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ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and

non-gavernmental, in liaison with ISO_ also take part in the wark [ISQO collaborates clo
Interpational Electrotechnical Commission (IEC) on all matters of electrotechnical standardization

ly with the

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The

main task of technical committees is to prepare International Standards. Draft Internationpl Standards

adopied by the technical committees are circulated to the member bodies fer-voting. Publication as an

Interpational Standard requires approval by at least 75 % of the member bodies casting a vote.

Attention is drawn to the possibility that some of the elements of this document may be the sub
rightg. ISO shall not be held responsible for identifying any or all such patent rights.

ISO

SC 2| Reliability of structures.

This

editign as follows:

10137 was prepared by Technical Committee ISO/TC 98, Bases for design of structures, S

second edition cancels and replaces the first editiof’(ISO 10137:1992) and differs from

information on relevant International Standards have been updated;
freatment of vibrations from rock bursts\has been added;
actions due to human activities have been updated (Annex A);

gerviceability criteria for oceupants of buildings subjected to wind-induced vibrations have
Annex D);

the bibliography has been revised and updated;

gditorial changes and clarifications of text have been made.

ect of patent

ubcommittee

the previous

been added
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Introduction

Economic use of high-strength and lightweight materials has resulted in a trend towards more dynamically
responsive structures. This trend is exacerbated by the emergence of new sources of vibration acting on
buildings and walkways, and is compounded by an increasing demand for “vibration free” environments for
proper functioning of industrial and laboratory processes and instruments, and for work efficiency and

personal co

fort In the past vibrations in buildings have largely been controlled by specified loa

ds or

limitation of s
number of U
indicate that

with the objg¢ctive of presenting the principles for predicting vibrations at the design stage; \in additi

assessing th

The recomm
some vibrati

tatic deflections, or they have simply not occurred because of the massive nature of buildin
nsatisfactory vibration levels in buildings have been observed, however, and this~seer
the indirect criteria are no longer adequate. Hence, this International Standard was deve

b acceptability of vibrations in existing structures.

bns (usually associated with resonance) can become a safety hazard:“Therefore, for s

dynamic loaq
and fatigue

state in accofdance with ISO 2394.

The servicedbility limit state for vibrations is described by constraints,generally consisting of vibration v

(displaceme
possibly with

and duration. The constraints can be determined statistically, but are generally prescribed in ¢

deterministic

variability of tolerance of human occupants’due to cultural, regional or economic factors;

emergence of new dynamic loadings which are not explicitly addressed by this International Standar

ing, a check on the possible occurrence of resonance and associated-limit stresses, defle
ffects shall be carried out. The vibration effects discussed here fepresent a serviceability

t, velocity or acceleration), usually in combination withofrequency or a frequency range
other parameters. The constraints can also be connégted to stress, strain, cracking occur

Blly.

br evaluation criteria employed for achieying satisfactory vibration behaviour of buildings
he serviceability limit state should consider, among others, the following aspects:

y of building contents to vibrations and changing use and occupancy;

aterials whose dynamic characteristics may change with time;

Cality of analysis-due to the complexity of the structure or complexity of the loading;

economic.consequences of unsatisfactory performance.

gs. A
ns to
oped
bn to

endations presented here are for serviceability and not for safety. It is,-however, possibl¢ that

bvere
tions
limit

alues

and
ence
odes

and

j.

The design
walkways in
a)
b) sensitivi
c)
d) use of m
e) impracti
f)  social o
Vi
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INTERNATIONAL STANDARD ISO 10137:2007(E)

Bases for design of structures — Serviceability of buildings and
walkways against vibrations

1 cope

This [International Standard gives recommendations on the evaluation of serviceability against|vibrations of
buildings, and walkways within buildings or connecting them or outside of buildings.

It coVlers three recipients of vibrations:

a) human occupancy in buildings and on walkways;
b) the contents of the building;

c) the structure of the building.

It dogs not include bridges that carry vehicular traffic, even~in conjunction with pedestrian traffic, nor the
design of foundations or supporting structures of machinery:

For the purposes of this International Standard, it is;assumed that the building structure responfds linearly to
the applied loads. This means that the structure deoes not yield or fail, nor is it subject to significgnt non-linear
effecs.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
refergnces, only the edition (citéd applies. For undated references, the latest edition of the¢ referenced
document (including any amendments) applies.

ISO 2041, Mechanicalibration, shock and condition monitoring — Vocabulary

ISO 2372, Mechanical vibration of machines with operating speeds from 10 to 200 rev/s — Basis for
speclifying evaluation standards

ISO 2394:1998, General principles on reliability for structures

ISO 2631-1:1997, Mechanical vibration and shock — Evaluation of human exposure to| whole-body
vibration — Part 1: General requirements

ISO 2631-2:2003, Mechanical vibration and shock — Evaluation of human exposure to whole-body
vibration — Part 2: Vibration in buildings (1 Hz to 80 Hz)

ISO 3010:2001, Basis for design of structures — Seismic actions on structures
ISO 3898, Bases for design of structures — Notations — General symbols
ISO 4354, Wind actions on structures

ISO 4866:1990, Mechanical vibration and shock — Vibration of buildings — Guidelines for the measurement
of vibrations and evaluation of their effects on buildings

© 1SO 2007 — All rights reserved 1
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ISO 6897, Guidelines for the evaluation of the response of occupants of fixed structures, especially buildings
and off-shore structures, to low-frequency horizontal motion (0,063 to 1 Hz)

ISO 8041, Human response to vibration — Measuring instrumentation

ISO 8569, Mechanical vibration and shock — Measurement and evaluation of shock and vibration effects on
sensitive equipment in buildings

ISO 8930, General principles on reliability for structures — List of equivalent terms

ISO/TS 10811-1, Mechanical vibration and shock — Vibration and shock in buildings with sensitive

equipment Part-+—teastremrent-and-evattation

ISO/TS 10811-2, Mechanical vibration and shock — Vibration and shock in buildings withsen
equipment — Part 2: Classification

ISO 10816 (pll parts), Mechanical vibration — Evaluation of machine vibration by measlUrements on
rotating parts

ISO 14837-1} Mechanical vibration — Ground-borne noise and vibration arising from rail systems — H

General Guid

3 Terms

For the purg
following apq

NOTE ST
3.1
amplificatio

increase of v

3.2
attenuation
loss of vibrat

3.3
broadband s

spectrum with the vibration distributed over broad frequency bands (e.g. octave-band spectrum, one-

octave band

3.4
damping

lance

and definitions

oses of this document, the terms and definitions given in ISO 2041 and I1SO 8930 an
ly.

e also 1ISO 3898 and ISO 2394.

n
bration amplitudes relative to a reference amplitude

on energy along a transmission path

spectrum

spectrum)

sitive

non-

art 1:

H the

third-

dissipation o

értergy in a vibrating system

3.5

dynamic actions
actions varying so quickly that they give rise to vibrations

3.6

dynamic forces
forces varying so quickly that they give rise to vibrations

3.7

Fourier transformation
mathematical procedure that transforms a time record into a complex frequency spectrum (Fourier spectrum)
without loss of information

© 1SO 2007 — All rights reserved
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frequency components
centre frequencies of narrow bands in which the energy of a spectrum is concentrated

3.9

frequency response function
frequency spectrum function of the output signal divided by the frequency spectrum function of the input signal

NOTE

The frequency response is usually given graphically by curves showing the amplitude relationship and, where

applicable, phase shift or phase angle, as a function of frequency. Alternatively, it is the Fourier transformation of the
response of the structure to an impulse.

3.10

geometric spreading

deca
volun

3.11

y of vibration amplitudes with increasing distance from the source as the energy is Spread
e

impulsive source

sourd
unde

3.12

e which gives a dynamic action of a short duration compared with the-natural period of
[ consideration

mode of vibration

defle

3.13
narrg

cted shape at a particular natural frequency of a system undergoing free vibration

w-band spectrum

specfrum with the vibration concentrated in narrow frequency bands

3.14
natu
frequ

3.15
octay

ral frequency
ency at which a mode of vibration will 6scillate under free vibrations

ye-band spectrum

pver a larger

the structure

specfrum determined by means_of a filter cutting off frequencies outside a band, where the maximum

frequency in each band is equalto the minimum frequency multiplied by 2

3.16

receiver

persqn, structure ar’contents of a building subjected to vibrations

3.17

resppnse spectrum

maximumresponses of a series of single-degree-of-freedom systems subjected to a given d
moticln, plotted as a function of natural frequencies for specific values of damping

3.18

shock

dynamic action with a duration that is short compared to the natural period of the receiver

3.19

shock spectrum
response spectrum for a shock motion

3.20

source
origin of the vibration

©I1SO
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3.21
spectrum

plot of a time-

3.22
sustained vi
vibration havi

3.23

third-octave-

varying function transformed into the frequency domain

bration
ng a duration of many periods

band spectrum

spectrum determined by means of a filter cutting off frequencies outside a band, where the maximum

ek e anal to Liad 2%

hand
oCTroartca

frequency in

3.24
transfer fun
for a system,

3.25
transmissio
path from the

3.26
unbalanced
force originaf

3.27
walkway
footbridge
pedestrian b
structure car|

of buildings

4 Description of the vibration problem

4.1 General remarks

Vibrations afise from the interaction between time-varying disturbances and the inertia properties ¢
affected medium. The disturbance-can be in the form of forces or displacement functions; the affected n
can be solids, liquids or gases. The vibration process can be described mathematically by empl

Newton’s law

The evaluati
vibration sou
actions. The

tha minira s feaniiam Ay s bl
ro-CquatOtCT o T equChCyHorpnC GOy =

ction
a mathematical relation in the frequency domain between the output and the input to the sy

h path
source to the receiver

force
ing from unbalance of a rotating mass at the source

idge
rying pedestrian traffic, but no motorized vehicles, within buildings, between buildings or ot

s of motion ahd incorporating the appropriate deformational properties of the affected mediu

pn of vibrations in buildings and walkways has to take account of the characteristics ¢
Fce, thetransmission path and the receiver. The vibration source produces the dynamic forg

stem

tside

f the
nedia

pying
m.

f the
es or

medium or the structure between the source and receiver constitutes the transmission path

the resulting

, and

vibrations at the receiver are then subject to the applicable criteria of the specified serviceability

limit state. The dynamic actions are, in general, a function of time and space and are described in Clause 5.
Clause 6 deals with methods of response analysis and Clause 7 with applicable vibration criteria. The values
of actions, effects and criteria presented in this International Standard are some of the other representative
values given in 1SO 2394:1998, 6.2.1. Whenever data are available, the method of partial coefficients, in
accordance with ISO 2394, should be employed for verification of the serviceability.

