table 3.11.

4.3.4.1 Experimental RMS responses

Experimental RMS displacements were determined according to the method described in
Section 4.2.5.3 using the pre-processed displacement signals (see Section 4.3.1). The variation
of RMS response against crowd size was then fitted using the same procedure as for RMS forces
(see Section 4.2.3.1) in MATLAB. Figure 4.17 illustrates experimental RMS responses along
with the proposed fitting against the number of individuals for all activities.
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Figure 4.17: Experimental RMS displacements against crowd size (mean in asterisk marks, standard
deviation in error bars) along with optimal curves (black lines)

Table 4.9 summarizes the corresponding best-fit functions for RMS displacements. It can be
noticed that the variation of responses exhibits a power trend for all activities. Compared to
RMS forces, the same order of amplitudes is found (“jumping 1” — “jumping 2” — “skipping 2”
— “skipping 17). A power trend was also observed for RMS forces related to skipping activities
whereas a linear tendency was found for jumping activities (see Section 4.3.3).

Activity Best fit function R2?
Jumpingl d,_ (N)=0.065N**® 0.98

Jumping2 d, (N)=0.0703N*® 0.98
Skipping 1 d._(N)=0.0528N°° (.99

Skipping 2 d.__(N)=0.0589N°* 0.99

Table 4.9: Best fit functions for RMS displacement dyns against crowd size N (R? is the determination
coefficient)
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However, the principal difference between the two parameters against crowd size is that RMS
displacements are decreasing more severely than RMS forces. This can be directly observed for
skipping activities for example, which have lower exponents in the power functions of RMS
displacements (compared to those of Table 4.7 for crowd RMS forces). This is also noticed for
jumping activities but for larger crowd sizes. The observed difference is due to the transition
from forces to displacements using the modal properties of the floor.

4.3.4.2 Numerical RMS responses

All activities lasted 30s with a time step of 0.0078s. The positions of the individuals for each
crowd size are given in Table 3.9 and illustrated in Figure 3.23. Modal properties of the
fundamental mode of the floor (natural frequency, damping ratio, modal shape) are the result
of Experimental Modal Analysis described in Section 3.3.2.2. The modal mass is the same as
for Section 3.4.1.1.

According to the instructions detailed in Section 4.2.5.1, numerical RMS displacements were
calculated for the investigated activities and crowd sizes using the PSD matrix of the crowd
load model (using mean optimal parameters) computed with Eq. (4.24). Table 4.10 provides all
resulting responses (numerical responses, mean and standard deviation values of experimental
responses).

RMS Displacement (mm)

Activity 1 5 4 8 16
Jumping 1 0.0852 0.112 0.185 0.243 0.392
0.0767+0.007 0.116+0.005 0.182+0.009 0.226+0.057 0.448+0.063
Jumping 2 0.103 0.122 0.183 0.224 0.344
0.0807+0.004 0.121+0.01  0.165+0.024 0.212+0.038 0.389+0.059
Skipping 1 0.0485 0.0612 0.0868 0.0899 0.108
0.0458+0.003 0.0775+0.004 0.0914+0.009 0.118+0.03 0.158+0.019
- 0.0752 0.102 0.155 0.172 0.221
Skipping 2

0.0505+0.001 0.0918+0.006 0.111+0.018 0.159+0.017 0.219+0.029
Table 4.10: RMS displacements by crowd size (for each activity, upper line represents numerical
results and lower line represents experimental results)

The variation of RMS displacements against crowd size is shown in Figure 4.18 for all analysed
activities.
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Figure 4.18: Comparison between numerical RMS displacements (round marks) and experimental
RMS displacements (mean in asterisk marks, standard deviation in error bars) against crowd size

4.3.4.3 Discussion

The mean relative difference between numerical and mean experimental responses ranges
between 7.2% and 21.8% for the four investigated activities. These differences are attributed to
variabilities noticed while performing movements during experiments as well as the inevitable
residue resulting from the load identification process. A similar result was obtained by Xiong
and Chen [88], who calculated the enclosed area (variance) of the numerical and experimental
PSD response curves for the case of a single person jumping. They found a lower relative
difference ranging between 0.8% and 14%, probably due to the more complex characterization
of the rhythmic load model as a random field.

Concerning jumping activities, numerical displacements are within the variation range of
experimental ones (drms.exp + ormsexp) for all considered crowd sizes. Differences are attributed

139




Chapter 4: Spectral load model identification for crowd-rhythmic activities

to the variation of excitation frequency and amplitude among activity windows [32]. However,
in comparison with experimental responses, higher numerical responses are observed for small
groups (up to 8 persons) against lower responses for large groups (16 persons). In fact, when
the number of participants increases, the excitation frequency and amplitude become more
variable from an activity window to another. In these activities, the excitation frequency is close
to 2.55Hz, which matches the fundamental frequency of the floor at the third harmonic (7.65Hz)
and causes resonance. This frequency is likely to be reached for larger crowds in vibration tests,
thus resulting in higher experimental responses than numerical ones.

For skipping activities, a general tendency for higher RMS displacements is observed for
“skipping 2” against lower RMS displacements for “skipping 1”. This is concurrent with the
higher coordination factors obtained for the first activity compared to the second. Greater
differences are also noticed between numerical and experimental responses compared to
jumping activities. Besides the variability in excitation frequency and amplitude, skipping
exhibits more randomness than jumping. This is translated by a slight variation of excitation
positions, which may affect the experimental responses especially for larger crowds.

4.4 Conclusions

A frequency domain modelling approach for rhythmic activities is proposed in this chapter. The
single person model is expressed by means of Power Spectral Density (PSD) functions. The
model has a bell shape allowing a spread of energy (leakage) in the vicinity of each harmonic
peak. The identification of PSD load parameters from measured forces due to a single person
IS made by the least-squares method. This technique allows for the entire signal record to be
used so that “intra-subject variability” observed during the rhythmic action could be considered.
Coordination factors, taking into account “inter-subject variability”, are derived from the best-
fit curves describing the variation of crowd RMS forces against crowd size. The total spectral
crowd load model is then obtained after combination of the two above mentioned elements.

Subsequently, the proposed rhythmic load model is identified using the results of vibration tests
presented in Chapter 3. For the case of a single person, obtained parameters are quite different
among the four rhythmic activities. The load energy is rather concentrated at the peaks of each
harmonic, except for quick jumping where a spread of energy is noticed. The amplitude has the
highest variability as the impact on the floor differs at each sequence of activity.
Recommendations regarding the definition of load parameters for design purposes are provided
afterwards depending on the considered comfort level (to be determined by the stakeholders).
Furthermore, the variation of crowd RMS forces is more considerable for an increasing crowd
size as larger groups of individuals find more difficulties to coordinate their motion compared
to smaller groups. In terms of coordination factors, a hyperbolic decrease with respect to crowd
size is found for jumping activities (see Figure 4.16(a)) against lower values for skipping
activities characterized by an exponential decrease (see Figure 4.16(b)). The contact mode of
the foot on the floor has an impact on the crowd synchronization as coordination factors are
higher for skipping on soles compared to skipping on toes. The crowd PSD load models are
then used to determine RMS displacements which were compared with their experimental
counterparts (the mean relative difference ranged between 7.2% and 21.8%). Despite these
satisfactory results, the proposed crowd-rhythmic load models need to be verified on existing
real-life floor structures and their scope extended to higher crowd sizes, which is done in the
next chapter.
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5 Verification of rhythmic load models on a full-
scale floor structure
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5.1 Introduction

Compared to small-scale structures, building floors encountered in real life have geometrical
properties that differ from a simple rectangular shape due to architectural considerations. When
subjected to rhythmic activities, more than one dominant mode of the floor is usually excited
in the frequency range of human excitation [20]. Therefore, experimental investigation of such
floors is a key element in order to take into account these differences in the characterization of
rhythmic activities performed by a single person or crowds. A first possible way to do this is
by conducting rhythmic tests under controlled conditions in terms of frequency and crowd size.
This was done by Fernandez Martinez et al. [41] on a 36x12m?2 floor having a non-symmetric
shape. Accelerations were recorded for various crowd sizes with a maximum of 30 individuals
jumping with a controlled frequency. An et al. [4] carried out jumping tests on an innovative
“Cable Supported Beam Structure-Concrete Slab Composite Floor System”, having an area of
56x40m2. Acceleration responses were measured for up to 64 persons performing jumping and
stepping activities, for either random or controlled frequency by a metronome. Previous tests
may not capture group effects as noticed in reality, where people practice activities in
unrestricted conditions. Instead, a monitoring of floor structures was made under real-life
events. Ellis and Littler [34] monitored a three-cantilever grandstand during sport events. The
upper and lower cantilever tiers both support ten rows of seats and each main section supports
approximately 280 persons. Ellis et al. [35] conducted detailed tests on 11 cantilevered stands
during diverse public events. The capacities of the cantilevered tiers vary from 600 to over
10,000 seats. Most of the previous tests investigated “normal jumping” activity only as it has
the maximum load amplitude among rhythmic activities. However, there are other activities
which are likely to occur in several floors (such as aerobics in gymnasiums, other jumping
styles in fitness centres, etc.) and could result in higher load magnitudes than “normal
jumping” [67].

In that context, experiments were carried out on a full-scale floor in order to verify the crowd-
load models established in Chapter 4 associated to multiple rhythmic activities. This multi-
modal structure enables extending the range of crowd size to a maximum of 32 individuals
uniformly distributed over the floor. This chapter begins with the presentation of the floor
structure together with conducted tests (Experimental Modal Analysis, vibration tests under
rhythmic actions). The crowd-induced load models are then verified (with an extension of their
scope) by means of acceleration responses for two rhythmic activities. Subsequently, proposed
load models are compared against existing literature in terms of forces and numerical responses
for three different floor structures. An equivalent crowd load model formulation is finally
proposed, based on the observation of experimental loads and responses against crowd size.

5.2 Experimental tests on a full-scale floor

An experimental program was designed in order to provide reliable data to be used in the
verification of the load models characterizing rhythmic activities performed by groups of
people. Two test campaigns have then been performed on a full-scale floor structure:
Experimental Modal Analysis and human-induced vibration tests [28]. Both campaigns were
conducted by the Structural and Stochastic Dynamics group of the University of Liege together
with V2i Company.
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5.2.1 Description of the structure

The tested building is an open car parking newly constructed by Briand CM Company at the
time of experiments and located in Nantes, France (see Figure 5.1(a)). The structure has three
storeys composed of composite steel and concrete floors with large dimensions (an area of about
4200m2 per storey). The tested floor was located at the first storey (3m above the ground). A
rectangular area of 22.5x15.785m2 near the floor centre was selected for testing (see Figure
5.1(b)).
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(b) Tested floor area
Figure 5.1: Tested building

The tested area comprised a 130mm thick composite concrete deck, with 0.75mm thick profiled
steel sheet of Cofraplus 60 type (see Figure 5.2(a)). The composite floor was supported
underneath by welded I-members, and connection was achieved by shear studs with 19mm
diameter and 100mm height. The secondary beams had a 500x5 web and 150x12 flanges. The
primary beams had a 470x8 web and 200x15 flanges, except for two beams which had a 480x6
web and 150x10 flanges. The columns were made of HEB340. All beams were assumed simply
supported.
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Figure 5.2(b) illustrates a plan view of the tested floor. Concrete was of C30/37 class whereas
steel beams and columns were of S355 and S275 grade, respectively. At the moment of tests,
the structure was in a bare state and the existing non-structural elements were side partitions
only.
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(b) Plan view of the floor
Figure 5.2: Tested floor layout (dimensions in mm)

5.2.2 Experimental Modal Analysis

In order to determine modal properties of the full-scale structure, Experimental Modal Analysis
(EMA) [69] was conducted during the first day of experiments. Instrumentation and procedure
for this test campaign are presented, followed by resulting modal parameters of the floor in the
frequency range of interest.

5.2.2.1 Instrumentation

As the floor structure is of large mass and dimensions, modal testing was made using an
electrodynamic shaker [2] (see Figure 5.3(a)) designed by the Structural and Stochastic
Dynamics group of the University of Liége. The shaker system is digitally controlled (see
Figure 5.3(b)) and equipped with a 230kg mass which moves vertically with an amplitude of
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0.5 or Imm [24]. This device can generate white noise excitation or a sinusoidal excitation in a
wide range of frequencies. The response of the floor due to the shaker excitation was measured
by G-link-200 wireless accelerometers (see Figure 5.3(c)). A synchronous measurement of the
acceleration near the shaker was also made by PCB 3713B122G accelerometers (see Figure

5.3(d)).

(a) Electrodynamic shaker [24] : (b) Sﬁakef cdntrolling device "

(c) G-link-200 accelerometer (d) PCB 3713B122G accelerometer
Figure 5.3: Shaker EMA equipment

5.2.2.2 Experimental setup

The shaker was consecutively placed at two locations labelled Setup 1 and Setup 2 in Figure
5.4(a). An illustration of the shaker at one of these positions is shown in Figure 5.4(b).
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(a) Positions of the shaker and accelerometers [24] (dimensions in mm)

(b) Shaker exciting the floor
Figure 5.4: Shaker EMA setup

For each position of the shaker, a white noise excitation in the frequency range between 3 and
10Hz has been applied on the analysed floor [24]. The frequency of 3Hz is the minimum natural
frequency recommended by several design guidelines for floor structures ([63], [81]), whilst
the maximum frequency encountered for rhythmic activities is 10Hz [31]. Accelerations were
measured on the moving mass (leading to shaker force) and near the shaker. This provides
Frequency Response Functions (FRFs) (given by Eq. (3.5)) which allow the detection of natural
frequencies at the time of excitation. The main objective is to identify the frequency bands that
contain the major dominant natural modes of the structure in the frequency range of interest.
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Figure 5.5 displays the obtained FRFs from the two setups. Major peaks are comprised in the
frequency range of [3, 6.5Hz] and [7, 10Hz] for both setups. For both frequency bands, a
sinusoidal excitation was applied by the shaker with a variable frequency and increasing
variation step, leading to a more refined identification of resonant peaks.

Setup 1
Setup 2 ‘

Frequency [Hz]
Figure 5.5: FRFs after white noise excitation for Setup 1 and 2 [24]

For each detected natural mode, harmonic excitation was applied using the associated natural
frequency while accelerations were measured at different locations of the floor (see Figure
5.4(a)). These locations comprised the investigated area and its neighbourhood in order to
account for boundary effects. These measures provided relative responses (to the maximum
value), thus leading to the determination of corresponding modal shapes. Modal peaks were
then obtained from resulting FRF plot against frequency. Figure 5.6 illustrates an FRF plot for
Setup 1 and the first frequency band. A curve-fitting procedure was used at the local FRF of
each mode to determine a first approximation of natural frequencies, damping ratios and modal
masses. The latter could be determined due to the presence of the driving point response (same
as excitation point) [2].

06—

cadod 1
o

Figure 5.6: Mode-by-mode FRF for Setup 1 and frequency band between 3 and 6.5Hz [24]

A unigque multi-modal FRF was then constructed based on the contributions of all extracted
modes. Subsequently, a curve-fitting algorithm was applied to the resulting FRF to provide
more precise values of modal parameters. Figure 5.7 shows a multi-modal FRF plot
corresponding to the driving point for Setup 1 and the first frequency band. Finally, modal
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results from the two setups were compared in order to deduce the most dominant modes in the
common frequency range, along with natural modes detected by each setup only.
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Figure 5.7: Multi-mode FRF for Setup 1 and frequency band between 3 and 6.5Hz [24]

5.2.2.3 Modal analysis results

Data analysis revealed the existence of 20 closely spaced bending modes whose natural
frequencies range between 3 and 10Hz. Natural frequencies, modal masses and damping ratios
of the floor are presented in Table 5.1. The floor is thus a multi-modal structure, due to the
absence of a perfect symmetry in the tested area and the whole floor (non-uniform shape, side
partitions, existence of multiple storeys, etc.). Furthermore, the fundamental natural frequency
is 3.56Hz, indicating that the structure is a low-frequency floor ([61], [63], [81]). The low
damping ratios of the natural modes (see Table 5.1) causes the floor to be more sensitive to

human excitation.

Mode Natural frequency (Hz) Modal mass (t) Damping ratio (%)

1 3.56 297 0.44
2 3.68 174 0.45
3 3.84 127 0.69
4 3.94 167 0.57
5 4.10 159 0.53
6 4.17 150 0.61
7 4.29 150 0.30
8 4.50 133 0.46
9 4.67 123 0.70
10 4.85 98 0.70
11 5.23 161 0.50
12 5.35 191 0.56
13 5.50 238 0.40
14 5.57 242 0.49
15 5.78 112 0.57
16 5.86 125 0.53
17 6.93 120 1.17
18 7.85 121 0.73
19 8.60 34 1.23
20 9.99 36 0.89

Table 5.1: Identified modal properties of the floor
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An example of identified modal shapes is illustrated for four different modes in Figure 5.8.

freq = 3.56 Hz freq =3.94 Hz

(a) Mode 1 (b) Mode 4
freq =4.17 Hz feq = 4.85 Hz

10}

15} |
-10 0 10 20 30

(c) Mode 6 (d) Mode 10
Figure 5.8: Identified modal shapes [24] (dimensions in m)

5.2.3 Vibration tests under crowd-rhythmic activities
5.2.3.1 Experimental protocol

A series of tests were conducted in order to measure the floor response under various human-
induced rhythmic loads. It was intended to reproduce the same activities as performed in
laboratory tests in order to accurately validate the associated load models. Each rhythmic
category (jumping, skipping) described in Section 3.4.2.1 was represented by one activity,
which were jumping jack and skipping on feet soles (termed “jumping 1” and “skipping 27,
respectively).

