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Foreword

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-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization

The prdcedures used to develop this document and those intended for its further maintenance ar
describg¢d in the ISO/IEC Directives, Part 1. In particular the different approval criteria neededfor th
differenft types of ISO documents should be noted. This document was drafted in accordancewith th
editoriall rules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

W W

-

Attentidn is drawn to the possibility that some of the elements of this document may be the subject d
patent rjights. ISO shall not be held responsible for identifying any or all such patent rights. Details @
any patént rights identified during the development of the document will be in thejintroduction and/ofr
on the I$0 list of patent declarations received (see www.iso.org/patents).

-

Any tragle name used in this document is information given for the convenience of users and does nqgt
constityte an endorsement.

For an pxplanation on the voluntary nature of standards, the<neaning of ISO specific terms an
expressjons related to conformity assessment, as well as inforfation about ISO's adherence to th
World Trade Organization (WTO) principles in the Technical Barriers to Trade (TBT) see the followin
URL: wivw.iso.org/iso/foreword.html.

Uy D =

L

This dofument was prepared by Technical Committee~ISO/TC 108, Mechanical vibration, shock an
conditiop monitoring, Subcommittee SC 2, Measurement and evaluation of mechanical vibration and shoc
as appli¢d to machines, vehicles and structures.

R

Alist ofjall parts in the ISO 14837 series can:be found on the ISO website.
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Mechanical vibration — Ground-borne noise and vibra
arising from rail systems —

Part 31:
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human exposure in buildings

1 Scope

This document gives guidelines to encourage reporting of field measuremerits-of ground-bor
dnd vibration in a metric that allows international comparison and future ‘development of e
thodels. It also sets out the basic minimum requirements and good practiceivhen taking measu
fpr the evaluation of human exposure in residential buildings to ensure\they are reliable. While
dtandards or requirements based upon project-specific purposes“would normally take
this guidance can be used where there are no particular requitements or to provide supplel
duidance. Thereby, this document provides a means of improving general quality and reportin
theasurements in a preferred format.

There are a number of reasons for carrying out field ‘measurements of ground-borne nd
yibration arising from rail operations, from complaintinvestigations to validation of prediction
diagnostics and research as detailed in ISO 14837122005, 7.2. In the present document, two
dgvaluation are considered.

— Scope 1 corresponds to basic measurentents of floor vibration and noise in rooms in buil
evaluate the human exposure to greund-borne vibration and ground-borne noise. Requi
are presented under two levels of aceuracy:

a) basic measurements with minimum accuracy;

b) measurements with teduced uncertainty, also more reproducible and more approp
prediction.

(

the room of interest-and is therefore best expressed by both an acoustic and a vibrational qua
ifdentification as.gfound-borne noise (as opposed to airborne noise, potentially also present)
dimultaneousynoise and vibration measurements. Nevertheless, there are also cases of V|
f]

C

1

an also-arise from vibration, which can be from building components or furniture. This docum
ot set.out to characterize this phenomenon, but to note its presence when it occurs.

he noise
mpirical
r'ements
hational
priority,
mentary
y of field

ise and
models,
evels of

dings to
Ffements

fiate for

iround-borne noise i§ hoise generated by vibrating building elements (e.g. floors, walls and ceilings) in

htity. Its
fequires
ery low

requency vibration (below 10 Hz to 16 Hz) where only vibration measurements are relevanf. Rattle

bnt does

Ve acCess

NOTE In some cases, Scope 1 can relate to measurements on the ground outside a building (to resol

issues or to comply with national regulations), although measurements at the building are generally preferred.

— Scope 2 corresponds to measurements extended to evaluate the vibration immission to buildings,
which includes vibration measurements at or near the building foundations and vibration
measurements on ground next to the building so that the building coupling loss and building

transmissibility can be estimated.

Vibration measurements near the tracks (on ground surface or in tunnels) for a proper characterization

of the source are outside the scope of this document.

Certain requirements are specified in the interest of achieving a consistent minimum data set
investigation, allowing data comparison between sites.

© IS0 2017 - All rights reserved

for each


https://standardsiso.com/api/?name=a0b78aa346fec103c996ba032bbdf178

ISO/TS 14837-31:2017(E)

2 Normative references

The following documents are referred to in the text in such a way that some or all of their content
constitutes requirements of this document. For dated references, only the edition cited applies. For
undated references, the latest edition of the referenced document (including any amendments) applies.

ISO 1996-2:2017, Acoustics — Description, measurement and assessment of environmental noise — Part 2:
Determination of sound pressure levels

ISO 14837-1:2005, Mechanical vibration — Ground-borne noise and vibration arising from rail systems —
Part 1: General guidance

3 Termms and definitions

For the purposes of this document, the terms and definitions given in ISO 14837-1 and the following apply

<

ISO and|I[EC maintain terminological databases for use in standardization at the following addresses:

— IEC|Electropedia: available at http://www.electropedia.org/

— ISO[Online browsing platform: available at https://www.iso.org/obp

31
building coupling loss

frequenfy-dependent vibration level difference (typically in theyvertical axis and sometimes also i
the horizontal plane), in decibels, between the ground surface\(free field) and the building foundatio
(which ¢an be a measurement at or near this foundation), which'is influenced by the building as a whol

L =]

Note 1 tp entry: Care is required to interpret this quantity{which can be approximated in situations wher
measurements of the ground are performed close to the building such that it is not an ideal free field (see 4.5 an
Annex B].

= 0

3.2
building transmissibility

frequenfy-dependent vibration level difference, in decibels, between the building foundation and th
building floors

1%

Note 1 td entry: The building transmissibility can be applicable to both the vertical and the horizontal direction.
It can be|based on either metric, velocity, acceleration, etc. (see Annex B).

3.3
room corner
3D ceilipg corner (3D<g) or 3D floor corner (3D fc), which refers to noise measurements in a cornej
with a vertex formeddfrom three surfaces (two walls and a ceiling, or two walls and a floor), with eight
such 3D|corners ind rectangular room

Note 1 td entr{A measurement in accordance with this document is usually equidistant from all the surfaces.

Note 2 td eqtry: A 2D corner is formed from two surfaces, typically two walls of a room (2D ww). In practice, a 2P
corner measurement is at a given height from a floor (usually 1,2 m to 1,5 m), whereas the distance from the wall
is usually 1 m, but not less than 0,5 m and needs to be measured and stated. A 2D corner could also arise from a
floor and a wall (2D fw), or wall and a ceiling (2D wc), but is not used in this document.

3.4

category of rail events

set of rail events corresponding to the same train types passing at a typical speed, within which
mean values (and standard deviations) of the exposure descriptors measured for each pass-by can be
estimated and used to characterize the category considered

EXAMPLE Train types can be freight, local commuter, intercity, high speed.

2 © IS0 2017 - All rights reserved
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4 Requirements for field measurements in buildings

4.1 General

This clause specifies requirements for taking measurements in residential buildings at two levels of

detail as shown in Table 1.

Table 1 — Scope details

bcope 1 Evaluation of human exposure to vibration and ground-borne noise

Scope 2 Vibration immission to building

Requirements are presented in Tables 2 to 9 consisting of three columns.

+ For Scope 1, minimum requirements are given in the left column and requirements for reduced
uncertainty (see ISO/IEC Guide 98-1 or Reference [40]) given in the middle‘¢glumn.
+ For Scope 2, requirements are given in the right column.
(omplementary guidance and explanation are given in footnotes (which.clarify and can include|specific
requirements) and notes (which only clarify but do not include spe¢ific requirements).
4.2 Instrumentation
Requirements on instrumentation for taking measurements to address Scope 1 and Scope 2 afe given
in Table 2.
Table 2 — Requirements on instrumentation
Scope 1 Scope 2
Evaluation of human exposure Immission to building
Minimum requirements Reduced uncertainty
— Ground-borne noise shall be measured when |— Both vibration and noise |— Equipmentused in
relevant, using a microphone (see.Note 1). shall be measured (see Note 4).|Scope 1 can also b¢ used in
— The noise meter for audible:ground-borne — Vibration transducers, Scope 2.
hoise typically has a frequency range of 16 Hz (see |signal conditioning, recording
Note 2) to 250 Hz, or in some cases higher at the and measurement equipment
fop end in case of hard'rock sites. shall be suitable for use over
— Accelerometers-or geophones may be used to the extended frequency range
) : of 1 Hz to 250 Hz.
bense vibration@b
— Vibratiotptransducers, signal conditioning, - Nmse equipment shall
i . . be field calibrated;f.g meas-
ecording.and measurement equipment shall be . .
[ : urements being discarded
suitablefor use over the following frequency rang- |. . . .
. . if calibration drifts by more
bs: X Hz to 80 Hz for very low frequency vibration than 03 dB
rdses or 4 Hz to 250 Hz for cases with ground- ’ '
OTTIE NOISE (SE€ NOTE 3) e — Tolerances of equIpIent
— Noise equipment shall be field calibrated, a shall be stated in the report.
drift in calibration of 0,5 dB being acceptable.fg — For digital acquisition,
Vibration equipment often only requires off-site the sampling frequency to
calibration.gh characterize time history shall
— Where possible, record the signals for ?e atleast flvg times the upper
: requency of interest.
subsequent analysis.
— For digital acquisition, the sampling frequency
shall satisfy the Nyquist criterion.i
© IS0 2017 - All rights reserved 3
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Table 2 (continued)

NOTE 1
either o
borne n

NOTE 2

NOTE 3

NOTE 4

sate for
where a

the sma

reasons
borne n
quencie

tively, it
f Field
drift in

g Thec
carried

period i
h Vibra
such as

site visi
transdu

IEC 61672-1).

easily appear, particularly at low frequencies. It is important to keep vibration recording up to typical frequen-

cy limitsfeor-eround-bornenoise—althouah-around-bornenoisewhichisaudible need notasobelow 16 Hz
N £Fredhea-o z HEH-EFedhea-o A B c =205 W T

ground-porne noise and vibration measurements.

a Wherg a geophone is used, its frequency response should be electronically/digitally corrected to cémpen-

eter becpmes necessary.

b Wher using accelerometers, before integrating for velocity it is important to remove any'DC offset and apply
a high-ppss filter to the data to exclude the frequencies below the range considered. Itis-also important to
verify that the inherent electronic noise of the transducer and the signal acquisition.system is not greater than

which i not always achievable.

