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& This paper provides an overview of the

response of grandstands to dynamic crowd

loading. It summarizes the guidance which

is currently available in the UK and how it

has been developed. The interaction

between structures and crowds is then

considered for both jumping and station-

ary crowds. A model for jumping loads is

given, and the frequency range for

jumping and the dynamic crowd e�ect are

discussed. Numerical modelling of grand-

stands and the determination of structural

response are considered, together with

possible structural modi®cations to

improve dynamic behaviour. Next, the

testing of structures is examined and the

results from tests on a range of grand-

stands summarized, including the charac-

teristics of empty structures and response

to crowd loading during concerts and

sports events. Finally, vibration service-

ability levels are considered and some

other design considerations discussed.

Keywords: building structures & design;

recreational facilities

Introduction
It is recognized that crowds of people can

generate signi®cant dynamic loads, especially

when the crowd movement involves rhythmic

jumping. This situation can occur with some

types of dancing and aerobics. If the frequency

of the loading is such that a resonant response

of the structure occurs, excessive structural

vibrations may result. This is an important

factor for dance ¯oors and other structures

which may encounter similar loads at events

like pop concerts.

2. Pop concerts can attract large audiences,

and it is becoming increasingly common for

sports stadia to be used for such events.

Therefore, the grandstands at stadia may

encounter a more severe loading regime than

considered in their design. Also, many modern

grandstands are responsive to dynamic loads,

and hence the safety and serviceability of these

structures may need to be checked. Although

the main concern regarding dynamic loading

relates to jumping, it has been questioned

whether crowd behaviour at sports events could

pose a similar problem. Indeed, there has been a

recent directive for football stadia to be

checked and those not complying with certain

frequency requirements to be subjected to

dynamic analysis. This may prove to be a

signi®cant problem for many football clubs,

especially those with long-span cantilevered

grandstands.

3. The authors have been involved with the

subject area for many years, including the

development of load models for jumping, the

evaluation of structural response to such loads,

testing empty grandstands and monitoring the

response of grandstands during concerts and

sports events. The purpose of this paper is to

provide an overview of the topic of grandstands

subject to dynamic crowd loading. This will

illustrate how the subject has developed and

what di�culties may still be encountered in

trying to assess the safety and serviceability of

existing and future grandstands.

4. In this paper, the fundamental frequency

of grandstands is mentioned on a number of

occasions. This is an important parameter, as it

relates to the sti�ness and mass of a structure,

which are key items in design. Also, it is

usually the fundamental mode which will be of

concern when evaluating response to dynamic

crowd loads. A structure will have many modes

of vibration, often related to motion principally

in one direction. Thus there may be modes

which are primarily vertical motion, with the

lowest-frequency mode being termed the funda-

mental vertical mode. The vertical modes are

usually the most important ones for permanent

grandstands, although it may not always be the

fundamental mode of the whole grandstand

which is critical. Similarly, there will be a range

of modes for two horizontal directions, which

are herein termed sway and front-to-back

(FtoB), which are often the most important

modes for temporary and retractable grand-

stands.

Information in UK codes and guides
related to dynamic crowd loads
5. Guidance on dynamic crowd loads was

included in the 1996 version of BS 63991

speci®cally to take account of loads generated

by repetitive dancing. The guidance considers

the loads generated by the activity which are

independent of the structure to which they are

applied. The relevant section of the standard

states:
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Dynamic loads will only be signi®cant when any

crowd movement (dancing, jumping, rhythmic

stamping, aerobics etc.) is synchronized. In practice

this only occurs in conjunction with a strong

musical beat such as occurs at lively pop concerts

or aerobics. The dynamic loading is thus related to

the dance frequency or the beat frequency of the

music and is periodical. Such crowd movement can

generate both horizontal and vertical loads. If the

synchronized movement excites a natural frequency

of the a�ected part of the structure, resonance will

occur which can greatly amplify its response.

Where signi®cant dynamic loads are to be

expected the structure should be designed either:

To withstand the anticipated dynamic loads; or

By avoiding signi®cant resonance e�ects

To avoid resonance e�ects the vertical frequency

should be greater than 8.4 Hz and the horizontal

frequencies greater than 4´0 Hz, the frequencies

being evaluated for the appropriate mode of vibra-

tion of an empty structure.