Similar to the laboratory tests, rhythmic excitation was carried out in multiple series of crowd
size (with a minimum of 2 persons). However, the case of 32 persons was also considered since
the floor offered a convenient area for such number of participants without safety issues. Figure
5.9 illustrates performed activities for all investigated crowd sizes.
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(a) 2 participants

 ———

(b) 4 participants
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(c) 8 participants

(d) 16 participants
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3 A

(e) 32 participants
Figure 5.9: Examples of rhythmic activities by crowd size performed on the full-scale floor

Individuals stayed at fixed positions uniformly distributed over the floor (see Figure 5.10). The
distance between participants was 2.5m in both directions in plan, resulting in a density of
0.16 person/m?, which belongs to the low range of density of occupants [42]. The adopted
positions of participants by crowd size are presented in Table 5.2.
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Figure 5.10: Positions of participants during rhythmic tests (dimensions in mm)

152




Chapter 5: Verification of rhythmic load models on a full-scale floor structure

Crowd size Positions
2 P14, P19
4 P14, P15, P18, P19
8 P10, P11, P14, P15, P18, P19, P22, P23
16 from P9 to P24
32 From P1 to P32

Table 5.2: Positions of participants by crowd size

The same coordination stimulus used in laboratory tests was adopted, which is a rhythmical
song (audible), and the movement of an experienced sports coach away from the floor (visual).
The latter was followed by the participants in order to achieve synchronization as close as
possible to real life situations (see Figure 5.11).

Figure 5.11: Coach (at left) in front of participants

Tests have been divided into two sets, each having specific crowd size, duration and repetition
of activities (called windows) as presented in Table 5.3. A duration of 1min was adopted for
each window to have a full record of motion from the beginning to tiring of participants (longer
than 45s used in laboratory tests). More repetitions were also considered to take into account
the variability of rhythmic actions, which were reduced from 9 to 6 because fatigue of
individuals was noticeable after the first two series of crowd sizes.

Set Crowd size Duration Repetition (windows)
1 16, 32 1 minute 9 times
2 2,4,8 1 minute 6 times
Table 5.3: Vibration test sets

5.2.3.2 Characteristics of the participants

A total of 35 participants (all volunteers) were involved in this campaign, including 26 men and
9 women. The test procedure was shortly explained to all participants at their arrival. The
collected data from this group (sex, weights, ages and birth countries) is provided in Table 5.4.
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Individual  Sex  Age Birth country Body mass (kg)

1 Male 27 France 79.6
2 Male 24 Morocco 66.6
3 Male 58  Yugoslavia 79.1
4 Male 36 France 915
5 Male 54 Morocco 92.7
6 Male 42 Belgium 88.6
7 Male 37 France 94,5
8 Male 23 Morocco 61.4
9 Male 18 France 72.9
10 Male 24 Morocco 76.2
11 Male 20 France 96.7
12 Male 21 France 74.8
13 Female 21 France 59.2
14 Female 22 Morocco 63.4
15 Female 22 Morocco 56.7
16 Female 23 Morocco 56.7
17 Male 23 Morocco 126.6
18 Male 24 France 80.7
19 Male 21 France 71.2
20 Male 55 France 99.6
21 Male 21 France 96
22 Male 22 Morocco 58.8
23 Male 21 France 70.6
24 Male 23 Morocco 73.8
25 Male 20 France 81.8
26 Female 22 France 61.8
27 Male 20 France 73
28 Male 23 Morocco 72.2
29 Male 21 France 75.7
30 Male 20 France 72.3
31 Female 21 France 52.3
32 Male 54 France 86.5
33 Female 53 France 63
34 Female 21 France 58.9
35 Female 21 France 67.9

Table 5.4: Collected data for involved individuals in vibration tests

24 participants were born in European countries whilst 11 participants came from African ones.
The age of volunteers ranged between 18 and 58 years (mean: 28 years, standard deviation:
12 years) and their weight varied from 52.3 to 126.6kg (mean: 75.8kg, standard deviation:
15.4kg). The distribution of weight and age for all participants is presented in Figure 5.12. It
reveals that participants have a mean body mass of nearly 75kg (close to the nominal body mass
suggested by SCI P354 guideline [81]) and most of them were aged below 24 years, indicating
a rather young sample of individuals.
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Occurrences

45-59 60-74 75-89 90-104 105-130
Body mass (kg)

(a) Body mass

25 T T

QOccurrences

17-23 24-30 31-37 38-44 45-59
Age

(b) Age
Figure 5.12: Distribution of parameters associated to participants

5.2.3.3 Response measurements

Since the structure has large dimensions along with multiple natural modes, the most suitable
response parameter to be investigated was acceleration (conversely to displacement for the
laboratory floor). It is also the easiest response parameter to be measured on floors, which
supports its wide usage in vibration serviceability assessment against human discomfort ([45],
[63], [81]).

Floor accelerations induced by human activities were measured using 10 cabled
PCB 3713B122G accelerometers, having a sampling frequency of 256Hz and a measurement
range of £2 g. They were placed at different positions over the investigated area, as shown in
Figure 5.13(a). Mounting of accelerometers was made on the secondary beams below the floor
by means of magnets (see Figure 5.13(b)).
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(a) Positions of accelerometers (dimensions in mm)

(b) Accelerometer R9 placed on a secondary beam
Figure 5.13: Configuration of response measurements

A total of 2 hours of response data was recorded during this campaign. For the investigated
rhythmic activities, accelerations were measured for each activity window (see Table 5.3) as
illustrated in Figure 5.14.
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Figure 5.14: Illustration of rhythmic activity windows performed by 4 persons

5.3 Full-scale verification of rhythmic load models
5.3.1 Pre-processing

Acceleration records due to rhythmic activities were processed using MATLAB. lllustration is
made in the following text for the case of 4 persons performing “skipping 2" activity. The same
pre-processing procedure was applied to all measured signals. For each activity, crowd size and
accelerometer, structural responses were extracted based on an automatic envelope detection
implemented with a Hilbert transform. Using this envelope, activity windows having an
acceleration exceeding the value of ambient noise (between windows) by 50% were conserved.
Figure 5.15 displays an activity window after extraction.
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Figure 5.15: Activity window extracted using Hilbert transform

The latter extraction method eliminated a small part of the signal on both ends. In addition, the
envelope corresponding to each time window was truncated by 5s at the beginning and at the
end of each record to keep the stationary response only and to match with the slot where all
individuals were moving according to the protocol (see Figure 5.16).
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Figure 5.16: Example of a truncated response signal

Each record was then filtered within the frequency range between 0 and 10Hz via Fast Fourier
Transform (FFT). An example of filtered acceleration extracted from the complete record of
Figure 5.14(b) is shown in Figure 5.17, where the associated PSD response (and all PSDs
presented in this chapter) was calculated using the periodogram method (with a rectangular
window). The case of 2 persons was removed for “jumping 17 activity due to irregularities
detected in corresponding activity windows after pre-processing.
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Figure 5.17: Illlustration of a filtered signal

5.3.2 Determination of RMS responses

RMS responses were calculated for “jumping 1” and “skipping 2” activities. All resulting
records from Section 5.3.1 lasted nearly 50s with a time step of 0.0039s. The body mass of
individuals is given in Table 5.4 and their positions taken from Table 5.2 and shown in Figure
5.10. The 10 response points presented in Figure 5.13(a) were adopted for the investigation of
floor vibration. Experimental PSD responses are characterized by various dominant peaks in
the frequency range between 0 and 10Hz, depending on the response point as well as the
considered activity and crowd size. However, since analysed activities have an excitation
frequency (see Figure 5.17(b)) near the fundamental frequency of the floor (3.56Hz), it was
assumed that the response of the structure would be majorly governed by that mode. Hence, the
floor response was calculated using this single mode with modal parameters resulting from
Experimental Modal analysis (see Section 5.2.2.3).

The method described in Section 4.2.5 was adopted for all response calculations made for each
activity and crowd size (2 to 32 persons for skipping, 4 to 32 persons for jumping). Numerical
RMS responses were calculated for the 10 response points using the crowd load model
identified in Section 4.3. Although investigated for up to 16 persons for laboratory tests in
Chapter 3, the scope of crowd size relations was extended between 16 and 32 persons and this
extension was further verified by response comparison. On the other hand, experimental RMS
accelerations were computed for all activity windows and response points using the pre-
processed records resulted from Section 5.3.1. Table 5.5 summarizes the mean and standard
deviation of RMS accelerations for investigated rhythmic activities.
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RMS acceleration (mm/s?)

Activity Case 5 4 3 16 3
Jumping 1 Numerical - 7.8+2.8 11.8+4.2 17.8+6.3 33.2+11.8
PING L Experimental - 9.3+2.3 104423 18.3+32 31.0+4.9

Numerical 2.8£1.0 4.5+16 57+20 6.9+25 10.0£3.6
Experimental 2.7+0.7 3.5+0.8 4.8+1.1 8.2+21 12.6%2.0
Table 5.5: Numerical and experimental RMS accelerations for jumping and skipping activities

Skipping 2

For illustration purposes, the mean values of numerical RMS accelerations were plotted along
with the variation range of experimental responses against crowd size in Figure 5.18.
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Figure 5.18: Comparison between numerical RMS accelerations (round marks) and experimental
RMS accelerations (mean in asterisk marks, standard deviation in error bars) against crowd size
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5.3.3 Discussion

In a global sense, numerical RMS accelerations are close to their experimental analogues (see
Figure 5.18). The mean relative difference was 9.8% and 17.5% for jumping and skipping,
respectively. This validates the fact that the structure is solely excited by the fundamental mode
when subjected to investigated rhythmic activities. Differences could come from the variation
of motion of each participant from an activity window to another. This is confirmed by Ellis
and Ji [32], who carried out tests for jumping activities performed by up to 64 individuals. They
also noticed differences between experimental and predicted responses computed with a Fourier
series load. This was attributed to the variation of three major parameters, which are the
excitation frequency, the contact ratio (see Section 2.2.1) and the phase lag between individuals.
The slight differences between coordination stimulus adopted for the laboratory tests (from
which the PSD model is derived) and the full-scale tests could also be a possible reason behind
these discrepancies.

Moreover, the standard deviation of all RMS responses has an increasing trend against crowd
size. This is due to the rising variabilities encountered in crowd movements in terms of
frequency, amplitude, excitation positions, etc., resulting in more fluctuated accelerations for
the 10 response points. However, higher standard deviations were noticed for calculated
responses compared to measured ones especially for higher crowd sizes. The existence of one
excited mode may result in near-resonant effects on computed responses, which highly differ
from a response point to another. In that context, Xiong and Chen [89] performed measurements
on an existing floor structure under various jumping test conditions. Experimental responses
were compared with those calculated using a random field jumping model. They came up with
a mean relative difference of about 23% between simulated and measured RMS accelerations.

Concerning “jumping 1” (jumping jack), it can be seen from Figure 5.18(a) that the mean value
of numerical RMS responses lies in the variation range of experimental responses for all crowd
sizes. It has a higher value than the mean measured acceleration for 8 and 32 persons and a
lower value for 4 and 16 persons. Close RMS accelerations for the case of 32 persons confirm
that the scope of coordination factors for this activity could be extended to a crowd size between
16 and 32 individuals. This was also assumed for “jumping 2” (quick jumping) belonging to
the same category of activity (having also a hyperbolic function for the coordination factor).

For “skipping 2” (on feet soles), higher differences are found between the mean values of
predicted and measured responses than for jumping. Higher RMS responses were observed for
lower crowd sizes (up to 8 persons) against lower responses for higher crowd sizes (16 and 32
persons). This is due to the more randomness in this activity, whose effects appear for more and
more people as stated in Section 4.3.3.2. Numerical RMS accelerations are close to the range
of experimental ones for up to 16 persons (see Figure 5.18(b)). However, the predicted response
for 32 persons was notably lower than its measured counterpart, indicating that the extension
of the crowd size relation results in lower coordination factors than reality. When the
coordination factor of 16 persons (0.3 for “skipping 2”) was used for 32 persons, calculated
RMS acceleration was 13.3 + 4.7 mm/s?, which is within the range of experimental values on
the conservative side (green triangle in Figure 5.18(b)). Therefore, it is suggested to adopt the
same coordination factor related to this activity as determined in Chapter 4 until 16 individuals,
but with a constant plateau for the extension between 16 and 32 persons. This was also
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considered for “skipping 1” (on feet toes) due to similarities between activities and coordination
factors (both are decreasing exponential functions).

Consequently, final coordination factors for the analysed activities are given in Table 5.6 for
up to 32 individuals.

Activity Coordination factor
. 0.56
Jumping 1 C(N):0.44+T
0.70

Jumping 2 C(N):0.3O+'T
N*% 1<N <16
0.23, 16 <N <32

N2 1<N<16
Skipping2 C(N)= ’
pping 2. C(N) {0.3, 16<N <32

Table 5.6: Coordination factors C(N) by crowd size N for investigated activities (up to 32 individuals)

Skipping1 C(N) :{

5.4 Comparison with existing load models

The spectral crowd load models for investigated rhythmic activities obtained in Chapter 4 and
validated in Section 5.3 were compared against load models from the literature. Comparison
was made in terms of forces first, either for one person or for a group of people. In sequence,
responses due to the proposed model along with various existing crowd load models were
calculated for three distinct floor structures and results were discussed.

5.4.1 Comparison of rhythmic force models
5.4.1.1 Single person load models

As highlighted in Section 2.5.1.1, most of existing load models for rhythmic activities are
expressed in Fourier series in the time domain. Hence, equivalent Dynamic Load Factors
(DLFs) were calculated for spectral models in order to have an equivalent amplitude for
comparison purposes. This was done by following the instructions provided in Section 4.2.2.4
for the identified PSD load models (see Section 4.3.2). Resulting DLFs for the three harmonics
are summarized in Table 5.7 for the four investigated activities.

Activity DLF: DLF> DLF3
Jumpingl 1.60+0.10 1.35+0.08 0.69+0.04
Jumping2 193+0.30 1.64+0.26 0.84+0.13
Skipping1l 1.27+0.04 0.72+0.02 0.33+0.01

Skipping2 1.28+0.13 0.72+0.07 0.33+£0.04
Table 5.7: Equivalent Dynamic Load Factors (DLFs) from the identified PSD load models

The same procedure was applied to have equivalent DLFs for the spectral jumping load model
proposed by Xiong and Chen [89]. Existing load models for a single person were taken from
Section 2.5.1. Frequency-dependent DLFs were calculated with mean excitation frequencies
(2.36Hz for “jumping 1, 2.8 1Hz for “jumping 2”°). Table 5.8 summarizes several existing DLFs
for jumping activities.
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Reference Activity DLF1 DLF, DLF3
SCI P354 [81] Normal jumping 1.8 129 0.67
Ellis and Ji [31] Jumping 161 094 044
Alves et al. [3] Jumping 1.8 119 051

CEB [19] Normal jumping 1.8 1.3 0.7

High jumping 19 16 11
, Jumping 18 11 047
Pernica [67] Stride jumps 1.75 1.1 042

AISC DG11 [63]  Jumping exercises 1.5 0.6 0.1
Jumping (2.36Hz) 1.75 1.1 0.47
Jumping (2.81Hz) 1.68 0.94 0.32
Jumping (2.36Hz) 154 0.65 0.12

Jumping (2.81Hz) 152 0.65 0.08
Table 5.8: Existing Dynamic Load Factors (DLFs) for jumping-type activities

1SO 10137 [45]

Xiong and Chen [89]

DLFs corresponding to “Jumping” and “Normal jumping” activities lie in general between
equivalent DLFs obtained for “jumping 1” and “jumping 2”, respectively. Furthermore, DLFs
decrease for an increasing frequency of “jumping” activities as proposed by 1SO 10137 as well
as Xiong and Chen, whereas the inverse occurs for investigated jumping activities. This is due
to the distinction between the mode of motion and the type of contact to the ground for these
activities. The nearest activities from Table 5.8 to the analysed ones are “stride jumps” (to
jumping jack) and “high jumping” (to quick jumping). A similar amplitude is noticed for these
activities for DLF1 whilst DLF, and DLFz are higher for suggested load models. This is because
the energy content within harmonic peaks is characterized by a larger width by harmonic order
([88], [89]), leading to greater DLFs than peak DLFs proposed in the literature.

On the other hand, “Running” is the only activity in the literature resembling to skipping
activities. Table 5.9 presents some associated DLFs.

