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Preface

Modern structures such as buildings, factories, gymnasia, concert halls, bridges, towers,
masts and chimneys can be severely affected by vibrations. Vibrations can cause either
serviceability problems reducing people’s comfort to an unacceptable level or safety prob-
lems with danger of failure.

The aim of this book is to give guidelines for the practical treatment of vibration problems in
structures. The guidelines are mainly aimed at practising structural and civil engineers who
are working in construction and environmental engineering but are not specialists in dynam-
ics.

In four chapters with totally twenty sub-chapters, tools are given to aid in decisionmaking and
to find simple solutions for cases of frequently occuring “normal” vibration problems. For
more complicated problems and for more advanced solutions further hints are given. In such
cases these guidelines should enable the user to proceed in the right direction for finding the
appropriate solutions - for example, in the literature - and possibly assist him to communicate
authoritatively with a dynamic specialist.

Dynamic actions are considered from the following sources of vibration:
- human body motions

- rotating, oscillating and impacting machines

- wind flow

road traffic, railway traffic and construction work.

Earthquake-induced vibrations, impact problems and fatigue effects are not treated in these
guidelines. Such problems have to be solved using relevant sources from literature.

For an easier use of the guidelines each sub-chapter has a similar format and structure of con-
tent:

Problem description
Dynamic actions

Structural criteria

Effects

Tolerable values

Simple design rules

More advanced design rules
Remedial measures
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In ten appendices important theoretical and practical fundamentals are summarised. The ba-
sic vibration theory and other significant definitions are treated, and often used numerical val-
ues are given. These fundamentals may serve for a better understanding and use of the main
chapters.



V1 PREFACE

It is not intended that these guidelines should replace relevant national codes. The guidelines
have been compiled so as to give more general rules and more general hints than are detailed
in national codes. Whenever appropriate, however, codes and standards have been referenced
for illustrative purposes.

The present guidelines were elaborated by an international Task Group “Vibrations” of the
“Comité Euro-International du Béton (CEB)”. They were originally published as “Bulletin
d’Information No. 209”. After using and testing the Bulletin over the past three years leading
to some modifications, the guidelines are now to be published as a book enabling a broader
use in practice.

The authors would like to thank the Comité Euro-International du Béton for allowing the pub-
lication of the Bulletin as a book. Sincere thanks are addressed to Mrs. Tilly Grob, Mr. Marco
Galli, Mr. Guido Goseli and Mr. Lucien Sieger from the Institute of Structural Engineering
(IBK) of the Swiss Federal Institute of Technology (ETH), Ziirich, Switzerland, for their un-
tiring and careful work in processing the text and drawing the figures. And last but not least,
as chairman of the former CEB Task Group “Vibrations”, the first author would like to express
his thanks to all members of the group for their sustained support during this challenging
work.

Ziirich, September 1994 Hugo Bachmann

Preface to the second edition

The authors are pleased about the interest shown by the profession in this book, necessitating
the printing of a second edition less than two years after appearance of the first edition. In this
second edition, apart from correcting a few printing errors, no substantial changes have been
made.

Ziirich, November 1996 Hugo Bachmann
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1  Vibrations induced by people

H. Bachmann, AJ. Pretlove, J.H. Rainer

This chapter deals with structural vibrations caused by human body motions. Of great impor-
tance are vibrations induced by rhythmical body motions such as

- walking

- running

- jumping

- dancing

- handclapping with body bouncing while standing
- handclapping while being seated

- lateral body swaying.

Of minor importance are vibrations induced by single body motions such as

- heel impact
- jumping off impact
- landing impact after jumping from an elevated position.

Vibrations induced by people may strongly affect the serviceability and, in rare cases, the fa-
tigue behaviour and safety of structures.

In this chapter man-induced vibrations of the following structure types are treated in sub-
chapters:

1.1 Pedestrian bridges

1.2 Floors with walking people

1.3 Floors for sport or dance activities

1.4 Floors with fixed seating and spectator galleries
1.5 High-diving platforms.

The dynamic forces from rhythmical human body motions are given in Appendix G. Other
fundamentals are given in the other appendices.



2 1 VIBRATIONS INDUCED BY PEOPLE

1.1  Pedestrian bridges

AJ. Pretlove, J.H. Rainer, H. Bachmann

1.1.1 Problem description

Structures affected by pedestrians are predominantly footbridges, but there are similar prob-
lems associated with stairways and ship gangways. Stairways are usually much stiffer struc-
tures than bridges and on ship gangways there is rather more expectation of vibration by the
user and it is therefore more tolerable. The vibration of floors in buildings caused by people,
and their psychological response to it is very similar to that of pedestrian bridges and this is
discussed in Sub-Chapter 1.2. This section will confine itself entirely to pedestrian footbridges.

Footbridges are usually constructed of continuous concrete or steel, some of them being com-
posite. They may have a large number of spans but it is usually three or less. Timber, cast iron
and aluminium alloy are much less common. The economics of modern design and construc-
tion dictates that the structural design be efficient in terms of material volume. This has increas-
ingly led to slender and flexible structures with attendant liveliness in vibration.

1.1.2 Dynamic actions

In most cases the vibration problem is one of forced motion caused by the stepping rate of pe-
destrians (see Table G.1). The average walking rate is 2 Hz with a standard deviation of 0.175
Hz. This means that 50% of pedestrians walk at rates between 1.9 Hz and 2.1 Hz or, alterna-
tively, 95% of pedestrians walk at rates between 1.65 and 2.35 Hz. Depending on the span of
the bridge only a finite number of steps is taken to cross the bridge. As a result the motion is
often one of a transient nature, no steady-state being reached. Some bridges have to accommo-
date running pedestrians and this can be at a rate of up to 3.5 Hz, but usually not beyond. The
frequency of the second and third harmonic of the normal walking rate at 4 Hz and 6 Hz can
be important, particularly for structures with coincident natural frequencies. The forcing spec-
trum is somewhat different for men and women. Two (or more) persons walking together often
walk in step, naturally, and this can increase the forces. The dynamic forces from walking and
running can be modelled as shown in Appendix G.

Vandal loading has been considered by some authorities, see [1.1]. Except in unusual circum-
stances the worst case to be considered is two or three pedestrians walking or running in step
at the fundamental natural frequency of the bridge. Footbridges may often be modelled as
equivalent single-degree-of-freedom (SDOF) systems (see Appendix A).
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1.1.3  Structural criteria

a) Natural frequencies

The condition most to be avoided is a coincidence of average walking rate with a natural fre-
quency. Figure 1.1 shows an assembly of data from different parts of the world for 67 foot-
bridges. Also shown is the band of walking rates expected from 95% of the pedestrian
population.

o Steel
m Concrete
4 Composite

First natural frequency [Hz]

Figure 1.1: Footbridge fundamental frequency as a function of span

Taking all bridges together a least squares fit shows this data to follow the relationship

fi=336-L77 (1.1)
where L = span [m]
I fundamental natural frequency [Hz]

It can be seen that there is a good deal of spread in the data. Similar relationships can be de-
duced for the various construction types (materials), as follows:

Il

Concrete fi=739 L7
Steel fi =735 L7
Composite (caution: only 6 data points) | f=42 L%

It follows from this data that there is an increased likelihood of problems arising for spans in
the following ranges:

Concrete L>25m
Steel L>35m
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It must also be remembered that short span bridges with fundamental natural frequencies at a
multiple of the walking rate can also have significant problems. The formulae above give a
useful guide to fundamental natural frequency but such values can not replace a proper design
prediction.

b) Damping

Modern, structurally-efficient footbridges, particularly in steel and prestressed concrete have
very little vibration damping. As a result, vibrations can build up very steeply during the pas-
sage of a pedestrian. At higher levels of vibration, damping increases and this may serve to
limit the vibration, though not before it has exceeded acceptable levels. Data from 43 UK
footbridges show the values for the equivalent viscous damping ratio { (measured at the vi-
bration level caused by one pedestrian walking at the bridge natural frequency f) given in
Table 1.1.

damping ratio
Construction type min. mean max.
Reinforced concrete 0.008 0.013 0.020
Prestressed concrete 0.005 0.010 0.017
Composite 0.003 0.006 --
Steel 0.002 0.004 | --

Table 1.1: Common values of damping ratio C for footbridges

This data shows that more problems might be expected from steel footbridges than from con-
crete ones. This is borne out by Figure 1.2. Note that it is not possible at present to predict the
damping value for a bridge with any accuracy. The use of past experience, as given for exam-
ple in Table 1.1, is the best present guide to design. For an acceleration limit of 0.7 m/s? (see
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Figure 1.2: Response of footbridges to a pedestrian walking at f | for different values of damping [1.14]
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Section 1.1.5) Figure 1.2 shows that a problem with vibration is not very likely to occur if the
damping ratio is greater than 0.006 (logarithmic decrement of ~ 0.04). Further information on
damping may be found in [1.1] and [1.14] and in Appendix C.

¢) Stiffness

The stiffness of a footbridge (point force divided by point deflection at centre span) is a factor
which can be predicted with some accuracy provided that the constraints offered by supports
and abutments can be defined. Measured stiffnesses are generally less for steel structures than
for concrete. Overall they are typically in the range of 2 to 30 kN/mm. Figure 1.3 shows how
maximum bridge response varies with bridge stiffness for a pedestrian walking at the bridge
natural frequency f, . If an acceleration limit of 0.7 m/s? is accepted (see Section 1.1.5) then

it may be concluded that no vibration problem is likely to arise if the stiffness is greater than
8 kN/mm.
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Figure 1.3: Bridge response to a pedestrian walking at f | in relation to stiffness [1.1]

1.14 Effects

A general account of the effect of vibration on people is given in Appendix 1. For the purpose
of footbridge vibrations specific design targets are given in bridge design codes (see
Section 1.1.5). To give some idea of relevant levels of vibration acceleration for vertical vi-
bration of pedestrians, reference can be made to [1.2] where a “severe” response can be ex-
pected at 2 Hz at an acceleration level of 0.7 m/s?. A common human problem is that motion
causes the pedestrian to become anxious about the safety of the structure even to the extent of
refusing to use it. In such cases the actual danger of structural collapse is most unlikely, the
strains involved often being 10 to 100 times less than those which might initiate damage. Nev-
ertheless it is a serious matter for the designer and account must be taken of the human re-
sponse to vibration in terms of disquiet, anxiety or even fear.
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1.1.5 Tolerable values

The approximate limits of acceptability for vibration acceleration have already been indicat-
ed. There are only two national bridge design codes which take pedestrian response to vibra-
tion into account (see Section 1.1.6). [BS 5400] gives a vibrational acceleration serviceability
limit of

0.5- f,03 [m/s?] (1.2)

for fundamental natural frequencies f, (in Hz) less than 5 Hz. At the vulnerable bridge fre-
quency of 2 Hz this gives a limit of 0.7 m/s?.

The Ontario bridge code [ONT 83] is rather more conservative. A criterion has been selected
by consideration of a large number of experimental results on human tolerance. A mean line
is given in graphical form which corresponds to a serviceability acceleration limit of

0.25 - f,978 [m/s?] (1.3)

At 2 Hz this gives a limit of 0.43 m/s?>.These limits are stated for a bridge excitation by one
pedestrian. No allowance is made for multiple random arrivals of pedestrians.

In [ISO/DIS 10137] the suggested tolerable value for vibration of footbridges is 60 times the
base curves [ISO 2631/2]. At 2 Hz and in the vertical direction this gives an r.m.s. acceleration
of about 0.42 m/s? or a peak value of 0.59 m/s?: from 4 to 8 Hz this suggested tolerable peak
value is 0.42 m/s2.

If the more advanced design methods of Section 1.1.7 are used, there are no agreed tolerable
values. However, it is clear that an acceleration limit of about 0.5 m/s? is appropriate.

1.1.6  Simple design rules

In Section 1.1.3 some hints are given for avoiding difficulty with vibration including control
of natural frequencies, damping and stiffness. In addition other simple design rules may be
considered.

a) Tuning method

First, all means possible should be taken to avoid a fundamental frequency in the range 1.6 to
2.4 Hz and, to a lesser extent, the higher range 3.5 to 4.5 Hz [SIA 160]. However, this may
not easily be possible because, as we have seen, span is a major determinant of the fundamen-
tal natural frequency. Two other simple methods can be used as follows.

b) Code method

A simple and standard design procedure is that recommended in the British [BS 5400] and the
Ontario [ONT 83] codes. The method determines the maximum vertical acceleration resulting
from the passage of one pedestrian walking with a pace rate equal to the fundamental natural
frequency of the bridge.
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For footbridges up to 3 spans the value is:

a=4n- f-y-K-y [m/s?] (1.4)
where f, = fundamental natural frequency of the bridge [Hz]
y = static deflection at mid-span for a force of 700 N [m]
K = configuration factor
vy = dynamic response factor

The configuration factor K is unity for a single span, 0.7 for a double span, and between 0.6
and 0.9 for a triple span. More details of K -values are given in the Ontario code than in the
British code. The dynamic response factor y, which is not the same thing as the Dynamic
Magnification Factor (DMF) of 1/ (2{) as described in Appendix A, is given in the graphi-
cal form reproduced in Figure 1.4.

The resulting value of a has to be compared with the tolerable values given in Section 1.1.5
for [BS 5400] and [ONT 83] respectively.

18 Y R

Dynamic response factor ¢

Main span [m]

Figure 1 4: Dynamic response factor \y as a function of span length and damping ratio {

¢) Calculation of upper bound response for one pedestrian

A simple way of calculating an upper bound deflection is to use the information given in
Appendix A for forced vibration. The static weight of the pedestrian and the central stiffness
of the bridge are used to calculate the static deflection. This is then factored by o, the Fourier
coefficient of the relevant harmonic of the walking rate (to be found in Appendix G). It is then
further multiplied by the maximum Dynamic Magnification Factor (DMF) of 1/ (2{) as de-
scribed in Appendix A. The value for { may be chosen from Table 1.1.
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This procedure will give an overestimation of the response because it does not take into ac-
count the following two factors:

a) the limited effectiveness of the pedestrian when he is not at the span centre
b) the limited number of steps (limited time) taken in crossing the span.

d) Effects of several pedestrians

Some consideration is needed for the case of random arrival of pedestrians with a range of
walking rates. If a Poisson distribution of arrivals is assumed, a magnification factor m can
be derived equivalent to the square root of the number of persons on the bridge at any one
time. This factor m is then applied to the response caused by a single pedestrian. There is no
experimental confirmation of this result although some computer simulation studies have
been made which support the theory.

1.1.7 More advanced design rules

A more detailed and rational calculation method for the response of footbridges is to be found
in [1.3]. The formula to be used to calculate the peak acceleration resulting from the passage
of one pedestrian is essentially the same as Equation 1.4 but with slight modification:

a= 47:2-f12'y-(x-d> [m/s?] (1.5)
where y = static deflection at mid-span for a force of 700 N [m]
o = Fourier coefficient of the relevant harmonic of the walking or running rate
(see Appendix G)
® = dynamic amplification factor for one pedestrian (Figure 1.5); takes account of

the two factors a) and b) mentioned in Sub-Section 1.1.6c.
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Figure 1.5: Dynamic amplification factor for resonant response
due to sinusoidal force moving across simple span [1.3]
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The calculated peak acceleration responses thus obtained for the case of walking (a = 0.4 for
the 1st harmonic) may then be compared with the value given in the last lines of Section 1.1.5.

This method has the advantage of permitting the introduction of actual measured Fourier co-
efficients of the forcing functions for walking as well as for running. In addition, bridge re-
sponse to the second or even higher harmonics can be determined. In this case, the “number
of cycles per span” in Figure 1.5 is the number of steps times the number of the harmonic con-
sidered. A typical length of footstep of 0.7 m may be assumed for walking (2 Hz), 1.2 m for
running (2.5 Hz). As an example, for a 23 m span with f| =4.2 Hz the number of cycles per

span for the second harmonic of walking (o =0.2) is 2 - 23 /0.7 = 66. Thus for T = 0.02
becomes ® = 24 .

1.1.8 Remedial measures
a) Stiffening

It has been shown that footbridges with a stiffness of greater than 8 kN/mm should not be at
risk. Stiffening to this value could therefore be added as a retrofit to bridges which have a vi-
bration problem. However, in most cases this will be a prohibitively expensive procedure. At
the design stage it would be useful to aim at a minimum stiffness of 8 kKN/mm.

b) Increased damping

Damping is the most economic and appropriate means of vibration control for footbridges
which are found to have vibration problems. The Ontario code recommends the inclusion of
devices to achieve this end. Damping or energy absorption can be added in a variety of ways.
For example it can be incorporated in bearings and supports or a thick layer of high viscosity
asphalt can be used for surfacing. Neither of these options is often very practicable.

TResponse to one |
pedestrian walking

,across bridge
| 4 No absorber ||
| With absorber: |

|| ® October '80
loJuy 82 |

Bridge response [m/s?]

Pace rate [steps/s]

Figure 1.6: The effect of fitting a tuned absorber to a real footbridge
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¢) Vibration absorbers

Tuned vibration absorbers have been successfully used in several bridges. Briefly, the princi-
ple of operation is the addition of a subsidiary mass-spring-damper system whose natural fre-
quency is nearly the same as that of the bridge (see also Appendix D). However, the subsidiary
system is much smaller than the bridge itself, having a mass from 0.05% to 1% of that of the
bridge. The approach is to use a small tuned vibration absorber with an optimised damper.
This has the advantage of minimum cost and, because of small size, relative ease of fitting un-
obtrusively into an existing structure. However, it suffers from the disadvantage of relatively
high amplitude motion when it is working most effectively. Not only must the design of the
absorber allow for large motion but space must be accommodated in the bridge structure. De-
tails of how to optimise the design of a damped vibration absorber are given in [1.4].
Figure 1.6 shows how effective a vibration absorber can be. In this case the absorber mass was
0.6% of the bridge mass.
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1.2  Floors with walking people

J.H. Rainer, H. Bachmann, AJ. Pretlove

1.2.1  Problem description

Floors in office or apartment buildings are subject to the dynamic forces induced by people
when they walk, and occasionally, run, jump or dance. The latter three apply especially when
an office building contains facilities such as running tracks on roofs, exercise rooms, dance
floors, or gymnasia, even if small in size. In corridors or on long floors, running could be con-
templated, but this will likely occur only in isolated instances. Relevant dynamic loadings and
frequency ranges for these activities are described in Sub-Chapter 1.3 on floors for sport and
dance activities. This sub-chapter deals only with floor vibrations due to walking.

The nature of floor vibrations in office and residential buildings is influenced by many factors,
among them the configurations of partitions, furnishings, ceiling structures, load concentra-
tions and geometric shapes of floor area. These factors not only affect the mode shapes and
natural frequencies of the floors, but also the damping. Rational calculations of vibration am-
plitudes induced by dynamic forces become rather complicated and uncertain. Consequently,
empirical and semi-empirical methods have been developed to deal with this situation. Such
a method is presented, beside the tuning method, as a practical design tool for certain cases
until more reliable rational procedures become available.

1.2.2 Dynamic actions

For walking, dynamic forces are exerted with every footstep that a person takes. Besides de-
scribing the walking forces by their time variation, one can conveniently express the forcing
function in terms of Fourier components having frequencies that are multiples of the walking
rate. Most walking occurs at around 2 steps per second, but can range from about 1.6 to
2.4 Hz. (See Appendix G for further details). Most complaints have arisen from one person
causing the vibrations. However, larger groups of people causing annoying vibrations cannot
be excluded, especially when coordinated walking takes place.

1.2.3  Structural criteria

a) Natural frequencies

Floors in buildings can have large spans, especially in some “open offices”, resulting in natu-
ral frequencies as low as 4 to 6 Hz. Corridors and pedestrian connections between stairways,
escalators or elevators can also assume relatively low frequencies. Experience has shown that
mainly composite structures (i.e. concrete slab on steel joists) with a natural frequency of less
than about 7 to 8 Hz may be prone to annoying walking vibrations, more so than cast-in-place
slab-and-beam concrete floors of the same frequency range (due to greater mass and higher
damping). As a general rule, cast-in-place continuous concrete slabs are not prone to annoying
walking vibrations since the natural frequencies of the slabs are usually well above 7.5 Hz
(see Sub-Section 1.2.6a).
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b) Damping

Equivalent viscous damping ratios of floors in buildings vary in a wide range, depending on
ceiling, flooring, furniture, non-structural elements, partition walls, etc., and cannot be gener-
ally stated. For purposes of calculations using the heel impact method, damping ratios are sug-
gested in Sub-Section 1.2.6b.

1.2.4 Effects

The effects on people are those of annoyance, apprehension as to the structural safety of the
building, loss of mental concentration, and occasionally an unwell feeling resembling seasick-
ness. None of these effects are considered “harmful” to people, but because of the annoyance
factor, buildings with vibration problems may be subject to more complaints than others.

In most cases, the effects on the structure are not critical since the vibration amplitudes are
well below the critical stress levels as far as strength and fatigue are concerned.

1.2.5 Tolerable values

The tolerable values are those that apply to the occupancy in the building. Experience has
shown that an intermittent sustained (10-30 cycles) peak vibration amplitude of 0.5% g is ac-
ceptable for regular office occupancy. For special quiet locations, such as boardrooms, or ar-
eas where the occupants require a high degree of mental concentration, smaller limits (as little
as 0.2% g) may have to be attained. The human perception limits in Appendix I can be ap-
plied, although some allowance should be made for the type of activity and the environment
in which the activity takes place.

1.2.6  Simple design rules

Two simple design methods are suggested. Either method should produce satisfactory per-
formance of floors to walking. Particular characteristics and limitations will be further ex-
plained for each method.

a) High tuning method

Since the annoying vibration amplitudes are caused by a coincidence of the natural frequency
of the floor with the frequency of one of the harmonics of the walking forces, the problem can
be avoided by keeping these frequencies away from each other, i.e. avoiding a near-resonance
condition. For highly damped floors ({ > ~ 5%) the lowest natural frequency of the floor
should thus be above the frequency range of the second harmonic, i.e. above 2 - 2.4 Hz =
4.8 Hz. Thus, a natural frequency of 5 Hz or higher should be targetted. For floors with low
damping ({ £ 5%) the lowest resonance frequency should be above the frequency of the third
harmonic, i.e. 3 - 2.4 Hz = 7.2 Hz. To allow for some scatter in the accuracy of estimating pa-
rameters, a natural frequency of 7.5 Hz or higher should be targetted. Thus a remedial measure
consistent with this procedure is to shift the natural frequency of the floor outside the offend-
ing frequency range, i.e. increase the natural frequency to a value of > 7.5 Hz.
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This high tuning method (see Appendix A) is simple and effective, but may be unnecessarily
conservative since it does not take account of damping explicitly, nor of the effect of a large
participating mass. Consequently, some floors that fall below the 7.5 Hz criterion can perform
quite satisfactorily to walking excitation.

b) Heel impact method

One possible empirical method for avoiding annoying floor vibrations from walking in resi-
dential and office buildings is based on the “heel impact” and has been found to provide sat-
isfactory performance for floors below about 10 Hz natural frequency and spans greater than
about 8 m [CSA 1984]. The method is particularly suited to concrete slab steel joist systems,
but has also been used for concrete slab and beam construction [1.5].

The heel impact method can also be used for evaluating shorter spans, up to about 5 m, but
for short spans and light floor construction an allowance should be made for the mass of the
impacting person as well as the person’s contribution to the damping of the floor. This has,
however, not been quantified yet and therefore for the straight-forward application of the heel
impact method to concrete slab steel joist system, the recommended lower limit of applicabil-
ity is a span of 8§ m.

The heel impact consists of a person weighing about 700 N raising his heels high and sudden-
ly dropping them to the floor. The procedure can be used both as a design tool and for evalu-
ation of existing floors for acceptability against walking vibrations. It needs to be emphasized
that the heel impact is a way of testing for adequacy for walking vibrations, and is not to be
viewed as a simplified replacement to the continuous walking phenomenon.

The design or evaluation procedure consists of the following steps:

a) Calculate or measure the lowest natural frequency of the floor.

b) Calculate or measure initial peak acceleration from an impulse representing the heel im-
pact.

¢) Determine the aggregate damping value of the floor.

d) Compare heel impact criterion with values applicable to the floor properties.

Simply supported spans

For simply supported spans these steps will now be explained in more detail:

The lowest natural frequency of floors can be evaluated by any rational method. For concrete
slabs supported by simply supported steel joists (see Figure 1.7), the natural frequency f can
be calculated closely from:

7] N\05
- T
f = 156.(W) [Hz] (1.6)
where E = modulus of elasticity [N/mm?] (200,000 for steel)
I, = moment of inertia of the transformed section [mm?®*], where the concrete slab

width is equal to the joist spacing s and the total thickness 7. is transformed
to the area of steel.

W = total dead load per joist spacing [N/mm]

L = span [mm]
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For floor systems where the beams or joists are supported on flexible girders (see Figure 1.7),
f can be calculated from Dunkerley’s approximation

f= (f72+ 3572 [Hz] (1.7)

where f| is the natural frequency of the floor system on rigid supports, and f, is the natural
frequency of the girder with a mass corresponding to the tributary floor area supported by the
girder. For floor systems where the natural frequency f, of the girder is less than f, of the
joist or beam system, for continuous systems, or for more complex configurations see
Section 1.2.7.

An initial peak acceleration a,, can be derived from the impulse-response relationship which
gives:

_2n-f-1 2
ao = T -0.9 [m/s ] (18)
where [ = lowest natural frequency of floor [Hz]
I = impulse representing heel impact = 67 Ns
M = effective vibrating mass [kg]

The factor 0.9 is an adjustment factor to account for damped peak response. The mass M per-
taining to the initial dynamic response is determined by assuming an isolated vibrating floor
panel of width 40 7., where ¢, is the total thickness of the concrete slab. For a vibrating shape
of a sine wave the effective mass is 0.67 times the total mass of the floor panels having width
B and length L . This then gives:

60 - f
- 1.
a, = ==L [%g] (1.9)
where w = weight of floor per unit area plus actual contents [kN/m?]
B = 40 -1, = width of floor panel responding to heel impact [m]
L = length of floor panel [m]

Suggested damping ratios €, as a fraction of critical, associated with the heel impact criteria
are as follows:

bare floor (fully composite) 0.03
finished floor (with ceiling, ducts, flooring, furniture) 0.06
finished floor with partitions 0.12

It should be noted that these damping ratios are obtained from the decay rate of the heel impact
applied to the centre of the finished and occupied floor and are generally larger than those
measured at barely perceptible amplitudes.

The criteria are given in Figure 1.8 for which the value of a, should be less than the curves
pertaining to the applicable damping ratio. These criteria are specifically applicable only to
the heel impact calculation and the heel impact test method and were determined from expe-
rience [1.6]. The floor is deemed satisfactory for walking vibrations if the initial peak accel-
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Figure 1.8: Suggested acceptability limits of floor vibrations due to walking in normal office building
and residential occupancy, as determined by the heel impact criterion [CSA 84]

eration a, plots below the respective criteria lines. If it falls above, the mass or the damping
(or both) should be increased.

The results achieved by this empirical method will exhibit the characteristics that are inherent
in this technique. The method will not produce a convergent answer for progressive increases
in stiffness, but rather responds favourably to increases in mass and damping in order to sat-
isfy the criterion. This is consistent with the principle that increases in natural frequency are
not likely to be very helpful until the 7.5 Hz high tuning criterion is reached, where resonance
is no longer of practical concern. Thus, remedial measures consistent with this procedure are
increases in floor mass and/or damping until the heel impact criteria in Figure 1.8 are satisfied.

Other design procedures against walking vibrations have been developed, among others, by
[1.7],[1.8], [1.9] and [1.10].
Continuous spans

For continuous spans, i.e. for floor systems that are structurally continuous across one or more
supports such as walls, the effective vibrating mass M needs to be adjusted in the calculation
of a,. For two equal continuous spans, the mass M is double that of each one of the simple
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spans. Thus for calculating a, with Equation (1.9) one should use L = 2 times the single
span length.

Special care should be taken in evaluating the satisfactory vibration level of the span that is
adjacent to the one on which the walking activity occurs. Because of the structural continuity,
the vibrations will be transmitted to the adjacent span with nominally the same amplitudes as
on the excited span. If the adjacent span supports a quiet occupancy or if the two floors are
visually separated, then more stringent acceptability criteria should be considered.

For unequal spans or when the support is a flexible beam, more advanced design rules should
be used (see Section 1.2.7).

1.2.7 More advanced design rules

More sophisticated design rules can be devised that are based on calculations of the dynamic
response of floors subjected to the force variations produced by walkers or from other human
activities. Due to a number of uncertainties such calculations are at present not carried out
routinely. Nevertheless, an upper bound solution can be obtained by applying the applicable
harmonic force component from walking to the equivalent single-degree-of-freedom system
of the applicable mode of the floor and calculating its steady state response. This can then be
compared with the perception or annoyance criteria, suitably chosen to reflect the type of re-
ceiver and the environment in which the vibrations are perceived.

Special attention needs to be paid to the transmission of vibrations from one bay to another in
floor systems that are structurally continuous over supports.

When the critical point of vibration perception is not at the centre of a simply supported span,
as is assumed in the above calculation, then the limiting acceleration can be adjusted by the
ratio of the modal amplitudes at the point of observation to that at the centre of the span.

1.2.8 Remedial measures

a) Shift of the natural frequency

Shift the natural frequency away from the offending harmonic of walking forces, by changing
the stiffness or the mass of the floor, and/or increase damping, especially if the offending fre-
quency corresponds to that of the third harmonic of walking forces.

b) Non-structural elements

For floors being assessed by the heel impact criterion, increase the mass and/or increase the
damping by adding various non-structural elements such as full-height partitions, or by add-
ing damping devices.

Measurements of the vibrations on existing floors is recommended, both for understanding
the nature of the problem and for the design of an appropriate remedial measure.
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1.3  Floors for sport or dance activities

H. Bachmann, J.H. Rainer, AJ. Pretlove

1.3.1 Problem description

Floors treated in this sub-chapter are situated in buildings that contain

- Sport halls, gymnasia or other rooms for gymnastic training (“sport floors™)
- Dance halls, concert halls without fixed seating or other community halls without fixed
seating (“dance floors”).

The causes of vibrations are

- in the case of sport floors: mostly rhythmical exercises such as jumping, skipping and run-
ning. These exercises are often carried out by numerous people to the beat of music and
with a high degree of synchronisation (e.g. fitness training, jazz dance training, aerobics,
etc.) and last up to 20 seconds or more. Such exercises may provide very high dynamic
forces.

- in the case of dance floors: normal dancing such as march, waltz, tango, polka, schottisch,
rock and roll, etc., or rhythmical handclapping of a standing audience often combined with
simultaneous vertical body bouncing (in concerts).

1.3.2 Dynamic actions

The dynamic forces caused by sport activities or by dance activities may be very wide rang-
ing, but there are some important commeon features. In most sport activities the ground contact
of the feet is temporarily interrupted, resulting in high rhythmical impact forces (see
Figure G.2). The observed maximum activity rate is about 3.5 Hz, and the density of people
is relatively small. On the other hand, most dance activities are characterised by the fact that
there is a continuous ground contact resulting in smaller forces which are comparable with
those of brisk walking. ““Wild” dances could, however, generate forces comparable to sport
activities. The observed maximum pace (dance) rate is about 3.1 Hz and thus somewhat small-
er than the maximum rate for sport activities. The density of dancers, however, can be much
higher than the density of people performing sport activities.

For the dynamic design of a sport floor, the type of activity “jumping” defined in Tables G.1
and G.2 can be taken as representative. The relevant range of activity rate is 1.8 - 3.4 Hz. The
Fourier coefficients shown in Table G.2 correspond to an impact factor of kp =4.5 (see
Figure G.2), which is a good assumption for a fairly large group [1.11]. Table G.2 also gives
the presumed density of people on sport floors for dynamic calculations.

For the dynamic design of a dance floor, the type of activity “dancing” defined in Tables G.1
and G.2 can be taken as representative. The relevant range of activity rate is 1.5 - 3.0 Hz.
Table G.2 gives the relevant Fourier coefficients to be used, together with the density of peo-
ple for dynamic calculations of dance floors. The case of rhythmical handclapping combined
with vertical body bouncing of a standing audience is not relevant because of the small Fou-
rier coefficients combined with the same or lower design density of people (see Table G.2).
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1.3.3 Structural criteria

a) Natural frequencies

Long-span sport floors which have been designed only for static load often have a fundamen-
tal frequency of 4.5 to 5.5 Hz. Such floors can be excited to strong resonance vibrations espe-
cially by the frequency of the second harmonic of the forcing function (2- 1.8 Hzto 2 - 3.4 Hz
gives 3.6 Hz to 6.8 Hz). Smaller-span sport floors with a fundamental frequency of 6 to 9 Hz
can also be excited to resonance vibrations by the frequency of the third harmonic (e.g.
3.2.0Hzor 3 - 3.0 Hz gives 6 Hz or 9 Hz respectively) and in extreme cases the fourth har-
monic of the forcing function.

Dance floors can also be excited to resonance vibrations by the frequency of the second har-
monic (2 - 2.0 Hz to 2 - 3.0 Hz gives 4.0 Hz to 6.0 Hz) or by the frequency of the third har-
monic (e.g. 3 - 2.5 Hz gives 7.5 Hz) and in extreme cases by the fourth harmonic of the forcing
function .

b) Damping

In the case of sport floors or dance floors in gymnasia or relevant buildings, damping of the
bare structure is augmented by considerable contact damping produced by nonstructural ele-
ments (see Appendix C). Table 1.2 shows equivalent viscous damping ratios { for different
construction types.

damping ratio {
Construction type min. mean max.
Reinforced concrete 0.014 0.025 0.035
Prestressed concrete 0010 | 0020 0.030
Composite 0.008 J 0.016 0.025
Steel | 0.006 ‘ 0.012 0.020
\

Table 1.2: Common values of damping ratio C for sport and dance floors

1.3.4 Effects

In the cases of sport floors and dance floors, people in adjoining rooms or in rooms directly
under the affected floor can be annoyed by vibrations while people causing the vibrations do
not feel them or are not disturbed by them. In the case of dance floors, people sitting at tables
on the affected floor may also be annoyed. A similar case exists for a stage dance performance
when there is a seated or standing audience in front of the stage. In extreme cases the vibra-
tions may be severe enough to cause the affected persons to leave the room quickly; it may
even lead to panic. Of great importance may be the fact that in addition to mechanical vibra-
tions, acoustic effects greated through reverberations and rattling of equipment as well as the
impression of a moving ceiling and of moving walls can be very disturbing.

Vibrations from sport or dance activities can affect the serviceability of the relevant building
by damaging non-structural elements such as a ceiling, cladding, windows, etc. Safety prob-
lems caused through fatigue or overstress in the load-bearing structure are rare. However, a
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safety problem for people may arise as a result of ceiling elements becoming detached due to
vibrations and falling down.

1.3.5 Tolerable values

The maximum tolerable acceleration of sport floors (tolerance threshold) is about 5% g (at
most 10% g) [1.11], [NBCC 90]. Stress in the load-bearing structure should be verified and
compared with limit values from relevant codes or Appendix J.

The maximum acceleration of dance floors should also be limited to about 5% g. However, in
cases where there is an atmosphere of euphoria, e.g. rock concerts, much higher accelerations
up to 30% g have been observed without complaints or anyone leaving the floor. The tolerance
level of 5% g should be reduced to 2% g when people are seated around the dancing surface
[NBCC 90]. When seated persons are not in visual and auditory contact with the dancers or
when adjacent rooms are used by a different clientele, then even more stringent criteria may
be required by the receiver, down to vibration amplitudes near the threshold of perception (see
Appendix I). However, such criteria may be difficult to achieve in practice.

1.3.6  Simple design rules

As a first criterion the fundamental natural frequency of sport floors and of dance floors should
be higher than the upper bound frequency of the second harmonic of the representative nor-
malised dynamic force. For sport floors the relevant activity is “jumping”, for dance floors
“dancing” (see Appendix G). This leads to a fundamental frequency of sport floors higher
than 2 - 3.4 Hz = 6.8 Hz and of dance floors being higher than 2 - 3.0 Hz = 6.0 Hz. In addition,
as a second criterion, taking into account the tremendous energy input created by large groups
of athletes or dancers, different values of effective stiffness, mass and damping for various
construction types should be approximately taken into account (e.g. steel structures are much
more lively than concrete structures under the same dynamic action).

These criteria lead to the following recommendations for lower bounds of the fundamental
frequency of the floors:

Sport floors Dance floors
Reinforced concrete structures f, >7.5Hz f, >6.5Hz
Prestressed concrete structures £y 8.0 Hz Iy > 7.0 Hz
Composite structures fy >85Hz fi >75Hz

l Steel structures fi >9.0Hz f, >8.0Hz

Calculations of natural frequencies should always be carried out with careful thought being
given to the structural contribution of floor finish, the dynamic modulus of elasticity, and - in
reinforced concrete structures - the progressive cracking, including the tension stiffening ef-
fect of the concrete between the cracks. It is advisable to carry out sensitivity calculations by
varying these parameters.
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1.3.7 More advanced design rules

If more sophisticated considerations are desirable it is recommended that a calculation of a
forced vibration for the representative normalized dynamic force be carried out and the results
compared with tolerable values. This may be the case if the above mentioned recommenda-
tions for lower bounds of the fundamental frequencies of a floor cannot be adhered to, or if a
claim for higher comfort is made.

The required data for the representative normalised dynamic force for “jumping” or “danc-
ing” can be taken from Table G.2 (Fourier coefficients and phase angles, design density of
people). The calculation is normally carried out for the steady state according to the rules of
Appendix A of linear-elastic dynamic theory using bracketing assumptions for stiffness, mass
and damping. The critical design case for vibration will usually occur when the frequency of
the second or third harmonic of the forcing function is equal to the fundamental frequency of
the floor resonance. The tolerable values can be taken from Section 1.3.5 or Appendix L.

1.3.8 Remedial measures

a) Raising the natural frequency by means of added stiffness

In many cases the most appropriate remedial measure for existing sport or dance floors is to
increase the fundamental frequency by increasing the stiffness (but beware of the effect of
added mass).

b) Increasing structural damping

An increase of structural damping is usually difficult to achieve. Some possibilities are de-
scribed in [1.1].

¢) Use of vibration absorbers

In exceptional cases the installation of a vibration absorber (mass-spring-damper, see
Appendix D) tuned with respect to the critical frequency of the vibrating floor may be possi-
ble. However, to date, no successful applications are known to the authors.
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1.4 Floors with fixed seating and spectator galleries

H. Bachmann, J.H. Rainer, AJ. Pretlove

1.4.1 Problem description

Structures treated in this sub-chapter are

- floors with fixed seating in concert halls and theatres
- spectator galleries in stadia, grandstands and theatres.