To withstand the anticipated loads, reference is

made to published work2 which is now sum-

marized in a BRE Digest.3 It should be noted

that the above frequency recommendations

relate to safety assessments and not service-

ability.

6. The event which focused interest on

grandstand dynamics was the collapse of part

of a temporary grandstand before a football

match in Bastia, Corsica in 1992. The collapse

killed 17 people and injured over 2500. An

Institution of Structural Engineers working

group was formed to examine temporary

grandstands, and one of the topics covered was

dynamic loading. This led to the DoE issuing

guidance4 in 1994 for checking temporary

grandstands used at pop concerts, and here the

frequency limits, which were later adopted by

BS 6399, were introduced along with the alter-

native that safety may be achieved by ensuring

that the structure will withstand the dynamic

loads. Current guidance from the Institution of

Structural Engineers on temporary grand-

stands5 refers to BS 6399.

7. A signi®cant development occurred in

1997 when a revised version of the Guide to

Safety at Sports grounds6 was issued; this

guide is commonly known as the `Green Guide'.

Section (4.5) of the guide is related to dynamic

response and states:

Dynamic load e�ects may be caused by

(a) Excitation by wind

(b) Excitation by the activities of spectators. Where

a seating deck has a vertical frequency of less

than 6 Hz or a sway frequency of less than 3 Hz,

a dynamic evaluation of the structure should be

carried out giving due consideration to the

mass of the spectators

(c) Excitation by the activities of spectators at

grounds staging pop concerts or other events

involving rhythmic activity, in which case the

design loads may be greater than for category

b).

Item (c) addresses similar concerns to BS 6399,

but item (b) introduced a requirement for

designated sports grounds which is apparently

not related to rhythmic activity. No load model

is provided for item (b) and no guidance is

given on how to consider the mass of specta-

tors. A subsequent publication7 concerned with

grandstand dynamics provided further infor-

mation, as did the discussion of that paper,8

which highlighted some remaining di�culties.

Human actions on grandstands
8. One area which has not always been fully

understood is how people interact with struc-

tures. A common assumption has been that a

crowd simply acts as a mass on a structure;

however, the human body, besides having a

mass, is ¯exible and can absorb energy. These

are important characteristics of a dynamic

system, and the simple mass model is not

su�cient. In fact, there is a range of scenarios

to consider, with the extreme cases being when

the crowd is either all stationary or all jumping.

The latter situation applies when evaluating

response to jumping at pop concerts.

A stationary crowd

9. One experiment on a cantilevered grand-

stand provided a good illustration of the inter-

action between a grandstand and a stationary

crowd. Here, the characteristics of a cantilev-

ered grandstand were monitored before and

during a rugby match. This involved recording

the vertical response of a cantilever, from

which a series of autospectra were derived

using a Fourier transform procedure. Two

autospectra are shown in Fig. 1, representing

the vertical characteristics of the empty stand

and the characteristics when full of seated

people. If the crowd was acting solely as a

mass, then the frequency of the stand would

simply decrease with the increasing size of the

crowd. The ®gure shows a di�erent situation

and suggests that the seated crowd acts as a

sprung-mass system. It is also clear that the

stationary crowd provides a signi®cant increase

in the damping capacity of the system. Further

information on human±structure interaction,

including laboratory tests and a simple mathe-

matical model, is given in Ellis and Ji.9

10. Another informative example was

encountered while monitoring a retractable

grandstand. Here, measurements were made in

all three orthogonal directions. In this experi-

ment10 the crowd was asked to remain seated

while one set of measurements was taken, and

then asked to stand still while another set was

taken. These showed signi®cant di�erences in

measured frequencies for the two situations

(and also for the empty structure), demonstrat-

ing the inadequacy of representing the crowd

solely as a mass.
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A jumping crowd

11. The critical load situation applies when

all of a crowd is jumping, and here the crowd is

not in contact with the structure for all of the

time. In this situation, the crowd is acting

solely as a load, with no e�ect on the structural

characteristics, neither frequency nor damping.

