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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
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Introduction

Many if not all ground transportation systems can give rise to ground-borne vibration and/or gr

ound-borne

noise. Railways are by far the most common and significant source as a consequence of running steel wheels

over steel rail.

Raill Systems of all types generate ground-borne vibration and/or ground-borne noise, which (g
urban settings) can have an undesirable environmental impact. An assessment of the likely grou

specially in
nd vibration

and|response of structures at different distances from the source may be required. This requirement may arise

for planning purposes where

a) |a new or extended railway or new or altered buildings are proposed,

b) |changes in dynamic characteristics of track or dynamic characteristics of trains are proposed,
c) |achange in train operations is proposed (e.g. change of total length, speed, service pattern), g
d) |assistance is needed in the evaluation of vibration mitigation me&asures.
Appropriate prediction of ground-borne vibration and/or ground<borne noise is the first of the t

blogks required to assess vibration effects of new or modified\rail systems on existing buildings, o
on pew buildings next to or over existing rail systems. &Ground-borne vibration and/or ground-{

=

o0 essential
r the effects
borne noise

critgria (and/or limit values) in the receiving building are‘the second block of any assessment. Critegria and limit

valdes, however, are covered by national standards ahd other International Standards.

Predliction of ground-borne vibration and/or ground-borne noise from rail systems is a complex and developing
technical field. This part of ISO 14837 provides guidelines on the essential considerations assg@ciated with

developing prediction models to ensure that they are “fit for purpose” and that they are consis
apploach.

Guiglance is given on calibrating and validating a model and verifying its implementation, which ar
in gpantifying and improving theé model’s accuracy.

ent in their

b vital steps

Tabje 1 shows in outline the)stages to be observed for new or modified rail systems or building dgvelopments
alorjgside rail systems:. This part of ISO 14837 provides general introduction and guidance. Deta|led matters

will pe covered in future parts, the titles of which are given in the Foreword.
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Table 1 — Outline of stages and the appropriate parts of ISO 14837

1. Approach dependent upon:
New build, refurbishment or adjacent development (Part 1)

Design stage (concept, preliminary, detail) (Part 1)

2. Evaluatid
Use nationa

Define asse

T Criteria
standards and/or Part 4

ssment location(s) and metric(s)

Identify rele

Gather pard

3. Parametgrs affecting situation

ant parameters (check list in Part 1)

meter data

Acquire site
Evaluation d
Develop ang

Evaluate mi

4. Measurements

specific information using metric(s) defined by criteria (Part 3 and Part 4)
f model parameters
or validate prediction model

igation performance

Use approp

Ensure valid

5. Predictions

Use metric defined by criteria (Part 4)

iate model in the design stage (Part 1 and Part2)

ation and define accuracy (Part 1)

6. Assessn
Compare pr|

Identify reag

ent
pdictions against criteria

on(s) for exceeding criteria

7. Mitigatio
Identify mitig
Assess whe

Carry out cd

n
ation options (Rart 1, Part 5 and Part 6)
ther mitigatiorpeptions are reasonably practicable

st/benefit:analysis

8. Solution

Develop det

ail design

Implement solution

9. Asset management

Implement a programme of condition monitoring and maintenance to observe criteria (Part 5, Part 6)

vi
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Mechanical vibration — Ground-borne noise and vibration
arising from rail systems —

Part 1:

G

neral guidance

1

Thig

Scope

part of ISO 14837 provides general guidance on ground-borne vibration generated by the ope|

sysfems, and the resultant ground-borne noise in buildings.

It lis
met
occ
ass

Atte

The
part

Thig

ts the factors and parameters that need to be taken into consideration-and offers guidance o
hods appropriate for a range of circumstances (e.g. to support the assessment of effects
ipants and sensitive equipment or operations inside the buildings in addition to the predictions
pss the risk of damage to building structures).

ntion is paid in this part of ISO 14837 to

characteristics of the source: emission (e.g. train, wheel, rail, track, supporting infrastructure),

propagation path: transmission (e.g. ground ¢ondition, distance), and

receiving structures: immission: (e.g. foundations, form of building construction).

guidance covers all forms of wheé€l and rail systems, from light-rail to high-speed trains and
of ISO 14837 provides guidance for rail systems at-grade, on elevated structures and in tunne

part of ISO 14837 does not deal with vibration arising from the construction and maintenang

system. It does not deal with.airborne noise. Structure-radiated noise from elevated structures

hav

b a significant environmental impact, is also excluded.

ration of rail

h prediction
on human
required to

freight. This
S.

e of the rail
which can

For dated
referenced

2 [Normative references

The| following“referenced documents are indispensable for the application of this document.
references;~only the edition cited applies. For undated references, the latest edition of the

docpment (including any amendments) applies.

ISO 2041, Vibration and shock — Vocabulary

3 Terms and definitions

For the purpose of this document, the terms and definitions given in ISO 2041 apply, together with the
following.

31

ground-borne vibration
vibration generated from the pass-by of vehicle on rail, propagated through the ground or structure into a
receiving building

© 1SO 2005 - All rights reserved
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3.2

ground-borne noise
noise generated inside a building by ground-borne vibration generated from the pass-by of vehicle on rail

NOTE 1 Ground-borne noise is sometimes also referred to as re-radiated noise, structure-borne noise and solid-borne
noise.

NOTE 2  Ground-borne noise excludes direct airborne noise.

3.3

model parameter

factor or fupetien—deseribirg—thephysical-hehaviour—efa—mechanicalelement{properb—in—a—rmathematical
model

3.4

model conjponent

principal (fundamental) element of the whole physical system

35

model development

drafting a model of a physical structure

NOTE The model development is an iterative process through which a parameter,-Ccomponent or the whole model is
modified to provide better agreement between predicted and measured values.

3.6

model calibration

calibration function(s) which are evaluated to ensure agreement’between the model output and measyred
data

3.7

model valigation

comparison| between the output of the calibrated model and the measured data, independent of the datd set
used for calibration

3.8

model verification

confirmation that the mathematical elements of the model behave as intended

3.9

metric

indicator usged to express an“evaluative criterion and measured or predicted quantity

3.10

insertion grin

ratio betwegn the value of a metric with and without a change to the system

NOTE 1 A reduction in the metric value is shown with a neqative sian when the insertion qain is pxprpeqpr‘l in deciblels.
NOTE 2  Although “insertion gain” is the preferred term, the term “insertion loss” is also used. A reduction in the metric

value is shown with a positive sign when the insertion loss is expressed in decibels.

3.11

unsprung mass
collective mass of elements such as wheels, axles and, where appropriate, brake discs, axle hung motor,

gearboxes,

that bear on the rail below the vehicle suspension

© I1SO 2005 — All rights reserved
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4 Overview of ground-borne vibration and ground-borne noise

4.1 Circumstances of interest

Ground-borne vibration and/or ground-borne noise can give rise to effects on human occupants of buildings.
Very sensitive equipment or its operation can also be adversely affected. In extreme cases, ground-borne
vibration can be such that there is a risk of damage to buildings and other structures.

This part of ISO 14837 provides guidance on the prediction models required to assess the effects of vibration
on human beings (but not animals) and very sensitive equipment inside buildings, and on the buildings

ther IOU:VUO-

Peadple will perceive vibration in different forms, depending on the frequency range, as mechanical
the [human body (relevant frequency range 1 Hz to 80 Hz) and/or as sound, ground-bornenois¢g
vibrating parts of a building; i.e. the walls, floor and ceiling (relevant frequency range 16 Hz to 250

NOTE 1  Vibration is perceived in different forms, either as whole body vibration (1 Hz {6(80 Hz), or percq
the factile sense, which may have a higher frequency range.

vibration of
emitted by
Hz).

ived through

NOTE 2  In unusual circumstances, frequencies as low as 16 Hz or as high as 500:Hz may be relevant to ground-borne
noise.
NOTE 3  Secondary effects include higher frequency noise emitted by rditling of some items such as glagses, dishes,

windowpanes, ceilings, light fittings and some furniture. Guidance is not proyided on the prediction of sound ¢
this mechanism because it is difficult to quantify, although it can be a significant source of disturbance.

eneration by

Vibration in buildings can affect technical equipment; i.e. sensitive measuring instruments or manufacturing

esses. The relevant frequency range is dependent upoéhn the particular item of equipment and g
Hz.

prog
200

NOTE 4
elenments.

Typically, dominant frequencies are less\than 100 Hz because they represent the respons

The
is 1
freq

frequency range relevant to the evaludation of the risk of vibration-induced damage on buildin

uencies. Most building damage from man-made sources occurs in the frequency range 1 Hz to

4.2| Source of ground-borne vibration and ground-borne noise

421 General
Rail
the
cau
is s
dep

systems aresa source of vibration. The vibration is transferred and modified through the track
supporting infrastructure and then the surrounding ground, and into neighbouring buildings v
e perceptible vibration and/or audible ground-borne noise. This source/propagation path/rece
hown.schematically in Figure 1. The origin of the vibration is the interaction between the rai
cted.in Figure 2.

an be up to

b
e

of building

j structures

Hz to 500 Hz, although high strains associated with higher risk of damage are associatéd with low

150 Hz.

system into
here it can
iver system
and wheel

In the prediction of ground-borne vibration and/or ground-borne noise arising from rail systems,

t should be

noted that the source, propagation and receiver system depend on many matters (see Annex A), some of
which are more significant than others. The parameters must be determined either from experience, data in
the literature or expert opinion, or by in situ measurements.