4.2 Vibration source

The vibration source can be inside or outside the building.

© ISO 2007 — All rights re;
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Vibration sources inside a building

Vibration sources inside a building include:

— human excitation;

—

otating and reciprocating machinery;

— impact machinery (punches, presses, etc.);

— moving machinery (trolleys, lift trucks, elevators, conveyors, overhead cranes, etc.);

—

4.2.2

Vibra
such

—

—

— 1load and rail traffic;

PR q
4

— fjuid flow (wind or water);

— punching presses or other machinery in nearby buildings;

— 1ock bursts,

4.3
The

disca
atten

4.4

impact of ships on nearby wharves;

onstruction or demolition activity in other parts of the building.

Vibration sources outside a building

tion sources outside a building can occur on the ground surface, underground, in the air
as:

onstruction, mining or quarry blasting;

onstruction activity (pile driving, compaction, excavation, etc.);

onic boom or air blast;

Transmission path
ransmission path-has the effect of modifying the vibrations from the source to the reg

Liation in certaih-frequency ranges.

Receiver

The feCeiver of the vibrations is the object or person for which the vibration effects are to be as
can annpassﬁhe—bmhmg—sm—tm—mponmmmbrwﬂm f i

or in water,

eiver due to

ntinuities, attenuation due to geometric spreading and material damping, and possible anmpplification or

sessed. This

contents of the building (instruments, machines, etc.), or the human occupants of the building.

5 Dynamic actions

5.1

General remarks

/s, etc.), the

The dynamic actions are the forces, displacements, velocities, accelerations or energy associated with the
vibration source. In many cases, the dynamic actions cannot be predicted in a deterministic sense, in which

case

©I1SO

it may be appropriate to consider the actions as random.
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5.2 Machinery

5.21

Rotating machinery

Values for the unbalanced forces of rotating machinery should be supplied by the manufacturers. In the
absence of such data, the maximum acceptable unbalanced forces for the respective category of machines
can be taken from ISO 2372 for electrical machines, or ISO 10816 for large rotating machines, or from other
applicable standards. The forces produced by unbalance change with the flexibility of support conditions, and
whether the operating frequency is above or below the mounted resonance frequency of the machine. There
is also a trend for unbalanced forces to increase as machines age, and allowance for this effect should be
made. Machines and their components can induce large forces during breakdowns or rapid stoppages. These

actions shou
to machines

Start-up and
resonance fr

d be considered in assessing the serviceability imit state. Unbalanced forces from attachn
transmissions, rotors, etc.) also need to be considered.

run-down conditions shall be considered when the operating frequency is abeyve“any (
bguencies of the mounted machine or any of the support elements or structures,

5.2.2 Reciprocating machinery

The actions
conditions su
machine. Th
measured o
velocities or

5.2.3 Impa
This includeg
usually very
history or en
measuremer

5.2.4 Othe

of reciprocating machinery depend on the type and construction of the' machine, the ope
ch as rotational speed and load, mounting details, and the age and) state of maintenance
e quantitative descriptions of actions should be available from’ the manufacturer, but c3

calculated in the form of time histories of forces or displacement functions (accelera
lisplacements) or the spectra of these quantities.

pting machinery

machines such as forge hammers, stamping presses and pile drivers. The forces generate

large. The action can be described in terms 0f“a displacement (or velocity or acceleration
ergy per impact. These values should beprovided by the manufacturer but can be derivs
ts or calculations.

r machinery

Certain machinery (e.g. grinding mills) combine random-type excitations with other types of excitation, su

rotational or,

5.3 Vehic|

5.3.1

possibly, impact.

ular traffic (road-and rail)

Gengdral remarks

Motor vehiclgs with preumatic tyres and trains on rails are two major sources of vibrations. The action c

described by
line sources,
the problem,

force:time functions, displacement functions, or by a source spectrum. Stationary point sou
aréa.sources, or moving sources shall be considered as applicable. Because of the comple

hents

f the

ating
f the
n be
fions,

d are
-time
bd by

ch as

an be
rces,
ity of

with

empirical methods based upon measurements are often required. These may he combinec

analytical and numerical modelling, as appropriate.

5.3.2 Moto

r vehicles

Vibrations induced by motor vehicles depend on suspension characteristics, mass, speed, traffic density, type

and roughnes

s of the road (including discrete irregularities), and subgrade properties.

The effects of these factors are interrelated and cannot be described by simple formulae.

© ISO 2007 — All rights re;
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Railway trains

Maijor factors that affect vibrations induced by railway trains are the following;

— type of train (high speed, ordinary, subway, etc.);

— weight;

— speed;

— type of track, or type of rail (continuous rails, jointed rails, surface irregularities, etc.);

37:2007(E)

— ballast, subgrade and general soil conditions.

The ¢
on Vi

5.4

5.4.1

pffects of these factors are interrelated and cannot be described by simple formulae,"Gene
prations from trains is given in ISO 14837-1.

Impulsive sources

General remarks

The
displ

When r.m.s. quantities are used, attention should be paid to the method of averaging. It is assum
are dnly a few occurrences per day and that the total duration of the activity is of a temporary
ruction). It is recommended to use a 1 s averaging time as given in 6.3.1 of ISO 2631-1:1997.

cons

5.4.2

The main characteristic of impulsive sources, such as construction blasting, surface mining and

the €
be ol
respd

Rock
previ
The

characteristics of the vibration source are described in terms of the’ time variation of force
cement function (including velocity and acceleration). Approximate descriptions include the

eak values and duration for impulsive sources;
ot-mean-square (r.m.s.), or peak and frequency content for sustained vibrations;
tatistical descriptions, such as r.m.s., third-octave;*octave and narrow-band spectra;

sponse (or shock) spectra.

Impulsive sources in the ground

hergy released into\the ground. The ground motion parameters at a given distance from th
tained by empirical’methods based on measurements, resulting in ground motion bounds a
nse spectra.

bursts, ‘Caused by collapse of underground cavities or localized re-arrangement of rock §
DUS Or-0ngoing mining activity, share many characteristics with earthquakes, albeit on a s
grond motion characteristics at a building site can be described by peak values, time

ral guidance

pressure or
following:

ed that there

nature (e.g.
4

bile driving is
b source can
nd estimated

s a result of
maller scale.
beries and/or

respq

nse spectra. These characteristics will vary with the geology and mining history at or nea

the building

site. Methods of characterizing ground motions from rock bursts for the serviceability limit state can be found
in 1ISO 3010.

5.4.3

Controlled intermittent and impulsive sources within a structure

Vibrations can be induced by controlled demolition operations and also by particular production processes
which are not regular in time and intensity. These sources include the following:

— use of heavy equipment (vehicles, vibratory rollers or breakers, wrecking tools, etc.);

— controlled blasting within the structure;

— falling of heavy objects.
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Cranes and i

NOTE
International S

fts (elevators) can also induce impulsive forces during starting and stopping operations.

tandard.

5.4.4 Airborne or waterborne impulsive sources

Accidental explosions or other types of accident which produce vibrations are not considered in this

For explosive charges, the action is described in terms of the energy release or the overpressure-time
variation. Sonic boom resulting from supersonic aircraft can be described in the form of pressure-time

variations.

5.5 Huma

5.5.1

For many repetitive coordinated human activities, the dynamic action is distributed more or less’ uniformly

a major port
people moveg
coordinated
The actions

5.5.2 Pers¢

The dynami
correspondin
traverse the

NOTE Sy
natural freque

5.5.3 Single pulses

Single pulses
persons

persons

a single

The action cgn be.described in terms of force-time variations (or their Fourier transformation) or the impu

the event.

Repetitive coordinated activities over a fixed area

accidentfal or deliberate drapping of objects onto floors, or

h activity

on of the structure. The active participants do not change their position, or\the entire gro
s so as to maintain a more or less uniform loading. This includes gymnastic exercises, dar
umping, running of a group of people, spectator action in halls or stadidms, or similar acti
an be described by force-time histories or their spectral components;

bns traversing structures

N

C actions of one or more persons can be presented\as force-time histories or as
g frequency components. This action varies with time\and position as the person or pe
supporting structure.

ecial attention needs to be paid to avoid resonangg-effects in walkways with low horizontal and v
hcies. Some guidance is given in Annex A and AnnexC.

result from
jumping off objects,

jumping off steps on staircases or in floors,

coordinated;action, such as spectators jumping to their feet (for example at a sports event).

over
up of
cing,
jities.

their
'sons

prtical

se of

NOTE

5.6 Wind

The actions i

Some descriptions of dynamic actions from human activities are given in Annex A.

nduced in structures by wind are specified in ISO 4354.