¢ The fitlequency range should be read as one-third-octave centre frequencies (see IEC 61260-1).

d A relqxed range of 4 Hz to 250 Hz for vibration can be acceptable as n{inimum requirements for different

e Rattlg, which is one of the factors in annoyance, is high-frequency noise which should be reported qualita-

ufacturgr’s specification or appropriate standards every two years (see, for example, ISO 8041-1) or a longer

functiorfality for each set of measurements, and careful note of gain settings. A simple functional test on site,

i To acHieve the Nyquist criterion, either increase sampling frequency and/or impose cut-off filter (anti-aliasing
filter) td ensure that thechosen sampling frequency meets the criteria by limiting frequency content in signal.

Where the noise meter has the option between free-field and random incidence software correction,
ption can be selected as the difference is not significant at the low frequencies typical of ground-
oise.

At the bottom end of the frequency range, equipment tolerances become increasingly wider (see

When both noise and vibration are measured, coupling between structural vibration and noise can

It is preferable to use the same data acquisition system and the same time base for simultaneous

the geophone’s resonance frequency. Geophones have a better ability to sense frequencies below 5 Hz,
Cceleration signals are often physically low in this range; in the latter case a high sensitiyity accelerom-

lest signal that needs to be measured. The signal-to-noise ratio (SNR) sheuld ideally be a factor of 10,

a) transducer (in the case of geophone) having difficulty covéring the high frequencies for ground-
ise (from 16 Hz) up to 250 Hz simultaneously; b) dominantbuilding element responses occur at fre-
b higher than 4 Hz. This limitation at the low frequencies $hould be reported.

5 level being highly variable and not reproducible.

alibration shall be carried out for noise equipmeiit before and after each set of measurements. Any
alibration checks shall be noted.

hlibrators used to check test equipment.shall have current calibration traceable to national standards,
but annually, while the test equipment itself can be certified for performance according to the man-

N some countries (e.g. three years'in Japan).

fion equipment is usually stableover time, so does not require field calibration but simply a check of
apping the transducer,is desirable. The vibration equipment chain should ideally be checked prior to

s preferably with a traceable reference signal or on site if a field calibrator is practical (with regard to
Cer mass and portablecalibrator capacity), especially when measurement assurance is critical.

© ISO 2017 - All rights reserved
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4.3 Fixing vibration transducers

Requirements on fixing vibration transducers for Scope 1 and Scope 2 are given in Table 3 (see also
Annex C).

Table 3 — Requirements on fixing vibration transducers

Scope 1 Scope 2
Evaluation of human exposure Immission to building
Minimum requirements Reduced
uncertainty
— Vibration transducers can be fixed directly |— For fixing vibra- |— For fixing vibration transducqr at or
fo the building element (see Note 1)a; or using |tion near foundations, see Scope 1
httachment supports such as brackets or cubes |transducers, requirements.
[see Notes 1 and 2). see column o . .
i ) minimum — Severdlways of fixing the vibfation
— It is acceptable to simply park a heavyb . transddcer on the ground next to|the
requirements.

httachment plate with three rounded feet (see building are possible (see Annex [)e:
Figure 1 a) or a heavy metal cube, as vibration
magnitudes in buildings from rail systems are
ikely to have small acceleration values prevent-
ng transducer creep. — aluminium plate cast into thfe soil

with plaster of Paris (see Note 5)

~-“stake pushed into ground, op which
the transducer is fixed (see Note #1),

— Where carpet (or linoleum) is present, it is

breferable to temporarily lift the carpet to fix — transducer buried in soil or |nside
fransducers directly to the floor. Where this canister buried in soil near the gfound
s not possible, transducers may be fixed via a surface less than 300 mm depthf,

heavy steel plate with no internal resonances
n the frequency range of interest supported on
three spikes, as shown in Figure 1 b)c.

— transducer attached to a hedvy
plate or transducer block with thfee feet,
parked or levelled on the ground |surface
— Care shall be taken in the fixing of vibration (see Figure 1)8, and
fransducers to avoid effects of any mounted

esonances (see Note 3)d. — transducer attached to the ground

surface with an appropriate adhdsive or
— Placement or fixing details shall be clearly expanding anchor bolts.
ttated in the report.

NOTE 1 Transducer fixingarrangements within residential buildings are likely to be constrained by infternal
Finishes and occupant preférences.

NOTE 2 Transducerstan be attached to a cube instead of a bracket for triaxial measurements (cube made
'rom metal or lighter'engineering grade plastic; consider impedance contrast, size and properties to avpid res-
bnances in thefrequency range of interest). The cube can be attached to concrete floor, or a wall or colymn of
the building.using epoxy resin, or just placed with gravity if heavy enough (in the latter care is needed o avoid
rocking due\to inevitable variations in number and distribution of contact points). Transducers can be gttached
ro the cube;according to the material, for example, magnet, double-sided tape and even thin layer of reysable
putty-like adhesive, checked according to the frequency range of interest.

NOTE 3 There are some floor finishes related to impact sound control that are not coupled to the strudtural
00T, and the coupling Situation can be Improved with SOME appiied mass, although this can vary according to
mass applied and floor finish type.

NOTE 4 The spike (stake) made as a cruciform or angle section from a length of 30 cm can according to the
ground be pushed into the soil, although there are risks that the stake might be loose in the soil, and such a
situation can be made worse when the stake is hammered into the ground. It is advisable to use a functional
test, such as tapping the stake, which often reveals if the stake is loosely coupled, although such a test does not
ensure that there is good coupling.

NOTE 5 According to Reference [26], using an aluminium plate cast into ground with plaster of Paris or using
a stake pushed into the ground leads to similar vibration magnitudes, except at high frequencies.

© IS0 2017 - All rights reserved 5
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Table 3 (continued)

a Where practical and if vibration magnitudes are strong enough, vibration transducers should be fixed via
rigid adhesive to solid structural components of the building; where this is not possible, a thin layer of tempo-
rary adhesive - such as beeswax or double-sided adhesive tape - may be used. Where double-sided adhesive
tape is used, it shall be a thin version that excludes any supplemental elastic layer. Refer to manufacturer spec-
ification for transducer mounting methods based on transducer weight/design, testing surface and anticipated
vibration frequencies and amplitude, as well as with regard to environmental influences, electrical noise and
their management.

b According to the acceleration of the surface being measured, at low levels, a “heavy” attachment can when
simply darked provide sufficient friction under the weight to prevent the transducer moving (creep) across the
surface.[The friction is not just dependent upon weight, but the materials at the interface and the distributien
of contaft points and their surface condition. However, it shall not be so heavy as to cause a mounted resonancs
in the frpquency range of interest. To ensure this lies outside the range of interest, usually it is desirable t6
make thle attachment as light as possible, so there is a balance to be achieved in that circumstance. Hewever,
under high accelerations of the surface to be measured, relative to gravity, an attachment that isSimply parked
cannot fpithfully follow the motion of the surface, and a change to attachment mass cannot improve the cou-
pling. A pecure coupling by a stud, magnet or adhesive is then essential, and the consideration.of attached mass
dependilng upon what it is being attached to might affect its frequency. In the absence of detailed consideration
of frictign and acceleration levels of the surface, a secure coupling is usually preferable.

¢ Wherk a spiked plate is used, ensure spikes are long and slender enough to get thtfgugh the thickness of the
carpet and underlay. There should be a small clearance between the plate and thé-eatrpet so as to ensure the re-
silient carpet or underlay is not compressed so as to loosen the spiked feet from the underlying hard structure.

d Ensufe transducer mass (especially for a heavy transducer) does not catise Tesonance within the frequency
range offinterest, when for example coupled to a circular plate for floor fneasurements or brackets that
facilitatg triaxial measurements.

e For surface measurements in urban areas, there may be tarmac.0r*hardstanding which can provide a surfacsg
measur¢ment position, albeit there are differences to a ground without such surface treatments. The tarmac o
hardstahding should be checked to ensure it is well coupled, this may be obvious from listening to site tapping,
or in soipne special cases could be explored with more detailed mobility measurements to check dynamic
responsk of the chosen location.

f The byiried transducer can be mounted in a small rigid (and water tight, if needed) canister. The volume of
the canipster, the material, the wall thickness and the-mass of the transducer is combined such that the whole
assemblly has close to the same mass as its corresponding volume of soil (and preferably its centre of gravity
close toits centre). Dig a small hole in the ground, flatten and slightly compact the bottom surface, insert the
transdufer assembly, and fill back part of the’soil, carefully compacting towards the walls of the assembly. The
assemblly should be fully covered in the'ground. It is recognized that such an arrangement may be more
approprfiate under a research investigation (see Annex C).

g Wherg the ground surface is rock) concrete, asphalt or otherwise hard (such as very compacted dry soils)
and usirlg care to avoid any lodse)surface or laminations, the transducer attached to a heavy plate or transduc-
er blocklwith three feet can\b€ parked and levelled on the ground surface, if vibration magnitudes are low. The
coupling for direct transducer attachment to the ground surface can be achieved with an appropriate adhesive
or expanding anchor belt,with simple functional test (e.g. tap or manipulate lightly by hand) to identify any
poor coypling. Check.that such transducers have not become inadvertently dislodged during tests from pas-
sers-by who fail tg see hazard cones or markings used to delineate the transducer. In long-term deployments,
consider how theground properties and transducer coupling will change under wet conditions, etc. (see also
Annex J).

6 © IS0 2017 - All rights reserved
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Dimensions in mm

360°)

3x120° {

@j
15

780
>
a) With three rounded feet b) With three spiked feet of tempered
for mounting on hard'surfaces for mounting on soft surfaces
ey
threaded hole for attaching the transducer(s)
OTE There igadistinction between round and spiked feet. A spiked foot made from tempered stee

nough to penetfate a soft material such as carpet. It can also couple to a (preferably timber) floor, in|
the spikes canfpenetrate. It is a compromise when the floor below the carpet is hard, since on a hard s
if undesirahle"to have a sharp point, which could create mounted resonance of the plate on the sharp
ither the.wertical or horizontal axis. Yet the spikes are needed to penetrate a carpet which it is assun
ot berremoved. On hard surfaces, the rounded feet are, however, more appropriate.

steel

is sharp
to which
urface it
point, in
ed could

© IS0 2017 - All rights reserved
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4.4 Measurement locations in the building

Requirements on general measurement locations in the building for Scope 1 and Scope 2 are given in
Table 4.