The sources of vibration may be

- rhythmical hand clapping of a seated audience to the beat of the music or demanding en-
cores. This is quite common in “soft” pop-concerts, but it may also occur in classical con-
certs (e.g. when clapping to a piece like the Radetzky March by Strauss).

- rhythmical hand clapping with simultaneous vertical body bouncing of an audience stand-
ing between the fixed seat rows. Hand clapping with body bouncing may occur in “hard”
pop-concerts while in classical concerts generally only hand clapping need be taken into
account.

- rhythmical lateral body swaying of a seated or standing singing audience. This may occur
when people are seated on a bench without armrests or when they are standing close to one
another linked with the next person’s arm.

1.4.2 Dynamic actions

The dynamic forces caused by the above mentioned activities can be manifold. The vertical
dynamic force of a hand-clapping seated person depends mainly on the clapping intensity and
whether or not a simultaneous shoulder movement occurs (see [G.5]). The dynamic force of
a standing person is about the same as for a seated person, if the same kind of clapping and
no simultaneous body bouncing is performed. Vertical body bouncing by bending and
straightening the knees produces a much higher dynamic force than hand clapping alone. The
horizontal dynamic force from rhythmical lateral body swaying depends mainly on the sway-
ing frequency, the displacement amplitude and the participating mass of the human body.

For the dynamic design of a relevant structure for vertical dynamic forces, the types of activity
“hand clapping while being seated” and *“hand clapping with body bouncing while standing”
defined in Table G.1 can be taken as representative. The relevant range of activity rate is 1.5
to 3.0 Hz. Fourier coefficients for some load frequencies are given in Table G.2 (note, how-
ever, the great scatter due to the large variety of possible rhythmical body motions).

For the dynamic design of a relevant structure for horizontal dynamic forces, the type of ac-
tivity “lateral body swaying” (of a seated or standing singing audience) can be taken as rep-
resentative. It must be recognised that slow rhythms with a frequency of the main beat of
about 0.8 to 1.4 Hz may be relevant and that the rate of lateral body swaying is one half of the
beat frequency, i.e. about 0.4 to 0.7 Hz. The Fourier coefficient for the relevant harmonic has
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not yet been determined by experiments, but it can be assumed to be 0.3 for an activity rate
of 0.6 Hz (beat frequency of 1.2 Hz) for a standing person (remark: this value has been deter-
mined for a sinusoidal displacement amplitude of + 200 mm at a sway frequency of 0.6 Hz as
follows: @ = 200 mm - 4 - 2 - 0.62/s 2= 3 m/s?) and two-thirds of that for a seated person.

1.4.3 Structural criteria

a) Natural frequencies

Long-span floors of concert halls or theatres or spectator gallery structures which have been
designed only for static loads can show a vertical vibration fundamental frequency down to
about 2 Hz. The damping ratio may lie between 0.015 and 0.03. Such floors can be excited to
strong vertical resonance vibrations by the frequency of the first harmonic of the vertical forc-
ing function of a seated handclapping audience (i.e. 1.5 Hz to 3.0 Hz). For floors with a higher
fundamental frequency but a standing bouncing audience, the frequency of the second har-
monic of the vertical forcing function (2 - 1.5 Hz to 2 - 3.0 Hz gives 3 to 6 Hz) can also cause
disturbing vibrations.

Depending on horizontal stiffness, spectator gallery structures may have a horizontal funda-
mental frequency down to about 1 Hz. They can be excited to strong horizontal resonance vi-
brations by the frequency of the third harmonic of the horizontal swaying forcing function
(3-04Hzto3 0.7 Hz gives 1.2 Hz to 2.1 Hz).

b) Damping

For floors in buildings with fixed seating the same damping ratios { as for sport and dance
floors given in Table 1.2 are applicable. For spectator galleries with fewer non-structural ele-
ments about two-thirds of these values may be appropriate.

1.4.4 Effects

The effects on people are generally similar to those described in Sub-Chapter 1.3. In the case
of a horizontal sway of a soft structure with a fundamental frequency equal to the beat fre-
quency, the possibility of panic cannot be excluded.

1.4.5 Tolerable values

In general, for concert halls and theatres with classical concerts and a hand clapping audience,
a tolerable acceleration of ~ 1% g maximum sustained vertical peak acceleration may be taken
as acceptable. For pop-concerts this threshold may be increased to 5% g (see also Sub-
Chapter 1.3).

For horizontally swaying spectator galleries a tolerable horizontal acceleration of about half
of the tolerable vertical maximum sustained peak acceleration may be taken as acceptable. In
addition there may be displacement limits for specific structures.
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1.4.6  Simple design rules

The vertical fundamental frequency of the structure should be established with respect to the
following criteria (present day knowledge):

- floors of concert halls and of theatres with fixed seating with classical concerts or “soft”
pop-concerts only: higher than the upper bound frequency of the first harmonic of the rep-
resentative normalised dynamic force for the activity “hand clapping” (see Appendix G).
This leads to fundamental frequencies of such floors being higher than 1 - 3.0 Hz = 3.0 Hz.

- floors of concert halls and theatres with fixed seating and spectator gallery structures with
“hard” pop-concerts: higher than the upper bound frequency of the second harmonic of the
representative normalised dynamic force for the activity “hand-clapping with body bounc-
ing while standing” (see Appendix G). This leads to fundamental frequencies of such struc-
tures higher than 2 - 3.0 Hz = 6.0 Hz.

The horizontal fundamental frequency of a spectator gallery structure should be established
with respect to the upper bound frequency of the third harmonic of the representative normal-
ised dynamic force for the activity “lateral body swaying of a seated or standing audience”
(see Appendix G). This leads to horizontal fundamental frequencies of such structures higher
than 3 - 0.7 Hz = 2.1 Hz.

These criteria lead to the following recommendations for lower bounds of the fundamental
frequency:

floors of concert halls and of theatres with fixed seating with classical | f, > 3.4 Hz
concerts or “soft” pop-concerts only

floors of concert halls and of theatres with fixed seating and spectator | f, > 6.5 Hz
gallery structures with “hard” pop-concerts

spectator gallery structures with fixed seating and lateral swaying Finoriz > 2-5Hz
and singing audience

Calculations of natural frequencies should always be carried out with careful thought being
given to the structural contribution of floor finish, the dynamic modulus of elasticity, and - in
reinforced concrete structures - the progressive cracking including the tension stiffening effect
of the concrete between the cracks. It is advisable to carry out sensitivity calculations by var-
ying these parameters.

1.4.7 More advanced design rules

Section 1.3.7 is applicable.

1.4.8 Remedial measures

Section 1.3.8 is applicable.
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1.5 High-diving platforms

H. Bachmann, AJ. Pretiove, J.H. Rainer

1.5.1 Problem description

High-diving platforms in open air or indoor swimming pools can be affected by vibrations if
the platforms have not been designed for dynamic forces [1.12]. The vibrations are mainly
caused by the athlete through impulsive action immediately before or at take-off.

1.5.2 Dynamic actions

A major distinction has to be made as to whether or not a springboard for figure diving is
mounted on the platform.

Normal high diving is done from a rigid concrete platform slab with or without a running start.
For jumping off without running, the dynamic force consists of a single impulse. Jumping off
after running activates additional impulses.

For figure diving a relatively soft springboard is mounted on the platform. The springboard
flexibility results in larger amplitudes attained by the centre of mass of the athlete’s body
when he or she gains momentum by jumping on the spot or by running. Compared with a rigid
platform slab, impulses on the springboard are significantly larger.

For design purposes the forcing function need not be known. A simple distinction between a
platform with a rigid slab and a platform with mounted springboard is sufficient.

1.5.3  Structural criteria

a) Natural frequencies

High-diving platforms designed only for static loads often have natural frequencies between
2 and 3 Hz [1.12], [1.11]. Athletes can excite such platforms to excessive vibrations.

The following vibration patterns are possible:

- swaying of the support column (in a direction not necessarily coincident with the take-off
direction)

- rigid-body motion of the platform (similar effects)

- vibration of the platform slab (particularly unpleasant as the athlete may be given an un-
wanted spin).

b) Damping

In the case of high-diving platform structures, material damping of the structure itself can be
augmented by considerable energy radiation to the soil (see Appendix C). This may be true
when the foundation of the platform structure stands on rather soft soil and can rotate, (i.e. it
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is not connected to a basin or its foundation) or when the shaft above the foundation is em-
bedded over a certain length of soil. Then the vibration deformation of the structure can lead
to considerable energy radiation into the soil. However, most high-diving platform structures
have a relatively low equivalent viscous damping ratio { as shown in Table 1.3.

damping ratio

Construction type min. mean max.

Reinforced concrete 0.008 0.012 0.016
(~ uncracked or only few cracks)

Table 1.3: Common values of damping ratio { for high-diving platform structures

1.54 Effects

Strong support column vibrations irritate the athlete and hamper his or her performance. In
extreme cases, the high-diving platform has to be strengthened or totally rebuilt [1.11].

Vibrations mainly affect the serviceability of the platform. Problems of fatigue or impending
failure are rarely relevant.

1.5.5 Tolerable values

The definition of upper limits of velocities or accelerations is impractical as the vibrations are
transient and their direction is also of significance. It has been found more useful to comply
with certain frequency and stiffness criteria (see paragraph below).

1.5.6  Simple design rules

A high-diving platform must fulfill the following two types of criteria [1.12]:

- stiffness criteria to be checked with relatively simple static calculations

- frequency criteria corresponding to high tuning of the structure and therefore requiring a
frequency computation.

a) Stiffness criteria

The spatial vector displacement of the front edge of the platform caused by spatial static force

with 2F = F = F = 1 kN according to Figure 1.9 must remain

8(FF,F,) <1 mm (1.10)

y
and the lateral front displacement alone must be

8, =05-8<0.5 mm. (1.11)

The stiffness criteria are particularly stringent. Practical experience shows that reinforced-
concrete platforms can be assumed to maintain their uncracked stiffness in bending as well as
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torsion. The listed bounds were derived from approved high-performance platforms and rep-
resent competition standards for normal high diving and for figure diving. For less profession-
al demands in recreational indoor or outdoor swimming facilities, these bounds could well be
relaxed.

Figure 1.9: High-diving platform with spatial static load [1.12]

b) Frequency criteria

The frequency bounds to be observed are listed in Table 1.4. They concern support column
sway, rigid-body motion and platform slab vibration. A major distinction is to be made when
a springboard for figure diving is mounted on the platform. As described before, rhythmic
jumping on the springboard contributes much to the excitation of the platform, so that stricter
frequency bounds apply.

Frequency bounds | without spring board with spring board

Support column vibrations | ‘
(all fundamental modes in longitudinal and

lateral sway and in twist) f,235 Hz f,250 Hz
Rigid-body vibration

(flexibility of foundation) f1270 Hz f,210.0 Hz
Slab vibration f,2100 Hz f,2100 Hz

Table 1.4: Recommended minimum frequencies for high-diving platforms in swimming pools

1.5.7 More advanced design rules

No design rules can be recommended other than those given above.

1.5.8 Remedial measures

Inadequate high-diving platforms can be strengthened with the objective of attaining the fre-
quency and stiffness criteria given in Section 1.5.6. In some cases a tuned vibration absorber
can be installed [1.13]. An increase of inherent damping or other measures for improvement
are generally difficult to put into practice.
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2  Machinery-induced vibrations

W. Ammann, G. Klein, H.G. Natke, H. Nussbaumer

This chapter deals with structural vibrations induced by machinery equipment permanently
fixed in place.

In this context permanently fixed equipment means all machinery, components or installa-
tions working continuously and causing vibrations. This applies equally to bells, especially
when mounted in bell towers, and as such they are treated in this chapter. On the other hand,
construction equipment is not dealt with in this chapter even though the causes of vibrations
are similar. This type of equipment is dealt with in Chapter 4.

Direct dynamic effects, in situ, are of great importance. These consist not only of effects on
equipment and people in the immediate vicinity but also of effects on the structure to which
the machinery is attached as well as the foundation it stands on.

Besides the direct dynamic effects, permanently fixed equipment can have indirect dynamic
effects. Such effects can stem from the transmission of vibrations by propagating waves lead-
ing to structure-borne acoustic waves. This kind of indirect sound is often particularly un-
pleasant. The sound is caused by vibrations travelling long distances via various transmitting
media connected to the structure and in turn is then radiated from structural elements as air-
borne sound.

Other indirect dynamic effects can be vibrations transmitted through foundations into other
buildings (and people living in them). They can be very disturbing. Vibrations transmitted
through the air into other buildings are usually negligible.

This chapter on machinery-induced vibrations is structured into the following sub-chapters:

2.1 Machine foundations and supports
2.2 Bell towers

2.3 Structure-borne sound

2.4 Ground-transmitted vibrations

Important fundamentals are given in the appendices.
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2.1 Machine foundations and supports

W. Ammann, G. Klein, H.G. Natke, H. Nussbaumer

2.1.1 Problem description

Machinery can affect many different parts of civil engineering structures such as foundations,
pedestals or structural members (slabs and beams), and even whole buildings in several ways
with quite different types of dynamic forces. In the following context the term “foundation”
refers to engineered structures supporting all kinds of machines and resting directly on the
soil, whereas the term “support” covers all other structures and structural members support-
ing machines.

A machine causes distinct dynamic forces depending on its manufacturing purpose, condi-
tions of operation, state of maintenance, design details, etc. These forces depend primarily on
the type of motion the machine parts describe, whether it is of a rotating, oscillating or an im-
pacting nature. According to their time function, dynamic forces from within machines can be
periodic or non-periodic (see Figure 2.1). A periodic excitation may sometimes be harmonic.
A non-periodic excitation can either be of a transient or of an impulsive nature. As a first ap-
proximation it is sometimes possible to model repeated impulsive excitations as quasi-peri-
odic. In some cases the time function of an excitation may not be sufficiently described by a
deterministic mathematical approach and therefore may be more effectively described by a
stochastic approach.

Periodic forces:

a) Harmonic force b) Periodic force

H

‘ PerlodT
Non-periodic forces:
c) Transient force Impulsive force

?T
MMM A—
v

Figure 2.1: Typical time functions of dynamic forces
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Machine foundations and supports can be as varied as the kind of dynamic forces. Machine
foundations can mainly be divided into block, box and framed foundations. Either direct
mounting or soft supports for machines on foundations is possible. Furthermore, there are
many possibilities for machines, especially for small and medium sized machines, to be
mounted without any additional measures on the structural members of the building, e.g.
mounting a machine on a floor of a building. In this case, supports may be rigid or elastic.
Sometimes it is advisable to consider an additional, stabilizing mass. Waves induced by ma-
chines may be transmitted into neighbouring buildings or adjacent rooms in the form of vi-
brations and special attention has to be paid to these problems.

2.1.2 Dynamic actions

a) Causes

Rotating parts of machinery cause non-negligible dynamic forces if they are insufficiently
balanced or if electrodynamic fields are present. Out-of-balance forces arise whenever the
centre of mass of a rotating part does not coincide with the axis of rotation. The product of
mass and eccentricity is called static unbalance. The resulting dynamic load depends on the
flexural rigidity of the axle and its support. Unbalance is usually more noticeable in machines
that have been in operation for a considerable time. Examples of machines with predominant-
ly rotating parts are fans and ventilators, centrifugal separators, vibrators, washing machines,
lathes, centrifugal pumps, rotary presses, turbines and generators.

Oscillating parts of machines always excite dynamic forces. The causative motion can be
translational, rotational with small angle, or a combination of both (pendular motion). Fur-
thermore, dynamic forces depend on the state of maintenance and age of the machine. Exam-
ples of machines with predominantly oscillating parts are weaving machines, piston engines,
reciprocating compressors, reciprocating pumps, cmergency power generators (diesel en-
gines), flat-bed printing presses, frame saws, crushing and screening machines.

Impacting parts of machines often develop large intermittent dynamic forces. Skilful design,
however, will attempt to balance (e.g. with a counter-blow hammer) the major part of the
force within the machine frame. This reduces the residual forces on the structure. Examples
of machines with impacting parts are, for instance, moulding presses, punching machines,
power hammers and forging hammers.

Apart from the types of motion the machine parts describe when in use, dynamic forces are
also created by start-up and shut-down operation of the machine, through short circuiting and
parts of machinery failing.

Generally it is of great advantage if the manufacturer can give details of the various types of
dynamic forces caused by machines in use and probable vibration limits (for safe operation,
threshold, etc.). If this is not possible the resulting dynamic forces have to be assumed based
either on experience with similar machines or on acceptable vibration limits causing no dam-
age to the machines and/or the personnel. Assumed time functions for accelerations or veloc-
ities of the exciting forces or energy data may also be used as criteria for assessing vibrations.
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As mentioned above, the force time function can be periodic, transient or in exceptional cases
even harmonic. In any case a periodic force can be decomposed by means of a Fourier analysis
into a number of harmonic components (see Appendix A). Some forces can only be described
in a stochastic way.

b) Periodic excitation

Periodic excitations are mainly the result of either rotating or oscillating parts of machinery.
The resulting force time functions are briefly described:

Machines with rotating parts may cause non-negligible dynamic forces if they are insuffi-
ciently balanced. The centrifugal force depends on the square of the rate of rotation. This kind
of excitation is referred to as “quadratic excitation” . A constant rate of rotation equals a con-
stant amplitude of the force, often referred to as “constant-force excitation”.

The amplitude of a single rotating part out-of-balance is the typical case of a gquadratic exci-
tation and leads to:

2

, 47 2 , 2 2, 2
F0=m-e-§6—0(—)-n =m-e-4n - fpo=m-e-Q 2.1
where F b = centrifugal force [N]
m' = mass of the rotating part (unbalanced fraction) [kg]
e = eccentricity of the unbalanced mass fraction [m]
n = rate of rotation (speed of revolution of the unbalanced mass

expressed in revolutions per minute) [r.p.m.]
fp = operating frequency (5 = n/60) [Hz]
Q = angular velocity of the rotating part (= 2% - f ) [rad/s]

In an arbitrary direction the harmonic force may thus be defined as

F(1) = F,-sin(Qn) = m'-e- Q" sin (Q1) 2.2)

which acts on the total mass M of the machine (including the mass m' of the rotating, unbal-
anced fraction). Detailed information on machinery with regard to data on unbalanced parts
is given in [ISO 2372] or [ISO 3945].

If several rotating parts with individual unbalances are mounted on the same shaft, they rotate
with identical speed of revolution but different phase angle, and hence they produce a result-
ing harmonic force.

If several (n) unbalanced parts rotate with different rates of rotation, a periodic force results
due to the superposition of their individual harmonic forces in a state of unbalance. Thus

n
F() = Y A;-sin(2mi-fp-1-9) 2.3)
i=1
= order of the harmonic

amplitude of / -th harmonic
= phase lag of the i -th harmonic relative to the Ist harmonic.

~.

where

o>
I
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The forcing function of constant-force excitation is of the form
F(1) = F'-sin(Q1) (2.4)

where F' = amplitude of the force (constant)

Machines with oscillating parts always excite periodic forces in the direction of the moving
parts. Although all reciprocating machines or engines exert primarily an oscillating force in
the direction of the piston motion, they also give rise to a rotational component due to the ec-
centric hinging of the connecting rod to the crankshaft. Either component is of a quadratic ex-
citation type. At constant operating f{requency, however, the resulting amplitude depends on
the number of pistons and of their suitable arrangement with respect to each other which may
compensate the resulting forces or at least minimize them. The dynamic forces have to be de-
fined by the manufacturer (see Section 2.1.6).
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Figure 2.2: Vertical forces from various types of weaving machines with predominantly oscillating parts;
a) force-time function, b) derived discrete Fourier amplitude spectrum [2.1]

Typical force-time functions caused by weaving machines, i.e. from machines with oscillating
parts, and transmiitted to their supports, are shown in Figure 2.2. This figure shows the time
function of the vertical force transmitted to the footings and the corresponding spectra of Fou-
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rier amplitudes applicable for various types of machinery. Only in air-jet machines and shuttle
looms do the maxima of the transmitted forces coincide with the operating frequency; on all
other types the maximum occurs at a frequency of a higher harmonic.

¢) Transient excitation

Machines with impacting parts often develop large intermittent dynamic forces. The loading
can be characterized by the following parameters of the impact phase (see Figure 2.3):

- duration of impact t,, compared to the first natural period of the oscillator T
- momentum /
- rise time of the force ¢,

- peak impact force F P, max”

The combination of these parameters determines the shape of the force-time function, for in-
stance semi-sinusoidal, triangular or even rectangular. In most cases the maximum of a dy-
namic quantity resulting from the impact is of primary interest, e.g. the peak displacement
X, Of the centre of mass of the affected structural member. Assuming an SDOF oscillator,
for various shapes of force-time functions Figure 2.3 shows the dynamic magnification factor
|4 s versus the ratio tp/ T, (duration of impact to the natural period of the oscillator).

Figure 2.3: Dynamic magnification for various forcing functions as a function of the ratio
between duration of impact and structural period [2.2]

The dynamic magnification factor for the displacement is defined as:

X

V = —_max (2.5)
S F, Kk
where V. = dynamic magnification factor
F p, max = peak impact force
k = stiffness of the impacted structural member
F /k = static displacement under the peak impact force

p.max
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Figure 2.3 leads to the following conclusions:

1. In the range ¢ p/ T, > 1, the magnification factor V_ is dominated by the rise time ¢, . In-
stantaneously applied forces induce the highest possible value V= 2.0, whereas gradu-
ally applied forces lead to a lower bound of the magnification factor of V= 1.0.

2. In the range ¢ p/ T, <0.40, the magnification factor V depends strongly on the shape of
the force-time function, but the peak displacement is largely determined by the applied mo-
mentum /. The relationship can be approximated by

1

(1) =7

1 -sin (o, - 1) (2.6)
1

where M = mass of the equivalent SDOF oscillator (structural member)
®, = circular natural frequency of the equivalent SDOF oscillator

i

I =J’F(z) - dt = applied momentum

0
t

t =t—tp

and for the peak displacement

1

x"lax—_—M.m‘.I

(2.7)

Because of the typically short rise time 7, and impact duration 1, significant force compo-
nents are present over a wide frequency range. Structural damping does not have much effect
on the peak displacement under these forcing conditions. More details on the force-time func-
tions can be found, e.g. in [2.3] or [2.4].

For power and forging hammers the force-time function depends not only on the operating
mode of the machine but also on the moulding properties of the processed material. One can
distinguish the forcing phase (duration of impact) from the subsequent, sometimes much
longer, phase without external excitation (quiet phase). In general, this phase of vibration de-
cay is not exactly of constant duration, hence the nature of the forces is transient (single im-
pulses). There are some machines on the market, however, which do have a constant quiet
phase, resulting in a periodic type of excitation. The resulting dynamic forces exhibit a peri-
odic peak followed by a more or less free vibration decay of the impacted body. As the oper-
ating frequencies of these machines can be rather high, complete vibration decay between
impacts may not always be possible, especially in cases where structural damping is minimal.

d) Stochastic excitation

In many cases as, for instance, in coal or clinker mills it is not possible to describe the force-
time function deterministically as it depends on random events. It is then necessary to use sto-
chastics with characteristic parameters determined statistically (see e.g. [2.5], [2.38]).

Due to the large amount of uncertainty concerning the force-time function, machines of the
impacting type should only be mounted on vibration isolating supports (spring-damper ele-
ments).
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2.1.3 Structural criteria

a) Natural frequencies

A coincidence between the fundamental frequency of a structure or structural member and of
the operating frequency of a machine must be avoided if possible. Due to the large variety and
ranges (2 decades or more) of excitation-frequencies together with the large variety of struc-
tures and substructures concerned (building elements, type of support, stabilizing mass) it is
not possible to define a common range of adequate structural natural frequencies. However,
even for the case of a relatively rigid structure, the fundamental frequency will probably not
exceed 25-30 Hz.

b) Damping

Typical equivalent viscous damping ratios { for machine-supporting floors of industrial
buildings are given in Table 2.1.

Table 2.1: Common values of damping ratioC for machine-supporting floors of industrial buildings

2.1.4 Effects

Effects of machine-induced vibrations can be of a wide variety, the basic distinction being
drawn between effects on structures or structural members on the one hand, and those on peo-
ple, installations, machinery and their products on the other.

a) Effects on structures

Effects of machine-induced vibrations on structures may include:

- appearance of cracking, crumbling plaster, loosening of screws etc.

- problems of fatigue of steel girders or steel reinforcement with consequent damage, ulti-
mately leading to collapse

- loss of load-bearing capacity (in rare cases of overstressing).

b) Effects on people

People working temporarily or permanently near to machines emitting vibrations or near to
co-vibrating structural members could be affected in various degrees. The intensity may range
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from barely nqticeable to slightly or severely disturbing to harmful. They can occur in three
different ways:

- as mechanical effects (e.g. vibration of a floor or ceiling)

- as acoustic effects (e.g. noise from reverberating installations and pieces of equipment,
also structure-borne or air-borne sound)

- optical effects (e.g. visible motion of building elements, installations or objects).

c) Effects on machinery and installations
These include:

- problems of material behaviour in the machine itself (deformations, strength, fatigue)
- problems of material technology in the manufactured goods (e.g. excessive tolerances due
to unplanned motion of tools and installations).

d) Effects due to structure-borne sound

See Sub-Chapter 2.3.

2.1.5 Tolerable values

a) General Aspects
The above mentioned effects lead to the following criteria:

- structural criteria
- physiological criteria
- production-quality criteria.

Vibration bounds may be given as physical quantities such as

- displacement amplitude
- velocity amplitude
- acceleration amplitude

or otherwise derived quantities including natural frequency (e.g. KB intensity of a structure
or an affected structural member, see [DIN 4150] and also Appendices I and J).

b) Structural criteria

Vibrations induced by machines may cause deformations and smaller or larger forms of dis-
tress in buildings and structural members (see also Appendix J). Non-structural elements are
particularly vulnerable. Continuous vibration can also lead to problems of fatigue and over-
stress in principal load-bearing members. However damage to non-structural elements is in
most cases predominant. Damage patterns may be:

- cracking of walls and slabs

- aggravation of existing cracking in structural members and non-structural elements, which
can lead to secondary damage such as leakage, corrosion etc.

- continued vibration causing subsidence of buildings leading to cracking as a secondary ef-
fect.

- collapse of equipment or cladding, thereby endangering occupants.
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Various codes and standards contain data for acceptance criteria and tolerable values.

Detailed data are to be found in the following codes and standards: [ISO/DIS 4866], [DIN
4150/3], [SNV 640312], [VDI 2056], [VDI 2062], (as an example see also Figure 2.4) .

When new machinery with dynamic forces in a non-negligible range is to be integrated into
existing buildings or mounted nearby and probably exerting non-negligible dynamic forces it
is advisable to carry out vibration measurements at the planning stage to get more insight into
the expected behaviour of the existing structure due to the anticipated additional excitations.

Figure 2 4: Effective velocity levels for operation of different machines (according to [VDI 2056])



2.1 MACHINE FOUNDATIONS AND SUPPORTS 39

¢) Physiological criteria

Parameters influencing the human sensitivity are listed in detail in Appendix I. Additional and
more specific data can also be found in the following codes and standards: [ISO 2631], [BRE],
[BS 54001, [BS 6472], [DIN 4150/2], [INBCC 90], [VDI 2057].

d) Production-quality criteria

Universally applicable criteria cannot be given but need to be specified individually for dif-
ferent types of machinery. The trend for the future, however, shows a definite development
towards establishing general regulations. Instructions given by manufacturers are important.
At the planning stage, bounds to vibration effects need to be formulated with respect to the
following questions:

1. Does the installation of new machines into the existing structure have any negative effects
on the machinery itself or on the immediate neighbourhood?

2. Will secondary vibration of the existing structure cause material-technological problems
to newly installed machinery?

General statements try to group various types of machinery into different sensitivity classes.
More detailed information can be found in the following codes, standards and recommenda-
tions: [ISO 2372], [ISO 2373], [BS CP 2012/1], [DIN 4024/1], [DIN 4024/2], [VDI 2056]
(see Figure 2.4), [VDI 2063].

e) Tolerable values relative to structure-borne sound

Some indications for tolerable values relative to structure-bome sound be found in [DIN IEC
651], [2.15] and [2.16].

2.1.6 Simple design rules

a) General

In addition to providing support for the static forces, the main task of machine foundations
and supports is the safe transmission of the dynamic forces from the source of excitation
through the machinery mountings down to the subsoil or the adjacent structural members. In
addition foundation and support must have sufficient rigidity to avoid unacceptable deforma-
tions to the machine or parts thereof. For example, the supports of the machine axle should
have approximately equal rigidity. Relative displacements of the supports due to shrinkage of
structural elements have to be avoided. Tolerable values for relative displacements of sup-
ports, eccentricity of supports, etc. have to be given by the machine manufacturer.

Large machines, as for example a steam turbo generator, should preferably have their founda-
tion separated by joints from other building parts to avoid vibration transmission to adjacent
structural elements. Today, the preferred material for machine foundations is reinforced con-
crete. Rules applicable to reinforced concrete used in construction work have to be followed.
Additional considerations are e.g. regulations for mounting the machine, secondary mounting
aids, coupling of pipes and ducts, position of mounting, etc.
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Costs of machine foundations have to be in proportion to costs of machinery. It is usual that
costs of machinery exceed costs for the foundations and supports by a large factor. Costs aris-
ing from operational interruptions due to machine damage or a possible need for the installa-
tion of vibration isolation must be considered also. In specific situations it may be necessary
to include additional parts of surrounding structural members and equipment into the dynamic
system just to be sure that none of the frequencies of this enlarged system becomes dominant.

If structural measures cannot avoid the risk of vibration transmission it is advisable to intro-
duce vibration isolation measures. In any case preliminary measures should be taken so that
vibration isolation can be mounted with only minor problems when operation of the machine
is impaired. However, stiffening of a support system may lead to excessive cost.

Vibrations due to rotational and oscillatory motions are more or less similar in cause, effects,
and hence also in countermeasures; thus they are treated together. Only vibrations due to in-
termittent motion of machinery with impacting parts are fundamentally different and these re-
quire special measures.

b) Data desirable for the design of machine supports
The following data should be furnished by the machine manufacturer:

- loads and forces of rigid and moving parts of machines including the centre of gravity of
these parts

- forces due to short-circuiting

- loads of additional installations if they are standing on the foundation or if they are attached
at the bottom of the machine

- forces caused through operating the machine and through disturbances (e.g. start-up and
shut-down of the machine), and the operating frequency

- loads of pipes, vacuum pressure of capacitor, etc.

- forces caused through changes in temperature on the machine itself (e.g. friction on sup-
ports due to changes in casing dimensions caused by changes in temperature)

- changes in temperature through heat radiation of machines or additional installations and
piping

- force on bearings due to unbalance and frequency content of dominant force amplitudes

- possible dynamic forces caused by disturbances in additional installations and in piping.

Data to be furnished by the plant manager:

- expected forces that exceed those given in standards, e.g. designing for earthquakes
- possible additional loads such as operating loads or loads resulting from installation.

Data to be furnished by geotechnical investigations:

- In many cases data supplied are approximate. Lower and upper bounds of
subsoil classification and material parameters
position of different subsoil-layers
groundwater level.
Selected soil parameters have to be used for specific calculations. For special cases it is rec-
ommended that the corresponding soil parameters be determined by detailed investiga-
tions, including soil dynamics.



2.1 MACHINE FOUNDATIONS AND SUPPORTS 41

¢) Measures for rotating or oscillating machines

Vibration tuning

Separating the frequencies by tuning (see also Appendix A) is the most effective measure
against machine-induced vibrations. Some cases may require the calculation of a forced vi-
bration case or warrant special measures.

Since the objective is to completely avoid any state of resonance, the following parameters
become important (see Figure A.2):

- the dominant natural frequencies of the structure as a whole and of the member immedi-
ately under the machine, taking into account existing spring-damper elements or a base
slab (called in the following the machine base)

- the frequencies of the dominant dynamic force components (operating frequency of the
machine and relevant higher harmonics).

If the fundamental frequency f of the isolated system falls clearly below the operating fre-
quency fp of the machine the case of low tuning exists; the machine is said to run at over-
critical speed. For effective high tuning, the fundamental frequency f, of the isolated system
must be established well above the highest frequency component for which an appreciable
contribution to the dynamic force exists (i.e. higher harmonics of the operating frequency);
the machine is said to run at under-critical speed.

Tuning between machine and support frequencies is commonly referred to as vibration isola-
tion. In the present context of preventing forced vibrations from being transmitted to neigh-
bouring zones, one speaks of active isolation (not to be confused with the term “active
controlled isolation” which means in its simplest form an isolation achieved by means of a
feedback control system). The opposite action of preventing external vibrations from reaching
an object is termed passive isolation. The effectiveness of vibration isolation is expressed in
terms of the degree of isolation.

Figure 2.5 shows various types of machinery and their respective average operating frequen-
cies and compares them with the natural frequencies determined by subsoil conditions and
isolation materials. Problems with existing support systems may be eliminated by re-adjust-
ment of out-of-balance forces.

The choice of supports for machines depend on the type of machine and its operating frequen-
cy. Figure 2.6 shows the three principal possibilities of low tuning with mounting of machines
on floors or slabs. Principles b) and c) in Figure 2.6 need a sufficiently stiff substructure com-
pared to the spring stiffness of the isolating elements. Table 2.2 shows various types of foun-
dations and the related type of machines they are used for. For more details see also references
[2.6], [2.7] and [2.8].
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Figure 2.5: Overview of the operating frequency ranges of machines and achievable frequencies of foundations
and supports on different subsoils and spring-damper elements

Figure 2.6: Principles for low-tuning of machinery with rotational or oscillatory motion [2.2]:
a) direct mounting on a structural member b) support on spring-damper elements
¢) mounting on a vibration-isolated base
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Table 2.2: Types of foundation and domain of application
Low tuning

On the one hand low tuning reduces the reaction forces substantially, while on the other the
resulting soft support yields large displacements even under static load. Certain conditions
must be fulfilled for low tuning to be effective:

(1) The machine should be operated at a frequency of more than 4 to 6 Hz.

(2) Higher structural natural frequencies must not coincide with the dominant harmonics of
the dynamic force if there is a risk of mode excitation.

(3) The soft base of the machine must not cause manufacturing problems.

(4) No intolerably large deflections or vibration velocities are allowed during start-up and
shut-down of the machine.

Condition (1) reflects the constructional limitation for the degree of softening of the base that
can be achieved. The limit is often reached with a stiffness resulting in an isolation-system
frequency of approximately 1.5 to 3 Hz; this will require a minimum operating frequency of
approximately 4 to 6 Hz. The idea is to achieve a tuning ratio of about 2. However, a tuning
ratio between 2.5 and 4 is preferred since a larger ratio yields smaller reaction forces. Tuning
below 2 Hz can lead to problems if the operating frequency of the machine is reduced. Ideally,
the operating frequency of a machine should be above 12 Hz for successful low tuning.
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Condition (2) prevents resonance phenomena in the higher frequencies of the base.

Condition (3) results from production requirements, as a softer support yields larger displace-
ments of the machine.

Condition (4) can often be ensured by precise instructions on start-up and shut-down of the
machinery, possibly in combination with braking devices in the slowing-down phase or en-
hanced damping of the base.

If applicable, low tuning can be put into practice in three possible ways (Figure 2.6 and [2.2]):

- Direct mounting of the machine on the structural member if its frequency is below 2-3 Hz.
- Mounting of the machine on spring-(damper) elements. The spring-(damper) elements dif-
fer with the machine characteristics (dimensions, mass, stiffness, operating frequency,
etc.). The different types on the market comprise steel springs, elastomeric or natural rub-
ber pads and air suspension (see Table 2.3).
- Mounting on a vibration-isolated base. This measure is suitable for machines with:
very large dynamic forces
insufficient stiffness for isolation
very small mass which would demand extremely soft springs for low tuning
very eccentric centre of mass of the machine
asymmetrical machines.

Due to additional mass of the base one can employ stiffer spring-damper elements than one
could in direct support, thereby reducing the vibration amplitudes. The stabilizing mass
should have at least the same weight as the machine alone and preferably it should be larger
(up to a ratio 8:1)

High tuning

High tuning is chosen in those cases in which low tuning is impractical (see Table 2.2). The
requirements for high tuning are:

(1) The frequency of the highest relevant force component does not exceed 20 Hz approxi-
mately.
(2) Production requires that machine vibrations be kept small.

Condition (1) results from the fact that a structure or structural member cannot be arbitrarily
designed for high stiffness within given project design conditions. Since the computational
prediction of the structural frequency contains some uncertainty, the tuning ratio is augmented
by an additional safety factor. The lower bound of the fundamental frequency of the structure
or the respective structural member thus becomes:

fi2fg ny-ay sy (2.8)

where  f, = required fundamental structural frequency [Hz]
fg = operating frequency of the machine [Hz = r.p.m./ 60]
n, = order of the highest relevant harmonic of the forces
a, = reciprocal of the tuning ratio (> 2.0)
Sp = safety factor (usually taken as 1.1 to 1.2)
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In general, high tuning is only feasible with a rigid connection of the machine to the structure.

In calculating the expected design frequency of stiff structures the flexibility of the ground
may need to be taken into account. This is especially true for pile foundations. Under some
circumstances it can substantially reduce the combined frequency of the soil-structure system
and thus limit the success of high tuning.

In calculating the expected natural frequencies of structures it is usually sufficient to examine
independent partial systems. The bounds given are for the uncracked state (state I). Loss of
flexural rigidity in case of localised cracking (state II) does not have any significant influence
on the dynamic behaviour of block-foundations. The flexural rigidity can be reduced by half
of the uncracked state in framed foundations and when calculating the eigenfrequencies of
floor slabs. For a more precise evaluation of the cracked state refer to [2.2]. Machinery, cas-
ings, piping etc. are treated as mass without stiffness.

Condition (2) is covered by the need of stiff support and mounting of the machine resulting
in small vibrations.

d) Measures for machines with impacting parts

The solution of a practical problem is largely determined by the force-time function resulting
from the interaction of the impacting part with the static part of the machine and the substruc-
ture or subsoil. The important parameters of the force-time function are the duration of the
impulse, the momentum and the peak force.

Vibrations of machines with intermittent motion are best counteracted by low tuning, i.e. by
providing low stiffness of supports. High tuning, in contrast, is not likely to be an alternative
as the force spectrum is typically rather wide, i.e. relevant force components are exerted over
a wide frequency band.

Low tuning is applicable under the following conditions:

(1) The resulting displacement amplitudes of relatively large magnitude must not interfere
with production requirements.
(2) The static loading on the structure must be accommodated without difficulty.