Reference Activity DLF: DLF, DLF3
Alves et al. [3] Running 1.35 025 0.13
CEB [19] Running 1.6 0.7 0.2
Pernica [67]  Running-on-the-spot 1.57 0.58 0.26
ISO 10137 [45] Running 14 04 041

Table 5.9: Existing Dynamic Load Factors (DLFs) for running-type activities

A lower value of DLF is observed for proposed skipping activities probably due to the variation
of configuration between the two activities (variable position in running, fixed position in
skipping). However, larger DLF> and DLFs occur because of the spread of energy at higher
harmonics as found for jJumping activities.

5.4.1.2 Coordination factors

Proposed coordination factors given in Table 5.6 are compared against existing factors
suggested by the literature. These factors were obtained from deterministic crowd size relations
presented in Section 2.5.2.1.

Coordination factors for jumping-type activities were confronted to “Jumping” factors against
crowd size for a maximum number of 32 persons. A medium synchronization degree (similar
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to experimental conditions) was assumed for ISO 10137 coordination factors [45] (see Table
2.20), whereas the DLF ratios from Li et al. [54] (calculated by Eq. (2.47)) were computed for
each mean excitation frequency (2.36Hz for “jumping 17, 2.8 1Hz for “jumping 2”°). Figure 5.19
illustrates coordination factors against group size for the proposed models compared to existing
literature for jumping activities.

111
——Proposed model (Jumping 1)
L —Proposed model (Jumping 2)
1 —1SO 10137 (1st harmonic)
——-IS0O 10137 (2nd harmonic)
o9 4  TeI=~__ T | 1SO 10137 (3rd harmonic)
gosf .
1] T~ -~ -
s Tl
c 07 St Tt
8 T
,@. ~.
5 0.6
g
Q05
0.4
03} o
02 | | | | I I |
0 5 10 15 20 25 30 35
Crowd Size
(a) 1SO 10137 [45]
111
—— Proposed model (Jumping 1)
1+ — Proposed model (Jumping 2)
—— Ebrahimpour and Sack (1st harmonic)
09k — — ~Ebrahimpour and Sack (2nd harmonic)
808F
]
i
c 0.7
i
g
5 06  \ N_ = YT T T oo s oo o oo oo oo oo oo
g
Q05
0.4r
03} o
O 2 | | | | 1 1 ]
0 5 10 15 20 25 30 35

Crowd Size

(b) Ebrahimpour and Sack [27]
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Figure 5.19: Comparison of coordination factors by crowd size for jumping-type activities proposed

by several models

Three principal groups appear for the existing coordination factors:

A first group assumes a linear tendency against crowd size with a constant plateau after
a given number of individuals. This is the case for coordination factors suggested by
ISO 10137 [45] as well as Ebrahimpour and Sack [27]. These coefficients are more
conservative than the proposed ones for all considered harmonics especially for
ISO 10137, which assumes no group effect for crowd sizes lower than 5 and constant
coordination factors starting from 50 persons against 10 persons suggested by
Ebrahimpour and Sack.

A second group considers a decreasing exponential trend against crowd size. Models
given by Faisca [39] together with Ellis and Ji [31] are within this group. The proposed
models have a closer trend to this group compared to the first group but with less-
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conservative factors. However, differences still exist especially for larger groups where
coordination factors are still decreasing. It is noted that the model proposed by Faisca
is applied to the whole load as is the case for suggestion relations.

e A third group has a decreasing trend which gradually stabilizes for larger crowd sizes.
It comprises models proposed by Parkhouse and Ewins [65] in addition to Li et al. [54].
These relations are the closest ones to the hyperbolic tendency obtained for the
investigated jumping activities. Furthermore, both activities have coordination factors
which lie within the three harmonic values for Parkhouse and Ewins model. The lower
values for “jumping 2” related to “jumping 1” is effectively reproduced by Li et al.,
which provides slightly greater coordination factors especially for the high-frequency
jumping.

For skipping activities, the only relation available in the literature is that proposed by
ISO 10137 [45] for running (given by Eq. (2.43)) which belongs to the same rhythmic category.
Figure 5.20 displays related coordination factors along with the proposed ones against crowd
size for up to 32 persons. The same power trend exists for these models with coordination
factors for running lying between those of “skipping 1”” and “skipping 2”. This indicates that
investigated activities present upper and lower levels of synchronization between participants
for this category of action. However, the existence of a constant plateau for the proposed models
leads to higher coordination factors for “skipping 1” compared to running starting from 20
individuals. The response of floors for the case of higher group sizes might then be
underestimated if the existing running model is used.

——Proposed model (Skipping 1)
——Proposed model (Skipping 2)
—I1S0 10137 (Running)
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Figure 5.20: Comparison of coordination factors by crowd size for running-type activities

Overall, proposed coordination factors are different from existing factors in the literature due
to the difference between activities for each rhythmic category (style, floor impact, etc.) and
the variable configuration used in vibration experiments for each research (especially
coordination stimulus, leading to higher factors when using metronome).
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5.4.2 Comparison of responses from existing time domain models

Among time domain load models proposed in the literature, three of them assume a complete
presentation of rhythmic actions. Indeed, they propose a load model for a single person, which
Is associated to crowd size relations considering synchronization between individuals. These
models were presented in Chapter 2 and are reminded below:

e Ellis and Ji load model [31] (jumping): a Fourier series model with DLFs presented in
Table 2.15 and variation of DLFs by group size given by Eq. (2.23);

e Faisca load model [39] (jumping): a jumping pulse model taken from Table 2.13 (with
parameters from Table 2.14) along with coordination factors from Table 2.18;

e 1SO 10137 load model [45] (jJumping and skipping): a Fourier series model with DLFs
from Table 2.16 as well as coordination factors given by Eq. (2.43) for skipping and
Table 2.20 for jumping (assuming medium coordination degree).

The proposed spectral crowd load models were compared to the latter models by calculating
RMS accelerations using both configurations of floors tested in this research
(laboratory/“single-mode” floor, parking/“multi-modal” floor). For each investigated activity
and crowd size, numerical RMS accelerations were calculated with the related PSD crowd load
model (see Section 4.2.4) with mean optimal parameters from Table 4.5 using the procedure
detailed in Section 4.2.5.1. The same response parameter was also computed for the three
existing load models described earlier by following the instructions detailed in Section 4.2.5.2.
The mean and standard deviation of RMS accelerations by crowd size obtained from the PSD
load models along with existing models are summarized in Appendix B.

5.4.2.1 Response of single-mode floor

The response of the single-mode floor described in Chapter 3 is investigated for the four
analysed activities for 1, 2, 4, 8 and 16 individuals. A time duration of 30s was considered for
each activity with a maximum frequency of 10Hz. The body mass of individuals was obtained
from Table 3.11. Their positions for each crowd size are given in Table 3.9 and shown in Figure
3.23. Modal properties of the fundamental mode of the floor (natural frequency, damping ratio,
modal shape) are the result of Experimental Modal Analysis described in Section 3.3.2.2,
whereas the modal mass was taken from Section 3.4.1.1. Ten response points over the floor
were considered as illustrated in Figure 5.21.
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7000

1550 2100 2100 2250

Figure 5.21: Response points for the single-mode floor (dimensions in mm, R10 is the centre of the

floor)

e Jumping activities

For jumping activities, the variation of mean RMS accelerations by crowd size for the PSD load
models along with existing models is shown in Figure 5.22.
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Figure 5.22: Mean RMS accelerations against crowd size for single-mode floor (jumping)

RMS accelerations of the two proposed models have an amplitude which lies within those
obtained by the three existing load models for both jumping activities. The difference of RMS
responses between load models is more pronounced for larger groups. This is attributed to the
distinction of motion between “normal jumping” and experimentally analysed jumping
activities. The most excited harmonic for all load models is the third harmonic (close to the
natural frequency of 7.65Hz). The lowest RMS responses are those from Ellis and Ji load model,
since coordination factors have a strong decreasing tendency against crowd size. Compared to
this load model, 1SO 10137 proposes slightly lower DLFs but greater coordination factors,
which leads to higher RMS responses especially for larger crowds. RMS responses belonging
to Faisca model are the most conservative, because of high coordination factors and contact
ratio (nearly 0.3).

The switch from “jumping 1” to “jumping 2" implies an increase of excitation frequency in all
load models (from 2.36Hz to 2.81Hz). Higher RMS responses occur in the proposed PSD load
model principally because of the amplitude difference between the two activities. Given that
DLFs proposed by ISO 10137 are inversely proportional to the excitation frequency, RMS
responses are lower for the second activity compared to the first. RMS accelerations for other
load models (suggested by Ellis and Ji as well as Faisca) are higher for “jumping 2”” compared
to “jumping 1 although there was no change in the amplitude of the analytical load. This
indicates a dependence of these loads on the frequency of each investigated activity.

e Skipping activities

Figure 5.23 presents RMS responses against the number of individuals computed from the
proposed models and ISO 10137 model for skipping activities.
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Figure 5.23: Mean RMS accelerations against crowd size for single-mode floor (skipping)

Higher RMS responses occur for both skipping activities due to the greater load amplitudes
than DLFs proposed by ISO 10137 for higher harmonics (see Table 5.7 and Table 5.9 for
comparison). Larger responses are noticed in both models when switching from 3.26Hz
(“skipping 17) to 2.62Hz (“skipping 2”’). However, the difference between RMS accelerations
IS more accentuated in the latter case due to greater coordination factors for “skipping 2” than
for “skipping 1” in the proposed model, whereas the same relation is proposed by 1SO 10137
for both activities.

e Conclusion

Compared to existing load models, it is concluded that the PSD load models are less-sensitive
to the excitation frequency for single-mode floors. In particular, time domain load models
would result in overestimated responses for resonant cases, which highly decrease for non-
resonant cases.
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5.4.2.2 Response of multi-modal floor

The response of the multi-modal floor presented in this chapter is analysed for both jumping
and skipping activities. The investigated crowd sizes are 1, 2, 4, 8, 16 and 32 individuals. The
duration of activities was taken as 60s with a time step of 0.005s. The body mass of participants
is given in Table 5.4. Their positions for each group size are provided in Table 5.2 and
illustrated in Figure 5.10. The twenty natural modes of the floor were used in response
calculation. Their modal properties (natural frequency, modal mass, damping ratio, modal
shape) are those resulting from Experimental Modal Analysis described in Section 5.2.2. The
response points illustrated in Figure 5.13(a) were also adopted in this study.

e Jumping activities

Concerning jumping activities, Figure 5.24 illustrates mean RMS responses against crowd size
computed for the PSD load models in conjunction with existing models.
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Figure 5.24: Mean RMS accelerations against crowd size for multi-modal floor (jumping)
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“Jumping 1” has an excitation frequency of 2.36Hz. The PSD load model has a narrow energy
band for that activity (see Section 4.3.2.2), which allows to excite only the 9" and 10" natural
modes (having natural frequencies of 4.67Hz and 4.85Hz, respectively) as can be seen in the
PSD response of Figure 5.25. These modes are highly dominant and lead to RMS responses
greater than those obtained by Ellis and Ji as well as Faisca models, which are dominated by
their second harmonic in terms of PSD response (see Figure 5.25). The same remark applies to
ISO 10137 model, but its largest coordination factor contributes to the highest RMS response
among investigated load models (as found by Gaspar and da Silva [44]).
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Figure 5.25: Mean PSD responses for a single person performing “‘jumping 1"

On the other hand, “jumping 2” is assumed to have an excitation frequency of 2.81Hz. Owing
to the large energy band of the associated PSD load model (see Section 4.3.2.2), more natural
modes are expected to be involved in the floor response. In this particular case, five natural
modes are simultaneously excited as shown in the PSD response of Figure 5.26. They have
natural frequencies of 5.5, 5.57, 5.78, 5.86 and 8.6Hz (see Table 5.1). Conversely, the only
dominant peaks in the PSD responses for time domain loads are those of the second and third
harmonics (see Figure 5.26). Nevertheless, proposed coordination factors are lower for
“jumping 2” than “jumping 1”. This results in an amplitude of RMS responses lying between
those obtained by existing models. Almost the same order of accelerations by load model
resulting from the single-mode floor analysis (see Section 5.4.2.1) is reproduced here.
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Figure 5.26: Mean PSD responses for a single person performing “‘jumping 2"
e Skipping activities

The variation of RMS responses against crowd size is presented in Figure 5.27 for the suggested
PSD load models together with 1ISO 10137 load model.
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Figure 5.27: Mean RMS accelerations against crowd size for multi-modal floor (skipping)

For “skipping 17, lower RMS responses are noted for the proposed model compared to
ISO 10137. Besides lower coordination factors, the high excitation frequency of this activity
(3.26Hz) makes no dominant mode to be excited as shown in Figure 5.28. The only dominant
peak occurred at the first harmonic for both models. However, the existence of constant plateau
beyond 16 persons in the coordination factor of this activity allows to have higher responses
due to the PSD model for 32 individuals.
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Figure 5.28: Mean PSD responses for a single person performing “skipping 1"

Conversely, the moderate excitation frequency of “skipping 2 (2.62Hz) enables the excitation
of two dominant modes (having natural frequencies of 5.23 and 7.85Hz) near the second and
third harmonics of the PSD load model, respectively (see Figure 5.29). In contrast, the first and
second harmonics are dominant for 1ISO 10137 model without exciting higher natural modes.
Larger coordination factors are also noticed for the proposed load model, which results in higher
RMS responses than ISO 10137 model.
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Figure 5.29: Mean PSD responses for a single person performing “skipping 2"
e Conclusion

The existence of the spread of energy (termed leakage [71]) in the PSD model allows the
excitation of multiple natural modes simultaneously. On the other hand, the response of time
domain load models is solely governed by the dominant harmonic of the load, so that the
excitation of more than one dominant natural mode is not possible. Hence, the proposed model
is suitable for the evaluation of the response of modern buildings comprising multi-span or
multi-panel floors ([20], [22], [75]), which are characterized by multiple closely spaced natural
modes.

5.4.3 Comparison of responses from existing frequency domain model

As outlined in Section 2.5.2.2, the principal frequency domain load model existing in the
literature for crowd-rhythmic activities is that proposed by Xiong and Chen [89]. This random
field model is compared with the proposed PSD load model in this section, based on
experiments conducted on an existing floor under crowd jumping activities.

5.4.3.1 Presentation of the experiments

The analysed structure is a 12x12m? floor located in China (see Figure 5.30). Xiong et al. [91]
carried out two test campaigns on this floor: Experimental Modal Analysis and vibration tests
under jumping crowds.
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Figure 5.30: Floor tested by Xiong et al. [91]

Firstly, the modal properties of the floor were determined using hammer impact excitations,
which resulted in the fundamental mode having parameters presented in Table 5.10 and a modal
shape shown in Figure 5.31. It was assumed that the response of the structure is dominated by
the fundamental mode with a sinusoidal modal shape. Indeed, resonance is likely to occur for
this mode (having natural frequency of 5.35Hz) at the second harmonic of the rhythmic load
characterized by an excitation frequency ranging between 1.5 and 3.5Hz ([45], [81]).

Parameter Natural frequency (Hz) Modal mass (t) Damping ratio (%)
Value 5.35 30 1.57
Table 5.10: Modal properties of the tested floor [91]

Modal coordinate

5

Figure 5.31: Fundamental modal shape (modified from [91])

Secondly, vibration experiments were conducted for “normal jumping” activity at a low
frequency with the guidance of a metronome (see Figure 5.32). Investigated crowd sizes were
25, 36, 49 and 64, with the participation of 64 individuals of Tongji University. Participants
were uniformly distributed over the floor and performed activities for about 30s twice, while
accelerations were measured at the centre of the floor.
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5.4.3.2 Determination of floor response

For each crowd size, the mean RMS acceleration of the two activity windows was calculated
from time-domain records by Xiong et al. [91]. In sequence, the random field model proposed
by Xiong and Chen [89] was used to predict the floor response. The method consists of
performing 1000 Monte Carlo simulations to generate load parameters related to the coherence
function and the response was calculated for each sample. The five and ninety-five percentiles
of the obtained RMS accelerations were then adopted as a lower and an upper value,
respectively [91].

On the other hand, the response of the floor was evaluated using the proposed PSD load model.
Among investigated activities (see Section 3.4.2.1), “jumping jack” is qualified as a low
frequency jumping (see Section 4.3.2.2), which is close to the normal jumping performed in
experiments. The load parameters of this activity (mean values of Table 4.5) were then adopted
for this comparison, assuming a time duration of 30s and a maximum frequency of 10Hz. Given
that the scope of coordination factor for “jumping jack” was successfully extended from 16 to
32 individuals (see Section 5.3.3), it was considered applicable for all tested crowd sizes (25,
36, 49 and 64 individuals).