Table 4 — Requirements on measurement locations in the building

Scope 1 Scope 2
Evaluation of human exposure Immission to building
Mininum requirements Reduced uncertainty
— As alminimum, ground- — Additional measurements may be — Additional measuréments
borne n¢ise shall be measured |carried out at other locations within the shall be carried out:at the follow-
in the rqom that is of interest |building such as ing locations (see-'Note 2):
see Note 1). . . . .

( ) — measurements in other habitable — vibratiomumeasurements
— As alminimum, vibration |roomsb.¢c, at or near,the foundation of the
shall bejmeasured on the floor . . building{(see Note 3 and Annex B);
: : . — vibration measurements on any
in the rqom that is of interest o A . . .

building elements that can help distinguish| —¢vibration measurements on
(see Notle 1). .

extraneous background events, and groufid surface next to the build-
o Th_e possibility of fixing — vibration measurements near the @2 (see Annex B).
vibratioph transducers on the . . .

- . railway, which should be synchronized

ceiling shall also be consid- . o
ereda. with those measurements at the building?

NOTE 1| The room of interest may be any habitable room on any fleor of a building (including habitable base-
ments) with due regard to locations where any complaints might,have arisen.

NOTE 2| Such vibration measurement locations will be used to calculate the building coupling loss and build-
ing tranpmissibility, both common input data for empiricabmodels (see details in Reference [32] and Annex B).

NOTE 3| Such vibration measurement locations can be-used to evaluate the possibility of building damage to
reassur¢ an occupant or to evaluate mitigation effectiveness or changes over time. Such measurements are
less varfable, more indicative of the vibration expesure of the building, and can allow better comparison with
predictipn models; they are also useful to exclude internally generated vibration, not relevant for vibration
assessmient, by using the foundation transducer as master trigger and the rest as slaves, or for correlating in
post prdcessing of the recordings.

a Assurhing the ceiling is similar to(the base floor and in the absence of suspended ceiling or lining, vibration
measur¢ments of the ceiling can serye to estimate floor vibration when direct floor measurements are ques-
tionablelbecause of the presenceof floor covering. Also in basement rooms, where the floor is often a ground
bearingfslab (therefore very damped), ceiling vibration might be dominant in radiating ground-borne noise
and shofild be measured.

b Vibrafion and ground=borne noise do vary with storey height, and so the locations should reflect that of the
complaipant, but alse.consider where practicable the exposure of other occupants in the building who could
have influenced the)adverse comment of the complainant at a particular site.

¢ Noise/measurements conducted in rooms of a facade not facing the railway help minimize the airborne noise
contribytjon;enabling better assessment of ground-borne noise if the latter is source of concern due to very
close prpximity to an at-grade railway, although the further distance of the room from the source should be a
consideration.

8 © IS0 2017 - All rights reserved
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4.5 Vibration measurement positions and orientation

It is important to recognize that in the case of ground-borne noise from railways, the predominant
wavelengths are likely to be of the same order as wavelengths of plate modes in floors and other room
surfaces. This means that the measured amplitude of the vibration of floor and other surfaces is strongly
dependent on location, being lowest in the corners for most edge support conditions and highest at
antinodes of plate eigenmodes. Careful measurement of the coordinates of chosen measurement
|pcations shatt be recorded (See Note). T e topic {3 further discussed IM ANNEX A, Consideration heeds to
Re given to the uncertainty associated with choice of measurement location.

[OTE It is good practice to validate measurement position with dimensions from referencelpointq that are
learly stated. Where x and y axes for vibration measurements are used, the x axis is horizontal, paraljel to the
yall of the building nearest the axis of the railway track, whereas the y axis is horizontal, but perpendicular to
hat wall.

[ < o W

—_

Yequirements on specific measurement positions and orientation of the transducers for Scoge 1 and
cope 2 are given in Table 5.

Lo

Table 5 — Requirements on measurement positions and orientation

Scope 1 Scope 2
Evaluation of human exposure Immission to building
Minimum requirements Reduced uncertainty:

— Vibration measurements |— Additional measuremefts)less varia- — Additional measurements car-
thall be carried out at one ble, should be carried oution the same floor, |ried out at or near the foundption of
bosition in the vertical close to a load-bearingwall, and performed |the building should be positjoned
irection at (or near) the in two directions (vertical and horizontal |close to aload-bearing strucfture
mid-span of the floor (see perpendicular tothe tracks as shown in (see Figure 2) and performefl in a
Notes 1 and 2)a b, However, |Figure 2). vertical direction (see Note ).
tcan in some cases be the | _ Additional measurements can be car- |— The additional measureinents

horizontal axis that is domi-
hant and should be meas-
ired, particularly at higher

ried outdtother positions within the room |carried out on the ground syrface
(or additional axes), such as for the purpose|should be positioned next to|(and

Hoor levels in the building of evaluati-ng exposure at spec-ific occu- not in front of) but s-uf.ficiem ly .
¢ in some wooden framed ARt locations, or potential noise sources remote from the building, tolachieve
Ltructures (see Figure 2) (see Note 3), or the floor space average free-field ground measuremgnt con-
Hgure ). vibration magnitude (see Note 4), or the dition and performed in a vertical
variation in magnitudes throughout the direction (see Note 7, Figure|2 and
floor (see Note 5)¢ . d. Annex B).

NOTE 1 Floor measurement location is relevant as input to receiver and therefore complainant, but mqasure-
ments are likely.to be more variable. Changes in floor layout or support conditions can make measurenjents
hear to the céntre more susceptible to such changes.

NOTE 2—THhe vertical axis for vibration measurement on a floor (typically the first floor) is likely to be fhe
most dominant input, due to floor flexibility, and stronger near the mid-span as a result, which has releyance in
ferms of human perception of the event and possible annoyance.

OTE 3 Vibration measurements of building walls in horizontal orientation can be carried out, particularly
when noise is a concern from railways with diesel-electric locomotives or other low-frequency sources, and/or if
rattling occurs of windows or wall-hung objects, and/or if the wall is a potential source of ground-borne noise.

NOTE 4 Three or more measurement positions on the floor (transducer orientation in vertical direction) or
any other wall (transducer orientation in horizontal direction), which are potentially sources of ground-borne
noise, can be useful to identify such a source and to estimate ground-borne noise from vibration measure-
ments using space average quantities (see 4.6, 4.9 and Annex A). The relationship between vibration measure-
ments and noise levels is sensitive to the relative positions of the measurement locations (see Annex A).

NOTE 5 Measurement locations can be to determine actual floor response mode shapes. If the natural fre-
quency of a floor is important, the corresponding first mode shape (flexure of the floor) implies the centre of
the room and is relevant for the highest magnitude. The even modes of floor vibration are not evident at mid-
floor locations and cannot therefore be measured there.

© IS0 2017 - All rights reserved 9
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Table 5 (continued)

NOTE 6 The horizontal direction (particularly radial to source) might be more relevant or used in addition to
vertical orientation, in some cases. If in the nearfield to the source, measurements can be justified in all three

orthogonal axes.

NOTE 7 Where it is not possible to measure at alternative locations at the side of the building, and given that
measuring at the front of the building is to be avoided due to nearfield effects (and consequently at a shorter
distance from the source, which can be relevant), an alternative procedure is to measure at locations suffi-
ciently further away in front of the building (i.e. between source and building), from which the value at the
building location can be extrapolated (see Annex B).

a The nlid-span needs to be found and locations within the middle 15 % of the length and width of the floor
area corlsidered; but if uncertain, more locations should be considered.

b Wherje the optimum choice for the position of a floor vibration transducer is limited by site constraints; this
shall benoted. Some floor areas are simply not accessible, which limits the choice for equipment depleyment.

¢ The spatial variation of vibration is determined by the modal behaviour of a floor, and could pe established
by leavipg one transducer fixed whiles the other “roving” transducers are moved to sample different locations
under common events. The reference transducer should ideally be placed at a position that.characterizes the
source well and for repeatability, for example, near a wall location or even on the ground outside. This can help
ensure the monitoring locations samples the worst case and help provide an average¥alue that is reproducible

d The optimum choice of the position of the floor vibration transducer is also not-entirely evident in complicat;
ed floor[arrangements, and in such cases there is a risk that the measurement choice taken will not be optimal,
and such a risk is to be considered. In a complicated floor arrangement, more-measurement locations can be
considered, but it is desirable to ascertain the complicated floor structure/to better dictate those choices.

10 © IS0 2017 - All rights reserved
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o o0 Q)

Figure 2 — Vibration measurement positions

possible free-field example at side of building
upper storey horizontal plane, aligned to building axis, note relation to axis of railway track
at or near building threshold, to structure or element representative of load bearing wall

select mid-span (middle 15 % length.and-width) at ground floor (or ceiling below), first floor level and
upper floors

avoid measurement at what appears to be floor mid-span, but actually has a supporting wall below
mid-span of wall
measurements at or neat foundation/edge of basement ground slab

© IS0 2017 - All rights reserved
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4.6 Noise measurement positions

It is important to recognize that in the case of ground-borne noise from railways, the predominant
wavelengths are likely to be of the same order as room dimensions. This means that the sound field
in the room is strongly modal and measured amplitudes are highly sensitive to location, being highest
in the corners and lowest at nodes of eigenmodes. Careful measurement of the coordinates of chosen
measurement locations shall be recorded (see Note). The topic is further discussed in Annex A.

Conside

NOTE

clearly stated.

Requirejments on specific noise measurement positions for Scope 1 and Scope 2 are givenin Table 6.

dtion needs to be given to the uncertalnty dssoclated with cnholce or measurement l1ocation.

It is good practice to validate measurement position with dimensions from reference points that arg

Table 6 — Requirements on noise measurement positions

Mininjum requirements

Scope 1

Evaluation of human exposure

Reduced uncertainty

Scope 2

Immission to building

— Noige measurements
shall be[carried out using
one mictophone at the one-
third pofint of a room’s plan
dimensipn (four options

icrophone shall

— Add]tional noise meas-
urement locations can be
requiredl to investigate spe-
cific locations identified by a
complaipant (see Note 3)¢ d,

— Additional noise measurement
locations are required for reducing un-
certainty. ISO 1996-2:2017, 9.2, shall be
used, which refers to at least three neise
measurement locations (see Note 4}, in-
cluding one near a 3D room corner,where
noise is predominantly low frequency,
from which a space averagemnoise level is
calculated (see Note 5, 4.9%and Annex A).
It should be noted that according to

ISO 1996-2, where measured noise levels
are not corrected\for a measured rever-
beration time,an-eémpirical adjustment
can be made'by subtracting 3 dB from

an empty.rooem noise measurement to
achieye the effect of reverberation time in
an equivalent furnished room.