5.7 Earthquakes

The actions i

nduced in structures by earthquakes are specified in ISO 3010.
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6 Evaluation of response

6.1 General remarks

The analysis of response requires a calculation model that incorporates the characteristics of the source and
of the transmission path and which is then solved for the vibration response at the receiver. The type and
complexity of the calculation model depends on the dynamic behaviour it must represent and by the accuracy
required in the prediction of the vibration response. The simplifying assumptions employed in establishing and
solving the calculation model shall be noted. The analysis may concern existing structures or may be a part of
the design of new structures.

Vibrations in existing building structures should be evaluated by measurements, whenever posgible, in order
to complete and to check eventual calculations.

Approximate methods for predicting vibrations may be employed where
a) the approximating assumptions correspond closely to known reality, or

b) the overall effect has been verified by field experience and/or more refined-ealculations.
6.2 | Methods of analysis

6.2.1| General remarks

Vibration problems can be classified in many ways, for example by amplitude, duration and frequ¢ncy content.
The gnalysis required is, in turn, dictated by the type of\vibration source and the transmission path. If the
dynapnic actions are random, it may be appropriate to use’random vibration theory.

Two broad classes of vibration problems can be identified:
— Class A: the actions of the vibration source change in time and space.

— Class B: the actions of the vibration”source change in time but either are, or can be consjdered to be,
gtationary in space.

NOTE Examples of Class Afajvehicle moving along a street, a person walking across a floor; examples of Class B:
vibratlons from a mounted piéce-of machinery, people jumping in unison on a floor; examples of empirical methods:
predigtion of blasting vibratiéns, prediction of traffic vibrations.

Empirical methods.are employed when the complete analytical solution of a problem may not|be practical.
Empirical methods{can be used when they have been derived from a large number of experimental or
theorgtical resdlts and where bounds of applicability have been established. When empirical jnethods and
criterJa are wused for problems other than those for which they were derived, the applicability to the new
situafion.needs to be verified.

The &xactcharacteristicsof thevibratiormsource, tranmsmissiom path—and-—Teceiver may ot atways be well
defined. This is particularly so when humans are both the vibration source and receivers, and when the very
presence of humans on the structure may change its dynamic properties, as is the case for crowd loading on
assembly structures. Similar uncertainties may exist in other problems involving vibrations. Therefore, some
form of reliability analysis may need to be carried out (ISO 2394).

6.2.2 Actions that vary with time and space

When the action varies both in time and space, vibration problems become very difficult to solve analytically.
For this reason, suitable simplifications are often sought in order to eliminate or uncouple the space variable.
The complexity of these problems is one reason why many of them have been treated by empirical methods,
or by extensive use of measurements on similar existing structures.
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6.2.3 Actions that vary with time

When the vibration source does not move in space, many analysis methods can be employed to solve
vibration problems. Common solution techniques involve the derivation of an equivalent single-degree-of-
freedom system or modal analysis for both continuous and discrete systems.

6.3 Evalu

6.3.1

For the deter

a) mathem

b) calculati

The mathem
(multi-degree

NOTE Sq

6.3.2 Dam

Damping is &

materials employed, construction details, and the presence of non=structural components, such as

coverings, cq
In general,
construction
should be ¢
components
employed fo
identified (e.
different way

NOTE Sy
limit states ng
vibrations; cra

6.3.3 Vibrdtions propagating.in’continuous media

Continuous
substantially
transmission

ation of vibration levels by calculation

General remarks

ination of the vibration levels at the receiver, in general, a two-step procedure is necessary:

btical modelling of the dynamic characteristics of the structure, foundation or component;
bn of the response at the receiver, taking account of the vibration source charactefistics.

atical model can either be based on continuous mass distribution or discrete) mass distril
-of-freedom system).

me examples of mathematical modelling and response calculations are given in"/Annex B.

bing for the serviceability limit state
n important property that governs the response at or neat\resonances. Damping depends g

ilings, mechanical equipment and partitions. Also, people will add to the overall level of dan
damping cannot be calculated or predicted reliably, and experience with similar typ
provides a likely source of appropriate damping data. Whenever possible, the damping
stablished by measurements. It should be-vhoted that damping in buildings and bu

calculating dynamic response at various amplitudes. A number of damping mechanisms ¢
5. Care shall be taken in designating)the damping mechanism and the limits associated with

ecific examples of damping valties can be found in Annex B. Values of damping for various servicg
bed to be chosen to reflect; ‘among other things, the level of response (e.g. earthquake versus
Cked versus uncracked state-fer concrete).

media (or céntinua) are those physical systems for which the wavelength of the acti
shorter jthan the physical dimensions of the medium. For such cases, when calcu
of vibration's one needs to employ principles of wave propagation theory.

When caIcuITting vibrations propagating in continua one needs to consider the following:

ution

n the
floor
ping.
bs  of
data
ilding

is often amplitude dependent, and this shall be taken into account when measured data is

N be

. viscous, frictional, hysteretic and.a‘combination thereof), and are modelled mathematically in

it.

ability
traffic

bn is
ating

a) coupling effects at the source;
b) material properties of transmitting medium:
1) mass (density),
2) degree of saturation,
3) stiffness,
4) damping;
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geometric spreading of transmitting medium:

1) various forms of layering,

2) discontinuities and shielding,

3) geometric attenuation with distance from the source;

d)

e) t

effects of interaction of the structure with soil or with a fluid;

ransmission to the receiver within the building.

Laye
seleg
and i
thesdq
empi

ted frequency ranges. For soils, the degree of compaction, saturation (e.g. location ©f,the
hternal friction of the materials affect the attenuation characteristics of vibration with-distanc

situations are too complicated to be treated quantitatively; consequently theyyare often
fical methods.

The {ransmission properties shall be determined analytically or experimentally as functions of fr
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calcu
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6.3.4

Many
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6.4

ency response functions, transfer functions) or as functions of time (i-e. impulse respons
tical methods shall be verified for their applicability to the giventsituation, and the res
bquently. Approximate or empirical formulations for the transmission function may be use
Cability to the given situation has been substantiated by appropriate theoretical or experime
dition to transmission properties of the ground, possible ¢hanges in physical characteris

ciated with vibrations of large amplitude or of long duration:

ure pulses and total impulse from underwater detonation of explosives along the line of
lated from charge/distance relationships. Rock-0r soil cover and air bubble curtains result
tions of peak pressure, but they lengthen the pulse. Reflections from solid boundaries a
ce, and diffraction around obstacles in.the line of sight between the source and rece
dered.

Vibrations of discrete media

structures can realistically be modelled mathematically by discrete masses, stiffnesses
ating devices. This periits the derivation of equivalent single-degree-of-freedom analdq
deration of normal mjodes of vibration, for which many solution methods are available
onent can be discretized will depend on the particular application, however. For example,
floor slab subjeéted to persons jumping on it may be carried out by the (discretized)
position of normal modes, whereas the same floor needs to be treated by a continuum apy
propagation‘techniques) when high-frequency effects, such as structure-borne soun
nse, are{o\be assessed.

Evaluation of vibration levels by measurement

!

ing and changes in geometry along the propagation path can lead to local amplification-or :Lttenuation in

water table)
b, In general,
assessed by

equency (i.e.
e functions).
ults checked
where their
tal methods.
ics, such as

fication, settlement, liquefaction and formation of slides;~heed to be considered. These fre generally

sight can be
n substantial
hd the water
ver shall be
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. Whether a
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6.4.1

General remarks

When the vibration levels in existing buildings are to be assessed by measurements, the measurement
procedures, instrumentation and evaluation of results shall be carried out according to the following
recommendations, and in accordance with ISO 8041.

6.4.2 Quantities to be measured

The vibration parameters measured and evaluated include displacements, velocity, acceleration and
sometimes strain, all in conjunction with frequencies. The choice of measured parameters depends on the
method of analysis used and the appropriate vibration criteria. Although each quantity of acceleration, velocity
or displacement can be derived from one another by integration or differentiation, it is generally preferable to
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measure the desired quantity directly or, alternatively, to integrate. Differentiation is usually not recommended
for other than harmonic signals because of possible numerical inaccuracies. Sufficient measurement time has
to be employed in order to achieve adequate statistical reliability.

6.4.3 Measuring apparatus and range of parameters

The measuring apparatus should be selected by consideration of the vibration parameter to be measured and
the expected range of the parameter.

NOTE 1 Commonly encountered ranges of measured quantities of building vibrations are the following:

— frequencr‘mm‘mmmﬂmmmmmmmm—m—WWay be
higher than 100 Hz;

— acceleratjons: 1073 m/s2 to 10 m/s?;

—  velocities} 10~° m/s to 10~1 m/s; for measurements involving micro-electronic, optical and similar'technologies (nano-
technology), lower limits may apply;

— displacements: 107 m to 1072 m.

NOTE 2  A|basic vibration measuring set can consist of measuring sensors, signal-conditioning circuitry, and a
recording or monitoring instrument.

NOTE 3  Fqr complex vibrations, either analogue or digital recording can be\employed; direct analysis instrumenfs can
also be used.

6.4.4 Arrangement of measurement points

6.4.4.1 Measurements of vibrations acting on buildihgs

The arranggment of measurement points and directions depends on the type of structure and op the
evaluation method to be used, and shall be specified in the testing programme.