Moreover, the mean mass of the individuals was taken as 60kg, similarly to what was found for
Tongji University participants in another research [89]. In addition, the distance between
individuals was considered equal to 1.5m in both directions. In fact, it is the maximum distance
resulting in a low density of participants (which is the scope of the proposed model) enabling
an equivalent modelling related to the random field proposed by Xiong and Chen [89]. The
response of the analysed floor was then computed for the investigated group sizes (up to 64
individuals) based on the procedure detailed in Section 4.2.5.1. Figure 5.33 illustrates a PSD
response for the case of 64 individuals, where the second harmonic of the load (with a frequency
of 4.72Hz) is clearly dominant.
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Figure 5.33: PSD acceleration for 64 individuals jumping

5.4.3.3 Comparison of RMS accelerations

Calculated vibrational responses of the floor are the mean experimental RMS accelerations, the
5 and 95 percentile of RMS accelerations obtained by Xiong and Chen model [89], and the
RMS accelerations resulting from the proposed PSD model. These responses are plotted against
crowd size in Figure 5.34.
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Figure 5.34: Comparison of numerical and experimental RMS accelerations for jumping activities

The proposed PSD model produces plausible differences in terms of RMS responses compared
to the model of Xiong and Chen. Indeed, more conservative results were found for 25 and 36
persons (with maximum relative difference of 5.5% to the 95 percentile), whilst responses for
49 and 64 persons lie between the 5 and 95 percentiles of the random field model. Discrepancies
could be attributed to the differences between “jumping jack” and “normal jumping” activities
especially in terms of leg contact to the ground (leading to different amplitudes). The proposed
simplification of Xiong and Chen model has then a limited impact on floor accelerations.
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The RMS responses of the proposed model begin far from their experimental counterparts
(relative difference of 29%) compared to Xiong and Chen model. However, when the crowd
size is rising, a growth with a decreasing rate is observed for experimental responses. This
tendency is reproduced by the proposed model, whereas a linear increase is noticed for both 5
and 95 percentiles of Xiong and Chen model. This difference could be due to the fact that the
latter model considers that all individuals have a high synchronization degree with the guidance
of metronome. In reality, this degree could not be reached for higher crowd sizes, where a phase
delay between participants always exists depending on their reaction to the audible stimulus.
The proposed model effectively considers this effect as it was based on experiments made under
conditions close to real life situations, thus confirming the extension of the coordination factor
to 64 individuals for the analysed activity.

The above results provide a first indication that reasonable differences exist between the
proposed model and Xiong and Chen random field model. The higher RMS responses for small
crowd sizes obtained by the proposed model is compensated by responses close to
measurements due to the consideration of the observed lack of coordination between
individuals.

5.5 Equivalent crowd-rhythmic load model

In this section, an equivalent load model formulation is established, based on the crowd-
rhythmic load model proposed in Chapter 4 and verified in Section 5.3. This formulation allows
a more straightforward prediction of floor responses subjected to such activities.

5.5.1 Variation of floor response by crowd size

As highlighted in Section 4.3.4.1, the main difference between loads and responses against
crowd size is that RMS displacements are decreasing more severely than RMS forces. The
observed difference is due to the transition from forces to displacements using the modal
properties of the floor.

Based on the response calculation procedure described in Section 2.6.2, involved parameters
for response prediction (other than those of the PSD load model) are time parameters, excitation
and response amplitudes of modal shapes as well as modal parameters (natural frequency,
modal mass, damping ratio). The factor that varies with the number of individuals is the
excitation amplitude of modal shapes. Using the fundamental mode of the floor specimen (see
Section 3.3.2), excitation modal amplitudes are calculated for up to 16 individuals and
corresponding mean values are presented in Table 5.11.

Crowd size 1 2 4 8 16
Mean amplitude of modal shape 0.79 0.72 0.74 0.55 0.48
Table 5.11: Amplitudes of modal shapes for excitation positions by crowd size

The mean amplitude of modal shapes gradually decreases for an increasing number of
individuals. In fact, the fundamental mode has a regular shape with maximum amplitude at
centre and lower amplitudes far away. With an increasing number of participants, the uniform
distribution over the floor imposes to place individuals far from the centre which results in
lower amplitudes of modal shape for the fundamental mode. This could be responsible for the
relative decrease of the crowd responses compared to the crowd forces.
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In terms of excitation, the previous remark shows that the response of the floor is mainly
governed by the mean amplitude of modal shapes for all individuals, independently of their
specific positions on the floor. This opens the way for an equivalent formulation of the crowd
load model (similar to the model adopted for pedestrians walking on footbridges [5]) presented
in the next section.

5.5.2 Equivalent load model formulation

Consider a floor structure having M natural modes where a group of N individuals performs
rhythmic activities in a coordinated manner. Each individual k is supposed to have a known
position on the floor (xok; Yox) and a known body mass mk. The associated PSD load model
Spnk( T) is provided by:

S, e (F)=[C(N)M,gal | a? exp (f-ify)

(i5)’ G5

where my is the body mass of the k™ individual, g the gravity acceleration (9.81m/s?), and for
each activity: C(N) is the coordination factor, f, the excitation frequency, o the amplitude
coefficient, J the bandwidth coefficient and a; the relative coefficient of the i harmonic (see
Table 4.4).

The cross-PSD between two individuals k and | Spn () is calculated by:

Soni (1) =Spns(D)Sp () (5.2)
The PSD matrix of generalized forces [Sp*(f)] is then obtained by:
S, (D ]=[@,] [Sn(h][@, ] (5.3)

where [S, M(f)] is the PSD matrix of crowd loads (N x N) (see Section 4.2.4) and [®,] the
modal shape matrix of excitation positions (N x M), such that:

[0 = Pons (5.4)
Here, ®pnx is the modal amplitude of the n'™ mode related to the position of the k™ individual
(Xo; Yok)-

Using the previous remark about the response variation against crowd size, the N load models
corresponding to each individual on the floor could be reduced to only one equivalent load
model Spn( f) expressed by:

s, (1) =[NC(N)mgal 3| a? exp (f-ify)

(i) (5)

where m is the mean body mass of individuals. This load is supposed to be applied on the floor
with a modal amplitude cT)p,n for each mode n calculated by:

— 1q
= 2P (5.6)
k=1

Using the modal shape vector for all natural modes {®p}, the equivalent PSD matrix of
generalized forces is deduced by:
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.

[Sp*(f)}={<bp} Syn(){@,] (5.7)
This matrix is then adopted in the procedure described in Section 2.6.2 to calculate RMS
responses of floors subjected to rhythmic activities.

5.5.3 Verification on tested floors

In order to verify the previous formulation, RMS accelerations were calculated for the
laboratory floor under the conditions corresponding to those presented in Section 5.4.2. Both
the exact PSD load model (see Section 4.2.4) and the equivalent crowd load model presented
earlier were used. Table 5.12 provides obtained results in terms of mean RMS responses.

RMS acceleration (m/s?)
1 2 4 8 16
Exact 0.154 0.202 0.334 0.439 0.709

Activity  Load model

UMPINg L £ ivalent 0154 0202 0335 0438 0.712

Jumping2 _ EXact 0223 0.264 0.3% 0483 0742

Equivalent 0223 0.264 0.397 0.482 0.746

Skipping 1 EXact_ 00794 0100 0142 0147 0177

Equivalent 0.0794 0.100 0.143 0.147 0.178

. Exact  0.173 0.234 0.356 0.396 0.509
Skipping 2

Equivalent 0.173 0.234 0.358 0.395 0.511
Table 5.12: Comparison of RMS accelerations between the exact and equivalent load models for the
laboratory floor

In a similar manner, RMS accelerations were computed for the parking floor (having 20 natural
modes below 10Hz) with the parameters detailed in Section 5.4.2. Results for the exact and
equivalent load models are given in Table 5.13.

RMS acceleration (m/s?)
1 2 4 8 16 32
Exact 0.0555 0.119 0.187 0.262 0.482 0.689

Activity  Load model

UMpINg 1 o ivalent 0.0559 0119 0187 0265 0484 0.693
Jumping2 _ EXAct 00917 0120 0178 0210 0246 0458
Equivalent 0.0913 0121 0.177 0210 0.248 0.462
Skipping 1 EXct 0,024 00366 00498 00647 00786 0148
Equivalent 0.0248 0.0367 0.0499 0.0648 0.0789 0.148
- Exact  0.0204 0.0375 0.0536 0.0594 0.0719 0.142
Skipping 2

Equivalent 0.0203 0.0375 0.0536 0.0596 0.0725 0.143
Table 5.13: Comparison of RMS accelerations between the exact and equivalent load models for the
parking floor

For both cases, RMS responses obtained by the equivalent load model are notably close to those
calculated with the exact PSD load model. Almost identical accelerations were noticed for
smaller groups, and slight differences occur for crowd sizes starting from 16 individuals due to
more variability in terms of modal shapes. This provides a first verification of the proposed
formulation for single-mode and multi-modal floor structures.
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5.6 Conclusions

An experimental investigation conducted on a full-scale floor structure is presented in this
chapter. The objective is to verify and extend the crowd-rhythmic load model identified in
Chapter 4. After carrying out Experimental Modal Analysis, a number of up to 32 individuals
perform rhythmic activities on the floor, adopting the same protocol as for the laboratory floor.
The calculation of RMS accelerations using the established PSD load models and the dominant
modal basis leads to comparable results related to their experimental counterparts (the mean
relative difference is 9.8% and 17.5% for jumping and skipping, respectively). Furthermore, it
is verified that the scope of coordination factors for jumping activities can be extended for up
to 32 individuals using the hyperbolic functions. However, coordination factors related to
skipping activities, expressed by power functions for up to 16 individuals, are found to be
characterized by a constant plateau between 16 and 32 persons.

The proposed load models are then compared with existing models in the literature in terms of
single person loads and coordination factors. The calculation of equivalent Dynamic Load
Factors (DLFs) reveals comparable DLF amplitudes for the first harmonic and greater DLFs
for higher ones, indicating that the proposed model adequately considers the spread of energy
due to “intra-subject variability”. Moreover, three groups of existing coordination factors have
been reported for jumping activities (linear decrease followed by a plateau, power decrease,
and gradual decrease by crowd size). Proposed factors are close to the third group with less-
conservative values. On the other hand, a further power trend is used in the proposed models
for skipping activities, leading to higher coordination factors for larger crowds in comparison
to the existing model due to the presence of the plateau starting from 16 persons.

In terms of acceleration response, it is concluded that the proposed load models are less-
sensitive to the excitation frequency for single-mode floors compared to existing time domain
load models. For multi-modal floors, the existence of the spread of energy (termed leakage
[71]) in the PSD models allows the excitation of multiple closely spaced modes simultaneously.
This thus leads to an improved response estimation using the proposed load models for such
widely used floor structures. Furthermore, comparison with the random field model proposed
by Xiong and Chen [89] indicates that the coordination as observed in experiments has a
considerable effect on the floor response. Although the proposed model predicts more
conservative responses for smaller crowds, it considers the realistic synchronization degree
sufficiently well, which provides close results to measurements for an increasing number of
individuals.

Finally, an equivalent load model formulation is established based on the above verified load
model. The usage of such formulation enables a more straightforward calculation of floor
responses subjected to crowd-rhythmic activities, which will be discussed in the next chapter.

183




Chapter 6: Prediction of floor responses to crowd-rhythmic loads

6 Prediction of floor responses to crowd-rhythmic
loads
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6.1 Introduction

In the field of structural dynamics, a simple yet reliable method is still a pre-requisite for the
serviceability assessment of floor structures subjected to human movements, especially for
crowd-rhythmic activities with a coordinated motion ([50], [90]). Unfortunately, existing
guidelines dealing with this issue do not give a complete insight about the subject. As stated in
Chapter 2, guidelines for comfort assessment of floors (SCI P354 [81] and AISC DG 11 [63])
are mainly dedicated to a single person exciting the floor. Alternatively, supplementary
guidance documents provide more exhaustive information to take into account crowd loads
during the response evaluation process. For instance, BS 6399-1 [9] proposes coordination
factors for the case of crowds jumping. However, it was discovered that applying this guideline
leads to much higher floor responses than have so far been found in practice [65]. The UK
recommendations [49] present a crowd load model to be used in the response analysis of floors.
However, the model is based primarily upon bouncing crowds [26], and restricted to groups of
50 or more individuals only [50]. ISO 10137 [45] proposes a jumping crowd load model
including coordination factors for different levels of synchronization. Several methods for the
response evaluation of floors using that model are listed, but without giving further details about
their practical application.

In that context, detailed spectrum methods for the calculation of floor responses due to jumping
crowds have been suggested. Chen et al. [14] established an acceleration spectrum based on
individual jumping force measurements inspired by earthquake applications. However,
resulting responses are conservative and the group effect is roughly considered (characterized
by simulations from individual jumps). This was overcame by Xiong et al. [91] who proposed
a response calculation procedure for jumping groups based on a random field model, although
the practical implementation of such method is quite laborious (requiring Monte Carlo
simulations).

In this chapter, methods for the prediction of the floor response against crowd-rhythmic
activities are suggested, accounting for the crowd load models established in the previous
chapters. Firstly, a general method for the response evaluation of multi-modal floors is
established and a sensitivity study is carried-out in order to analyse and validate the proposed
method. Secondly, a simplified method for the response calculation of single-mode floors is
suggested, verified and applied to an existing floor structure.

6.2 General method for floor response calculation

This section presents a general method to calculate the response of floors subjected to rhythmic
activities based on the equivalent crowd load model formulation proposed in Section 5.5
together with the random vibration theory. This method is applicable to all types of floors and
rhythmic activities, assuming that corresponding load model parameters are known.

6.2.1 Calculation procedure

The configuration of the floor detailed in Section 2.6 is adopted in this section, with the same
notations as those used in Section 5.5.2. The maximum investigated excitation frequency for
human activities is 10Hz [31].

The equivalent load model representing a given crowd-rhythmic activity Spn( ) (expressed by
Eqg. (5.5)) is rewritten by:
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S, (F)=[NC(N)Mga] S, (f) (6.1)
where:

A (f-if, )

Sp(f)_; a’ exp Wy (6.2)

The PSD term of generalized forces [SP;M( f )] is formulated from Eq. (5.7) by:

Sp;‘n(f):q_)p,m&)p,nsp,N(f) (63)
Here, @, and @, are the mean modal amplitudes at all excitation positions for the m™ and n™"
modes, respectively (obtained by Eq. (5.6)).

The PSD term of modal coordinates Sqmn( f) is then rewritten from Eq. (2.63) by:

Sqmn(F) =@, n @, H (@)H, (@)S, () (6.4)
where Hn(w) is the transfer function related to the n'" mode expressed by:
1
H,(0) = (6.5)

M, (&} - & +2 & o,0)
In the above equation, wn, Mn and &, are the circular frequency, the modal mass and the damping
ratio of the n'™ mode, respectively, and j the imaginary unit.

This leads to the PSD term of displacement responses Sqmn( f) obtained from Eq. (2.65) by:

Sumn(F)=[NC(N)Mga] @, @, &, ., H,(@)H,(@)S,(f) (6.6)

where @y and @, are the modal amplitudes at the response point for the m™ and n' modes,
respectively. Corresponding PSD term of acceleration responses Samn( f) is given by:

Samn(f) =27 1)'S, ., () (6.7)
The total PSD of accelerations is then deduced by:
M M
S.(F)=D2>S.mnlF) (6.8)
m=1 n=1

Finally, the RMS acceleration arms is computed by:

a,, = Tsa( f)df (6.9)

0

6.2.2 Sensitivity study

The accuracy of the general method presented in Section 6.2.1 must be checked against the
exact calculation method detailed in Section 2.6.2 (based on the crowd PSD load model
described in Section 4.2.4). To accomplish that, a floor configuration described below is
adopted as an initial case study and the associated input parameters are varied in order to
determine their influence on the floor acceleration.
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The initial floor has an area of 12x10m2, with one natural mode having natural frequency of
7Hz, total mass of 50t (modal mass of 41% of the mass, assuming rigid boundary
conditions [40]), damping ratio of 2%, and a sinusoidal modal shape ®(x,y) corresponding to
the classical fundamental mode of isotropic plates [83] expressed by:

(%, Y) :sin(t—xlsin[t—yj (6.10)

X y
where Ly and Ly are the length and width of the floor, respectively.

The duration of the rhythmic activity is assumed equal to 30s, with a time step of 0.0078s and
a uniform body mass of individuals equal to 75kg.

6.2.2.1 Influence of response parameters

The response of the floor presented earlier is calculated at first considering the rhythmic action
performed by a single person. The centre of the floor is considered as both the excitation and
the response position. Although the investigated rhythmic activities have different load
parameters, they are characterized by the same formulation of the PSD load model. Hence, the
influence of response parameters is analysed only for “jumping 1 activity, which would be the
same for other activities.

First of all, the influence of three parameters can be directly deduced from the formulation of
the PSD response of the floor (given by Eqg. (6.6)) as follows:

e A linear dependence exists between the floor acceleration and the amplitude coefficient
a (see Eq. (6.1));

e The modal mass M is inversely proportional to the floor acceleration (see Eqg. (6.5));

e A hyperbolic decrease of the floor response is highlighted against the damping ratio &
(see Eq. (6.5)).

