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1. METHODS OF PREDICTION

Prediction ot vibration propamtion from underground railway tunnels to nearby receptors can be done by
the ioilcming means

Calculation of levels ofvibration using algebraic expressions ior propagation.
The approach involves the calculation oi levels of vibration in a manner aralogous to the calculation of
sound levels at distances from sound sources. Source levels are assumed. either in terms of source
power or amplitudes at a stated distance. or on the tunnel wall. and a propagation law is applied. for
example a cylindrical line source equation tor the propagation of dilatational (compression) waves.

Applicafion of empirical methods, by adapting results ol measurements In similar circumstances
This may take two general terms The first Is the use at specific measurement results. ior example
obtained by tests canted out at a relevant site lor the purpose at discovering soil propagation constants.
and adjusting the results ior site-specific properties such as distance. The second is the use at empirical
prediction methods derived from statistical consideration oi large numbers of data measured In a variety
oifleld surveys, from which prediction algorithms have been derived. -

Numerical modelling oi vibration propagation, raking lull account of all relevant physical
properties 0! the soil, source and receiving structures,
Numerical models most trequently take the tom of Finite Element Models or Finite Diilerence Models.
They are capable of a high level of accuracy subject to the accuracy/.01 the parameters assumed. FEM
and FDM models are beneficial in cases where the ground ls layered, particularly when the propagation
direction 3 oblique and conversion between compression, shear and Rayleigh. Lamb or Stoneley waves
occur.

They also can take account of variation oi source levels of vibration around the perimeter at a tunnel.
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2. PROPAGAHON PARAMETERS

The propagation of vibration from underground railway tunnels is dependent on a sat of parameters

which describe the properties of the soil. The principal properti are the shear moduius. G. Poisson‘s

ratio. v. and the soil damping fl Many other properties can be derived irurn these three parameters. as

toilws:

E = 2( 1+ v)G

where E is Young's modulus

(1") ("'9
D = E(1+v)(1—2v) = zen-2.5

where D isthe longitudinal stiffness

1A 2vG

— (1‘2")

where J. is the coefllcient at dilatation, one of two Lamé constants, the other being the 'sheer modulus G

gtventhe symbol y.

 

D=1+2fl

Damping can be expressed in a variety of ways:

a L W
“210‘sz

where O is ampiiiidetlon at resonance: W Is the elastic energy with maximum strain during one cycle and

AW Is the energy loss during this cyde. Damping can also be expressed in toms of complex moduti. age

6- = Git + 1,3,)

5 = on + 03,)

where fl, and fl, are the shear and diatational damping respectively.

The shear vvave speed Is given by
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wherepisthe mass per unit volume.

The dilatational wave speed Is given by

2tsp: p

Waves exist at irttertaces between solids and fluids. 9.9, the ground surface In which case the waves are
described as Rayteigh Waves. and at Imerlaces between two solids (Lamb waves and Stoneley waves). In
the frequent case where I = y. le. v =0.25. the Rayleigh wave speed Is 0.9194 cs.

it Is particularly Important that the mines oI the elastic constants are appropriate to the entail strains
Involved In vibration propagation. and geolechnical data for large strains give results tor E. for example
which can be many times smaller than the true small-strain value. In the prediction of ground-borne noise
E Is not directly used. and since the conversion to D and G Is strongly dependent on the value of v. great
care Is necessary In assembling appropriate data for a prediction exercise. A key consideration is the
presence DI water In. Ior example. gravels. which n significantly raise the value of v. For the limiting
case oi a liquid. v = 0.5, with the result that E and G become zero. and for gravels below the water tehie
derivation of D from measured values cl E whether drained or undralned ls unreliable.

3. CALCULATION OF VIBRATION USING AlfiEBRAIC BIPRESSIONS FOR PROPAGATION.

In cases where the soil Is homogeneous. the tunnel Is deep enough In relation to the lateral distance of
interest tor surface waves to be a second order eiiect. and tree-field results are required (neglecting the
effect of the presence at a building on ground vibration). the propamtlon ot vibration from an
underground rallwaytunnel can be calculated algebraically.