The measurement locations and directions_should be chosen to be compatible with the geometry gf the
structure and the excitation source. This.Wwill usually result in the use of rectangular coordinates (x and y,
horizontal; z| vertical). However, an carrangement of sensors along cylindrical or other special coordinate
systems may be appropriate for speeialsituations.

For particulaf cases, the following should be observed.
a) When tHe vibration pafameters to be measured are used to determine horizontal actions on the exjisting

building| measuring,‘points should be located on or near the walls; in multi-storey buildings, meaguring
points a{ three er~more levels should be used.

b) When a

the building. More reliable results will be obtained if the measuring point is located at the bottom of an
excavation at the projected foundation level.

c) To evaluate the vibration severity using scales of dynamic effects, the measuring point should be placed
on the foundation or on a load-bearing wall at ground level on the side facing the source of vibrations.

6.4.4.2 Measurement of vibration effects on machinery and equipment in buildings
For measuring these vibration effects, one or more measuring points shall be located either on the machine

base plate or the supporting structure of equipment, at a location where the most intense vibrations are
expected to occur.

12 © IS0 2007 — All rights reserved


https://standardsiso.com/api/?name=75986e541a8ad3de237f0f644dc1bd4a

ISO 10137:2007(E)

6.4.4.3 Measurement of vibration effects on people in buildings
Measurement points shall be located in a place where people are likely to sense the vibrations. Vibrations

shall be measured in the directions which are likely to affect the people unfavourably. In cases of uncertainty,
vibrations in all three orthogonal directions shall be measured.

6.4.5 Vibration measurement analysis and results
Measurement conditions shall be specified in the testing programme.
For complex vibrations of long duration, the measured parameter shall be recorded on suitable analogue or

digitdl equipment and then analysed by appropriate methods. Limiting values of vibration measurements at
specified measurement points shall be compared with the applicable serviceability criteria.

6.4.6] Measurement report

A regort shall be prepared covering the following:

— purpose of measurement;

— fprmal basis of measurement (e.g. pertinent standard);

— description and location of vibration source;

— ipstruments used (type, number, calibration details, measuring ranges);

— 1nethod of attachment of transducers;

— necording details (record length, sampling rate)filter settings, amplification, etc.);
— building description including its technical-condition;

— arrangement of measuring points with pertinent distances and dimensions;

— associated conditions and events (atmospheric conditions, other disturbances, etc.);
— mames of members of the measurement team;

— sgummary of readings or results.

7 Vibration/criteria for the serviceability limit state

7.1 | General remarks

The vibration criteria shall correspond to the serviceability limit state that is specified for the receiver.

The designer shall decide on the serviceability criterion and its variability. The variability in the limit state is
usually contained in the criteria for the receiver. A certain probability that the serviceability criterion will be
exceeded has to be accepted. There are cases, however, when the serviceability criterion should not be
exceeded, especially when a result is not reversible (e.g. cracking, settlement); a lower probability of
exceedance should then be chosen. Guidance is given in ISO 2394. Another variability concerns the
determination of the natural frequency of the affected structure or component.
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The criteria pertaining to this International Standard address three categories of receivers:
a) human occupants;
b) building contents;

¢) building structures.

7.1.1 Criteria for human occupants

Criteria for human reaction to vibrations can be grouped into those pertaining to

— “sensitive” occupancies, such as hospital operating rooms,
— ‘“regular’| occupancies, such as offices and residential areas, and
— “active” pccupancies, such as assembly areas or places of heavy industrial work.

NOTE THe latter includes floors in arenas, gymnasia and stadiums subjected to activities*such as dancing, rupning,
jumping and cpordinated spectator movements.

7.1.2 Critefia for building contents

Criteria for cpntents of buildings shall include vibration levels that assure ‘satisfactory functioning of sensitive
instruments ¢r certain manufacturing processes that are located within.the building. Examples of such bujlding
contents are|micro-balances, electron microscopes, photographic ptojections of integrated circuits, grow|ng of
crystals, lasgr interferometry techniques, nano-technology, etc.

7.1.3 Critefia for building structures

Criteria for bpilding structures can correspond to aserviceability limit state which may include minor dapage
to structural Jor non-structural elements. This dees’not include overloading of the buildings or compohents
which may résult in excessive permanent deflection or collapse. The tolerable levels of vibration depefd on
the type of $tructure, age and importances(monumental or historic value, temporary shelter, etc.), state of
repair, type and duration of vibrations, and“loading history. Some examples of vibration criteria are gien in
Annex C.

NOTE THe serviceability limit state-for structures can include spalling of finishes (plaster, cladding), hairline or visible
cracking of reipforced concrete orother materials, or maximum acceptable dynamic displacement.

7.2 \Vibration criteria for human occupancies

7.2.1 Gendral remarks

For people, |the) acceptable vibrations depend on the environment in which the vibrations occur. $ome
acceptable vibration levels are given in Annexes C and D. These vibration criteria may have to be adjusted
further to suit particular circumstances.

NOTE Many factors influence the response of people to vibration in buildings. Direct effects include the frequencies,
magnitude, duration, variability, form, directions of the vibration and intervals between vibration events, or exposure of the
human subjects to the vibration. Indirect effects on the subjective response to an environment that includes vibrations are:
audible noise and infrasound, visual cues, population type, familiarity with vibration, structural appearance, confidence in a
building structure, height above ground, warning of events, activities engaged in, knowledge of the source of vibration, etc.
In the interpretation of measured data relative to human sensitivity, attention is drawn to the importance of appropriate
evaluation of peak factors and averaging times. See ISO 2631-1 and ISO 2631-2.
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The vibrations affecting human occupants may be divided into the following classes:

Class a: influences below human perception threshold;

Class b: basic threshold effects;

Class c: intrusion, alarm and fear (which may be associated with a range of adverse comments);

Class d: interference with activities;

Class e: possibility of injury or health risk.

In CI
come
sens

The
hand
encrq

bss a, the criterion is based on interference when working with sensitive instruments whe
to realize that vibratory motion is present, although it is not directly perceived by.any n
b, body function or component.

holds to reduce the risk of injury to personnel as a result of low-frequency mechanica
achment at higher frequencies into the “exposure limit” zones defined in (SO 2631-1 (see al

Probable human response to vibration in Classes b, ¢ and d is assessed ih.terms of the event cat
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neral, the criteria for the restriction of vibration magnitudes for ordinary buildings are b
hum adverse comments of the population involved. Adjustment factors to the base criter
bd depending on the event category.

Guidance on assessment of probable human response to vibration in buildings in the frequend
Hz is given in Annex C, and in the range 0,063 Hz to 1 Hz in ISO 6897. Guidance for human resg
bd motions in buildings is given i, Annex D. Various influences can combine to affect the subjectiV
n beings to vibration. These include, among others, the presence of noise and linear and rotat
bnents in several axes acting” simultaneously. Individual responses of affected persons can b4
edge of the occurrence of-events and by assurances of the safety of persons and property.

Requirementsfor walkways

ways shall bel designed so that vibration amplitudes from applicable vibration sources d
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Diffefent«serviceability criteria need to be used for walkways within buildings or connecting th
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over roads, railways or waterways.

e individuals
prmal human
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NOTE
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An example of vibration criteria for walkways is given in Annex C.
Vibration criteria for building contents

General remarks

The proper functioning and performance of many types of sensitive equipment or industrial process require a
low vibration level in the building that houses them. Because of a large variety of such equipment and
processes and their ever-changing technology, it is not possible to present any fixed levels of vibration
amplitudes that would ensure satisfactory operation of all such equipment or processes.
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Two main cases can be distinguished:

a) design and construction of a new facility that is to satisfy a certain vibration criterion;

b) evaluation for suitability of an existing building or the location for housing specific instruments or types of

process.

7.3.2 Vibration criteria for equipment and processes in buildings under design

The vibration criteria for satisfactory operation of equipment or a process should be provided by the
manufacturer. In the absence of such information, generic criteria (e.g. Gordon (1991)) or experience with

similar equif
ISO/TS 1081

NOTE Fd
suspended flo

ment or processes can be used, or a ftrial-and-error procedure followed. See TSQ
1-1 and ISO/TS 10811-2.

r sensitive equipment and processes, locations on slab-on-grade are, in general, preferable“to thg
brs. In either case, vibration isolation of parts of the structure or the particular equipment ¢an be neces

7.3.3 Evalyation of vibrations in existing buildings

For existing

buildings, the vibration magnitudes at the location of equipment or processes can be mea

(see ISO 8569) and compared with their applicable criteria. Where criteria are not available, experience

similar equip
7.4 Vibrat

7.41

Mment or processes can be used, or a trial-and-error procedure followed.

ion criteria for building structures

Gendral remarks

Aside from tihe human occupants and the contents of a building, the building structure itself has to with

the imposed
serviceabilityf
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short-term g
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consequence

vibrations. The vibration level for the structur& considered in this International Standard is g
in the form of visible cracking, spalling, minor settlement of foundations, or prescribed max
plitudes of machinery supports or of machinery foundations. Such effects rarely compromis
afety of the structure, but may lead to long-term deterioration (such as corrosion,
and frost effects, unsightliness,\ settlement or fatigue) with possible safety or ecor
S.

The vibratiops that a structure can sustain depend on the tensile, compressive or shear strength ¢
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from other ag
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aterial with due allowance for fatigue or permissible deformations corresponding g
limit state. As far as-possible, the effects from the vibrations shall be combined with the e
tions on the structure (loads, deformations, settlement, creep, etc.). Also, the general state

be taken into_account (see ISO 4866).