— (Some procedures are necessary
tQ distinguish ground-borne noise
from airborne noise:

— measurements can be per-
formed in rooms not facing the rail-
way (see Table 4, footnote c);

— facade airborne sound insu-
lation measurements (although
cumbersome) can be performed to
estimate the indoor airborne noise
contribution from various external
sources, such as at-grade railway or
otherwise, which are not the sources
of direct interest, using their facade
noise levels (see Note 6).

NOTE 1

be applipd.

NOTE 2
close to

NOTE 3
location|

Measurements at the centre of the room can underestimate the noise. When comparing the limit
values with measured values, tlie measurement procedure of the corresponding limit value guideline needs to

This height corresponds to the typical ear height of a seated person. However, this position, often
half the room-height, can underestimate the noise. There can be three distinctions of height (0,6 m)
recumbent on bed, (1,2 m) seated, and (1,55 m) standing. The range of 1,2 m to 1,5 m covers seated or standing

Measurements at corner locations (3D cc) show the highest levels, and are less variable. The corner
(2D'ww) can relate to a person seated and so might better correlate with the complainant’s subjective
responsg, which could be influenced by the highest levels. A position that better reflects the occupant/

complainant location in the room could include a position for a person recumbent on a bed.

NOTE 4 The moving microphone option, used in a situation such as sound insulation testing, is not appropri-
ate to ground-borne noise from rail systems due to the short duration of the pass-by event and the spurious
noise that could be generated by the technique such as movements of the person, and even the movements of
air across the microphone, which will be a problem when low levels of sound are being measured. Moving
microphone for spatial averaging is therefore not practical. An alternative is to use additional microphones
simultaneously measuring at least three locations, which is likely to yield better spatial averaging.

12
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Table 6 (continued)

NOTE 5 Space average is an abstract metric and so caution is required when correlating this processed data
with complaints that relate to actual levels experienced at actual locations. With a space average metric, some
spatial information is lost, but it provides a metric that is less variable, and so more reproducible and can
better provide empirical correlation to floor vibrations. This metric may also provide some statistical informa-
tion of the standard deviation (see Annex A).

NOTE 6 Exterior noise measurements and outdoor-to-indoor fagade sound insulation measurements (method
defined in ISO 16283-3) can be desirable, to distinguish by calculation airborne from ground-borne noise
contributions.

If the room is small or contains large items, such that measurements can occur within 1 m of a wallo
Feflecting surface, this shall be noted. However, the minimum separating distance between microphon¢ and
"foom boundary is 0,5 m, and should preferably be exceeded.

b There is a preference that noise measurements should not be less than 1/4 wavelength and,no less than

D,5 m from wall surface, although at low frequencies such absolute criteria cannot be met} There are rafliation
bfficiency issues in nearfield less than 1/4 wavelength where sound can be absorbed by other nearby syrfaces
hnd not radiated into the room.

Where furniture in the corners of a room prevent a 2D ww measurement location choice, a high-levell corner
ocation (3D cc) might be regarded as equivalent (for the abbreviations, see 343).‘But because noise radiated
'rom a ceiling can differ to that radiating from a floor and given the difficulty,of measuring there, the prefer-
brice is not to use a 3D cc location, though this may be adopted by some ptactitioners and should be not¢d and
ustified accordingly.

A 2D ww corner location might arise where a cupboard is placed/in the corner, now forming a 2D corher
tomprising a wall surface and a cupboard surface panel. It maybe)that for practical reasons no other 2ID ww
bosition is available, in which case measurements — althoughwindesirable — can be necessitated at th¢ 2D
corner formed by a wall surface and a cupboard surface. Inthis case, it is important to respect the minimum
Histance of 0,5 m (see footnote a) and be aware that the cipboard panel also acts as a radiating surfacefand
buch site issues shall be noted.

4.7 Measurement conditions

Requirements on measurement condities for Scope 1 and Scope 2 are given in Table 7.

Table 7 < Reéquirements on measurement conditions

Scope 1 Scope 2
Eyaluation of human exposure Immission to building
Minimumyrequirements Reduced
uncertainty
— Noise measurements shall be carried out with — Additional measure- |— Measurements o
lvindows and doer's closed. ments can be useful to recordings of vibratjon at
quantify the extent of or near foundations pr on

— As faras\is practical, all sources of extraneous
hoise and.wibration within the building (such as
househeld appliances that are not normally operating
Contintiously) shall be switched offa.

acoustic absorption in the | ground next to the bjuilding
room, such as reverbera- |may help distinguish a rail
tion time measurementss. |source in the noise meas-
urements from extrgneous

- All_y UL}ICI SOUUICES Uf‘leLkgl UullL‘l llUibU dlll.‘l CVUlltb dlld dlbU SCrve tO
vibration, such as refrigeration, air-conditioning, review any fluctuations
heating systems, lift machinery, etc. or other trains, over a 24 h period or more,
shall be reported and included in measurements of often a perceived issue by
background noise and vibration before and after train complainants (see Notes 2,
passagesb. ¢, 3 and 4).

— The measurement conditions shall be fully de-
scribed in the report (see Note 1)d. e, f,
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Table 7 (continued)

NOTE 1 There can be differences in measurements of floor vibration due to the presence of the occupant(s);
this can be relevant on some floor types more so than others. In the case of measurement at “point of entry”

to the human body, there can be a need to recognize the change in driving point impedance due to the human
body itself on a floor. There can therefore be a case to be made to simulate human load on the floor, although it
should be noted that human mass cannot be simply added but needs to simulate biodynamics, which is beyond
the scope of most surveys and impractical.

NOTE 2 Longer monitoring can show events unrelated to rail source. Different sources of background vibra-
tion can be distinguished by different patterns of appearance, different probability distribution of levels and
differenf frequency content. Extended vibration monitoring can also capture events missed in shorter survey,
or captyre events that arise at night time, or occasionally that might be the basis of complaint, and therebyhely
cross referencing to extended noise measurements (see Annex D for option to cross reference measurements
to a diaily of events logged by occupant).

NOTE 3| Rattle can occur. How it is addressed depends upon the situation for which the measurements are
taken. Fpr characterizing ground-borne noise, it is important to exclude rattle, but this may not-be.possible.
For the ¢valuation of human exposure, it is sufficient to note the existence of rattle where it o€eurs, and if it
happeng to have been included in a measurement.

NOTE 4| Predicting ground-borne noise from vibration can overcome the interference cauised in the measure-
ment of pround-borne noise.

a Itis dpsirable to minimize the number of occupants of the room undergoing monjtoring. The engineer un-
dertakiang measurements shall be permitted to be in the room so that a subjective comment can be included

and help exclude extraneous events. There shall in any case be no more than €wo persons in the room under
test, noting any interference that may arise. The subjective judgment from<he engineer should be noted (see
Annex IJ).

b If sonje train vibration measurements are higher than the average,this might not be linked to contamina-
tion, buf due to flat wheels or particularly bad rolling stock roughness conditions. If this case occurs, it should
be repofted as information describing the traffic.

¢ In cages of several railway lines, it can be necessary to distinguish the noise and vibration from the various
lines, orfensure that the line of specific interest is established, noting possible contamination from other lines
(see alsg Table 8, Note 1).

d Descijibe furnished/unfurnished state. Elaborate'on floor finish and curtains if installed. Elaborate if fur-
nished Hut vacant room or furnished and utilized:State the number of personnel in the room for the test (gen-
erally ng more than two); a photo is a usefulrecord of such measurement conditions for subsequent reference.

e Ident|fy if the source can be seen, as that indicates a possible airborne path.

f Detailss of the building type (brickstiniber framed, steel, concrete, etc.), floor type [timber, concrete (in situ/
precast), beam and block, composite,spans, number of inhabited floors] and ground conditions (sand, gravel,
clay, rodk; see ground categories\in1SO/TS 14837-32) should be reported in basic terms. Describe the track.
Include p photo in the report®@fbuilding elevation.

& Ifthefroom is not in normal furnished condition, a survey method for estimating the reverberation time

is defingd in ISO 10052 which, however, is valid in the octave band range 125 Hz to 2 kHz and therefore not
relevan{ for ground:borne noise. Field measurements of reverberation time at low frequencies (at least down
to 50 H7) and in simall rooms should therefore be performed according to ISO 16283-1 where the reverberation
time is theasurediin octave bands at lower frequencies and the value obtained used for each corresponding
one-thinld-oetave band.

14 © IS0 2017 - All rights reserved


https://standardsiso.com/api/?name=a0b78aa346fec103c996ba032bbdf178

4.8 Measurement procedure

ISO/TS 14837-31:2017(E)

Requirements on measurement procedure for Scope 1 and Scope 2 are given in Table 8.

Table 8 — Requirements on measurement procedure

Scope 1

Scope 2

Minimum requirements

Evaluation of human exposure

Reduced uncertainty

Immission to/by

ilding

— Measure and evaluate background
evels (see 4.7 and Note 1)2.

— Where practical, measure at least
five pass-by events, at typical speed,

for each category of rail operation to be
ronsidered (see Notes 2 to 4)b.c,

— Ensure that extraneous signals do
hot contaminate the measurement data
see 4.7).

— Some basic site analysis is required
hnd site notes clearly taken and record-
bd with suitable diagrams for subse-
juent recollectiond. e,

— A sample size of more than 15 events
is preferred. This particularly applies to
the category of rail operations that gener-
ates highest levels (or exposure).

— Estimate duration of train pass-by
using the time history, which shall be
included as a sample plot in the report.

— Some specific dynamic testonthe
floor should be undertaken to yield infor-
mation about its dynamic characteristics
(see Note 5).

— Wherever possilile,'signals should
be recorded for subsequent analysis (see

— The yibrdtion jneas-

uremefts taken “af
on an éxposed fou

basement, solid th
soil immediately a
that approximates|

on ground “next tq
building (define ei
sufficiently far to

e
ferred free-field, OI‘ within

free-field) should
performed using t
procedure as for S

hda-
tion) or “near to” (¢.g. a
reshold,
jacent
the
building foundatigns) and
" the
ther

e same
cope 1.

Table 2, Note 4)f,

" (e.g.

pre-

e

NOTE 1 The various levels of diagnostic that may help.Séparate spurious events from train-related sig
Felating to the study of the spectral signature that gives high-frequency components are more unlikely

hate a spectrum at high frequency. Comparing the Lamax and Lcmax could help when considering the fre
Content of signals. It is however also noted that spurious background events might also contain energy
frequencies and so cannot be separated.from train events. Simply listening to the events can be a pract

hlbeit more involved.

