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Abstract

Lighter and slender structural members of a typgra@ndstand leads to a significant
reduction in the frequencies, that is why suchcstmes are more easily induced to
vibrations. The aim of the present paper is to stimwresults of the experimental tests
and the numerical analyses focused on the behawibarpart of a typical temporary

steel grandstand under dynamic loads. The peakewvadf accelerations of a steel
scaffolding grandstand under human-induced excitatiave been determined and
compared with the limit values concerning the pptioa of vibrations by people. The

results of the study indicate that the human-induegcitation may induce structural

vibrations which substantially exceed the allowdintets.
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1. INTRODUCTION

In the past, grandstands were mainly used duriogtisg events. Nowadays,
due to a number of advantages (economic and ai3th#tese types of
structures are commonly used for unsporting evestgh as concerts,
exhibitions or festivals that involve the preseontéoud music beats [10]. It is
really a common situation that these types of &tnes are erected using
scaffolding system. The system allows the tempostegl grandstands to be
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quickly and efficiently placed on uneven grounde®ize of the structure is not
a problem for grandstands erected using scaffoldiyggem. It is possible to
build up the structure that can fit just a few sptars or large number of
people.

The use of lighter and more slender structural nembf a typical grandstand
may lead to a significant reduction in the valuésatural frequencies and that
is why such structures are more easily inducedilboations [3]. Moreover,
previous numerical studies have confirmed that thewd of spectators
significantly decreases the values of natural feegies (see [6, 8] for
example).

A large number of accidents (more than 90), invalvithe collapse of
temporary grandstands, were observed between trs {889 - 2008, where
more than 60 persons were killed and around 600@ wgured [1]. Different
types of supports and connections between elenzentsell as inappropriate
bracing systems were mentioned as major causesisaktdrs. The main
problems were related to unexpected excessive [(Z8%), where more than
60% of disasters involved dynamic loads as the ltresti behaviour of
spectators, mostly jumping. Possible causes ohpsdlls are presented in Fig. 1
(see [1]). Moreover, structural vibrations haveoads significant influence on
human perceptions during vibrations [2, 9].
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Fig. 1. Possible causes of collapses of temponamydstands [1]

Temporary steel grandstands are erected usingeltf@pproaches that should
be accurate and appropriate to the consideredistu®ifferent configurations
of structural members, types of connections anch eweather conditions may
have a big influence on changes in dynamic parasaié a structure [2].
Temporary steel grandstands should be designed 8o withstand the effects
of unexpected dynamic loads [3].
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The aim of the present paper is to show the resiilise experimental tests and
the numerical analyses focused on the behavioar dirt of steel grandstand
under human-induced dynamic loads. The peak vabfiemccelerations of a
temporary steel scaffolding grandstand have bedermiaed and compared
with the limit values concerning the perceptiorvitifrations by people.

2. TESTSOF FREE VIBRATIONSOF A PART OF A STEEL
GRANDSTAND

An example of a part of a temporary steel granditarected using a typical in

Poland scaffolding system, has been considerdukistudy. The structure has a
total length of 2.1 m, width of 1.8 m and height2o42 m. It consists of tubular

members, steel platforms and wooden benches tloatder seats for people.

The front and back view of the temporary steel dstand considered in the

study is presented in Fig. 2 and Fig. 3, respéelgtive

Age imaml
L] "

LTI O
5

B

Fig. 2. Front view of temporary steel grandstandsered in the study

During the experimental investigation, the stealngistand has been excited to
free vibrations by applying an initial drift at the&p of vertical tubular members,
so as to determine modes of free vibrations andctireesponding natural
frequencies. The measurements have been condwsitegifaur accelerometers
mounted at vertical elements. The results of thestén the form of the
acceleration time history, as well as the Founpacsrum, for the case of left-to-
right swaying vibrations, are presented in Fignd &ig. 5, respectively. It can
be seen from Fig. 5 that the spectrum is dominbtedne well separated peak
representing the fundamental frequency of 4.62vi#uch has been determined
for the direction considered.
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Fig. 3. Back view of temporary steel grandstandsaered in the study
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Fig. 4. Acceleration time history for steel grarachet for left
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Fig. 5. Fourier spectrum for steel grandstanddértb-right vibrations
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3. NUMERICAL ANALYSES

3.1. Modal analysis

In the next stage of the study, finite element meead been generated in the
commercial program MSC Marc (see Fig. 6) using hede beam-column
elements (in the case of tubular members) andriode shell elements (in the
case of benches and steel platforms).

mSC A software

Fig. 6. Finite element mesh of steel grandstand

It is worth mentioning that, due to the system ofmections, benches and
platforms do not really change the stiffness of Wiele structure. Actually,
only their masses are important parameters of thaem

The following values of material properties (steBBve been used in the
numerical analysis: Young's modul&s210 GPa, Poisson's ratie=0.3 and
mass density=7850 kg/m. The supports of the model have been considered to
be fixed for displacements.

A modal analysis has been firstly conducted smasetify the accuracy of the
finite element mesh generated. A large number adeamf free vibrations and
the corresponding natural frequencies have beénastd. The first mode (left-
to-right swaying vibrations) of the structure iggented in Fig. 7. According to
the British Standards (see [3]) this mode of vilorag is crucial during the
design of temporary and retractable grandstands.
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Fig. 7. The mode of free left-to-right vibratioros teel grémdstand

The natural frequency for the mode of free leftight vibrations has been
determined from the modal analysis as equal toH£6Comparison between
this value and the natural frequency obtained ftioenexperiments shows good
agreement between the results.