Condition (1) is frequently not met for machines in the metal-working or plastic-producing
industries because of the usual production requirement of a very stiff mounting. This problem
can be mitigated considerably by using a stabilizing mass and thereby rendering low tuning
feasible. Low tuning finds a common application in hammer machines, coal and clinker mills.
Low tuning may be achieved most efficiently by isolation.

Condition (2) can normally be achieved by an appropriate design of the structure or the re-
spective structural member.

The above conditions being met, low tuning of machines with predominantly intermittent mo-
tion can proceed along the same lines as discussed in the previous section for rotating or os-
cillating motion.

Direct mounting of the machine on a relatively soft structure or member is only feasible for
small impacting forces. Attention has then to be given to the possibility of substantial excita-
tion of higher structural frequencies.
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e) Rules for detailing and construction

General aspects

The machine itself is decisive for foundation and support design. Details about the minimum
size of the required foundation and its influence as stabilizing mass have to be furnished by
the manufacturer. Maximum tolerable displacements as specified by the manufacturer can be
adhered to with the correct stabilizing mass.

The basic rule is to design simple systems that have clear and short load transmission into the
foundation. Abrupt changes in cross section, grooves, cantilevered parts, notches and open-
ings at points of concrete compressions should be avoided. The possibility of vibrations in
sub-systems of the structure is to be considered too.

The slab of framed concrete supports should be as stiff as possible so that the relative defor-
mation within the structure, and thus the effects on the machine shaft, remain small. The dis-
tribution of supports beneath the slab should be such that the bearings of the shaft should, as
far as possible, be equally stiff.

[n designing the machine-support one should always keep in mind the uncertainties in the cal-
culation. Also, preventive measures for a possible subsequent stiffening (i.e. tuning) of the
foundation should not be forgotten.

Joints

Joints in block slabs of pedestals should be avoided. If this is not possible, rules for construc-
tion and remedial measures should be adhered to. Joints should be positioned in places with
minimum stress. A possible splicing of the reinforcement should be located away from the
concrete joint. Under some circumstances it is better to have additional joint reinforcement.

Reinforcement

In general, the rules for the arrangement of the reinforcing in the construction should apply
(simple installation, few constrictions when concreting, adequate support especially of the up-
per reinforcement in deep foundation blocks).

The arrangement of the reinforcement has to be carefully adjusted to fit the supports of the
machine bearings and their mountings (position of the overlapping bars, etc.).

Frequently in the case of massive foundations or parts of foundations the reinforcement is dis-
tributed along the three main axes of the foundation (cubic or spatial reinforcement). This re-
inforcement serves the purpose of carrying tensile stresses that are not accounted for in the
calculations and should prevent any crack formation - deformation restraint during the setting
process - so that the corresponding structural component acts as a single unit during its life
span, as is assumed in the calculations.

Several standards and guidelines give values for the spatial arrangement of the reinforcement.
It is advisable, especially for larger foundations, to verify that the expected tensile forces and
their distribution are adequately accounted for.



48 2 MACHINERY-INDUCED VIBRATIONS

Machine anchoring

The position and size of the forces acting at the base of the machine, as well as the envisaged
method of fastening, have to be supplied by the machine manufacturer. These details influence
the design of the foundation and of its reinforcement, in particular for finely proportioned
foundation members. As well, these details affect the positions of the fasteners with respect to
one another and to the edges of the foundation or possible openings and recesses in the foun-
dation. These statements also apply analogously for fixing spring-damper elements to the ma-
chine and to the stabilizing mass or the machine base. Subsequently drilled fasteners offer, in
contrast to pre-installed or embedded fixtures, the advantage of later support adjustments, and
the avoidance of support tolerance problems, etc. The individual fastening elements must be
able to accommodate the high load variations. An optimum design solution (limiting notch
stress concentration effects, geometry of bolt or female anchor), the right choice of material
and material processing as well as the possibility of applying prestress to the fastening ele-
ments increase its life span considerably. A periodic check on the prestressing is advisable,
since the relaxation behaviour can be important.

Aspects of construction

The concrete for block and slab foundations, column and frame supports should, if possible,
be placed continuously in one working cycle. In the case of massive structural elements (block
and slab foundations) it is advisable to use cement with low thermal properties in order to re-
duce the amount of heat introduced into the system and so restrict the build-up of tensile
stresses and the development of cracks due to the heat of hydration.

2.1.7 More advanced design rules

If the success of frequency tuning is somewhat doubtful (e.g. because of a wide frequency
spectrum of the dynamic forces), calculation of the structural behaviour under forced vibra-
tion is recommended. Such a calculation yields information on the maximum expected vibra-
tion amplitudes, which could then be compared with the acceptance criteria for evaluating the
tolerance of vibration effects. However, such a calculation is in itself subject to considerable
uncertainty, especially as far as the actual dynamic forces from the machine and realistic
damping properties are concerned.

The modal influence of neighbouring vibrating structural parts must be included in the eval-
uation when simplifying a complex dynamic system.

Supports as shown in Figure 2.6b and c can be simplified as 2-DOF (two degree of freedom)
models. It is possible to decouple the two masses if

- the natural frequencies of separate systems differ from each other and
- the mass of the machine (including stabilizing mass) is small in comparison with the equiv-
alent support model.

The system then becomes a set of independent SDOF models (for more details see [2.2], [DIN
4024/2)).
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A periodic force-time function can be decomposed by Fourier analysis into its constituent har-
monics, of which subsequently those with non-negligible amplitudes are selected as forcing
functions. If the loading is of a transient nature and exhibits strongly the features of
Section 2.1.1 then the computation of a forced vibration must proceed in two phases:

- Phase I: Computation for the effective duration of the force (impact)

- Phase 2: Computation of the subsequent free vibration (after the force has ceased), for
which the current values of the state variables of motion at the end of phase 1 serve as in-
itial conditions for evaluating the integration constants of phase 2.

If the calculation is carried out with the aid of the finite element method then attention must
be paid to suitable modelling (element choice and mesh subdivision). When considering the
demands on accuracy of results the ever-present scatter with respect to material strength, mod-
ulus of elasticity, damping characteristics, physical dimensions etc. has to be taken into con-
sideration. Frequently, the interaction between the foundation or the structure and the sub-soil
influences the results.

2.1.8 Remedial measures

There may be occasions where the cases presented in Section 2.1.6 and 2.1.7 do not, for tech-
nical reasons, lead to the desired result. In any case a reduction in possible out-of-balance
forces should be attempted by the manufacturer before considering design improvements to
the machine structure or its foundation. An improvement of the tuning factors by means of
subsequent design measures (e.g. stiffening of the structure or a part of the structure) is only
possible in a limited number of cases and is normally very expensive.

If at the design stage a possible later installation of vibration isolation or a mass tuning system
is planned, then this can keep the costs of such a measure low. It may be favourable to carry
out measurements during the construction process to get more insight into relevant eigenfre-
quencies and damping behaviour of the structure in progress. With regard to remedial meas-
ures, earlier design assumptions have to be re-evaluated, preferably on an experimental basse.

Special devices, which may be either passive or active, can be used in special situations. Ac-
tive devices include servo-hydraulic driven masses, controlled by means of an electronic/hy-
draulic circuit to adjust the movement of the machine or its base support. They require
additional external power for their operation.

A passive device would be the tuned mass damper described in Appendix D. In contrast to the
protective measures against structure-borne waves it only acts in a narrow frequency band. A
tuned mass damper consists of one (or, depending on the requirements, on a number of) mass-
spring-damper system(s). In addition, it is possible to employ highly damped dampers. These
are additional vibrators, which dissipate the energy in the system by means of relative dis-
placement damping. However, it must be remembered that an oscillation damper or a highly
damped damper is in themselves a vibrating mechanical system requiring maintanence. For
impact-type forces, shock absorbers are also used. They take up the force impacting on the
object and vibrate until the motion dies out.
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2.2 Bell towers

H.G. Natke, J.H. Rainer

2.2.1 Problem description

Bell towers are excited dynamically by bell movements and by wind. This section treats vi-
brations from bell movements whereas vibrations of towers from wind are treated in Sub-
Chapter 3.2.

Bell motions occur at low frequencies and cause flexural and torsional vibrations of the tower.
The forces associated with bells are those of the periodic suspension forces which can be con-
sidered as externally applied excitations [2.9].

For forced vibrations of the tower in flexure and torsion, resonance with the harmonic com-
ponents of the bell forces - particularly that of the third harmonic - should be avoided. Reso-
nance can result in tower movements that are perceived as being excessive. The tower motion
depends greatly on the base support. In the case of a flexible foundation a nearly rigid-body
rotation about the base may occur. In the case of a stiff or rigid foundation, nearly pure bend-
ing or torsional modes of the tower can be activated.

The impact of the bell clapper also causes high frequency vibrations which are transmitted
into the belfry. The older wooden bellfries filter the high frequencies whereas the steel ones
do not. Thus, they introduce additional stresses into the belfry which are then transmitted to
the tower.

2.2.2 Dynamic actions

The governing parameters for the dynamic forces of ringing bells are (see Figure 2.7):

- bell diameter d

- weight of bell G

- swing angle 3

- shape factor ¢

- clapper rate (equal to the strike rate)

- strike rate N : Bells are often used in the range between musical notes b = b’ with 42 im-
pacts/min. and e" with about 68 impacts/min. To account for inadequate maintenance of
bell ringing controls, the strike rate used for calculations is varied by *3 impacts/min.

- swing rate n: Number of bell swings per minute equal to » = N/2 [min!]; then
o =1-n/30 [s'];

- swing frequency f = n/60 = N/120 [Hz].

The swing angle B is the maximum angular displacement ¢ . For ¢ > ~7° the motion is no
longer harmonic, yet it is still periodic. In England, swing angles of 360° are common, in Ger-
many 70° to 80°, in Europe generally 80° to 110°, in the USA up to 160°. The bell suspension
usually consists of a straight yoke in order to achieve a large Doppler effect.



2.2 BELL TOWERS 51

Centre of
gravity -

Shape factor

Mass of bell

Mass moment of inertia
relative to the axis of
rotation

Swing angle (max. ¢)
Angular displacement

© 30
non

-t
o™
nn

o, A a) o o, A b)
1 4 Oy e 1
T T ) T I R
0 90° 180° 0 90° 180°
Swing angle B Swing angle B

Figure 2.8: Normalized force amplitudes of the harmonics of the force-time function from bell ringing:
a) horizontal forces, b) vertical forces

The forces arising from bell ringing can be taken from [DIN 4178]. The excitation forces are
periodic and can therefore be represented by Fourier series. The horizontal forces are propor-
tional to the Fourier coefficients o, = o,, ,m = 1,2, ... (Figure 2.8a), the vertical forc-
es to the Fourier coefficients o, = a,, (Figure 2.8b) (ratio of the dynamic force amplitude
to the weight of the bell, see also Appendix A).

For a swing angle greater than 80° the coefficient ¢, predominates. Thus danger of reso-
nance is not at the fundamental frequency of the bell oscillations, but rather at the frequency
of the third harmonic.
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2.2.3  Structural criteria

a) Natural frequencies

The need for avoiding resonance has already been mentioned. The range of the swing frequen-
cy f of normal bells is given from 0.3 Hz to 0.6 Hz. As the third harmonic is dominant the
critical frequency range of a bell tower structure is 0.9 Hz to 1.8 Hz. Slender bell towers often
have their fundamental bending and/or torsional frequency in this range.

b) Damping

Equivalent viscous damping ratios { of modern reinforced concrete bell towers (nearly bare
structures, see Appendix C) are given in Table 2.4.

damping ratio {

| Construction type min. mean max.

Reinforced concrete
(~ uncracked or only few cracks) 0.007 0.01 0.014

Table 2 4: Common values of damping ratioC for bell towers

2.24 Effects

Effects on people from vibrations, noise, etc. may cause annoyance and thus affect the serv-
iceability of the structure. Especially church towers that open into the nave, with choir loft or
choir balcony, have limited serviceability on account of vibration sensitivity of people. For
old church towers attached to old churches the horizontal motion of the tower may be trans-
mitted to the church nave. As a result, cracks frequently occur at the connection between tow-
er and nave and also shear cracks at the windows, at least in the first bay of the nave. The
relative horizontal motion between the heavy tower and the light nave results in leaning of the
tower and causes the highest soil pressures at the foundation joint. Furthermore this motion
may result in axial forces in the ridge beam of the nave and the transmission of the vibrations
to the entire church roof. Modern bell towers which are not designed for dynamic bell forces
may cause similar damage.

2.2.5 Tolerable values

Church towers with motion amplitudes of =1 cm at the top are intolerable to people on the
tower, even if there is no concern about structural safety. The same applies to tower motions
in the order of a few centimeters observed from outside the tower.

Tolerable values for annoyance to people by vibrations are given in Appendix I. Tolerable val-
ues for church towers are given in [DIN 4178] (see also Appendix J).
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2.2.6  Simple design rules

First, a frequency investigation for the tuning of the structure needs to be carried out. The tow-
er must be modelled together with the foundation and (static) mass of the bells. Initially, bend-
ing is considered in both directions (first order). The objective should be to achieve a
fundamental tower frequency that is at least 20% higher than the excitation frequency of the
third harmonic. If, for example, one assumes a strike rate of 50 impacts per minute (a value
that lies within the mentioned range of 42 - 3 impacts/min. and 68 + 3 impacts/min.), then the
swing rate becomes n = 25 swings/min. and results in f = 25/60 = 0.42 Hz. Thus the
fundamental frequency should be at least 3-0.42- 1.2 = 1.5 Hz. In many cases of modemn
bell towers this requires already a relatively stiff foundation. In general, a resonance separa-
tion of at least 20% should be obtained for the least favourable natural frequencies. If the nat-
ural frequencies are determined from measurements on the existing structure, then the
resonance separation should be at least 10%.

2.2.7 More advanced design rules

If more sophisticated considerations are desirable a forced vibration investigation has to be
made. If in a tower several bells are hung above one another, then it is recommended that an-
alytically the forces be brought to one common level by means of transfer moments
(Figure 2.9). If bells hang beside one another, then they should be referenced analytically to
the tower axis. The transfer moments are then the torsional moments.
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Figure 2.9: Illustration for transfer moment h, - H .,

For bells that are intended to be referenced to the plane A-A (elevation /) in Figure 2.9, the
equilibrium conditions are:

Q) =Hg +Hg, 2.9)
M) =Hg hy, (2.10)
where Q (]) = shear force in the tower at height /
M () »= bending moment at height /

H; and H, = horizontal forces of the bells.
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If the tower is modelled as an elastically supported cantilever beam, then the inertia forces of
the bells are included in the boundary conditions and therefore in the calculation of Q and M .
If, in addition, one wishes to consider the tower mass mp above the force reference point, then
the equations of motion of the referenced centre of gravity of the bell is to be augmented by
the equation

2
mpWp= Y Hg, (2.11)
i=1

where  wy. () = horizontal motion of the referenced centre of the top tower mass m...

Stress calculations in the horizontal direction have to consider the bells in motion. For bell
locations in the upper third of the tower an equivalent static force procedure is presented in
[DIN 4178]. If the bells are located below the top third of the tower, the actual dynamic load-
ing can be greater than that calculated by the equivalent static forces, and a dynamic analysis
is therefore required. According to [DIN 4178] it is adequate to substitute the maximum bell
forces as static forces when the tower height is less than 20 m, the tower has a closed cross
section and a slenderness ratio A/ b < 4, and when a slab foundation is located on dense, non-
cohesive soils or rock.

Because of uncertainties in the results, the fundamental natural frequency is to be determined
by measurements after completion of the structures (even without bells), so that the bell as-
sembly can then be properly sized.

For the design in the vertical direction it is generally sufficient to consider the maximum ver-
tical bell forces. The same applies in general to the verification of the belfry and of the sub-
structure under the belfry; a load safety factor for the static design of 1.3 is indicated.

A sophisticated mathematical modelling of the tower proceeds along established methods of
structural dynamics ([2.2] [2.10] [2.11]). The tower dynamics is characterized by the interac-
tion of the bells and the tower; in most cases this interaction can be neglected. A difficult part
is the modelling of the bell motion ([2.12] [2.13]). Nonlinear differential equations apply to
the bell and the clapper. It is common to idealize the bell as a physical pendulum with initially
a non-moving pivot point, i.e. neglecting the action of the clapper. The periodic suspension
forces, transferred from the belfry to the upper end of the tower, can be introduced into the
energy formulation by means of the horizontal tower motionw , = w ([} for the suspension
points (see Figure 2.9). From there the Lagrangian equations can be derived.

2.2.8 Remedial measures

If after completion it is found that a tower is excessively excited or that the tower motion is
unacceptable, then remedial measures need to be taken. Six different measures can be consid-
ered; note that the measures 3. to 6. affect the sound quality of the bell.

1. Change of the natural frequency (tuning) of the tower by an increase or a reduction of stiff-
ness. A larger separation from the resonance frequency reduces the amplification factor and
consequently reduces the stresses at the critical location. This requires a major effort, and
architectural features may be affected.
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2. Attachment of a tuned compensation pendulum. This produces forces that counteract the
horizontal forces produced by the bell. The objective is to attain a zero resultant force.

3. Change in the distance between centre of gravity of the bell and its axis of rotation. In gen-
eral a reduction of the distance to the centre of gravity, through shortening the bell support
collar, changes the frequency of ringing and consequently reduces the bell forces.

4. Change in the mass moment of inertia of the bell. An added mass 1s applied to the bell yoke
which increases the rotational moment of inertia and as a consequence reduces the strike
rate. Care needs to be taken that the swing frequency of the bell and the frequency of the
clapper do not coincide, otherwise the clapper won’t hit the bell. The new natural frequen-
cies and the horizontal forces need to be investigated in relation to the tower properties.

5. Attachment of fluid dampers to the tower in the neighbourhood of the belfry. A liquid in a
container serves as damped absorber [2.14]. This is one of the add-on measures that reduc-
es tower motions.

6. Lastly, the bell could be fixed and the clapper would impact this bell. This affects the sound
quality to the greatest extent.
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2.3 Structure-borne sound

H.G. Natke, E.U. Saemann

2.3.1 Problem description

Local time-dependent displacements of a solid propagate by waves in a finite time with finite
wave velocity. Waves propagating in a structure and being radiated as sound into the air are
called “structure-borne sound”. Sound with frequencies of more than 16 Hz can be heard by
the human ear.

Sub-structures affected by structure-borne sound can be floors, walls, windows, roofs, pipes.

One has to distinguish between travelling waves and standing waves (vibrations) in structures.
The standing waves result from reflections at boundaries (in geometry and material) so that
the induced deflection varies in shape only by a time factor.

Since solids can transmit shear strains, wave propagation in structures are accompanied by a
transverse component, in contrast to that in the air. Just as for longitudinal waves, transverse
waves and the combination of the longitudinal and transverse waves can lead to:

- high number of stress reversals in the deflected material;

- flexural waves, and in consequence to radiated sound from structural surfaces having par-
ticular properties;

- transmission of structure-borne sound into and within buildings via foundations and other
connections (e.g. pipes).

Of greatest importance for the radiation of sound to the air are those types of waves that have
a component of motion normal to the surface of the solid, since only through this component
the surrounding air can be excited.

2.3.2 Dynamic actions

The dynamic actions of sources producing structure-borne sound may be manifold: machines,
human body motions, fluids in pipes including valves, etc.

2.3.3 Structural criteria

Natural frequencies and damping properties of structures affected by structure-borne sound
can vary in a wide range. Whether a structure shows structure-borne sound depends on its
properties (frequency response function) as well as on the parameters of the dynamic action
(frequencies, amplitudes, etc.).



2.3 STRUCTURE-BORNE SOUND 57

2.3.4 Effects

The effects of structure-borne sound on people and structures consist of those with respect to
vibrations (see Sub-Chapter 2.1) and those with respect to noise.

Depending on the particular application the effects will be described in different ways. For a
description of problems concerning ageing, service-life and fatigue limit of a structures, dis-
placement amplitudes are employed. The effect on buildings is described in terms of peak val-
ues of vibration velocity and of impedances. The effects on people with respect to vibrations
are described by means of frequency band-limited vibration velocities assessed in the fre-
quency and time domain, and with respect to noise by means of weighted sound pressure lev-
els (see Appendix B).

2.3.5 Tolerable values

The discussions of tolerable values in Section 2.1.5 and in Appendices I and J are also valid
for this sub-chapter. Tolerable values for structure-borne sound in the sense of emission do
not exist, of course. For immission, however, [VDI 2058/1] gives such values (acoustic lev-
els) due to structure-borne sound. In addition, [2.18] defines tolerable values for flats which
are connnected with an industrial plant.

2.3.6  Simple design rules

Concepts and methods of vibration insulation is treated in a general way by [VDI 2062/1],
whereas [VDI 2062/2] deals with insulation elements and their properties and with elastic
pipe connections for controlling high frequency vibrations (structure-borne sound).

Calculation of the magnitudes of structure-borne sound from vibrations induced by machin-
ery cannot be done accurately. It is, however, possible by means of approximate assessments
to achieve an overview of the processes involved in propagation of structure-borne sound. If
the sound levels are of a magnitude that requires noise protection, or if the radiated sound
causes annoyance, then it is most effective first to exhaust all possibilities of reducing the
sound at the source. If further steps are required, then room acoustical measures can be ap-
plied.

The formation of structure-bome sound can be inhibited by:

- influencing the initiation of structure-borne sound by means of
changing the excitation forces
changing the input impedances
- influencing the transmission of structure-borne sound by means of
insulation of structure-borne sound
absorbtion of structure-borne sound
auxiliary devices
- influencing the structure-borne sound at the position of radiation from the surface (this is
not treated here).
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Room-acoustical measures do not reduce the generation of structure-borne sound, but affect
only the sound level at the receiver. This employs principles of room acoustics, shielding or
enclosures of machinery, or ancillary counter measures; these are, however, not discussed
here.

a) Influencing the initiation

Changes of the excitation forces

Data on the type and magnitude of forces on the machinery mounts should be provided by the
manufacturer. A complete description of the forces requires data about amplitude, direction,
time-dependence and frequency content. One distinguishes among deterministic (periodic,
transient) and stochastic excitations. The most important transmission path of machinery-in-
duced vibrations occur via the machinery mounts. From the frequency content of the forces
in the machinery mount it can be determined whether the building will likely be excited. This
happens when one of the excitation frequencies coincides with one of the natural frequencies
of the building, considering standing waves (see Sub-Chapter 2.1). Accurate knowledge of the
natural frequencies of the structure and especially of the machine room (changes of local res-
onance) allows to avoid resonance by suitable choice of machines (among various types with
different dynamic ‘behaviour), or for existing machines, by a change in operating conditions.
The latter is generally possible only within narrow limits.

Changing the input impedances

If uncertainties exist, it is recommended that already during the design phase the vibration am-
plitudes be determined by an expert. A simplified description of the relationship between ex-
citation force and the dynamic response of various points of observation on the structure is
possible via the concept of impedance, which is the ratio of the applied force to the resulting
vibration velocity at the point of force application (see Appendix A.6). Detailed considera-
tions on impedance for low-noise design were presented in [2.15]. It contains a proposition
for a systematic procedure of assessments and a presentation of numerical examples support-
ed by experimental results.

In summary, the measures for a reduction of machinery-induced structure-borne sound in
buildings are changing the excitation forces and/or changing the input impedances.

b) Influencing the transmission

The following attenuation measures, also called “structure-borne sound insulation”, are based
on limiting the transmission of structure-borne sound by means of changes in impedance of
the transmitting structure. For greatest effectiveness such measures should be taken as close
to the sound source as possible. The changes in impedance are achieved by means of

- added masses
- resilient supports and layers (inserted construction element, e.g. floating floor)
- changes in cross section

as well as through other discontinuities.
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Effectiveness of sound reduction

The effectiveness of sound reduction of a certain insulation method can be described by var-
ious quantities. A possible description is the difference L in sound pressure level L »
L, =1L

p before Lp after (2.12)

from before and after the attenuation measure (see Appendix B). Other commonly used de-
scriptions include the ratio of the forces acting in front of a support (i.e. an inserted construc-
tion element) and behind it, £/ F,, or the level 10 - log (F,/F,) 2 (see Figure 2.10a, where
a spring is shown as a support).

Another method of describing the sound reduction is the insertion loss L, . For inserted con-
struction elements whose dimensions are less than A/6 (where A = flexural wave length), the
insertion loss is given by [2.16] as follows (see Figure 2.10b):

1

L = 20-log|l + Zuy +i[dB] (2.13)

¢ & _1..+_1.. Zi+Za .
Z.Z

where Z, = source impedance above the point of insertion

Z, = terminal impedance below the point of insertion

Z,,= input impedance on plane 2 for freely moving plane 1

Z,,= input impedance on plane 1 for fixed plane 2.

For point masses, massless springs and large impedances (low frequencies), the attenuation
can be estimated reliably. For other cases (high frequencies) this becomes very complicated.

A large insertion impedance can be achieved by inserting heavy masses or soft springs.

Added masses

For reduction of structure-borne sound added masses (‘“‘blocking masses’) can be inserted so
that they act as points of reflection to body waves. This illustrates the use of mass inertia for
reducing vibration amplitudes. For a compact (relatively small) mass m the following ap-
proximation applies (for harmonic motion):

=0 and Z, = iom @.14)
1k
where i = -1
o = frequency variable.

From Equation (2.13) it can be seen that the insertion loss L, increases with larger added
mass and lower impedances Z; and Z . Low impedances Z,and Z  are achieved through
light, soft components (adjacent to the insertion element). The insertion loss increases with
frequency by 40 - log (f/ f,) (where f = frequency, f = reference frequency) when both
connected regions (connected to the inserted construction element) exhibit an impedance hav-
ing the characteristics of a spring. For high frequencies a spring no longer acts like a massless
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a) Example of a single degree-of freedom (SDOF) system:
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b) For a definition of the impedances of a construction element:
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L
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Figure 2.10: Construction element [2.16]

spring, and the resulting insertion loss is governed by mass m, that moves with it. The mov-
ing mass m, is defined as the mass within radius A/4 around the point of excitation of the
spring. L, ;=20 -log (m/m,) . The qualitative variation of the insertion loss of an added
mass is shown in Figure 2.11.

Resilient supports and layers

Insulation of structure-borne sound for various building elements (e.g. floating floors) or en-
tire structures can be achieved by insertion of resilient supports or layers which corresponds
to a change in material. For particularly high performance requirements, foundations need to
be decoupled above the ground; even vibration-insulated rooms within the building can be
contemplated.

Inserted elastic supports or layers may affect the stability of a structure. This stability must
therefore be verified. Also, it is necessary to consider the deformation of the structure with
respect to its serviceability.
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Figure 2.11: Insertion loss of a heavy mass [2.16]

Resilient supports and layers may be modelled by a spring. A spring with a spring constant &
is described by:

— =— and Z,, =0 2.15

Z. % 21 (2.15)
It can be seen from Equation (2.13) that the effectiveness of a spring as an attenuation element
increases with increasing impedances Z,, Z, and with decreasing spring constant k. Large
impedances Z,, Z, are achieved by means of heavy and stiff structures. The insertion loss
increases with increasing frequency as 40 - log (f/ f,,) when the adjacent structures of the
insertion element (spring) have an impedance with mass characteristics. For higher frequen-
cies, however, often at least one connected element to the spring will exhibit an impedance
with spring characteristics. The insertion loss is then given by

e, max

L =20-log (keff/k) (2.16)

where &, P effective spring constant of the structure at the point of insertion.

The qualitative variation of the insertion loss of a spring used as an insulation element is
shown in Figure 2.12.

In addition to using these compact structural elements for attenuating structure-borne sound,
combinations of these elements are also being employed as added elements; their vibration
behaviour is to be modelled as a continuous system. Details for the calculation of such types
of construction are presented in [2.11].
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Figure 2.12: Insertion loss of a soft spring [2.16]

Change in cross section

Besides changes in materials, a change in cross section can also contribute to a change in im-
pedance and consequently to an attenuation of structure-borne sound. For longitudinal waves
the insertion loss is given by

~1/2 4 4172
L=20- 1og(2—2-‘1—) [dB] @.17)
where ¢ = cross section ratio: A,/ A, for beams, £,/ h1 for plates
A = cross section area

h = cross section height
The ratio g = 2/1 yields L, = 0.5dB.

For flexural and longitudinal waves Figure 2.13 shows the variation of the insertion loss as a
function of the cross section ratio.

Where possible, one can of course combine a change in cross section with changes in material.
If vibration-insulated structures contain connecting elements (for transmission of force, or ca-
bles, or pipes), they also need to be insulated if vibration bridging is to be avoided. If a ma-
chine is already minimized with respect to structure-borne sound, then there still remain pipes,
hosepipes and cables to be considered. Here, flexible connections are available if the connec-
tions themselves (such as hosepipes) are not already elastic enough. Hoses need to be con-
nected in bows and not simply straight and tight. From Equation (2.13) a theoretical
attenuation of structure-borne sound can be estimated to be between 5 and 15 dB.
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Figure 2.13: Insertion loss for a change in cross section

Absorption of structure-borne sound

Absorption of structure-borne sound means damping of flexural waves during propagation,
with a resulting reduction in sound radiation. This measure is based on the principle of remov-
al of structure-borne sound energy from the structure. Internal damping of the absorbing ma-
terial occurs as a result of molecular deformations and to a lesser extent through heat
conduction. The damping mechanisms of materials vary greatly. Besides linear viscous damp-
ing, frictional damping also needs to be considered. This can be achieved by friction of fixed
(usually metallic) surfaces and in structures, by employing sand fills. Sand fills should not be
of uniform thickness. The lowest frequency for which damping takes place is determined by
the thickest layer. The internal damping can be described by the damping factor y as the ratio
of the total damping to the total potential energy at maximum deflection. For a model (speci-
men) with uniform stress distribution the relationship between y and the damping ratio  is
y =2 (see Appendix C).

The application of high-polymer materials with their potentially very high damping factors
depends on temperature and on the frequency. Figure 2.14 shows the variation of the damping
factor with temperature. The principal frequency dependence of the damping factor is shown
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Figure 2.14: Temperature dependence of the damping factor of polymer materials [2.17]
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in Figure 2.15. Combinations of different viscoelastic materials can counteract the large de-
crease of the damping factor on frequency.

For polymer materials, Figure 2.16 shows qualitatively the variation of the modulus of elas-
ticity with temperature.

Damping factor

T T T T bl

100 1000 10000 100000
Frequency f [Hz]

Figure 2.15: Frequency dependence of the damping factor of polymer materials [2.17]
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Figure 2.16: Schematic temperature dependence of modulus of elasticity of polymer materials [2.17]

In applying damping to structure-borne sound one distinguishes among

- single layers, applied to one side or both sides of the vibrating body, that utilize damping
due to extension and compression;

- inserted (sandwiched) layers, in which an elastomeric material is constrained between the
vibrating body and a rigid cover member, and for which shear deformations are utilized.

The combination of these characteristics allows for a wide range of applications, but requires
detailed knowledge of the materials employed. Simple design rules can therefore not be es-
tablished.

A direct assessment of the reduction of sound level of structure-borne sound by an increase in
damping is only possible for simple cases. Thus, for purely sinusoidal excitation at discrete
resonance frequencies, a reduction of the structure-borne sound pressure level can be expect-
edtobe L = 20-log (v,/y,) as aresult of raising the damping factor from y, to v, .
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Ancillary devices

Ancillary devices can be active or passive. Active devices require added energy for their op-
eration, and also a system of active control. Here, for example, piezo transducers serve for
measurement as well as for excitation (for light structures as panels in the high frequency
range). A passive ancillary device is, for example, a resonant vibration absorber (also called
resonator). The possible measures discussed previously for avoiding or reducing structure-
borne sound act over a broad frequency range. Vibration absorbers, on the other hand, are ef-
fective only over very small frequency intervals (see Appendix D).

Passive ancillary devices consist of one or more mass-spring-damper systems, depending on
the requirements. Undamped vibration absorbers act at one resonance frequency; damped ab-
sorbers act over a small frequency band. Shock absorbers are highly damped vibration absorb-
ers. They operate on the principle that they take over the structure-borne energy and thus
vibrate themselves; as a result, the main system is quieted through energy extraction.

2.3.7 More advanced design rules

These derive from system analysis. For simple systems one would employ simple elements
(bars, plates, etc.) for the mathematical model; more complex systems need in general be
modelled by discrete methods such as the finite element method. For more accurate results
detailed considerations such as modal analysis [2.20] are only reasonable in the lower fre-
quency ranges up to about 100 Hz, starting with the natural frequency in the order of 1 Hz.
Above that range, impedance approaches should be employed.

Besides deterministic calculations, for stochastic excitations correlation methods in the time
domain and energy density methods in the frequency domain can be carried out. The input-
output relationships are formally the same ones as for deterministic processes, see [2.22]. To
carry this a step further, one can try to minimize the structure-borne velocities systematically
in the design stage. Literature references for this approach are rare, however.

Structure-borne sound is treated extensively in [2.19], fundamentals are given in [2.24] to
[2.28].

2.3.8 Remedial measures

Bars, plates and shells that radiate sound exhibit variations that are too complex for a detailed
mathematic treatment. Thus, despite simplified calculations and experience, remedial meas-
ures are required relatively often. It is recommended that a stepwise approach be arranged.
After initial assessments and completion of the structural system, the dynamic properties
should be measured; based on these verified values, sound reduction measures can be applied
if the design objectives have not been achieved. It is important that such a planned stepwise
procedure be arranged with the building owner right from the start of the planning process.

The remedial measures are the same as those already discussed:

- for machines: changes in operating conditions
- attenuation of structure-borne sound

- damping of structure-borne sound

add-on devices.
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2.4 Ground-transmitted vibrations

G. Klein, J.H. Rainer

2.4.1 Problem description

The excitation of structures through the soil caused by machinery-induced vibration sources
outside these structures (“indirect” excitation) is influenced primarily by the transmission
properties of the soil. Because of the inhomogeneity of the ground these transmission mech-
anisms are very complicated. Predictive calculations can therefore only be viewed as approx-
imations. By means of on-site experiments, however, the reliability of such results can be
improved. An elementary view of the problem can be found in Appendix E.

The intensity and frequency content of the vibrations of a structure induced by ground trans-
mitted vibrations are governed by the excitation source, the transmission path and the proper-
ties of the structure itself as a receiver. The multitude of parameters involved precludes an
exact solution of the vibration problem. Therefore the effects of pertinent parameters need in
general be determined by experience and/or measurements. The transmission medium, i.e. the
soil, plays an important part in this process [2.29], [2.30], [2.31].

Four typical questions can be considered:

(1) What is the effect of an existing vibration source on a particular existing structure?

(2) How can the effect of an existing vibration source on a planned structure be determined?

(3) How can the effect of a future vibration source on an existing structure be determined?

(4) How can the governing vibration parameters be evaluated for the design of industrial and
residential neighbourhoods?

It is assumed here that the characteristics of the vibration source are known. Question (1) can
then be answered by means of measurements on the existing structure. For an answer to ques-
tion (2), field measurements are indicated; here the transmission from soil to structure is im-
portant. For question (3) the effect of the future source on an existing structure can be
evaluated by means of test excitations. For question (4) an assessment can be made once the
dynamic characteristics of the transmitting ground are known.

For the cases associated with questions (2), (3) and (4) a preliminary rough assessment can be
achieved by means of calculations. Emission, transmission and immission of vibrations are to
be investigated (see Figure 2.17). For that purpose the structure and the structural components
are modelled by suitable mechanical substitute systems. This analysis consists of determining
the natural frequencies, the response spectrum characteristics and the time-varying vibration
behaviour of the substitute system. If the boundary conditions cannot be clearly defined then
additional cases with external or limited boundary conditions have to be calculated. Of par-
ticular significance here is the vibration transmission across the various foundation elements
into the structure which in general results in a reduction of vibration amplitudes. Transmission
inside the building, on the other hand, can lead to an amplification of vibrations due to near-
resonance excitations.
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Figure 2.17: System for the propagation of vibrations

To achieve more realistic results, vibration measurements and dynamic soil investigations are
in all cases necessary. Because in computations frequent encounter of complex boundary con-
ditions arise (such as deformation of properties and layering of the ground, artificial distur-
bances in the ground and the presence of other structures) the measurement of propagation
characteristics of the soil [2.22] can provide significant information for the area to be investi-
gated. This applies particularly to propagation velocities (for soil stiffness) and damping pa-
rameters (for amplitude reduction) as a function of frequency. The measured quantity is
usually the velocity; it can also be the impedance, that is the ratio of force and velocity (see
Appendix A).

24.2 Dynamic actions

See the respective sections in Sub-Chapters 2.1, 4.1, 4.2, 4.4.

2.4.3 Structural criteria

a) Natural frequencies

Slabs and walls in a building structure are frequently excited to near-resonance amplitudes.
The fundamental frequency of these elements lies between 10 Hz and 30 Hz, whereas the hor-
izontal fundamental frequencies of entire structures often are between 5 Hz and 10 Hz. Some
calculation methods are presented in [2.10], but more reliable values can be obtained by vi-
bration tests.

b) Damping

Also for evaluation of damping quantities vibration tests are strongly recommended. Such
tests will lead to more reliable values because of the variability of material properties, the ef-
fect of finishes and the connections between slabs and walls. But these parameters are gener-
ally difficult to quantify.
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2.4.4 Effects

Evaluation of the indirect excitation will invariably be targeted towards people or sensitive
systems in the structure as they are generally less tolerant to vibrations than the structure itself.

2.4.5 'Tolerable values

The discussions of tolerable values in Section 2.1.5 and in Appendices I and J are also valid
for this sub-chapter. In addition, [DIN 4150/1] may be considered.

2.4.6 Simple design rules

The following rules are only applicable for simple cases in uniform soils. They give only a
rough estimate because of the variability of the soil parameters. In other cases one should
study references [2.32], [2.33] or consult an expert.

a) Emission

The vibration energy introduced into the ground by a vibration source propagates in the form
of various types of waves (see Appendix E). These are body waves (compressional waves and
shear waves) and surface waves (Rayleigh waves) which are excited in varying amounts de-
pending on the type of source and the energy coupling with the ground. The influence of Love-
waves can be neglected for uniform soils.

The vibration source can be a point source or a line source. For the propagation of vibrations
from point and line sources it is advantageous to separate a near field from a far field. In the
near field of a source the energy is mainly transported by body waves. With increasing dis-
tance from the source the energy transport takes place by surface waves. The boundary be-
tween near field and far field, that is the distance R, can be assumed to be one wave-length A .

In the case of stiff foundations with plan dimensions a X b, where b is always the longer side
(e.g. a diesel power machine on its stiff foundation mat) with in-phase excitation at the ground
surface, two regions need to be considered that have different propagation characteristics:

- If the propagation direction is perpendicular to the longer side b, the propagation in the
near region is similar to the propagation from a line source. From a distance R = bZ/A
the propagation is more and more similar to the propagation from a point source.