NOTE 2 The duration of the measurement could be at least 15 s to characterize the low frequencies. How
bources are non-stationary andican often be an event less than 15 s. Therefore, there is significant uncert3

‘rack is preferred. Thefact that there is a difference in the track used or a difference in the type of rolli
might be obvious.(Fhere might be limited means to validate which track was used. At longer distances
fracks, it can beSsufficient to include five events in total from either track, but it is important to ensure {

but due to-differences in the condition of the tracks.

NOTE 4% In cases of urban areas with heavy traffic, measuring 10 or more pass-by events might be easy
ngtheénto better perform statistical analysis (see 4.9).

NOTE 5 In some cases, it can be beneficial to evaluate the modal properties of a floor by means of som
tical tests. The multi-modal response and decay can be measured at a number of locations and the resul

the feet and dropping onto the heels). The impact force can be measured through an instrumented load

strain on the individual and so its use might need to be limited or evaluated under site risk assessment.

hature,
to be
Felated to the train; there are unique cases, where-for example an extreme case of wheel squeal might domi-
quency
bt low
cal way
Fo check that it is a train source, notingthat a recording for subsequent listening is another level of scrutiny,

bver, rail

more so at low frequenciesyand this should be borne in mind as a practical limitation of measuring a rail spurce.

NOTE 3 If close to wheTre a specific track makes a perceptible difference, then measuring five events o];each

sample is long€nough to include trains on both tracks, in case the vibration is not just influenced by digtance

to estimate modal properties. The floor may be excited by artificial impulse sources such as an impact ham-
mer, a large damped heavy ball (dropped from a defined height) or heel-drops (person raising onto the balls of

on the floor or using an instrumented hammer, to enable mobility measurements. In some cases, it can be nec-
essary to limit the upper frequency of the impulse to minimize the response at high frequencies, by controlling
the impulse period, using a resilient interface for the impact. As an isolated test, heel stamps imparted by an
individual can be suitable, but as a measurement campaign for testing many floors, it can cause inappropriate

inty,

g stock
om the
hat the

, allow-

prac-
ts used

plate
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Table 8 (continued)

a The background level shall be measured and reported along with the train event. But intrusive events can
contaminate train events. With a number of train events that are measured, there could be an event that is
stronger than the rest. While this stronger level could well be related to a particularly noisy train due to some
fault or lack of maintenance, it might also be unrelated to a shortcoming in a train and simply due to intrusive
noise coinciding with a measurement in a way that is not obvious to the observer. The likelihood of a spurious
event coinciding with a train event might be gauged by the frequency of such spurious events alone, the greater
frequency clearly indicating the risk of simultaneity with a train event, albeit a rare spurious event might still
coincide with a train event, leaving an element of risk of contamination that can never be eliminated.

b In cades of several rail lines, tracks, tunnels or rolling stock types and/or operating conditions, effort shall
be madd to correlate each event with the relevant source and operating characteristics. This can be carriedwout
by corrdlating the times of events observed at the receiver against records of operations at the railway (or by
an observer on a platform).

¢ If only one or two events can be measured, e.g. a special type of train, or a track maintenance vehicle, check re
sults on|site and if possible collect more measurements, where the scatter in initial measurements is larger than
+25 % of +2 dB. This is relative to overall single number values, as differences in spectra can pe'miuch more.

d [tis epsential that some analysis of the measurements is undertaken on site, to ensure that measurements
are suityibly recorded. For example, to ensure adequate quantisation of signal, ensure signal is not clipped, etc.

e Itis gpod practice to take photographs of the different measurement set-ups on site.with a photographic re-
cord of potes, and archive data. Record as much information as is relevant, include-for instance details of track,
switche}, known radius, situation plan, etc. Any information on the track eithér obtained visually (for surface
track) of through the owner of the track (joints, roughness measurements, cérrugation, etc.) should also be
reportedl.

f Wher¢ a simultaneous noise measurement channel is to record withibration, it shall be unweighted, and
ideally { calibration signal recorded noting measurement range, which might need to be temporarily changed
to facilifjate this.

4.9 Analysis, evaluation and reporting procedures

=}

Requirements on analysis, evaluation and reporting procedures for Scope 1 and Scope 2 are given i
Table 9.

There wWill be differences in the measuréments taken by different teams, perhaps at different times
for a givien situation, and even with the same team repeating the measurements. These differences ca
be reduged if each team follows the Sanme procedure(s). This can be achieved by adopting the guidanc
in this glocument and clearly regorting the procedural choices taken. It is insufficient to only stat
that the measurements adopt the guidance of a particular standard, since standards permit choice
according to particular circdmstances, and such clarification should accordingly be given, especiall
on procpdural matters thatwill significantly affect the measurement. The greater the detail that i
reportedl, the greater theZpossibility of replicating the measurements, though inevitably they cannot b
exactly the same.

W V< U W U = ¢
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Table 9 — Requirements on analysis, evaluation and reporting procedures

Minimum requirements

Scope 1

Evaluation of human exposure

Reduced uncertainty

Scope 2

Immission to building

— Noise measurements
shall be analysed and re-
ported in terms of the num-
ber of readings obtained, the

— Calculate the room spatial average noise level if
several microphone positions have been measured.

— Calculate the floor (or wall) spatial average

vibration lavalif cavaral trancducar nacitione havg
e hreverit VeFar—tFaRSatcerposit s

— Vibration measure-
ments on the ground next
to the building, at or near
foundations and on the

minimum, energy-average
hnd maximum value of
sound level, Lpasmax, in dB
measured for rail events,
hnd, Lpasmax, value of back-
bround noise (see Notes 1
hnd 2)a.

— Vibration measurements
bhall be analysed and re-
borted in terms of the num-
ber of readings obtained, the
minimum, energy-average
hnd maximum value of un-
lveighted vibration velocity
evel, Lysmax, in dB measured
for rail events and the value
bf background vibration,
[./Smax (see Note 2)a b,

— Information on build-
ng and ground should be
reported (see 4.7).

— Refer to subjective
comments when they are
bbtained (see Note 11).

been measured (see Notes 3 and 4).

— The following additional analysis and reporting
steps should be carried out (for each relevant catego-
ry of rail operations):

— mean value and standard deviation of Lyasmax;
— mean value and standard deviation of L,smax;

— unweighted one-third-octave band spectrum
that best corresponds to the mean value of Lya$niax
(see Notes 5 and 6);

— unweighted one-third-octave band spettrum
that best corresponds to the mean valueyof Lysmax-

— The difference LycSmax — Lpasiiax should be calcu-
lated and reported (see Note 7)¢

— Measurements should alsebe analysed and
reported in terms of equivalent levels Lyaeq (and
Lpeq) and Lyeq, obtainedfrom r.m.s. values calculat-
ed during each train passage (duration used clearly
justified such as from -10 dB points) and averaged
within each relevant category of rail operations (see
Notes 8 and 9]:

— The measured noise can be compared to estimat-
ed greund-borne noise from floor vibration (or other
building elements) using empirical data or theoreti-
calradiation functions (see Annex A).

floor shall be analyjsed
and reported in tegms of
unweighted one-third-oc-
tave band spéctrumn that
best corresponds tp the
energy-average value of
Lysmax, measured for same
rail events.

— One-third-octave band
vibration velocity level
differences betwegn the
ground and the foynda-
tions and between|the
foundations and thle floor
shall be calculated|to esti-
mate the building ¢oupling
loss (see Note 12) gnd
building transmisdibility
(see Note 10 and Table 5,
Note 7)c.

.pAFmax, frequency-weighted

NOTE 1 A-weighting calculated over the range 16 Hz to 250 Hz.

NOTE 2 Additional analysis and reporting can be required, such as for compliance with local or nation
tandards, using otherexposure descriptors such as vibration dose value (see [SO 2631-1 and BS 6472-

vibration, etc. (see more details in Reference [23]).

NOTE 3 Ground<borne noise is better predicted from floor or wall space average vibration (see Annex

NOTE 4 Ground-borne noise may be more reliably predicted from vibration measurements, since the r
shing and\furniture can change from time to time and have a major influence on the noise measured, egpecially
lwhena;lot of time has lapsed between the assessment and the planned finish. Ground-borne noise predicted
fromyvibration relate to simplified symmetrical situations which ignore furniture, whereas furniture cgn alter
the sound distribution in a room. It is also evident that furniture can itself act as a vibrating sound soural

hl

),

A).

om fin-

e.

spectrum.

provisions in new rail lines.

NOTE 5 The unweighted one-third-octave band sound spectrum can be compared to a reference curve for
complaints, as proposed in some countries (see Reference [23]). The presence of rattle may be evident in this

NOTE 6 The ground-borne noise spectrum in new rail line situations can show a peak that is shifted lower in
frequency when compared with older lines. This shift to lower frequencies is influenced by vibration isolating

© IS0 2017 - All rights reserved
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Table 9 (continued)

NOTE 7 A difference of 15 dB between the average values Lycsmax ~ LpAsmax indicates low-frequency noise,
characteristic of ground-borne noise; conversely, a small difference may indicate the presence of airborne
noise (see Reference [23]).

NOTE 8 Both maximum levels (related to sleep disturbance) and equivalent levels over a long period (related to
long-term exposure) are relevant when a human response is concerned (see Reference [21] and Reference [32]).

NOTE 9 Equivalent levels over long periods (e.g. 24 h) can be estimated, assuming the traffic is known and
average equivalent levels have been measured for each category of rail operations.

NOTE 10 These vibration velocity level differences might be variable and depend on train source (train type
and locdtion).

NOTE 11 When subjective comments of the occupants can be established using a questionnaire with a‘re-
sponse gcale, it can help the measured values be annotated with the occupant’s reaction (and/or engineer’s
judgment) in a consistent way, that can over time provide useful data for future models (see Annex D).

Building coupling loss encompasses the foundation and building superstructure together, whose
stiffness according to mode shape influence the coupling loss (see Annex B).

a Time fonstant S denotes 1 s. Other time constants are utilized and shall be quoted, e.g;.125 ms (time con-
stant F)land 0,63 s (for vibration only) in Japan, which can lead to quantities better related to perception (see
more deftails in Reference [23]).

b Vibrafion velocity levels shall be quoted in dB re 1 x 10-9 m/s as recommended-in ISO 1683. For information
the valug in mm/s can also be given.