3.2. Dynamic response due to a human-induced excitation

The second stage of the numerical study has beeotedk to the dynamic
transient analysis. The analysis has been focusedetermination the peak
values of accelerations of the grandstand underahtinduced excitation due
to jumping with swaying effect.

In the analysis, the dynamic load has been assutmede consisted of
synchronous repetitive impacts, as expressed byidtaeries according to the
formula [3]:

> (2nm
Fs(t) =Gy 1+ n —1t+
() { ;r sm( T ¢nﬂ (3.1)
where F(t) is dynamic load,
Gs isweight,

r, is Fourier coefficient (or dynamic load factor)tbén-th term,
n s the number of Fourier terms,

T, is the period of the jumping load,

on is the phase lag of theth term.
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The example of the force time history for the twoad cycles at 2 Hz is
presented in Fig. 8 [3]. In order to account fanping with swaying effect, the
load in the vertical direction\(t)=F«t), has been applied together with the
additional load in the horizontal direction (lefi+tight vibrations), which has
been calculated as equal Ei(t)=0.1F(t) (see [3] for details).

Using 12 Fourier terms
=+ Using 3 Fourier terms

Normalized force

0 01 02 03 0-4 05 06 07 08 09 10
Time: s

Fig. 8. Load time history for jumping at 2 Hz [3]

The total time of dynamic transient analysis hasnb@ssumed to be equal to 2 s
and the time step of 0.005 s has been appliedardyimamic analysis. It has
been assumed during the analysis that twelve peofile mass of 100 kg each,
induce vibrations of the structure. This assumptioay seem to be a bit
difficult to be satisfied in the reality, since theerage mass of a spectator in a
typical situation is about 80 kg, but allows usatalyse the worst-case scenario
which is actually possible. In the case considethd, mass of the jumping
audience is eight times larger than the total ésse structure itself.

An example of structural response in the form @f #icceleration time history
(left-to-right vibrations) estimated numerically #te highest level of the
grandstand under jumping with swaying effect foe fhrequency of 2 Hz is
shown in Fig. 9. The peak value of accelerationaktpi1.73 m/§ as observed
from Fig. 9, has been compared to the limit valirem the point of view of
human perceptions that have been presented in Talskee [3] for details). The
comparison indicates that the structural vibratiahge to human-induced
excitation are much above the acceptable limithi@man perceptions that can
be classified as disturbing for spectators.
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Fig. 9. Acceleration time history for steel grarmagt under jumping with frequency
of 2 Hz (left-to-right vibrations)

Table 1. Reaction of people on grandstands to uaneak acceleration levels [3]

Vibration level Reaction
<5%qg reasonable limit for passive person
<18%g disturbing
<35%g unacceptable
>35%(g probably causing panic

4. FINAL REMARKS

In this paper, the results of the experimentalstesid the numerical analyses
focused on the behaviour of an example of a temmpatael grandstand under
human-induced excitation, have been presented. Gasom between the
natural frequencies obtained from the experiments the numerical analysis
confirms the accuracy of the finite element meshegated. The peak values of
acceleration, determined from the dynamic transaalysis, indicate that the
human-induced dynamic excitation may induce vibradi which have
significant influence on human perceptions excegthe allowable limits.
Further detailed experimental studies and numea&nalyses are planned to be
conducted so as to propose a method of reducingimduced vibrations of
different types of steel grandstands by the apitinaof dampers made of
flexible polymer (see [4,5,7]).
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PROBLEMY DRGAN PRZYKLADOWEJ TYMCZASOWEJ TRYBUNY
STALOWEJ PODDANEJ ODDZIALYWANIOM DYNAMICZNYM WYWOLANYM
PRZEZ LUDZI

Streszczenie

Coraz bardziej powszechne staje stosowanie trybun stalowych podczagnego
rodzaju koncertéw i imprez sportowych, podczasydirkonstrukcje teasnaraone na
oddziatywania dynamiczne wywotane przez przebyaaih na nich ludzi. Lekkie i
smukite elementy, z jakich wykonane sybuny stalowe przyczynigjsie do niskich
wartasci czestotliwosci drgar wtasnych konstrukciji, przez co fatwiej wzbugdje do
drgai. W niniejszym artykule przedstawiono wyniki badeksperymentalnych i analiz
numerycznych dotyeze zachowania siprzyktadowej tymczasowej trybuny stalowej
poddanej oddziatywaniom dynamicznym wywotanym przdmedzi. Podczas
eksperymentalnych banlgpolowych, analizowany fragment konstrukcji wzbudzado
drgai poprzez poziome wychylenie gérnejefa konstrukcji celem wyznaczenia
wartasci dominupcej czstotliwosci drgaa wtasnych. Z kolei, przeprowadzone analizy
numeryczne obejmowaly anajiznodalr oraz analiz dynamiczi trybuny stalowej
obciazonej tumem skaexych widzéw. Maksymalne waroi przyspieszé konstrukcji
poddanej dynamicznym oddziatywaniom ludzi poréwnanwartgciami granicznymi
okreslonymi w literaturze. Na tej podstawie przeanaliaow wptyw drgé konstrukcji
na komfort oraz samopoczucie widzéw. Uzyskane wymikkazup, iz generowane
podczas drgawartaici przyspiesze znacznie przekraczayartaici dopuszczalne.

Stowa kluczowe: trybuny stalowe, obgkenia dynamiczne, wibracje wzbudzane
przez ludzi
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