The desired accuracy of the prediction model will depend upon the purpose of the prediction and is limited by
the knowledge and understanding of system parameters.

© 1SO 2005 - All rights reserved


https://standardsiso.com/api/?name=9799094f2a456051d5076321ee88699b

ISO 14837-1:2005(E)

Key
1 source

2 propagation:
2 a body waves (compression, shear)
2 b surface waves (e.g. Rayleigh, Love)
2 ¢ intgrface waves (e.g. Stoneley)

3 receiver|(vibration, re-radiated noise)
4 water tabble

NOTE The components of the system comprising source, propagation and receiver are interdependent.

Figure 1 — Example of source, propagation and receiver system

4 © I1SO 2005 — All rights reserved
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d
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5y <y <y :
IIIIIII\IIIII:I;IIIIIIIIIIIIIII IIIIIIIIIIII:II IIIIIIIIIIIIIIIIIIIIIII
5 /A
; .
1 2 3
L VAR AL
Key
1 Fail support spacing
2 |ntra-bogie axle spacing
3 |nter-bogie axle spacing
4 )ntra-vehicle axle spacing
5 nter-vehicle axle spacing
a8 for detail, see Figure 2 b).
a) Description of source
X
1 2
-—
.//
EX ]
7.6 55 ] b
g X ™y !“
9 - [ %4
cygr Nt LI LI T o
IEIRrnrEInxuIR]
\
10
Key|
1 train speed, v 6 rail roughness
2 part of carriage mass, mc 7 rail impedance
3 part of bogie mass, mg 8 typical model of rail support
4 unsprung mass, myy 9 typical model of formation/tunnel
5 wheel roughness 10 ground impedance
NOTE Damping may not be viscous.

© 1SO 2005 - All rights reserved
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1000 1 10 100 1400

X X
Key 3 inter-bogie axle passage frequency frem.3 in Figure 2 a)
X frequengy, Hz intra-vehicle axle passage frequency’from 4 in
Y interactipn force, dB Figure 2 a)
5 inter-vehicle axle passage ffequency from 2 in
1 rail support passage frequency from ' in Figure 2 a) Figure 2 a)
2 intra-bogie axle passage frequency from 2 in Figure 2a) 6 wheel and rail roughness

NOTE FPassage frequencies are f;, [Hz] = v [km/h)/(3,6 /, [m]) with /, being thé.spacing considered.

c) Sources of excitation at wheel/rail interfaces at d) Sources of excitation at wheel/rail interfades

80 km/h (indicative only)

at 250 km/h (indicative only)

-10 |-

=20 -

=<V

Key

8 16

Y

31,5 63 125 250

X frequency, Hz (e.g. one-third-octave mid frequency)
Y insertion gain for train/track relative to a reference defined track, dB

e) Example insertion gain for track predicted by train/track model

Figure 2 (continued)
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4.2.2 Mechanism of excitation

Mechanisms of excitation are the following.

a)

)

Moving loads (quasistatic) excitation, i.e. the moving distortion of the track and supporting medium due to

the train load moving with the train. At fixed locations this is a time-dependent dynamic action

and causes

flexural waves in the track and the ground. There are mechanisms related to this that are not yet fully
understood (e.g. effects of boundary conditions, inhomogeneities in the track and ground giving rise to
propagating waves). It is possible for high-speed trains travelling on soft ground to exceed the Rayleigh

(surface) wave speed of the ground. Unmitigated, this could generate large vibration levels
way to the sonic boom generated by supersonic aircraft. Its effect in the near field on track

in a similar
stability are

more significant. However, this Issue 1s designed out by placing the track bed on stiifened, g
concrete slab track with piled foundations to underlying stiffer strata. In tunnels, the tunng
invert slab provide the stiff foundation that reduces the levels of vibration in the surrounding gr

Excitation caused by wheel/rail roughness, i.e. random irregularities of the contact surfac
wheel cause forced excitations of the system (vehicle/track). Roughness- will arise
manufacture. Allowance should be made for the variation in roughness that ogcurs once in sef
irregularities will vary in service with time.

Parametric excitation: For railway tracks with discrete rail support (e.g-sleepers on ballast, rqg
plates on slab as distinct from embedded rail), the wheel “sees” a variation of stiffness depend
position along the rail. The moving dynamic forces excite the vehicle and track. The speed of
and support spacing define the support passage frequency. Similarly, other harmonic compd
due to axle spacing and bogie spacing. Where these frequencies coincide with the natural f
the vehicle and vehicle on the track system, considerable excitation of the vehicle track and

environment can arise.

Additional wheel/rail defects: More severe forms»of wheel and rail roughness can occ
circumstances as a consequence of operation. For rail, the most severe form of roughness is
This consists of superimposed periodic irregularities of varying wavelengths. Corrugation car
on the wheel with other forms of severe “reughness” being associated with single or multiple
ovality, out of balance and eccentricity., These irregularities will vary in service with time. Defe
arise from insufficient remedial grinding-or inappropriate remedial grinding of corrugated track.

Discontinuities of the track, i.e. gaps at the switches, at rail joints, dipped rail, etc. cause imp4
the length of jointed or welded\rails becomes equal to the spacing between bogies of the ve
the levels of vibration can_be)significantly increased.

Vehicle suspension (including the case of locked suspension).

Steel hardness, i.e,*random or periodic variation in hardness of running surfaces, during ma
more usually,arising in service.

Lateral lgads, particularly due to vehicle guidance on tight radius of curvature, and through sw

Driving-'conditions, i.e. acceleration and braking deceleration of the train form dynamic for
vibration.

Found or on
| lining and
bund.

Bs, rail and
first during
vice. These

silient base
ing upon its
the vehicle
nents arise
fequency of
surrounding

Ur in some
corrugation.

also occur
wheel flats,
cts can also

ct forces. If

hicles, then

hufacture or

tches.

tes causing

Extreme environmental conditions: For example, railhead temperature and humidity affect wear and

hence vibration.

The parameters described under a) through j) above only give rise to vibration as a consequence of the finite
driving-point impedance seen at the contact patch between the railhead and the wheel tread.

The impedance seen at the railhead is principally determined by the design of the track, but is also influenced
by the supporting structures (e.g. tunnel invert, the tunnel) and the surrounding ground.

For the frequencies of interest, the impedance at the wheel tread is principally determined by the unsprung
mass of the vehicle. However, the overall mass of the vehicle and its payload can become important if the
suspension becomes effectively rigid (e.g. due to lack of maintenance or the behaviour of dampers at high
frequencies).
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4.3 Propagation

With rail systems at grade and on elevated structures, the vibration in the ground is mostly carried by surface
waves.

For rail systems in tunnels, the propagation of the vibration in the ground is carried via compression and shear
waves. At a distance from the tunnel, depending upon the tunnel depth, surface waves may dominate.

The frequency range of interest for ground-borne noise and vibration at the receiver is approximately 1 Hz to
250 Hz. Higher frequencies may be received in certain ground conditions (e.g. rock), or when the building is
directly in contact with the tunnel or ground rock, or at a very short distance between tunnel and building or

where a soi

The low-pa
relevant fre
the frequen
distances, ¢

Where the
building), th
should takg
through cor

Considerati
treatment 4

necessary also to consider the effect of ground water.

Damping in
damping at
the presum
particularly
non-linearit
consider th
guidance is

NOTE 1
NOTE 2

1
I

4.4 Recéd

The freque
approximat

interlayer between building foundation and rock strata is thin.

5s filter effect of the train-track bed system attenuates the frequencies in the upper part off
Huency range considered in this part of ISO 14837. Due to effects such as damping in'the gro
cy spectrum changes its shape with distance, and lower frequencies may dominate over la
epending on the ground material.

receiving building is in direct contact with the tunnel (i.e. the tunnel is part of the foundations
e main propagation path is through the structure of the building and therefore the prediction m

account of the dynamic response of the building structure. Propagation will take place not
hpression and shear waves but also through flexural/bending waves:

bn should be given to man-made structures in the ground(such as tunnels, services, grg
nd/or anchors) and the effect that they may have on pfepagation characteristics. It may

the ground should be considered carefully. Water saturation of porous soils can introduce visg
higher frequencies. However, caution should be exercised in using major simplifications, suc
ption of viscous damping generally, as this mayigive rise to significant errors in predicted va
at high frequencies. At low strains, it is comnon to treat the soil behaviour as linear, althg

is implicit in the behaviour of soils to a-varying degree as a function of strain. The nee

provided in Clause 9.

'he presence of layering can give preference to some frequencies.

h some situations, there may be.grrors in assuming clear and simple boundaries for the layers.
iver

ncy range of interest for the immissions (ground-borne noise and vibration) at the receivg
ply 1 Hz to 250<Hz "Higher frequencies may be received in certain ground conditions (e.g. rock

when the b

The predic
model shod
incoming Vi

|

ilding is directly in contact with or very close to the tunnel.

on modehlshould allow for the transfer function between free-field and building foundation.
Id allow for the response of building elements (e.g. floors) that may magnify or attenuate
pration as a function of frequency.

the
ind,
rger

of a
bdel
only

und
be

ous
h as
ues
ugh
d to

bse issues and the approach adopted, will vary depending on the type of model used. Fufther

ris
, or

The
the

Ground-borne vibration can radiate noise in rooms where the magnitude will vary spatially and will depend
upon the radiation efficiency of the structure and room use, which will be a function of frequency.