The general
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standardized
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brinciple outlined above is, in practice, either too lengthy or impossible to carry out because
nt data-or“suitable methodology. Consequently, empirical methods are frequently adopted
evaluation of vibration effects on buildings. The vibration levels shall be determined at criti
Iocatlons W|th due aIIowance for possible uncertalnt|es in the source and recelver characte
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serious, monitored V|brat|on tests (e.g. using small test blasts shakers etc. ) can be carrled out The results
can then be scaled to the specified criteria, taking account of appropriate amplitude and frequency scaling
laws.

The evaluation of vibration effects shall include not only those structural parts in the immediate vicinity of the
vibration source (e.g. foundations subjected to blasting), but also the main structural elements of the building
(e.g. roofing, columns, walls, etc.) even if these elements are relatively distant from the vibration source. In
this respect, the possibility of transmission of vibrations by air, by structural elements and through the soil
shall be considered. As far as possible, the parameters to be used for establishing the criteria for existing
structures should be based on measurements.

NOTE Examples of criteria are discussed in Annex C.

16 © IS0 2007 — All rights reserved


https://standardsiso.com/api/?name=75986e541a8ad3de237f0f644dc1bd4a

7.4.2

ISO 10137:2007(E)

Criteria for vibrations from impacts/impulses

These include vibrations from blasting, pile driving, soil compaction, demolition and other impacting
construction activities. Widely accepted empirical vibration criteria, corresponding to measurements at the
basement wall of a building, or in the adjacent soil, are employed in the form of peak displacements, velocities
or accelerations. These values can be increased (or decreased) when special theoretical and experimental
investigations are carried out to justify different levels. Such an investigation shall include consideration of
type of structure, materials of construction, frequency characteristics of the ground motion, reliability of the
determination of the response of particular portions of the structure, and consequences of exceeding the
prescribed criteria. Guidance is given in ISO 4866.
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[ Criteria for vibrations from other actions

tion levels from other actions (e.g. from traffic, machinery, wind and from those caused by
y the applicable serviceability limit state.

al care should be taken where the operating frequency of one of the dominant harmoni

people) shall
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of the lower natural frequency of a structure or an affected component. For'higher natural flequencies, a

wer range of frequencies to avoid may suffice.

Empirical criteria

tion criteria based on experience may be employed for cases 'where the scope and limits o
been demonstrated.

Application of vibration criteria to measured vibrations

The fneasured vibrations can be compared to the appropriate vibration criteria, provided the da

proce
ampl
8 \

Vibra
recei

ssed in a form compatible with the stated_criteria. For random-type vibrations, the third
tudes may be employed.

Vibration control

tion control includes the mpnitoring of vibration effects at the source, in the transmission p
er, in order to verify conformance with appropriate criteria.

When new vibration sourCes are introduced (e.g. construction blasting, conversion to exercise are

vibra
com

Vibra

ions are likely toexceed the appropriate criteria at the receiver, vibration control b
etent personnél.shall be provided to the receiver of the vibrations.

tion controlican include one or more of the following:

f applicability

a have been
toctave-band

ath, or at the

as, etc.) and
y authorized

— Teriodic measurements of vibration effects and parameters (see 6.4);

— selective checking of the intensity of events which produce vibrations (e.g. blasting);

— installation of automatic recorders at selected points in the structure to control increase of vibrations.

Where the serviceability limit states for the building structure or its contents are likely to be exceeded, an
examination of the pertinent buildings or components shall be undertaken before introducing the vibration
source. This will permit a comparative evaluation of the effects of the vibration source on the receiver.
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Control points for vibration monitoring shall be selected where

a) the vibra

tion effects can be expected to have their maximum values, and

b) the controlled effects may govern the behaviour of elements or the entire structure (this is particularly
applicable to construction blasting).

Vibration con

trol can be applied for existing buildings when they are subjected to a vibration source or for new

construction during the design stage if large uncertainties exist for predicting vibration levels. For the latter, a

remedial sch

eme of vibration isolation may be designed for future implementation, should adverse vibration

levels actually materialize in the finished building.

9 Vibrati

on mitigation

When the vipration levels in a building or structure are unsatisfactory for the intended or_current ugse or

occupancy, measures of vibration mitigation shall be employed.

The methodp of vibration mitigation are based on employing principles of dynamics for the purpope of

reducing the
the building 3

modification pf transmission path, etc.

The effects @

vibration effects at the receiver. This may involve methods of vibration insulation, modificatjon of
tructure, changes or restriction of use and occupancy, change in vibration source characteristics,

f mitigation measures should be verified by measurements.

18
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Annex A
(informative)

Dynamic actions

A.1 Actions from human motion

A.1.1 Repetitive coordinated activities

A.1.1.1 Dynamic forces

The gynamic force F(¢) produced by a person of weight, Q, carrying out repetitive,coordinated actjvities can be
represented as a function of time t by a sequence of pulses. Examples are shown in Figures A.1,]A.2 and A.3.

F(/Q &
5 »

1/7

Key

t time, s
F(t))Q normalized amplitude

1  measured
2 fifted half sine wave

Figure A.1 — Example of vertical force against stiff ground for one person jumping continuously
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Key

t time, b
F(t)/Q normalized amplitude

Figure A.2 — Example of vertical force against stiff ground for one walking-step by one person

F()/Q A
1,8
1,6
1,4
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0,4
0,2
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o~
“5’

~_-_-
—_—-——-—
T —

Key
t time, p
F(t))Q normalized amplitude

Figure’A.3 — Example of the force function for one person walking across a 3 m long
instrumented platform

The action can be expressed in the frequency domain as a Fourier series:

k
F,(t)= Q[1 + Y a,ysin(2mfi+4,,)| in the vertical direction (A.1)

n=1
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(A.2)

and
k
Fy(t)=0(1+ Zan,h sin(2/mft + ¢n’h) in the horizontal direction
n=1
where
@, is anumerical coefficient corresponding to the nth harmonic, vertical direction;
@, is anumerical coefficient corresponding to the nth harmonic, horizontal direction;
()] is the static load of the participating person;
¥ is the frequency component of repetitive loading; note that for assessing transver
vibrations, f'is one-half the activity rate for the case of walking or running.
p,v  is the phase angle of the nth harmonic, vertical direction;
%,h is the phase angle of the nth harmonic, horizontal direction;
1 is the integer designating harmonics of the fundamental;
/! is the number of harmonics that characterize the forcing function in the frequency rang

Depgnding on the complexity of the time history of the load,.the number of harmonics k& need

adeqpately the time history of the load will vary.

A.1.1.2 Numerical coefficient

e horizontal

e of interest.

ed to model

For some coordinated human activities, examples of values for the numerical coefficient|a, and the
corresponding frequency ranges of the dominant fundamental harmonic of the forcing function|are given in
Tablg A.1.
Table A.1 — Examples of design-parameters for coordinated activities at stationary Igcation
Common-range Crowd density Numerical coefficient
of forcing
Activity reql}ency, Common | Maximum " " "
value? | observed 1 2 3
Hz
Swaying (horizontaldoad) 0,5t01,5 one person 0,25 0,05 —
area$ with seats per seat
area$ withoutseats 0,5t01,5 6 persons
per m2

Vertical-actions for 1.5t03.0 one person 0.5 0.25 0,15
seated audience per seat
Coordinated jumping ® 1,5-3,5 1,25 m2 per | 6 persons [2,1-0,15(f) |1,9-0,17(2 /)| 1,25 - 0,11(3 f)
(including jump dancing person per m?2
and rhythmic exercises)
areas without seats
areas with seats 1,56-3,5 one person

per seat

a

b

Density of participants found in commonly encountered conditions. For special events, the density of participants can be greater
and, in any case, should be verified.

As a first approximation, the values of «,, @,, and «; can be taken as constant values of 1,7, 1,0 and 0,4, respectively.

© 1SO 2007 — All rights reserved
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A.1.1.3 Dynamic actions of groups of participants

The dynamic action produced by groups of participants depends primarily on the weight of the participants,
the maximum density of persons per unit floor area they occupy for which the activity can be carried out
successfully, and on the degree of coordination of the participants. Examples of design values for crowd
densities are presented in Table A.1.

In view of the fact that, in a group of people that is representative of the general population, some variability
exists in both the frequency f, the phase angle ¢,, and the numerical coefficient ¢, the dynamic response of
the structure will be reduced compared to a group with perfect coordination. This reduced response can be
accounted for in an approximate manner by applying a coordination factor C(V) to the forcing function:

F(t)y = A7) - C(N) (A.3)
where N is the number of participants.

The coordingtion effect will depend on the complexity of the motion. For simple activitieslike hand-clagping,
the coordingtion can be assumed to be unity; the more complex the activity becomes the smallgr the
coordination |will be. For complex activities, the coordination will strongly depend on_the individual rhythmic
abilities of the group members. In the following, three typical scenarios are given to.explain this dependerjcy:

— gymnasia: all individuals are well trained and are experienced to coordinate the motion in a group - high
coordingtion;

— crowds [viewing sports events: only some individuals are (well' trained, but most individualg are
experierfced to coordinate the motion in a group — medium coordination;

— crowds pttending a pop concert: only some individualsyiare well trained and most individuals arg not
experier]ced to coordinate the motion in a group — low ¢oordination.