¢ The vjbration velocity difference between the ground and the building-féundation shall be interpreted with
care in the case when the wavelength of the Rayleigh wave is smaller than the depth of the building founda-
tion (typically, at higher frequencies) or if the influence of the building on the ground vibration is too strong
(typically at lower frequencies where the ground measuring pointis-within a wavelength distance from the
building); see Annex B.
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Annex A
(informative)

Predicting ground-borne noise from vibration

A.1 General

nd comparing the result to noise measurements can be useful to identify ground-borne noise.

indoor noise in the frequency range 16 Hz to 250 Hz, which can be roughly.separated into two parts:

International Standards (e.g. [SO 16283-1);

— the range from 16 Hz to (40 to 50) Hz, which is not addressed in any existing standard.
NOTE Ground-borne infrasound, of frequencies below. 16 'Hz, has not been experienced within a rajl syst

therefore not considered in this document.

ituation modelled because of the-reduced knowledge of the input data (such as boundary conditio

pproach, can more easily be used, giving useful information on the variability of the point{to-po
elationship between(floor velocity and room sound pressure (more details are given in A.2).

gnergy based.nodels].

d) Empirical models are based on measured data of floor vibration (often from one positior] at m

between vibration level and noise level, often over a reduced frequency range (20 Hz or 25 Hz

Noise measured inside buildings is often a mixture of ground-borne noise and airborne noise, which is
transmitted through the facade and generated either by the same railway source if onthe ground surface
dr by other sources (often road traffic). Predicting ground-borne noise from vibration measufements
g

(nly audible ground-borne noise is considered in this document, corresponding to vibration{induced

— the range from (40 to 50) Hz to 250 Hz, the lower limit of whieh-eorresponds to the first pcoustic
resonant modes for small building rooms, i.e. the usual domainof building acoustics consiflered in

em

getting, although there could be a theoretical possibility‘in buildings with low-frequency base isolafion; it is

If is difficult, at low frequencies, to quantifysalink between the modal pattern of sound distfribution
within the room and the modal vibration patterns on the floor, walls and ceiling. It requires sophisticated
dalculation methods (such as numerical @hethods or a modal approach), applied to a detailed fnodel of
the room and associated building elements; and these methods are not only rather time cofisuming
gnd expensive but also determinjstic; thus leading to results which might not accurately represent the
q
t
1

ns,

hickness and material properties of the building elements involved). However, if applied t¢ simple
nd idealized plate-room configurations (see Reference [30]), deterministic models such as thle modal

int

(ther methods_éxist, which can lead to useful approximations [empirical (statistical) models and

id-

span}dnd room noise (often from one position close to the middle) which are not very reprdducible.
The results are expressed as a frequency-dependent (in one-third-octave bands) relationship

to

125z, oreven to 80 HzZ I order to exciude alrborme Noise; See Reterence {291 T e statistical

results expressed as mean values calculated over numerous often different situations, give use
tendencies. The standard deviation is of the order of 5 dB, thus showing the variability of this poi
to-point relationship (see Reference [22]).

ful
nt-

NOTE Where empirical data are used, they relate to a room size range and use of space which needs to
be relevant on a like-for-like basis. For example, room finishing, furniture and room size may differ from

empirical database.

b) Building acoustic theory is mainly based on an energy approach (see Reference [27] for example),
more robust because of involving space-averaged quantities, which can be used for predicting ground-
borne noise from vibration, but with care at low frequencies and with caution when correlating these

averaged data with complaints (see Reference [38]). This approach is detailed in A.3.

© IS0 2017 - All rights reserved
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A.2 Deterministic relationship

A.2.1 Model theory

If applied to simple and idealized plate-room configurations, deterministic models such as the modal
approach, can rather easily be used. Assuming a rectangular room (see Reference [30]), one surface of
which being a vibrating simply supported plate, the complex ratio between the sound pressure p at a
point (x, y, z) in the room and the velocity v at point (x, y) on the plate is given by Formula (A.1), which
can be implemented numerically in a spreadsheet.

mn[(—l)m+p —1}[(—1)’”" —1}

(p2 -m? )(qZ—nZ)l//(x,y)

, Ap,q,r (_1)r¢(xly'z)2rono,n:1
Px,yz _iwpc i

> (A1)
Vxly n°L

z p.ar=0 (@p g +18r g, )2 ~0*
where
c |is the sound speed in air;
L, |is the height of the room;
is the density of air;
w |is the angular frequency;
The shape function for the simply supported plate is given by.Formula (A.2)
nmy

l//(x,y):sin@sin— (A.2)
L, L,

The roon mode shape function is given by Forniula (A.3)

o(x y,z)zcosﬂcosﬂcosﬂ (A.3)
X Ly L,

The (logsless) room eigenfrequengies‘are given by Formula (A.4)

2 2 2
14 q r
w =nc,[| — | H|= | +| — (A.4)
e (LXJ (LY] (LZ]
The multiplying facter-is given by Formula (A.5)

Apdr =EpbgEr (A.5)

with

gp=1forP=0;ep=2forP>0;e4=1forq=0;e4=2forq>0;&e,=1forr=0;e-=2forr>0
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the damping term ¢ is approximately related to the reverberation time, T, as given by Formula (A.6)

6,9
0=~— A.6
- (A6)

and the reverberation time T is approximately as given by Formula (A.7)

Eply , . €40 . £y,

L, L, L, A

with Q'\
®y 7,0 ;0 , average absorption coefficients of the room surfaces in the y,z, x,za dx,y plangs.

The contrasting forms of the shape functions for plate modes and room modes arzqsghlown grapHically in
Higure A.1 using a decibel scale.

Y“WW

a) Room m(K(Qs

o 0 e

c‘}‘

C)\\ b) Plate modes
4 mode1,0,0 C)O
B mode1,1,0 O .
d mode2,1,0 \%
d

mode 2,2,0 %
mode 1 1Q~0

aQ

% Eicura A 1 Room-chanao Fes nlat

funci: nd-cox »nendi o odechane-funecti
TIgurtorx OOTI-STaptc THREHORS A RG€OFT Pvllullls pract moeeae ullullv THREt10T

(plotted as logarithmic squared amplitude)

[77)

When the measurement height z < L,/m, m + p in the numerator should be replaced by 1; when z < L,/n,
n + q in the numerator should be replaced by 1. When m = p or n = g, Formula (A.1) takes a different
form, and m + p or n + g should be set to zero, respectively, avoiding a singularity.

These approximations are only valid for small values of a which is likely to be the case at low
frequencies in most rooms. In such cases, wall absorption is not due to a lining of soft material, but due
to transmission of sound through the wall.
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The complex ratio given in narrow frequency bands in Formula (A.1) can be expressed in terms
of squared magnitude summed in one-third-octave bands and provide useful information on the
variability of the point-to-point relationship between floor velocity, v, and room sound pressure, p (see
Reference [30] for more details).

An example evaluation of Formula (A.1) is plotted in Figure A.2.

Ly-L, L,-L

20 A A
» 22,
NV 30 | o

~60 e ;
-40 e ’
80 X
-50 &
-100 | | | | | |
ofl 20 40 60 80 100 120 140 X1 -60

‘12I,5‘ 2I0 ‘31I,5‘ slo ‘ 8I0 ‘125 X2
10 16 2540 63 100

a) 1 Hz bandwidth b) One-third-octave bands

Key

X1 freqpency, in Hz

X2 onefthird-octave-band mid-frequency, in Hz
maxjimum

averjage

Figure A.2 — Lp — Ly for aroom 3,5 m x.4$m x 3 m high with reverberation time of 0,5 s

A.2.2 Main conclusions

The thegpretical results obtained in‘Reference [30] clearly show the high variability of the two primary
quantities themselves (floor vibration and room noise at one location) due to pronounced moddl
responsges of floors and rooms, and the high variability of their relationship, depending on the relativp
position of the resonant freguencies of both floor and room modes. Consequently, careful measurement
of the rpom dimensionszand of the coordinates of chosen measurement locations should be recordel
and repprted (see 4.5.and 4.6).

A.3 Ehergy-based relationship

A.3.1 Moedel theory

Recent building acoustics are essentially based on an energy approach called Statistical Energy
Analysis (SEA; see Reference [27]), where acoustic and vibrational fields are characterized by their
energy stored in rooms or building elements, respectively, and where interactions between building
elements and rooms are expressed as power flows. Diffuse-field assumptions are made and vibration
and noise are measured in terms of space average levels, respectively, over the building element area
and the room volume. Building acoustics theory leads to the relationship between the space average
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sound pressure level, Ly ay, in the room and the space averaged velocity level, Ly 4y, of any wall or floor
mechanically excited and radiating in the room, given by Formula (A.8).

Lp'av - LV,aV = 10 lg o+ 10 lg (4‘5/14) (A'8)

where

o isthe radiation efficiency of the element;

S 1S 1ts surtace area;

A isthe absorption area of the room.

In Formula (A.8), sound pressure levels and velocity levels are in dB ref. 2 x 10-5 Pajand 5 x 1p-8 m/s,
fespectively.

NOTE The reference value 5 x 10-8 m/s is commonly used in building acousti¢s’for velocity leyels, thus
bading to the simple formulae given in this annex. If 10-9 m/s is used, as recommended elsewhere in this
document, -34 dB is to be added on the right-hand side of Formulae (A.8) and (A1) to (A.14).

\1] the terms of Formula (A.8) are frequency dependent and Formula (A.8) applies for each orle-third-
ctave band. The vibration and noise space average levels used in-Formula (A.8) should be dbtained
rom several measurement points, particularly at low frequencies; however, practically, a minjmum of
hree positions is often used when measurements are performed in situ (see Table 5, Note 4 and| Table 6,
(lote 4).

ja—

=t = 0 N

The absorption area, 4, is related to the room reverberation time, T, (see Table 7, Note 1 for measyirement
fprocedure) and the room volume, V, as given by Formula (A.9).

A=0,16 V/T (A9)

ormula (A.8) can be used to predict noise)from vibration measurement, assuming o and A are kinown. If
everal building elements are potentially radiating, then Formula (A.8) can be applied to each rpdiating
lement and the sound levels obtained added energetically (assumed uncorrelated) to estimate the
otal space average sound level in.the room.

o ol W 5 WO e o

is usually measured in a Jdboratory under (more or less) diffuse-field conditions using severgl source
ositions and rather bigroems and large building elements. For homogeneous building elements, o can
Iso be calculated (see ]SO 12354-1). The o values obtained (see Reference [38]) are close to [l at and
bove the so-called critical frequency of the building element considered and decrease continuously
vith decreasing frequency below. Heavy elements have rather low critical frequencies (typically around
00 Hz for a 20m concrete floor) and radiate at low frequencies more than lightweight elementls, which
ave higher.critical frequencies (typically around 1 600 Hz for a lightweight wood floor on joists).