Thus, for this situation, it is the characteristics

of the empty structure that are required to

determine the structural response. This has

important implications, because those who are

jumping will not feel the vibrations and hence

will not be aware of the vibrating structure

even if large accelerations are generated. The

jumpers will only be aware of the vibration

levels when they stop jumping and start inter-

acting with the structure. However, if the

vibration levels were very high, they would

inevitably a�ect the jumping.

Dynamic crowd loads

Synchronous repetitive vertical loads

12. The most severe loading conditions

occur when the loading is both synchronized

and periodic, and this is the situation consid-

ered in BS 6399. With synchronous repetitive

loads, the basic model for vertical loads

expressed as a Fourier series for one individual

is

Fs�t� � Gs 1�0�
X1
n� 1

rn sin
2np
Tp

t � jn

� � !
�1�

where Fs(t) is the dynamic load, Gs is the

weight of the dancer, rn is the Fourier coe�-

cient (or dynamic load factor) of the nth term, n

is the number of Fourier terms, Tp is the period

of the jumping load, and jn is the phase lag of

the nth term. The Fourier terms in the summa-

tion are e�ectively the dynamic load, so when

the movement stops the load reduces to the

actual static load.

13. Although the expression of the load

equation (1) has been used in other building

codes and design guides,11±13 a di�culty has

been the determination of Fourier coe�cients rn
and phase lags jn. A few Fourier coe�cients

have been determined by experiment, but no

phase lags. Thus the load could not actually be

expressed using equation (1), which has

restricted theoretical investigations. These dif-

®culties were removed when Ji and Ellis2 was

published and the Fourier coe�cients were

determined.

14. The ®rst six Fourier coe�cients for

three types of jumping are given in Table 1.

These values enable equation (1) to be used.

However, the frequency ranges which corre-

spond to the various Fourier terms need to be

identi®ed, and these relate directly to the

frequency range over which people can jump.

15. Figure 2 shows the force±time history

determined using equation (1), adopting 12 and

3 Fourier terms in the calculation. The ®gure

illustrates two load cycles at 2 Hz of `normal

jumping' which has a contact ratio (a) of 1/3,
that is, for two-thirds of each cycle the body is

not in contact with the structure. In the ®gure

the force is normalized so that the body weight

is unity (Gs = 1). The peak load is 4´61 times

the body weight, that is, p/2a. It can be seen

that the higher Fourier terms (n > 3) do not

a�ect the peak load signi®cantly. However, they

may a�ect the structural response, depending

on the ratio of the load frequency to structural

frequency.

Synchronous repetitive horizontal loads

16. From measurements on a range of

structures, the largest horizontal responses

occur when jumping is encountered. Therefore

it seems that a load model similar to equation (1)

is appropriate, but omitting the term represent-

ing the static weight. It is evident that the

horizontal load is much smaller than the
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vertical load, and from a few measurements the

horizontal load appears to be about 7±10% of

the vertical load; however, more data are

needed to verify these values.

Frequency range for jumping

17. In BRE Digest 426 it was suggested that

the frequency range for individuals jumping is

approximately 1´5±3´5 Hz, but for a crowd the

higher-frequency jumping cannot be sustained

and an upper limit of 2´8 Hz is more realistic.

However, it was recognized that further

detailed information was required, examining

the actual range at which people can jump

comfortably and where a crowd can achieve

some degree of coordination.

18. To investigate the range, the beat

frequencies of a sample of 210 modern popular

songs were examined.14 The investigation

included tests to assess the frequency ranges

for coordinated dance-type loads for indivi-

duals, small groups (aerobics) and large

groups (pop concerts). Some of the conclusions

from this work were that the frequency ranges

are:

(a) 1´2±2´8 Hz for an individual jumping

(b) 1´5±2´5 Hz for a small group jumping

(aerobics) with some degree of coordination

(c) 1´8±2´3 Hz for a large group jumping

(pop concerts) with some degree of co-

ordination.