Especially fgr complex activities, the effects of non-synchronized movements will be different for different
harmonics. Generally, the level of synchronisation:diminishes for higher harmonics. For the evaluatipn of
comfort for gon-participants, values for the cqordination are given in Table A.2 for group sizes equal|to or
larger than §0 persons. For groups smaller than” or equal to 5 persons, a coordination factor of 1 shodld be
used. For anlintermediate group size, linear\interpolation may be used.

Table A.2 4+~ Recommended coordination factor C(N) for evaluating the comfort of passive people for
group size-N > 50 for the activity “coordinated jumping”

Coordination 1st harmonic 2nd harmonic 3rd harmonic
high 0,80 0,67 0,50
medium 0,67 0,50 0,40
low 0,50 0,40 0,30
NOTE L These values of C(N) apply only to the serviceability limit state

For the evaluation of serviceability in regard to fear or panic, it is recommended to use for all harmonics the
coordination factor of the 1st harmonic. For all other activities (swaying, activities of a seated audience), a
coordination factor of 1 is recommended.

The phase angle for the vertical loads induced by rhythmic jumping can be assumed to be zero; for all other

activities, a conservative approach is to introduce a phase shift of 90° for the harmonic contributions below the
resonance frequency of the support structure.
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A.1.2 Walking or running

A.1.2.1 Dynamic forces

The forces produced by a person walking or running depend mainly on the physique of the person and on the
rate of walking or running, and to a lesser degree on the type of shoes and floor construction. An example of a
force/time variation in the vertical direction for a single step is given in Figure A.2 and for multiple steps in
Figure A.3, where the force Q represents the static weight of the person. The dynamic force F(¢) for the train of
successive steps can also be represented by a Fourier series given by Equations A.1 and A.2. Examples of
the coefficients «, ,, and ¢, |, for a continuous series of steps for various ranges of walking or running rates are
given in Table A. 3

The humerical coefficient for the horizontal direction, «, y,, in Table A.3 is a nominal value\to| be used for
structures that have a horizontal natural frequency in the range of 1/2 the first harmonic.of tHe walking or
running activity. This value of « . does not account for the feed-back phenomenon between the|user and the
strucfure as observed, for example at the Millennium Bridge in London, UK (Nakamura, 2003; Dallard et al.,
2001).

Table A.3 — Examples of design parameters for moving forces due to one persgn

Activity Harmonic Common range of | Numerical coefficient for | Numerical cqefficient for
number, forcing frequency, vertical direction, horizontal|direction,
n nf %y afn
Hz
Walkjng 1 1,2t02,4 0,37(—1,0) ot
241048 0,1
3 36t07,2 0,06
4a 4,810 9;6 0,06
52 6,0,t0\12,0 0,06
Runrjing 1 2to4 1,4 op
4t08 0,4
3 6to 12 0,1

@  These higher harmonics are rafely significant where human perception is of concern, but may be important forfmore sensitive
buildihg occupancies such as vibration-sensitive instrumentation.

If thelmovements of,a group of people are uncoordinated, the coordination factor can be represented by

C(N) =NIN (A.4)

A comsefvative approach for the phase angle is obtained by introducing a phase shift of 90° for the harmonic
contrTbutions below resonance.

A.1.3 Ascending and descending of staircases

A.1.3.1 Dynamic forces

The human-induced footfall loading on stairs during ascending and descending is significantly different in
magnitude and frequency content compared with the forces induced by walking on flat surfaces. The staircase
loads are generally much higher and it is normal to expect a fast descent of a stair to be made at around 3 to
4 footfalls per second, with rates of 4,5 footfalls per second also quite possible. This compares with normal
walking ranging from about 1,5 to 2,5 footfalls per second. Only the first two harmonics of dynamic loads
induced on stairs need to be taken into account and the proposed values and frequency ranges over which
they are assumed to be constant are given in Table A.4. Further details can be found in Bishop et al. (1995).
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Table A.4 — Examples of design parameters for forces due to one person ascending or descending

stairs
Activity Harmonic Common range of forcing Numerical Numerical coefficient
number, frequency, coefficient for for horizontal
vertical direction, direction,
n nf, a,, o, h
Hz
Ascending or 1 1,2t04,5 1,1 Not available
descending stairs 2 24109 0,22

A1

A1.41

The idealize
Examples of

.4 Humpan impacts

given in Table A.5.

Key

t
F()l

1
2

24

time, b

F()IQ A

Dynamic forces from human impacts

o

QO norm

Fax/© normalized

t4 pulse duration, s

Figure A.4 — Example of idealized force-time variation for a single impact by one person

lized amplitude

peak force

j force pulse as a result of one person jumping from different heights(is, shown in Figurg¢ A.4.
the ratio of peak forces F,,,, to the weight of a person Q and duration.£yfor different heights

h are
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for jumping by one person from various heights 7
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h (m) 0,20 0,40 0,60 0,80
Fro! O 8 10 12 14
14 (S) 0,05 0,04 0,03 0,02
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Annex B
(informative)
Examples of vibration analysis
lling of structure or component

Arriving at t
chosen with
and the anal
supports of t
in Table B.1.

Some examy

a) Closed-
geometr
space).

b) Lumped
the phys
storey 0O
lumped
adequat
formulat

c) Finite element and boundary element model.\The continuum is represented by discrete eler
ize and dynamic properties are detefmiined by the nature of the problem to be solved. Modal

whose s
analysis

d) Simplified dynamic model. Each mode of the vibrating structure with distributed mass c3

represet
identical

e) Frequer

ne appropriate choice of dynamic model requires skill and judgement. The model shou
Hue regard to the complexity of the structure and the excitation, the degree of accuracy.req
sis facilities available. The force applied to the structure may also depend on the respoense
he vibration source. Examples of solution techniques, depending on the type of action, are

les of specific mathematical modelling techniques are as follows.

form solutions of continuum mechanics. These are generally suitable for simple and re
¢ and material properties (e.g. uniform cantilever, simply suppofted beam, rods, elastic
Normal modes of vibration and wave propagation methods are uséd.

parameter model. These are discretisations of mass and“elastic properties that closely 1
ical system in modelling its physical properties (e.g. masses and stiffnesses lumped at
f a multi-storey building). Continuous structures and feunhdation media can also be modell
parameters, provided a sufficient number of discrete elements are chosen to repr
bly the actual physical systems. Normal modes_ef vibration can be obtained from an eigen
on.

and step-by-step integration or wave propagation procedures can be used.

ted by an equivalent single-degree-of-freedom model having identical natural frequency
deflection when subjected to’the same dynamic loading.

Table B.1 — Some methods for solving vibration problems

d be
lired,
Df the
given

gular
half-

ollow
each
bd by
bsent
value

nents

n be
and

cy response functions. These can be derived from the stiffness and mass properties ¢f the
structure.

Class Action Example of mathematical method
(see 6.2)

Class A Ferce or displacement is a function of time]Dynamic model of continuum in 1, 2 or 3 dimenkions
and space (wave propagation, continuum dynamics)

Class B Force or displacement is a function of time
1) Dynamic force functions Frequency response functions, impulse response function
2) Dynamic displacement functions Transfer function, frequency amplification function
3) Amplitude or power spectrum of the source | Amplification function or square of amplification function
4) Source vibration level (r.m.s., peak) Amplification factors
5) Energy imparted at the source Propagation or attenuation laws in medium

NO;I'E Empirical source descriptions can take the form of simplified mathematical models, such as single-degree-of-freedom

systems.
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B.2 Determination of structural response by calculation

A number of methods for calculating the structural response are available. These include the following

methods.

a) Closed-form solution of the equations of motion.

b) Step-by-step integration procedure for an oscillator subjected to a specific excitation. This can be
performed in the time domain by the convolution integral (Duhamel integral) or numerical integration
procedures, or in the frequency domain by Fourier or Laplace transform techniques.

c) BSpoNse spectrum or sSho DECtrUIT sthod; give & peak response for ar oscillator of
given frequency (or period) of vibration and damping when subjected to a given disturbange. For multi-

ode response, an appropriate method of adding the individual modal responses has-to be dhosen.

d) Random vibration methods. These give the response of an oscillator to a disturbance hving certain
gtatistical properties. Both stationary and non-stationary procedures are avaitable. Transfer functions or
dynamic admittance properties of the structure are generally required.

e) pulse response calculation. This gives the response of an oscillator whose natural pgriod is large
¢ompared to the duration of the pulse. Peak initial velocity can be determined by this method

f) Empirical procedures. These can provide satisfactory restlts for some classes of problems. Such
procedures are derived either from experimental data “or from approximations to the pertinent

athematical models. They can incorporate aspects of the.actions and the criteria, but are often limited in
their scope of applicability.

B.3 |Vibration analysis of specific structures or elements

B.3.1 Entire building structure

B.3.1.1 Amplification of vibrations throughout a building

Whefe vibrations are determinedyat the basement wall or at the foundations, the amplificatioTs inside the

building to the location of the fec€iver need to be considered. Where detailed prediction of vibrafion effects is

justified, the vibration levels™may be calculated by step-by-step numerical methods, by resporjse spectrum

tech

Fors

func

vibra

Since
in ch

dam

rliques or determined-by measurements.

feady-state vibfations, the amplifications from the source to receiver are given by the freque
on. The freg@iency response function can be obtained by analysis or by experiment.
ions, thedime variation of the vibrations can be found by numerical integration.

t

dafnping is an important parameter in the dynamic response of structures, care needs to

Cy response
For transient

be exercised
e. Values of

posing values that are appropriate to the type of structure and the amplitude of respons

Mg shoutdbe based oM measurements, Wherever possibie. - Some suggested damping T

ios used for

the calculation of response to wind, for example, are 0,01 for steel-frame buildings and 0,02 for concrete-
frame buildings. Other bare structures may require lower values. See also ISO 4354.