Q) O O

N

\.3.2_<Case of in situ ground-borne noise

.

[wieyfrequency ranges should be considered separately (see A.1): the range from (40 to 50) Hz tq 250 Hz,
amd the range fromr 16 Hzto (A0 to 50 Hz:
Range from (40 to 50) Hz to 250 Hz

The calculated or laboratory measured values of o (see A.3.1) can be used above 100 Hz, even in small
rooms (10 m2). However, at and below 100 Hz, these values become erroneous and shall not be used in
Formula (A.8) for the following reason: at low frequencies in small rooms (in situ), very few room and
building element resonant modes exist and the radiation efficiency becomes highly variable, depending
on room size and building element size, thickness and boundary conditions. However, the modal
responses of rooms or building elements can still be represented by spatially averaged levels, and
Formula (A.8) can still be used to estimate g, which becomes situation dependent. Such estimation has
been done in a parametric study [25] using a numerical model in the (worst) case of heavy structures.
On average, the calculated radiation efficiency spectra obtained do not decrease continously with
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decreasing frequency below the critical frequency, and show peaks due to modal coupling between
room and building element (see Figure A.3 as an example); the room dimensions seem to be the
dominant parameter associated with the location of these peaks. Such calculated data can be used for
prediction.

Y
10

-10

L—
//
-15
25 31 40 50 63 80 125 200 x
100 160

Key
X  onefthird-octave-band mid-frequency, in Hz
Y radiption efficiency, in dB
a  Meapn value + s.
b MezEvalue.
¢ Meapn value - s.

Figure|A.3 — Radiation efficiency (10 lg 6) mean value +s from Reference [25] for a 12 m2 room
with a floor of (20 to 30) cm thickness-with different boundary conditions (critical frequency in
the range 63 Hz to 100 Hz), and radiating in a room of (2,5 to 3) m height

Simplifyjing further, a rough estimiate can be obtained by taking o = 1 over the whole frequency rangg,
down tqd (40 to 50) Hz.

A Statisftical Energy Analysis (SEA) not only gives access to the space average noise level radiated
using Formula (A.8), but also to the space variation of the radiated sound field from an estimate
standarf deviation, 55 0f the sound field, which, according to Reference [39] can be approximated at loy
frequenfies fromthe room modal density, n(f), and the frequency bandwith, B(f), chosen (often one
third-odtave band) as shown in Formula (A.10)

T T

5= 4,34 dB (A.10)

_0,22+\/1+0,319B(f)n(f)

with

n(f) =4nVf2/c3 + nSf/(2c2) + L/(8c) and B(f) = 0,23 fin one-third-octave band

where
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c=340m/s isthe sound speed in air in m/s;

f is the centre frequency of the band considered in Hz;
L is the total length of the room edges, in m;

S is the total surface of the room boundaries in m?;

%4 is the room volume in m3.

Range from 16 Hz to (40 to 50) Hz

o

. power based approach is no longer valid at very low frequencies, below the first roonianodes. Only
numerical models can be used, based on narrow frequency band calculations and using fFomplex
duantities (see Reference [38]).

A.3.3 Further simplifications

qtep 1: For heavy (concrete) structures, the radiation efficiency can beltaken as equal to 1 pver the
whole spectrum as explained above, which leads for a normally furnished room (reverberation time of
0,5 s) of normal size (10 m2) to a level difference as given by Formula\(A.11).

Lp,av - LV,aV = 7 dB [A.ll)
tep 2: Partition walls, usually lighter, radiate less at low{requencies and could be neglected; assuming

N
then that both floor and ceiling are similar and are theimain ground-borne noise sources in tije room,
floor velocity and total room noise can be related leads-to a level difference as given by Formula (A.12).

Lp'av - LV,aV’floor X 7 dB + 3 dB = 10 dB (A.lZ)

Ik should be noted that the very simple Formula (A.12) relates the space average floor velocity level to
the space average sound level in the room; but what is measured is the floor velocity at mid-spdn.

qtep 3: It is shown in Reference [24]-that for heavy structures, the floor velocity at mid-spanlis a few
dB higher than the space average-floor velocity level. Consequently, assuming that the floor vjibration
lpvel at mid-span (Lymeas,floac s @ few dB higher (say 3 dB) than the space average floor vibratipn level,
dssuming that the sound l¢vel measured in the middle of the room (Lp meas) is a few dB lower (spy 3 dB)
than the space average sound level and taking into account that both floor and ceiling radiate noise,
I

ormula (A.12) leads to)d level difference as given by Formula (A.13)
Lp,meas = Lyméas floor = 4 dB (A.13)
which is clese (within 3 dB) to the statistical vibration to noise factor obtained in Reference [29] 4nd close

o the statistical mean value obtained in Reference [22] which shows that average values obtaingd using
gnergy~based models represent quite well measured values averaged statistically over different gites.

ot

[ the room space average sound level more reproducible is used Formula (A 13) lhecomes
Formula (A.14) which is valid for frequencies equal or above (40 to 50) Hz.

Lpav % Lymeas,floor + 7 dB (A.14)
Formula (A.14) simply relates the room average ground-borne noise to the floor velocity measured at
mid-span with the following assumptions:

— both floor and ceiling are heavy (typically concrete) and are the main sources of ground-borne noise;
— partition walls are lighter, radiate less at low frequencies and are neglected;

— the room is normally furnished (reverberation time of 0,5 s) and of normal size (10 m2);
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— sound pressure levels and velocity levels are in dB ref. 2 x 10-5 Pa and 5 x 10-8 m/s, respectively. If
10-9 m/s is used, as recommended elsewhere in the present document, -34 dB is to be added on the

right-hand side of Formula (A.14).
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Annex B
(informative)

Vibration immission to building

lli.l General

Iln this document, vibration immission to building is characterized by two quantities: building ¢oupling
Ipss and building transmissibility from building foundation to floors. These two quantities pre also
defined and used for prediction in guidance elsewhere (e.g. VDI 3837 or Reference\[20]), though care is
flequired in interpreting and comparing definitions.

B.2 Building coupling loss

In this document, vibration transmission from ground to building is.characterized by a quantity called
huilding coupling loss defined as frequency dependent vibration, level difference, in decibels, hetween
the ground surface in free field (without the building) and the building foundation (see 3.1). The
definition can be applied to any (railway) source location, which can be at grade or undergroynd (in a
tunnel), and has been chosen so that the building couplingloss can be practically (but approxjmately)
theasured on site. The same definition should then be applied when the building coupling loss is
Q

alculated using models.

The definition given in this document may not properly characterize the transmission los$, which
ghould theoretically be defined as the differenée between the ground-borne incident vibrational power
level (without building) and the vibrational\pewer level transmitted to the building.

NOTE Power is difficult to measure directly, and is the time-averaged product of force F(t) and velgcity v(t).
Ih the frequency domain, power is obtained as a product of the Fourier transforms F {F(t)}* and F {v(t)} of the
time domain signals where the asterisk'denotes the complex conjugate.

Ik should be noted, however, that the practical choice of measurement at the ground surface may not
be sufficient to characterize the incident ground-borne vibration field. This can be the case yith the
presence of

Q)

) body waves frgm an at-grade source are not well characterized by measurements at the|surface,
which can undergo reflections from layering causing a deviation from monotonic decay giving
zones of “he'spots”, which are areas suffering reflection from layers below, and “cold spotq”, which
are intexmediate zones between source and measurement point where the reflections have not
been‘directed to the surface, and

) body waves from an underground rail source.

I o 2| H N 43 rS M| £, < H N 43 £ 1o £ £ dais da££, i P91 d
IUCTTY, VIUIdUUITL dU SUIT SsulrditT dIiiu vIiUTI dUIUIT dt ucp\.u Ul TUUIIUdUIUIT dI'C UIrIcIroIit HuallLlLleS’ an

characterize different inputs to a building according to source, either at grade or in tunnel.

It is usually difficult in an urban landscape to achieve free-field conditions for ground surface vibration
measurements, which can be used to evaluate the building coupling loss. It is important to recognize
that it is often only possible to at best try to approximate this free-field condition and note the site
issues that can detract from free field. There are various considerations to be taken into account in
choosing the appropriate distance from the building as well as practical considerations at the site (see
also ISO/TS 14837-32:2015, 5.5).

i) Typically, there is a nearfield within a certain distance from a building, which is a function
of some multiple of wavelengths and which varies from site to site according to frequency, and
which is influenced by the ground dynamic properties, by the size of the structure, and by the
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vi)

B.3 Bpilding transmissibility

In this document, thé\ibration transmission from building foundation to floors is characterized by th
building transmissibility as defined in 3.2, which includes the vibration variations from floor to floof,
and thelvibration amplification due to resonant modes of the floor considered, the latter phenomeno
being dgminant.

28

type of embedment. Usually a distance greater than three wavelengths is necessary for free-field
conditions and in an urban setting at low frequencies this may not be practical to achieve.

As an example of the nearfield effects, free-field conditions associated with surface Rayleigh waves
and the corresponding retrograde elliptical particle orbits cannot be realized due to constrained
ground in the nearfield due to building embedment. Other complications arise in the nearfield;
for example, on the source side of a building exposed to an at-grade railway, the vibration can be
reflected by the building embedment, according to frequency of vibration, its wavelength and how
that relates to depth of embedment. In this case, measurements on the ground near a building
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Annex C
(informative)

Transducer coupling

‘l auadu\.c1 LUUP};IIS ohuu}d CIISuI T that t}lc tl auadu\,cx ITIUVCO ill P}laDC \'A% lt}l aud at thC odIllIT dl
velocity or acceleration) as the immediately surrounding structure or ground to which itis
gnd so does not itself materially interfere with or modify that motion.

A transducer may itself be too small to achieve sufficient coupling to certain ground“conditi
Jo an intermediate coupling is necessary. Care is required to ensure that the/transducer
intermediate coupling method does not detract from the objectives mentioned above.

Juch installation of vibration transducers to measure vibration induced by ‘rail systems relie
dombined achievement of two elements:

d) achievement of a flat and firm installation base, whose movements'match as accurately as
those that need to be measured (soil, wall, building surface, ete.);

) achievement of a good coupling between the vibratien transducer and the aforeme
installation base.