Given that the possible variation range of the modal mass M, is much larger than the damping
ratio &, the decrease of the RMS response would be stronger for the first parameter compared
to the second. Consequently, if a mitigation of response is needed, the modal mass is to be
increased first, followed by the damping ratio in case of insufficient performance or economic
reasons.

The influence of remaining load parameters is analysed by generating 50 equidistant values in
the interval [p — o, p + 0,], where p is the mean value of parameter p (f, or J) and o the
corresponding standard deviation, both taken from Table 4.5. The generation parameters for
“jumping 1” activity are summarized in Table 6.1.

Parameter Symbol Units Mean Standard deviation Samples
Excitation frequency fo Hz 236 0.21 50
Bandwidth coefficient 0 Hz 0.035 0.01 50

Table 6.1: Generation parameters of the PSD load model

Figure 6.1 displays the RMS acceleration of the floor against each analysed load model
parameter.
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The response of the floor is highly sensitive to the excitation frequency fp. Indeed, the RMS
acceleration gradually increases with the excitation frequency f, until it reaches its maximum
value at 2.32Hz followed by a gradual decrease. At this frequency, resonance occurs at the third
harmonic of the load (6.96Hz) close to the natural frequency of the floor (7Hz). For practical
response evaluations, the choice of an excitation frequency of 2.32Hz would be a worst-case
scenario for the assessment of human comfort on the analysed floor.

On the other hand, an increasing tendency against parameter ¢ is found, characterized by a
decreasing rate at higher values. This means that, in terms of response, the variation of the
excitation frequency during motion (controlled by 0) is less influential than the variation of the
impact energy of the rhythmic activity (quantified by a).
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In addition, the influence of the natural frequency of the floor f is investigated using equidistant
values between 2 and 10Hz (with a step of 0.1Hz). The RMS response of the floor is then
calculated using the mean values of load parameters for “jumping 1” activity (see Table 4.5).
The resulting RMS acceleration is plotted as a function of natural frequency in Figure 6.2.

RMS acceleration (m/s?)

X
X%
XX %
xxxxxxxxxxxxxxx

N
w
-y
o
3
~
(o]
©
-
S

Natural frequency (Hz)

Figure 6.2: Variation of RMS acceleration against floor natural frequency

As the mean excitation frequency is 2.36Hz, the variation of the natural frequency f, enables
resonance to occur three times: at the first harmonic (f,=2.36Hz, f.=2.4Hz), the second
harmonic (2f, =4.72Hz, f, =4.7Hz) and the third harmonic of the load (3f, =7.08Hz, f, =7.1Hz).
The same bell shape as noticed for f, (see Figure 6.1(a)) is reproduced for the natural frequency
fn at each resonant peak, indicating that the RMS response is also sensitive to this modal
parameter.

Therefore, the interaction between f, and fp has been further analysed. For each f, between 2
and 10Hz (with a step of 0.5Hz), the RMS response was calculated for the same values of f,
used above (with generation parameters given in Table 6.1). The obtained RMS accelerations
are illustrated in terms of mean values and standard deviations in Figure 6.3. Maximum
responses are found near resonance (at the first harmonic for f, =2.5Hz and the second harmonic
for fn =4.5Hz and 5Hz). Furthermore, when the response is substantial, its variation with regards
to the excitation frequency is also greater. This is due to the high sensitivity of the PSD response
related to fp near resonance. This confirms that the response of the floor is mainly dependent on
these two parameters, which makes their accurate determination compulsory for a convenient
response evaluation of floors subjected to human activities.
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Figure 6.3: RMS accelerations (Mean in asterisk marks, standard deviation in error bars) for each
natural frequency (assuming multiple excitation frequencies)

6.2.2.2 Comparison of floor responses

The modal properties of the floor are generated using equidistant values characterized by the
parameters provided in Table 6.2. Subsequently, the floor acceleration is computed at centre
for 1,2, 4,8and 16 individuals uniformly distributed over the floor for the four studied rhythmic
activities (with coordination factors provided in Table 5.6). The corresponding load parameters
are generated using 50 equidistant values in the interval [p — o,, p + 0,], where p is the mean
value of parameter p (f,, « and 0) and o, the corresponding standard deviation, both taken from
Table 4.5 for each investigated activity. Both response calculation methods (exact method,
general method) are used for that purpose. Results of RMS acceleration are presented in
Appendix C.1 in terms of mean values and standard deviations.

Parameter Symbol Units Min Max Step

Natural frequency fn Hz 2 10 0.1
Total mass M t 10 200 10

Damping ratio ¢ % 05 10 05
Length Lx m 7 20 1
Width Ly m 6 15 1

Table 6.2: Variation range of floor modal properties

After investigating all parameters in their variation range, it is noticed that RMS response
amplitudes depend on the load parameters characterizing each studied activity. It can also be
deduced that the coefficient of variation of RMS responses (ratio of the standard deviation to
the mean value) is almost the same for all investigated crowd sizes. The standard deviation is
greater for an increasing number of individuals because it is more difficult to coordinate the
motion of a larger crowd compared to a smaller one. The fluctuation of the response is also
more important when varying the floor modal properties compared to the PSD load model
parameters. The reason behind this is that the modal properties figure twice in FRFs (see
Eq. (6.5)) whereas the load parameters are only used once in the PSD load model (see Eq. (6.2)).
On the other hand, the lowest standard deviations are noticed after the variation of dimensions
Lx and Ly, as they are supposed to affect only the fundamental modal shape.
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The major remark highlighted from response results is that the general method provides RMS
accelerations notably close to the exact method for all investigated crowd sizes and parameters
related to the load model and the floor structure, which shows its accuracy for single-mode
floors.

The vibrational floor response is also investigated for the case of multiple natural modes. As
similar results are found for the four activities in the above analysis, “jumping 1” activity is
solely used in the present study. The floor is assumed to have a number of 1, 4, 8 and 16 bending
modes, where each natural mode n is characterized by a modal shape ®n(x,y) similar to that of
isotropic plates expressed by [83]:

D (X, Y) :sin[ﬁjsin(”—yj (6.11)
L, L,

Remaining modal properties were defined by equidistant values for natural frequencies between
3 and 10Hz, total masses between 20 and 200t and damping ratios between 1 and 10% (using
the step values provided in Table 6.2). The response was evaluated at the point with coordinates
(xr=2Lx/3, yr=2Ly/3) which was also the position of excitation for the case of one individual.
The reason for choosing this point instead of the centre of the floor is that the latter presents
zero modal amplitudes for many natural modes, which eliminates their contribution in the final
response. Table 6.3 summarizes RMS responses obtained with the exact and general methods.
Results are close between the two methods, confirming that the general method remains

efficient for the RMS response calculation of multi-modal floors too.

RMS acceleration for “jumping 1 (m/s?)
1 2 4 8 16
Exact 0.0676 0.124 0.184 0.299 0.497

Number of modes Method

1 General 0.0676 0.123 0.184 0.300 0.497
4 Exact 0.116 0.237 0.353 0.575 0.954
General 0.116 0.237 0.354 0.576 0.954
3 Exact 0.191 0.252 0.348 0.576 0.956
General 0.191 0.252 0.349 0.577 0.957
16 Exact 0.285 0.452 0.352 0.581 0.964

General 0.285 0.451 0.352 0.582 0.964
Table 6.3: RMS acceleration by crowd size for multiple natural modes

6.3 Simplified method for floor response calculation

A simplified method for the calculation of vibrational response of floors under rhythmic
activities is presented in this section. This method is derived from the general method detailed
in Section 6.2, and applicable to several floors encountered in practice.

6.3.1 Scope of the method

This method is available for floors satisfying two conditions:

e They are dominated by only one natural mode in the frequency range between 0 and
10Hz (corresponding to human excitation ([31]);
e They are characterized by a regular modal shape (close to the classical sinusoidal one).
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Modal analysis (using experimental techniques or numerical modelling) should be carried out
in order to verify that a given floor fulfils the latter requirements. For the case of composite
steel and concrete construction, these conditions are verified for regular floors encountered in
practice [81]. Indeed, the first condition mainly corresponds to floors characterized by a limited
number of spans and panels. These floors also primarily comprise structural components with
a small amount of non-structural partitions. The second condition is usually satisfied for floors
having a shape that could be obtained from rectilinear grids with limited curves on plan [81].

6.3.2 Response calculation procedure

The floor settings presented in Section 2.6 are adopted in this section. The floor is supposed to
fulfil the conditions of Section 6.3.1 (see Figure 6.4).

7}‘ Wx

m

Figure 6.4: Single-mode floor subjected to crowd-rhythmic activities [90]

The calculation procedure described in Section 6.2.1 is applied using the equivalent PSD load
model Spn( f) obtained by Eq. (6.1) reminded below:

S, (F)=[NC(N)Mga] S, (f)

where Sp(f) is given by Eq. (6.2). The PSD of generalized forces S,-( /) is simplified to only
one term due to the presence of the unique fundamental mode of vibration as follows:

S, (f)=®25,,(f) (6.12)

Here, CT)p is the mean of the fundamental modal amplitudes at the N excitation positions
(obtained by Eqg. (5.6)).

The PSD of the modal coordinate Sq( f) is also reduced to:

S, (F)=®2|H,(f)['S, () (6.13)
where Hy( f) is the transfer function obtained by Eqg. (6.5) for n=1 and w=2x=f, which gives:
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1
M2 [167;4( f2-12) + (8724 1,1 )1 (6.14)

This leads to the PSD of the acceleration response Sa( f) calculated by:

IH,(f)" =

S.(f)=[NC(N)mga] @ @2 (27 )" |H,(F)" S, (f) (6.15)
Here, @y is the fundamental modal amplitude at the response location.

Eq. (6.15) is rewritten by:

3
S.(f)=2.S,:(f) (6.16)
i=1
where Sqi( f) is the PSD response due to the it harmonic of the load given by:
= 2 22x2 4 2 2 (f _ifp)
S,;(f)=[NC(N)mga] @; o (27 1) |Hl(f)| a_ exp _W (6.17)
The RMS response arms,i due to the i harmonic is then expressed by:
a’ .:Ts (f)df =y, a?T f4|H(f)|2exp —w df (6.18)
rms,i 0 a,i N i . 1 (|5)2 .
where v =(27)' [NC(N)mga] @2 ®? (6.19)

The integral given by Eq. (6.18) is approximated using two main simplifications. Firstly, the
exponential function of the PSD load model (see Eq. (6.17)) is replaced by a bilinear function.
Since the amplitude of the exponential function at f=i(f,£26) equals 0.018<«1, these values are
considered as lower and upper frequencies (with zero amplitude) of the bilinear function Bi( f)
expressed as follows:

1+(f__ifpj, i(f, —25) < f <if,
2i0
B/(f)= (6.20)

T ALY T <i(f, +25)
- , if < f<i(f +
2i0 P P
An illustration of the exponential and bilinear functions for the first load harmonic with fp,=2Hz
and 0=0.05Hz is shown in Figure 6.5. It can be observed that the energy distribution is almost
the same between the two functions. The obtained normalized load energy (variance) is 0.09
and 0.10 for the exponential and the bilinear function, respectively, A slightly conservative
floor response is then expected when adopting the bilinear function. The same remarks
mentioned earlier are made for higher load harmonics.
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Figure 6.5: Comparison between exponential and bilinear functions for the PSD load model (first
harmonic, excitation frequency of 2Hz)

Secondly, a closed-form expression of the bilinear function Bi( f) is established. Indeed, the
identified values of the bandwidth coefficient ¢ are all below 0.15Hz for all investigated
activities (see Table 4.5), such that § « f,. Hence, it is assumed that the energy content of the
i harmonic could be concentrated at the corresponding peak [91]. Given that the enclosed area
of the bilinear function curve equals 2io (as illustrated in Figure 6.5), the following
approximation applies:

2
f —if
exp _—( . 2") ~B,(f)~(2i5) A(f —if) (6.21)
(i5)
where A is the Dirac-delta function. This function has an integral property for a given function
Z(f)and a constant b expressed by:

[ Z(DA(T ~b)df =2 (b) 6.22)

Using the approximation of the exponential function provided by Eq. (6.21), the application of
Eq. (6.22) provides the following integral approximation:

2

o f —if

[| F4H(F) exp —% df =~ (2i5)(if,)*|H(if,)[ (6.23)
0

This leads to an approximate expression of Eq. (6.18) given by:

8., ~ 7y & (2i8) (if,)*|H,(f,)| (6.24)
The RMS response of the floor arms is then deduced by:

’*30 3
a'rms = 'l. Sa(f)df = ;arzms,i (625)
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6.3.3 Chart illustration for investigated activities

The response calculation procedure presented in Section 6.3.2 is illustrated for the four
investigated activities. The objective is to elaborate simplified charts allowing to predict RMS
accelerations for the most encountered cases in practice.

For each load harmonic i, a normalized RMS acceleration a,,, ; is obtained from Eq. (6.24) by
eliminating all proportional factors (not characterizing the harmonic) as follows:

az . = {M—f} az . (6.26)
rms,1 7/N (251;':1) rms,1
which gives, after substitution:
2 a’i®
o [16;;4 ( £2 —(if, )2)2 + (877 fif, )Z} 627

The total normalized RMS acceleration a,,, is then deduced by:

’ 3
arms = Zarzms,i (628)
i=1

The response is calculated for the most frequent rhythmic load case. Hence, the load parameters
(including the excitation frequency fp) are the identified mean values taken from Table 4.5. In
addition, coefficients ai (i={1, 2, 3}) are provided in Table 4.4, whereas coordination factors
are given in Table 5.6 for the considered activity.

Similarly to earthquake engineering [14], the response charts represent the variation of floor
accelerations with respect to the natural frequency for fixed values of damping ratios. The
damping ratio of most floors ranges between 1 and 4%, as proposed by design guidelines for
floor vibration analysis ([40], [63], [81]). Therefore, response charts are established for four
values of damping ratio: 1%, 2%, 3% and 4%.

For each damping ratio and rhythmic activity, the simplified charts are established by varying
the natural frequency f; and calculating the corresponding normalized RMS accelerations given
by Eq. (6.28). The interval of variation of f1 should represent floors satisfying the first condition
of Section 6.3.1, and is thus taken between 2 and 10Hz (with a step of 0.01Hz). Figure 6.6
illustrates obtained response charts for the four investigated rhythmic activities.
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Figure 6.6: Total normalized RMS acceleration against floor natural frequency

For all investigated activities, maximum normalized RMS accelerations a,.,,, occur at each of
the three harmonics of the load due to resonance, whereas a gradual decrease of the response is
noticed between two harmonics. This is similar to the effects noticed in the sensitivity study
carried out in Section 6.2.2.1 for the general method. Moreover, the increase in floor response
for lower damping ratios takes places with a sharper resonant peak allowing faster reduction of
the response away from the three harmonics of the load.

Knowing the damping ratio and the natural frequency of the floor along with additional
parameters characterizing Eq. (6.26), a simplified estimation of RMS acceleration arms could
then be made for each rhythmic activity considering the most probable floor vibration case by:

J257, f2
a, =VOIN D g (6.29)
Ml

rm:
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6.3.4 Sensitivity study

The accuracy of the simplified method in terms of floor responses is assessed in comparison
with the general method presented in Section 6.2. The same floor configuration used in the
sensitivity study of Section 6.2.2 is adopted here. This floor meets the requirements of
Section 6.3.1 for the application of the simplified method considering the fundamental mode.

The duration of each activity is considered equal to 30s, with a time step of 0.0078s and a
uniform body mass of individuals equal to 75kg. Corresponding coordination factors are
provided in Table 5.6.

The modal properties of the floor, together with the load parameters of the four analysed
rhythmic activities, are generated using the same instructions as for Section 6.2.2.2. For each
set of parameters and investigated activity, RMS responses are calculated at centre for 1, 2, 4,
8 and 16 individuals uniformly distributed over the floor, using both the general method (see
Section 6.2.1) and the simplified method (see Section 6.3.2). RMS acceleration results, in terms
of mean values and standard deviations for the four studied activities, are presented in
Appendix C.2. As an illustration, Figure 6.7 displays mean RMS accelerations against crowd
size obtained for both methods after varying the excitation frequency f, of “jumping 17 activity.

—*—General method
—+—Simplified method

-
N
T

Y
T

0.8

o
=2
T

RMS acceleration (m/s?)

o
~
T

0.2

L L L L L L L L
0 2 4 6 8 10 12 14 16
Crowd size

Figure 6.7: Mean RMS accelerations against crowd size for the general and simplified method (after
varying the excitation frequency of “jumping 1)

The RMS acceleration difference between the two methods increases when the excitation
frequency is likely to cause resonance to the analysed floor. This could be attributed to the
concentration of energy in the closed-form expression (see Eq. (6.21)), which contributes to a
slight overestimation of responses in resonant cases whereas the inverse effect is observed when
resonance does not occur [88]. For the investigated activities, the mean excitation frequency of
“jumping 17 (f,=2.36Hz) leads to a third harmonic close to the floor fundamental frequency
(fr~=7Hz), whereas the latter natural frequency is close to the second harmonic of “skipping 1”
(f,=3.26Hz). Maximum differences then occur for “jumping 1 and “skipping 1” for jumping
and skipping activities, respectively. Moreover, the same relative difference between RMS
accelerations is maintained by crowd size for each activity and set of parameters. This means
that the accuracy of the simplified method would not change even when used for larger crowds.
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From an overall point of view, the simplified method provides slightly conservative responses
than the general method (with more fluctuated values). This is due to the difference between
the exponential and bilinear functions in terms of load energy as outlined in Section 6.3.2.
However, a good agreement of RMS responses is observed between the two methods (with a
relative difference between 2.5% and 12.6%), thus confirming the application of the simplified
method for the calculation of floor responses due to investigated activities. This method could
then be used by engineers to have a quick estimation of the response of floors subjected to
crowd-rhythmic activities.