- If the propagation direction is perpendicular to the shorter side @, the propagation is sim-
ilar to the propagation of a point source: in the near region according to body waves, from
adistance R = A according to surface waves.

In the case of flexible foundations, plates, beams as well as other distributed sources (e.g. rail-
way ties) no definitive expressions are available for the distances R . For these cases, however,
a decomposition into contributing sources having stiff properties could be considered.

As for sources located near the ground surface (machines, traffic) the surface waves dominate
in the far field, the predominant wave length given by A = v_/f is seen to be a function of
the propagation velocity v_ of the shear wave or the surface wave, and the wave frequency f.
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b) Transmission

In general the intensity of the ground-transmitted vibrations attenuates with increasing dis-
tance from the vibration source. This attenuation is mainly governed by geometric amplitude
reduction (geometric or radiation damping) and material damping of the ground.

In the far field the attenuation can be calculated by the attenuation laws presented in
Appendix E. These attenuation laws are, however, to be viewed only as approximations to the
more complex situation that prevails in the real ground. Locally, considerable deviations can
occur from this approximate assessment, particularly when the ground is strongly layered,
when other structures or discontinuities in the ground are present, or when more vibration
sources exist. In these cases additional considerations would be appropriate; in particular,
measurements in the field can be very helpful.

Ground water and frozen soil facilitate the propagation of vibrations, particularly of compres-
sional waves. However, changes in the ground water level do not significantly affect the
spreading of surface waves.

In the near field the approximate relationships presented in Appendix E are not valid. For the
prediction of such cases, special analytical and experimental investigations are required.

¢) Immission

The intensity of vibrations inside building structures depends on various parameters such as:
duration and frequency of the vibration signal, mass and stiffness of the building or the build-
ing component, foundation and type of soil, damping [2.2], [2.34].

The transmission of vibrations from the ground into the building foundation results in an at-
tenuation of amplitudes. For smaller buildings the particle velocities measured in the ground
are reduced to approximately one half, for larger buildings to approximately one third to one
quarter. The propagation of vibrations into floor slabs or other building components is usually
accompanied by an increase in vibration amplitudes due to near-resonance excitations. In ex-
treme cases these amplitudes can reach 10 to 20 times the values of the reduced foundation
amplitude. For purposes of prediction an amplification of 5 times can be assumed; however,
the scatter is quite large. The resulting values are then used for comparison with tolerable val-
ues from codes and other values from personal experience.

2.4.7 More advanced design rules

More accurate investigations for the propagation of vibrations are based on modelling the
ground by means of finite element and finite difference methods [2.35]. Difficulties encoun-
tered are those of the boundary of the finite domain because of energy radiation and the un-
known dynamic characteristics of the ground. Boundary element methods have also proved
to be useful. It should, however, be carefully considered whether for practical problems an ex-
penditure on such methods is cost effective and, above all, whether the reliability of the results
obtained is compatible with the effort expended.
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2.4.8 Remedial measures

If the vibrations in a building from ground-induced excitations are larger than the tolerable
values, then remedial measures need to be adopted. These can be carried out at the source, in
the surrounding medium, or at the affected building itself. In any case a systematic approach
is recommended that permits an assessment of the effectiveness of each step in this procedure.

The most effective method is always a reduction of the energy at the excitation source. This
can be achieved by a reduction in machine vibrations, as for example, by improved balancing
methods (see e.g. [VDI 2060]). Furthermore the excitation source can be treated as an entity
by considering the process of isolation, damping and attenuation with the objective of reduc-
ing the propagated vibrations (see Sub-Chapter 2.1 and e.g. [2.36]). Finally, a modification of
the foundation of the building that contains excitation machinery can lead to improvements in
the vibration environment.

In the transmitting soil the vibration amplitudes can be partially attenuated by artificial bar-
riers such as piles, open trenches, bentonite trenches, rigid walls [2.37]. The depth of a trench
needs to be approximately one wavelength of the offending frequency component. For stiff
walls greater reductions are achieved with increasing product of wall thickness and depth.

Measures of vibration reduction are most difficult to carry out at the affected building. These
measures are also very difficult to implement from a legal point of view. A substantial reduc-
tion is only rarely possible. Most likely one can achieve an attenuation effect at the interface
between soil and foundation. Sensitive stationary equipment in the affected building can,
however, again be decoupled by means of the process of isolation, damping and attenuation
(isolated and controlled systems; see Sub-Chapter 2.1).
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3  Wind-induced vibrations

G. Hirsch, H. Bachmann

This chapter deals with wind-induced structural vibrations from the point of view of structur-
al engineering. Basically, no civil engineering structure is safe from wind loading effects. Of
critical importance are the non-stationary characteristics of natural wind and the dynamic
properties of the structure it acts upon. Simple rules for the construction industry can only be
defined by making radical simplifying assumptions. For complex structures it is necessary to
resort to the results of wind tunnel tests.

This chapter deals with forced vibrations due to

- gust actions (turbulence effects), in the wind direction
- buffeting, in the wind direction
- vortex shedding, (without “lock-in” effect) in the across-wind direction

as well as across-wind self-induced vibrations (aeroelasticity) due to

- vortex shedding (“lock-in” effect)
- galloping
- flutter (bridge flutter).

Wind-induced vibrations may strongly affect either the serviceability or the fatigue behaviour
and safety of structures or both, depending on the type of structure.

In this chapter wind-induced vibrations for the following types of structure are treated in the
following sub-chapters:

3.1 Buildings

3.2 Towers

3.3 Chimneys and Masts

3.4 Guyed Masts

3.5 Pylons

3.6 Suspension and Cable-Stayed Bridges
3.7 Cantilevered Roofs

The fundamentals of the dynamic effects of wind loading, which are required for several
types of structure, are presented in Appendix H. Further basic theory is to be found in the oth-
er appendices. Wind-specific aspects are covered in several sub-chapters.
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3.1 Buildings

G. Hirsch, H. Bachmann

3.1.1 Problem description

Although the effects of natural wind on structures are in general of a dynamic nature, not all
structures react with pronounced vibrational behaviour, i.e. the mass-inertia forces and the
damping forces do not play a significant role. A classification of “vibration-sensitive” (“flex-
ible”) and “vibration-insensitive” (“rigid”) structures is possible by defining certain limits. A
possible criterion for this is given in the draft of the Eurocode Wind [EC 9/1990], according
to which a structure subjected to wind is defined as “rigid” if the dynamic reaction to the ef-
fects of gusts or turbulence does not exceed 10% of the reaction to the static force.

Figure 3.1 shows corresponding limits for buildings with different heights and widths togeth-
er with damping values, whereby the concept of stochastic wind loading for excitation in the
wind direction was followed (see Appendix H) and the fundamental frequency was deter-
mined from the approximate formula given in [3.1],

£, = 0.4(100/k) "° [Hz] (3.1)
where A = height [m].

140 A =015

120 Flexible

100

o]
o
I

Structure height [m]
[22}
o

IS
o
1

20

T
0 10 20 30 40 50

Structure width [m]
Figure 3.1: Demarcation line between “flexible” and “rigid” structures (A = logarithmic decrement)
One may draw the general conclusion that buildings of height # greater than about 50 m may

be regarded as “flexible” in the above sense. For building heights between 50 and ~100 m a
calculation can be carried out according to Appendix H.2.2, which includes dynamic effects.
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At greater heights more exact investigations may be required, especially using suitable wind
tunnels (i.e. boundary layer tunnels capable of simulating the turbulence at the specific site).

Buildings undergoing wind-induced vibrations suffer above all with respect to serviceability,
since user comfort is reduced. The movements, however, are not great enough to impair the
structure’s safety (with the exception perhaps of local damage to facades and roofs).

3.1.2 Dynamic actions

For ordinary or high-rise buildings the dynamic forces in the wind direction due to gusts and
turbulence of natural wind must be considered. The special geometry of such structures is so
that vortex-induced vibrations like galloping and flutter are in general of no real significance.

3.1.3 Structural criteria

a) Natural frequencies

The fundamental frequency of a building depends above all on its height. An estimate of the
fundamental frequency erring on the flexible side is possible using Equation (3.1). The inves-
tigation [3.2] has shown that exact calculations, even with the aid of complicated computer
programs, when compared with observations on the original structure, do not provide better
natural frequencies than those obtained with the approximate formulas, Figure 3.2 shows the
fundamental frequency of tall buildings as a function of height using a formula from [3.2],
which is similar to that given in Equation (3.1), namely:

fe = 46/h [Hz] (3.2)
where 4 = height [m].

b) Damping

Ordinary and tall buildings exhibit relatively large structural damping values mainly due to
non-loadbearing elements (see Appendix C). Table 3.1 presents suggested values in terms of
equivalent viscous damping { based on the draft [ISO TC 98/SC 3/WG 2].

Table 3.1: Common values of damping ratio { for buildings
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Figure 3.2: Fundamental frequency of tall buildings

¢) Stiffness

The stiffness of the structure of tall buildings can be decisive for serviceability, i.e. for the
comfort of occupants. This criterion usually governs over the design requirements of strength
and stability.

3.1.4 Effects

The effects of low-frequency vibrations on people are those of annoyance, apprehension re-
garding the structural safety of the building, loss of mental concentration, and an unwell feel-
ing resembling sea-sickness. None of these effects are considered “harmful” to people, but
because of the annoyance factor, buildings with vibration problems may receive more com-
plaints than others. There are no known cases, however, where such vibrations have impaired
the structural safety of a building.
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3.1.5 Tolerable values

In Figure 3.3 for low-frequency wind-induced building vibration the perception and judgment
of persons are given in terms of limiting values of acceleration as a function of frequency.

g = gravity acceleration
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Figure 3.3: Human perception of building vibration due to wind [3.3]

In [H.2] the following acceleration values may be used:

Obviously, the frequency of occurrence of a particular acceleration is of great importance. For
example, an acceleration of 1.5% g on the top floor of a tall building, which is normally found
to be disturbing, may be acceptable with a recurrence period of some years.

Further information is given in Appendix L

3.1.6 Simple design rules

The approximations in Equations (3.1) and (3.2) show that the fundamental frequency of tall
buildings - no matter what the type of construction - depends above all on the building height.
If additional stiffness is introduced, then inevitably the mass is increased, so that in general
the “dynamic stiffness” remains more or less constant. A distinct advantage in the application
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of such approximations for the fundamental frequency lies in the fact that a fairly reliable es-
timate of the fundamental frequency for the final configuration can already be given when
only the main dimensions of the structure are known even though the complete design of the
structure has not yet been carried out. The initial calculations of the effect of gusts can thus
be made with some confidence.

To determine the force in the wind direction a method of estimating an equivalent stochastic
force and a maximum acceleration is given in Appendix H.2.2, which corresponds more or
less to today’s state of the art in the international standards (e.g. Eurocode, ISO). By applying
different national standards, however, rather different conclusions concerning the design of
the structure could be reached. This is due to the fact that until now dynamic wind effects have
not been sufficiently researched to permit a unified understanding of the complex aerodynam-
ic and structural mechanisms to be found.

3.1.7 More advanced design rules

Detailed investigations are possible with the help of the literature given in Appendix H.

3.1.8 Remedial measures

To influence the wind-induced dynamic forces in the building various passive (and lately also
active) vibration control measures have been implemented to reduce vibration intensity. The
more important of these are mentioned in the following.

a) Installation of damping elements

The World Trade Centre in New York has a number of damping elements as shown in
Figure 3.4.

b) Vibration absorbers

The first tall building in which a tuned vibration absorber was installed for reducing the wind-
induced forces was the 280 m high Citicorp Centre in New York. The system is in fact a semi-
active damper. The mass of the hydrostatically supported system amounts to 410,000 kg
[H.2]. Figure 3.5 shows its principle of operation. (However, since in theory damping exhibits
no significant effect for vibrations in the wind direction, the effectiveness of application of the
damper is a matter of contention. See Appendix H.2).

Today, it is mainly in Japan that completely active vibration control is applied for tall build-
ings subject to both wind and earthquake loading. The principle of active vibration control is
as follows: the motion of the structure is measured, compared to a reference value (practically
zero) and brought to rest by inertia forces resulting from the controlled motions of added
masses or by using active tendon control. An overview of the state of knowledge of active vi-
bration control is given in [3.4] and [3.5].
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Figure 3.4: Friction dampers in the load bearing structure of the
World Trade Centre in Manhattan (New York) [H.2]

Figure 3.5: Vibration absorber, Citicorp Centre, New York

79
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3.2 Towers

G. Hirsch, H. Bachmann

3.2.1 Problem description

Tower-like structures are understood, in general, to be slender, tall structures (television tow-
ers, lookout towers, etc.). Figure 3.6 shows a few examples of telecommunication towers,
which can be seen to exhibit some differences in structural form. Often the basic contour
shows distinct structural components jutting out, which can significantly influence the dynam-
ic behaviour of the tower under wind loading. In addition, different cantilever systems (e.g. to
support an antenna) may be built onto a tower, which can be incorporated as a substructure
into the total structural system, but nevertheless still exhibit their own local behaviour. Exam-
ples of such added cantilever systems are shown in Figure 3.6, b and c.

A slender residential building may also be classified as a tower. Nowadays this often includes
hotels whose structures consist of tall buildings of cylindrical form. A bell tower, despite its
name, does not belong to the category of structures considered here but instead is treated in
Sub-Chapter 3.1 since the major dynamic excitation derives from the motion of the bells and
not from wind.

+552.00 m

+206.00m +290.00m _

+248.00m

+22000m

+147.50 m

T +193.00m

+149.00 m _ +151.00m

b)

Figure 3.6: Telecommunication towers: a) Hornigsrinde, Germany [3.6],
b) Munich [3.7], ¢) CN Tower, Toronto [3.8]
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The vibrations of tower-like structures in natural wind are characterized by a random (sto-
chastic) motion, whereby it is observed that the structure vibrates not only in the wind direc-
tion, but also normal to it. Thus dynamic effects are superimposed due to gusts in the wind
direction and to vortex-induced vibrations in the across-wind direction. Also in the case of
vortex resonance, vibrations of towers in general are not exactly harmonic, which may be at-
tributed to the relatively large structural damping and the associated mass distribution (see
Appendix H.4 and Figure H.12a).

Wind-induced vibrations of towers result above all in a reduction of serviceability. Persons at
places of work or in restaurants located high up (because of the spectacular view) can feel un-
comfortable. For telecommunication towers the antennae can exhibit large deviations from
the static position. The safety of the structure, however, is rarely endangered.

3.2.2 Dynamic actions

Figure 3.7 shows a typical dynamic behaviour for a tower subjected to wind loading. Usually,
gust-induced vibrations in the wind direction predominate, especially those at the fundamen-
tal bending frequency. Vibrations also occur in the across-wind direction due to vortex-shed-
ding, but do not govern the design. Figure 3.7 is also characteristic for chimneys built of
reinforced concrete or masonry, which from the point of view of wind engineering are like-
wise classified as towers, and are treated together with highly vibration-sensitive steel chim-
neys in Sub-Chapter 3.3.
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Figure 3.7: Vibration in a tower-like structure in the along-wind and across-wind directions
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3.2.3 Structural criteria

a) Natural frequencies

Slender towers vibrate relatively slowly in their fundamental mode. They exhibit fundamental
frequencies as low as about 0.15 Hz, with a corresponding period of ~7 s. The calculation of
the bending frequency is best carried out by Rayleigh’s method:

Xm.-g-y.
fo= e [ ) (33)
zm;-y;

mass of j-th discretized section of the tower
deflection caused by the applied horizontal inertia force m;-g

It

where m j

i
In the calculation of the deflection it is necessary to consider the possible flexibility of the tow-
er’s foundation. The deformations due to the elasticity of the tower structure have to be added
to the contribution due to a rotation of the foundation in the plane of bending. The influence
of flexible supports can be considerable.

An improved calculation using Equation (3.3) may be achieved by replacing in a second iter-
ation the term m;-g by the mass-inertia forces obtained from the first approximation:

T, =m;y; (2:m ) (3.4)

Thereby one obtains a new y j* , with which the calculation using Equation (3.3) can be re-
peated. Often there is no significant deviation from the first approximation, but in some spe-
cial cases (e.g. as in Figure 3.6b) marked differences can be obtained. Then the calculation
has to be repeated until there is agreement between successive results.

It is possible that cantilevered portions of a tower structure deform primarily in flexure. In
such a case the rotation of the added mass in the plane of bending has to be considered. This
is given by the slope angle at the height of the mass of the deflected shape. The rotating mass
O . contributes an angular momentum in the form of an “added mass”. The denominator in
Equation (3.3) must then be extended to include the rotational energy X (©® ;i yj'z) , where y'j
is the slope of the deflection curve.

In general, only the fundamental bending mode is considered for tower-like structures, but
cases may arise in which e.g. the second mode is significant.

While Rayleigh’s method is sufficient for the calculation of the fundamental bending frequen-
cy, for the determination of higher frequencies a computer program (e.g. employing the finite
element method) or a classical approach (e.g. matrix iteration) may be required.

b) Damping

The damping of towers derives mainly from material damping and a possible radiation damp-
ing into the ground (see Appendix C). Values of equivalent viscous damping in the form of
the logarithmic decrement A are given in Table 3.2.
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The influence of damping is not as critical for tower-like concrete structures as it is for steel
chimneys. The transverse vibrations, for which damping plays an important role, are also in-
fluenced by the distribution of masses, which for concrete towers is fairly favourable.

Table 3.2: Common values of logarithmic decrement A for slender concrete towers

c) Stiffness

The required stiffness of the tower structure is mainly determined by serviceability (comfort
of persons on the observation platform, antenna movements for telecommunication towers,
etc.).

3.2.4 Effects

Section 3.1.4 is applicable.

Mass Stiffness Mode shapes
5 210.00 m distribution distribution

o 200.00 m
6 3.50m
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[kNsZ/m?2] [kNm]

Figure 3.8: Telecommunications tower with mass distribution, stiffness distribution and
natu;al modes of vibration [3.6]
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3.2.5 Tolerable values

Section 3.1.5 is applicable.

Tolerable values of vibration velocity for evaluating wind effects on the structure are given in
[DIN 4150/3] (see also Appendix J).

Antennae mounted on towers represent a special case. For their assessment the dynamic tilt
angle can be decisive. Figure 3.8 shows that the fundamental bending mode (K = 1) may be
particularly significant, but also in higher modes (K =2 and K = 3) the rotation of the antenna
can be very large, depending on the modal response. The permissible value of antenna rotation
must be specified from case to case.

3.2.6 Simple design rules

Firstly, the fundamental frequency of the tower has to be calculated using Equation (3.3)
above.

The gust-induced force corresponding to vibration in the wind direction can be calculated ac-
cording to Appendix H.2.2 with the aid of an equivalent stochastic force. A simplified, and for
towers more suitable, approximate formula for the gust factor is given in [DIN 1056] or in the
draft of DIN 4133, Appendix A (1991):

¢=m-9, (3.5)

where the size factor 1 = 1.05 — 4/1000 (for towers higher than 50 m) and the basic gust fac-
tor:

@, = 1+ (0.042-T-0.0019-T%) - A% (3.6)

where T = 1/f, =fundamental period
A = logarithmic decrement (A = - 2n)

It may be seen that the “dynamic stiffness” is hardly influenced by the damping. At a vibration
frequency of 1 Hz, doubling the logarithmic decrement from 0.1 to 0.2 results in a reduction
of the basic gust factor by only 5%. The reduction of the dynamic displacement and increase
of dynamic stiffness would be correspondingly low.

The equivalent wind force given by Equation (H.4) can be determined from Equations (3.5)
and (3.6) above. The vibration in the across-wind direction can be calculated as shown in
Appendix H.4.1. Another possibility is given in Appendix A of [DIN 4133] (draft 1991).

3.2.7 More advanced design rules

More detailed investigations, as for example to determine antenna rotation in telecommuni-
cation towers etc., requires the calculation of the natural frequencies and mode shapes for sev-
eral modes (3 modes shown in Figure 3.8) with the aid of a finite element program as well as
carrying out a modal analysis for the selected natural frequencies and mode shapes. The wind
action has to be applied as, for example, in [3.17].
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3.2.8 Remedial measures

For towers the use of a vibration absorber (see Appendix D) can be very economical. For tele-
communication towers such a measure can be applied to the antenna. The vibration absorber
has to be tuned to the predominant frequency of the sub-system “antenna construction”. For
the case shown in Figure 3.8 a vibration absorber can be attached to the top of the antenna
whose frequency lies between the frequencies of K2 and K3. A much better result can be
achieved if two vibration absorbers tuned to the frequencies of K2 and K3 are used. When
designing vibration absorbers the mass of the main system is that of the tower’s modal mass
(generalized mass) at the position of the vibration absorber:

2
m, = ij-yj 3.7

where m_ = modal mass of the structure

n = number of discretized sections of the tower
m; = mass of the j-th discretized section of the tower
y; = normalized (dimensionless) modal displacement (of the second or third mode

according to Figure 3.8).

It is important to note that for wind-induced vibrations the classical vibration case according
to Den Hartog (Appendix D) is not present. The excitation force is not independent of the ex-
citation frequency, but increases in proportion to the square of the excitation frequency (i.e.
to the square of the wind speed). Thus with respect to damping a different optimization from
that given in Appendix D has to be carried out [3.10]. The optimum natural frequency f, of
the added system is the same as for the classical case, namely

1

fi=f —] (3.8)
[1+m/m,
where  f, = optimum natural frequency of the vibration absorber
f = structure’s natural frequency to be absorbed
m; = modal mass of the structure
m, = mass of the vibration absorber

The optimum damping, on the other hand, is

3 (m/m,)
Cope = J e (3.9)

(1+m,/m) - (2+m,/my)

Further details with regard to vibration absorbers for tower-like structures are dealt with in
Sub-Chapter 3.3 on chimneys, since for such structures the use of added systems is especially
relevant.
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3.3 Chimneys and Masts

G. Hirsch, H. Bachmann

3.3.1 Problem description

Free-standing chimneys and masts that are not guyed are similar to towers from the point of
view of wind-induced vibrations. This is true especially for the dynamic forces induced in
such structures by gust action in the wind direction. The vibrations connected with vortex
shedding transverse to the wind direction, however, can be more important. Particularly sen-
sitive in this respect are steel chimneys (welded construction, not insulated or lined with ma-
sonry, fixed base). Not the very high ones, but particularly the steel chimneys of about 30 to
40 m height are endangered. Therefore these structures are given particular attention in the
following.

Masts are often built as composite structures consisting of components of different materials
and geometries (e.g. a glass-fibre tube on a lattice tower), so that a dynamic analysis of the
complete system is necessary. This requires an interdisciplinary cooperation between the con-
structors of the mast and the antenna, as is the case e.g. for the design of a radio transmission
tower. Tubular masts of circular section for carrying antennae have to be treated in the first
instance as steel chimneys, whereby if external antennae are present, additional vibration
problems may arise (¢.g. galloping instability if iced-up).

Vibrations of chimneys and masts can lead to structural safety (fatigue) and serviceability
problems. In the case of antenna masts, e.g. for telecommunication towers, excessive devia-
tion of the antennae from their normal position can result.

3.3.2 Dynamic actions

The structural configuration is important for the dynamic effect of wind on chimneys and
masts. Figures 3.9 to 3.12 illustrate this.

The normal case is that of a freestanding chimney of constant section (Figure 3.9a), while the
stepped form of construction is less common (Figure 3.9b). In addition, chimneys in particu-
lar can be present in groups or rows (Figure 3.9c), whereby the distance of separation a in
relation to the diameter d is important with respect to interference effects (mutual aerodynam-
ic influence).

The tubular structure of chimneys may be provided with external insulation and thus be itself
in direct contact with the smoke emitted, or it may be insulated internally (Figure 3.10a and
b). The tubular structure may also have multiple layer flues, which affect the vibrating mass
to a greater extent than the stiffness of the system (Figure 3.10c). Moreover, the structural
damping is greater than for a simple tubular structure. Horizontal connection of chimneys at
various heights is also possible (Figure 3.10d).
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Figure 3.9: Chimney as structural system: a) dynamic wind action and deflected shape,
b) stepped chimney, c) group arrangements

Structural shell
/ = smoke flue Structural shell

Figure 3.10: Chimney construction: a) with internal insulation, b) with additional smoke tube,
¢) multi-flues, d) connected chimneys

There are also chimneys which are fixed to a base or supporting structure (Figure 3.11). The
base structure forms part of the system as a whole, whereby it may happen that a very stiff
chimney is attached to a relatively flexible supporting structure. The wind excitation (due to
vortex shedding) then acts in some circumstances mainly on the “rigid” tube. The dynamic
response, however, is mainly governed by the flexibility and damping of the structure.

For a telecommunication mast, Figure 3.12 shows a “chimney”-antenna of fibre-reinforced
plastic construction on top of a lattice tower which acts in the abovementioned sense as a base
structure. The base structure is acted upon directly by the wind (gust action) and responds dy-
namically to the vortex-induced vibrations of the attached cylinder.

Massive chimneys (reinforced concrete construction) are in general relatively insensitive to
vortex-induced vibrations due to their high structural damping. Thus, e.g., according to [DIN
1056] the dynamic force for this effect does not have to be investigated. If the chimney is fixed
to a supporting structure, however, the dynamic force has to be determined for the design of
this structure. For this purpose other codes (e.g. [DIN 4133], Appendix A, draft 1991) have
to be consulted.
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Figure 3.11: Examples of chimneys with and without base structure and the corresponding deflection curves

Figure 3.12: Lattice tower with fibre-reinforced plastic antenna construction:
dependence of damping on displacement amplitude [H .6]
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3.3.3 Structural criteria

a) Natural frequencies

For the calculation of the gust action in the wind direction it suffices in general to determine
the fundamental frequency. For steel chimneys of the simplest form (Figure 3.9a) the follow-
ing approximate formula may be used:

d

f.=5: 1010 - = (3.10)
h
where d = external diameter of the tubular part [m]
h = heigth [m]
§ =¢&,-5,
5_,‘, = factor taking into account changes of the tube’s wall thickness over heigth: in
general § =~1.15
§,, = (mass of tubular part/total mass)'/?, accounting for any additional mass (e.g.

insulation)

Exact calculations for stepped chimneys and those attached to a base structure can be carried
out using Rayleigh’s method (Equation (3.3)).

For rows of chimneys connected horizontally (Figure 3.9¢) the simple cantilever lies at right
angles to the row’s axis, so that in the longitudinal direction a possible frame effect also has
to be considered. The natural frequencies (and also the structural damping) are thus greater in
the connected direction than orthogonal to the row.

Where a base structure is present (Figure 3.11) a coupled system exists with two important
natural frequencies. Both constitute fundamental frequencies as far as vortex-induced vibra-
tions are concerned, since the corresponding aerodynamic excitation forces act only on the
superstructure (the tubular part) and since the base structure leads to the chimney having an
additional “second” fundamental frequency.

The case may arise where the base structure is of unsymmetrical construction. Then different
natural frequencies (and thus different critical wind speeds, see Appendix H) are dominant
depending on the direction in which the wind is blowing.

The antenna support structure shown in Figure 3.11 has to be treated in the same way as a
chimney on a base structure.

For complex structural systems the calculation of the natural frequencies, even when compu-
ter programs are used, only gives approximate values. Reliable values can only be obtained
with the aid of vibration measurements on existing structures. It is important therefore that the
displacement amplitude in such tests (e.g. measurement of the decay curve) corresponds ap-
proximately to the expected amplitude at the critical wind speed because, in general, both the
stiffness and the damping behave nonlinearly with respect to displacement amplitude.
Figure 3.12 illustrates this for the case of damping of a lattice tower.
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b) Damping

The structural damping of chimneys and masts as freestanding structural systems depends to
a large extent on special structural features. The lowest damping is exhibited by steel chim-
neys of welded construction without insulation. Equivalent viscous damping ratios { as low
as about 0.002 have been observed. For groups of steel tubes joined together, the damping val-
ue increases to about 0.008 (measured on a group of five tubes, arranged with one inside and
four outside). A more extensive summary is given in [3.8].

Corresponding with these damping ratios in the draft of DIN 4133, Appendix A (1991), the
equivalent logarithmic damping decrement A for steel chimneys is given in the range of
0.015 to 0.04. If there is a masonry lining the range increases up to 0.07 to 0.1. Thus, the range
of values typical for masonry and reinforced concrete construction are reached. Damping val-
ues for masts are of the same order of magnitude (see Figure 3.12).

3.3.4 [Effects

Wind-induced vibrations of chimneys and masts are of no consequence to persons, since they
do not normally spend lengthy periods of time on these structures.

The effects of vibrations on the structures themselves, however, can be very significant due to
structural fatigue. This problem has to be carefully investigated, especially for chimneys.

3.3.5 Tolerable values

For chimneys and masts generally, safety with respect to fatigue of the materials is of prime
interest. Admissible stress differences are given in national and international codes. They de-
pend essentially on the structural form and on the roughness (cross-sectional details: ribs,
sharp-edged shape, etc.). In the draft of DIN 4133, Appendix A (1991), a list of cross-section-
al details is given.

As arough guide it is reasonable to limit the amplitude of vibrations at the top of the complete
structure to

O,/a), =004 (3.11)
where y_ = amplitude of deflections at the top
d = diameter of the chimney or mast

For steel chimneys and steel masts vortex-induced vibrations perpendicular to the wind direc-
tion are more important, whereas for reinforced concrete chimneys gust forces are usually
more important.

For the dynamic tilt angle of antennae refer to Section 3.2.5.
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3.3.6 Simple design rules

First of all, a natural frequency calculation with the aid of an approximate method has to be
carried out. The damping has to be estimated in each case. With the critical wind speed ac-
cording to Appendix H.4.1, it can be checked whether this is in the range of wind speeds at
the construction site. If so, the dynamic forces due to vortex excitation in the across-wind di-
rection can be determined using one of the methods given in Appendix H.4.2.

On the basis of this result it is then decided whether additional damping is needed. For steel
chimneys without an internal lining additional damping measures are usually necessary (see
Section 3.3.5). However, other measures, such as reducing the roughness effect should also
be considered.

The gust forces in wind direction can be calculated using a simplified method (Section 3.2.6).

3.3.7 More advanced design rules

A more refined approach following [3.12] may be suitable especially for steel chimneys. It
must be observed, however, that the topic of vortex-induced vibrations in the across-wind di-
rection - in particular for weakly damped structures like steel chimneys - has not been thor-
oughly discussed among specialists at an international level [3.11]. Thus great differences are
still to be found in the concepts and computed results of various codes and standards [DIN
4133], [CICIND], [ISO TC 98/SC 3/WG 2], [ISO/DIS 4354]. Therefore, in the treatment of
vortex-induced vibrations of weakly damped structures great caution is necessary.

3.3.8 Remedial measures

For (steel) chimneys of low damping and mass the occurrence of unacceptable vortex-induced
cross-wind vibrations cannot be ruled out. As remedial measures both aerodynamic and me-
chanical aids should be mentioned. An aerodynamic measure that is often employed is the
Scruton helical stabilizing device with three strakes, a rise of 4.5 to 5, a helix width of 0.1d
and helix height of 0.354 applied over the upper 0.35%4 extension of the chimney. One dis-
advantage lies in the increased wind resistance in the wind direction, so that for existing struc-
tures this device often cannot be considered. Besides, it has been observed that with low
structural damping the aerodynamic efficiency of the Scruton device deteriorates. Such meas-
ures are also ineffective in reducing buffeting effects (see Appendix H.3). For the reasons stat-
ed, added systems of a mechanical type (i.e. vibration absorbers) are becoming more and more
popular.

In [3.12] various possibilities for designing vibration absorbers, especially for steel chimneys,
are presented. In general, suspended pendulum systems consisting of a circular steel mass pro-
vided with rubber damping elements (see Figure 3.13) are selected. For steel chimneys the
mass ratio is often chosen to be 0.05 [3.10].

The design of vibration absorbers to reduce wind-induced vibrations may be carried out as
described in Sub-Chapter 3.2. In practice, the optimum values of natural frequency and damp-
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Figure 3.13: Pendulum-suspended vibration absorbers for chimneys [3.13]

ing are usually not attained precisely. However, the sensitivity of such added systems with re-
spect to deviations from the optimum is relatively small.

Additional dampers also play an important role when the chimneys are arranged in a row or
group and connected to one another (see Figure 3.10d). It is possible in this case to work with
a single vibration absorber on one of the chimneys.

An illustrative example of the application of remedial measures to an existing group of steel
chimneys when another chimney is added is given in [3.13]. All steps (problem analysis, sug-
gested solution, execution, verification on site) are described and discussed there.

Further hints to the control of chimney vibrations are given in [3.34].
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3.4 Guyed Masts

G. Hirsch, H. Bachmann

3.4.1 Problem description

Guyed masts are usually employed for mounting the antennae of transmitters. In the context
of natural wind they present extremely complex structural problems due to the complex dy-
namic behaviour, which in general cannot be described accurately. The reason lies in the in-
teraction of the substructures: mast, guys (often in groups) and antenna supporting structure,
whereby the guys exhibit nonlinear behaviour with respect to the spring characteristic. In ad-
dition, the guys - similar to the masts - involve vibration systems, which couple with the other
subsystems. More and more modern guyed masts consist of cylindrical antenna support struc-
tures of glass fibre construction (with the antennae lying inside) fixed to the steel tower. Vor-
tices are shed from these circular cylinder structures and this can lead to significant vibration
in the across-wind direction.

The treatment of the dynamics of guyed masts demands specialist knowledge and experience
in the field of structural dynamics of complex systems [3.12]. Therefore, these masts - in ac-
cordance with the aims of the present document - are only discussed briefly.

3.4.2 Dynamic actions

The dynamic behaviour of guyed masts under wind excitation is stochastic even for critical
wind speeds, which may be traced to the nonlinear influence of the guys [3.16]. The effective
prestress in the guys plays an important role. For extremely high prestressing the system be-
haves almost linearly, whereas for smaller prestressing the response is irregular since the dy-
namic properties depend on the amplitude of vibration. In the latter case the system in part
controls itself. Under some circumstances the vibrating guys contribute to passive vibration
control, since with their numerous natural frequencies in the range of interest they represent
many counter-oscillators with random tuning.

3.4.3 Structural criteria

a) Natural frequencies

For guyed masts in the frequency range of interest - i.e. vortex-shedding frequencies of about
4 Hz - several natural frequencies and associated mode shapes occur. At the planning and de-
sign stages they can only be determined by means of relatively time-consuming calculations
(see Section 3.4.7).
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The i-th natural frequency of a guy rope, which is anchored at two fixed points, is obtained
from:

foi=5=AT/m (3.12)

¢

where m = the mass/unit length of guy
T,c seeFigure 3.14.

Z

Figure 3.14: Symbols for guy calculations

Due to the continually changing displacements of the upper anchoring point of vibrating
guyed masts, and the associated change of the force in the guy, the stiffness and thus the guy’s
natural frequencies change continually [3.17]. Therefore, it is not possible to carry out accu-
rate calculations for guyed masts using simplified methods. From the point of view of the en-
gineer it is, however, feasible to carry out a rough calculation of the natural frequencies for a
simplified linearized model. By means of vibration measurements on the completed structure
the dynamic response to wind loading can then be observed and used to verify the approxi-
mate calculations. Thus, actual values of the damping characteristics of the structure can be
obtained.

b) Damping

The structural damping of guyed masts is greater than for freestanding slender structures.
Damping depends in particular on the degree of prestressing. For glass fibre antenna construc-
tion an equivalent viscous damping ratio { = 0.0065 (logarithmic decrement A = 0.04 ) may
be assumed.

3.4.4 Effects

Effects on persons are in general unimportant. The actual influences on the structure can only
be determined with great effort (theoretical and/or experimental).
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3.4.5 Tolerable values

For guyed masts relatively large displacements may be permitted. Restrictions come from the
operating conditions for the antenna. Some information can be found in [H.1]. Actual values
have to be supplied by the antenna manufacturer.

3.4.6 Simple design rules

For masts there are no simple design rules within the scope of these guidelines. For the anten-
na structure the across-wind vibrations can be calculated according to Sub-Chapter 3.3. Based
on this result it can be decided at the outset whether preventive measures are necessary.

3.4.7 More advanced design rules

The dynamic modelling of guyed masts depends to a large extent on the effort one wants to
put into a theoretical investigation. Figure 3.15 shows various modelling possibilities. Often
the simplified model a) is employed. The assumed massless guy is replaced by its (linear)
spring stiffness in the plane. The mast is discretized into concentrated masses, €.g. at the upper
anchor point of the guy. Wind effects must be considered for gusts and the vortex excitations
associated with circular mast sections [3.15].

)
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Figure 3.15: Dynamic modelling of a guyed mast

An improvement can be achieved using model b), where the guys are also considered to be
vibrating systems. Therefore, in each case a generalized mass of the group of guys, i.e. those
for a particular eigenvalue, is shown. The case may arise, however, where higher natural fre-
quencies of the group of guys correspond to the natural frequencies of the mast, so that the
guys’ significance can be much greater. Besides, with this model the guy stiffness can be di-
vided into a “quasi-static spring” and a “dynamic spring”. Depending on the wind speed the
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mast can find itself in a “quasi-static position of rest”, about which the vibrations occur. In
reality, of course, there is no such “position of rest”, since the wind is continually changing.
In view of these considerations it is thus clear that only very simplified models are possible
for the dynamic behaviour of guyed masts.

Finally, Figure 3.15¢) is intended to give an idea of modern computational methods (finite el-
ement method). The abovementioned limitations apply in principle here also. More exact, i.e.
nonlinear, calculations are indeed possible at great expense, but there is no assurance that the
results preclude wind-induced vibrations of unacceptable amplitudes.

As a modern and refined approach an interplay of rough calculations and specific structural
measurements (natural frequencies, damping in the mast, guys and antenna supporting struc-
ture) can be recommended. With the results of the measurements, the calculations can then be
more refined or a decision regarding the use of additional measures, possibly for the antenna
structure and the guys, can be taken. In addition, the dynamic forces that affect the point of
force introduction (the guy-structure connection) must be checked. Attention must be paid to
designing these locations for long-term resistance to fatigue.

3.4.8 Remedial measures

For guyed masts, measures to dampen out vibrations are cruical. A vibration absorber (see
Section 3.3.8) may be placed at the top of the structure supporting the antenna. According to
the present state of knowledge a vibration absorber of about1000 to 1500 kg is adequate. Vi-
bration absorbers attached to the mast are in general not necessary and for practical reasons
(space, access) they often cannot be placed where the modal response is at its maximum.