The modelling of the receiver should have due regard to structural form and fitting out as a consequence of
use (e.g. the models used for rooms in residential property may need to be different from those used for large
rooms such as auditoria).
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5 Effects of ground-borne vibration and ground-borne noise

5.1 General

This clause provides guidance on the effects of ground-borne vibration and ground-borne noise o

1:2005(E)

n buildings,

occupants and sensitive equipment, and the frequency range relevant in each case. It also puts the magnitude

of ground-borne noise and vibration from rail systems into context.

5.2 Perception of ground-borne vibration (1 Hz to 80 Hz)

Strd
thei
The]
give
rarg

ctural vibration inside buildings can be detected by human occupants and can affect them jn
- quality of life can be reduced as can their working efficiency. These effects are considered by

rise to (in order of magnitude) annoyance, discomfort, activity disturbance and, at extreme lev
cases affect health.

ISO
buil

2631-2 provides a frequency weighting curve related to human response tonwhole-body vibr
jings and guidance on evaluating complaints.

NOTE Vibration can also be visually perceived (e.g. swaying of pendulum lighiittings, light lever action
surfaces). This mechanism is more likely to be associated with rail systemsat‘grade as distinct from ra
tunnels.

5.3| Perception of ground-borne noise (16 Hz to 250 Hz)
Gro
buil
the
railv
Gro
facd

und-borne noise occurs when often imperceptible levels of ground-borne vibration give rise to
jing surfaces, and some contents that in turn cause @n audible “rumbling” sound, usually by
bir inside rooms. Ground-borne noise is more oftenxassociated with rail systems in tunnels, as
ays at grade, because the receiving building is completely screened from any airborne noise i
Lnd-borne noise could, however, also be an issue for an at-grade situation in a room that is on
de to the source.

Gro
may

und-borne noise can give rise to annoyance or activity disturbance. Higher levels of ground-
give rise to sleep disturbance.

NOT
perd

E1 The primary perception «gf,ground-borne noise is through the air, although people lying on bd
eive ground-borne noise/vibration ‘at much lower levels as it propagates through the bed structure (bone ¢
NOT

E 2 Higher frequency noise can be emitted by rattling of some elements (see 4.1, NOTE 3).

5.4| Effect on buildings (1 Hz to 500 Hz)

Extiemely high levels of ground-borne vibration or a large number of vibration cycles of high magni
unupual circumstances, give rise to risk of damage to building structures either through direct stre
builfling,components or through induced settlement in cohesion-less soils and fill. The vibration lev|

nany ways:
ISO 2631-2.

levels of vibration generated inside buildings close to rail systems are such that in seme sitliations they

els, might in

ation inside

on reflective
| systems in

vibration of
radiation to
distinct from
n the tunnel.
the remote

borne noise

ds may also
onduction).

tude can, in
ss/strain on
els required
s levels of

are |of-the’ order of 10 to 100 times larger than those associated with human perception and th
vibrhti o ; iding . .
guidance, see ISO 4866 and national standards.

The risk of vibration-induced damage to buildings associated with the operation of railways

For further

should be

considered in the context of the greater risk of damage posed by construction work from induced settlement

both during and after construction.
NOTE 1 There can be effects on other structures (e.g. adjacent tunnels, utilities) that may need to be cons

NOTE 2  Most building damage arises in the frequency range 1 Hz to 150 Hz.
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5.5 Effect on very sensitive equipment and sensitive tasks (circa 1 Hz to 200 Hz)

Concerns are often raised about the potential effect of vibration on equipment and its operation (computer
hardware such as hard disc drives and electrical relays). Guidance is provided in ISO 8569 and ISO/TS 10811.
Generally the majority of such equipment is not adversely affected at the levels of vibration that occur from rail
systems, particularly those in tunnels. The levels of vibration and shock experienced by computer installations
in their normal service environment (e.g. due to footfalls and door slams) are far higher than those
experienced as a result of environmental sources.

There are, however, a range of very vibration-sensitive equipment and particular (tasks); for example:
computer microprocessor manufacture; some types of laser technology; sensitive laboratory equipment and
its operatiof (e.g. microscopy and spectroscopy); and some forms of medical surgery.

D

of
ning

Very low lg¢vels of vibration, well below the threshold of human perception, can disrupt these type
equipment pnd their operation. The principal forms of disruption are adverse effects on sensing, positio
and focusing of equipment and on the activities of the operators in performing these tasks.

Vibration fr the
background

bm the railway may itself be at a level to cause interference or it may sufficiently add to
levels in a building and cause interference.

trol.

In very sen
Backgroundg
vibration is
covering ar
within the

vibration. It
existing am

There are
their opera
targets eith

6 Metrid

6.1

The metric
and/or grou
should be d

The metric(
the variatio
are typically
than those

Geneéral

sitive applications, such equipment will by necessity be subject to “extensive vibration con
levels are likely to be controlled; for example: by isolation of sensitive equipment from floor
plated floors; use of high-mass and high-rigidity floors; anti-slam’ doors; control of foot falls (
d footwear); and isolation of power and mechanical-servicesyequipment from the receiving ro
puilding structure. Floor design and equipment isolation.can also reduce the effects of rail
is useful to compare levels of vibration on the floors of.a)laboratory from a new rail scheme
bient vibration from internal activities.

bnly a few International Standards that specifically relate to sensitive types of equipment an
ion. The manufacturer generally sets serviceability limits or the end user may define limit
pr by specification or by experience.

S

.
b

and associated measurement conditions used to quantify the effects of ground-borne vibrg
nd-borne noise on.human beings, the effects on buildings and the effects on sensitive equipn
efined in detail.

h in measunements that will arise at different locations in a room (e.g. vibration levels at mid-g
highgerthan those near the supports; noise levels near walls or at the corners of rooms are hi
near thie centre).

S or
loor
bms
way
with

d/or

5 Or

tion
hent

5) should be-predicted at location(s) consistent with the guide value(s) adopted, with due regafd to

pan
jher

Due regard

should be given 10 The variability In the metric that will arise due 10 many factors (e.g. Inter-

rain

variability). Predicted levels should be qualified by confidence limits in a manner that is consistent with the
form of the guide value adopted, and measurements should report variability based upon a sufficient number

of samples.

Preferably,

6.2 Perc

time histories should be maintained to enable other metrics to be evaluated if required.

eption of ground-borne vibration

Ground-borne vibration should be evaluated in the metric advocated by the relevant national standards and
should be consistent with the form of the guide value to be adopted. Appropriate guidance is provided in
ISO 2631-1 and ISO 2631-2. Human perception and whole-body response to vibration inside buildings should
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be based principally on the overall (and running) r.m.s. frequency-weighted acceleration in the three
orthogonal directions. ISO 2631-1 and ISO 2631-2 also provide guidance on measurement locations.

The

raw time histories should be maintained to allow the derivation of any metric.

In general, vertical vibration measurements in the middle of a floor characterize the environment adequately
except in tall buildings where horizontal measurements should be included.

NOTE 1 Human perception may also be rated as frequency-weighted velocity according to some national standards.

NOTE 2 _The r.m.s. frequency-weighted acceleration can be derived from the r.m.s. frequency-weighted velocity with an

appllopriately adjusted weighting.

NOT
part
accy

6.3

Gro
sho

To
usirn
unw
one

The
by g

NOT

on tihis subject currently available.

NOT
gres

NOT
thos

Acc
buil

Dur

NOT
undg

E 3 National standards also use other metrics for evaluating response to whole-body vibration, s
cle velocity (PPV), KB value, vibration dose value (VDV) and statistical maximum value jef weighte
leration.

Perception of ground-borne noise

nd-borne noise should be evaluated in the metric recommended by the-relevant national st3
Lld be consistent with the form of the guide value to be adopted.

bssist in future standards development of rating values, ground-borne noise should also b
g the maximum A-weighted sound pressure level with &) slow time constant, Lyssmax @
eighted sound pressure time history should be preserved.so that metrics such as event Ly
rthird-octave band linear spectrum of the event can be derived.

metrics should be predicted or measured near to, but not at, the centre of rooms to avoid und
coustic standing waves in the room.

E1  The Lyasmax Metric measured near the gentre of rooms is most closely associated with the body ¢

E2  All other parameters remaining equal, L,armax With a fast time constant will be approximately
ter than L,asmax for rail systems using continuously welded rail, and 3 dB to 4 dB greater for jointed rail.

E 3  Ground-borne noise levels predicted or measured near the walls of a room may be 2 dB to 3 dB
e near the centre.

punt should be takeh-of the difference in noise levels with horizontal and vertical location of th
jing.

ng measurenients, rooms should be furnished, unoccupied and with the windows closed.

E 4 _ifthe ground-borne noise is dominated by very low frequencies, overall A-weighted sound pressy
brestimate the subjective response.