6.3.5 Recommended parameters
6.3.5.1 Load parameters

The range of PSD load parameters for each investigated rhythmic activity is given in Table 4.5.
However, their choice depends on the comfort level agreed by the stakeholders.
Recommendations for this regard detailed in Section 4.3.2.2 for a general response evaluation
are also applied to the simplified method. The same potential load case scenarios are considered
for design: usual/mean load case (related to the most frequent situation) or occasional/maximum
load case (causing the highest floor responses).

6.3.5.2 Modal shape and distribution of individuals

Presuming that the modal shape of the floor is not provided, it is recommended to use the
classical sinusoidal shape ®(x,y) given by Eq. (6.10) reminded below:

_sin| 7% Jsin[ 7Y
d(x,y) _sm( L Jsm( L J

where Ly and Ly are the length and width of the floor, respectively.

When performing rhythmic activities, individuals can be distributed in several ways [43]. This
includes uniform, interval, triangular or diagonal line distributions, as can be seen in Figure 6.8.
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(c) Triangular distribution (d) Diagonal line distribution

Figure 6.8: Potential distributions of individuals on a floor structure [43]

However, the uniform distribution is more likely to be encountered in real situations of rhythmic
activities. Moreover, when adopting this distribution, the sinusoidal shape enables to have a
stepwise decrease of modal amplitudes related to excitation positions for an increasing crowd
size (as outlined in Section 5.5.1). In case no specific positions of rhythmic activities are defined
by the stakeholders, a distribution having the latter property is thus suggested for response
prediction. As remarkable differences of responses are noticed with stepwise changes of crowd
size [31], proposed positions are made for 1, 2, 4, 8, 16, 32 and 64 individuals, as illustrated in
Figure 6.9. An area of 3x2m2 is occupied by each person for crowd sizes between 1 and 4,
against an area of 2x1.5m2 for crowd sizes between 8 and 64. The same distribution could be
applied to other numbers of individuals using the previous areas per person.
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Figure 6.9: Proposed distribution of individuals for floor response prediction (coordinates of

excitation positions in green)

6.3.5.3 Verification on the floor specimen

The response using recommended modal shape and distribution of individuals was compared
against their experimentally determined counterparts for the laboratory floor presented in
Chapter 3 (satisfying the conditions of Section 6.3.1). The same conditions as those listed in
Section 5.4.2 were adopted for that purpose, and the simplified method presented in
Section 6.3.2 was used to calculate the response of the floor. The switch from the experimental
to the suggested modal shape (given by Eq. (6.10)) was analysed first, and resulting RMS
responses for the four investigated activities are summarized in Table 6.4.

RMS acceleration (m/s?)

Activity Modal shape 1 > 4 3 16
Jumping 1 Experimental  0.160 0.210 0.348 0.455 0.739
Recommended 0.183 0.252 0.406 0.482 0.727
Jumping 2 Experimental  0.219 0.259 0.390 0.473 0.732
Recommended 0.251 0.311 0.455 0.500 0.720
Skipping 1 Experimental 0.0840 0.106 0.151 0.156 0.188
Recommended 0.0962 0.127 0.176 0.165 0.185
Skipping 2 Experimental  0.180 0.244 0.373 0.411 0.533
Recommended 0.206 0.293 0.435 0.435 0.524

Table 6.4: Effect of modal shape on RMS acceleration by crowd size

It can be seen that RMS accelerations between the experimental and recommended modal
shapes are close. The maximum relative difference is 20%. This difference is proportional to
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the modal amplitudes, which is higher for the simplified modal shape for all numbers of
participants except 16.

However, when using the simplified modal shape, the RMS response for the case of 8 persons
is lower or equal to that of 4 persons for skipping activities. This unacceptable tendency is due
to the fact that individuals are not distributed in an exactly symmetrical way in experiments,
which leads to modal amplitudes much lower for the case of 8 persons compared to those for 4
persons. Instead, the suggested distribution presented in Figure 6.9 was used for both modal
shapes. Corresponding RMS responses for all investigated activities are provided in Table 6.5.

RMS acceleration (m/s?)

1 2 4 8 16
Experimental 0.201 0.242 0.320 0.496 0.801
Recommended 0.204 0.264 0.354 0.515 0.742
Experimental 0.274 0.299 0.358 0.516 0.793
Recommended 0.278 0.326 0.397 0.535 0.735
Experimental 0.105 0.122 0.139 0.170 0.204
Recommended 0.107 0.133 0.154 0.176 0.189
Experimental 0.226 0.281 0.342 0.448 0.577
Recommended 0.229 0.307 0.379 0.465 0.535
Table 6.5: RMS acceleration by crowd size assuming proposed distribution of individuals

Activity Modal shape

Jumping 1

Jumping 2

Skipping 1

Skipping 2

The switch from the experimental to the proposed distribution of individuals contributes to
higher RMS responses for all crowd sizes except for the case of 4 persons. However, the
maximum obtained relative difference is 11%, indicating close values between the two cases of
modal shapes. It is also noticed that when using both recommended modal shapes and
distribution of individuals, the trend of RMS responses against crowd size is corrected
especially between 4 and 8 persons for skipping activities compared to that presented in Table
6.4. This confirms the usage of such recommendations in the calculation of the response of the
analysed floor.

6.3.6 Steps for application of the simplified method

Based on the information provided thus far, the procedure for predicting the structural response
of floors using the simplified method can be divided into the following six steps:

(1) Determine dimensions and modal properties of the floor related to the fundamental
mode (natural frequency, modal mass, damping ratio) after verification of the conditions
presented in Section 6.3.1.

(2) Define the number of individuals N and their body mass (use 75kg otherwise).

(3) Define the rhythmic activity and the equivalent PSD load model Spn( f) (provided by
Eq. (6.1)). The instructions detailed in Section 6.3.5.1 are applied for the choice of load
parameters (considering usual/mean or occasional/maximum load cases).

(4) Calculate the mean amplitude of modal shape related to excitation positions. Adopt the
suggested distribution for the N individuals from Figure 6.9 in case of no pre-determined
positions. Use the proposed modal shape (given by Eq. (6.10)) if unknown.

(5) Specify a position for the evaluation of the response, then compute the response variance
of each harmonic with Eq. (6.24) using the procedure presented in Section 6.3.2.

(6) Deduce the floor RMS acceleration by Eq. (6.25).
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6.4 lllustrative example for response prediction

The simplified method detailed in Section 6.3 is applied to an existing floor structure in order
to illustrate the procedure of calculating the acceleration response due to rhythmic activities
including jumping and skipping.

6.4.1 Presentation of the structure

The existing building is composed of one storey open-plan office (along with the ground floor),
as shown in Figure 6.10. The investigated structure is a steel-concrete composite floor located
at the first storey, with a total area of 28.5x13.5m?2.

Ceilin
9 I I I I I I I I I
1st
floor IPE300 IPE300 IPE300 IPE300 IPE300 IPE300
I I I I I I I

GF }g
i ad o

2750 4400 4383 I 4417 4400 4400 3780

Figure 6.10: Inside layout of the existing building (dimensions in mm)

The analysed area comprises a 120mm thick composite concrete deck, with 0.75mm thick
profiled steel sheet of Cofraplus 60 type. The composite floor is supported underneath by
welded I-beams, and the connection is achieved by shear studs with 19mm diameter and 200mm
height. The secondary beams have a 490x5 web and 140x10 flanges, except for one beam which
has a 490x5 web and 140x15 flanges. The primary beams are formed of hot-rolled IPE330 at
the upper part and IPE300 at the lower part. The columns are made of hot-rolled IPE330. All
beams are considered to be simply supported. Figure 6.11 illustrates a plan view of the analysed
floor. The class of concrete used in the deck is C25/30 and the steel grade adopted in the other
structural members is S275 for hot-rolled profiles and S355 for welded I-beams.
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Figure 6.11: Plan view of the analysed floor (dimensions in mm)

6.4.2 Modal analysis

The floor structure is modelled by the Finite Element Method using ANSYS. A FEM
configuration similar to that adopted for the floor specimen (see Section 3.2.2) is used in this
case, and the corresponding model is shown in Figure 6.12.

ELEMENTS ANSYS

2019R3

OoCT 27 2022
12:50:33

Figure 6.12: FEM model of the analysed floor

Modal analysis is performed using Block-Lanczos eigenvalue extraction method. Results for
the fundamental mode are given in Table 6.6. The damping ratio of 3% is taken for the
investigated floor according to related design guidelines ([40], [63], [81]).
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Parameter Natural frequency (Hz) Modal mass (t) Damping ratio (%)
Value 3.40 24.62 3
Table 6.6: Modal properties of the analysed floor

Corresponding modal shape is illustrated in Figure 6.13, which is close to a regular sinusoidal
shape. Assuming that the response of the floor is majorly governed by its fundamental mode of
vibration, the simplified response evaluation method could then be applied when the floor is
subjected to crowd-rhythmic activities.

ANSYS
NODAL SOLUTION 2019 R3
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FREQ=3.39599 10:08:48
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Figure 6.13: Fundamental modal shape of the analysed floor

6.4.3 Evaluation of floor acceleration

As the floor presents a large surface, the acceleration response is evaluated for a number of 1,
2,4, 8, 16, 32 and 64 individuals. The duration of the rhythmic activity is considered equal to
30s with a maximum frequency of 10Hz. The simplified method detailed in Section 6.3 is
applied to the four investigated rhythmic activities and the above crowd sizes.

For the sake of clarity, only the case of 16 individuals performing jumping jack (“jumping 1)
is selected to illustrate the response prediction steps proposed in Section 6.3.6. Calculation
results related to each step are summarized as follows:

(1) Dimensions: Lx=28.5m, Ly=13.5m;
Modal properties: f1=3.40Hz, M1=24.62t, £&1=3%.

(2) Rhythmic excitation by 16 individuals, each having a body mass of 75kg. The
distribution suggested in Section 6.3.5 is adopted and corresponding positions are
shown in Figure 6.14.
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Figure 6.14: Positions of 16 individuals for response prediction (dimensions in mm)

(3) Rhythmic activity: “jumping 17, usual/mean load case (see Section 4.3.2.2);
Parameters of the equivalent PSD load model (see Table 4.5): f,=2.36Hz, a=4.64,
0=0.035Hz, ai=[1, 0.6, 0.25], C(N)=0.44+0.56/N.

(4) The modal shape recommended in Section 6.3.5 is used, which resulted in amplitudes
given in Table 6.7. The mean amplitude is ®,=0.9.

y x| 11.25 13.25 15.25 17.25
9 P13(0.82) P14 (0.86) P15(0.86) P16 (0.82)
75 P9 (0.93) P10(0.98) P11(0.98) P12 (0.93)
6 P5(0.93) P6(0.98) P7(0.98) P8 (0.93)
45 P1(0.82) P2(0.86) P3(0.86) P4 (0.82)

Table 6.7: Excitation modal amplitudes for 16 individuals (coordinates in m)

(5) The response is evaluated at the floor centre (®,=1). The RMS acceleration arms,i for
each harmonic i is computed by Eq. (6.24):
8., =7, a2 (2i5) (if,)* [H,Gf,)|

where:
Yy = (27r)4 [16(3(16)rﬁgoz]2 O D}
. 1
[H, if,)| =

M? [167;4( f2 —(ifp)z)

which gives, after numerical substitution:

2

(872 Aif, )Z}

_ 30284’ i

Qs & 2
| [(457-220?) +361i2}
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(6) Using the above equation for the three harmonics of the load, the floor RMS acceleration
arms IS deduced by Eq. (6.25):

3
Qs =, 8%, ; ~+/0.0536+0.1934+0.0198 = 0.517m / 52

ms,i
i=1

6.4.4 Assessment of human comfort

The method detailed earlier for 16 individuals performing “jumping 17 is applied to the other
rhythmic activities and crowd sizes (see Section 6.4.3), and resulting RMS responses are
summarized in Table 6.8. The criterion of the SCI P354 guideline [81], based on the evaluation
of RMS accelerations, is adopted for the assessment of human comfort. The RMS response
limit proposed by this guideline is 0.6m/s? for floors subjected to vertical vibrations induced by
crowd movements, related to a response factor of 120 (see Table 2.10).

RMS acceleration (m/s?)
1 2 4 8 16 32 64

Jumping1 0.0757 0.106 0.169 0.295 0.517 0.901 1.354
Jumping2 0.125 0.157 0.228 0.370 0.616 1.045 1.547
Skipping1l 0.272 0.365 0.501 0.690 0.898 1.625 2.491

Skipping 2 0.0537 0.0774 0.114 0.168 0.234 0.419 0.642

Table 6.8: RMS acceleration by crowd size for the four investigated activities (regarding human
comfort to vibrations, green accelerations are acceptable, red accelerations are unacceptable)

Activity

Maximum RMS responses occur at “skipping 17, since the excitation frequency of this activity
(3.26Hz) is the closest one to the fundamental natural frequency (3.4Hz) among investigated
activities, thus leading to a resonant regime at the first harmonic of the load. This makes
unacceptable accelerations to appear at a relatively small crowd size (beginning from 8
individuals). Conversely, “skipping 2” presents the minimum RMS responses which are all
acceptable towards human comfort except for 64 individuals. In fact, this activity is performed
under an excitation frequency lower than “jumping 2” and has coordination factors lower than
“jumping 1”. Response amplitudes for both jumping activities range between those obtained
for skipping ones, with an exceedance of the acceleration limit starting from 16 and 32
individuals for “jumping 2” and “jumping 17, respectively. In general, the floor presents
tolerable levels of acceleration due to crowd-rhythmic activities for up to 16 persons, and
remedial measures must be undertaken to reduce the response of the floor when subjected to
larger crowd sizes.

6.5 Conclusions

This chapter introduces practical methods for the evaluation of floor responses when subjected
to crowd-rhythmic activities. Firstly, a general method to predict the response of multi-modal
floors is proposed. This method is based on the equivalent rhythmic load model established in
Section 5.5 along with the random vibration theory. A sensitivity study is then carried out by
varying the PSD load parameters and the floor modal properties, indicating that the response is
mainly dependent on the frequency of the performed activity and the natural frequency of the
floor. Slight differences are also noticed between the exact and general methods in terms of
accelerations. Secondly, a simplified method for the evaluation of the response of single-mode
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floors due to rhythmic activities is established, based on an approximation of the exponential
function representing the PSD load model. A sensitivity study carried out on this method reveals
slightly conservative accelerations compared to those obtained by the general method
(maximum relative difference of 12.6%). Recommended modal shapes and distributions of
individuals over the floor are also provided for the implementation of this method if undefined.
The steps for application of the simplified method are finally illustrated on an existing floor
structure for up to 64 individuals performing the four investigated rhythmic activities.
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7 Conclusions and recommendations for future
work
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This thesis covered various aspects concerning the vibration analysis of floor structures
subjected to crowd-rhythmic activities. The major aim was to establish a robust and user-
friendly load model followed by a practical method for the evaluation of the floor response.
The main conclusions of the present study are summarized in this chapter, and
recommendations for future work are then suggested.

7.1 Main conclusions

Seeking for a reliable load model for rhythmic activities, a modelling approach in the frequency
domain was adopted by means of simplified Power Spectral Density (PSD) functions. In
comparison with time domain load models, this spectral model had the advantage to excite
multiple natural modes simultaneously, which is appropriate for floors having multiple bays or
panels. “Intra-subject variability” was also considered in the proposed model, as it had a bell
shape allowing a spread of energy (leakage) in the vicinity of the peak of each harmonic. This
makes responses to be evaluated more accurately in resonant and non-resonant cases compared
to time domain models characterized by sharp peaks at each harmonic of the load. The
identification of PSD load parameters from measured forces due to a single person was made
by the least-squares method, more straightforward for such nonlinear optimization problems.
The adoption of this technique allowed for the entire signal record to be used resulting in the
consideration of the intra-subject variability effects during the rhythmic action. Coordination
factors were derived from the best-fit curves describing the variation of crowd RMS forces
against crowd size. The combination of the two elements cited above resulted in the total
spectral load model, which is simpler to handle compared to a classical random field model.