The tirst point to consider Is the tact that the impedance at the tunnel wall or Invert will be finite. and this
will both Influence the behaviour of any vibration Isolation system Installed In the tunnel both by changing
resonant frequencies through coupling. and by altering transmissiblilty by the Introduction of mobility to
the foundation 01 the system. It will also determine the distribution of vibration amplitude around the
perimeter of the tunnel.

While some tunnels in rock may not have separate linings, most tunnels have linings of concrete. steel or
Iron which form single or multiples boxes. or tubes. The walls oi box tunnels act like plates with either
clamped or hinged edge conditions. The plates are clamped primarily as a result of radiation of vibration
away Into the surrounding soil. although this ellect Is dependent on the degree to which the tunnel wall Is
In intimate contact with the surrounding soil. and the presence oi Intermediate layers such as grout.

The tunnel Is a more complex structure when It Is a bored tunnel. It Is a special kind of plate. “rolledvup'
so that two edges are lolned. The consequences are that In addition to ring-like standing waves occurring
at lrequencles at which the tunnel circumference Is an Integral multiple ol the wavelength of bending
waves In a plate the thickness of the tunnel wall. wave propagation takes place along the tunnel in which
wave lronts (line loinlng points at equal amplitude at any Instant) are spiral. At the frequencies
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represented by the ring modes. the tunnel wall responds freer sub|ect only tothe damping provided by

the soil and the tunnel well strudure.

The tunnel alignment ailects the parameters on which the propagation variables are dependent. Because

the tunnel to not an Infinite straight tube. and the source Iunctlon varies along Its length due to variations

In train speed and In some cases tracktorm. It Is necessary to integrate the cornributlons «rude at each

receiving location byeach section oi the tunnel.

In the prediction of vibration propagation the rate at demy oi wave amplitude with distance tends to

accord with the general solution

Maa=5“‘,.4‘.”-'“expuwr-kn

where A°(er) end A,(w) are the source amplitude and transmitted amplitude at distances ID and r

respeaively. both being functions of angular Irequency. 0!. and at time, t The wave numberk Is given by

(D
k = c.

and Is a complex number since c' Is complex when damping is taken Into account.

The exponent n In dependent on the source geometry (6.9. whether point or line source) and on wave

type It may vary between is (tor Rayleigh waves) and 2 Ior some cases oi shear wave propagation For

the most common use oI bodywavesn=1,

Damping Is not necessarily always viscous. and In some soils may be hysteretic. This can be represented

by substituting a value for r] which Is frequency dependent.

In many cases where the soil Is homogeneots. dilatational waves predominate and the distance function

can be simplified to

. r +x wax
L(m) = Han—10109.03? 4.34—6-

where L(w) Is the velocity level In decibels at distance In Irorn a cylindan source and L'(ar) Is the velocity

level at distance x. This does not. however. allow Ior the fact that L(nr) Is also a function at position around

the tunnel wall. and will be greater In the Invert then In the wails or the crown.

Typical values at r] are 0.01 Ior rock; 0.1 for send. silt, gravel and Ioess, and 0.1 to 05 for day soiis. They

range Irorn 1100-1700 We tor clays. 300 to 600 Ior gravels and sends and 3000 to 4000 Ior rock. The

value of v depends on the water cement of the soil and may be irom 0.25 to 0.49. Where possible r1

should also be measured from soil samples.

These propagation equations apply only to homogeneous soil conditions, Since there Is always a ground

surface above an underground railway. they are In fact never strictly applicable since the arrival at p-
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waves and smaves at the surface will cause the appearance of Rayleigh waves which will propagate
alongthe surface at a different speed and dlilerent rate at attemation to the p—wavee and smaves. In tact,
ior shallow nun-leis. alrclmion oi the surface above the tunnel. followed by Rayleigh wave propagation to
the sides. may bathe dominant method of propagation

Where there are horizons or layers In the soil. and at a wetenabie. not only do reflections between
Interfaces occur which. let the limited case of normal Incidence (Le. directly above the tunnel) increase
attentatlon. but also wave conversion occurs at all other angles of incidence. Incident p—waves are
transmitted and reflected as both p-waves and s-vnrvee. and incident s-waves are also transmitted and
reflected as p-waves and s—waves, ell at their respective angles. Bending (Stoneiey) waves will propagate
along the Interface in a manner somewhat analogous to Rayieigh waves on the surface. This eifect Is
panlctlariy pronounced in layered soil. and bending waves will propagate laterally within layers. with In
some cases minimal attenuation due to geometric spreading and losing energy only through radiation to
adlawnt layers

In layered media, and in the presence of the ground surface. It Is also necessary to consider shear waves
as separate waves. Those involving strain In the same plane as the layer or ground surface are SH vaves:
those involving strain nonhel to the plane are 8V waves which are generally coupled to P waves The
reflection. and transmission coetflcients. and the extent oi wave conversion. are different for SV and SH
waves.