==

uch as peak
d velocity or

ndards and

b quantified
hd the raw
heq and the

le influence
f information
1 dB to 2 dB
greater than

e room in a

re levels can

NO

ALl 4l loiau oo H 1 1 1 I £ 4 - 1 i
_J VVIICTT UITTT arc Tyl yrounu=uulTic TIVIST TTVTIS Ul a ' 1alrytc TIUrmivTl U TVTTILS, TU TS TTITVarit tu 1iu

the L4 of the event but also the longer duration (e.g. 1 h) Ly,

6.4

Effects on buildings

only look at

Guidance is provided in ISO 4866 and its amendments on the prediction, appropriate measurement locations
and evaluation. The generally used metric for assessing building damage is PPV (peak particle velocity).

NOTE

See national standards for rating values.
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6.5 Effects on very sensitive equipment

The metric and assessment location defined in the manufacturer’s serviceability limit, user-defined limit or
ISO 8569 should be used. ISO/TS 10811 provides a new approach to classify environments for sensitive
equipment.

NOTE 1 Relative displacement (between parts within sensitive equipment) is ultimately the issue that can affect
sensitive equipment and its use.

NOTE 2 It is common practice in industry to refer to generic sensitivity curves, such as VC (vibration criterion) curves
for rating sites for sensitive equipment.

7 Ground-borne noise and vibration measurements

7.1 Equipment (instrumentation chain)

7.1.1 General

The charagteristics of the instrumentation chain, which may comprise transducers, amplifiers/signal
conditioners$, cables, data acquisition and data storage means, shall be fully understood. The frequency rgnge
should be gdppropriate to the source and evaluation required. The dynamic4ange should be sufficient to dpan
the source nagnitude from ambient levels to the peak of an event.

The calibrdtion of the measurement system should be traceableto national standards or Internatipnal
Standards.

7.1.2 Ground-borne vibration

Reference $hould be made to ISO 8041 for the specification and calibration of vibration-measuring equipment.

vibration oyer an appropriate range of magnitdes (as velocity from 5x 104 mm/s to 100 mm/s of as
acceleration from 3 x 10~8 m/s? to 500 m/s2)(and frequencies (1 Hz to 500 Hz) of interest. The actual rgnge
required for a specific measurement will depend upon the assessment (e.g. evaluation for sensitive equipment
could demgdnd a range covering the lower'end of magnitudes, from 5 x 10~4 mm/s). Ground-borne vibrgtion
measuremgnts may be used to ,predict ground-borne noise, which should therefore influence |the
measuremgnts (e.g. demand a broader frequency range and higher sensitivity measurements). Thergfore
special carg is required to ensure.that the signal of interest is not affected by noise that may arise within the
instrumentdtion itself.

The instrur}entation chain (from transducers to recording device) should be capable of measuring grqund

Digital acqyisition of data’is o be preferred. The acquisition system shall include necessary pre-processing to
ensure acclirate recording (e.g. anti-aliasing filters). Precautions in hardware and site set-up should be tgken
to minimizg the effeet) of external interference (e.g. electrical or magnetic interference, triboelectric ngise,
ground loogs). Thephase characteristics should be known where time domain analysis is being undertakep.

Displacemgnt;velocity or acceleration transducers may be used, provided that the frequency range |and
sensitivity are appropriate for the measurement required. Transducers (and instrument chain) should be
capable of enduring outdoor and rail system environments.

Faithful coupling with the vibrating medium shall be achieved (e.g. burying sensors or using 300 mm long
steel spikes according to ground conditions; fast setting epoxy resin for measurement on building foundations
or walls; double-sided adhesive tape on hard floor finishes; and heavy metal plates with spiked feet for
vibration measurements on floors with resilient covering. In all cases, the mounted resonances in the
frequency range of interest should be avoided.

Vibration measurement on track components [e.g. rail(s) or sleeper(s)] generally requires transducers to be
mechanically fastened to the component to ensure faithful reproduction of the very high levels of vibration that
can occur. Precautions are required to ensure that measuring equipment mounted on or in close proximity to
track components does not interfere with track or signalling electronic systems.
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7.1.3 Ground-borne noise

Sou

Equ

nd level meters/analysers should comply with Type 1 of IEC 61672-1:2002.

ipment should be calibrated using equipment in accordance with IEC 60942.

Ground-borne noise may be derived from ground-borne vibration measurements (see 7.1.2).

7.2

Measurement locations

Different measurement locations are required for the following:

1:2005(E)

Me4
eva
levs

At t
leng
at a

research, problem investigation and model development;
effect of ground-borne vibration on buildings (generally measurements on building foundations
effect of ground-borne vibration on human beings (generally measurements atthe centre of flg

effect of ground-borne vibration on sensitive equipment (generally measurements at the poin
the equipment);

effect of ground-borne noise on human beings (generally measuréments near to but not at t
rooms or consistent with the ISO 140 series).

surement for research, problem investigation and model development may require, fqg
uation of the propagation of ground-borne vibration with)distance, or the evaluation of vibrg
Is in the immediate vicinity of a rail system.

ne site of interest, there may be variation in, for.example, the source or local ground conditior]
th of the rail system. To ensure statistically reliable results, measurements should therefore

pro

sholld be repeated at two locations 25 m apart.

Where practicable, the orientation of tri-axial vibration measurements should be vertical, parallg

sys
buil
recq

7.3

To

catg
site
+ 24

number of otherwise similar locations along“the length of the rail system, for example mea
agation from a rail system (with transducers at say 8 m, 16 m, 32 m, 64 m and 125 m fror

m and perpendicular to the«rail system. Alternatively, the orientation may be aligned with th
ing or room in which measurements are being made, and the relationship with the axes of the
rded.

Data to be acquired

pvaluate intefstrain variability, measurement of at least five representative train pass-bys of e
gory of train/(e.g. freight, local commuter, intercity, high speed) is required. Levels should be
and a.Jarger number of train pass-bys recorded if the scatter in the initial measurements is
% on*-2 dB.

).

or spans);

t of entry to

ne centre of

r example,
tion source

s along the
be repeated
surement of
n the track)

| to the rail
e axes of a
rail system

ach generic
checked on
larger than

7.4

Data analysis

Time responses (e.g. FAST or SLOW) and one-third-octave band filters should comply with IEC 61672-1 and

IEC

Ana

61260.

lysis software and hardware should be fully verified.

Rail system vibration events are transient and time varying. There is no single definition of the frequency
content for such signals. The form of frequency analysis used [(e.g. running r.m.s., FFT analysis, running
r.m.s. with “max hold”) can have a significant impact on the frequency spectra identified)]. The form of analysis
should be carefully considered and recorded (see also Clause 6).
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13


https://standardsiso.com/api/?name=9799094f2a456051d5076321ee88699b

ISO 14837-1:2005(E)

7.5 Measurement report

The following should be reported as a minimum:

a) reference to this part of ISO 14837 and any other protocol/guidance adopted;
b) identification of date, site location, testing organization and named personnel;
c) complete definition of measuring instrumentation chain, including serial numbers of transducers and all
other components, and the form of coupling to the vibrating medium under investigation;
d) compldte definition of measurement locations, directions and their context within the rail system;
e) record |of the key parameters for the rail system and the site under investigation that may influgnce
groundtborne noise and vibration (see Annex A for checklist);
f)  the me}ric(s) to be recorded (see Clause 6);
g) results|recorded separately for each train and track combination, with a record of
— train type (including number of carriages),
— trdin speed, track and direction of travel,
— train pass-by time and vibration/noise signal analysis time;
h) any other information that may be of importance to the data-técorded (e.g. weather, ground surface water,
local made ground, presence of possible sources of electrical or magnetic interference).
8 Concept of models
8.1 Model development
The development of any model should take‘account of the fundamental components source, propagation path
and receiverr.
It is not always appropriate to construct the model in this compartmental way. In some situations the sygtem
should be considered as a single-system, which may need to be mutually interactive (e.g. rail systems thrqugh
buildings gr elevated structures where there are no distinct source, propagation path and receiver
components).
Ground-borne vibration and/or noise and all of its components should be calculated as a function of frequency
so that the pnd result is in metrics according to Clause 6. The basic model construction should yield the level
or magnitude of ground-borne vibration or ground-borne noise, A(f), at the required location in the required
metric and should be a function of the source S(f'), the propagation path P(f) and the receiver R(f):

A(f) is a function of S(f), P(f), R(f) and the cross terms between them and their sub components, where f
is the frequency in hertz.

Each of the fundamental components (i.e. source, propagation path and receiver) should be further divided
into the relevant parameters presented in Annex A. The number of parameters that should be considered will
depend on the stage of the assessment as described in 8.2. Examples of some of the components and
parameters are presented in Figures 3 and 4.

It should be noted that in some situations for simplified models, it may be appropriate to assume that the
components/parameters are decoupled from one another. However, the components/parameters actually
interact and hence detailed design models will need to allow for the cross terms between each of the
components.
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S() will form the basis of predictions. It may be the forcing function at the wheel/rail interface or, alternatively,
it may be a vibration response (velocity or acceleration) at a defined location (e.g. tunnel invert, tunnel wall or
in the ground to the side of the tunnel, or to the side of the track at grade).

8.2

8.2,

Stages of assessment

1 General requirements for models

Generally it is only necessary to predict absolute levels of vibration for new rail systems. Where alteration of
an existing rail system, or a new building constructed over an existing railway, is proposed, it will usually be

only

am
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8.2,

8.2.