The guys are best brought to rest with simple dampers. Figure 3.16 shows a sketch of such a
system. Information on determining the effective damping of a guy with additional dampers
is provided in [3.18]. Practical cases of application show that it is possible to increase the very
low damping ({ = 0.0005) of the bare guy by a factor of about ten.

Figure 3.16: Guy with damper (D )

In the choice of the damper, attention must be paid to its suitability for long-term operation.
Today, purely mechanical working elements are available (e.g. slit annular springs, disc
springs, etc.), which are maintenance-free. The adjustment to the guy forces is quite simple,
so that despite inadequate accuracy of theoretical investigations it can be ensured that the (un-
avoidable) vibrations remain within the admissible limits [3.19], [3.20], [3.21].
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3.5 Pylons

G. Hirsch, H. Bachmann

3.5.1 Problem description

The pylons of cable-stayed and suspension bridges represent a special kind of tower structure.
Steel pylons are particularly susceptible to vibrations, but slender concrete pylons can also ex-
perience large vibrations. The nature of the vibrations depends on the form of the bridge and
the pylon (Figure 3.17). Apart from their response to stochastic gust effects, bridge pylons
show a tendency both to forced vibration due to vortex excitation and - for steel pylons - to
self-induced vibrations (galloping). In combination with cables, pylons also constitute guyed
sub-systems (cf. Sub-Chapter 3.4). In general, different dynamic properties (natural frequen-
cy, damping) are exhibited in the planes of the bridge axis from those in the transverse direc-
tion.

2 2 74 SIS

Figure 3.17: Various types of bridge pylons

For pylons the stage of construction is also important. Initially the pylon of a cable-stayed
bridge is built as a freestanding cantilever without guys. Under wind loading the structure be-
haves like a tower or “chimney” of rectangular section. Vortex excitation and galloping can
result for such rectangular shapes (Appendix H). Since the damping is small at this phase of
construction it may be necessary to employ temporary damping measures. After completion
of the cables it is in general possible to dispense with such anti-vibration measures in the plane
of the bridge. However, it has happened that after completion of a bridge, unacceptably large
wind-induced vibrations of the pylons have occurred in the plane of the bridge. Figure 3.18a
shows a cable-stayed bridge with pylons that had to be stabilized using a vibration absorber
subsequent to construction [3.22]. For vibrations outside the plane of the bridge, the presence
of cables scarcely has any effect.

The pylon of a cable-stayed bridge constitutes a very complex aerodynamic vibration system.
For long span bridges where modal responses of the substructures (main beam, pylons, ca-
bles) are present, a pronounced vibration transmission may occur within the overall system.
This cannot be recognized with certainty in the design stage. Closely spaced natural frequen-
cies of the substructure may be present, leading to this transmission effect. Due to the dynamic
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effect of the traffic flow, the bridge is excited at certain natural frequencies, and these vibra-
tions are then transmitted to the substructures having similar eigenvalues. Wind-induced vi-
brations may be superimposed on these forced vibrations, which may then experience
amplification to large amplitudes, and may combine with the so-called parametric-excited
(self-excited) vibrations of the cables [3.20] that are attached both to the main deck beams and
the pylons.

Figure 3.18: Cable-stayed bridge: a) overall system, b) pylon with vibration absorber

From this it follows that - as with guyed masts - the actual vibration behaviour of cable-stayed
bridges, and thus also of the pylons, is usually difficult to describe accurately under natural
wind excitation. Thus, from the engineer’s point of view there remains no alternative but, with
the aid of simplified calculations (including the use of advanced computer programs), to gain
a certain insight into the behaviour and if necessary, to implement specific anti-vibration
measures (see also [3.24]).

3.5.2 Dynamic actions

The dynamic action depends mainly on the shape of the pylons. Vertical supports are more
disadvantageous than sloping ones, because vortex-shedding is more prominent in the former
than in the latter. For large bridges, wind tunnel tests are often carried out. From these the aer-
odynamic and also - with the aid of aeroelastic models - the dynamic response of the structure
are obtained with sufficient accuracy.

[3.23] presents a case history in which wind tunnel tests showed that for a particular cable-
stayed bridge during the construction phase a freestanding pylon (without cables) was greatly
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endangered (vortex-shedding and galloping instability), but that leaving the scaffolding for
the welding work in place at the top part of the pylon, the wind-induced vibrations could be
reduced sufficiently to require no additional control measures.

3.5.3 Structural criteria

a) Natural frequencies

The bending frequency of a free-standing pylon (during construction) in both directions, or of
a pylon with sloping cables for vibrations transverse to the plane of the bridge, can be roughly
estimated for preliminary design purposes. As with buildings (Equation (3.2)), f, = 46/h.
In general, the second natural frequency is about four times higher. Exact calculations are pos-
sible using Rayleigh’s method (see Section 3.2.3). For determining the natural frequencies of
a cable-stayed pylon in the plane of the bridge - analogous to guyed masts - at least the cable
stiffness (assumed linear elastic as a first approximation) has to be considered. Depending on
the actual stiffnesses of the pylon, the cables and the main deck beam, as well as the degree
of restraint of the base support and of the foundation, such calculations may only provide a
rough estimate (see [3.24]).

b) Damping

The damping in steel pylons acting as freestanding structures is comparable to that in steel
chimneys (see Section 3.3.3). For the steel A-shaped pylon of the bridge described in [3.23]
an equivalent viscous damping ratio of { = 0.002 (logarithmic decrement A = 0.012) was
measured. It follows that the bridge during its construction phase is greatly endangered by vi-
brations. For the steel pylons shown in Figure 3.18 an equivalent viscous damping ratio of
€ =0.003 (logarithmic decrement A = 0.02) has been observed, whereby no substantial dif-
ference was shown in the principal vibration directions (x and y). Due to the rectangular
cross-section and the stiffening effect of the cables, the natural frequencies were different
(1.93 Hz in the x-direction and 1.1 Hz in the y-direction). The damping values for cable-
stayed pylons are greater than those for freestanding pylons.

3.5.4 Effects

Normally, persons are not directly affected by wind-induced vibrations on bridge pylons, ex-
cept when there is a viewing platform on the pylon, in which case an assessment can be made
by referring to Sub-Chapter 3.1. However, the effects on the bridge structure as a whole also
have to be considered. If the bridge deck is set in vibration this affects the comfort of users,
especially pedestrians.

With respect to structural safety the effects of wind-induced vibrations of the pylons are main-
ly related to fatigue damage (see Sub-Chapter 3.3).
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3.5.5 Tolerable values

Permissible values for specific objects should be laid down in the specifications for the bridge
structure (contract documents). Generally applicable values cannot be given. In particular,
separate considerations have to be given to safety and serviceability of the bridge structure.

3.5.6 Simple design rules

The response to gusts in the wind direction can be estimated using the dynamic properties of
the pylon (frequency and damping) analogous to the case of buildings (see Sub-Chapter 3.1).
Further, for preliminary design purposes with the aid of approximate upper and lower limits
of natural frequency, estimates can be made of the upper and lower limits of critical wind
speeds for vortex-shedding and galloping according to Appendices H.4.1 and H.5. If these
critical speeds lie in the range of possible wind speeds, more detailed investigations have to
be carried out.

3.5.7 More advanced design rules

For a more accurate investigation of the modal behaviour and of the dynamic response of the
pylon as part of a complex bridge structure - at least in the case of large bridge projects - wind
tunnel tests on aerodynamic models of the whole bridge together with the use of modern com-
puter programs are necessary. This task belongs to the specialized field of structural dynamics.

3.5.8 Remedial measures

Measures to reduce the wind-induced vibrations of bridge pylons can be planned at the outset
by aiming for stability with respect to vibrational effects. It may not be possible, depending
on the circumstances, to make a decision about the necessity of remedial measures until ob-
servations and corresponding measurements on the completed structure are available. In the
subsequent planning (and execution) of such remedial measures one has to reckon with much
greater costs than if preventive measures had been taken initially.

In the first place - as with towers and chimneys - optimum tuned vibration absorbers should
be considered. Figure 3.18b shows a sketch of such a system for a pylon. Since the natural
frequencies in both principal directions are different, a pendulum suspension in the form of
two torsional springs placed one behind the other was chosen, such that the pendulum system
also exhibits different natural frequencies in the two directions of vibration. The damping was
achieved by means of hydraulic pistons. Since easy access was provided - thus allowing later
replacement of the elements - it was not necessary to give detailed consideration to their du-
rability.

During construction, vibration of the pylon can also be controlled with the aid of auxiliary de-
vices to increase damping, e.g. as in Figure 3.19, [3.25]. The friction damping of a thin cable
under a relatively small tension force (several kN) is adequate for achieving the desired effect
for weakly damped structural systems.
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Figure 3.19: Auxiliary damping device for a cantilever system

Further possibilities can be found in [3.24]. Viscous dampers have the disadvantage that usu-
ally a substantial part of the added mass acts as a rigid mass and that one cannot dispense with
special experimental optimizations.
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3.6 Suspension and Cable-Stayed Bridges

G. Hirsch, H. Bachmann

3.6.1 Problem description

In the course of time, the spans of large bridges have continually increased. Long-span bridges
are designed as either suspension or cable-stayed bridges. Figure 3.20 gives an overview of
this development.

Main span [m]

0 T T T T T T -

T T T T T T
1810 1850 1900 1950 Year

Figure 3.20: Development of main span lengths of suspension and cable-stayed bridges [3.22]

Figure 3.21 presents some modern bridge cross-sections which have been shown to meet the
requirement of satisfactory dynamic behaviour with respect to the effects of gusts, vortices,
galloping and bridge flutter (see Appendix H).

It is evident that in the planning and design of such large bridges, wind tunnel tests should be
carried out together with competent structural dynamics calculations performed by special-
ists. Here it is possible to make only a few remarks regarding this highly specialised topic.
Emphasis is placed on the main spans, the cables and the hangers. The pylons have been treat-
ed separately in Sub-Chapter 3.5. The construction stages are also discussed briefly.
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Figure 3.21: Bridge cross-sections

3.6.2 Dynamic actions

Dynamic wind action depends on a large number of parameters. Besides the aerodynamic de-
sign of the cross-section, of importance are the bending and torsional stiffnesses and the mass
distribution of the main span (including the rotational inertia about the longitudinal axis of the
bridge). The cables, hangers and pylons have to be considered as well. Cable-stayed bridges
with only one plane of cables have to be handled with care as they exhibit a relatively small
torsional stiffness and thus a correspondingly small ratio of torsional to bending natural fre-
quencies.

In the especially critical case of bridge flutter, the same mechanisms are not present as in the
classical case of the flutter of aircraft wings. For bridge flutter it is a question of the aeroelastic
instability of a bluff body (not a streamlined form) with air-stream separation, in which the
movement takes place in the bending and torsional degrees of freedom [3.26].

During construction there is a continuously changing vibrational system with changing dy-
namic properties and force response. It has to be verified what critical conditions will be en-
countered and when. Continuous checks with the aid of torsional and bending measurements
may be appropriate (e.g. as was conducted on the Severn Bridge, England [3.27]).

3.6.3 Structural criteria

a) Natural frequencies

Figure 3.22 gives an indication of the bending natural frequencies (fundamental vertical fre-
quency) of cable-stayed bridges as a function of the span length. For estimation purposes the
following approximation can be used

110
— 3.13
7 (3.13)

fe=

where L

fe

length of the main span [m)]
fundamental bending frequency [Hz]
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Normally, for cable-stayed bridges the bending natural frequency is higher for a harp-shaped
arrangement of the cables than when the cables are bundled to the pylon.

In the case of cantilevering construction of a cable-stayed bridge, the calculation of the eigen-
frequencies (horizontal transverse for gust forces, and vertical for vortex excitation, galloping
and flutter) are carried out basically the same way as for the structural systems treated in Sub-
Chapters 3.2 to 3.4.

Figure 3.22: Fundamenta bending frequencies of cable-stayed bridges [3.22]

Figure 3.23: Cantilever construction of a cable-stayed bridge with preventive damping measures {3.23]

In the example shown in Figure 3.23, for every step in connecting a further group of cables
new natural frequencies (and thus other values of critical wind speeds) resuit. With progress-
ing cantilever construction the natural frequencies become smaller. The critical state is usually
attained before the other river bank is reached.

b) Damping
Figure 3.24 presents a summary of damping values for long-span bridges.

For an accurate assessment and monitoring of construction stages, damping values can be ob-
tained from the decay curves of rhythmical motions excited by the construction team {3.23].
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Figure 3.24: Damping values for long-span bridges [H.2]

3.6.4 Effects

Vibrations of the bridge deck can impair the comfort of the user, above all of pedestrians. With
respect to effects on the structure (structural safety), the vibrations of the deck, cables and
hangers are primarily of relevance for fatigue considerations.

3.6.5 Tolerable values

Tolerable values for serviceability and safety (fatigue) have to be established from case to case
or taken from national and international codes and standards.

3.6.6 Simple design rules

Besides the choice of the most favourable aerodynamic cross-section (“streamlined profile™),
one should attempt to obtain as high as possible a fundamental torsional frequency compared
with the fundamental bending frequency.

With the aid of the given approximate values of natural frequencies and damping, rough esti-
mates can be made of the expected wind-induced vibrations. This is the case in the first in-
stance for wind action due to gusts (turbulence) and vortex shedding.

3.6.7 More advanced design rules

Using aeroelastic structural dynamics computer programs, calculations of flutter and gallop-
ing can be carried out. The aerodynamic parameters (see Appendices H.5 and H.6) have to be
determined with the aid of wind tunnel tests. In this process, mostly aerodynamic measures
(use of fairings, flaps and splitter plates, see Figure 3.25) are investigated. The effect of tur-
bulence on flutter behaviour also has to be considered. Hangers and cables have to be inves-
tigated according to Sub-Chapter 3.4.
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3.6.8 Remedial measures

The vortex-excited vibration behaviour of the main spans of bridges can be favourably influ-
enced as is seen in Figure 3.25. Flutter and galloping stability can be improved by having a
more favourable shape of the bridge profile. An increase of damping, on the other hand, has
no significant influence.
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Figure 3.25: Influence of bridge profile shape with vortex-induced vibrations:
a) results of investigation, b) examples of preventive measures [3.26]

Vibration absorbers (tuned-mass-dampers) can also be used to resist vortex-induced vibra-
tions (see Appendix D, with additional information in Sub-Chapter 3.3).

For cantilevering construction of cable-stayed bridges a measure to dampen vortex-induced
bending vibrations that can be easily implemented is to dip a cable-suspended “steel crossbar
hedgehog” into the river, see Figure 3.23. A vibration absorber, comprising rubber buffers (or
possibly air springs) with the mass consisting of concrete blocks or steel girders, can also be
arranged at the end of the cantilever in the case of cantilever construction. By changing the
size of the mass the natural frequency of the tuned-mass damper can be adjusted to correspond
to the dynamic state of the cantilever.

Sloping cables can be further damped in the same way as the guy cables of masts (see
Figure 3.16).
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1 = Stay cable

2 = Neoprene washer
3 = Clamp

4 = Neoprene sleeve
5 = Steel tube

6 = Bridge deck

7 = Lock nut

8 = Anchor

Figure 3.26: Stay cable with lining and damping device [3.22]

In Figure 3.26 another means of obtaining additional damping of cables is shown, in which
the cable lining in the region of the anchorage is used in order to activate a damping layer be-
tween the cable and the support.

Further applications may be found in [3.28]. Unfortunately it is usually only evident on the
completed structure that, for example, the cable or the hangers is critically excited by the
wind. Additional measures may be applied, but one should not forget at the planning and de-
sign stages that extra costs are involved in implementing such measures to a completed struc-
ture (e.g. the RAMA IX cable-stayed bridge in Bangkok, with introduction of damping after
construction to reduce cable vibrations [3.29]).
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3.7 Cantilevered Roofs

G. Hirsch, H. Bachmann

3.7.1 Problem description

Cantilevered roofs, e.g. roofs of grandstands, can be particularly sensitive to wind excitation.
Steel structures are affected most, but problems with (lightweight) concrete cannot be ruled
out. Depending on the wind direction, very different aeroelastic effects can be induced, e.g.
galloping (see Appendix H). As shown in Figure 3.27, the roof plate for a wind angle § = 0
and a partial opening or closure of the rear side of the stand (blockage, e.g. B = 50 % in
Figure 3.27a) resembles an aerofoil with a certain incidence angle. For a negative gradient of
the lift/incidence angle, this can produce “stall-flutter” (for structures with air stream separa-
tion = galloping).

In addition, vortex-shedding and vortex excitation is possible, whereby according to
Figure 3.27, depending on the horizontal flow angle B, different types of excitation are pos-
sible. The data comes from the results of wind tunnel tests. For such structures these tests are
indispensable, above all when the cantilevered roof construction is more complicated. The
most important cases here would be closed, ring-shaped or oval roof structures of large sport
stadia. Both, vibration damping and aerodynamic measures are possible.

a) b) B=50% pB=45°
= =
€) B=100% PB=0° d B=50% B=180°

Figure 3.27: Cantilevered roof for various incident air flows and vortices {3.30]
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3.7.2 Dynamic actions

Besides the geometric shape and structural dynamics parameters (natural frequencies, mode
shapes and damping) the dynamic effect of wind on cantilevered roofs depends on the wind-
stream (direction, speed). Of chief interest are the actions and dynamic responses with respect
to vortex-shedding and galloping. Specific data for a structure, however, can only be obtained
from wind tunnel tests [3.30], [3.31] and [3.32].

3.7.3 Structural criteria

a) Natural frequencies

The fundamental frequency of the roof can be estimated using formulae for cantilevers or us-
ing Rayleigh’s method (see Section 3.2.3). For more exact calculations, methods must be em-
ployed which are suitable for non-uniform cross-sections and specific boundary conditions
(partially-fixed support). From measurements on actual cantilevered roofs, natural frequen-
cies in the range from 1 to 4 Hz have been observed.

b) Damping

Damping values for cantilevered roofs can vary very much, depending on the type of con-
struction and possible energy dissipation due to non-loadbearing elements (roof tiles) and en-
ergy radiation into the ground. In [3.33] a logarithmic decrement of A = 0.13 is reported for
a welded steel construction (cantilever beam with plates and roofing of corrugated sheeting).

3.74 Effects

Effects on persons may be of significance if the stadium is occupied under windy conditions.
On the other hand, fatigue problems may develop due to the vibrations.

3.7.5 Tolerable values

Tolerable values for fatigue are supplied in national and international codes and standards.

3.7.6  Simple design rules
Possible problem cases can be identified by the mass-damping-parameter MDP:

2-m-A

where m = mass per unit length
h = thickness of roof
p = airdensity (1.2 kg/m>)
A = logarithmic decrement

Care must be taken for MDP values below ~15. In such cases no simple design rules are avail-
able.
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3.7.7 More advanced design rules

The modal behaviour of the structure can be estimated with the aid of a finite element com-
puter program. Investigations on an aeroelastic model in a boundary layer wind tunnel (in-
cluding simulation of turbulence effects) can provide the basis for a safe design.

3.7.8 Remedial measures

For a roof structure with low structural damping, the reduction of the dynamic response to
wind excitation can only be achieved by using vibration absorbers (see Appendix D in con-
nection with the relevant extensions regarding wind in Sub-Chapter 3.3). The frequency and
the number of vibration absorbers to be installed depends on the number of critically excited
modes in the roof and on the mode shapes themselves. In general, a greater number of small
vibration absorbers is preferable.

Aerodynamic measures are also possible. According to [3.30] a reduction of the dynamic re-
sponse can be achieved by employing trip wires causing turbulence underneath the roof con-
struction. The effect of the wind in the region of the “critical” frequency is markedly reduced
when turbulence is present as compared to uniform air flow.
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4  Vibrations induced by traffic and
construction activity

W. Ammann, F. Deischl, J. Eisenmann, G. Lande

This chapter deals with structural vibrations caused by road and railway traffic and by con-
struction activities.

Vibrations induced by both traffic and construction activities affect mainly the serviceability
of adjacent structures and only rarely cause problems related to structural safety. Problems
with structure-borne sound may often become dominant, especially in underground railway
track systems. Problems related to fatigue behaviour or to the overall safety of a structure
arise more generally in bridges and are not treated in this chapter.

This chapter on vibrations induced by traffic and construction activities is structured into the
following sub-chapters:

4.1 Roads

4.2 Railways

4.3 Bridges

4.4 Construction Work

Fundamentals are given in the appendices. An important reference is made to Appendix J
with its recommended tolerable values of vibrations for structures.
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4.1 Roads

W. Ammann

4.1.1 Problem description

Vehicles apply dynamic forces directly to the pavement. The forces are transmitted through
the pavement to the sub-structure or through the subsoil to buried or even adjacent structures
(see Figure 4.1a). A vehicle is a complex dynamic system which interacts with the pavement
and the subsoil or sub-structure (Figure 4.1b). The magnitude and frequency content of the
induced vibrations are dependent amongst other parameters on:

- mass of the vehicle m

- speed of the vehicle v

- vibrational behaviour of the vehicle

- characteristics of the tyres of the vehicle

- roughness of the highway pavement (asphalt or concrete layer)
- stiffness of the pavement or sub-structure (see also Figure 4.2)
- properties of the subsoil

- distance of the highway from affected structures.

4.1.2 Dynamic actions

Unevenness of the road surface and speed of the vehicle are the primary causes for vibrations
as a result of the vehicle interacting with the pavement. The resulting interactive dynamic
force consists of short-pulse impacts. Local and global deflections of the pavement and of the
subsoil or sub-structure (see Figure 4.2) under the weight of the vehicle give rise to excitations
of longer duration.

Asphalt and concrete pavements must be designed for wheel loads, temperature effects, etc.
A continuous pavement is assumed to be a flexible plate resting on an elastic half-space. Seg-
mented concrete pavements may be stressed due to different geometrical levels of adjacent
segments. This leads primarily to damage of the joints where impacts of vehicle tyres initiate
waves that are then transmitted through the soil to adjacent structures (Figure 4.1a).

Acceleration and deceleration of the vehicle leads to additional dynamic forces transmitted by
shear in the direction of the vehicle's movement and these have to be taken into account pri-
marily for pavement design near bus stops, junctions, etc.

Vibrations caused by the vehicle-pavement interaction may be transmitted through the subsoil
to adjacent structures (Figure 4.1a). This transmission is governed by soil dynamic character-
istics (see Appendix B). The vibrations that are observed at a remote point as a result of road
traffic can be most suitably characterized by frequency spectra. In general, the resulting ve-
locity spectrum is practically uniform across the frequency band from 1 to 200-400 Hz and
does not - in contrast to rail-induced vibrations - exhibit pronounced frequency components.
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Figure 4.1: Dynamic excitation by vehicles: a) Excitation of a buried substructure and an adjacent structure
through pavement and subsoil, b) Dynamic system of vehicle, pavement and subsoil

4.1.3 Structural criteria

Buried sub-structures or adjacent structures may be affected by the dynamic excitations. Con-
siderable resonance effects may take place in the higher storeys of such structures (up to a fac-
tor of 5 and more). Floors with a natural frequency in the range from 8§ to 25 Hz are
particularly sensitive to this excitation. This applies also to the furniture placed upon the
floors, which can also exhibit resonance effects. The damping ratio in such floors is usually
rather modest (T = 0.01 to 0.02) and thus resonance amplifications are substantial and vibra-
tions decay only slowly.

Tunnels for road traffic are rarely affected as long as the evenness of the asphalt pavement or
of an inserted concrete slab are guaranteed. Special care has to be taken with highway systems
integrated into structures for housing, hotels, assemblies, etc. Structure-borne sound problems
may be greater than structural vibration problems.
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4.1.4 Effects

Excitations due to road traffic primarily affect:

- structures (impaired functionality)
- persons (annoyance from vibrations and structure-borne sound)
- installations and other building contents.

Also, as a result of noise directly generated by vehicle vibrations, windows and other objects
can rattle.

Fast moving vehicles may also cause wind forces especially on tunnel diaphragms or traffic
lights and signals, possibly leading to fatigue failures.

4.1.5 Tolerable values

The main reference measure for the vibrations induced by road traffic is the velocity of vibra-
tion, and this is usually measured in the foundation of the affected structure.

To assess the effects on persons, installations and other building contents, however, it is not
advisable to rely solely on vibration velocities measured in the foundation area of an affected
structure. It is preferred to measure values directly at the affected places (i.e. at the various
storeys) and to make a final assessment based on, for example the ISO-Standards or the KB-
values ([DIN 4150], see also Sub-Chapter 2.1 and Appendix I).

For a general assessment of the effects on structures, different standards can be used. The val-
ues of tolerable velocity of vibration in the area of the foundation varies considerably, how-
ever. Table J.3 shows Swedish reference values (see [4.1]) for the vertical particle velocity
relative to the building type and foundation conditions. The values given are very low in com-
parison with those of the Swiss Standard [SNV 640312] presented in Table J.2.

4.1.6  Simple design rules

Due to their random nature, vibrations induced by traffic can usually only be described qual-
itatively. When designing to minimize vibration emissions it is important to find an optimum
cost-benefit relationship. It must not be forgotten that as a rule only a limited amount of engi-
neering analysis is possible. Thus - if any calculation is done - the method employed has to be

P
H
El4 Spring-supported pavement slab
k é———* Spring element
% El, > Sub-structure

Figure 4.2: Simplified system of a spring supported slab on a sub-structure [4.2]
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simple, safe and efficient. Instead of the calculations it is probably better to find improvements
to the vehicle and the pavement or to look for other solutions in design.

The following measures are possible:

- traffic: limit on wheel load and vehicle speed

- road: repair, renewal or replacement of pavement or surface, insulation of pavement from
supporting sub-structure or buried structures and from adjacent structures, separating the
road from the structure by trenches to reduce the direct transmission of vibrations, repair
of concrete pavement joints.

4.1.7 More advanced design rules

A number of detailed calculation methods are available, but their use is only justified if the
measures given in Section 4.1.6 do not lead to the desired attenuation. Soil dynamic theory
may be used to evaluate wave transmission from the emission source to the foundation of a
given structure. Simplified dynamic models, (e.g. two or more degree-of-freedom systems,
see Figure 4.2) may be used for affected structures.

One of the most efficient measures to protect a buried sub-structure (see Figure 4.1a) from vi-
brations is the system of the floating pavement slab. The floating slab system utilises elastom-
ers, natural unvulcanized rubber, etc. as a flexible material between the underlying sub-
structure (often also a slab) and the overlying pavement slab. Figure 4.3 shows a typical ex-
ample. Special attention must be paid to the waterproofing and thermal insulation. The flexi-

Figure 4.3: Spring-supported slab structure with a waterproof membrane on the sub-structure [4.2]
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ble compliant material, depending on the application, is installed either over the whole
surface, in strips or at points. For the dynamic analysis of the efficiency of the system a sim-
plified model based on Figure 4.2 may be used. Decoupling of the spring supported pavement
slab and the sub-structure can lead to further simplifications.

Large floating slab systems can only be constructed in situ. According to [4.2], if the lost-
form-method is used to cast the slab, two types of construction can be used (see Figure 4.4):

a) Prefabricated, thin concrete panels can be placed on flexible elastic point supports or strip
elements. In order to avoid vibration short circuits, which will impair the efficiency of the
floating slab system, the slab joints have to be well sealed before casting. The disadvantag-
es of this method are, on the one hand, that the base has to be levelled to millimetre accu-
racy, which is very difficult to achieve, and on the other hand, a relatively large part of the
effective depth is lost.

b) Corrugated steel sheeting must be positioned on strip-shaped flexible springs, e.g. rubber
spring elements, since a useful bending stiffness exists only in the direction of the corru-
gations. The stiffness of the sheet is still small enough to allow it to bed into the underlying
elastomeric springs and thus guarantee a uniform loading. Irregular edge parts are easier to
handle with corrugated steel sheeting than with prefabricated concrete panels. The total
thickness of the floating slab is practically the same as the effective depth.

Figure 4.4: Floating slab constructed with the lost-form-method: a) prefabricated concrete panels,
b) corrugated steel sheeting [4.2]

4.1.8 Remedial measures

Further measures to eliminate or reduce vibration effects include:

- tuned-mass dampers (installed on the sub-structure, see Appendix D)

- trench barriers (open, concreted, etc., see [4.3])

- frequency tuning (stiffening of the substructure by varying the moment of inertia or the
span length).
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4.2 Railways

F. Deischl, J. Eisenmann, L. Steinbeisser

4.2.1 Problem description

Noise and vibration caused by rail traffic can be transmitted through the air (railway lines at
ground level) and through the soil (railway lines at ground level and underground). In adjacent
structures the induced vibrations in the frequency range of around 8 to 20 Hz mainly affect
timber ceiling structures or steel girder construction. Excitation frequencies of railway in-
duced vibrations between 40 and 80 Hz may cause significant acoustic phenomena (structure-
borne sound, [4.4], [4.5)).

4.2.2 Dynamic actions

Dynamic forces and thus vibrations and noise are caused by discontinuities and irregularities
of both the running wheel and the rail- and track-construction. The critical frequency band ex-
tends up to about 150 to 200 Hz. If tunnel structures are affected by traffic induced vibrations,
elastic waves are sent out into the surrounding ground which may force the foundations of ad-
jacent structures to oscillate.

In addition, direct vibration effects due to vehicle-substructure interaction have to be taken
into account. In general, they are treated in the relevant guidelines (see also Sub-Chapter 4.3).
These effects include:

- dynamic impact on the sub-structure
- transverse horizontal excitation due to centrifugal forces and hunting.

4.2.3 Structural criteria

The behaviour of buildings when excited by rail traffic is almost the same as when excited by
road traffic (see Section 4.1.3). However, as compared with road traffic, structure-borne sound
may be increased due to a more pronounced level of excitation in the frequency range from
40 Hz to 80 Hz.

4.2.4 Effects

Excitations due to rail traffic may have the following effects:

- Resonances in buildings, especially due to low frequency excitations, may annoy people.
The resulting, amplified vibrations may even cause malfunction and damage to delicate
equipment.

- Resonance of parts of buildings, mainly ceilings and walls in a frequency range of 40 to
80 Hz, which may then act as a sound source (structure-borne sound [4.6]).

- Directly radiated noise may cause windows and other objects to rattle.
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Damage to buildings or dynamic consolidation of subsoil as a result of operation of under-
ground railways and insufficient bearing capacity of the sub-structure due to impact effects
occur only very rarely.

4.2.5 Tolerable values

Regulations or codes for the limits of vibration and noise in buildings caused by underground
railways exist only for general cases. Therefore in practice some guidelines are used, such as
[VDI 2058] or [DIN 4150/2]. For the assessment of noise the usual dB(A)-values are used (see
Appendix B), while low frequency vibrations as they affect people are classified by their so
called KB-value (see Appendix I), which is derived from the velocity of vibration. As an ex-
ample, these guidelines provide for the following limits for night-time between 22h and 6h:

- Vibration limit: 0.1 - 0.3 (KB) depending on the site of a building (e.g. industrial site or
residential district). Here the problem is that human susceptibility to vibration varies great-
ly. There are persons with a limit in perception well below the band of 0.1 to 0.05 (KB).
The limit of 0.15 (KB) will generally not be exceeded if the level of vibrations - taken on
the foundation or basement wall - is lower than 40 to 45 dB, on structures with timber ceil-
ings or 50 dB, with concrete ceilings (dB,: dB-value related to the vibration velocity).

- Noise limit. usually 35 dB(A) peak value. This limit is of course much too high for concert
halls, churches and similar buildings. Depending on the structure, the value of 35 db(A)
will generally not be exceeded if the level of vibration at the foundation or basement wall
is lower than 45 to 50 dB,.

4.2.6 Simple design rules

a) General aspects

While vibrations can be measured precisely at a specific site, transmission from a place of
emission to the site of the receiver (place of immission) is still difficult to predict. The most
effective and economical measures for reducing ground transmitted vibrations are those per-
formed on the track. At every critical location of a specific line certain specific measures can
be carried out. Measures on the rolling stock primarily influence direct acoustic emission.

The need for emission reduction and immission protection has given rise to a lot of investiga-
tions of the causes of noise and vibration and the measures to reduce them. For almost every
vibration problem effective measures are now available. For underground railways with axle
loads ranging from 100 to 210 kN, guidelines for the application of protective measures have
been established.

b) Measures against increased vibration level

In order to reduce the noise and vibration level in tunnels or at ground level the following
measures need to be taken into account:

- Rail surface: Short and long pitch corrugations, insulating joints, turnouts etc. are fre-
quently the cause of high noise levels and vibrations in the higher frequency range (100 -
200 Hz). A corrugated rail, for example, may raise the noise level by as much as 10 dB(A).
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The same increase occurs on turnouts. In general good condition of the rail surface is im-
portant. High-strength rails may make maintenance less troublesome. Switches, points and
crossings could be equipped with movable frogs. The great increase in service life may
compensate for the higher initial costs.

- Damping measures on the rail web: Investigations have shown that covering the rail web
with damping material decreases the noise level in a tunnel only by about 2 to 5 dB(A).
This means that normally such small improvements are not cost effective.

- Highly elastic (flexible) rail fastenings: Highly elastic fastenings of the rail to the steel rib-
plate permit a larger deflection of the rail under the wheel; this reduces the mechanical im-
pedance of the superstructure, which in turn reduces the excitation of vibrations. The lim-
itations here are set by the fatigue strength of the rail, the geometric gauge widening and
misalignment in the case of rail fracture. The attenuation effect here begins at about 30 Hz
and reaches 6 - 10 dB at about 50 Hz.

- Variation of thickness of ballast: Ballast carries the track with wooden or concrete sleepers.
Normally ballast is about 30 cm thick. An increase of ballast thickness has no measurable
effect, while decreasing the thickness below 30 cm leads to a noticeable deterioration.
There is also substantial difference between a recently tamped ballast and a ballast which
has not been tamped for a long time; this again places emphasis on the necessity for track
maintenance. Control measures for existing vibration levels should not be implemented
shortly after a tamping procedure.

- Sub-ballast mats: Sub-ballast mats are elastic layers placed under the ordinary ballast bed
(see Figure 4.5). A variety of products is available. Problems can arise with respect to the
durability of the mats since this affects the track bed. High efficiency mats (thickness up to
80 mm) lower the vibration level noticeably, beginning at about 16 to 18 Hz and reducing
it by 20 dB at 50 Hz. This reduction may even be increased by about 4 dB if the thickness
of ballast is increased from 30 cm to 60 cm. (Such an increase in ballast thickness would
be useless without sub-ballast mats).

4.277 More advanced design rules

The most efficient, but also the most expensive, solution is the appropriate design of a mass-
spring system, for specific cases also called a floating-slab-system [4.7]. The basic concept is
to prevent vibrations from penetrating into the soil by inserting a linear harmonic oscillator
with a very low natural frequency (see Figure 4.6). This solution is primarily used for under-
ground railways.

The natural frequency should be as low as possible in order to let the attenuation of vibrations
start at the low end of the excitation frequency spectrum. Due to practical limitations one can-
not go below a fundamental frequency of the system of 5 Hz, but it is also important not to
exceed 14 Hz. Normally the calculated natural frequency of a mass-spring-system lies be-
tween 8 and 12 Hz, and this provides a sufficient gap from the natural frequency of the vehi-
cles (1 to 2 Hz) on the one hand, and the frequencies of structure-borne sound on the other
hand.

Many different types of construction have been built in the last few years: for example, tracks
with and without ballast (noise problems in trains and stations) laid on prefabricated or cast-
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Sub-ballast mat

Figure 4.5: Ballast-track with sub-ballast mat
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Figure 4.6: Dynamic amplification ratio of a mass-spring-system with a natural frequency of f, = 10 Hz

in-place slabs. The total mass ranges between 4’000 and 9’000 kg/m, depending on the axle
load of the train (120 to 210 kN); a total height of 0.80-1.40 m is required for this type of con-
struction, measured from the top of the rail to the tunnel base. The shape of the slabs or troughs
is usually adapted to the cross section of the tunnel and to the gauge limit of the trains (see
Figures 4.7 and 4.8).

Care should be taken to design this slab correctly in order to avoid low frequency resonances
of the slab itself. For the dimensioning of the slabs as well as the bearings, the type of bedding
is important - a single-poin- bearing-support with spacing up to 4 m is as efficient as a conti-
nous supporting medium between slab and tunnel base (see Figures 4.7 and 4.8).

If buildings with timber ceilings having low natural frequencies need to be protected, this will
force a reduction of the natural frequency of the mass-spring-system for the slab down to S to
7 Hz. While this is technically possible, it increases the costs. The calculated natural frequen-
cy of the mass-spring-system should be well below the natural frequency of the timber ceil-
ings (by a factor of 1.5 to 1.7). Similar problems arise with the fundamental frequency of
large-span tunnel ceilings.
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Figure 4.8: Mass-spring system with ballast track

The dimensioning is carried out straightforwardly, modelling an elastically supported contin-
uous beam on a half-space, for example; the force is assumed to have a static component
which is multiplied by a dynamic factor in order to take into consideration wheel impacts (1.5
to 1.6) and centrifugal effects (1.1 to 1.2).

The “spring” usually consists of elastomeric elements (bearings). They should have good lin-
earity over the whole loading range. From the load-deformation diagram of the bearings the
spring stiffness (¢ = load/deflection, [kN/mm)]) - or the modulus of reaction (C = surface pres-
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sure/deflection, [N/mm?]) - is evaluated at the load-deflection point corresponding to the
weight of the construction. If the damping of the spring material is neglected, the natural fre-
quency can be calculated as follows:

fo = - [Hal “.1)

N

where w = dead load deflection [cm].

For example, a deflection of 3 mm under the weight of slab and superstructure results in a cal-
culated natural frequency of 9.1 Hz. The actual natural frequency lies about 10 to 20% higher
due to nonlinear effects, depending on the elastomeric material used. In order to avoid over-
stressing of the rails and the elastomeric elements, the additional deflection caused by the axle
loads of the train should not exceed double the value that results from the static preload.

The mass-spring-system is the most efficient measure for reducing all noise and vibration
problems, but it needs to have its fundamental frequency in the right range. When a mass-
spring system is used with a ballasted track, the lateral displacement in curves due to the cen-
trifugal forces should be kept within limits. A value of 2 to 3 mm should not be exceeded.

4.2.8 Remedial measures

For an existing rail traffic system all protective measures mentioned above are feasable, in-
cluding the mass-spring system. For example, a noisy rapid transit track may be repaired by
using a mass-spring system without ballast or with a highly efficient sub-ballast mat. Further
developments are also taking place with continuously bedded rails and with elastic rail fas-
tenings. Lastly, a simple “rubber apron” near a tramway track may lead to a sufficient reduc-
tion of vibration effects (see Figure 4.9). The efficiency of such rubber aprons has to be
carefully examined, however

—] |— Building
+— Walkway ——f——— Tramway } Roadway
e} + 0.00
J— L}
1.50m stz ST e Tl ¥\" SE) Concrete blocks
N_Rubber apron :5 Concrete
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Figure 4.9: Ground-level track, protection with a rubber apron
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4.3 Bridges

W. Ammann

4.3.1 Problem description

Besides their static weight, road and railway bridges are strongly affected by dynamic actions.
This is due to the vehicle moving over a flexible structure and this gives rise to time dependent
variable deflections. In addition all other parameters cited in Section 4.1.1 for road vehicles
and in Section 4.2.1 for railway systems remain applicable.