In the case of normal Incidence, the eilect of layered media can be calculated algebraically using
techniques such as transmission line theory. This Involves calculating reflection and‘ transmission
coeiflcients starting at the termination (the ground surface) as follows:

R = Z‘Ei-r
WA 1

where R Is the reflection coeiflclent. is. the complex ratio at reflected wave amplitude to Incident
amplitude and where 2‘ Is the Impedance oi the medium Into which the wave Is transmitted and 2. Is the
Impedance of the Incident medium. ignoring damping, Z = p c where p is the soil density and C Is the
appropriate wave velocity. To Include damping. c' should be used and 2 becomes a complex number.
Working back from the termination, the reflection coefficients are successively calcmmed for each layer
as follows:

ndt—hflgpl—Ikzg
r +n,R,exp(4k2/)

where R‘ Is the reflection ooeflicient previoust calculated tor the tar side of the layer in question: RI =

R=Ri+

1
fixg'E—I Is the reflection coelilclent at the near side; I Is the thickness ol the layer and k- m/c'. All

reflection oceiiicierrts are calculated ior waves travelling towards the ten-nimtlon.

In cases oi oblique incidence. calculation ol the wave transmission is generally Impractlcable. and
numerical techniques should be used.
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4. APPLICATION OF EMPIRICAL METHODS,

This method invon the acquisition o1 measured data from one or more sites 'and elther adapting the
reedtetqeepedficsileorllwgenerelionotesetdmultlvarlateeqmtlonslorthepmposeolllltlng

predicted res-utelomemeasmeddata.

Adlai propagation comment may be established by site masuremems. for sample by damning en

expieeNe .olurgefin the meet; borehole and measuring ground velocity at lomtions successive
mmnmmmmnnsaumm.nmwmmmmmmunmm
be borne In mind. however. cm width both the pressure amplitude and the partlde veloolty amplitude
decays in inverse proportion to the distance at large distances. there exists a near lield dose to the

mmmmeretbotpressummvdocflymemdhtlonreammenegwenby

L “itinerach

pa = Klwa/cil1+(wR/ci21

 

where

KJL‘JL
=‘2(1—2sq

endeistheredhealecevltyMllehlchthepressurelsgenereted;Xletheredhllenreactnnoemlsma
eolldensllyandclsthereiovamwavespeed.

in considering the applbehllltyot measured data. the following "alters should betaken Imoeeeormt:

Tunnel type: Whether circular of box. and. if box. whether single or multiple:

Tunnelllning: I V- I ‘ " I

Trad: Mummies;

Rolling stockWes;

Operating mlflm. speed. train length. load:

Sell surrounding tunnel (G, p, v and r1);

Tunnel depth:

Horizontal dimme l‘rommnnei to receiver:

Presence of layers and waterlables:

5
_
3
é
g
5
6
3
5
5
=

Presence 01 other Inhomogeneitles (faults. boulders. lenses. other tunnels. pipes and structures):

and
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id) The etiect otthe presence of the receMng building

Particular care is required in the measurement and algml processing technique. The type of transducer
employed. whether accelerometer or geophone. will attest the bandwidth of the results, and the method
ofaltachment oi the transducer to the ground may also aflect the results.

Theoholceotsigmi processingmetmd should berelatedtotheorttenontobeused iortheesessment
of vibration and ground-home noise. It maximum weighted ecceleratlon or velocity using r.m.s. or VDV
based lndices are to be used. care ls required to ensure that the tlmewelghtlng and frequency weighting
methods used In the analysis of the signal are the same as. or can be corrected to, dress required tor
assessment.

Care Is required to ensure that the axis of vibration is properly taken Into account in limited
attendances. vertical ground vibration may predominate. but in most cases bhxlal measurements are
required. at least to demmstrate the predomlranoe otvenlcel vibration llthls isthe case.