Table 1. Fourier coe�cients and phase lags for di�erent types of jumping

Activity Contact ratio: a Coe�cients n=1 n=2 n=3 n=4 n=5 n=6

Low-impact

aerobics

2/3 rn
9
7

9
55

2
15

9
247

9
391

2
63

jn ÿp
6

ÿ 5p
6

ÿ p
2

ÿ p
6

ÿ 5p
6

ÿp
2

Rhythmic

exercises,

high-impact

aerobics

1/2 rn
p
2

2
3

0
2
15

0
2
35

jn 0 ÿp
2

0 ÿ p
2

0 ÿp
2

Normal

jumping

1/3 rn
9
5

9
7

2
3

9
55

9
91

2
15

jn
p
6

ÿp
6

ÿ p
2

ÿ 5p
6

ÿ p
6

ÿp
2

5
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The dynamic crowd effect

19. When a dynamic assessment of a grand-

stand is to be conducted, the actual load density

and distribution of the crowd should be con-

sidered, rather than the static design load.

Consideration should also be given to the

dynamic crowd e�ect, which describes the

attenuation of load due to the imperfect coordi-

nation between individuals in a group. There-

fore, the load model for a group of people

becomes

F�x; y; t�

� G�x; y� 1�0� Ce

X1
n� 1

rn sin
2np
Tp

t � jn

� �" #
�2�

where F(x, y, t) is the dynamic crowd load,

G(x, y) is the load density and distribution of

the crowd, and, Ce is the dynamic crowd factor.

20. The dynamic crowd e�ect depends on

the coordination of the people in the group, the

type of dancing and the beat frequency of the

music. A theoretical investigation where the

phase lag between individuals was treated as a

random variable obeying a normal distribu-

tion,15 showed a one-third reduction of the

crowd loads for a large group of people. As

only the ®rst Fourier term was considered in

this study, the reduction is likely to be con-

servative. The principles used in this investi-

gation are applicable to studying the e�ects for

higher Fourier terms.

21. The Danish code11 considers di�erent

factors for di�erent crowd sizes and di�erent

Fourier terms. However, it is di�cult to obtain

good experimental data to validate such

methods, in which both phase lags and contact

ratios may vary, and where the attitude and

experience of the group are important. Work is

currently being undertaken to provide a consis-

tent European approach.

Theoretical studies

Numerical modelling

22. The ®nite element method is useful for

analysing the dynamic behaviour of a grand-

stand, in particular for calculating the frequen-

cies and mode shapes using eigenvalue

analysis. Also, the method can be used for

calculating the response of the structure subject

to rhythmic crowd loads, although it will

require a signi®cant amount of computation

and an estimate of the damping value.

23. Either a permanent or a temporary

grandstand can be considered as a plane frame

repeated several times in the longitudinal

direction linked by horizontal elements. There-

fore, it is straightforward to model a grand-

stand as a plane frame initially. However, not

many grandstands have been studied beyond

the basic frame models. Also, the continuity of

the horizontal elements is an important factor

which in¯uences structural behaviour.

24. Two investigations using numerical

modelling have been conducted at UMIST to

examine the structural dynamic behaviour of

permanent grandstands. One examined the

e�ects of di�erent ®nite element models for

evaluating the dynamic behaviour of a grand-

stand, and included the e�ect of mesh sizes,

seating decks and bracing arrangements.16 The

other investigated the dynamic behaviour of a

grandstand as it was extended from a plane

frame to an open-ended stand (with and without

end supports) and then to an enclosed stand.17

Fig. 3 shows a model of an enclosed grand-

stand.18
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25. Some conclusions drawn from these

studies can be summarized as follows.

(a) Relatively coarse meshes can be used for

eigenvalue analysis.

(b) The eccentricities between seating decks

and supporting elements should be consid-

ered; these e�ectively increase the sti�ness

or frequency of cantilever tiers and re¯ect

the actual structure.

(c) The vertical and FtoB vibrations are often

coupled, which may explain why vertical

crowd loads cause the FtoB vibration as

observed in practice.

(d ) The roofs of grandstands may have lower

frequencies than those of the tiers.

(e) The fundamental mode of the enclosed

model shows a torsional movement, while

that of the corresponding open-ended model

gives a sway movement.

( f ) Bracing systems play a signi®cant role in

increasing structural sti�ness in sway and

torsion.

( g) Bracing should also be arranged in the roof

to increase its sway sti�ness.

Determination of structural response

26. An analytical solution was developed to

calculate ¯oor vibrations induced by dynamic

crowd loads,2 and this is applicable to grand-

stands subject to the same type of loading.