B.3.

B.3.21

2 Building components

Foundations

The dynamic behaviour of foundation elements or entire structures resting on soil, and the interaction between
the structure and the soil, need to be considered in the evaluation of vibration problems that involve the
ground as a transmission medium.
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B.3.2.2 Beams and floors

The response of a building component to persons walking or running depends on the structural characteristics
and on the force produced by the person or persons. Perceptible and annoying floor vibrations have been
observed mainly in floors with intermediate span lengths, i.e. from about 3 m to 20 m. For shorter spans, the
damping and stiffness characteristics generally preclude vibrations at noticeable magnitudes, and for longer
spans the total mass becomes large so that the floor response becomes small. Nevertheless, annoying
vibrations can still be generated when resonance occurs between the steps and the floor modes. Vibrations
can also be transmitted to adjacent floors or storeys, depending on the excitation intensity and the dynamic
properties of the structure. Examples of dynamic actions produced by people are given in Annex A. Methods
of analysis for design and assessment of floors are given in Allen et al. (1999), Murray et al. (1997), Wyatt

(1989), and Ehissen{1988)-

B.3.2.21 |

For the pred
and damping

For purposes
floors comm

a) low-freqpiency floors with a fundamental natural frequency f; less than approximately 8 to 10 Hz , andg
b) high-frequency floors with f, greater than approximately 8 to 10 Hz:
B.3.2.2.2 Floor response due to walking and running

Floor vibratig
properties of
considered i
movements

contributions
C(N) can be
should be co
excitation to

For uncoord
outlined in A

B.3.2.2.3 [
A number of
beat, can ex
at midspan d

Dynamic properties of floors

ction of vibrations of beams and floors, the modes of vibration and the associated freque
values are required. Examples of damping values for some floors are given in~Jable B.2.

of calculating the dynamic response and for assessment against applicable serviceability ¢
bnly encountered in buildings can be categorized as

ns from walking or running can be calculated frem the force variation and geometric and dyn
the floor by the convolution or Duhamel integral The action of more than one person needs
coordinated walking, running or marching to music or a regular beat, or other synchro
will occur. For well-coordinated groups, the total vibration effect is the sum of the indi
this will yield an upper limit to the predicted vibration levels. For larger groups, a reduction
bpplied as presented in Annex A. Eor persons traversing a floor, the limited duration of exci
hsidered in evaluating the response. An upper bound solution can be obtained by considerirn
be continuous.

nex A with the aid of.the coordination factor C(N) given by Equation A.3.

Fvaluation of floor vibrations from coordinated activities

personsdwvalking, running or jumping in a coordinated manner, often accompanied by a m
cite a_floor to substantial vibration levels. For uniformly distributed loading, the acceleration
f asbeam-like structure can be determined from methods presented by Murray et al. (1997

ncies

iteria,

amic
to be
hized
idual
actor
ation
g the

nated walking or runping~by a group of people, the forces on the floor can be estimat¢d as

sical

%max
and

Wyatt (1989).

Examples of

values of design parameters for various activities are given in Table A.1.

The addition of the contributions from the various harmonics of the excitation force should be considered in
arriving at the total vibration amplitudes.
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Table B.2 — Examples of damping values for the fundamental mode of floors in buildings

For a
prese

Range of spans Damping ratio &
. . o i
Type of floor for dampmg ratios %, of critical
given ) L
m Typical Extreme Values for preliminary
range range design of bare floors

Steel joist/concrete slab simply supported 9to 15 0,8t0 3,0 0,6to7,4 1,3
Steel joist/concrete slab, continuous slab 4t08 1,0t0 5,0 0,810 8,6 1,5
construction across walls
Fullyeempeosite-steet-beams-with-shear 6-to20 4-5te-5;0 0;:5+t0-8;0 1,8
conngctors to concrete slab
Presfressed concrete, precast 2t0 15 0,810 3,0 0,5t06,5 1,3
Reinforced concrete, monolithic 5t0 15 1,0t0 3,0 0,6105,0 1,5
Woodfl joist floors 2t09 1,5t04,0 1,0 to 5,5 2,0
NOTH Damping ratios depend on the type of construction, material, presence of non-structural elements, jage, quality of
constfuction, and amplitude and frequency of vibration. For concrete structures, the presence-or.absence of cracks is plso significant.

hy form of construction, the type of joint and the type of bearing employed play an‘important role in damping.
hce of some floor and ceiling finishes and partitions can increase the damping considéerably.

For floors, the

When the critical point of vibration perception is not at the centre of a simply supported span of yiniform mass

and 9

q

4

— [B(/L)2 — 4(xIL)3 + (x/L)*)/3, for cantilevers, or

(

wher
p
1
Spec
thoss

least
or the

B.3.2

tiffness, as is assumed in the above calculation, then the.limiting acceleration a,,,,, can be n

in(nx/L), for simply supported structures,

,5[1 — cos(2nx/L)], for fixed-end structures;

w

is the distance of vibratien-perception from support;

is the span length.

having multi-span structural configurations. It is recommended that a full modal approach b
that approximate account be taken of the various flexibilities, as for example with a Rayleigh
Southwetll-Dunkerley approximation.

.2.4_YFloor response to single pulses

ultiplied by

al attention needs to be paid to the prediction of vibration amplitudes for floors on flexible slipports or for

e taken or at
-Ritz method

Forc

ases where pulse loading needs 1o be considered, the response ot a Tloor system 10 a single

be calculated by

a) t
b) t
c)
d)
©180

he Duhamel integral,

he Fourier transform,

impulse response approximation, or

other numerical methods.
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B.3.2.2.5 Approximate procedures for pulses

Approximate procedures for calculating the response to human impacts consist of applying to the equivalent
modal mass of the floor an impulse equal to the area under the force/time curve for the impact under
consideration. This is reasonably accurate for floors with frequencies above 1/(2¢4), where 14 = pulse duration.
Otherwise, a correction for the response of the floor system to pulses of various durations has to be applied.

Force/time variations for objects hitting a floor are not generally available. Approximate impact theories or,
preferably, experimentally measured values should be employed for such predictions of vibration response of

floors.

B.3.2.3 Wdlkways
Walkways, dr bridges used mainly or entirely for pedestrian traffic, are subjected to excitation-forces| from
persons walking, running or jumping, and also to the actions from wind and ground vibrations. AltHough
walkways offn can be considered analogous to a beam, the possibility of torsional vibrations‘also needs|to be
considered, ¢ither coupled or uncoupled from horizontal or vertical deflection components.
The vibratior] amplitudes resulting from one person or a few persons acting in unison.may be calculated from
principles of structural dynamics using the applicable actions. See Annex A for examples of forcing functions.
For a simply|supported beam structure, the acceleration produced may be calculated by the method outlined
in B.3.2.2.3| For multi-span construction with continuity, appropriate changes in the stiffness angl the
equivalent mpdal mass are required.
For walkways with horizontal natural frequencies less than approximately 1,3 Hz, the effect of horizontal
vibrations induced by walkers or runners needs to be considered. See, for example, Nakamura (2003). In the
absence of more precise data, the values of damping for verticalwibrations given in Table B.3 can be used.

able B.3 — Examples of values of dampingfor vertical vibrations of walkways

Type of superstructure Damping ratio &
% of critical

Steel with asphalt or epoxy surfacing 0,5

Composite steel/concrete 0,6

Prestressed and reinforced.concrete 0,8
B.3.3 Propagation of vibrations in the ground
B.3.3.1 General remarks
The propagation“of vibrations in the ground is a complex phenomenon, and from a practical viewpoint| only
few cases cqn-be solved by analytical treatment alone. Thus, empirical procedures are generally emplpyed,

usually in combination with analysis and measurement procedures.

In general, the vibrations with amplitude « emanating from a source having reference amplitude a, can be
described by the product of a geometric attenuation term C and a material damping term D:

a=ayCD (B.1)
The function C depends on the type of wave (shear waves, compressional waves, surface waves, etc.) and on

the geometry of the source (point source, line source). The material damping term D may assume various
forms of frequency and amplitude dependence.
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A class of propagation problems in a homogeneous half-space where the source can be considered stationary
in space and the material properties are frequency- and amplitude-independent has the following
characteristics:

C=(rr) (B.2)
D =exp [~ 2rn&(r — ry)/A] (B.3)
where

is the material damping ratio of the propagating medium;

7 is the distance from the source;
. is the wavelength of vibrations;

, is the reference distance from the source.

For a point source of vertical forces at the surface of an elastic half-space:
i = 0,5 for Rayleigh waves;

1 = 2 for body waves (compressional and shear) along the surface;

i = 1 for body waves away from the vicinity of the surface:

For alline source of vertical forces at the surface of an elastic half-space:

1 = 0 for Rayleigh waves;

i = 1,5 for body waves (compressionaland shear) along the surface.
In practice, however, a homogeneous half-space with respect to wave propagation almost nevef exists, even
in th¢ absence of layering or a groundwater table. Possible exceptions may be certain rock formations or
highly overconsolidated cohesive ‘soils. Therefore, the above equations should be considered gs averaging

relatipns. Locally, however, considerable deviations may occur.

The mhaterial damping ratic decreases with decreasing amplitudes of vibration, is usually frequeng¢y dependent,
and has to be determined experimentally.