4.3.2 Dynamic actions

For the design of road and railway bridges and other structures supporting moving vehicles it
is usual to introduce the design forces as externally applied forces. The dynamic interaction
effects between vehicle and substructure are only taken into account by a quasi-static increase
of the weight (dynamic increment).

Road bridges have to be designed for the following forces:

- weight increased by a quasi-static factor (dynamic increment)
- deceleration (braking) forces
- accidental impact forces on guidewalls and railings.

Railway bridges also have to be designed for the above-mentioned forces and, in addition, for:

- derailment forces

- centrifugal forces in curved bridges
- acceleration forces

- hunting forces.

These forces act in different directions and at various locations. Codes and standards gener-
ally specify the degree of superposition of each of these different forces.

Many codes and standards contain information on the (quasi-static) dynamic increment re-
quired for design. For road bridges this increment is highly dependent on the roughness of the
pavement. Figure 4.10 shows the relation between the dynamic increment and the fundamen-
tal frequency of concrete bridges with ordinary pavement roughness [4.8]. The values given
in Figure 4.11 apply for a situation with one specific roughness on the bridge deck, e.g. vehi-
cle driving over a plank. Some peak values of the dynamic increment can be as much as 300%.
For design purposes an increase of 80% of the weight of the bridge may be used.

For railway bridges the dependence of dynamic increment on the span length is more pro-
nounced. In addition, the design speed of the train may be taken into account. For design pur-
poses the maximum dynamic increment should not exceed 70%. The centrifugal force
component depends mainly on the square of the design speed and the radius of curvature.
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Figure 4.10: Dynamic increments as a function of the fundamental frequency f based on 73 values for concrete
bridges with ordinary surface roughness [4.8]
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Figure 4.11: Dynamic increments as a function of the fundamental frequency f based on 69 values of concrete
bridges provided with an artificial bump (plank) [4.8]

Besides the quasi-dynamic forces that influence the design of a bridge, structural vibrations
occur due to vehicles moving on a flexible structure and exciting various natural modes of vi-
bration of the bridge. Bumpy irregularities of the pavement, pronounced rail corrugations, ex-
pansion joints, inspection covers, etc. lead to impacts that excite a broad band of natural
modes. However, a quantification of this type of dynamic force is not generally possible.

4.3.3 Structural criteria

As shown previously the quasi-static dynamic increment affects the design of a bridge struc-
ture. In addition - and especially for slender structures such as cable-stayed bridges - vibra-
tions excited by moving vehicles may lead to fatigue problems in suspension cables, to a
decrease in bond between pavement and structure, etc.

Vibrations transmitted from the bridge deck through the column foundations or through abut-

ments to the ground may cause excitations in adjacent structures leading to similar problems
as stated in Sub-Chapter 4.1.
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The fundamental frequency of bridges is in general rather low and depends of course strongly
on the span length and the type of bridge construction. For highway bridges, Figure 4.12
shows that the fundamental frequency may be simply estimated as

f = 100/L [Hz] 4.2)
where L = span length in [m]
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Figure 4.12: Fundamental frequency f as a function of the maximum span L ,
derived from 224 bridges [4.8]

Many of the bridges lie within the frequency range of 2 to 4 Hz, where according to
Figure 4.10, the maximum dynamic increment occurs. The damping of bridges is again very
much dominated by the type of bridge construction, but in general should not exceed { =2%.

4.3.4 Effects

The vehicle-bridge interaction may cause the following effects:

- endanger the load-carrying capacity of the bridge if not designed for appropriate forces

- impair the fatigue behaviour of the bridge and its installations if not designed for appropri-
ate forces

- impair the safety of the vehicles

- impair the serviceability of the bridge and its installations

- impair the serviceability of adjacent structures by indirect excitations.

In addition, acoustic phenomena (structure-borne sound) can be induced. Also, as a result of
noise generated directly by the vehicles, windows and other objects in adjacent structures can
begin to rattle.

4.3.5 Tolerable values

Whereas the dynamic increment has to be taken into account in the whole design procedure,
effects which impair the serviceability are examined based on resulting structural vibration
velocities. To assess the effects on pedestrians and installations or on the drivers or occupants
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of vehicles it is advisable to take the measurements at specific affected locations on the bridge
deck. It is suggested that the same tolerable values as cited in Sub-Chapter 4.1 or also in
Appendices I and J be used.

4.3.6 Simple design rules

Road and railway bridges have to be designed for the forces cited in Section 4.3.1. Simple
measures to prevent structural vibration problems in adjacent structures would include the
same ones as presented in Section 4.1.6.

4.3.7 More advanced design rules

A number of detailed calculations and design methods are available for the global design of a
bridge. In situations where the vibration characteristics of a bridge is of dominant interest -
e.g. fatigue problems - a full dynamic analysis is highly recommended.

4.3.8 Remedial measures

Measures to eliminate vibration effects on a bridge deck or on adjacent structures include e.g.:

- frequency tuning by stiffening the bridge deck with external reinforcement or a reduction
of the bridge deck mass: track without ballast, minimal pavement, etc.

- tuned-mass dampers installed under the bridge deck.

- damping elements between suspension cables or between cable and bridge deck (especially
against wind galloping: see Chapter 3 and Appendix H).



4.4 CONSTRUCTION WORK 129

4.4 Construction Work

G. Lande, W. Ammann

4.4.1 Problem description

Many activities in construction work lead to vibrations in the neighbourhood of the construc-
tion site or even to far-field vibrations. The following construction activities and machinery
are associated with possible vibrations:

- vehicles on construction sites

- piling, sheet piling

- vibratory compaction

- dynamic consolidation with dropping mass
- excavation by heavy equipment

- blasting.

In addition, vibrations are induced by:

- exploration of the subsoil by dynamic testing
- stationary heavy machinery (sorting equipment)
- air-borne vibrations, etc.

Construction work usually initiates very complex vibrations. In general, it is possible to clas-
sify vibrations induced by construction activities into three main categories:

- soil or rock related vibrations (with single or muitiple sources)
- structure-borne vibrations
- air-borne vibrations (noise).

4.4.2 Dynamic actions

While deterministic vibrations can be described by mathematical expressions and therefore
predicted, this is practically impossible with regard to random vibrations and noise which can
only be described by statistical means. The motion is said to be random even if it obeys in
many cases known natural laws. Generally there are many cooperating sources and/or influ-
ences that makes it practically impossible to view the situation in detail. The most common
terms used to describe random vibrations and noise are root-mean-square values of vibration
quantities, power density spectra, correlation functions, and probability density functions.

Transient vibrations of the deterministic type never exist in the strict sense. Many vibrations
that occur in practice can, however, be relatively easily approximated with an exponentially
decaying sinusoidal vibration. Examples are structural vibrations when the building has been
excited by a shock of short duration from pile driving or by internal shocks.
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Machines and tools used for construction work generate vibrations which propagate through
the soil, foundations and buildings in the form of elastic waves. Such waves also appear in the
soil due to piling and blasting.

In order to predict what may happen with a structure at a certain distance from an excitation
source, one must know the existing types of waves, how the motion is transmitted and how
the structures are affected. The most important waves in this context are shear waves (S-
waves), compression waves (P-waves) and surface waves (Rayleigh- or R-wave, Love- or L-
wave). Figure 4.13 shows typical ranges of P- and S-wave velocities for different subsoil con-
ditions. Additional information may be found in Appendix E.

Figure 4.13: Typical ranges of P- and S-wave velocities for different subsoil conditions

4.4.3 Structural criteria

As stated in Appendix E the wavelength is a parameter of great significance for the influence
of vibrations induced by construction work on different structures. In many cases wavelengths
in the order of 10-30 m are of practical importance. These are relatively disadvantageous rang-
es because in many cases buildings have dimensions that are comparable to or greater than
these wavelengths. However, it is not a random phenomenon that makes this wavelength
range dominant. A vibration source with wavelengths greater than the dimensions of a struc-
ture does not generally induce vibrations in that structure. Waves with short wavelengths are
on the other hand damped out rapidly with increasing distance. This is not the case for surface
waves (R- and L-waves), however, which can also have wave-lengths longer than 100 m.

In most cases, construction activities have to be performed in areas occupied by existing struc-
tures. Vibrations induced by construction activities mainly influence walls, ceilings and sec-
ondary elements of these existing buildings with a main frequency range between 10 and
30 Hz. Thus these structural elements will probably suffer from resonance excitation.
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4.44 Effects

The effects on people are similar to those stated in previous chapters: disturbance and annoy-
ance of people due to the vibrations transmitted through the foundations into the structures
and, further on, to equipment.

The damaging effect of vibrations on structures is mainly expressed in terms of vibration ve-
locity. This is due to the fact that for high frequency vibrations stresses and strains induced in
structures are proportional to the particle velocity of the structure or foundation. Amplifica-
tions of vibrations from foundation to upper levels within a structure have to be taken into ac-
count.

In the frequency range from 10 to 20 Hz, secondary structural elements and equipment can
suffer resonance, especially ceilings. Structural damage, implying a risk for the entire build-
ing structure, will not occur other than in very exceptional cases. On the other hand fine cracks
can occur in ceiling corners, especially if they are painted or plastered. However, such damage
can usually be classified as cosmetic.

To systematize the effects on structures, structural damage caused by vibrations can be divid-
ed into three categories:

- direct vibration damage
- accelerated ageing
- secondary vibration damage.

Direct vibration damage is damage that is generated directly by vibrations in a structure that
was previously undamaged and was not exposed to an abnormal state of stress.

Accelerated ageing is due to the fact that most of the structures that are founded on soil are
damaged to some extent during their life by static settlement of the foundations and that dy-
namic stress from vibrations can accelerate the development of this damage. It should be not-
ed, however, that this type of damage may even arise from normal use of the building, e.g. by
people walking, running, dancing, moving furniture, slamming the doors etc. In addition, cli-
matological factors, such as wind and variations in temperature create increased stresses in
the structure.

Secondary vibration damage to structures may occur when a heavy vehicle passes near a
structure situated in an area of soft soil. The stress from the vehicle is distributed over a wide
area around the vehicle because of the low stiffness of the sub-structure or the subsoil. It may
cause similar damage patterns as from (static) differential settlement.

In addition, vibrations can in some cases cause compaction of loose subsoil leading to settle-
ment that can result in subsequent structural damage in the buildings. This is also an example
of indirect vibration damage of buildings. The influence of the vibration acceleration on the
degree of compaction of a soil sample is shown in Figure 4.14. It appears that already for an
acceleration of 0.1 g (1 m/s 2) there is a decrease of the void ratio by 7-8%.

Direct damage to structures may also be influenced by the subsoil vibrating in resonance with
incoming shearwaves resulting in pronounced low {requency vibrations which may then ex-
cite the structures as a whole at their fundamental frequency.
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Figure 4.14: Relation between the void ratio e and applied vibration acceleration

in laboratory tests of a sand sample

Determination of the dominant frequency of the subsoil may be required. As a first approxi-
mation the dominant frequency of the shear-wave can be described by:

f=c/4H (4.3)

shear wave velocity
thickness of dominant subsoil layer

where ¢ 5
H

4.4.5 Tolerable values

For various types of vibration sources there are only a few generally accepted standard values
for tolerable vibration velocities since the number of well-documented damage cases is very
limited. Vibrations from piling, sheet piling, soil compaction and traffic related to construction
work, etc. seldom reach levels where they can cause direct vibration damage. In the majority
of such cases it seems that damage can be classified in general as accelerated ageing resulting
in cracks or other “cosmetic changes”.

Much experience with construction activities and with vibration measurements is necessary
in order to recommend suitable and realistic tolerable values for vibration exposure. Severe
restrictions, e.g. low values of particle velocity for blasting, can increase the excavation costs
considerably. Therefore it is important first to carry out visual inspection of the structures con-
cerned and then to estimate the sensitivity of the buildings and their foundation to vibrations.
Many factors influence the threshold values for vibration damage. Some of the most important
are:

- vibration resistance of the building materials

- general condition of the building

- duration and character of the vibrations

- presence of equipment sensitive to vibrations

- foundation of the buildings (type, condition)

- propagation characteristics of the waves in rock, soil and building material.
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Since blasting has been a major cause of damage in buildings, research work concerning the
influence of blasting has been extensive. For that reason more information on blast-related
structural damage exists than for other types of construction work. Figure 4.15 shows an over-
view of proposals and recommendations [4.9], [4.10].

Particle velocity [mm/s]

Y

T T
50 100 200 500 1000
Frequency [Hz] 0

Figure 4.15: Vibration criteria for damage and recommended values:
1) Damage in buildings from vibrations caused by blasting; 2) Recommended upper limit for blasting;
3) Recommended upper limit for piling, sheet piling, vibratory compacters, dynamic deep compaction and
construction-site traffic; 4) Disturbing vibrations for people

[4.11] contains a compilation of the results of vibration measurements carried out in Switzer-
land after 1960. The scope was to determine criteria for damage to buildings caused by vibra-
tion. The resulting standards contain criteria for four classes of structures for vibrations
caused by piling, vibration compaction, and traffic. These values are given in Table J.1.

Other recommended tolerable vibration values for vibratory compaction, determined from lit-
erature and experience were published in [4.12]. These recommended values are compiled in
Table J.2.

Information about tolerable vibration values for vehicle traffic is given in [4.1] and compiled
in Table J.3. The buildings are assumed to be founded on clay or loosely layered sand. The
recommendations refer to the case when the number of vehicles with a total weight of 10 tons
exceeds 50 vehicles per day. If the number is lower, the above mentioned tolerable values can
be increased by 50%.
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Table J.4 presents tolerable values, commonly used in Sweden for assessing the risk of dam-
age caused by ground vibrations in normal residential buildings [4.13]. Normal residential
buildings imply houses with foundations and floors of concrete, outer walls of brick and in-
termediate partitions of plastered, compact light concrete.

In connection with blasting near telecommunication offices, relay stations or buildings con-
taining other sensitive equipment such as computers, electron microscopes, scales, grinding
machines, turbines etc. attention should also be paid to the acceleration levels generated. In
this respect recommendations are proposed in {4.14] e.g. for telecommunication offices:
v <50 mm/s, and a < 10 to 30 m/s? , depending on the type of structure or for television sta-
tions: v £ 35 mm/s, a < 30 m/s?and for power plants with respect to relays: a <35 to 20 m/s’.

Owners and manufacturers of computer systems are very restrictive concerning permissible
vibrations and therefore considerable cost increases and delays in construction work can occur
when blasting must be carried out in the neighbourhood of such vibration sensitive equipment.
Limit values given by manufacturers, suppliers and users of computer equipment are defined
in various ways (accelerations, displacements, RMS-values, peak values). In many cases it is
not possible to determine whether the values given are related to a certain shock profile or to
continous vibrations, etc. Often it is also not clear where to measure the incoming vibration.
Disk storage units are usually the most sensitive parts of a data processing system. For several
years damage threshold values as low as 0.25 g have been used. These very low values some-
times cause severe problems for a contractor.

4.4.6 Simple rules

a) Vehicles on construction sites

Vehicles on construction sites generate structural vibrations due to two main mechanisms.
One is the depression around the vehicle because of its weight. The second is the rapid change
of pressure on the pavement or ground from every wheel as the vehicle rolls on the roadway.
In this manner energy is continuously transmitted from the vehicle to the ground. If the road-
way is bumpy, shocks are induced and the energy propagates then to the sur- roundings in the
form of elastic waves. Surface waves of the Rayleigh-type dominate, but there are also verti-
cally polarised shear waves (SV-waves).

As heavy vehicles are often long and all the wheels function as vibration sources, the vibra-
tions have a long duration. They also have rather low frequencies and can therefore cause vi-
bration of both structures and secondary elements. That is why even relatively small vibration
levels in the framework of the building can be felt and become annoying.

Measures to reduce vibrations from construction vehicles are e.g.

- vehicles: restrictions of type of vehicle and speed

- road : surface smoothness, isolation from the ground

- soil : screening, defocusing, spreading, shielding, damping.

- transmission to and within buildings: foundations on solid stiff ground, isolation and
damping.
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b) Piling, sheet piling
The driving methods normally used for piling and sheet piling are:

- ramming

- vibration

- drilling

- after excavation in situ-casting in a tube or ground slot.

Piles and sheet piles can be rammed with light or heavy equipment. Heavy means that the
weight of the drop hammer is equal to the total weight of the pile or sheet pile. Examples of
heavy impact equipment are drop hammers, diesel hammers, heavy single-acting pneumatic
hammers, or steam hammers. Light impact equipment is generally a double-acting pneumatic
hammer. Heavy hammers usually beat at 30-60 strokes/min while light doubleacting pneu-
matic hammers operate at 300-1000 strokes/min. Drop hammers with a weight of 30-40 kN
are commonly used, but occasionally some weigh up to 80 kN.

Vibrating equipment for pile driving is usually in the heavy category with a total weight nor-
mally higher than the weight of the pile or sheet pile. Most equipment consists of two contra-
rotating wheels with equal eccentric masses. The speed is generally 1000-2500 r.p.m., but in
some Eastern European countries 500 r.p.m are used in loose soils.

When predrilling is used for piles or interpile sheeting, drilling machines are often used with
a hammer lighter than mentioned above. For excavation of ground trenches or in steel tubes
a heavy excavation machine is often used. One part of such work can be blasting or chiselling
of boulders, hard soils, levelling of rock or chiselling in rock slopes for a pile shoe. For such
work heavy chisels weighing 20-50 kN are often used.

Piling and sheet piling work on construction sites affect the environment in different ways de-
pending on local geologic conditions. Usually, piling and sheet piling cause noise, vibration,
settlement or heaving close to the site. The effects are dominated by the energy introduced
into the subsoil, the distance from the source and, of course, the subsoil conditions.

Settlement occurs in non-cohesive soil, i.e. sand and gravel, when the particles in the soil
move into a tighter packed array under a vibrational force created by a pile or sheet driver.
The volume of the settlement can be 5 to 50% of piled volume. A simple rule of thumb is that
settlement or heaving can occur on the ground within a distance from the pile or sheet driver
of around half the pile depth. Heaving occurs in cohesive soils, e.g. clay, when the piles are
driven into it. The heaving corresponds to the volume of the rammed piles. Special attention
has to be given to the possibility of raising pore-water pressure due to piling because this can
create local instability of the ground.

Propagation of vibrations to the surroundings depends on the weight of the ramming equip-
ment, impact velocity, impact duration, shape of the pile, surrounding and underlying soil,
cross-sectional area of the pile, straightness of the pile and eccentric or oblique strokes.

Vibrations are rapidly damped in non-cohesive soils but propagate far from the construction
site in cohesive soils. Usually, vibratory driving in non-cohesive soils gives less disturbance
to the surrounding area than striking with drop hammers. In clay, vibratory equipment gener-
ally creates a greater disturbance to the surroundings than a drop hammer. The normal range
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of frequencies for ground vibrations from piling or sheet piling is 2-15 Hz, e.g. well below the
“normal” frequency of vibrations from blasting in rock materials.

Guidelines for tolerable vibration levels from blasting should not be used for evaluation of the
severity of vibrations from piling.

The following measures may help to limit vibrations from piling:

- Proper choice of cushion between the hammer and the pile-head.

- Proper alignment between the striking equipment and centering along the longitudinal axis
of the pile.

- Prevention of initial bending of piles.

- Driving with low drop-heights in loose soils.

- Use of piles with smallest possible cross-sectional area.

- Use of light impact equipment in non-cohesive soil and a heavy one in cohesive soil.

- Control of penetration per blow.

- Good planning and organisation of piling work e.g. starting and advancing from the build-
ing.

- Avoiding vibrating equipment in clay.

- During winter, drilling out the frozen crust before piling.

- Use of tubes for clay cores if risk of unacceptable heaving may occur.

- Use of in-situ cast piles when risk of vibration focussing and settlement exists.

¢) Vibratory compaction

Vibrators and vibratory rollers are often used in construction for compaction work. The fol-
lowing types are used:

- tow-type vibratory roller with a weight of 40 to 60 kN. Heavier models, e.g. with 150 kN
static weight, are used primarily for extensive compaction of rock fill.

- self-propelled vibratory rollers with pneumatic driving wheels of 40 to 100 kN.

- vibratory tandem rollers with one or two vibratory drums of 15 to 100 kN.

- vibratory plate compactors with a static weight of 1 to 8 kN.

Special precautions are normally not necessary for small vibratory compactors with static
weight below 20 to 30 kN. A general rule is that rollers with a maximum drum module heavier
than 50 kN should not normally be used on city streets with adjacent buildings.

It is observed that very wide variations exist in safety limits. Factors to be considered include:

Vibratory compaction of different soil profiles may lead to large discrepancies between pre-
dicted and measured vibration levels. The strongest ground vibrations are found in silt and
clay with a water table near the surface. In frozen soils, the ground vibrations may be stronger
than during unfrozen conditions. Frequency can change due to differcnce in stiffness (see

[4.15]).

Resonance phenomena in different parts of a building, such as a chimney-stack, may increase
the risk of damage. If the stress limit in a material is already approached, as is often the case
in plastered walls, very small additional stress may cause damage. Starting and stopping of
the vibratory compactor may temporarily increase the ground vibrations.
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As a rule of thumb, a minimum safe distance [m] for vibratory rollers from buildings is 0.15
times the drum module weight [kIN]. If there is any risk of damage to buildings, only low am-
plitude or even static compaction should be used.

d) Dynamic consolidation

In construction of dams, embankments and piers, earth or rock-fill is used as a construction
material. Compaction of such soil used for fill can be carried out with a dropping mass and is
called dynamic consolidation. The weight may reach 200 kN and even more, with a drop
height up to 20 m; this leads to a pronounced input of energy into the subsoil.

e) Excavation

Construction works very often include excavation of many different materials and such work
is carried out under many different circumstances. For instance, there is a great difference be-
tween the vibration levels generated when excavating clay in the summer or in the winter
when the surface is frozen.

Vibrations arise from impacts with the bucket and when boulders etc. are to be loosened.
Moving the excavator also causes vibrations but they are generally much smaller and compa-
rable to traffic vibrations mentioned earlier. The vibration duration is usually very short and
has the character of a shock, but as the work is repeated the duration may be hours or days. At
short distances the vibration levels are low and rarely exceed 5 mm/s.

f) Blasting

At most construction sites where blasting is necessary, there are nearby structures whose sen-
sitivity limits the blasting due to permissible vibration levels. Client or contractor must then
determine the maximum charge that can be detonated without exceeding permitted vibration
levels in the neighbourhood. Since the cost increases considerably if the charge has to be re-
duced, financial considerations influence the decisions taken to a great extent. Planning of
blasting work should include the following steps:

Geological examination of working site and risk area.

Investigation of the risk when lowering the groundwater level.

Investigation of foundation stability of buildings in the area.

Investigation of construction and condition of buildings within the risk zone.

Sensitivity analysis of equipment like computers, electron microscopes, relays etc. with

respect to vibrations.

6. Examination of any underground objects like tunnels, cable trenches, telegraph cables,
oil cisterns, district heating culverts etc. that might be damaged by blasting.

7. Investigation of the relation between vibration values, explosive charges used and dis-
tances.

8. Investigation and assessment of structural responses, magnification factors, interaction
etc.

9. Information to the inhabitants in the neighbourhood about possible vibration, noise and

dust nuisance.

el
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Since rock is not an isotropic medium it is difficult to predict the vibration level from a certain
charge at a given distance. It appears that the different types of waves generated are damped
differently depending on the rock foliation or bedding. The schistosity, the distance between
existing planes of weakness and fluctuations of the groundwater can affect the vibrations. In
addition, the vibrations are also affected by the blasting geometry, the performance of the ex-
plosives, the detonation velocity, the coupling between the explosive and the rock and the dis-
tribution of distances between the charges.

The maximum particle velocity [mm/s] is normally used to express the maximum vibration
that the actual objects can withstand (see also Chapter 2 and Sub-Chapter 4.1).

4.4.7 More advanced measures

Generally, during the transmission of vibrations from the ground to the building the particle
velocity is lower in the foundation of the building than in the ground. Amplification of vibra-
tions may occur higher up in the building mainly due to resonance effects. It is possible to re-
duce the vibrations by making a trench between the source of vibrations and the affected
object.

Extensive half-scale experiments have been carried out, where vibrations were reduced by
means of a trench in fine gravelly sand [4.16]. It is shown that:

- For greater distances from the vibration source, a wider trench is necessary.
- Intensification of vertical vibrations takes place in front of and beside the trench.
- Wall barriers are less effective than open trenches.

Results from full-scale experiments (see [4.17]) with trenches in the ground show that they
have a similar attenuating effect on vibrations. The measurements were based on traffic with
lorries and buses on a smooth and on an uneven roadway. The following findings were made
for a trench of depth x and width y:

- The maximum particle velocity was reduced by 60 to 70% at a distance of 10 to 40 m be-
hind the trench compared with the particle velocities measured in front of the trench.

- To reduce transmission of vibrations, the trench should be filled so that the acoustic imped-
ance for the infill is as low as possible in relation to the surrounding ground.

- The positioning of the trench should be as close as possible to the disturbing source. The
surface waves at this point have higher frequencies and are not yet completely developed;
therefore the trench can be made shallower.

Vibration damage associated with excavation work seldom occurs today due to use of modern
excavation techniques and equipment; nevertheless, vibration control can sometimes lead to
considerable expense, especially in areas with an accumulation of vibration sensitive installa-
tions and equipment.

For blasting excavation it is often preferable to have the vibration sensitive equipment
mapped in relation to the blasting site. At the same time a study of the applicable restrictions
has to be made with respect to floor response and the tolerable values proposed for certain re-
ceivers, e.g. computer installations. Based on these tolerable values, the blasting work is
planned. Depending on the extent, character and cost of the work, the quantity of explosives
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is optimized. The quantity of explosives per interval and the delay-time between successive
explosions determine the magnitude and the characteristics of the vibrations propagating
through the building and interacting with the dynamic properties of the structure and the
equipment. In vibration sensitive areas it is recommended that test blast investigations be
made prior to any site activities in order to get more insight into the following aspects:

- predominant frequency ranges of entire sensitive structures and of floors, walls, etc.
- transmission function between the foundation and floors

-~ vibration duration and damping of the structure and structural elements

- damping for vibration-sensitive installations.

Today a number of sophisticated methods (FE-method, BE-method) are available to calculate
the dynamic behaviour of structures resulting from vibrations transmitted through the ground
and the foundation into a structure. It is even possible to take the soil-structure interaction into
account.

4.4.8 Remedial measures

To improve an existing annoying vibratory situation due to construction work all measures
cited in Section 4.4.6 and Section 4.4.7 may be applied. It is necessary to know exactly the.
reason for the excessive vibrations and to locate the source of the vibrations. This is one of
the key points in limiting vibrations successfully.
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A Basic vibration theory and its
application to beams and plates

AJ. Pretlove, H.G. Natke

A.1 Free vibration

A single degree of freedom (abbreviated to SDOF) linear system is described by the follow-
ing quantities:

x = displacement

m = mass

¢ = viscous damping coefficient
k = stiffness

Free vibration of such a system is characterised by the homogeneous differential equation of
motion:

mi+cx+kx =0 (A.D)

The solution to this equation is a sinuscidal vibration the frequency of which is strongly de-
pendent on £ and m . The value of ¢ affects the decay of the vibration but has a relatively
weak influence on the frequency of vibration; negligible in most cases of structural vibration.
The damping in real structures is often not strictly viscous (linear) but in most such cases an
equivalent viscous damping coefficient can be used with satisfactory results, see Appendix C.
If ¢ = 0, the circular natural frequency is

w, = Jﬁ [rad/s]) (A2)
m
Note that circular frequencies are related to cyclic frequencies (f in Hz) by the relationship

w = 2nf (A3)

If ¢ > 0, then the non-dimensional damping ratio is defined as

c c
= = . A4
¢ 2mw; 9. (A4

5
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The quantity 2m, is known as the critical damping coefficient. In structural engineering it
is extremely rare that £ > 1 so this case will not be considered further. For { < 1 the full so-
lution to the differential equation is:

Lot

x(t) = e X - sin (w ¢ + B) (A.5)

The phase angle B depends upon the set time origin and the initial conditions for the motion.
X is the amplitude constant for the motion (though this value of displacement may not actu-
ally be reached). The natural frequency of the damped system is

o, = o1-¢ (A.6)

In very many real cases damping is small. Then we find:
o, =~ o, for {<0.1 (A7)
For a system subjected to an impulse the initial conditions at time # = 0 are
x(0) =0 and i(1),_, =V = impulse/mass (A.8)

and the solution is then

—Cm,z
x(1) = e 'x. sinw,s  where X = V/o, (A9)
This is a useful result for problems in which the system is acted upon by a force of short du-
ration compared with the natural period T = 21/, . “Short” here means one tenth or less.

If the exponentially decaying vibration can be measured and plotted out then the damping ra-
tio is easily determined from the so-called logarithmic decrement (A ) or logdec, for short.
Figure A.1 shows such a graph. The logdec is defined as the natural logarithm of the ratio (>1)
of two successive peaks (taken over a whole cycle) and is derived from the decay plot.

A =1In(X,/X,) and A=2n{ (accurate for {<0.1) (A.10)

x A

Figure A.1: A typical record of decaying vibration
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A.2 Forced vibration

When a time-varying force F (¢) is applied to the system the differential equation of motion
of the system is now inhomogeneous:

mi+cx+kx = F (1) (A.11)

We have already seen how to solve this problem if F (t) is impulsive. There are four other
classes of forcing which may arise:

- Harmonic excitation

- Other periodic excitation

- Transient excitation

- Stochastic (random) excitation

A brief account of the first of these is given in the following section. For other periodic exci-
tations the forcing function can be decomposed into harmonic parts in the form of a Fourier
series and treated in the same way (see the following section on harmonic analysis). The other
classes of forcing may also frequently occur upon structures. For example, a vehicle crossing
a bridge provides a transient excitation; wave or wind action on a structure provides stochastic
excitation. The reader is referred to reference [A.1] for details of vibration analysis in these
latter cases.

A.3 Harmonic excitation

Harmonic excitation may be caused in a number of ways, for example, as a result of out-of-
balance in rotating machinery. It is characterised by the equation

F(t) = FcosQt (A.12)
where F = loading or force amplitude
Q = circular frequency of excitation

Ignoring the initial transient motion, the continuous steady-state motion which results is

x(t) = %(DMF) cos (Qt—¢) (A.13)

The phase angle ¢ by which the motion sinusoid lags behind the force sinusoid is termed the
phase lag. The non-dimensional constant (DMF) is the Dynamic Magnification Factor
which describes how much greater the displacement is dynamically than it would be under a
static load of £ . Its value is

1 2 (A.14)
1

(DMF)= (L nD) 2+ 402 172 where 1 = p

This is shown graphically in Figure A.2.



144 A BASIC VIBRATION THEORY AND ITS APLICATION TO BEAMS AND PLATES

5.0

4.5

S
v —

4.0

1

35

e
™~

3.0

=T
T
1
o
°

25

"~

2.0

1.5

Dynamic magnification factor (DMF)

05 | s N

1.0 %f’ﬂ Q

TANL L
. I S
0 %%

Q Forcing frequency
w, Natural frequency

0 0.5 1.0

15

2.0

Frequency ratio n = Q/w,

25

\J

Figure A.2: Forced response of a simple vibrating system with curves shown for different damping ratios

The phase lag ¢ is given by:

an¢

28n

The maximum value of (DMF) occurs when

n?)

Q= o(1-2012

(A.15)

(A.16)

and this is a condition of amplitude resonance. If damping is small ({ <0.1) then

and the peak value for (DMF) is:

Q=

(DMF),,, =1/ (28)

Under these conditions the phase lag is:

¢ = 90°

Q = o, where ¢ = 90° is called phase resonance.

(A.17)

(A.18)

(A.19)
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A.4 Periodic excitation

A.4.1 Fourier analysis of the forcing function

Any excitation F(t) which is periodic over an interval T can be decomposed into a constant
part and a (infinite) series of harmonic force contributions which, when superimposed, result
in the total force-time function given. This harmonic decomposition results in a Fourier series
for the excitation, as follows:

F(t) = F, + 3 [a;cos (iQr) +b;sin (iQ1) ] (A.20)
i=1
Theory shows:
1T
F, = T_[F(t) dt (A.21)
T
= 2(F Q) dt (A22)
a; = T-[ (1) cos (i .
T
b, = %J'F(t) sin (iQ) d (A23)

o

in which Q (=27f) is the fixed repetition frequency of the excitation corresponding to the
period T. The integer { is the index number of the harmonic components (not to be confused
with the square root of minus one). The frequencies of the harmonic components are multiples
of the frequency Q. An alternative way of writing the ith component of the force is:

F (1) = a,cos (iQ1) +b,sin (iQ1) = A,sin (iQi—¢)) (A24)

with a force magnitude A; and phase angle ¢,. These quantities are given by:

A, = Ja2+b’ and ¢, = —arctan (a,/b.) (A.25)

For many practical purposes the Fourier series is expressed as the Fourier sum:

F(t) = F,+ Y F osin (iQ1-¢,) (A.26)

i=1

where F | is the mean value of the force waveform. The Fourier coefficients o, then indicate
the relative magnitude of the i -th component of the force waveform.
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The i -th component of the force waveform is then often given as:
A, = F 0 (A27)

For an example of this, in the case of a forcing function from jumping, see Figures G.2 and
[G.3]. In real life the series also has to be truncated to n terms, as seen above. The result of the
harmonic analysis of the force is commonly shown as a graph of the Fourier component am-
plitude A; vs. i. This kind of plot is known as a discrete Fourier amplitude spectrum.

All harmonic components of the periodic excitation can be handled as described in the previ-
ous section. All responses superimposed result in the total response of the periodic excitation.

A.4.2 How the Fourier decomposition works

Figure A.3 shows the quality of representation of a periodic triangular excitation curve using
a limited number of terms from the infinite series. The Fourier coefficients for the triangular
waveform are first found using Equations (A.22) and [A.25] above and these are shown in
Figure A.4 for n = 20. In fact, for this waveform, bl. = 0 and when i is an even number A i
is zero. The waveforms shown in Figure A.3 are then assembled, using Equation (A.20), as
approximations to the triangular waveform. The results are approximate because the series
has been limited to a finite number of terms. It is evident that when more terms are included
the result is more accurate. This process is further underlined in Figures A.5 and [A.6].

With reference to Equation (A.26) above, Figure A.5 shows the five components which add
together to make the total waveform F (z) shown at the bottom. Note in particular the differ-
ent magnitudes of the four sinusoids indicated by the o -coefficients and the different phase
values ¢ (¢ = O for F, (2) ).

Figure A.6 again shows the corresponding discrete Fourier amplitude spectrum with coeffi-
cients at frequencies which are i -multiples of the fundamental frequency interval f = 1/T.
The lines are, of course, separated by an interval of f .

A.4.3 The Fourier Transform

The concept of Fourier series can be extended by letting T tend to infinity. In the limit,
Equation (A.20) is then an integral rather than a summation. The lines on the discrete Fourier
amplitude spectrum become infinitesimally close together (f becomes an infinitesimal inter-
val) and this then becomes a continuous Fourier amplitude spectrum. The theory for this is
called the Fourier Transform theory and is beyond the scope of this appendix. However, it is
widely applied in approximate form by modern instrumentation using the Discrete Fourier
Transform. The result of one such analysis on a time wave-form of limited duration is shown
in Figure G.4 for hand-clapping.
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Figure A.3. Fourler series representation of a triangular forcing function
using one, three and ten terms in the series
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Figure A4: Discrete fourier amplitude spectrum for the triangular wave of Figure A.3 up the twentieth harmonic

A.5 Tuning of a structure

The aim of frequency tuning of a structure is to avoid the possibility of resonant excitation.
If a structure is designed so that the resonance frequency is greater than the forcing frequency
(n < 1) the system is said to be “high-tuned”. Conversely, if the resonance frequency is less
than the forcing frequency (7 > 1) the structure is said to be “low-tuned” and is often called
a “compliant” structure.

Occasionally, as for example in the case of a weaving machine or in the case of the footfall
waveform considered in,Appendix G, the forcing waveform is such that one of the higher har-
monics (obtained by Fourier analysis, as in the preceding section) is of significant amplitude.
When this occurs high- or low-tuning has to be considered in relation to the frequency of this
higher harmonic.
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A.6 Impedance

Many real systems, particularly when they have many degrees of freedom, are treated by
means of electrical circuit analogies. At a point in a mechanical system the impedance is de-
fined by

Force

= — A28
Velocity ( )

Using the harmonic analysis given above, the complex impedance may be derived for the
mass-spring-damper:

Z=c+i(mo-k/®) (A.29)

A.7 Vibration Isolation (Transmissibility)

From the analysis of the preceding section it is possible to calculate the magnitude of the force
transmitted to the ground F ¢» Where

F, =cit+kx (A.30)

The transmissibility T, is defined as

I";- 2 2 1/2
T=_A§={ 1+4Cm 22} (A31)
F (1-m2)2+40n

This function gives a measure of how well a vibrating system can isolate the ground from oscillating
forces. Note that when 1| = J2, T = 1. The most effective isolation occurs when n» A2 with
T < 1, and this generally implies the use of soft support springs. Figure A.7 shows the graphical
form of the transmissibility.
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Figure A.7: Transmissibility of an isolator as a function of frequency ratio
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The result is usually expressed in dB's of isolation according to the formula:
dB = 20-log (T) (A.32)

and this is shown in Figure A 8. It is apparent that damping does not have a strong influence
for harmonic cxcitation though less damping is better. However, it can be shown that for tran-
sient excitation (for example, machine start-up sequences) some damping is essential to pre-
vent large motion as the system passes through resonance.:
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Figure A.8: Attenuation in dB of the force transmitted to ground as a result of isolation

A.8 Continuous systems and their equivalent
SDOF systems

In this final section we shall briefly consider the vibrations of beams and plates and how their
fundamental vibration may be characterised as those of an equivalent single-degree-of-free-
dom (SDOF) system. The basis of the analysis of real continuous systems is one of the fol-
lowing:

(1) acontinuum differential equation of motion for the system
(2) adiscrete finite element approximation, which can be more or less complex.
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In both cases the analysis can be reduced, by suitable coordinate transformations, to a problem
involving a set of simple oscillators each of which describes one of the characteristic vibra-
tions of the system. This is the basis of the normal mode method and the details of it can be
found in good standard textbooks such as [A.1] and [A.2]. In certain circumstances only the
fundamental mode of vibration is important and so the continuous system can be approximat-
ed by an equivalent SDOF model. The circumstances in which this approximation works well
are

(1) when the spatial distribution of forces is reasonably uniform

(2) when the maximum frequency of the (Fourier transformed) force with non-negligible
force amplitude is less than or equal to the fundamental natural frequency, and

(3) when the two lowest natural frequencies are not close in value.