27. The assumptions adopted in the solution

were as follows.

(a) The dynamic crowd load can be expressed

as a product of two functions in the space

and time domains respectively, that is

F(x, y, t)=G(x, y)S(t) (3)

(b) The structural response is dominated by

one mode (usually its fundamental).

28. Equations 1 and 2 satisfy the ®rst

assumption. The second assumption limits the

application of the method to structures whose

responses are primarily in one mode. Modi®ca-

tions of the method can be made when the

contributions from other modes need to be

considered. However, from experiments and

numerical modelling, it appears that the beha-

viour of a wide range of grandstands is

dominated by the response in a single mode.

29. If the structure is subjected to uniformly

distributed human loads, i.e. G(x, y) becomes a

constant, and the maximum displacement and

acceleration can be expressed as follows:

A � BG
mo2 �1� CeDd�o;op; z; t; a��

�A � BG
m

CeDa�o;op; z; t; a�
�4�

where m is the structural mass density, Dd and

Da are dynamic magni®cation factors for dis-

placement and acceleration, o is the circular

frequency of the mode being considered (i.e. 2p
times the natural frequency), op is the circular

frequency of the load, z is the damping ratio,

and B is a structural factor which relates to

the fundamental mode and depends on the

type of structure and boundary conditions.

Factors for several simple structures have

been provided.2

30. The structural response to dynamic

crowd loads can be evaluated using equation

(4), but it requires a computer implementation

for evaluating the dynamic magni®cation

factors. A worked example using MATHCAD is

provided in BRE Digest 426. A simple graphical

method for performing these calculations has

been developed and is currently being prepared

for publication.

Structural improvements

31. When an existing grandstand fails to

meet the required safety or serviceability levels,

the question of whether the structure can be

modi®ed arises. If the problem just relates to

pop concerts, then a solution may simply be to

select an alternative venue. However, some

structures can be modi®ed to increase their

sti�ness, and one such situation is considered

here.

32. With temporary grandstands it is

usually the taller structures which have the

lower horizontal frequencies, and here the

arrangement of the bracing elements is critical.

Temporary grandstands usually have a number

of bays and storeys. The selection of the layout

of a temporary grandstand is constrained by

the site, visibility and required size, while the

arrangement of bracing members of the grand-

stand has few restrictions. Di�erent bracing

con®gurations and patterns will provide di�er-

ent lateral sti�nesses or frequencies, even if the

same number of bracing members is used.

Criteria for arranging bracing members to

achieve a large lateral sti�ness have been

considered,19 and the recommendations were as

follows.

(a) Members in di�erent storeys should be

provided from the top to the support (base)

of the structure.

(b) Members in di�erent storeys should be

directly linked where possible.

(c) Members should be linked in a straight line

where possible.

(d ) Members at the top of adjacent bays should

be directly linked where possible.

(e) If extra bracing members are required, they

should adopt the above criteria.

33. As an example, Fig. 4 shows an ideali-

zation of a typical bracing system and a

rearrangement of the bracing members follow-

ing the above recommendations. The rearran-

gement uses less bracing members than the

original scheme (81%) but achieves an increase
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in frequency of 69% and an increase in sti�ness

of 184%.

34. While the recommendations apply to a

wide range of structures, there are some struc-

tures where simple alterations are not available.

For example, retractable stands are usually

¯exible in the FtoB direction, and while extra

bracing could be added, it would a�ect their

functionality. Also, large cantilever grand-

stands provide good viewing of sports events,

but their design is far from ideal for resisting

vertical dynamic loads. In general, the larger

the span of the cantilever, the lower the

fundamental frequency, and the more severe the

potential dynamic response at events like pop

concerts. Here, structural modi®cations are

di�cult if the basic cantilever system is to be

maintained.

Dynamic testing
35. Performing dynamic tests on existing

grandstands can provide useful information.

BRE has developed test methods and facilities

and used them on a wide range of grandstands.

The experiments include measurement of fre-

quencies, damping, modal sti�ness and mode

shapes, and monitoring response due to

dynamic crowd loads at a variety of events.