B.3.3.2 Vibrations induced by vehicular traffic

Because ofithe many complexities in source and transmission, traffic-induced vibrations are usuglly treated by
empifical'methods. Such procedures generally incorporate the action as part of the vibration prediction model;
thesd procedures have been developed in a number of countries. Since they were derived from experience,
they tend to reflect the predominant conditions in that particular location, among them the traffic conditions,
construction methods, soil conditions, etc. Thus, the methods may not be universally applicable.

B.3.3.3 Vibrations induced by trains

In principle, vibrations generated by trains can be ftreated by methods of transfer function and
amplitude/distance relationships. In practice, however, this is not generally realizable and is still in the
development stage. Consequently, empirical procedures are employed, together with measurement
programmes for calibration of empirical constants.
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B.3.3.4 Vibrations from machine foundations

Machine foundations constitute part of the transmission path from the source (the operating machine) to the
receiver. The foundations of the machine need to be designed to provide a vibration level which complies with
the requirements for industrial environments, and the foundations of the building which houses the machinery
should sufficiently isolate the source from adjoining domestic dwellings to satisfy the applicable vibration
criteria (e.g. those presented in Annex C). For vibration sources outside a building that affect occupants or
machinery inside, likewise, applicable vibration criteria should be used to take account of the exposure of the
occupants to the vibration regime. Elastomeric mountings can be used to isolate the source of the vibration;
see Annex E.

B.3.3.5 Vilyrations induced In the ground by construction activity

Construction|activity can give rise to ground vibrations that are transmitted through the foundation'to all|parts
of the buildihg. The determination of vibration levels is frequently carried out by referenge 10 preyvious
experience, pmpirical methods, and measurements of vibration levels before and during ‘the constryction
activity. Among construction activity that can give rise to building vibrations are blasting, pile diiving,
excavation machinery and operation of machinery near the building. Examples of methods of assessing
vibrations frgm construction activity are presented in Dowding (1996).

B.3.3.6 Transmission of vibrations from the ground to the building

The vibrations arriving at the building foundation are transmitted to the points of interest within the building,
either amplified or attenuated. Because of the complexity of the process, ‘empirical prediction procedureg and
vibration moritoring are frequently employed.
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Annex C
(informative)

Examples of vibration criteria
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Buildings
1 General remarks

hcceptable vibration levels for human occupancies vary with the individual, the person's
ation, the surroundings or “atmosphere” and the person's expectation of felt vibrations; theyj

activity and
undoubtedly

have a cultural component. For participants in a social event, for example;-larger vibration afnplitudes are

rally tolerated than for people attending a business meeting.

.2 Acceleration criteria

ion levels vary with the frequency of the motion, hence”it is necessary to filter the acce
priate filters or frequency weighting parameters are.given in 1ISO 2631-1 for situations whe|
ion direction is specified or ISO 2631-2 if the critical direction is unknown. ISO 2631-1 al
Suitable values of r.m.s. acceleration can be determined from the filtered acceleration. ISO

pread for that standard. Although ISO 2631-2:1989, Evaluation of human exposure td
jion — Part 2: Continuous and shock-indiiced vibrations in buildings (1 to 80 Hz) has bee
ns of it are still relevant as criteria.for building vibrations and they are reproduced here
nted in Figures C.1, C.2 and C.3.

ia for wind-induced vibrations’in buildings are presented in Annex D.

.3 Vibration Dose Values (VDV)

ratio of the peak value to the r.m.s. value of the filtered acceleration (taken for the full perio
sure which itis desired to assess) is greater than 6, the r.m.s. acceptance criteria may not b

The derived VDV values can then be compared with the acceptance criteria presented
1ISO,2631-1 or ISO 8041 for definitions of r.m.s. and VDV, and ISO 2631-2:1989, Ann
tion of rrm.q.
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Table C.1 — Multiplying factors used in several countries to specify satisfactory magnitudes

of building vibration with respect to human response

there is due ag
d
cultural factors
€ The “trads

and for more f
column 4. This

linvolves further multiplying-by the factor

eement and warning.

psychological attitudes and expected degree of intrusion.

off” between number of events.per day, their magnitudes and durations is not well established. In the case of bl3
han three events per day,.the following provisional relationship can be used to modify the factors for residen

0.5T7d

e number.of'€vents in a 16 h day;

e duration of the impulse and decay signal for an event, in seconds;

Multiplying factors to base curve (Figures C.1, C.2 and C.3)@
Place Time Continuous vibration and | Impulsive vibration excitation with
intermittent vibration b several occurrences per day
Critical working areas (e.g. some Day 1 1
hospital operating-theatres, some -
pra’ operating- Night 1 1
precision laboratories, etc.)
Residential (e.g. flats, homes, Day 2to4d 30to904ef
hospitals
pitals) Night 14 14 to0 20

Quiet office, gpen plan Day 2 60 to 1289

Night 2 60 to 128
General officg (e.g. schools, offices) |Day 4 60,t0. 1289

Night 4 60 to 128
Workshops " Day 8 90 to 1289

Night 8 90 to 128
NOTE 1 For evaluating the effects of a vibration signal containing two or more discrete-frequency components, the root-mearf-quad
(r.m.qg.) method can be employed (see ISO 2631-2:1989, Annex B).
NOTE 2 This Table has been adapted from ISO 2631-2:1989, Annex A.
@  These facfors lead to magnitudes of vibration below which the probability. of ‘adverse comments is low (any acoustic noise chused
by structural vilpration is not considered).
b Doubling the suggested vibration magnitudes can result in adverse comments and this can increase significantly if the magn|tudes
are quadrupled (where available, dose/response curves may be consulted). “Continuous vibrations” are those with a duration off more
than 30 min pef 24 h; “intermittent vibrations” are those of more than\10 events per 24 h.
¢ Magnitud$ of impulsive shock in hospital operating-theatfes and critical working places pertain to periods of time when operptions
are in progress|or critical work is being performed. At othef times, magnitudes as high as those for residences are satisfactory prqvided

Within resjdential areas, people exhibit wide Variations of vibration tolerance. Specific values are dependent upon socidl and

sting,
es in

e duration of an event can be estimated from the 10 % (- 20 dB) points of the motion/time histories);

F=1,7N
where
N isth
T is th
(Th
d

For short-durati

This “trade off”
f

areas.

9

h

is zero for T'less than 1 s.

on stimuli, there is evidence that for human response for wooden floors d = 0,32, and for concrete floors d = 1,22.

equation does not apply when values lower than those given by the factors for continuous vibration result.

In hard-rock excavation, where underground disturbances cause higher frequency vibration, a factor of up to 128 has been found to
be satisfactory for residential properties in some countries. Factors lower than 60 would only apply to fragile structures or sensitive

The magnitudes for impulsive shock excitation in offices and workshop areas should not be increased without considering the
possibility of significant disruption of working activity.

Vibration acting on operators of certain processes such as drop forges or crushers, which vibrate working places, may be in a
separate category from the workshop areas considered in Table C.1. The vibration magnitudes specified in 1ISO 2631-1 would then
apply to the operators of the exciting processes.
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Although Vibration Dose Values (VDV) are not yet widely used, they have been employed in some countries
when peak values to the r.m.s. value of the filtered acceleration exceeds 6. Recommended levels for VDVs
are given in Table C.2.

Table C.2 — Vibration Dose Values (m/s?-75) above which various degrees of adverse comments may
be expected in residential buildings

Place Low probability of Adverse comments Adverse comments
adverse comments possible probable

Residential buildings

16 h day U,Z100,4 U,4100,0 U,010 1,0

Residential buildings
8 h night 0,13 0,26 0,51

For VDVs, the multiplying factors for continuous r.m.s. vibration in Table C.1 are also appropriaje. Examples
of usage of VDV for floor vibrations are given by Ellis (2003).

C.1.2 Walkways

The g@lesign situations should be selected depending on the pede€sttian traffic to be admitted on|the walkway
during its design working life. It is recommended to consider thefollowing scenarios.

— One person walking across the walkway and another(the receiver) standing at mid-span.

— An average pedestrian flow based on a dailysoccurrence rate, e.g. a group size of 8 fo 15 people,
depending on the length and the width of the walkway.

— The presence of streams of pedestrians.(significantly more than 15 persons).
— (ccasional festive or choreographic.events (when relevant).

In the absence of more definitive'data, the level of vibrations in the vertical direction (z-axis) for walkways over
roads or waterways should nof exceed those obtained by a multiplying factor of 60 to the relevant base curve
(Figure C.1) except where pne-or more persons standing still on the walkway have to be accounted for (such
as the first scenario), inCwhich case a multiplying factor of 30 should be applicable. Horizonfal vibrations
induded by pedestriandraffic or wind should not exceed 60 times the base curve for the horizonta| direction (x-
and y- axis), see Figure C.2. For a review of serviceability of walkways, see Zivanovic et al. (2005).

For the calculatiogh of r.m.s. values of the acceleration, an averaging time of 1 s is recommended.

C.2 |Building structure

C.2.1 General remarks

The basic serviceability limit state for cracking and spalling of structural components is that of exceeding the
tensile, compressive or shear strength of a brittle material. This arises from induced dynamic deflections or the
dynamic strains from wave propagation phenomena. In existing structures, the dynamic strain is difficult or
impossible to determine directly and therefore indirect measures need to be employed. The most common
indirect method of assessing dynamic loading is the measurement of particle velocity and, less commonly, of
acceleration or displacement. A correlation with observed damage then provides the necessary link between
the limit state and the criterion employed.
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