The)
ther

A si
sSco
moq

a)

At ¢
Figu

pasured base case.

blopment.
2 New rail systems

.1 General
type, form and accuracy of the model used shall reflect the stage df)a new rail system’s devel
efore the design information available.

bing assessment). Otherwise, three types of ground-botne' vibration and/or ground-borne nois
el should be considered, as follows.

ground-borne vibration and/or ground-borne :noise is an issue and, if so, where the “hot spot
length of the system’s alignment are located. This type of model should be used to gener
either environmental comparative frameworks (as part of the selection of a mode of trans|
scoping stage of an environmental assessment.

ground-borne vibration and/ot.ground-borne noise effects for a rail system and the gener
extent of mitigation required~{o reduce or to remove the effects. This type of model should forn
planning process for a scheme, developing the environmental statement where required and
preliminary design.

Detailed design-model: to be used to support the detailed design and specification of
mitigation identified as being required by the environmental assessment model. This type of m
form part of the-design and construction stages of a scheme, with particular focus on the rollin
permanent-way design.

ach,stage, the requirements for the models in terms of complexity, speed of use and accurac
re-5'and 8.2.2.2 t0 8.2.2.4).
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new rail systems, the requirements for the model will vary during the different stages/of th

hgle model may be used for all stages with appropriate selection of input parameters (e.g. wg

Scoping model: to be used at the very earliest stages of development of a rail system to iden

Environmental assessment model: to be used to quantify more accurately the location ang
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a) Source reference b) Wheel/rail roughness

Y' Y'

c) Rolling stock/track form at a given speed d)” Supporting infrastructure

Key
X frequendy (logarithmic)
Y S (decibels)
Y’ AS (decibels)

soft groynd
rock
smooth Wheel/rail

A WODN -~

corrugatgd rail

NOTE 1 $pectral shapes aresindicative for new systems only.

NOTE 2 A functions are¢elative to source reference parameter values given in a).

Figure 3 — Indicative model components for source (see 4.2)
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X 0 /\

I X

N

a) Propagation b) Receiver

Key|
X frequency (logarithmic)
Y AP (decibels)
Y" IR (decibels)

NOTE 1 Spectral shapes are indicative for new systems only.

NOTE 2 A functions are relative to source reference parameter values given in Figure 3 a).

Figure 4 — Indicative model components for propagation path (see 4.3) and receiver (s¢e 4.4)

8.22.2 Scoping models

Thel model should be quick and simple to us€)lt should rely on very few generic input parametgrs; i.e. only
thoge that will be available at the very earliest stage of a project’s development, namely:

— |type of rail system: light-railway tram (LRT), mass transit, heavy rail, freight, high-speed train,
— |alignment (e.g. distance between rail system/receiver and depth of tunnel: shallow, medium on deep),
— |typical ground conditions: hard, medium or soft ground, and

— | sensitivity of receiving building: high (e.g. recording studio, auditorium), medium (e.g. resideptial) or low
(e.g. industrial):

Thel model should estimate the radial distance between the centreline of the rail system and the nparest point
of a recejver-beyond which it is highly unlikely that the levels of ground-borne vibration and/or ground-borne
noige would exceed the criteria set for the project.

Given the imited design mformation available at the outset of a project, scoping models should predict the
“worst case” overall levels of ground-borne vibration and/or ground-borne noise only and, by preference, be
founded on measurements from representative rail systems.

8.2.2.3 Preliminary design and environmental assessment models

Environmental assessment models should be more complex than scoping models to reflect the increased
detail of the project’s design available at this stage of a project (see Figure 5). The model should quantify
more accurately the location and severity of ground-borne vibration and/or ground-borne noise impacts/effects
and the generic form and approximate extent of any mitigation required to remove or reduce the predicted
effects. The method will therefore need to consider all the parameters that are critical to determine the
absolute levels of ground-borne vibration and/or ground-borne noise, and the benefits (or otherwise) of
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different design and mitigation options. The parameters that require consideration are detailed in Annex A.

The key typ

track al

es of mitigation options that, where required, need to be considered (see also Annex B) are

permanent-way (track form) design and maintenance,

rolling stock design (where possible) and maintenance,

ignment (vertical and horizontal),

supporting infrastructure design (e.g. tunnel, at grade formation, or elevated structure), and

design

Suitable m4q
or a mix of

8.224 [
Detailed de
and/or grou
or more O

ground-borme vibration and/or ground-borne noise.

The output

changes in overall levels of ground-borne vibration and/or ground=borne noise associated with de
development. The models should consider the frequency content.of\the vibration in octaves, one-third-oc
or narrow bpnds.

Given that {he detailed design models will support the design and specification of parts of either the railw

permanent
parameters
or a mix of

of receiving building.

thods may be developed using either empirical (including experimental) or theoretical approac
poth. The models should consider the frequency content of the vibration.

Detailed design models

5ign models will consider either the absolute values or changes in levels(oflground-borne vibrg
nd-borne noise. Detailed design models are often used to provide more’ detailed analysis for
the fundamental components of the system; i.e. source, propagation path or receive

of detailed design models may be input to environmental assessment models to identify

works or a receiving building, they will need to consider the influence of all of the rele
defined in Annex A. Suitable methods can'be developed using empirical or theoretical approag
both.

nes,

tion
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Key|
X Hdesign complete-percent 4  design and construction stage
Y [fime 5 planning and environmental assessment stage
Z pcceptableerror 6 route selection stage
7 master planning
1 péoping model 8 project with low planning sensitivity
2 environmental assessment model 9 project with moderate planning sensitivity
3 detailed design model 10 project with high planning sensitivity
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8.2.3 Alterations to existing rail systems or the development of new buildings near existing railways
There are similarities with the development of new rail systems but there are also important differences.

First, the level of vibration arising from the existing rail system can and should be measured. The measured
data should be analysed using the overall metric to be used for the assessment of the future situation (see
Clause 6). The measured data should also be analysed as time-averaged, one-third-octave band or narrow
band r.m.s. values/levels.

Predictions will generally be required to evaluate

— the effgct of a change in the rail system (i.e. change in rolling stock, track or tunnel), and/or

— the levels of ground-borne vibration and/or ground-borne noise that would be generated in new/buildjngs
developed near the rail system.

Where the fail and/or wheel treads of rolling stock are likely to change, account should be taken of changgs in

wheel/rail rgughness in the assessment of the future situation.

As with new rail systems, the same stages of development apply (as do model requitements, see 8.2.2).

a) Scoping: to identify whether (usually in the worst case) a new building-will require mitigation agginst
groundtborne vibration and/or ground-borne noise or whether modification to a railway system is
necessary.

b) Environment assessment: this stage will confirm the severity of any ground-borne vibration and/or
groundtborne noise and define the generic form and extent.6f mitigation for new buildings (e.g. whether
base idolation is required) or the generic form of any change to the proposed rail system modification |(e.g.
the generic type of a different permanent-way design).

c) Detailgd design tools: these more detailed and accurate tools will support the detailed design of hew
building structures (foundation, floor and base fisolation designs) and/or modifications to the rolling stpck,
permament way or tunnel.

The output pf the models at any of these stages should be insertion gains or the modulus of transfer functipns.

These trangfer functions should then be-applied to the measured data for the current situation to calculatg the

values of the overall metrics (groundsborne vibration and/or ground-borne noise).

9 Predigtion models

9.1 Geng¢ral

The checklist in, Anhex A should be used to define the relevant parameters to be considered for each situgtion.

The paramleters. 'used in a prediction should be documented. The reason for not considering ceftain

parametersimay need to be justified icti inty i ' ters

should be considered and reported.
Models for the prediction of ground-borne vibration and/or ground-borne noise may be either parametric or
empirical, or a combination of the two. These alternative methods are widely used and their suitability will
depend on the nature of the available input data and the purpose for which the results will be used.
Geoseismic vibrators or impulse excitation by drop weights or controlled blasting may be used to establish
transfer functions, although corrections are needed to account for the difference between these measured
sources and the operational railway (e.g. going from a point to a line source). The use of physical scale
models is a potentially useful approach.

Parametric models include algebraic and numerical models. Empirical models make use of data obtained by
field measurements, together with methods of interpolating predictions within sets of measured data. The
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parametric models (and some empirical models) are deterministic, generating a unique prediction for a given
set of input data. Given the dependence of this type of model on the accuracy of the input data, reliance
should not be placed on a single set of input parameters unless it is known that they are exact. It is necessary
to test the effect of varying the parameters over a range of possible values. The values used for design
calculations should be selected using either formal risk assessment methods or using engineering judgement.

Caution should be exercised in applying a model to situations that fall outside the range of conditions against
which the model has been calibrated and validated. The degree of uncertainty associated with an
extrapolation increases with the magnitude of the extrapolation.

The significance of vehicle entry into a model should be considered, for example starting transients and
appfopriate modelling time for the event (vehicle pass-by).

9.2| Parametric models

9.2.1 General considerations

The) with model

dim

physical dimensions of the model (1D, 2D, 3D) and the associated accuracy that improves
ensions need to be considered, particularly in the context of the stage of the assessment.