Measurement of modal characteristics

36. A person jumping once on a structure

will excite the fundamental vertical mode, and

recording and analysing the response from a

vertically mounted transducer will enable the

frequency to be determined. The measurement

of vertical frequencies at a range of positions

will also help us to understand how the

structure behaves; for example, a cantilevered

grandstand in which the main beams are not

positively connected to adjacent beams will be

quite di�erent from one where the beams are

rigidly connected and monolithic behaviour of

the structure occurs.

37. The fundamental horizontal frequencies

can be more di�cult to measure, especially for

very large structures. One method of taking

these measurements at outdoor venues is to

record the structure's response to ambient

(wind) excitation and derive the frequency from

the recorded response. For very large structures

on a relatively calm day, this requires the use

of a sensitive measurement system, and here

BRE uses laser measurements.

38. To de®ne any one mode fully, it is

necessary to determine its frequency, damping,

sti�ness and mode shape. This is undertaken

using a forced vibration test. Fig. 5 shows one

of the BRE exciters on a cantilever stand, and

Fig. 6 shows a measured response spectrum;

the continuous curve which is ®tted to the

measured points is de®ned by sti�ness, fre-

quency and damping.

Monitoring response to crowd loading

39. To monitor reaction to crowd loading,

the structural response is recorded and ana-

lysed. For serviceability it is not su�cient just

to consider the peak acceleration, as both the

frequency content and duration are important.

(a)

(b )

Fig. 4. Bracing arrangements for a temporary grandstand: (a) idealization

of a typical bracing system; (b) arrangement of bracing following the

proposed criteria

Fig. 5. One of BRE's vibration generators on a cantilever grandstand
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Early tests evaluated peak accelerations and

those below 10 Hz, but current work adopts the

BS 684120 frequency weighting recommenda-

tions and considers vibration dose values. The

data are also analysed to examine the resonance

frequency of the structure and how it changes

with the size of crowd, as well as to examine

the response to any speci®c event. Fig. 1 shows

spectra for an empty and full grandstand, but

neither of these situations involves a large

dynamic load. Fig. 7 shows autospectra for

vertical and horizontal motion measured on a

cantilevered grandstand with a crowd jumping.

Here the jumping frequency and its harmonics

can clearly be identi®ed, and this form of

response is consistent with that expected, given

the load model (equation (2)).

Results from tests on cantilevered grandstands

40. BRE has conducted detailed tests on

eleven cantilevered stands.21 The capacities of

the cantilevered tiers range from 600 to over

10 000 seats. Except for a rugby stadium, all

the stands had vertical frequencies below

8´4 Hz, with a range from 2´08 to 6´79 Hz and

damping from 1´3% to 4´7%. Stands at 17 of the

18 major English football stadia examined had

vertical modes under 6 Hz, and of these three

were under 3 Hz (some of these were subjected

to limited tests).

41. Ten stands were monitored during

public events. Five were monitored during

sporting events and ®ve during pop concerts.
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The maximum peak acceleration during sport-

ing events ranged from 2´5% to 52%g. The

maxima occurred when the crowd reacted to an

event on the pitch, such as a goal being scored.

The frequencies at which the peak accelerations

occurred were relatively high. For example,

when the record containing the peak accelera-

tion of 52%g was passed through a 10 Hz low-

pass ®lter, the peak response reduced to 2´4%g.

These vibrations appeared to be of little

concern to the crowd.

42. The responses measured during concerts

were quite di�erent. Motion of the stands was

perceptible at all of the concerts, and in some

cases this motion was clearly perceptible and

would be `disturbing' under the serviceability

classi®cation system given in `Serviceability

limits' below. While several people remarked on

the movement of two of the stands, nobody

questioned the integrity of the stands. The

maximum single peak accelerations ranged

from 3´1% to 16´5%g. Almost all of the

response occurred at the beat frequency of the

music or one of its harmonics. When the data

were passed through a 10 Hz low-pass ®lter,

peak responses of up to 8´2%g were obtained.

Results from tests on temporary demountable

grandstands

43. The 50 demountable stands tested by

BRE were of 15 di�erent types, with capacities

from 243 to 3500 seats.22 Only one stand had a

vertical mode below 8´4 Hz (at 7´9 Hz). Table 2

shows the distribution of horizontal natural

frequencies (to the nearest 0´1 Hz). The mea-

sured damping values for the fundamental

sway modes were in the range 1´5±4´5% critical;

those for the fundamental FtoB modes were in

the range 2´2±6´0% critical, with one exception,

where a value of about 17% critical was

obtained.