In other circumstances consideration must be given to a more rigorous analysis involving the
use of more modes of vibration, but this is beyond the scope of this appendix.

Equivalent SDOF systems can easily be found for beams and plates. The procedure for beams
is shown in the following. For plates, the procedure is analogous.

To determine the properties of the equivalent SDOF we consider a beam of length L, stiffness
EI and distributed mass W. It is excited by a distributed load p - cos (€21) .

Because we only consider the first eigenmode of the beam, the displacements can be ex-
pressed simply as
w(x, )= (1) - f(x) (A33)

where w(x,1) displacement of the beam

E (1) = displacement in a reference point at x = §
f(x) = shape of the first eigenform of the beam with f (x = E)= 1
Using the Laplace equation
d SEk SEk_
E[s_gj—ﬁ_i_ 0 (A.34)
We find:
L L L
£. pjfz (x)dx + &-Eij (f"(x))2dx = p-cos(QI) jf(x)dx (A.35)
0 0 0

Equation (A.35) can be written in the form of the governing differential equation of an SDOF
system:

mE + kE = pcosQr (A.36)

where

generalised mass
generalised stiffness
generalised load

RS TR 3
I
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This equivalent SDOF has the same natural frequency as the original system, i.e. the beam,
and the same reference displacement amplitude. The generalised properties of the equivalent
SDOF can be found as follows. The generalised mass is given by:

L L
m = ujfz(x)dx:¢M~uL and ¢, = Hfl(x)dx (A37)
0 0
where p = distributed mass
L = length of the beam
f = shape of the first eigenform
0,, = mass factor

Obviously, the generalised mass is independent of the load. For a lumped mass the mass factor
becomes f2(x= § u) - 1-€. the square of the displacement of the first eigenform at the location
of the lumped mass.

The generalised stiffness of the equivalent SDOF is given as

L L
7 " El 1 "
k=EIj(f (x))za’x=13-Z§ and 19=B.[(f (x))2dx (A.38)
0 0
where EI = flexural stiffness of the beam

For certain materials the difference between the dynamic and static
E -modules must be considered (see Appendix F for details).
9 = stiffness factor

For practical cases the generalised stiffness can be approximated as follows:

k=0, k (A:39)

Joad factor (see below)

where ¢,
k beam stiffness, i.e. stiffness at the reference point for the given load.

The generalised load is defined by the following equation

L L
- 1
p=p[f(x0dc=¢,-pL and ¢ = ij(x)dx (A.40)
0 0
where ¢, = |oad factor
p = distributed load

The load factor for a single load acting at the reference point is always 1.0.

For simple cases of beams and plates the values of the load, stiffness and mass factor are given
in Figures A.9 and A.10. For systems or loads that are not shown there, the above described
factors can easily be approximated using the static deflection curve instead of the first eigen-
form of the system.
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The calculation of ¥ (or ¢, ), ¢,,, k and m , leads to a rough estimation of ® by

For plates (see Figure A.10) the flexural stiffness £/ must be calculated for unit width con-

sidering plain stress conditions:

where v
E
t

If damping is to be considered, the damping ratio of the original system may be used unal-

tered.

E

plate

02 = k/m

= E/(1-v?)

I =128/12

= Poisson’s ratio of the material
E -modulus of the material
thickness of the plate
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Figure A.9: Equivalent substitute SDOF parameters for single span beams

with various support and load conditions (see explanation in the text)
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B Decibel Scales

H.G. Natke, G. Klein

B.1 Sound pressure level

In acoustics, large numerical ranges of sound pressure are possible between minimum and
maximum values. This makes their mathematical manipulation very cumbersome. Conse-
quently, for acoustical purposes the unit of sound pressure was standardized to be the decibel
[dB], which is defined as 20 times the logarithm of the ratio of the pressure to a suitable cor-
responding reference pressure [1ISO 131], [ISO/R 357], [DIN 45630/1].

If p is the sound pressure and p, the reference pressure, then the pressure level is given by

1

(4 o o

2 I
L,=20-logZ =10-lo (—P—) =10-1Io (—) [dB B.1
p g, & » 8 ] (B.1)

where I and / are intensities corresponding to p and p_ . The reference sound pressure is
defined by p =20 pPa=2-10° N/m? and is the r.m.s-value of the average human hearing
threshold at 1000 Hz.

CE)
10

0

-10 L/ \.\\‘
20 FH4——— /
30 b4 e e —
ol 1 o
-50 R
60 L/m BN A R R R S v,LA

15 2 5 102 2 5 103 2 5 104 2

A - Weighting

Frequency f [Hz]

Figure B.]: A-weighting
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B.2 Weighting of the sound pressure level

In common use is also a weighting of the sound pressure level due to the perception charac-
teristics of the ear, resulting in dB(A) values instead of dB values [DIN IEC 651]. The weight-
ing is done by subtracting from the L » [dB] value a value depending on the frequency and
shown in Figure B.1. For example for 50 Hz a value of 30.2 dB must be subtracted from
L » [dB] in order to obtain the value in dB(A).

In the same way definitions can be used for other quantities such as intensities, and the r.m.s-
values of accelerations, velocities and displacements. For example the displacement level is
given by

X
3 [dB] (B.2)
X

0

L. =20"log

with a reference value conveniently chosen as
x,=08-107" m (B.3)
Concerning the velocity and acceleration levels the reference values are
v,=5-108%m/sanda, = 5- 107 m/s? (B.4)

The reference value v, is given e.g. in [DIN 45630/1], the other reference values follow by
conversion with 1000 Hz.



C Damping

O. Mahrenholtz, H. Bachmann

C.1 Introduction

Damping in a vibrating structure is associated with a dissipation of mechanical energy, usu-
ally by conversion into thermal energy. The energy dissipation equals the work done by the
damping force. In the case of a free vibration the presence of damping results in a continuous
decay of the amplitude. In order to maintain a constant amplitude in the case of a forced vi-
bration, the energy dissipation must be continuously replenished by an external mechanical
energy source.

In Figure C.1 the more important types of damping are shown.

C.2 Damping Quantities (Definitions, Interpretations)

In the case of oscillatory forcing functions, the stress (or the internal forces) are found to lead
the strain (or the deformation). Thus a hysteresis loop is formed and completed during each
cycle (Figure C.2)

The area
W, = §0 de (C.1

inside the hysteresis loop represents the mechanical energy dissipated, or the work done by
the damping force, in a unit volume of the material.

The damping factor W of the material is proportional to the ratio of energy dissipation W,

to maximum strain potential energy E pot (see Figure C.2b):
1 Wy
= .2 C.
V=5"F (C2)
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soil, etc.)

Figure C.1: Different types of damping

Figure C.2: Phase displacement and hysteresis loop

The damping factor Y of the structure is obtained by integrating over the volume of the
structure and averaging:

(C.3)

For a homogeneous structure is W = .
If the structure is modelled as a simple linear oscillator with a harmonic forcing function
(Figure C.3), the equation of motion is

mi+ci+kx = F(t) = FeosQt (C4)

where F' is the amplitude and Q the circular frequency of the forcing function. A steady-state
solution of Equation (C.4) is

x = Xxcos (2t —¢) (C.5)

The damping coefficient ¢ represents viscous or linear damping.
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For this case of linear viscous damping the energy dissipation in the structure, per cycle (of
duration (period) T = 2x/Q), is then obtained as

T
Wps = [lex)xdt = ncQx’ (C.6)

o

The maximum strain energy in the structure is

1,.2

Epois = 5k% (€

The damping factor Equation (C.3) becomes now

1 Wps _ cQ
Yo = —" = — (C.8)

ST 2r E porS k
Frequently the damping is quite small and only affects the vibration behaviour significantly
near resonance. For Q = w, = Jk/m (see Appendix A), the damping factor at resonance

becomes
cw, c
Yo = — = — (C9)
S1 k /—km

The damping ratio T is also often used:

b= =_¢€ (C.10)
2,\//;” 2mw,

and it follows that

Yg, = 2C (C.11)
The quantity 2Zmw, is known as the critical damping coefficient c,,;, . Hence
L=< (C.12)
c

crit

For ¢ = c_,;, (or T = 1) the vibration changes its time dependent character from an oscil-
lating function to a function steadily converging to a zero displacement.

From Equations (C.8) and (C.11) it follows that:

W
L= _L._DS (C.13)
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A free vibration of the oscillator of Figure C.3 has a frequency of ®, = @1 - C2 (see
Appendix A). The natural logarithm of the ratio of two successive amplitudes one period apart

is called the logarithmic decrement.

A=l—2O _ _2n8 (C.14)
x(r+§)’—;) J1-¢

For low damping is {? « 1 and the damping ratio can then be found from

<A (C.15)

}Fo

Figure C.3: Model of a single degree of freedom oscillator (SDOF model)
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Figure C4: Actual damping and equivalent damper

For a viscous damper the damping coefficient ¢ of Equation (C.4) is a constant, and the hys-
teresis loop of Figure C.2 is an ellipse. Real structures do not often exhibit purely viscous
damping. They are also subject to other kinds of energy dissipation such as friction (Coulomb)
damping and energy radiation (Figure C.1). Since the main effect of damping is found in the
region of resonance, the actual behaviour can usually be represented satisfactorily by an
equivalent damper with an equivalent viscous damping ratio G, e incorporating all kinds of

energy dissipation:

C _ i _ Energie dissipation per cycle (C.16)
eq ~ 4q Maximum potential energy :
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C, q corresponds to an equivalent viscous damping factor (¥, , q) which equals the actual
damping factor for Q/®, = 1.0 (see the dashed line in Figure C.4).

This approach can also be used for systems with more degrees of freedom. An equivalent
damper is then associated to each eigenmode. Any coupling between modes is neglected, and
an a-priori knowledge of the actual damping is assumed for those frequency bands in which
damping is significant.

If the limits of such a band are not known, then the damping model must be effective for a
large frequency region. In such a case a frequency-dependent equivalent viscous damping co-
efficient is introduced:

(C.17)

If the frequency-dependent equivalent damping coefficient is introduced into Equation (C.4),
one obtains

mi(t) +c(Q)%(t) +kx () = F (1) (C.18)

In engineering applications, it is often found that the energy loss W ¢ is dependent upon kz ,
but for all intents and purposes independent of the frequency, such that

W, = constant (C.19)

instead of the result of Equation (C.8). The result is a frequency-dependent equivalent damp-
ing coefficient

c(Q) = WES (C.20)

For dry contact areas, Coulomb friction represents the most significant dissipation mecha-
nism. A simple model of such a mechanism is shown in Figure C.5.

Figure C.5: Simple Coulomb model and its hysteresis loop
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The differential equation describing such a system is
mX + uNsgn(x)+kx = F(1) (C.21)
which can be linearized, provided uN « kX . The energy dissipation per cycle is
Wps = 4uNX (C.22)

If the energy loss is compared with that of Equation (C.6) an equivalent damping coefficient
dependent upon frequency and amplitude results:

4uN

Q, x) = 2
c(Q, x) or (C.23)
For a harmonic forcing function F(t) = FcosQt , the amplitude ratio becomes
x 1 - 1_<4L}_N> (C.24)
F/K o _ ( Q ) F
®;

Since the energy loss of the model is a linear function of the amplitude (Equation (C.22)), the
amplitude at resonance grows without limit if

Frn>4pN (C25)

C.3 Measurement of damping properties of structures

C3.1 Decay curve method

By measurement of a decay curve (e.g. of a floor, a bridge, etc. responding as a SDOF model,
(see Figure C.6) the equivalent viscous damping properties using Equations (C.14) and (C.15)

1 X, A
A= ln( ) and L~ 7= (C.26)

n+m

A or T are often amplitude-dependent. Thus from different parts of the decay curve different
damping quantities result. (Also the natural frequency may be amplitude-dependent due to
change of stiffness and coupling with other eigenmodes).

For purely viscous damping, the dotted envelope line in Figure C.6 is an exponential decay,
and for pure friction damping (Coulomb damping) it is a straight line decay. For real structures
the envelope line generally lies in between these two cases.
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C.3.2 Bandwidth method

For an ideal damper and small damping (£ « 1 or { < 0.1, respectively), the damping ratio
can be obtained from the half power bandwidth (€, — €2, ) (Figure C.7) from the resonance
curve due to a harmonic forcing function [C.1]:

o c27
T Q,+Q, (€21
Instead of the displacement amplitude curve the velocity or the acceleration amplitude curves
may be used but only, of course, in cases where damping is low.

However, for measurement of damping in most cases the bandwidth method cannot be rec-
ommended. Non-linear behaviour of the structure may lead to a turning of the peak of the res-

m periods ,

S r«——p——7
N

i ~ b

f |

Figure C.6: Measured decay curve

half-power
bandwidth

Q, Q, Q

Figure C.7: Resonance curve with half power bandwidth
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onance curve to the left (increasing stiffness with displacement) or to the right (decreasing
stiffness with displacement), with the result that for a certain value of /®, two (or three)
different amplitudes may occur. This makes it very difficult to evaluate the resonance curve.
Also measuring errors will affect to a great extent the determination of the damping quantity.
In addition, the effort expended in measuring a resonance curve is much higher than that for
the measurement of a decay curve.

C.3.3 Conclusions

In most practical cases damping is evaluated by the decay curve method rather than by the
bandwidth method. In practice a more or less free decay can be produced by one of several
methods, for example: by people standing still after jumping at the resonance frequency, or
by abruptly stopping a rotating eccentric type of machine, or by imparting an impact such as
a dropped sandbag (provided that one natural frequency dominates the vibrational behaviour).
For horizontally vibrating structures (and in some cases for vertically vibrating structures al-
s0) an initial displacement may be produced by the sudden release of a steel cable or using the
pulse of a rocket.

C.4 Damping mechanisms in reinforced concrete

Material damping in reinforced concrete elements (and similarly in partially prestressed con-
crete elements) in the quasi-elastic range (no yielding of reinforcement) shows some special
features mainly due to cracking. The damping depends strongly on the stress intensity.
Figure C.8 shows the equivalent damping ratio { of a bending element or a beam mainly sub-
jected to bending moments. The stress intensity may be characterised by the stress amplitude
in the bending reinforcement or by the displacement amplitude of a beam, both defined at the
point of maximum stress or displacement respectively.

For low stress intensity, corresponding to the uncracked state, relatively low damping ratio
(€ < 1%) exists. With formation of cracks the damping ratio increases. In the final cracked
state but still with relatively low stress intensity the damping ratio is relatively high, perhaps
twice or three times the value of the initial uncracked state. With further increase in the stress
intensity the damping ratio decreases rapidly and may reach a value smaller than that of the
initial uncracked state.

This damping behaviour can be explained as follows [C.2]:

¢ In the uncracked state nearly pure viscous damping occurs in the concrete.
e In the cracked state two kinds of damping occur:
- nearly pure viscous damping in the concrete in the uncracked compression zone
- nearly pure friction damping due to friction between the concrete and the reinforcing
steel in the cracked tension zone.

Figure C.9 shows a cracked bending element and a corresponding relevant model. The damp-
ing in the compression zone is modelled by a viscous damper, and the damping in the tension
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zone by a friction damper. The spring represents the bending stiffness of the bending element,
and m represents the relevant mass.

Following the definition of the equivalent damping ratio according to Equation (C.16) one can
see: Epo ;s is proportional to the square of the stress intensity, in Equation (C.7) represented
by %. The energy dissipation per cycle due to viscous damping, W ¢, is also proportional to
the square of the stress intensity, see Equation (C.6). Hence for constant depth of the bending
compression zone a viscous damping component of { results which is independent of the
stress intensity. On the other hand, the energy dissipation per cycle due to friction damping,
W ¢, is linearly proportional to the stress intensity, see Equation (C.22). Hence a friction
damping component of { results which decreases hyperbolically with increasing stress inten-
sity.

Note that with increasing stress intensity the energy dissipation per cycle, in spite of the de-
creasing equivalent damping ratio £, is increasing due to the fact that the maximum strain en-
ergy Epms is increasing.

1
\r/After cracking

§ \ ! Frictio
Viscous \ \ dampiﬁg
damping | \ [+
inun- | N incrackedstate
cracked | Viscous damping
state ‘ in cracked state

|
|8 e
- h— Stress intensity
Fully cracked state

Formation of cracks

“-Uncracked state

Figure C.8: Equivalent damping ratio of a reinforced concrete element in different states [C.2]

Figure C.9: Cracked bending element and relevant model for material damping of reinforced concrete [C 2]
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C.5 Overall damping of a structure

Depending on the location of energy dissipation the total overall damping of a structure (e.g.
a bridge, a gymnasium, a tower, etc.) is a sum of the following contributions:

- damping of the bare structure
- damping by non-structural elements
“damping” by energy radiation to the soil

While the first contribution always exists, the second and/or the third contribution may be
great or small or not present depending on the type and purpose of the structure.

C.5.1 Damping of the bare structure

Energy dissipation in the bare structure occurs by

- material damping

- damping at bearings and joints

In most cases the first contribution is predominant. Table C.1 shows material damping quan-
tities (equivalent viscous damping ratio) for different materials of construction.

Material £
Reinforced concrete

» small stress intensity (~ uncracked) 0.007 - 0.010
- medium stress intensity (fully cracked) 0.010 - 0.040
* high stress intensity (fully cracked), but no yielding 0.005 - 0.008

of reinforcement !

Prestressed concrete (uncracked) ©0.004 - 0.007
Partially prestressed concrete (slightly cracked) . 0.008 - 0.012
Composite 0.002 - 0.003
Steel 0.001 - 0.002

Table C.1: Material damping of different materials

C.5.2 Damping by non-structural elements

Depending on number, type and relative dimensions non-structural elements may contribute
to a smaller or greater extent to the overall equivalent damping ratio of a structure. This con-
tribution may be greater than the equivalent damping ratio of the bare structure alone. This
explains why different structures or structural types made of the same materials may have
very different values for {. By way of illustration the influence of non-structural elements for
some structural types is as given in Table C.2.
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Type of structure Non-structural elements Influence of
non-structural elements

i * equipment

. . — I . .
(horizontal wind excitation) | * mechanical services i
| |

Footbridges « pavement in general relatively small
(vertical excitation) « railings

Gymnasia « flooring in general moderate
(vertical excitation) | « facades

I
|
[
I
1
\
|
|
\
\
|
e e e
\
|
I
i
|
I
I
|
|

Building floors « partition walls in general relatively great
(vertical excitation) « flooring
« furniture
« ceilings
| » mechanical services
,,,,,,,,,,, N Jr s
Towers | * equipment ! in general small

Table C.2: Influence of non-structural elements on overall damping

C.5.3 Damping by energy radiation to the soil

Energy radiation to the soil by travelling waves may also contribute significantly to the overall
equivalent damping ratio. By way of illustration the influence of energy radiation for some

structural types is as given in Table C.3

Type of structure Bearings/Supports/Soil Influence of energy radiation

Footbridges
(vertical excitation)

* steel bearings supporting a ! small
beam structure !

« vibrating support structures | medium to great
(columns or walls) have \[

\
\
\
|
|
|
. . |
| direct contact with the earth |
|
|
[
\
\

e S

Towers
(horizontal wind excitation)

« medium stiff or soft soil | medium to high
« stiff soil or rock 1 low

Table C.3: Influence of energy radiation on overall damping

C.5.4 Overall damping

The great differences which are possible for the damping of the bare structure (predominantly
material damping), for the damping by non-structural elements and for the damping by energy

radiation to the soil, explain why very different damping quantities may result

- for different materials of construction
- for different structure types, although they are of the same material of construction

- for different structures of the same material of construction and the same structure type.
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Consequently the damping quantitites given in the different sub-chapters of this book cover a
relative wide range.

In the case of a real vibration problem, where { cannot be measured, it is the task of the struc-
tural engineer to take into account the influences described above in making a cautious assess-
ment or estimate of the overall equivalent viscous damping ratio.

For reinforced concrete structures subjected to wind, damping quantities are given in
Appendix H. Note that the subdivision of the overall damping quantity is different from that
described above at the beginning of Appendix C.5.



D Tuned vibration absorbers

H. Bachmann, H.G. Natke

D.1 Definition

A vibration absorber is a vibratory subsystem attached to a larger primary vibration system.
The vibration absorber consists in general of a mass, a spring and a damper (or some parallel
springs and dampers). Accurate tuning of the frequency of the absorber results in induced
inertia forces of the absorber mass which counteract the forces applied to the primary system,
and less work is done on this system. Hence, the normal practical function of the absorber is
to reduce resonant oscillations of the primary system (even though in theory it could be used
as an inertia balancer at any frequency, provided it is tuned with respect to the forcing fre-
quency). While the vibration amplitudes of the primary system can thus be suppressed to a
large extent, large displacement amplitudes must be accepted in the absorber system [D.1],
[D.6],[D.71,[D.8}.

D.2 Modelling and differential equations of motion

In most cases vibration at one natural frequency of the primary system is troublesome and
requires attenuation. This system can then be modelled as an equivalent single degree of free-
dom system (SDOF-system, see also Appendix A). Together with the absorber system a two
degree of freedom system results (see Figure D.1). The relevant equations of motion are:

mg X e Xo—c, (X=X )+ ko x,—k,- (x,—x,) = FcosQt (D.1)
m X, +c, (X -x)+k,(x,—x) =0 (D.2)
where s = parameter subscript for the primary system
t = parameter subscript for the tuned vibration absorber
x = total displacement
m = mass
c = damping coefficient (see Appendix C)
k = spring constant
Fcos(Qr) = harmonic excitation (see Appendix A) of the primary system
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D.3 Optimum tuning and optimum damping
of the absorber

The solution of the equations above leads to the optimum frequency of the absorber :

/s
=5 D.
/i 1+m,/mg (D-3)
where f, = %t /k,/m, and f = 2%[ k,/mg (D4)

[, is seen to be somewhat smaller than the frequency f of the primary system (~ 95% to
99%) and to depend on the mass ratio m,/m .

Calculations of frequency response curves show that the maximum displacement amplitude
of primary systems can be substantially reduced by an absorber with the optimum frequency,
but the reduction is sensitive to minor changes in the absorber frequency [D.2]. The absorber
hardly affects the response of the primary system away from the optimum absorber frequency.

In general the use of a damping element in the absorber is recommended, i.e. a dashpot. The
optimum damping ratio (equivalent viscous damping ratio, see Appendix C) of the vibration

absorber corresponds to
3(m,/my)
Copr = | ———— (D.5)
8- (1+m,/my)

This formula is, strictly speaking, only valid for an undamped primary system [D.1], but it can
also be used for a damped system with good approximation. T opr Can also be determined by
stepwise variation of the numerical value of T in calculating the frequency response curve.
Figure D.2 gives an example of the effect of damping ratio of the vibration absorber on the
displacement of the primary system. In special cases, damping need not be provided at all,
particularly if one is sure that the excitation frequency remains constant.

Figure D.1: Dynamic model of primary system with an absorber system
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The effectiveness of the absorber is less affected by a difference between the actual damping
and the optimum damping of the absorber than by a difference between the optimum frequen-
cy and the actual frequency of it. Hence poor tuning of the absorber after installation or de-
tuning over time caused by changes in the stiffness of the primary system or of the absorber
springs or by changes in masses may strongly reduce the effectiveness of the absorber.
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Figure D.2: Example of the effect of the damping ratio { of the vibration absorber on the frequency response
of a primary system

D.4 Practical hints

To examine a possible application of a tuned vibration absorber and to design such a subsys-
tem, the following factors must be considered:

- The application of vibration absorbers can be considered whenever critical dynamic forc-
ing cannot be avoided, especially in cases where existing or planned structures are difficult
to stiffen economically.

- Experience shows that the application of vibration absorbers can be a good solution in the
case of one-dimensional beamlike structures such as footbridges, chimneys and pylons of
cable stayed bridges, whereas in cases of two-dimensional plate-like structures, such as
gymnasium floors, dance floors and concert hall floors, an array of absorbers is needed
which is not always an economical solution.

- A vibration absorber of the type described above is only effective over a narrow frequency
band and when tuned to a particular structural frequency. It does not work satisfactorily for
primary system structures with several closely spaced natural frequencies which are all
more or less excited by the dynamic action in question.
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- Avibration absorber is more effective
- the larger the mass of the absorber compared with the (modal) mass of the primary sys-
tem (due to the limitation of the displacement amplitude of the absorber mass), and
- the smaller the damping of the primary system is.
Absorbers are particularly well suited for reducing resonant vibrations of structures of not
too large a mass and small inherent damping; they will prove inadequate for structures with
a large mass or strong vibration despite substantial inherent damping.

- Depending on the mass and the damping of the primary system and on the required reduc-
tion of the amplitudes of this system, for a first design approach the mass ratio m,/m_ may
be chosen in the range of 1/15 to 1/50. The influence of this parameter should be studied.
Beyond a certain absorber mass any further increase in mass results only in negligible fur-
ther reduction of the vibration amplitudes of the primary system.

- The dynamic displacement amplitudes of the absorber mass has to be checked by calcula-
tion.

- The fatigue behaviour of the absorber springs must be considered.

- Design and installation of an absorber have to take into account

- a possible need to replace springs and dampers at some later date
- the prevention of the absorber mass from falling down in the case of a spring failure.

- In many cases compression springs are more suitable than tension springs.

- Theoretical calculation for the primary system and the absorber is not sufficient on its own
for determining the final absorber parameters. Rather, the accurate frequency of the prima-
ry structure has to be measured in situ, and the absorber design should allow for refined
tuning after installation. This is more easily done by altering the absorber mass than by var-
ying the spring properties.

Examples of the application of tuned vibration absorbers are given in [D.3], [D.4], [D.5].



E  Wave Propagation

G. Klein, J.H. Rainer

E.1 Introduction

The propagation of waves plays an important part in vibration control, particularly when
housing and other sensitive installations are to be planned for minimal vibration effects. Such
an evaluation will inevitably entail measurements since the ground is a very irregular trans-
mission medium and consequently difficult to treat analytically. With the following theoreti-
cal treatment of wave propagation in idealized media, however, an approximate evaluation
can be carried out. Further details on this topic can be found, for example, in [E.1] and [E.2].

E.2 Wave types and propagation velocities

An elastic, homogeneous and isotropic medium with density p is characterized by the elastic
constants of modulus of elasticity £ and Poisson's ratio v, from which the shear modulus
G = E/2(1+ V) can be derived.

Alternatively, Lamé's constants A = VE/ (1 +Vv) (1 -2v) and u = G can be used.

In an infinite continuum, two types of waves exist whose propagation velocities are

_ (%+2u)_J E(1—v)
VP‘J b T ApTew (1-2v) D

- s = | E - G/
vg = JU/p = TGS G/p (E.2)

The first is called a P-wave (or compression wave, primary wave, longitudinal wave), for
which the particles of the ground vibrate parallel to the direction of wave propagation. The
second wave is called S-wave (or shear wave, torsional wave, secondary wave, transverse
wave), for which the particles vibrate perpendicular to the direction of wave propagation.
From the ratio V,/Vs =J2(1- v)/ (1 -=2v) > 1 it can be seen that v, is always greater
than v 5o and thus at a measurement point, the longitudinal wave will always arrive before the
transverse wave.
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Figure E.1: Relation between Poisson’s ratio and velocities of propagation
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Figure E.2: Relation between amplitude ratio and dimensionless depth for Rayleigh waves with v as parameter

In a perfectly elastic halfspace, a third type of wave is formed, the R-wave (Rayleigh wave),
whose propagation velocity v, can be obtained from Figure E.1. As an approximation:

vg (0.86 + 1.14v)

R 1+v (E.3)

Figure E.2 shows the variation of the vertical and horizontal component of the Rayleigh wave
as a function of depth z and the Poisson's ratio v. Both components decrease sharply with
depth. At a depth equal to one wave-length A, i.e. z = A, the vertical component is reduced
by about 70%, the horizontal component by about 85%. This is therefore a surface wave. The
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Figure E .3: Typical velocities of compression waves (P-waves) for rocks and soils

vertical component vibrates always in phase, whereas the horizontal component has a phase
reversal at about z = 0.2\ as a result of which the direction of the elliptical particle motion
is reversed. Waves with low frequency components, as is the case with earthquakes, have rel-
atively long wave-lengths. They therefore affect the earth's surface to a greater depth than high
frequency waves with relatively smaller wave-lengths. The latter would be likely to originate
from machine foundations. Typical recommended values for propagation velocities are pre-
sented in Figure E.3. Poisson's ratio for cohesionless loose soils can be taken as 0.3.

The propagation of vibrations in the ground is characterized by a decrease in vibration ampli-
tudes with distance. Particle velocity is generally used as the appropriate measurement quan-
tity. The attenuation depends on the type of the vibration source as well as the type of wave
generated. The intensity of particle velocity is further reduced on account of geometric dis-
persion; another reduction is due to material damping of the soil.

E.3 Attenuation laws

An attenuation law is given by

14 Ry\"
— = (=] D E4
v, = (%) ®4)
where V = vibration amplitude at distance R
V; = vibration amplitude at reference distance R;
n = exponent of the amplitud reduction law
D = factor taking account of the transmitting medium

The exponent n for amplitude reduction depends on

- the geometry of the vibration source (point source, line source)
- the type of excitation (stationary, impulsive)
- the predominant type of wave (Rayleigh waves on the surface, body waves at some depth).
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For point sources (e.g. machine foundations) the value of n is #n = 0.5 for surface waves from
stationary excitations and # = 1.0 for impulsive sources. For body waves the corresponding
values are n = 1.0 and 1.5.

For line sources (e.g. traffic) the values are n = 0.0 and 0.5 for surface waves and » =0.5 and
1.0 for body waves.

The material term D is givenby D = exp ([-o (R ~R;)]) , with the attenuation coefficient
o=2nL/A : A is the wave length, { is the damping ratio of the transmitting medium. For
loose soils { = 0.01 can be used.

Since the attenuation in amplitude can extend over many powers of 10, the measure of atten-
uation is often given in decibels [dB], which is defined as dB = 20 - log (Q/0Q,) . O, isafixed
reference amplitude, specifically a particle velocity of 5x10~8 M/s. The measured amplitudes
(at the source or at any point in the medium) are then referred to this reference quantity. Thus
one obtains two dB-values whose difference is a measure of the attenuation of the vibration
amplitudes between the two particular measurement points (see also Appendix B).



F  Behaviour of concrete and steel under
dynamic actions

W. Ammann, H. Nussbaumer

F.1 Introduction

Under dynamic actions most material properties - such as modulus of elasticity, strength and
strain limits - change to a greater or lesser extent, when compared with the corresponding val-
ues for slow, quasi-static loading. The change is usually expressed as a function of the strain
rate and in some cases also as a function of the stress rate or the rate of loading. The strain
rate is defined as

. de
& =

= = E1
7 (E.1)
and expresses the variation of strain with time. The stress rate is defined as
. _do
= == F2
°= & F2)

In most vibration problems the average strain rate seldom exceeds € = 0.1 s! so that expected
changes in material properties are only moderate. A much larger effect occurs for strain rates
€ =1 to 10 s'! as is typical of high impact forces. Dynamic actions may also influence the
fatigue resistance of the structural material, even at a low number of cycles if the forces are
large enough (low-cycle fatigue).

The following survey is mainly restricted to plain concrete with normal weight natural aggre-
gates and to reinforcing steel. This survey is in accordance with a relevant chapter in [F.1]. It
is not the aim of this survey to reproduce all literature data nor to give physical explanations
for the relations established. Therefore this survey is not directed to materials specialists, but
rather intended for structural engineers who are faced with impact problems. This appendix
presents todays knowledge of materials in a condensed practical form. It allows stress or
strain rates to be taken into account by means of graphs or simple empirical formulae. The
changes of material property are usually described by a straight line when plotted against the
strain rate on a semi-logarithmic scale and are therefore defined by an empirical factor with
respect to the quasi-static value (i.e. £ =5- 103 s,
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The changes of material properties under the influence of dynamic actions must be considered
in relation to the reliability of other values used for the calculation, such as soil properties, etc.
The aging of concrete, i.e. the increase of the material properties with time is generally ne-
glected and design values are defined at an age of 28 days.

For practical calculations (e.g. of the natural frequencies of R.C. towers or pedestals of ma-
chines) the increase in the Young's Modulus under dynamic loads may be neglected and the
corresponding value at quasi-static loading to be used.
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Figure F.1: Influence of stress and strain rate on concrete properties in compression [F.1]
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Figure F2: Influence of stress and strain rate on concrete properties in tension [F.1]
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F.2 Behaviour of concrete

F.2.1 Modulus of elasticity

The modulus of elasticity (Young's Modulus) of concrete in compression increases with stress
and strain rate as

E, /E .= (6/6,)%9% with 6, = 1 N/mm?s or (E.3)

dyn stat

E, /E,, = (£/¢,)006 with ¢, =30- 105! (F4)

dyn stat

These relations are supposed to be valid for all grades of concrete. Figure F.1 shows the ratio
between dynamic and static modulus of elasticity as a function of stress and strain rate.

The influence of stress rate on the modulus of elasticity in fension is smaller than for compres-
sion. The graph of Figure F.2 can be formulated as

E, o/ E . = (6/6,)0016 with 6, = 0.1 N/mm?s or (E.5)

dyn’ "~ stat

E o/ Ega = (87€,)0016 with & =3 -10%s! (E.6)

dyn” stat

These relations are valid for all stress and strain rates and all concrete grades. In most cases
of dynamic action (but not impact) the increase in modulus of elasticity due to the strain rate
effect does not exceed 20%.

F.2.2 Compressive strength
The compressive strength of concrete can be written in terms of strain rate as

1

= (£/¢ ) 10260 i =
fdyn/fm" = (&/¢,) ® with a0 = 5+37, /4

for £ <305t F7

where f, = mean static cube strength of concrete [N/mm?].

This relation reveals the fact that the influence of loading rate decreases as the grade of con-
crete increases. The formula accounts also for the influence of the strain rate on the modulus
of elasticity. If the influence of the strain rate on the modulus is not considered the power of
the equation above would be 1.0 o . Figure F.1 shows the influence of stress and strain rate on
the ratio of dynamic to static compressive strength. Beyond a strain rate of 30 s'! the increase
is very pronounced.

F.2.3 Ultimate strain in compression

The ultimate strain €, is the strain which occurs at maximum stress. The ultimate strain as a
function of strain rate is (see Figure F.1):

/€ = (¢/¢) 0.020 with ¢, =30-10° 5! (see Figure F.1). (E.8)

z':u, dyn” “u, stat
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F.2.4  Tensile strength

In contrast to compressive failure, tensile failure is always a discrete phenomenon. Usually
one crack occurs which divides a specimen into two parts. The two separating parts are un-
loading while the crack width increases. Energy consumption occurs in the cracking zone. The
formulation is similar to compressive strength except for the value of the coefficient.

Taking account again of the influence of strain rate on Young's modulus a relation can be de-

fined between strain rate and tensile strength as follows (see Figure F.2):

1

S e < -1
10+fcm/2 for ¢ £30s (F.9)

fdyn/fszat = (é/éa) 10168 with o =

where  f .~ = mean static cube strength of concrete.

Tensile strength is more sensitive to strain or stress rate if the concrete has a low grade and is
more sensitive to strain rate than compressive strength.

Usually compressive strength is the reference value for the concrete grade and is therefore
known. The tensile strength can be estimated from

Fom = 020 f/3 [N/mm?] (F.10)

which is a CEB-FIP recommendation for mean values of concrete strength.

F.2.5 Ultimate strain in tension

Ultimate strain €, is the strain at maximum stress and can be expressed as a function of strain
rate with (see Figure F.2):

€, gon’ Eu srap = (£/8,)000 with ¢ =3.106 57, (F.11)

u,dyn” “u, stat

This relation is recommended for all stress and strain rates as well as all concrete grades.
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Figure F.3: Influence of stress rate on bond properties [F2]
a) at a relative displacement of 8 = 0.01 mm  b) at a relative displacement of = 0.2 mm
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F.2.6 Bond between reinforcing steel and concrete

The influence of stress rate on the bond of smooth bars and strands is negligible whereas the
influence on the bond of deformed bars is considerable. It depends on concrete quality and
relative displacement (slip) between steel and concrete. For the bond stress the following for-
mulation is valid:

Tdyn/Tstat = (tdyn/ta)n (F.IZ)
where 0 = 0.7 (1-2.58) /f?;s
é = relative displacement [mm]
f.m = mean cube strength (N/mm?]
T = 0.1 N/mm?

This relation is valid under the following conditions:

0<8<0.2 mm (see Figure F.3) and 0.065 <A,/A <0.1 (F.13)
where Ap = rib area
AU = cross section area of rebar
Ap/A, = relative rib area

F.3 Behaviour of reinforcing steel

The influence of strain rate on steel properties can be expressed by the following generalized
relationship:

sdyn/ssm = l+c/s,,  In(&/¢) (F.14)
where s dyn = strength or strain value at elevated strain rate
Sgrat = strength or strain value at quasi-static condition (s, )
€ = strain rate
g, = strain rate at quasi-static condition (¢, =5 - 105 s7)
¢/s, = regression coefficient

This linear approach is used for the sake of simplicity although the standard deviation of the
test results is often rather large and regression lines of second or third order would provide a
better fit with data.