Where a large quantity 01 data are used to generate regression equations, the condition coefiiclems and
confidence lhnlte shoutd be stated In the resulting predictions.

5. NUMERICAL MODELUNG OF VIBRATION-PROPAGATION

Numerical modelling is recommended- where geological conditions are too complex for algebraic
prediction. and comparable measured data are not available. Finite Element Models have the advantage
of being widely available as standard packages 01 computer software. but have some limitations Including
the size of the computan resources required toInclude the etlect ot a moving train as the source of
excitation Finite D'rllerenoe Models are not widely available as standard packages. but have the
advantage ot being able to model a moving train without diltlculty. FEM models are not confined to
orthogonal grids. whereas FDM models are best suited to orthogonal grids and are less easily adapted to
other cases. Modelling In the time domain tends to require a lesser amount of computan resources tor an
FDM model. In which case it is normally the primary oinput. than an FEM model.

FEM and FDM models may be created in 1. 2 or 3 dimensions Onedlmenslonal models are oi very
limited used and only appropriate to restricted problems such as propagation from the crown of a tunnel
vertically through a layered soil. Twodlrnenslonal models are adequate for rmny cases. provided that the
receiver distance is large compared to the length of the tall vehicles or the spacing between bogles. and
short compared to the length of the train. When these two conditions are not satisfied. worst case
approximations can be made taking the tunnel wall velocity during the passage of a bogle as applying to
the whole length oi the tunnel. V

Three-dimensional models can take account not only at the finite length of train elements. but also can
model the receiving building more accurately
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In either case. It Is necessary to ensure that the mesh or grid sizes used are appropriate to the bandwidth

required. and the degree at complexity oi the soil stmcttrro. In particular it is necessary to achieve

reflection-free boundary conditions. for instance by progressively increasing the Iosslador otthe soll.

Numerical models should be validated against cases which can be solved algebraically. Induting the
caeeolabeam.auateandanrbesubmergedlnefluidwithpolmexcitatlon. Inthecaseotpieteeand

beams validation for free. hinged and clamped end and edge conditions should be carried out.

Numerical models should also' be validated against actual underground railWays In where

the principal parameters are known.

' Both FEM and FDM models normally represent damping aeviscoua There is avidencathat In many cases

soil damping is a viscous process. but In some cases hysterch damping occurs. and some track

components have cmramarlstics such asstillness and damping which are non-trim! fundione of

frequency. In these cases. modelling should be carried out at discrete Irequanoles with the appropriate

parameters chosen uniess the model b capable of replicating the phenomena concemad.

Many numerical models are designed to deal with the case of railways at grade. with the ground

corrsequentty modelled as a hall-space. There are many dllIerences between vibration generation and

propagation from at-grade railways and railways In tunnels. and these models should only be used where

the after: oilrans‘lerrlng from at-grade totunnel can be adequately mken Into account

In addition to FEM and FDM models. boundary element techniques. as an mansion of the algebraic

method deserted above are possible, particularly where It can be shown that the principal mode of

propagation over the distances at Interest Is through P-wavee. In areas where turlnd vibration varies

greatly around the perimeter. dilatational waves arising item the rath or normal displacement at the

tunnel wall will also be accompanied by shearwaves which are dflflcm to model using boundary element

techniques. in layered ground boundary element techniques Involving ray-tracing are an altemative to

FEM and FDM.

6. CONCLUSIONS

The appropriate method for the prediction of ground vibration propagation from runway tunnels is

depuflemonthacompietdtyollhesfleandmepurpnseforwhlchtha predictionearetobeueed. In

cases oi homogeneous soil. algebraic calculation can be adequate II turrnei vibration data are amiable

tor comparable conditions, and free-Held results are of Interest. Empirical methods are appropriate In

areas ol cemplex geological conditions. for example where there Is layered ground and/or wnpiex

building foundations. when it is poedble to obtain experimental data specific to the site. or data irorn a

she sufficiently similar and well understood id! adaptation of the results to the case of Interest to be

rdiabiy possible. Numerical modelling techniques such as finite element or Iinite dilierence models are

necessary II it Is required to predict propagation In complex site conditions,
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