44. Twenty-three stands were monitored

when fully occupied during di�erent events. Six

of these events were pop or rock concerts and

one was a drama festival. The remaining 16

were sporting events. Table 3 gives the

maximum measured peak accelerations. For the

tests performed after 1992, the maximum accel-

erations with frequency components below

10 Hz are also given.

45. Motion of some of the stands monitored

during pop and rock concerts was both percep-

tible and visible in certain songs when sections

of the crowd were dancing.

Results from tests on retractable grandstands

46. Six retractable stands have been tested

by BRE.10 Two of the stands hold approxi-

mately 1400 people, two hold around 500 people

and the remaining two have capacities of about

200 and 100. Only one of the retractable stands

had a vertical mode below 8´4 Hz (at 7´6 Hz).

Table 4 shows the distribution of horizontal

natural frequencies for the stands (to the

nearest 0´1 Hz).

47. The measured damping values on the

di�erent stands varied widely. Values between

0´6% and 9% were measured in the sway

direction, and between 3´2% and 11% in the

FtoB direction.

48. Three of the retractable stands were

monitored during pop concerts. Motion was

perceptible on all but one of the retractable

stands (where there was little audience

response). The movement of the large stand

could be seen quite easily. Several people asked

to be relocated o� the stand because they felt

unsafe, and some stewards were concerned by

how much they could see the stand moving.

Design considerations

Serviceability limits

49. In order to determine whether a struc-

ture will be safe under a given load, the

maximum de¯ection and stresses need to be

evaluated and compared with design values.

Table 2. Fundamental horizontal frequencies of

temporary demountable grandstands

Frequency: Hz Number of stands

Sway FtoB

Under 3´0 15 10

3´0±3´9 17 13

4´0±4´9 13 9

5´0 or over 5 18

Table 3. Maximum measured peak accelerations (%g)

Event Un®ltered Filtered at 10 Hz (low-pass)

Vertical Horizontal Vertical Horizontal

Concerts 46±243 41±606 9´2±21´4 6´9±129

Soccer 39±460 29±282 7´1±41´8* 2´0±13´2

Motor racing 39±96 34±160 1´0±22´4 1´0±6´1

Golf 11´2±109 6´1±42´8 2´0±7´1 0´5±1´0

Boxing 84 29 ± ±

Horse racing 32 10 4´1 1´0

Tennis 44´8 16´3 3´1 1´0

Drama festival 19´4 50´0 1´0 1´0

* 15 Hz ®lter used.

Table 4. Fundamental horizontal natural frequencies

of retractable stands

Frequency: Hz Number of stands

Sway FtoB

2´0±2´9 1 4

3´0±3´9 2 2

4´0±4´9 3 ±
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For serviceability assessments related to

human perception of vibrations, it is the accel-

eration levels which must be determined.

However, the question of what are acceptable

vibration levels must then be considered. A

signi®cant amount of work has been conducted

on what vibration levels can be perceived, and

it is known that the frequency of the vibration

is important, so the UK standard20 related to

perception of vibrations provides frequency-

weighting recommendations for motion in

various directions. In addition, the number of

cycles of the vibration is important when

assessing tolerance to such vibrations. Hence, a

vibration level which is encountered over one

cycle (i.e. impulsive) will have a di�erent e�ect

from a vibration level which is continuous.

50. For guidance on acceptable vibration

levels in grandstands subject to jumping loads,

it seems appropriate to examine data obtained

at such events. A number of experiments have

been undertaken in Germany,23 and recommen-

dations for low-frequency vibration are given in

Table 5.

51. From Table 5 it can be seen that 35%g

is a signi®cant limit, as above that level panic

may occur. However, below this level the

vibration levels will certainly be felt by anyone

remaining stationary on the structure. The

authors experienced vibrations of 0´15g on one

structure and this certainly felt uncomfortable,

even with knowledge of the source of the

vibrations. Limiting vibration levels to 0´05g,

which has been suggested elsewhere, seems

inappropriate, as this level is exceeded at most

events.