The specific case of field measurement of ground-borhe vibration arising from rail systen
dignificant variety of contexts and particular circumstances. Some site circumstances are
impose greater challenges and also depend upon(workmanship which are difficult to assess,
fpr a), as described below.

(oncerning b), a correct coupling between\the vibration transducer and the installation basg
dchieved by some of the following means.

+ Stud: The preferred method of mounting an accelerometer on a flat surface base is the stu
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Imore so
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method. This stud is often a.removable threaded piece, as shown in Figure C.1. The stu
method yields the best results because the high clamping force of the stud ensures t

base surface and the(agcelerometer can further enhance coupling precision, by filling in any
to slight imperfections in the mounting surfaces. This precaution is, however, more importa
measurement gfhigh-frequency vibration, which is beyond the range of interest in this do
When triaxialacceleration is measured, studs can be used to install vibration transduc
machinedcube [see Figure C.1 b)]. This machined installation cube can in turn be mounte
of the coupling means described.

e exact

duplication of motion of;both bodies at all frequencies. A thin layer of silicone grease between the

ids due
tinthe
cument.
brs on a
[l by any
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a) Seistpic accelerometer installed on a flat sur-

a) Seigmic accelerometer installed on a glued b) Seismic accelerometer with a direct adhesiv

30

i
- A
Hsensl =

b) Triaxial vibration measurement, with ac-
celerometers installed on a cube by means of
removable studs

=

HJ

face by means of a removable stud

Figure C.1 — Transducer coupling with stud

AdRhesive: For shorttemporary sampling, an adhesive that does notmark the surface permanently i
occasionally desirable. A material used in bulk is often flexible, such as reusable putty-like adhesiv
or Heeswax, but when made into a very thin layer, can give a-rigid enough coupling that is suitabl
for the frequency range intended, and provides a sufficiently tacky surface to hold a transduce
under its weight in a vertical axis deployment. This is lesssuitable in horizontal axis deploymen
unl¢ss the transducer is very lightweight. Another example can be certain non-resilient types d
thin double-sided tape. Certain types of coupling may need to have regard to vibration magnitudg
whikh is less of a concern at a distance from thewibration source. In all other cases cyanoacrylat
or epoxy resin can be used. Coupling can be doné’either directly on the transducer surface, or usin
an intermediate pad (see Figure C.2). In this\case, the pad is glued to the installation base, and th
transducer is installed on the pad by means-of a stud.

M |
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|
|

—~ - 3 D WU

g (D <

19°)

L L

A1

stud pad installation

Figure C.2 — Transducer coupling with adhesive

Magnet: In case the installation base is ferromagnetic (e.g. steel stakes in the ground), a magnet
with a stud can also be used to attach the transducer, or a steel disc glued to a surface to which the
magnet attaches. Generally, a magnetic coupling can introduce errors at frequencies higher than
1 000 Hz, but this limitation has no practical effects in the context of this document for measuring
ground-borne noise and vibration arising from rail systems, because these higher frequencies
fall beyond the range of interest. Where magnets have a high pull strength, which can be more
necessary in the horizontal axis and inverted applications, it is important not to let the magnet,
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while connected to the accelerometer, snap onto the test structure, but to gently rock or slide the
assembly into place, to avoid damaging accelerometers with high sensitivity.

NOTE1 The transducer examples in the figures in this annex refer to accelerometers; they could also relate to
geophones.

If a transducer is inadvertently dropped on site during deployment, its functionality must be questioned
and shall be checked with a calibrator, in particular for accelerometers with high sensitivity, and the
event noted accordingly.

\ g ; as envirgnmental
ipfluences, electrical noise and their management, which can be obtained from manufacturer’s installation guides.

Jumming up, all three described mounting methods can be considered as valid, takingsinto |account
that the frequency range of interest in the context of this document is not very demanding (distortion
hecause of improper mounting or surface unevenness usually occur at relativély high frequencies,
hReyond the range of interest). Notwithstanding this fact, all the above described’mounting gyidelines
ghould be followed as accurately as possible.

oncerning a), somewhat more challenging is the achievement of a flat and firm installation| base in
he soil, wall or building part whose vibration magnitude is being measured. This is due to the very
ifferent degrees of consistency that can be encountered; from soft,"wet soils to very hard purfaces
e.g. concrete). The evaluation of the most appropriate method%of* transducer coupling in thg former
xamples is difficult to assess, and is strongly influenced by workmanship.

0 S N o W e o Y

When measuring vibration on a very hard surface (e.g. a wallor building element), the decision flepends
dn the flatness level of this surface. In case the surfaces horizontal and flat enough (typical ¢ase of a
PBavement or a floor), a mere installation with adhesives’can be used with advantage. In case thqg surface
ip not flat or not horizontal but can be drilled, an-aichor can provide a suitable installation bjase (see
Higure C.6). When drilling is not possible, surface unevenness can be remedied by locally dpplying
qJome plaster of Paris in order to provide aflat installation base to the transducer. In all hgrizontal
theasurements where the transducer is not'installed on a threaded element, the significant weight of
geismic vibration transducers shall be taken into account in the selection of the bonding adhesjve to be
ysed, or the suitable pull strength of the magnet.

Measurement of soil vibration has been typically carried out by means of several installation strategies.
(ritical examination of common.practices is available in the specialized literature (see Reference [26]
dnd References [33] to [36}H0or details). The main conclusion that can be drawn from these comparative
heasurements shows that-a proper installation base is particularly relevant in horizontal vjibration
heasurements. Vertigal Z-direction measurements are more robust with respect to the installation
hase, but a number 6fdetails in any case need to be taken into account.

A good coupling between the soil and the vibration transducer is crucial, and not always easy tofachieve.
The several installation strategies for soil vibration measurements that have been traditionally used
gnd have beén experimentally compared are the following.

— Plaster of Paris: Pouring a base layer of plaster of Paris guarantees good contact with [the soil,
provided that the soil is relatively root free and undisturbed. The thickness of the plaster should be

> i i el i H-sti g ; enfimetres
can be enough. Also, plaster of Paris can be used in combination of a metal plate, which is laid on the
plaster surface when still not set. This method has the disadvantage of all the steps involved, and
also the time needed for the plaster to set, which in wet soils can be significant.

> Sac = -1 = < Sa- Dottt

— Mounting blocks: These blocks consist of a base, usually metallic, on whose surface the transducer
is installed. Two variants have been tested: metal blocks just laid on the soil surface, and metal
blocks partially buried in the terrain. First variant has shown bad results, particularly for horizontal
vibration measurements. Partially burying the mounting block as shown in Figure C.3 greatly
improves reliability.
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NOTE 3

address the mounted resonance issue although the internal resonances becomes a greater consideration.

NOTE 4
function

When considering the mass of the block, a lighter block may be preferable to avoid mounted
resonances of the block on the stiffness of the ground in the frequency range of interest in all six degrees of
freedom. Avoiding internal resonances of the block is a separate consideration. A hollow block to lighten it may

The mass of the block is modified by the participating mass of the half-space, which varies as a

of frequency.

The size of the block is a consideration and should be much smaller than the relevant wavelength for
the ground at the upper end of the frequency range of interest, so that it follows the ground movement

faithful

Figure

— Nai
[35
aro

Y-

on its surface

Key

1 long spiral nails (80 mm)
2 short finishing nails (50 mm)

Figure C.4 — Transducer mounting on a base plate partially embedded and multiply nailed to

32

C.3 — Mounting block, partially embedded in sgil, with a vibration transducer installed

led plates: A variant of the mounting blockapproach has been successfully tested (see Referenc
). This variant consists of a base platé,)with some nails installed in the perimeter and als
ind the central part, which ensure geod coupling with the soil (see Figure C.4).

0

=4

the soil
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— Stakes: If the soil is soft enough to allow the installation of metal stakes, this is a good option,
provided that a number of conditions are met. First, the section of the stakes shall be in the form of a
cross, or shall be T-shaped, in order to ensure good coupling with the soil. Second, the stake should be
almost completely driven into the terrain (ideally no more than 1 cm, and always less than one-third
of the stake length, should be above the ground surface. Third, embedment depth should be enough
(around 30 cm or more). For horizontal vibration measurements, only aluminium stakes have been

reported to give satisfactory results (see Reference [33] and Figure C.8 for details). For

vertical

measurements, either steel or aluminium stakes are valid. Installation of stakes can leave gaps due
to driving methods (see Figure C.5). To minimize the effect of these gaps on the measurement, soil

1 111 R | ) g | e 1 - h - L. 4 - b Ll g |
ST TTLUIIPALLITU AT'UUIIU LT START AT UTIITg UTNIVEIT It VAdl'ldlIts U LT SUTART g T UL

include a taper along the length (see Figure C.8).

Key
1 gaps due to driving methods (shown accentuated)

Figure C.5 — Installation of a stake and possible side effects (gaps) due to driving met

+ Anchor bolts: It is not possible to drive a stake into some very hard soils and rocky surface
case, the soil can be drilled and a metallic anchor bolt can be installed and secured in the dri

(see Figure C.6).

etry can

hods

5. In this
led hole
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NOTE
installat

Figure
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— Bu;[ed canisters: This method ensures a good coupling be n soil movements and the vibratio

such that the whole assembly has close to the

pre

If necespary, the canister can be made wat \g'ht if it is intended to be used in a wet environment. 4

small hd

the assgmbly is fully covered. The canis

the hole
with pa
the rest

From left to right: hole drilling, hammering anchor in the hole, screwmg@%ﬂor to secure in placg,
on of vibration transducer on top.

C.6 — Transducer mounting on anchor bolts installed insiéholes drilled in rocky soils

sducer (provided that soil disturbance is kept to @qlmum) but for practical reasons, it i
gnized that it is more appropriate to a research in aés igation. In this approach, the transduce
echanically installed inside a rigid canister (s ure C.7) by means of a threaded stud. Th
me of the canister, the material, the wall thic and the mass of the transducer are combine

&a mass as the corresponding volume of soil (an

u..u..(u'-suz.-a

ferably has a centre of gravity close to 1ts cé tre).

\

le is dug in the soil, roughly 20 cgz)\x%’BO cm deep but in any case deep enough to ensure that all

is closed, electrically connected and placed in the bottom df

previously flattened and pacted. After that, the remaining space in the hole is filled back

't of the soil, carefully co ting towards the walls of the assembly to a consistency similar tp
of the surrounding soil{The assembly should be fully covered in the ground.
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