It is
corr
she
and

Saoil
dep

Cal
stra

9.2

Algebraic solutions are of necessity simplified. The following matters should be taken into account.

a)

b)

important to make appropriate assumptions concerning the soil profile (including ground watel
esponding loss factor, soil density and wave propagation speeds. In particular, geotechnical d
br modulus must be applicable to the small strains that occur in‘the propagation of ground-bor
or ground-borne noise.

parameters should be obtained from measurement of wave propagation speeds, ideally as &
h and water saturation. Shear modulus should not be.derived from static measurements.

tion should be exercised in using soil parameters from literature, which may not be at the
n.

R Algebraic solutions

Limitations should be clearly'stated, including valid frequency range and wave types.

Limitation of predictionto one type of wave propagation only may lead to a significant error. F
while compression(waves can dominate at a distance from deep tunnels in homogeneous
shorter distances_shear waves can be significant. Moreover, conversion between compressio
or Stoneley, Lamb or Love waves can occur, particularly at interfaces, and to Rayleigh waves

If a loss factor is used, any frequency dependence should be taken into account.

The Source term should be relevant and valid. For railway tunnels, it is preferable to use the {
the ‘source, although it is often difficult to measure there. Wall vibration may be used, but

r table) and
ata such as
he vibration

function of

appropriate

or example,

ground, at
h and shear
At surfaces.

rack-bed as
only if it is

jlldgpd to have similar vibration levels to the track-bed For a rail system af-gmdp the sourd

term may

be the vibration level on the surface at a specified distance from the track.

Algebraic solutions for porous media are possible if the media properties are known, but require advanced
mathematical techniques.

Algebraic solutions may also be used for solving reflection and transmission equations at interfaces between
soil types, and for solving propagation through layered media. They are only practical when there is a planar
contact between layers of significant impedance contrast, and there are homogeneous isotropic media in each
layer (e.g. it is difficult to deal with fuzzy interfaces).

Soil-structure interaction and building response are difficult to solve algebraically for complex situations and
numerical solutions or empirical data are normally used.
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9.2.3 Numerical solutions

9.2.3.1 General

Numerical solutions may be used as a method of predicting vibration generation (source) and propagation
when sufficient information is available concerning the properties of the system. The numerical methods
include Finite Element Modelling, Finite Difference Modelling and Boundary Element Modelling.

In all numerical models, the effect of time-step size and element size should be established.

9.2.3.2

In FEM mqdels, the system may be represented as a mesh of elements and the model iteratively-sojves
functions fgr continuity across the boundaries of the elements. Specialist FEM packages may, be.used,| but
care is neegled in the representation of

— elemerjts at the interface between tunnel/ground and ground/foundations, and

— the inppt function at the wheel/rail interface, particularly the way it varies over time)and space.

It is importgnt that suitable elements be included for the boundaries of the model\to avoid contamination of the
results by bpundary reflection.

9.2.3.3  Hinite Difference Method (FDM)

Advanced glgebraic solutions, involving numerical solution of thepwave equation, can be obtained using finite
difference methods. FDM modelling involves discretizing a’\dynamic system and performing step-yise
calculationy of the states of each element in the time domain, using differential equations with finite fime
intervals.

9.2.3.4 Boundary Element Method (BEM)

BEM modelling is an appropriate method whete Green’s functions can be derived.

BEM is an|alternative to FEM, and reQuires elements only on the surface of a model. In the context of

ground-borfe vibration, it is particularly-suited to modelling the semi-infinite nature of the ground and av

the bounda

9.2.4 Hybrid models

'y wave reflections present; without careful definition of boundary conditions, in FEM.

pids

It should bg noted that BEM lends itself to use in combination with FEM and FDM, with the latter models Used
to compute|the souree solutions, and BEM used to solve for propagation from source to receiver (or near field
to far field),[with computational economy and reflection-free boundaries.

In FEM and EBM models, it is necessary to quantify the error in the results, which is due to reflections from
boundaries.—FhisTsTot mecessary mBEMmodets; whichdomotinvotve= IL)uunu'cuy reftection plu'uicnl.

9.3 Empirical models

9.3.1 General

Empirical models are derived wholly from measured data by extrapolation from, or interpolation within, the
measured data set(s).

Insertion gains or the modulus of transfer functions should be used to perform the extrapolation from
measured data, but should be based on the algebraic/analytical understanding of the underlying phenomena.
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a)

b)
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2 Types of empirical model

re are two principal types of model, as follows.

1:2005(E)

Single site models: Measurements gathered at a single site are extrapolated to the new site under

assessment. The extrapolation functions used shall be derived from other measurement dat
results of analytical methods or elicited formally using expert opinion.

abases, the

Multiple site models: The prediction model (a set of deterministic algorithms) is developed by regression

and trend analysis of a large database of measurements from a number of sites, which includ

e variations

in all of the main parameters (see Annex A) that will change the ground-borne vibration and/or

Ger

reqlirements of a building development at the single site. The assessment of new rail, systems

mag
leng

The

For
dep
and
dist

The)
med
vari

9.3.

The)
The]

The

ground-borne noise between the measurement and assessment sites.
erally single-site models should be applied to single assessment sites; i.e. to assess th

e using a multiple-site model to allow for the variation in parameters which will be encounter
th of the new system.

number of sites included in the database should reflect the following:

the length of the new system under consideration (the longer the system the greater the numt
and

the number of significant parameters where there is &) difference between the asses
measurement (database) sites. Situations where there are significant differences in all the
require the largest number of sites in the database.

multiple-site models, as a general rule, the number of measurement sites in the database
endent upon the number of significant parametérs (see Annex A) that differ between the m
assessment sites, and the magnitude of the“difference. In this context, measurement at

database used for either type of-model should include a sufficient number of measureme
surement site of each train type~on each track to quantify inter-train, inter-train-type and
bbility at that site.

B Form of empirical models

basic form of any.model is given in 8.1. Empirical models require simplification of the underly|
degree of acceptable simplification depends on

the variability-between the measurement and assessment sites, and
the stage of assessment (see 8.2).

fundamental simplification involved in empirical models |s that the components can be

Cro

bo Poaramatar alamantc chanld bha oA~ f thaen o cianifinant intarantion Whabhaaan

D

b mitigation
5 should be

ed over the

er of sites),

sment and
omponents

should be
easurement
a range of

hnces from, or along, a track count as sites, in the context of distance, tunnel depth and ground condition
parameters.

hts at each
inter-track

ng physics.

decoupled.

part

ha fra
I pPaTarttcter—CTreTTeTts SRothe—ee—aaaea—H—there—iS \)I:’IIIIIVUIIL HtefractHor—petweehi—twe

icularly at the detailed design stage where more accurate predictions are required.

barameters,

As an example, the basic construction for an empirical model for ground-borne vibration, where it is
appropriate to decouple model components, can be calculated as magnitude A(f), e.g. acceleration in m/s2 or
velocity in m/s as shown in Equation (1):

where

S(f) = SsRef - SRst * SRail * STF " Ssupln * SSpeed -

© 1SO 2005 - All rights reserved
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PSupIn “Ppp- ...

RG 'RStruct T

is the frequency, in hertz;

superscript’ denotes a magnitude ratio as a correction factor;

subscri

pts SRef, RSt, TR, Supln, PP, G, Struct

supporting infrastructure, propagation path, ground and structure, respectively.

As an exanm
decouple m
ref. 20 yPa

L(f)=
where
S(f) 1
P(f)
R(f)
f s

~

Sig

A de

subscr

If the vibrat
each comp

9.4 Sem

Semi-empir
approach,

equivalents
source in a
receiver). T|
make it apq
(e.g. tunnel

odel components, expressed as level L(f) at a required location in the required metric deecibels
, can be as shown in Equation (2):

S(f)+P(f)+R(f)

F SSRef T ASRst + ASRaijl + ASTF + ASgypin + ASspeed +
= APSupIn +APpp + ...

F ARG + ARstruct + ARRag +

he frequency, in hertz;

nifies the metric is in decibels;

hotes a level difference as a correction term;

pts are as for Equation (1), with Rad\denoting radiation.

on is expressed in decibels, the reference quantities should be indicated. With single-site mog
bnent or parameter of Equations (1) and (2) should be derived from either theory or measuremg

-empirical models

cal models are a-combination of the parametric models in 9.2 and empirical models in 9.3. In
bne or a number of empirical components or parameters are replaced either by analy]
or by contrelled measurements on the partly completed works (e.g. use of geoseismic vibrg
completed tunnel without track as a means to identify the insertion gain required from the trag
his approach is often adopted to extend an empirical model used for environmental assessme
ropfiate for detailed design support. Elements that are generally modified are source paramse
track and rolling stock design) and receiver parameters (e.g. foundation and building design).

denote source reference, rolling stock, track form,

ple, the basic construction for an empirical model for ground-borne noise where it is appropriale to

(dB

()

els,
ent.

this
tical
tion
k to
nt to
ters

Semi-empirical models enable the statistical confidence of empirical data to be combined with analytical tools
to support detailed design development.

10 Devel

opment, calibration, validation and verification

The definition of the metric and associated physical conditions (e.g. occupancy of the room) used in
measurements obtained to develop, calibrate and validate a model should be the same as the definition used

for the metr

ic in which the prediction model output is expressed.

It should be recognized that prediction of ground-borne vibration and/or ground-borne noise arising from rail
systems is complicated and there are many unknowns and uncertainties associated with any analysis. The
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accuracy of a model therefore needs to be evaluated to give confidence in its application. As discussed in 8.2,
the desired accuracy varies depending on the stage of development of the rail system. Generally the more
advanced the development of the rail system, the greater the desired accuracy; i.e. the lower the acceptable
error (see Figure 5). Knowledge of a model’s accuracy is also an essential part of risk management during the
design development of a rail system scheme.