In order to determine the parameters of the load model described earlier, a first test campaign
was conducted on a floor specimen designed to have only one mode excited by human-induced
loads (with a natural frequency below 10Hz). This included Experimental Modal Analysis and
human-induced vibration tests. Four rhythmic activities were investigated (jumping jack, quick
jumping, skipping on feet toes, skipping on feet soles), with groups of up to 16 uniformly
distributed individuals. Participants were asked to move comfortably while subjected to audible
and visual stimulus to be as close as possible to real life situations. Both forces and displacement
responses were recorded during activities. Although resulting PSD load models were influenced
by the type of coordination stimulus, the consideration of multiple activity windows enabled to
have an interval of variation for each load parameter (mean + standard deviation). This allowed
the usage of identified load models for similar situations. In the present case, obtained
parameters were quite different among the four rhythmic activities. The load energy was rather
concentrated at the peaks of each harmonic, except for quick jumping where a spread of energy
is noticed. The amplitude had the highest variability as the impact on the floor differs at each
sequence of activity. Recommendations regarding the definition of load parameters for design
purposes were then provided depending on the considered comfort level (to be determined by
the stakeholders). Furthermore, coordination factors were found to exhibit a hyperbolic
decrease with respect to crowd size for jumping activities (see Figure 4.16(a)) against lower
values for skipping activities characterized by an exponential decrease (see Figure 4.16(b)). The
contact mode of the foot on the floor had an impact on the crowd synchronization as
coordination factors were higher for skipping on soles compared to skipping on toes. The crowd
PSD load models were then used to determine RMS displacements on the floor specimen. The
mean relative difference between numerical and experimental responses was found between
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7.2% and 21.8% for the four investigated activities. This was due to variabilities noticed both
during experiments and throughout the load identification process.

An experimental investigation of a full-scale floor structure was realized afterwards, so that the
previously developed spectral load models could be verified and their scope extended. After
carrying out Experimental Modal Analysis, a number of up to 32 individuals performed
rhythmic activities on the floor, adopting the same protocol as for the laboratory floor, and
corresponding accelerations were measured. The calculation of RMS accelerations using the
established PSD load models and the dominant modal basis resulted in comparable responses
related to their experimental counterparts (the mean relative difference was 9.8% and 17.5%
for jJumping and skipping, respectively). Discrepancies could be attributed to the variation of
motion from an activity window to another, or to the slight difference in the coordination
stimulus between the two experiments. Furthermore, it was verified that the scope of
coordination factors for jumping activities could be extended for up to 32 individuals using the
hyperbolic functions. However, coordination factors related to skipping activities, expressed by
power functions for up to 16 individuals, were found to be characterized by a constant plateau
between 16 and 32 persons in order to have responses in the same order of measurements.

Equivalent Dynamic Load Factors (DLFs) were then computed to compare the proposed PSD
load models with existing time domain load models. This revealed comparable DLF amplitudes
for the first harmonic, but greater DLFs were obtained for higher harmonics since the energy
content within harmonics had a larger width by harmonic order. The proposed model thus
adequately considers the load effects due to “intra-subject variability”. Moreover, three groups
of existing coordination factors were found for jumping activities (linear decrease followed by
a plateau, power decrease, and gradual decrease by crowd size). Suggested factors were close
to the third group with less-conservative values. Conversely, a further power trend was used in
the proposed models for skipping activities leading to higher coordination factors for larger
crowds compared to the existing model due to the presence of the plateau beginning from 16
persons. On the other hand, comparison with the predictions of the proposed PSD load models
with three of the most relevant time domain models in the literature confirmed the advantages
of the spectral modelling approach in terms of response accuracy (less-sensitivity to excitation
frequency and resonant cases, excitation of multiple closely spaced natural modes). Comparison
with an existing random field model also indicated that the experimental coordination has a
noticeable effect on the floor responses, which was effectively considered in the proposed
model especially for larger crowds (despite more conservative responses for smaller groups).

In the floor specimen, RMS displacements exhibited a stronger decrease against crowd size
compared to RMS forces. This was attributed to the reduction of the mean amplitudes of
fundamental modal shape at excitation positions for an increasing number of participants. An
equivalent load model for crowd-rhythmic activities was then proposed with regard to this
observation, followed by a general method to predict the response of multi-modal floors based
on the random vibration theory. A sensitivity study was made by varying the PSD load
parameters and the floor modal properties, indicating that the response is mainly dependent on
the frequency of the performed activity and the natural frequency of the floor. Slight differences
were also noticed between the exact method (using the initial PSD load model formulation) and
the general method in terms of accelerations. In addition, a simplified method for the evaluation
of the response of single-mode floors due to rhythmic activities was established, based on an
approximation of the exponential function representing the PSD load model. A sensitivity study
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carried out on this method provided slightly conservative accelerations compared to those
obtained by the general method (relative difference between 2.5% and 12.6%). Recommended
modal shapes and distributions of individuals over the floor were also provided for the
application of this method if undefined.

Both general and simplified response prediction methods could be implemented in a software
to be simply used by engineers. After defining vibration acceptance criterion by the
stakeholders, the proposed methods could then be used to quickly assess building floors for
human comfort when exposed to crowd-rhythmic activities. The findings of this research might
also represent a first step in the inclusion of this type of methods in the forthcoming editions of
Eurocodes for practical application.

7.2 Recommendations for future work

The proposed spectral load models could be used for the four investigated rhythmic activities
which are one of the most encountered activities in practice. However, they are only applicable
in their experimental range of excitation frequency (presented in Table 4.5), with a low density
of occupants (inferior to 0.3 person/m?) and crowd sizes between 1 and 32.

Based on studies performed during this research, recommendations for future work can be
summarized as follows:

e In order to enlarge the scope of the proposed load models, supplementary tests should
be carried out with other coordination stimulus encountered in real life and larger crowd
sizes than the maximum number of 32 individuals adopted in this work. The density of
the group could be analysed in moderate or high cases (more than 1 person/3m?
investigated here). Full-scale structures having various geometrical and material
properties might also be tested to later verify the proposed models.

e In the same context, in case when conservative results in terms of crowd-induced loads
are needed, people who are familiar and experienced to synchronize their motion in a
group should be involved.

e A further verification of the suggested load models could be made by monitoring
existing floors during real-life events (fitness sessions at gymnasiums, football matches
at grandstands, etc.). After determining the modal properties of the floors, accelerations
might be measured for a long period of time. Corresponding loads could also be
obtained by means of inverse identification techniques.

e Additional rhythmic activities might be investigated such as bouncing, aerobics, foot-
stamping, hand-clapping, etc. On the other hand, human activities performed in a
random way (walking and running for example) could also be analysed since they are
more likely to occur in many floors (hospitals, public transport venues, commercial
centres, etc.). In that case, spectral load models usually include a combined time and
spatial characterization of the crowd motion.

e The relation between the crowd and the structure was assumed independent. However,
the presence of the crowd might alter the dynamic properties of the floor (mainly in
terms of natural frequency and damping) and the movement of the group might be
influenced if the structure is moving perceptibly. These are some effects of the human-
structure interaction phenomenon that could be further investigated.
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Appendix A: Constructional details related to the laboratory floor

A.1l. Connection details

Details are presented for the four connection types used in the laboratory floor.

The column bases were pinned and placed on a mortar to obtain a uniform surface. Load cells
were placed between two 300x300x30 and 300x300x20 plates to measure compressive forces,
whereas lateral forces were supported by four rods with diameter of 20mm. Distribution of the
loads to the ground was made by 650x650%40 plates. Four cleat angles were placed two at each
direction to restrain horizontal displacements. This connection is presented in Figure A.1 for
column B2. Other columns were connected using the same technique detailed earlier, but had

variable heights (see Table 3.1).
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(c) Section B-B
Figure A.1: Column base connection

Connections between primary beams and columns were achieved by four M24 class 8.8 bolts
(see Figure A.2). They were fixed between the lower flange of each primary beam and a
270%x270x20 steel plate located at the upper part of each column. This connection was assumed
rigid.
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(c) Section B-B
Figure A.2: Connection between primary beams and columns

Connections between edge secondary beams and primary beams were made by two
150x400x20 steel plates and four M16 class 8.8 bolts (see Figure A.3). Two stiffeners were
placed between the web of each primary beam to guarantee an efficient and rigid connection.
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(b) Section C-C
Figure A.3: Connection between edge secondary and primary beams

Connections between intermediate secondary beams and primary beams were realized by
70x70x7 double web cleat angles (see Figure A.4). Six M16 class 8.8 bolts connected the web
cleat to the secondary beam, and the cleats to the primary beam, respectively.
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Figure A.4: Connection between intermediate secondary beams and primary beams

A.2. Floor construction stages

Floor construction begins with assembling all structural elements using connections detailed in

Section A.1. Figure A.5 illustrates two of the realized connections.

(@) Column
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(b) Edges beams
Figure A.5: Realized connections

The second stage is to weld shear connectors to primary beams (with a spacing of 200mm) and
secondary beams (with a spacing of 207mm) as can be seen in Figure A.6.

Figure A.6: Shear connectors welded to beams

The third stage is to put the steel decking profile on the floor elements (see Figure A.7). Shear
connectors of the secondary beams were located between the ribs of the steel sheet. Curbs with
2mm thickness and 150mm height were also mounted on the four edges in order to delimit the
concrete surface.
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Figure A.7: Floor with steel decking profile

The final stage is to prepare the reinforced concrete slab with ST25C steel mesh and C25/30
class concrete to have a 15cm thick composite slab (see Figure A.8).

Figure A.8: Floor with composite slab
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A.3. Concrete properties

Specifications of concrete used in the floor specimen are summarized in Table A.1.

Specification Value
Standard BPS NF EN 206/CN
Class C25/30
Exposition XC1 (F)
Chloride CI (0.4%)
Dmax 16mm
Consistency S4

Cement CEM 11/ A-LL 425 N CE CP2 NF
Table A.1: Concrete specifications

Six cylinders were taken during concrete casting, three of them were tested to get compressive
strength and three others to determine Young’s Modulus. Both tests were realized 28 days after
the casting. The results are presented in Table A.2.

Compressive strength (MPa)  Young’s modulus (GPa)

Test number

Test value Mean Test value Mean
1 29.6 27.8
2 29.7 29.8 26.9 28.1
3 30.2 29.6

Table A.2: Concrete compressive strength and Young's modulus
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Appendix B: Numerical accelerations using several rhythmic load models

The present appendix is a complement to the comparison made between the proposed PSD load
models and the existing time domain models described in Section 5.4.2. Calculated acceleration
responses (mean * standard deviation) using the previous load models are presented. All
investigated rhythmic activities were considered, for either the laboratory/single-mode floor or
the parking/multi-modal floor in Section B.1 and B.2, respectively.

B.1. Calculated accelerations for a single-mode floor

RMS acceleration for “jumping 1 (m/s?)

Load model 1 > 4 3 6
Proposed model  0.154+0.037 0.202+0.049 0.334+0.081 0.439+0.11 0.709+0.17
Ellisand Ji [31] 0.0954+0.023 0.140+0.034 0.233+0.056 0.281+0.068 0.395+0.096

Faisca[39]  0.151#0.037 0.258+0.062 0.466+0.11 0.597+0.14  0.932+0.23
ISO 10137 [45]  0.10620.026 0.193+0.047 0.395+0.096 0.567+0.14 0.875+0.21

RMS acceleration for “jumping 2 (m/s?)

Load model 1 > 4 3 6
Proposed model 0.223+0.054 0.264+0.064 0.396+0.096 0.483+0.12 0.742+0.18
Ellisand Ji [31] 0.101+0.024 0.150+0.036 0.251+0.061 0.308+0.075 0.43820.11

Faisca[39]  0.173+0.042 0.296+0.072 0.536+0.13 0.686+0.17 1.071+0.26
ISO 10137 [45] 0.079+0.019 0.144+0.035 0.295+0.072 0.424+0.10 0.659+0.16

RMS acceleration for “skipping 1” (m/s?)

Load model 1 > 4 3 16
P;‘]’ggZ‘fd 0.0794+0.019 0.100+0.024  0.142+0.035 0.147+0.036 0.177+0.043
'50[41%137 0.0436+0.011 0.0562+0.013 0.0815+0.020 0.0861+0.021 0.106+0.026

RMS acceleration for “skipping 2’ (m/s?)

Load model 1 > 4 3 16
ng;ﬂd 0.173+0.042  0.234+0.057 0.356+0.086 0.396+0.096 0.509+0.12
|so[41é)]137 0.0507+0.012 0.0653£0.016 0.0947+0.023 0.100£0.024 0.123+0.030
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B.2. Calculated accelerations for a multi-modal floor

RMS acceleration for “jumping 1 (cm/s?)

Load model 1 2 4 3 16 3
Proposed model 5.55+2.4 11.9+4.7 18.7+7.4 26.2+11.4 48.2+21.1 68.9+35.9
Ellisand Ji [31] 3.71+1.7 8.75£3.6 14.6%6.1 20.8+9.4 34.0£15.3 46.1+23.7

Faisca [39] 3.38+1.2 9.33+x3.4 16.1+5.9 21.6£7.6 37.4+14.2 50.4+22.6
ISO 10137 [45] 4.27+2.0 11.945.0 23.4+9.8 37.7+x17.5 66.0+30.2 82.5+44.8

RMS acceleration for “jumping 2” (cm/s?)

Load model 1 > 4 3 16 Y
Proposed model 9.17+2.9 12.0+4.1 17.8459 21.148.2 24.6+15.1 45.8+14.6
Ellisand Ji [31] 4.36%2.1 8.06+4.2 13.7+7.2 16.9+9.6 22.3+15.6 33.5+12.9

Faisca [39] 5.79+1.9 12.3+x4.4 21.7x7.6 24.7+10.2 33.4+20.0 56.1+21.1
ISO 10137 [45] 3.99+2.2 8.91+5.2 17.8£10.3 24.5+15.5 32.6+£26.9 43.3+20.4

RMS acceleration for “skipping 1” (cm/s?)

Load model 1 > 4 8 16 2
Proposed model 2.48+0.7 3.65+1.2 4.98+1.7 6.47+2.1 7.86+3.1 14.8+4.8
ISO 10137 [45] 2.44+0.8 3.81+1.3 5.39+19 7.38+2.4 9.18+3.3 12.1+3.7

RMS acceleration for “skipping 2” (cm/s?)

Load model 1 > 4 8 16 0
Proposed model 2.04+0.7 3.75£1.8 5.36x2.5 5.94+25 7.19+2.7 14.2+4.3
ISO 10137 [45] 1.21+0.4 2.30+1.0 3.14+1.3 3.43+1.2 4.02+1.4 4.40+1.2
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Appendix C: Sensitivity study results

This appendix summarizes the findings of the sensitivity studies performed in Chapter 6 for the
four investigated rhythmic activities. The floor responses are given in terms of RMS
accelerations (mean * standard deviation). Numerical results are presented for the general and
the simplified method in Section C.1 and C.2, respectively.

C.1. Results for the general method

The response of the floor was calculated using the instructions presented in Section 6.2.2 using
two different methods:

e The exact method using the exact PSD load model (see Section 4.2.4) and the
calculation procedure presented in Section 2.6.2;

e The general method using the equivalent load model (see Section 5.5) and the
calculation procedure detailed in Section 6.2.1.

The next tables present resulting RMS accelerations by crowd size. For each set of parameters,
the upper line is obtained by the exact method and the lower line by the general method.

Investigated
parameter

RMS acceleration for “jumping 1” (m/s?)

1

2

4

8

16

fo

0.225+0.101
0.225+0.101

0.308+0.138
0.308+0.138

0.458+0.205
0.459+0.206

0.746+0.334
0.748+0.335

1.238+0.555
1.239+0.555

a

0.384+0.034
0.384+0.034

0.526+0.047
0.526+0.047

0.783+0.070
0.784+0.070

1.275+0.113
1.278+0.114

2.116+0.188
2.117+0.188

0

0.382+0.028
0.382+0.028

0.523+0.039
0.523+0.038

0.779+0.057
0.780+0.057

1.268+0.093
1.270+0.093

2.104+0.154
2.105+0.154

fp, a, 0

0.223+0.098
0.223+0.098

0.305+0.134
0.305+0.134

0.455+0.199
0.455+0.200

0.740+0.325
0.742+0.325

1.228+0.539
1.229+0.539

fn

0.167+0.171
0.167+0.171

0.228+0.235
0.228+0.234

0.340+0.349
0.340+0.350

0.553+0.568
0.554+0.569

0.918+0.943
0.918+0.944

0.346+0.418
0.346+0.418

0.473+0.573
0.473+0.572

0.704+0.853
0.706+0.854

1.147+1.389
1.149+1.391

1.903+2.305
1.904+2.306

0.255+0.213
0.255+0.213

0.350+0.291
0.349+0.291

0.521+0.434
0.521+0.435

0.848+0.706
0.849+0.708

1.407+1.172
1.407+1.173

fn; ng 6

0.144+0.242
0.144+0.242

0.198+0.331
0.197+0.330

0.294+0.492
0.295+0.493

0.479+0.802
0.480+0.803

0.795+1.331
0.795+1.331

Lx, Ly

0.384
0.384

0.522+0.019
0.522+0.019

0.772+0.054
0.772+0.055

1.257+0.170
1.257+0.170

2.050+0.349
2.051+0.349
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Investigated
parameter

RMS acceleration for “jumping 2” (m/s?)