52. It is also likely that visible motion of a

cantilever and items ®xed to it would be of

concern to those immediately below the struc-

ture.

For pop concerts

53. A coordinated crowd jumping can gen-

erate large loads, and if the jumping frequency

is such that a resonant structural response

occurs, then the motion can be signi®cant.

Experience has shown that most engineers who

®rst encounter this form of loading have

signi®cant reservations about its severity;

however, videos of grandstands moving and

large crowds jumping in time at pop concerts

provide compelling support. Nevertheless, the

critical situation where the members of a crowd

are all jumping at the correct frequency to

generate a resonant structural response is rare.

This situation may occur at a lively pop concert

in which a motivated audience is actively

encouraged to jump for a number of songs with

a range of beat frequencies (the timing usually

being aided by large video screens); however, it

still requires a responsive structure, usually

one with a low fundamental frequency and low

damping. If this combination is encountered,

then both safety and serviceability need to be

checked. If safety is a potential problem, then it

would not be wise simply to monitor the

structure, with a view to stopping the music if a

pre-set vibration level is exceeded, as a reso-

nant vibration can build up very quickly and

those jumping do not feel the structural vibra-

tions which might otherwise limit the activity.

As this is a rare event, it should not be

considered in combination with other forms of

live loading.

For sports events

54. Measurements have shown that some

stadia have relatively lively stands, so there are

potential problems at pop concerts. But could

other situations be encountered, say at sports

events, where similar loads are generated?

Generally, for events like football, the crowd

motion is not coordinated, even when a goal is

scored and the crowd jumps to its feet. But this

is not repetitive motion, so there can be no

resonant build-up of structural response.

Crowds at sporting events stamping in time to

chanting can produce a succession of impacts at

roughly equal intervals; however, without

music, crowds do not seem to be very good at

keeping to a particular rhythm. It is also

normal for pop music to be played before and

after games. But, given the low probability of

the members of a football crowd all jumping to

the music, at the correct frequency to generate

resonance on a responsive stand, it may seem

appropriate to avoid the situation through

active management of the music being broad-

cast rather than choosing the expensive option

of structural alterations. However, it is impor-

tant to alert stadium managers to potential

problems of this nature.

Conclusions
(a) Current UK guidance suggests that two

forms of dynamic load should be consid-

ered for grandstands, one for activities of

spectators at normal sports events, and a

second for rhythmic crowd loads (jumping)

at events like pop concerts.

(b) A stationary crowd will interact with the

structure, whereas a jumping crowd will act

solely as a load. For analysis of response to

jumping, it is the characteristics of the

empty structure that are important.

Table 5. Reaction to various peak acceleration levels on

grandstands

Vibration

level

Reaction

<5%g Reasonable limit for passive persons

<18%g Disturbing

<35%g Unacceptable

>35%g Probably causing panic
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(c) A load model is available which de®nes

di�erent activities involving jumping.

However, further work is required on the

dynamic crowd e�ect which describes the

lack of coordination between individuals in

a group.

(d ) Finite element analysis is one method for

calculating the dynamic characteristics of a

structure, although the damping value will

have to be estimated. This enables struc-

tural dynamic response to be evaluated,

either using the ®nite element representa-

tion or a simple one-degree-of-freedom

analysis. If excessive vibrations are

encountered then some structures, like

temporary grandstands, can be improved

by using a more e�cient bracing system,

whereas others, like cantilever grand-

stands, may be more di�cult to modify.

(e) Dynamic testing can be undertaken on

existing stands, examining both the struc-

tural characteristics and structural

response to crowd loading. The results

from a range of tests on various types of

grandstands are summarized to provide an

indication of the behaviour of existing

structures. For new structures where the

dynamic characteristics have been calcu-

lated, it would be wise to take measure-

ments following construction to verify the

assumptions adopted in the analysis.

( f ) Although the current UK guidance is con-

cerned with safety, it is clear that service-

ability related to human tolerance of the

vibration levels is important. Work has

been undertaken in Germany speci®cally

on vibrations of grandstands, and the

recommendations from that work, which

are summarized herein, appear to be the

best guidance currently available.
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