F.3.1 Modulus of elasticity
The modulus of elasticity (Young's Modulus) remains unchanged with

E =2.06 - 10° N/mm? (F.15)
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F.3.2  Strength in tension

The formulas (valid for for € < 10 s™!) for strength in tension are all of the form:

fo/fso=1+x-In(€/¢) (F.16)
where  f = dynamic material properties with strain rate £ [N/mm?)
fs, = quasi-static material properties with strain rate € [N/mm?]
K = coefficient taking account of steel and strength type (see Table F.1)

A set of measured data for hot rolled steel is given in Figure F.4

K
Steel type yield stress proportional tensile strength | ultimate
limit strength

fxy/fsyo st.Z/st.Zo fst/fxto fsr/fsro
Hot rolled steel 6.0/fsy0 - 70/f,, L5/f,,
Tempcore steel 517f ¢, - 64/f,, -
Cold worked steel - 437 f 020 6.5/f 10 1.9/f 0
Mild steel 120/f,, - - -
High quality steel™ - - - -
Prestressing wires™" - - - -
*) Only very limited data available. Strength increase is more pronounced than for hot rolled steel
**) Practically no influence of strain-rate

Table F.1: Coefficients for the calculation of strain-rate dependent strength in tension of steel
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Figure F4: Influence of strain rate on yield stress of hot rolled reinforcing steel [F.3],
the regression lines indicate some minor influence of the different bar diameters
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F.3.3 Strain in tension

The formulas (valid for for ¢ < 10 s!) for strain in tension are all of the form:

8/8, = 1+y-In(£/¢)) (strains) or /¢, = x (necking) (F.17)
where 8 = dynamic material properties with strain rate £
3, = quasi-static material properties with strain rate €
X = coefficient taking account of steel and strain type (see Table F.1)
A set of measured data for hot rolled steel is given in Figure F.5
X
Steel type uniform elon- | ultimate strain | ultimate strain | necking
gation 5d 10d
8,1/8,1, 8578, 8107810, 9./ 9,
Hot rolled steel 0.3/8g10 0.2/%;, 0173, 1.0
Tempcore steel 0.3/6g10 03178, 0.27/8,, -
Cold workfd steel 0.6/8g 1o 0.5/8;, 0.6/8,,, 1.0
Mild steel - - - -
High quality steel 0.2/8g o ﬂ 0.2/85, 0.2/8,4, -
Prestressing wires 0.035/8g10 f‘ 0.1/8,, & 1.0 (no change) | -
*) Practically no influence of strain-rate, negligible increase

Table F.2: Coefficients for the calculation of strain-rate dependent strength in tension of steel
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Figure F.5: Influence of strain rate on uniform elongation of cold worked reinforcing steel [F.3], the regression
lines indicate some influence of the bar diameters



G Dynamic forces from rhythmical
human body motions

H. Bachmann, A.J. Pretlove, H. Rainer

G.1 Rhythmical human body motions

Rhythmical human body motions lasting up to 20 seconds and more lead to almost periodic
dynamic forces. These can cause more or less steady-state vibrations of structures. Such ac-
tivities are often performed to rhythmical music, and if several people are involved, this will
practically synchronise their motion. In such cases the dynamic forces increase almost line-

arly with the number of participants.

Examples of forcing functions from walking, jumping and hand clapping are given in
Figures G.1 to G.4. Figure G.4 also gives the relevant continuous Fourier-amplitude spec-
trum (see Appendix A). These examples show that not only the frequency of the first harmon-
ic of the Fouriertransformation of the forcing function, which is equal to the activity rate
(pacing rate, jumping or clapping rate defined as steps per second, jumps per second, claps
per second, etc. in Hz) but also the frequencies of upper harmonics may be of importance.

15 :
-Both feet

N\

Right foot

Force / Static weight
o
o
A

] 1
| /
7

\ I
Y rleft foot |

-

0 0.1 0.2 0.3 04 0.5 0.6 0.7
Time [s]

Figure G.1: Forcing function resulting from footfall overlap
during walking with a pacing rate of 2 Hz [G 4]
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G.2 Representative types of activity

The manifold different types of rhythmical human body motion constitute a large variety of

possible dynamic forces. For design purposes, however, the following representative types of
activity will be chosen:

- walking

- running

- jumping

- dancing

- hand clapping with body bouncing while standing
- hand clapping

- lateral body swaying

©

50 —— , ‘
1 Fp max = ipG 6 [ |
40 | P N |
|
Z [ \ l [ \
= 3.0
o [
= t, = Contact time
(&)
S
Y

20 T, = Period ——t—
|
1.0 G =0.72kN

Time [s]

Figure G.2: Forcing function from jumping on the spot with both feet simultaneously
at a jumping rate of 2 Hz [G4]
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Figure G .3: Discrete Fourier amplitude spectrum for the forcing function from jumping of
Figure G.2 up to the fifth harmonic
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Figure G 4: Forcing function (a) and continuous Fourier-amplitude spectrum (b) from normal rhythmical
hand clapping by a seated person with a clapping rate of 2 Hz {G.5]

Table G.1 defines the representative types of activity and gives the relevant ranges of the de-
sign activity rates (e.g. pacing, jumping, dancing, hand clapping rate). The columns to the
right give the corresponding actual activities and types of structures for which the represent-
ative types of activity apply.

G.3 Normalised dynamic forces

To every representative type of activity a normalised dynamic force can be assigned.

The forcing function due to a person’s rhythmical body motion can be mathematically de-
scribed by a Fourier series of the form ( Appendix A, Equation (A.27) and [G.1], [G.3],
[G.4]):

n
F,() =G+ YG-a,- sin (2mif 1 —¢)) (G.1)
i=1
where G = weight of the person (*notional pedestrian” of G = 800 N)
o, = Fourier coefficient of the i-th harmonic
G-a, = force amplitude of the i-th harmonic equivalent to A; used in
Appendix A
f » = activity rate (Hz)
o, = phase lag of the i -th harmonic relative to the 1st harmonic

i number of the i -th harmonic
n = total number of contributing harmonics
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The graphical representation of the force amplitudes of the harmonics is also called the dis-
crete Fourier amplitude spectrum (see Appendix A). An example of the force amplitudes G«
up to the 5th harmonic of the forcing function of Figure G.2 is given in Figure G.3.

The Fourier coefficients o; and partly also the phase angles ¢, for various human activities
have been ascertained in experimental research (e.g. [G.1], [G.2], [G.3], [G.4], [G.5]). In
Table G.2 pertinent values for the normalised dynamic forces assigned to the representative
types of activity of Table G.1 are given together with an indication of commonly attained de-
sign density of persons.
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H Dynamic effects from wind

G. Hirsch, H. Bachmann

H.1 Basic theory

H.1.1 Wind speed and pressure

Wind is caused by temperature and pressure differences in the atmosphere. The wind blows
irregularly over a period of time and its intensity and direction are continually changing. At
a particular site and a particular time the wind speed increases over the height of a turbulent
boundary layer several hundred meters thick up to the so-called gradient speed, which is no
longer influenced by the roughness of the earth’s surface. Figure H.1 shows a “‘quasi-station-
ary” wind profile, with superimposed stochastically varying turbulences (vortices and wind
speed fluctuations):

U, (z,1) = u(z) +u(z1) (H.1)
where 7 (z) i, = mean wind speed at height z
u(z1) u, = fraction of wind speed due to turbulence
u, (zt) = wu,,, = gustspeed (total speed)

But & (z) also changes with time, so that the representation in Figure H.1 corresponds to a
particular instant in time. Turbulence is caused by flow around different natural and artificial
bluff objects and is distributed spectrally over a large range of frequencies.

The wind profile can be described by the following exponential law

B, =iy (%)a (H.2)

where 4 = u,, ;= reference wind speed at a height of z, of = 10 m above ground in a
free field (wind measurements at weather stations)
o3 = roughness coefficient (o = 0.16 for open country, o = 0.28 for
woods, villages and towns, oo = 0.40 for large city centres)

The reference wind speed Upor = Hyp (and also @,) is generally defined for a 10-minute-
mean value and a return period of 50 years. Depending on the geographical location of the



192 H DYNAMIC EFFECTS FROM WIND

4 Gradient
wind speed

u(z,t)

Height above ground z

N

Wind speed u

Figure H.1: Wind profile with superimposed turbulence

measuring site, &, . lies usually between 24 and 34 m/s (see e.g. wind map for Europe with
lines of equal wind velocity in [H.6]).

i, and u_ can be related to or converted to other return periods [H.6]. In some codes a ref-
erence speed for a 5-second-mean value is used, which corresponds to a factor of 1.4 to 1.5.
i, can be converted with the help of Equation (H.1) to the gradient speed (defined at heights
of 300 to 500 m depending on the roughness) and vice versa.

The gust fraction u (z, #) and thus the gust speed (total speed) u, , are usually defined for the
5-second-mean value of wind measurements.

From the mean wind speed, the wind pressure is
7= g @ (H.3)
where p = air density (1.2 kg/m?® at normal temperatures)

H.1.2 Statistical characteristics

The stochastic part of the wind speed u (z, ¢) , which varies over the height above ground and
with time, requires the use of statistical methods for the calculation of the dynamic forces on
the structure. The basic statistical properties for the variation of the wind speed are described
by the following quantities [H.1],[H.6}, [H.7], [H.10]:

- degree of turbulence (turbulence intensity)

- power spectral density

- correlation between wind speed at several points
- probability distribution.
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From these the following functions may be derived:

- gust spectrum
- aerodynamic admittance function
- spectral density of the wind force.

These functions are shown in Figure H.2 (symbols which are not defined are not used in this
book) and are described qualitatively in the following.

a) Gust spectrum

The time variation of wind speed and thus the wind turbulence at a particular point contains
a variety of frequencies with differing amplitudes. A Fourier analysis and some further nu-
merical operations allow the turbulence spectrum (= gust spectrum) to be calculated, whose
ordinate corresponds to the energy contained in the wind (energy spectrum, spectral density).
A peak value in the curve signifies an energy maximum at a particular frequency. Measured
spectra usually exhibit a peak at frequencies between 0.05 and 0.01 Hz or between periods of
20 to 100 seconds. Although very large structures (towers, high-rise buildings with fundamen-
tal periods in the range 5 to 8 s) and numerous smaller structures (with frequencies of 1 Hz
and beyond) fall into the low energy part of the spectrum, the dynamic response may still be
quite significant, especially if the structure's damping is small.

Measured gust spectra exhibit some jagged variation about a mean value, but design spectra
are usually presented as smoothed curves (Figure H.2a).

b) Aerodynamic admittance function

There exists a relationship between the gust frequency and its area of influence and therefore
between the effect of the gust at a certain frequency and the structure's effective dimensions
(e.g. width or square root of width times height/2). Gusts of higher frequency have a smaller
area of influence and vice versa, i.e. the lower the frequency of a gust, the larger its area of
influence. If small gusts hit a structure of large surface area, only a part of the structure is af-
fected and therefore the influence of the gusts is reduced. For a particular surface area this is
taken into consideration by the aerodynamic admittance function, which can also be viewed
as a surface correction factor (Figure H.2b).

¢) Spectral density of the wind force

The product of the gust spectrum and the square of the aerodynamic admittance function gives
the spectral density of the wind force, i.e. the force effectively acting on the structure
(Figure H.2c¢).

H.1.3 Dynamic effects

Figure H.3 shows a possible classification of dynamic effects of wind on structures.

Vibrations in the wind direction can result directly from pressure fluctuations of gusts or in-
directly from increased turbulence from vortex-shedding in the wake of obstacles (buffeting).
The latter effect belongs to the class of aerodynamic interference between different structures.
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Figure H.2: Spectral densities and magnification functions
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Dynamic effects from wind

|

Vibrations in Vibrations in
along-wind direction Aerodynamic across-wind direction
' interferences

T

) ~Forced vibrations Self-excited
‘ vibrations

Buffeting Vortex
Gust response behind obstacles shedding Galloping Flutter

(Section H.2) (Section H.3) (Section H.4) (Section H.5)  (Section H.8)

Figure H.3: Classification of dynamic effects from wind

Vibrations in the across-wind direction can arise from vortex-shedding - mainly as forced vi-
brations. Finally, one may distinguish between self-excited vibrations of galloping and flutter.
These latter ones are based on interaction between an elastic structure and the wind and are
also called “aeroelastic effects”.

H.2 Vibrations in along-wind direction induced by gusts

The variation of the wind speed (gusts) causes a dynamic effect on the structure exposed to
the wind. Gust-induced structural vibrations along the wind direction can result.

H.2.1 Spectral methods

Based on the spectral density of the wind force (Figure H.2c) the spectral density of the sys-
tem response (dynamic response of structure) can be determined with the aid of the mechan-
ical amplification function.

a) Mechanical amplification function

The mechanical amplification function (Figure H.2d) represents the dynamic magnification
factor for a particular excitation frequency (see Figure A.2). It represents the response of the
structure to harmonic excitation and exhibits resonance at the natural frequencies of the struc-
ture.

b) Spectral density of the system response

The spectral density of the system response (Figure H.2e) is obtained by multiplying the spec-
tral density of the wind force with the square of the mechanical amplification function. In this
way most of the maximum stresses induced in the structure at its fundamental frequency can
be estimated (Example given in [H.6]).
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H.2.2 Static equivalent force method based on stochastic loading

For structural design purposes the dynamic effect of the wind can be taken into account by
defining static equivalent forces.

The static equivalent wind force W can be represented by the following equation [H.5]
W=0 ¢ g A (H4)
n
where g,,, = ( z q;- Ai]/A

i=1
P = gust factor

Cy = aerodynamic resistance coefficient of the complete structure according to
Figure H.4 (rectangular cross-sections) and Table H.1 (polygonal and cir-
cular cross-sections)

A = area of surface loaded by wind

A = area of wind-loaded sub-surface in section i of structure

n = number of sub-surfaces A; of surface A

q; = p/2-u, = wind pressureon A,

7} = mean wind speed at height z of sub-surface A;, determined from

N)

Equation (H.2) from the reference wind speed u ref = o

The gust factor ¢ considers both the stochastically varying aerodynamic properties of the nat-
ural wind and the vibrational behaviour of the structure in its fundamental mode (natural fre-
quency and damping). Based on the spectral methods proposed in [H.7] the following

equation is also used:
@ =1+R B+ S—/'\F (H.5)

where R = terrain factor (roughness factor) according to Figure H.5, which depends on
the height of structure # and the statistical peak factor g (i.e. g =3.5). The
straight line in Figure H.5 is valid for oo =0.16. The value given in Figure H.5
has to be multiplied by 1.3 for a0 = 0.22 and by 1.8 for oo = 0.35 [H.2].
B = basic gust factor (takes into account the influence of gusts that are not ampli-
fied by the dynamic properties of the structure), and according to Figure H.6,
is a function of d/h and h

d = width of structure subjected to wind loading

h = height of structure

s = size factor according to Figure H.7 which depends on the “reference frequen-
cy” f,-h/u, and ratio d/h

f, = fundamental frequency of structure in the wind direction

u;, = mean wind speed at height 4

F = gustenergy factor according to Figure H.8, which depends on the wave
number f_/#,

A = damping (expressed as a logarithmic decrement) of the fundamental mode of

the structure (see Chapter 3 and Appendices A, and C)
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The second expression under the square-root sign accounts for the effects of gusts, as en-
hanced by the dynamic properties of the structure. Equations (H.4) to (H.6) represent the for-
mulas for the spectral analysis method.

A Plan view
u & h =maximum height of structure
- A d,, =mean width perpendicular to wind direction
’} | f I, = mean length parallel to wind direction

|
-
Il

Aerodynamic resistance coefficient ¢,

1
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Figure H.4: Aerodynamic resistance coefficient for rectangular cross-sections (for cross-sections
other than rectangular, use as an approximation the circumscribed rectangle)
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because surface roughness coefficient is included)
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Table H.1: Aerodynamic resistance coefficient for polygonal and circular cross-sections (h = maximum height
of structure, d, = mean width perpendicular to wind direction or mean diameter, n = number of edges)
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If it is assumed that the structure vibrates harmonically at its fundamental frequency, then the
maximum velocity and acceleration due to the dynamic part of the equivalent wind force W is

|

Vo= v (@=12(x-f,) anda,, =y, (9-1)2(n-f,)° (H.6)

bending displacement at the top of the structure due to wind force W from
Equation (H.4).

where y,
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Figure H.6: Basic gust factor

For the case of gust-induced vibrations of structures in the wind direction it is found that an
increase of the structure’s damping by an amount normally possible does not result in any sub-
stantial decrease of the dynamic response. Passive ‘“‘mass-dampers” (see Section 3.1.8) offer
only slightly better results. This is due to the fact that the peak vibrational response of a struc-
ture with various amounts of damping changes little when subjected to a transient (impulse-
type) excitation. The dynamic effect of a single gust corresponds more or less to an impulse
load. In the past, this fact was generally utilized in the calculation of the wind forces on the
structure by deterministic static equivalent force methods.
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H.2.3 Static equivalent force method based on deterministic loading

The static equivalent force methods based on deterministic loading have been frequently used
in the past. However, various assumptions made in the derivation of d are not fully justified
from the point of view of the statistical character of wind turbulence. The spectral method and
the method derived from it for determining a static equivalent force is thus the preferred one
for structural design.

H.2.4 Remedial measures

A rather ineffective measure for reducing the gust-induced vibration in the wind direction - as
presented in Appendix H.2.2 - is to increase the damping of the structure. Even mass-dampers
are not effective in the case of stochastic single gusts. This is in contrast to buffeting which
occurs in urban centres containing numerous high-rise buildings; see Section H.3. The only
remaining possibility is in general a stiffer design of the structure.

H.3 Vibrations in along-wind direction induced
by buffeting

The airflow behind obstacles exhibits increased turbulence. This can be of a stochastic nature,
but it may also consist of regular, 1.e. periodic, vortices that are shed in the wake of cylindrical
obstacles. These vortices give rise to periodic dynamic forces and act on structures that lie
within such an air flow. This phenomenon is called buffeting. Buffeting can lead to substantial
vibrations in the wind direction, particularly in the case of resonance, and to correspondingly
high stresses in the structure. The frequency of the vortices in the airflow behind the obstacle
and thus the frequency of the periodic excitation force acting on the structure is given by

=Sk (H.7)

where f = frequency of vortices

Strouhal number

wind speed [m/s]

= diameter of obstacle [m] (or the characteristic dimension of body for non-cir-
cular section; see Figure H.9 and Table H.2).

LR Un
1l

The Strouhal number relates the frequency of vortex shedding to a characteristic dimension
of the body (e.g. width in across-wind direction) and the speed of air flow. For cylindrical bod-
ies it may be assumed that S = 0.2 and is independent of Reynold’s number. Figure H.9 shows
Strouhal numbers for rectangular sections as a function of the aspect ratio. For other sectional
shapes the Strouhal numbers and the corresponding range of Reynold’s number are summa-
rized in Table H.2.
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Figure H.9: Strouhal numbers for rectangular sections

The Reynold’s number characterizes the ratio of inertia to frictional forces and is defined as

_d-u
Re = — (H.8)

where 1O = kinematic visco%ity of the flowing medium
9 = 9, = 15-10  m?%s for practical purposes

At the frequency defined by the Strouhal number, the spectrum of the gusts acting in the wake
of a structure is modified. The energy increases at this frequency, but it is difficult to give exact
numbers. Often it is necessary to carry out wind tunnel tests to obtain the data.

Of importance is the influence of the ratio of the distance a between the obstacle and the struc-
ture (i.e. between the disturbing and the disturbed structures) and the width d of the obstacle.
Considerable dynamic effects are obtained over values of a/d ranging from about 2 to 16. The
maximum is reached at a/d of approximately 8 [H.6]. It must also be remembered that the dy-
namic effects on existing structures can change significantly when another structure is built in
their windward direction. The centres of large cities thus remain in the “construction stage”
for as long as other tall buildings are being built.

As a preventive measure against vibrations from buffeting the disturbed structure downwind
can be strengthened, thereby increasing its fundamental frequency f, (frequency tuning) and
avoiding resonance. However, this is often not possible because the wind speeds can vary be-
tween wide limits. Since the wind effect is periodic its influence can be effectively reduced
by increasing the damping such as by using mass-dampers. In simple cases the vortex shed-
ding behaviour of the disturbing structure can be modified by aerodynamic means (e.g. the
Scruton helical stabilizing device, see Sub-Chapter 4.1).

In addition to unfavourable dynamic influences, sheltered zones can also occur where the sta-
tionary wind force is reduced. This effect dies away quickly with increasing distance from the
disturbing structure. In the case of rectangular-shaped buildings wind shelter effect is negli-
gible if the distance-to-width ratio is above 14.
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Table H.2: Strouhal numbers a) for closed sectional shapes, b) for open and for circular sectional shapes [H.6]
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H.4 Vibrations in across-wind direction
induced by vortex-shedding

H.4.1 Single structures

For slender cylindrical structures, vortices are shed along the direction of the wind alterna-
tively to the left and the right of the cross-section. This produces pulsating excitation forces
in the across-wind direction. For vertical structures, such as chimneys etc., the lines of vortex
shedding are vertical, i.e. with respect to the height the vortices are always shed at the same
place on the cross-section and at the same time. Thus, due to the airflow the structure can be
significantly excited especially in the bending mode. If the vortex shedding frequency f, is
the same as the natural frequency f, of the structure then resonance occurs. This is the case
for the critical wind speed u,, (see Equation (H.7))

e
cr T S

u (H.9)
Since the process occurs for a structure that is not in motion, one may consider this to be a
forced vibration. But it can also lead to a so-called lock-in effect, where due to the motion of
the structure the vortex shedding synchronizes with the natural frequency of the structare in
a certain range below and above the critical wind speed. As shown in Figure H.10a the vortex
shedding frequency remains practically constant in the region of synchronization despite
changes in wind speed. The result is a considerable broadening of the region of induced vi-
bration. Figure H.10b shows a narrowband mechanical amplification function which would
be decisive for a pure forced vibration for the case of a weakly damped structure (A = 0.01).
However, for a critical vortex excitation with lock-in effect, the response amplitudes are in-
creased greatly on both sides of the critical wind speed, eftectively broadening the amplifica-
tion function.

Seu | n
d i
a) 087 b) i ™., _~Mechanical
i ; / amplification
i *, function
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! /)

"-.‘/Vortex excitation

Related vibration amplitude y/d
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| synchronization 0.2 yoAs 0.01
( : ’." \
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Uer 0 3 4 5 6 7 8 9 10 1M1
Wind speed u Reduced wind speed u,

Figure H.10: Vortex resonance; a) synchronization of vortex shedding and structure frequencies,
b) across-wind vibration amplitude (y/d) referred to reduced wind speed u, = u/df,
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The across-wind vibration amplitude y is best related to the dimension d of the cylinder sub-
jected to airflow. There are limits to the size of resonance amplification, and these limits are
primarily due to the nonlinear aerodynamics at large amplitude vibration. The damping and
mass distributions in the structure play an important role. Both values are incorporated in the
Scruton number, the so-called mass-damping parameter:

Sc = 2L2A (H.10)
p-d

mass/unit length [kg/m]
logarithmic decrement

air density (1.2 kg/m?)

dimension in across-wind direction

where

80 >3
1]

The ratio y_/d of the across-wind vibration amplitude y, at the top of the cantilever to the
dimension d may be determined from the following relation given in the draft of DIN 4133,
Appendix A (1991):

y,/d = 0123 ¢, - (1/52) - (1/8¢) (H.11)
where § = Strouhal number (see Equation (H.7))
c¢; = aerodynamic lift coefficient
Sc¢ = Scruton number

¢, depends on the Reynold’s number (see Equation (H.8)) and is given in Figure H.11 for a
circular cylinder. If two cylinders are located one behind the other, ¢; increases by a factor
1.5 for a ratio of distance between axes to diameter, a/d, less than 15. Such “interference gal-
loping” [3.13] can be avoided by use of structural connections. It is interesting to note that
wind speed only enters Equation (H.11) through the Reynold's number (in ¢, ) and the natural
frequency f, does not appear at all, i.e. it cancels out.

An alternative to Equation (H.11) is obtained by using the amplitude of the dynamic force for
the structure under vortex-resonance conditions [DIN 4133]:

Per = CL'%.ucr.d (H.12)
The static response to p_, [N/m] increases with the dynamic amplification factor
/A = 1/(2{) (case of resonance due to vortex excitation).

For the case of relatively large damping and widely distributed mass, vortex excitation can
also cause critical resonance and can lead to considerable dynamic stresses.

Now a word concerning the conditions at the top of the cantilever and the so-called correlation
length. The disturbances which emanate from the three-dimensional flow around the end of
the cylinder do not form any regular vortices over a distance of about 1.5 diameters from the
end. As a result, the correlation length for vortex shedding and thus the dynamic deflection is
reduced. In Equation (H.11) a correlation length was conservatively assumed to be equal to
the cylinder length. In general, however, the effective correlation length amounts to about
60% of the cylinder length so that the dynamic deflection would be about 40% less than the
value conservatively calculated.
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Figure H.11: Aerodynamic lift coefficient for circular cylinder

To calculate the stresses caused by the across-wind vibration amplitude y, at the top of the
cantilever it may be assumed that at maximum deflection the inertia forces are in equilibrium
with the elastic deformation forces in the structure. Therefore the inertia forces can be applied
like static forces. With mass m, per increment of length Az, and the normalized mode shape
(bending mode), which at height z, of section i has the factor @, , the inertia force can be for-
mulated at this height as:

Fi=m @y - (2nf)° (H.13)

1

The normalised mode shape can be extracted from the previous calculation of the bending nat-
ural frequency. Alternatively, the following expression can be used:

(TC -z i)
@, = 1-cos > (H.14)
Figure H.12 shows that for low damping the across-wind vibrations in the case of resonance
are approximately harmonic. With increasing damping the vibrations get smaller and tend to
become irregular, i.e. they develop a more random character (the representations i), ii), and
iii) of Figure H.12a correspond to the zones 1), ii), and iii) of Figure H.12b).

It for purposes of approximation it is assumed that the structure vibrates harmonically at its
fundamental frequency, then the maximum velocity and acceleration due to the dynamic part
of the equivalant wind force W is

Viax = Yior 2mn- fe) (H.15)
2
Aoy = V1o 27 1) (H.16)
where vy ot = bending displacement at the top of the structure due to W according to

Equation (H.4).
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A preventive measure against vortex-induced vibration in the across-wind direction is to in-
crease the critical wind speed, primarily by increasing the fundamental frequency f, (fre-
quency tuning). Also effective is an increase of damping possibly using a tuned vibration
absorber. In simple cases the Scruton helical device can be used which ensures that the vortex
shedding lines are no longer vertical lines but spirals, so that the dynamic effect is considera-
bly reduced (cf. Sub-Chapter 3.3).

Figure H.12: Across-wind vibration amplitude of circular cylinder as a function of damping (after [H.4])
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H.4.2 Several structures one behind another

The vibrational behaviour described above can change if the vortices emanating from one
structure impinge on a second or more structures, e.g. in the case of a row of structures
(cf. Appendix H.3), and are superimposed on the other vortex shedding processes. The inter-
ference effect that is obtained can lead to an increase of the dynamic reactions, but only if the
structures exhibit roughly the same dimensions and dynamic characteristics.

In addition, the Strouhal number is also affected. For circular cylinders the following relation
applies:
S =0.1+0.085 - log (a/d) H.17)

distance from the obstacle (distance between axes)
diameter

where a
d

As a result, the Strouhal number reduces from 0.20 (for a/d > approx. 15) to 0.14 (for a/d
approx. 3). Thus the critical wind speed increases by about 40% and the dynamic effect nearly
doubles. Consequently, special attention must be paid to the arrangement of similar structures.

H.4.3 Conical structures

Tapered cantilever structures of a conical form can be treated as cylinders if the cone angle is
small. The aerodynamic excitation forces, however, already begin to decrease at relatively
small cone angles Section H.6.

For cone angles greater than 1.5° two or three frequency ranges exist where separation of the
flow occurs. Several Strouhal numbers can be expected. This also occurs if a cylindrical struc-
ture changes dimensions stepwise with height. For changes of diameter less than about 5% it
is reasonable to assume a constant value (the mean diameter). Otherwise, depending on the
actual diameter, different critical wind speeds would be expected.

H.4.4 Vibrations of shells

Finally, under the theme of vortex-induced vibrations, the question of shell vibrations is dis-
cussed briefly. There are some well-known cases where such behaviour has led to the collapse
of cooling towers. The shell vibrations occur in the form of “ovalizing” with two or three cir-
culatory waves observed in the plane. Figure H.13 shows how the vortex frequencies f, of
1/2 and 1/4 of the natural frequency f, of the shell interact with the two wave forms; the vor-
tex shedding force at a certain shell meridian (e.g. left in wind direction) acts always after two
and four natural periods of the shell.

The danger of ovalizing vibrations can be effectively minimized by means of stiffening rings.
Stiffening measures have to be employed if

d/t> ~ 150 (for steel shells) (H.18)

diameter of the shell
thickness of the wall.

where d
t
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Figure H.13: Ovalizing vibrations for two circulatory waves in plane

H.5 Vibrations in across-wind direction: Galloping

In contrast to the wind-induced vibration discussed above - except for the lock-in effects of
vortex resonance - this section deals with self-induced vibrations. A characteristic feature is
that the aerodynamic excitation forces depend on the motion of the structure itself. Circular
cylinders are not affected by this kind of vibration, but all other sectional shapes are more or
less endangered by the so-called galloping phenomenon. Galloping vibrations induced by ob-
lique airflow were first observed on iced-up electrical transmission lines in Canada. Due to ice
accretion on the conductors the shape of the cross-section changed to a D-profile, which, for
airflow on the flat surface, tends to flutter under a negative lift slope, as is the case with the
classical profile of aeroplane wings (aerofoils) at the corresponding angle.

Under certain conditions (profile shape, incidence angle) the so-called aerodynamic damping
can be negative, and, where structural damping is small, galloping instability will occur. This
gives rise to a strong growth of vibrations in the across-wind direction and can endanger the
structure.

According to Den Hartog (from the year 1930) the stability criterion depends on the instability
parameter

de,/do (H.19)
where ¢, = lift coefficient
a = angle of incidence of airflow
d = differential operator

The following relation gives the critical wind speed that initiates galloping:

1

M(,r = 2df€SCW

(H.20)

Table H.3 provides values of the instability parameter dc, /do for some profiles susceptible
to galloping.
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Table H.3: Galloping instability parameters for various cross-section profiles

Galloping instability is strongly influenced by the turbulence of the airflow. Some profiles are
very sensitive to this effect. For rectangular profiles with an aspect ratio of 2:1, for example,
galloping instability can disappear in turbulent flow, whereas in smoother flow (e.g. in a wind
tunnel test) the instability may be present.

Safe predictions of the amplitudes of galloping vibrations are not possible due to the nonlinear
aeroelastic behaviour of the system, among other things. In practice, wind tunnel tcsts on
models under conditions of modified turbulent flow are essential in most cases. In natural
winds, structures always experience turbulent flow, and this can be of major importance.

An effective countermeasure to galloping is to increase the damping or the Scruton-number,
so that the critical speed at which galloping starts can be increased.

If circular cylindrical bodies are connected to one another, then under certain circumstances
galloping can occur even though the individual cylinders are stable by themselves. This is be-
cause this modified section can exhibit negative aerodynamic damping. The topic is particu-
larly relevant to steel chimney stacks and is thus treated separately in Sub-Chapter 3.3. The
wealth of possible variants makes it impossible to give any general formulations.

H.6 Vibrations in across-wind direction: flutter

Just as for aeroplane wings, bridge flutter occurs under combined torsional and bending de-
grees-of-freedom, whereby the reactions caused by torsional vibrations predominate. Flutter
arises when for a particular phase between torsion and bending, vibrational energy is extract-



210 H DYNAMIC EFFECTS FROM WIND

ed by the structure from the constant flow of air. Figure H.14 shows the motion of a bridge
section where the torsional and bending frequencies are equal. The first case shows no phase
difference and no energy absorption; in the second case a phase difference is present and some
energy absorption is possible.

Bridge flutter is initiated at a certain critical wind speed. A theoretical treatment of the subject
with an estimate of the critical flutter speed is, however, not possible. Consequently, extensive
wind tunnel tests have been carried out. As is the case for aeroplane wing profiles, stability
curves have been established for various bridge profiles [H.6]. Figure H.15 shows some of
these curves for the so-called aerodynamic damping A; as a function of the reduced wind
speed u,

u, = H.21)
r fT b
where u# = wind speed
fr = fundamental torsional frequency
b = width of the bridge

Figure H.14: Work of wind forces inducing flutter in torsional- bending modes

An unstable situation with #, > u_, results when A; is greater than the level of structural
damping D" . Enhancing the structural damping by AD™ is not effective since the main influ-
ence comes from the bridge profile. It may be observed that the Tacoma Narrows bridge,
which collapsed due to flutter instability in 1940, exhibits a relatively low flutter speed.

From Figure H.15 it is also evident that an increase of the critical flutter speed may be ob-
tained primarily by choosing a section with a more suitable shape. An increase in damping (by
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AD”, for example) does not achieve the same improvements as for vortex resonance or gal-
loping instability.

Importang for avoiding dangerous bridge flutter is the ratio of torsional to bending natural fre-
quencies (f/ f ). This should be as large as possible (about 3). An estimate of the critical
flutter speed may be obtained from the following relationship for f,/fz>1.2:

u

]

]. /(M-_zr]z.n.flg.,,
n-p-b

=M1+ H}C—Z—O.S

(H.22)

shape factor for the bridge profile according to Table H.4 obtained from wind-

tunnel tests [H.51]

fundamental frequency for bending vibration in across-wind direction
fundamental frequency for torsional vibration around the longitudinal axis of

bridge
mass/length of bridge
radius of gyration

effective width of bridge along wind direction

air density (1.2 kg/m? )
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Table H 4: Shape factors for bridge profiles

H.7 Damping of high and slender RC structures subject-

ed to wind

1. Floegl, H. Bachmann

The damping quantities of reinforced concrete (RC) structures subjected to wind can be esti-

mated as follows:

The overall equivalent viscous damping ratio is

C:: C]+§2+C3

material damping
structural damping
foundation damping

(H.23)

Relevant viscous damping ratios and logarithmic decrements, respectively, are given in

Table H.5.
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g A
i (damping ratio) (logarithmic decrement)
Material:
€, | Reinforced concrete
« uncracked or prestressed 0.0040 0.025
» cracked ‘ 0.0072 0.045
Structure:
&, | Shell and box-type construcion
» without stiffening 0.0032 0.020
« with stiffening 0.0056 0.035
Frame construction ,
« without non-structural elements f 0.0040 0.025
« with non-structural elements 0.0064 0.040
Chimneys or tower blocks
» without non-structural elements 0.0016 0.010
« with non-structural elements 0.0024 0.015
Foundation:
€5 Support on hinge or roller 0.0008 0.005
Sliding elastomeric bearings 0.0024 0.015
Restraint frame-construction 0.0016 0.010
Fixed cantilever construction:
« on steel support 0.0016 0.010
« on concrete support 0.0008 0.000
« on foundations:
- rock 0.0008 0.005
- gravel 0.0013 0.008
- sand 0.0016 0.010
- piles 0.0024 0.015

Table H.5: Common values of contributions to damping
of concrete structures subjected to wind excitation (A = 2n()

As an example, the overall damping ratio of a reinforced concrete chimney (with a circular
section of 8 m diameter and a height of 120 m) of cantilever construction with a concrete slab
foundation on gravel and with 4 internal masonry flues is as follows:

€ = 0.0040 + 0.0024 + 0.0013 = 0.008

(H.24)

Note that the subdivision of the overall damping quantity is different from that described in
Appendix C.5. Comparing values of parts of the overall damping of the two concepts is thus
hardly possible. Comparison of overall damping quantities resulting from Table H.5 and those
given in the Sub-Chapters 3.1 to 3.7 may also exhibit some differences.



I  Human response to vibrations

A.J. Pretlove, J.H. Rainer

1.1 Introduction

Human sensitivity to vibration is very acute. The human body can sense vibration displace-
ment amplitudes as low as 0.001 mm whilst finger-tips are 20 times more sensitive than this.
However, reaction to vibration depends very much on circumstances. For example, discom-
fort is different sitting at an office desk from driving a car. Personal attitude is also important.
Sensitivity will depend on personal dedication to a task and to acclimatisation. Parameters
which affect human sensitivity are as follows:

- position (standing, sitting, lying down)

- direction of incidence with respect to the spine
- personal activity (resting, walking, running)

- sharing of the experience with others

- age and sex

- frequency of occurrence and time of day

- the character of vibration decay.

The intensity of perception will depend upon the following factors:

- displacement, velocity and acceleration amplitudes
- duration of exposure
- vibration frequency.

The intensity of perception has been researched by many authors and their results are gener-
ally in broad agreement with the data in Table I.1. Broadly speaking, in the range 1 to 10 Hz
perceptibility is proportional to acceleration, whilst in the range 10 to 100 Hz perceptibility
is proportional to velocity. This division varies somewhat with the level of the stimulus but
in this basic presentation this factor will be ignored.

I.2  Codes of practice

In order to set realistic critcria, codes of practice also take into account some of the sensitivity
factors listed above. Two widely used codes which illustrate the general features described
above are [ISO 2631] and [DIN 4150]. These are discussed in the paragraphs which follow.
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Description Frequency range 1 to 10 Hz | Frequency range 10 to 100 Hz
Peak acceleration [mm/s?] Peak velocity [mm/s]

just perceptible 34 | 0.5

clearly perceptible 100 \ 1.3

disturbing/unpleasant 550 | 6.8

intolerable 1800 | 13.8

Table 1.1: An indication of human perceptibility thresholds for vertical harmonic vibrations (person standing).
Data combined from various authorities. There is scatter by a factor of up to about 2 on the values given

.21 ISO 2631

The International Standard [ISO 2631] applies to vibrations in both vertical and horizontal di-
rections and it deals with random and shock vibration as well as harmonic vibration. The fre-
quency range covered is 1 to 80 Hz and criteria are expressed solely in relation to measured
effective accelerations (rms):

T
172
Ay = Tj.a (t) - dt (L)
0

T is the period of time over which the effective acceleration is measured.

Note that for pure sinusoidal vibrations the rms value represents 0.707 times the peak value.
In [ISO 2631/1] three different levels of human discomfort are distinguished:

- The “reduced comfort boundary”, which applies to the threshold at which activities such
as eating, reading or writing are disturbed.

- The “fatigue-decreased proficiency boundary”, which applies to the level at which recur-
rent vibrations cause fatigue to working personnel with consequent reduction in efficiency.
This occurs at about three times the reduced comfort boundary.

- The “exposure limit”, which defines the maximum tolerable vibration with respect to
health and safety and is set at about six times the reduced comfort boundary.

The basic criteria are given in graphical form for both longitudinal vibration (vertical if the
subject is standing) and transverse vibration (horizontal if the subject is standing). By way of
example, Figure 1.1 shows the set of graphical criteria for the longitudinal vibration case. Dif-
ferent criteria apply for different exposure times as indicated on the Figure. This form of pres-
entation clearly indicates the adverse effects of body resonances upon acceptability, chiefly
resonances within the torso but also those within the cranium. Figure 1.2 shows the corre-
sponding set of graphical criteria for transverse vibrations.

For acceptable vibration criteria in buildings [ISO 2631/2] gives base curves to which various
suggested multipliers are applied depending on location, duration and time of day.
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Figure 1.1: Bounds on longitudinal vibration for fatigue-decreased proficiency. The exposure limit is obtained by
multiplying by 2; the reduced-comfort boundary by dividing by 3.15 {ISO 2631/1]
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