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1. METHODS OF PREDICTION

Prediction of vibration propagation from underground rallway tunnels to nearby receptors can be done by
tha following maans:

Cafculation of levels of vibration using aigebraic expressions for propagation,

This approach Involves the calculation of levels of vibration In a manner analogous to the calculation of
sound levels at distances from sound sources. Source levels are assumed, elther in terms of saurce
power or amplitudes at a stated distance, or on the tunnel walt, and a propagation law s applied, for
example a cylindrical line source equation for the propagatlon of dilatationat (comprassion) waves.

Application of empirical methods, by adapting resulls of measuramants In similer circumstances.

This may take two general forms. The first is the use of specific measurement results, for example
obtained by tests carrled out at a relevant shte for the purpose of discovering sofl propagation constants,
and ad|usting the results for site-specific properties such as distance. The second ks the use of empircal
prediction methods derived from statisticat considaration of large numbers of data measured In a variety
of field surveys, from which prediction algorithms have been derlved. -

Numerical modeliing of vibration propagation, laking full account of all relevant physical
properties of the soll, source and recelving structures.

Numerical models most frequently take the form of Finite Elememt Models or Finite Difference Models.
They are capabie of a high level of accuracy subject to the accuracy.of the parameters assumed. FEM
and FDM models are beneficlal in cases where the ground is layered, particularly whaen the propagation
direction is oblique and conversion between compression, shear and Rayleigh, Lamb or Stoneley waves
oceur.

They also can take account of vartation of source levals of vibration around the perimeter of a tunnel.
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2. PROPAGATION PARAMETERS

The propagation of vibration from underground rafiway tunnels ls dependent on a set of parameters
which describe the properties of the soll. The principal properties are the shear modulus, G, Polsson’s
ratlo, v, and the sofl damping A Many other properties can be derived from these three parameters, as
follows:

- E=2(1+V)G
where £ Is Young's modulus
(1 (9
0=Earen - 2y

whare D is the longltudingl stiifness

P 2v(@E
C(129)

where 4 Is the coefficlent of dilatation, one of two Lamé constants, the other being the shear modulus G
given the symbol u.

D=2+2n

Damping can be expressed In a variaty of ways:

n_t W
B=5=20 24w

where Q Is ampiliication at resonance; W Is the elastic energy with maximum strain during ona cycle and
AW is the energy loss during 1his cycle. Damping can also be expressad In terms of complex modufi, e.g.

G =Gl + i)
D =D(1 + I8,

where 5, and £, are the shear and ditatational damping respectively.

G
¢=\{7

The shear wave speed is given by
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whaere p s the mass per unit volume.

The dilatational wave speed {s given by

4
& =\/7

Waves exist at interfaces between solids and fluids, e.g. the ground surface in whith case the waves are
described as Rayleigh Waves, and at Interfaces between two solids (Lamb waves and Stoneley waves). In
the frequent case where A = 4 Le. v = (.25, the Rayleigh wave speed Is 0.9194 Cg-

It Is particularly Imporiant that the values of the elastic constants are appropriate to the small stralns
Involved In vibration propagation, and geotechnical data for large strains give results for £, for example
which can be many times smaller than the true small-straln valus. In the prediction of ground-bomé nolse
E'Is net directly used, and since the conversion to D and G Is strongly dependent on tha value of v, great
care s necessary in assembling appropriate data for a prediction exercisa. A key consideration is the
presence of water In, for axample, gravels, which can significantly ralse the value of » For the limiting
case of a liqukd, v = 0.5, with the result that £ and G becoms zero, and for gravels below the water table
derivation of D from measured values of £ whether drained or undrained is unraliable,

3 VGALGULATION OF VIBRATION USING ALGEBRAIC EXPRESSIONS FOR PROPAGATION.

in cases where the soil is homogeneous, the tunne! Is deep enough In fedation to the lateral distance of
interest for surface waves to be a second order effect, and free-fleld results are required (neglecting the

" effsct of the presence of a buliding on ground vibratlon), the propagation of vibratlon from an
underground railway tunnel can be calculated algebralcally.

The first point to consider is the fact that the impedance of the tunne! wall or Invert will be finite, and this
wiil both Influence the behaviour of any vibration isolation system installed in the tunnet both by changing
resonant frequencies through coupling, and by altering transmissibility by the introduction of mobility 10
the foundation of the system. It will also determine the distribution of vibration ampiitude around the
perimeter of the tunnel.

While some tunnels in rock may not have separate linings, most tunnels have linings of concrete, steal or
iron which form single or multiples boxes, or tubes. The walls of box tunnels act ke plates with either
clamped or hinged edge conditions. The plates are damped primarily as a result of radiation of vibration
away Into the surrounding sol, althaugh this efiect is dependent on the degree to which the tunngi wall Is
in Intimate contact with the surrounding soll, and the presence of Intermediate layers such as grout.