NOTE

The

Tentative guidance is provided in Annex C for information.

general stages required to quantify accuracy are described in the following.

The accuracy of a model is evaluated by comparison with independent measured data (termed validation).

Mo
moq
the

Mod

In t
bety
that
sou
trac
thed
cou
the

Imp
that
for
bee
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the

The)
con
with
doc

Mod
prog
app
by |
stal]

el, and care should be taken to document differences in the assumptions and input conditio
models. Input assumptions and input parameters used in validation should be documentedyand

el development and calibration should precede validation.

ne development stages, a model is modified, over a number of iterationsj 1o improve the
veen the model output and the measured data or test conditions. For very'detailed and comy
need to be very accurate, the development process may need to belapplied to each com
'ce, propagation path and receiver) and/or to each main parameter (€.¢. train speed, distan
k). Where possible, the modifications made to the model parameter. or component should b
retical and/or empirical understanding of the underlying physical processes involved. The
d also be made to a geoseismic vibrator generating appropriate strain and frequency, after al
difference between a point and a line source.

rovement of a prediction model at a specific site could be assisted by comparison with meas
site (e.g. from existing rail systems, or the use of down hole sources, or a geoseismic vibrat
hppropriate corrections between the indicative sources and the actual rail system. Once the)
n developed as far as possible, calibration of. the*model output can be made; i.e. a calibration
inctions are, evaluated to ensure agreement.\between the model output and measured data.
Calibration function(s) used should be documented and reported.

final stage of evaluating a model'staccuracy is the validation. This is where the output of
pared with an independent set of measurements for an operational rail system. It should not b
the measurement case used in the calibration process. The accuracy and uncertainty
Umented as identified by a validation process (guidance is given in Annex C).

els are generally implemented via a computer program (spreadsheet or a program written spe
ramming language).~The correctness of the implementation should be verified before the
ied to a rail system-project. Verification usually takes the form of test cases, where the output i
and and is theh compared with the output from the computer implementation. It also includes
ility of the program, by trying from minimum to maximum values for all the input variables.

pr validated
ns between
reported.

agreement
blex models
ponent (i.e.
ce from the
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lowance for

iIrements at
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The form of
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Annex A

(informative)

Checklist of issues relevant to modelling and measurement

A.1 General

This annex
when pred
measuremsg
particular p
significance

They are lig
any signific

The compo
etc. It may

hnt order.

by engineefiing judgment.

A.2 Soulce

A.2.1 Royq

te alignment

a) Horizontal, vertical

e, cuttings, embankments
d

B

ing stock

length
profile
diameter

roughness, wheel faults

b) Atgrad
c) Elevatg
d) Intunn
A.2.2 Rol
a) Vehiclg
b) Wheel
c) Wheel
d) Wheel
e) Wheel

dampers

provides a checKIiSt of ISSUes relevant 1o modelling and measurement that should be rewetved
icting ground-borne vibration and/or resulting ground-borne noise, or when undertaking
nts. The parameters will have varying degrees of significance and some will not be relevant fto a

rediction situation. It is therefore a matter for expert engineering judgement as to,their relgtive
or relevance to a given situation.

ted under the principle headings of source, propagation path and receiver. They are not listgd in

hent parameters listed may either be constant or a function of frequengy;strain, load, temperafure,
be possible to ascribe confidence limits to these parameters, either from a statistical evaluation or

f)  Resilient wheels

— rim mass

— dynamic stiffness

g) Unsprung mass

— wheels

— axles

— other (brake discs, axle hung motor, gearboxes, etc.)
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h) Primary suspension

— stiffness

— damping (viscous, hysteretic, Coulomb)
i) Sprung mass

— bogie frame

— traction companents
1

— frame-hung motors or gearboxes

j) | Secondary suspension

— stiffness (bogie fraction, traction components)

— damping

k) |Body mass (all mass above secondary suspension)

[) |Total mass per axle (= unsprung mass + sprung mass + body.mass): empty or full
m) |Axle load (static/dynamic)

n) [Moments of inertia and flexure of wheel/axle set

0) |Number of axles and axle spacing

p) |Flexural modes of body

A.23 Rail

a) |Alignment (track geometry: line'and level)

b) |Rail gauge

c) |Rail roughness (condition, irregularities), various types
d) [Rail sectionail’steel

e) |Switches).crossings, joints, welds

f) |Periodicity of load (parametric excitation) due to varying track support stiffness and axle spacing (function
af-vehicle speed)

g) Lateral loads [cant deficiency, oscillating wheel rail forces due to tight curves (e.g. manifest as wheel
squeal), flange contact, contact patch]

h) Contact patch stiffness (vertical)

i)  Lubrication (friction modifiers)
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A.2.4 Track form

a) Load capacity of rail fastening (clips, insulator, clamping system)

b) Continuously supported rail

c) Embedded rail

d) Sleepers

e) Periodicity of support

f)  Ballast|(glued ballast)

g) Booted blocks, sleepers

h) Pads and resilient bearings (resilient fasteners or resilient base plates or under sleepets)

i) Ballastmats

j)  Static/gqynamic/acoustic stiffness of resilient elements

k) Concrgte slab

I)  Floating track slab

m) Currenf collection (power track)

A.2.5 Supporting infrastructure

A.2.51 AL grade

In cutting, pn an embankment (soil or expanded polystyrene), ground beams, piles, ground stabiliz3

(lime-cement, grouting, soil nails, mesh), bituminous surfacing, concrete slab, sub-grade (soft spots), grg

conditions.

A.2.5.2 Elevated structure

a) Constrliction material: steel” (welded, bolted, riveted), concrete (in situ, precast), composite (s
concrele), timber

b) Deck mobility (complex)

c) Frequégnciesjdamping

d) Soil-structure interaction{foundation-type,soil-conditions)

e) Changes (e.g. removal of ballast under track replacement)

NOTE Structure-radiated noise that can have a significant environmental impact is excluded.

A.2.5.3 Tunnel

a) Type and location

b)

c)

28
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e) Track foundation (invert)

f)  Immediate soil and structures, grout
g) Voids

h) Rattle from loose fixings in tunnel
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A.2;6-Construction-tolerance

a) |Stiffness variation of resilient elements

b) |Construction tolerance on support spacing

c) |Time effects, long-term E-values (Young’'s modulus)

d) |[Cracking

A.2l7 Operational
a) |Train speed

b) |Mixture of traffic or service pattern

A.28 Operational maintenance

a) |Track geometry (e.g. rail line and level)
b) [Wheel trueing

c) |Wheel and rail grinding

d) |Roughness

— corrugation

— degradation

e) |Wheel slip/slidé protection

f) |Ballast:and track slab condition

g) |Track maintenance factors

A.3 Propagation path

A.3.1 Ground (soil, rock)

a) Geological profile (stratification, layer inclination and distinction of layer interfaces)

b) Topography

— ground surface

© 1SO 2005 - All rights reserved
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— buildings (shape, size and location)
— ditches
c) Water tables
d) Soil dynamic properties at small strains (drained and undrained)

— shear modulus

— Poissan ratio

— density
— shdar (v5), compression (v;,) wave velocities
— losg factor (type and viscous or hysteretic)

e) Inhomageneties in the path

— man-made (pipes, roads, other tunnels, ground anchors, piles, deep foundations, pre- or post-grqund
trelatment)

— najural (faults, fissuring, voids, layering, anisotropies, incldsions, two-phase propagation, [free
sufface)

— mifigation, interventions (e.g. screen walls)

f)  Season (frozen ground or soil properties, moisture content)

A.3.2 Wave field
a) Wavetype, wavetype conversion, reflections.and diffraction

b) Angle ¢f incidence

c) Near figld
d) Far field
e) Axis (resultant, or lopgitudinal, transversal, vertical)

f)  Radiatipn distribution

g) Geomatric‘damping

A.4 Receiver

A.4.1 Structures
a) Metric to predict

b) Foundation type (raft, piles, base isolation, etc.; materials of foundation, and response to different
wavetypes)

c) Geometry of foundation
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d) Local soil dynamic properties
e) Effect of local ground treatment
f)  Formation level (distance, axis)
g) Soil-structure interaction

h) Building type

— concrete

— brick

— timber

— steel

i) |Building condition

j) |Floor type (geometry and materials, suspended, ground bearing)

— stiffness, mass, damping

— live loading

k) |Eigen frequencies of structure and damping

I) |Predicted parameters of vibration with reference to'structures, occupants, sensitive equipment
m) |Location of prediction in structure

n) |Empty or full buildings (mass)

o) |Background vibration levels (e.g. §ervices equipment, road traffic, footfall)
p) |Visual/audible cues to vibration

q) |Swimming pools (underwater noise)

A.42 Ground-borne-hoise
a) |Ground-borne noise: Distinction between airborne, ground-borne, bone conduction on pillow
b) |Metric.to.predict

¢) |Pesition in building

d) Position in room

e) Radiation efficiency

f)  Room acoustics
— reverberation time (empty or full)
— room size and liveliness of room elements
— background noise

g) Rattle of contents (high frequency).
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Annex B
(informative)

Mitigation of ground-borne vibration and ground-borne noise

B.1 Introduction

Ground-borpe noise and/or vibration can be mitigated, as Tollows.

a) At source: Principally, this is via (in order of effect)

— ali
— tra
— rai
— tra
— tra

— de

NOTE 1
there is

NOTE 2

b) By limifing the propagation (e.g. trenches or. concrete walls between a source and receiver).

c) At the
within
reducti
of, flog
existing

Mitigation gt source is the most effective means of vibration mitigation. However, all of the available formj

mitigation g
mitigation
fundamente

gpnment (horizontal and vertical),
ck design,
quality and its maintenance,
in/vehicle design and its maintenance,
in speed (for speeds below approximately 100 km/h),
Sign of supporting infrastructure (e.g. formation, elevated structure or tunnel).