1

2

4

8

16

fo

0.118+0.001
0.117+0.001

0.145+0.002
0.145+0.002

0.196+0.002
0.196+0.002

0.296+0.003
0.297+0.003

0.468+0.005
0.469+0.005

o

0.117+0.015
0.117+0.015

0.145+0.019
0.144+0.019

0.195+0.026
0.196+0.026

0.295+0.039
0.296+0.039

0.466+0.061
0.467+0.061

)

0.116+0.020
0.116+0.019

0.144+0.024
0.144+0.024

0.194+0.033
0.194+0.033

0.293+0.049
0.294+0.049

0.464+0.078
0.464+0.078

fp, a, 0

0.120+0.036
0.120+0.036

0.148+0.045
0.148+0.045

0.200+0.061
0.200+0.061

0.302+0.092
0.303+0.092

0.477+0.145
0.477+0.145

fn

0.270+0.219
0.270+0.219

0.334+0.271
0.334+0.271

0.452+0.366
0.452+0.367

0.682+0.553
0.683+0.554

1.078+0.874
1.078+0.875

0.105+0.127
0.105+0.127

0.130+0.158
0.130+0.157

0.176+0.213
0.176+0.213

0.265+0.321
0.266+0.322

0.420+0.508
0.420+0.508

0.113+0.004
0.113+0.004

0.139+0.005
0.139+0.005

0.188+0.007
0.188+0.007

0.284+0.010
0.285+0.010

0.449+0.016
0.449+0.016

fn, M91 &j

0.240+0.453
0.240+0.453

0.296+0.560
0.296+0.559

0.400+0.756
0.401+0.757

0.604+1.141
0.605+1.144

0.955+1.804
0.955+1.805

Le/ Ly

0.117
0.117

0.144+0.005
0.143+0.005

0.193+0.014
0.192+0.014

0.291+0.039
0.291+0.039

0.452+0.077
0.452+0.077

Investigated
parameter

RMS acceleration for “skipping 17 (m/s?)

1

2

4

8

16

fo

0.124+0.019
0.123+0.019

0.163+0.025
0.162+0.025

0.208+0.032
0.209+0.032

0.267+0.041
0.267+0.041

0.329+0.051
0.330+0.051

a

0.121+0.007
0.121+0.008

0.159+0.010
0.159+0.010

0.204+0.013
0.204+0.013

0.261+0.016
0.262+0.016

0.323+0.020
0.323+0.020

0

0.121+0.011
0.121+0.012

0.159+0.015
0.159+0.015

0.203+0.019
0.204+0.019

0.261+0.025
0.261+0.025

0.322+0.031
0.322+0.031

fp, o, o)

0.127+0.039
0.127+0.039

0.167+0.052
0.167+0.051

0.214+0.066
0.214+0.066

0.274+0.085
0.275+0.085

0.339+0.104
0.339+0.104

fn

0.125+0.121
0.125+0.121

0.165+0.160
0.165+0.159

0.211+0.204
0.212+0.204

0.271+0.262
0.271+0.262

0.334+0.323
0.334+0.323

0.109+0.132
0.109+0.132

0.143+0.174
0.143+0.173

0.183+0.222
0.184+0.222

0.235+0.285
0.236+0.285

0.290+0.351
0.290+0.352

0.101+0.017
0.101+0.017

0.133+0.023
0.132+0.022

0.170+0.029
0.170+0.029

0.218+0.037
0.218+0.037

0.269+0.046
0.269+0.046

fn, ng é

0.113+0.213
0.113+0.213

0.149+0.281
0.149+0.281

0.191+0.360
0.191+0.360

0.245+0.461
0.245+0.462

0.302+0.569
0.302+0.569

Lx, Ly

0.121
0.121

0.158+0.006
0.158+0.006

0.201+0.014
0.201+0.014

0.258+0.035
0.258+0.035

0.313+0.053
0.313+0.053
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Investigated
parameter

RMS acceleration for “skipping 2” (m/s?)

1

2

4

8

16

fo

0.052+0.006
0.051+0.006

0.073+0.008
0.073+0.008

0.100+0.011
0.100+0.012

0.137+0.016
0.137+0.016

0.181+0.021
0.182+0.021

o

0.050+0.004
0.050+0.004

0.070+0.006
0.070+0.006

0.096+0.008
0.096+0.008

0.132+0.011
0.133+0.011

0.175+0.014
0.175+0.014

)

0.049+0.008
0.049+0.008

0.069+0.011
0.069+0.011

0.095+0.015
0.096+0.015

0.131+0.020
0.131+0.020

0.173+0.027
0.173+0.027

fp, a, 0

0.050+0.007
0.050+0.007

0.071+0.009
0.071+0.010

0.097+0.013
0.098+0.013

0.134+0.018
0.134+0.018

0.177+0.024
0.177+0.024

fn

0.111+0.120
0.111+0.120

0.157+0.169
0.157+0.169

0.216+0.232
0.216+0.232

0.297+0.318
0.297+0.319

0.392+0.421
0.392+0.421

Mg

0.045+0.054
0.045+0.054

0.063+0.076
0.063+0.076

0.087+0.105
0.087+0.105

0.119+0.144
0.119+0.144

0.157+0.190
0.157+0.191

¢

0.046+0.003
0.046+0.003

0.065+0.005
0.065+0.004

0.089+0.006
0.090+0.006

0.123+0.008
0.123+0.008

0.163+0.011
0.163+0.011

fn, M91 &j

0.099+0.157
0.099+0.157

0.140+0.222
0.139+0.222

0.191+0.305
0.191+0.305

0.263+0.419
0.264+0.420

0.348+0.554
0.348+0.554

Lx, Ly

0.050
0.050

0.070+0.003
0.069+0.002

0.095+0.007
0.095+0.007

0.130+0.018
0.130+0.018

0.169+0.029
0.169+0.029

C.2. Results for the simplified method

The response of the floor was computed according to the indications presented in Section 6.3.4.
For that purpose, the general method explained above was adopted together with the simplified
method (whose response is obtained using the instructions of Section 6.3.2).

The following tables provide calculated RMS accelerations by crowd size. For each set of
parameters, the upper line is obtained by the general method and the lower line by the simplified
method.
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Investigated
parameter

RMS acceleration for “jumping 17 (m/s?)

1

2

4

8

16

fo

0.225+0.101
0.236+0.115

0.308+0.138
0.322+0.157

0.459+0.206
0.481+0.234

0.748+0.335
0.783+0.381

1.239+0.555
1.298+0.631

o

0.384+0.034
0.421+0.037

0.526+0.047
0.575+0.051

0.784+0.070
0.859+0.076

1.278+0.114
1.399+0.124

2.117+0.188
2.318+0.206

)

0.382+0.028
0.419+0.036

0.523+0.038
0.573+0.049

0.780+0.057
0.856+0.073

1.270+0.093
1.394+0.119

2.105+0.154
2.309+0.196

fp, a, 0

0.223+0.098
0.234+0.110

0.305+0.134
0.319+0.151

0.455+0.200
0.477+0.225

0.742+0.325
0.777+0.367

1.229+0.539
1.287+0.607

fn

0.167+0.171
0.175+0.181

0.228+0.234
0.239+0.248

0.340+0.350
0.356+0.370

0.554+0.569
0.580+0.602

0.918+0.944
0.961+0.998

0.346+0.418
0.378+0.458

0.473+0.572
0.518+0.627

0.706+0.854
0.772+0.935

1.149+1.391
1.258+1.523

1.904+2.306
2.085+2.524

0.255+0.213
0.261+0.186

0.349+0.291
0.357+0.254

0.521+0.435
0.533+0.379

0.849+0.708
0.868+0.618

1.407+1.173
1.437+1.024

fn, M91 &j

0.215+0.495
0.207+0.439

0.294+0.677
0.283+0.601

0.439+1.010
0.422+0.897

0.715+1.645
0.687+1.461

1.185+2.725
1.138+2.421

Lx, Ly

0.384
0.420

0.522+0.019
0.571+0.021

0.772+0.055
0.845+0.060

1.257+0.170
1.376+0.186

2.050+0.349
2.245+0.382

Investigated
parameter

RMS acceleration for “jumping 2” (m/s?)

1

2

4

8

16

fo

0.117+0.001
0.122+0.002

0.145+0.002
0.150+0.002

0.196+0.002
0.204+0.003

0.297+0.003
0.308+0.004

0.469+0.005
0.486+0.006

a

0.117+0.015
0.121+0.016

0.144+0.019
0.150+0.020

0.196+0.026
0.203+0.027

0.296+0.039
0.306+0.040

0.467+0.061
0.484+0.063

0

0.116+0.019
0.120+0.018

0.144+0.024
0.148+0.023

0.194+0.033
0.201+0.031

0.294+0.049
0.303+0.046

0.464+0.078
0.478+0.073

fp, o, o)

0.120+0.036
0.123+0.036

0.148+0.045
0.152+0.044

0.200+0.061
0.206+0.059

0.302+0.092
0.311+0.090

0.477+0.145
0.491+0.142

fn

0.270+0.219
0.274+0.253

0.334+0.271
0.339+0.312

0.452+0.367
0.459+0.423

0.683+0.554
0.693+0.639

1.078+0.875
1.094+1.008

0.105+0.127
0.109+0.132

0.130+0.157
0.135+0.163

0.176+0.213
0.182+0.221

0.266+0.322
0.276+0.334

0.420+0.508
0.435+0.527

0.113+0.004
0.117+0.004

0.139+0.005
0.145+0.005

0.188+0.007
0.196+0.007

0.285+0.010
0.296+0.010

0.449+0.016
0.467+0.016

fn, ng é

0.240+0.453
0.270+0.554

0.296+0.559
0.333+0.684

0.401+0.757
0.451+0.926

0.605+1.144
0.681+1.399

0.955+1.805
1.075+2.208

Lx, Ly

0.117
0.121

0.143+0.005
0.149+0.005

0.192+0.014
0.200+0.014

0.291+0.039
0.302+0.041

0.452+0.077
0.468+0.080
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Investigated
parameter

RMS acceleration for “skipping 1 (m/s?)

1

2

4

8

16

fo

0.123+0.019
0.129+0.020

0.162+0.025
0.170+0.026

0.209+0.032
0.218+0.033

0.267+0.041
0.280+0.042

0.330+0.051
0.345+0.052

o

0.121+0.008
0.127+0.008

0.159+0.010
0.167+0.010

0.204+0.013
0.214+0.013

0.262+0.016
0.275+0.017

0.323+0.020
0.338+0.021

)

0.121+0.012
0.126+0.011

0.159+0.015
0.166+0.015

0.204+0.019
0.213+0.019

0.261+0.025
0.273+0.025

0.322+0.031
0.337+0.030

fp, a, 0

0.127+0.039
0.132+0.040

0.167+0.051
0.174+0.052

0.214+0.066
0.224+0.067

0.275+0.085
0.287+0.086

0.339+0.104
0.353+0.106

fn

0.125+0.121
0.132+0.128

0.165+0.159
0.174+0.169

0.212+0.204
0.223+0.217

0.271+0.262
0.287+0.279

0.334+0.323
0.353+0.342

0.109+0.132
0.114+0.138

0.143+0.173
0.150+0.182

0.184+0.222
0.192+0.233

0.236+0.285
0.247+0.299

0.290+0.352
0.304+0.368

0.101+0.017
0.106+0.018

0.132+0.022
0.140+0.023

0.170+0.029
0.179+0.030

0.218+0.037
0.230+0.038

0.269+0.046
0.283+0.047

fn, M91 &j

0.113+0.213
0.123+0.237

0.149+0.281
0.162+0.312

0.191+0.360
0.207+0.401

0.245+0.462
0.266+0.514

0.302+0.569
0.328+0.633

Lx, Ly

0.121
0.127

0.158+0.006
0.166+0.006

0.201+0.014
0.211+0.015

0.258+0.035
0.270+0.037

0.313+0.053
0.328+0.056

Investigated
parameter

RMS acceleration for “skipping 2” (m/s?)

1

2

4

8

16

fo

0.051+0.006
0.054+0.006

0.073+0.008
0.076+0.008

0.100+0.012
0.105+0.011

0.137+0.016
0.144+0.016

0.182+0.021
0.191+0.021

a

0.050+0.004
0.052+0.004

0.070+0.006
0.074+0.006

0.096+0.008
0.101+0.008

0.133+0.011
0.139+0.011

0.175+0.014
0.184+0.015

0

0.049+0.008
0.052+0.008

0.069+0.011
0.073+0.011

0.096+0.015
0.100+0.015

0.131+0.020
0.138+0.021

0.173+0.027
0.182+0.027

fp, o, o)

0.050+0.007
0.053+0.007

0.071+0.010
0.075+0.010

0.098+0.013
0.103+0.014

0.134+0.018
0.141+0.019

0.177+0.024
0.186+0.025

fn

0.111+0.120
0.117+0.129

0.157+0.169
0.165+0.182

0.216+0.232
0.227+0.251

0.297+0.319
0.312+0.345

0.392+0.421
0.412+0.456

0.045+0.054
0.047+0.057

0.063+0.076
0.066+0.080

0.087+0.105
0.091+0.110

0.119+0.144
0.125+0.152

0.157+0.191
0.166+0.201

0.046+0.003
0.049+0.003

0.065+0.004
0.069+0.005

0.090+0.006
0.095+0.006

0.123+0.008
0.130+0.009

0.163+0.011
0.172+0.011

fn, ng é

0.099+0.157
0.103+0.164

0.139+0.222
0.146+0.231

0.191+0.305
0.201+0.317

0.264+0.420
0.276+0.436

0.348+0.554
0.364+0.576

Lx, Ly

0.050
0.052

0.069+0.002
0.073+0.003

0.095+0.007
0.010+0.007

0.130+0.018
0.137+0.019

0.169+0.029
0.178+0.030
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Titre : Vibration des planchers soumis a des activités rythmiques de foule

Mots clés : Planchers de batiment, vibrations induites par I’homme, effet de groupe

rythmique, évaluation vibratoire en service.

Résumé : De nos jours, les planchers de
batiment souffrent de vibrations excessives
produites par I'activité humaine. Ceci est plus
remarquable lorsqu’un groupe de personnes
tente d’exercer des activités rythmiques de
maniére coordonnée. Les effets sur les
occupants recevant ces vibrations peuvent
aller de la perception, I'inconfort ou méme la
panique.

Cette thése vise a établir une approche
fréquentielle de modélisation des activités
rythmiques de foule et proposer des
méthodes pour évaluer la réponse vibratoire
des planchers soumis a ces cas de charge.
Le Chapitre 2 présente d’abord une revue de
littérature sur le sujet. Le Chapitre 3 décrit la
premiére campagne expérimentale effectuée
sur un plancher de laboratoire ou des
groupes d’individus exergaient des activités
rythmiques dans des conditions proches de
la pratique.

Un modéle de charge caractérisant les
activités rythmiques de groupe dans le
domaine fréquentiel est développé au
Chapitre 4. Celui-ci comprend un modéle
spectral pour une seule personne
combiné avec des coefficients de
coordination pour un groupe d’individus.
La procédure pour identifier les
paramétres de charge associés est
détaillée puis appliqguée aux résultats
d’essais de laboratoire pour quatre
activités rythmiques. De tels modéles ont
été validés dans le Chapitre 5 sur la base
d'essais vibratoires réalisés sur un
plancher existant, avec une extension de
leur domaine d’application.  Aprés
comparaison avec des modeles de la
littérature, les modéles ainsi obtenus sont
utilisés dans le Chapitre 6 pour établir des
méthodes pratiques pour la prédiction de
la réponse des planchers soumis a des
activités rythmiques de groupe.

Title : Vibration of floor structures subjected to crowd-rhythmic activities

Keywords : Building floors, human-induced vibration, rhythmic group effect, vibration

serviceability assessment.

Abstract : Nowadays, building floors are
prone to excessive vibrations induced by
human actions, especially when a group of
people perform rhythmic activities in a
coordinated manner. Resulting effects on the
floor occupants vary from perception,
discomfort or even panic.

This thesis addresses the development of a
spectral modelling approach related to
crowd-rhythmic  activities and proposes
methods for predicting the response of floors
subjected to such load cases. Chapter 2

audible and visual stimulus.

A frequency-domain load model characterizing
crowd-rhythmic activities is established in
Chapter 4, comprising a spectral load model for
a single person, combined with coordination
factors for multiple individuals. The procedure
to identify the crowd model parameters is
detailed afterwards and applied to laboratory
measurements for four investigated rhythmic
activities. The developed models are then
validated and their scope extended in
Chapter 5, based on experiments realized on a

presents a literature review about the
vibration of floors subjected to rhythmic
activities. Chapter 3 describes the first
experimental campaign carried out on a floor
specimen where individuals performed
various rhythmic activities while subjected to

full-scale floor. These crowd load models are
then compared with existing models in the
literature and used in Chapter 6 to propose
design-oriented methods for the evaluation of
floor responses due to crowd-rhythmic
activities.