Ground-borne noise can arise from tunnelled sections>of rail systems (or some surface sections W
significant mitigation of direct airborne noise which carthighlight the ground-borne noise component).

Control of structure-radiated noise from an elgvated structure is a separate but linked matter.

receiving building: For new buildings, this is generally via base isolation or by isolating sp4
puildings (box-in-box structures); which are more effective at dealing with ground-borne nois
bn of vibration can also be.achieved by, for example, providing damping to, or changing the de
r constructions. It is generally unreasonable or impracticable to retrofit vibration mitigatio
buildings.

re linked to findamentals of rail system design and operation. The provision and design of
needs to_be-~consistent with the safety, operational, maintenance, reliability and econd
Is of the.rail system.

The constraints\that these railway fundamentals impose on the design of mitigation at source are outl
in B.2. TheTnature and form of constraints differ among rail schemes (e.g. light-railway tram compare

here

ces
B, A
5ign
N to

s of
any
mic

ned

d to

high-speed trains) and operators. It is therefore essential that ground-borne noise and/or vibration mitigation
be included as an integral part of the rail system design, and that the design is led by the appropriate
engineers based on the overall rail system needs.

B.2 Mitigation at source

B.2.1 Existing rail systems

The means of reducing ground-borne vibration and/or ground-borne noise generated by operational rail
systems are generally limited. This is because the alignment is fixed and mitigation options such as using a
different, more resilient track system or adding stiffness and mass to the foundation (e.g. adding a concrete
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slab or lime piles under the track to control low-frequency vibration) require lengthy stopping of the train
service to undertake such works. This has very substantial implications for passengers and business and may
therefore only be considered as part of major renovation programmes.

The forms of ground-borne noise and/or vibration control that can be generally applied to operational lines are
therefore limited to those that can be implemented through maintenance, particularly maintenance that
ensures a smooth running surface of rail and train wheels. The principal options, and the limitations on their

use,

a)

are as follows.

Rail grinding: minimize the rail roughness at wavelengths associated with ground-borne vibration and/or
ground-borne noise at the operational speed of the system under consideration. Limitations arise through
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B.2

B.2

only be achieved by regular preventive grinding or polishing or linking the requirement for|
acoustic criteria.

Joint removal: This is principally achieved by welding rail joints. Limitations are imposed by
manage thermal rail expansion and the difficulties (in terms of health and safety) associated V
inside tunnels.

Switches and crossings maintenance: Regular re-adjustment of built-up‘switch and crossing (
to minimize rail movement.

Wheel truing and grinding. The matters raised under rail grinding’also apply here.

Rail alignment: for high-speed trains, improvements to the_accuracy of rail line and level can
frequency vibration.

E1 Grinding associated with minimization of rail wear.and optimization of passenger comfort will ng
ide benefits at all of the wavelengths of interest to ground-borne vibration and/or ground-borne noise.
b are less data available about typical in-service roughness amplitudes at these wavelength as, historical
surements have focused on longer wavelengths~(wear and passenger comfort) or shorter wavelength
airborne noise).

E2 Joints at switches and crossings:ean be minimized by installing swing-nose switches. For s
bms, flange-riding switches can eliminate joint noise and reduce vibration to a limited extent.

ktreme cases, it may be possible to consider temporary speed restrictions over short lengths o

the need to maintain traction and braking forces. Consistent reduction of noise and vibration levels can

grinding to

the need to
vith welding

omponents

reduce low

t necessarily
Furthermore,
y, roughness
5 (associated

reet running

f line, whilst

r longer-term mitigationis—-effected. However, control of speed is generally an ineffectiv

or noise reductionneeds to be weighed against the potential delays and hence disturb
sengers (see also,B.2.2.4).

2 New fail systems

2.7 _Alignment

means of

rolling ground-borne vibration and/or noise and, because of the non-linear relationship with speed, levels
round-borne vibration/noise may actually be increased. The local benefit of any ground-borpe vibration

nce of rail

Alig

ning a new rail system away from sensitive receivers is effective mitigation.

The ability to achieve this is limited. Maximum curvature (horizontal and vertical), maximum rates of change of
curvature (horizontal and vertical) and vertical gradient are necessarily constrained to protect key matters
such as passenger comfort and rate of wear to train and track components.

The extent of these constraints varies among types of rail system. The constraints on alignment increase with
increasing speed of operation.
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B.2.2.2 Track design

Use of continuous welded rail (CWR) removes the impulsivity in the noise and vibration associated with
jointed track and therefore provides noise and vibration benefits.

Over and above the selection of the rail type and maintenance of its running surface, mitigation of
ground-borne noise and/or vibration is achieved by increasing the vertical dynamic resilience of the track and
ultimately by the provision of increased mass over any resilience provided. Notwithstanding noise and
vibration issues, resilience is required in the permanent way to safeguard passenger comfort and reduce wear
and tear on the train and track components. However, too much resilience can adversely affect the same key

issues.

It is import3
ballast). D
train-track-s
track to m

nt to note that track systems do not include significant absorptive or dissipative elements (ex
fferent track designs merely “move” the vibration energy to different elements- of

tigate, for example, a ground-borne noise issue, the design does not give rise” instead

ground-borme vibration and/or ground-borne noise or passenger comfort issue, as welD as introdu

Cept
the

upporting structure system. Care therefore needs to be exercised to ensure that in _designing a

0 a
cing

unacceptable reliability, availability, maintainability and safety (RAMS) implications.
This is particularly an issue for surface sections of rail systems where (except‘behind substantial npise
barriers or [deep cuttings) perceptible vibration is generally the main issue. In_such cases, the provision of

track systefqns with more resilient rail support are unlikely to provide materialcreduction of wayside vibrg

unless such
rigid format

The generi
noise or vi
layout of th

To control
glued or ce

!

track systems are combined with changes to the design of the formation that provide for a n
on (e.g. ground slab, piled slab, lime piles or ground treatmentbelow the track).

types of ballast and non-ballast track forms may be categorized in terms of their ground-b
ration reduction as shown in Figure B.1. This figure>also presents the principal features of]
se different generic designs and the location of the principal resilient component(s) in each cas

jround-borne vibration from surface sections;some consideration should be given to the us
mented ballast in combination with resilient rail pads, as a more cost-effective solution to grg

slabs or subpstantial ground treatment (e.g. concrete or:lime piles, ground treatment).

It should b
vibration pg
as directly
fastened ra
track slab. ]
in Figure B.

From a gro
track forms

a)

e noted that each generic form of frack can have a wide range of ground-borne noise an
rformance. For example, a poorly designed or installed floating slab track can perform only as

| to perform as well as a well)ydesigned, high-performance booted sleeper/block system or floz
'he performances of the generic systems, when well designed, can therefore be ordered as sh
1. Poor design can reducé or remove any vibration reduction benefit.

Lind-borne vibration’and/or ground-borne noise perspective, the performance of individual ger
presented inRigure B.1 cannot be added together to provide increased reduction of ground-b

vibration amd/or ground-borne noise. For example, if a resilient base plate reduces overall ground-b

vibration ar
providing th
case, it is f

d/or grodnd-borne noise levels by 10 dB and a floating slab track reduces levels by 20 dB
e resilient base plates over the floating slab track will not reduce levels by 30 dB. In fact, in
ossible for the combined performance to be less than that for the floating slab track on its d
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und

d/or
well

fastened rail. However, the converse is not true: it is not possible to design or install a dirgctly

ting
pwn

eric
brne
brne
hen
this
wn.

however, situations where generic systems are added together for other reasons. For exan

ple,

whilst the provision of resilient base plates over a floafing slab frack may adversely effect the reduction of
ground-borne vibration and/or ground-borne noise, it will reduce the level of vibration occurring on the floating
track slab and thus the airborne noise radiated by it. This can be an important issue when airborne noise
needs to be controlled as well as ground-borne vibration. However, the ultimate ground-borne noise and
vibration performance is reduced in this instance.

Whilst track forms provide an effective method for mitigating ground-borne vibration and/or ground-borne
noise, this is not their prime function. Foremost, the track form is provided to support and guide the rolling
stock to provide a safe, comfortable and cost effective revenue service for the rail system. To this end, the
design of a track form should be considered with respect to the principles of reliability, availability,
maintainability and safety, as well as cost and the need to permit operation of a range of rolling stock. In some
situations, these constraints can adversely constrain the ground-borne vibration and/or ground-borne noise
reduction that can be achieved by a track form.
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Figure B.1 — Generic track form layouts (schematic)
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