Tha tunnel is a maore complex struclure when it is a bored tunnel. It is a special kind of plate, ‘rolled-up’
s0 that two edges are joined. The consequences are that In addition 1o ring-ike standing waves occurring
at frequenclas at which the tunnel clrcumference is an Integral multiple of the wavelength of bending
waves In a plate the thickness of the tunne! wall, wave propagation takes place along the tunnel in which
wave fronts (line joining points of equal amplitude at any instant) are spiral. Al the frequencles
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represented by the ring modas, the tunnel wall responds freely subject only to the damping provided by
the soll and the tunne! wall structure.

The tunnel alignment affects the parameters on which the propagation variables are dependent. Bacause
the tunnel is not an infinlte stralght tube, and the source function varies along its length due to variations
In train speed and in some cases trackform, it is necessary to integrate the contributions made at each
recelving location by each section of the tunnel.

In the prediction of vibration propagation the rate of decay of wave amplitude with distance tends to
accord with the general solution

Ao = 20820 o5 01 -k

where Aj(®) and A{a) are the source amglitude and lransmitted ampliude at distances r, and r
respectively, bath being functions of angular frequency, &, and of time, 1. The wava number k Is given by
T . m

k=?

andisa compléi number since ¢’ Is complex when damping Is taken into account

The expanant n is dependent on the source geometry {e.g. whether polnt or lina source) and on wave
type. It may vary between ¥ (for Raylelgh waves) and 2 for soma cases of shear wave propagation. For
the most common case of body waves n=1.

Damping Is not necessarlly always viscous, and in some solls may be hysteretic. This can be rapresentad
by substituting a valus for i which Is frequency dependent.

In many cases where the sal is homogeneous, dilatational waves predominate and the distance function
can be simpiified to

. o+ X wn X
L{e) = L{w} - 040G~ - 434 — =

+*
fo
where L(«) Is the velochty leve! In decibels at distance r,, from a eylindrical source and L'(2) Is the velocity

lave! at distance x. This does not, however, allow for the fact that L{a) is also a function of position around
the tunne! wall, and will be graatar in the Invert than In the walls or the crown.

Typical values of # are 0.01 for rock; 0.1 for sand, silt, gravel and loess, and 0.1 to 0.5 for clay sofis. They
range fram $100-170D0 m/s for clays, 300 to 600 for gravels and sands and 3000 to 4000 for rock. The
value of v depends on the water content of the soll and may be from 0.25 to 0.49. Where possible »
should also be measured from soll sampiles.

These propagation equations apply only to homogeneous soll conditions. Since there Is always a ground
surface above an undarground railway, they are In fact never strictly applicable since the arrival of p-
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waves and 5-waves at the surface will cause the appearance of Rayleigh waves which will propagate
along the surface at a different spasd and differant rate of attenuation to the p-waves and s-waves. In fact,
for shallow tunnets, mxcitation of the surface above the tunne, followed by Rayleigh wave propagation to
the sides, may be the dominant mathod of propagation.

Where there are horizons or layers In the soil, and at a watertable, not only. do reflections betwesn
interfaces oceur which, for the limited case of normal incidence (Le. directly above the tunnel) fncrease
attanuation, but also wave conversion occurs at aff other angles of Incidence. Incident p-waves are
transmitted and reflected as both p-waves and s-waves, ard Incldent s-waves are also trangmitted and
reflectod as p-waves and s-waves, all at thelr respective angles. Bending (Stonalay) waves wil propagate
along ths Interface in a manner somewhat analogous to Rayleigh waves on the surface. This offect Is
particularly 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 onfy through radiation to
adjacent layers.

In layered media, and in the presence of the ground surface, It ls also necessary to consider shear waves
as separate waves. Those invoiving straln In the same plane as the layer or ground surface are SH waves;
thosa Involving strain nomnal to the plane are SV waves which are generally coupled to P waves. The
reflection, and transmisslon coefficlents, and the extent of wave conversion, are diflerent for SV and SH
waves.

In the case of normal Incidence, the effect of layered media can bo calculated algebralcally using
techniques such as transmission line theory. This Involves calculating reflection and™ transmission
coefficiants starting at the termination (the ground surface) as follows:

B2t
Z/7)+1

whore R Is the reflaction coefficlent, i.e. the complax ratio of reflected wave amplitude to Incidant
amplitude and where Z, Is the impedanca of the medium Into which the wave is transmitted and Z is the
Impedance of the Incident medium. tgnaring damping, Z = p ¢ where p s the soll density and c is the
appropriate wava velocity. To Include damping, ¢' should be used and Z becomes a complex numbaer,
Worldng back from the termination, the refiection coefficients are successively calculated for each layer
as follows:

Ry{1-R2)exp(-k2i)
1+AfRepHk2h

whare R, 15 the reflection coefficlent previously calculated for the far side of the layer in question; R, =

R=R+

1
Ez:}%% Is the refiection coefliclent at the near skie; / Is the thickness of the layer and k= m/c". Al
reflection coefficients are calculated for waves travelling towards the termination.

In cases of obliqua incidence, calculation of the wave transmission is generally impracticable, and
numerical techniques should be used. ’
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4. APPUCATION OF EMPIRICAL METHODS.

This method Involves the acquisition of measured data from one or more sites and either adapting the
results t0.a spacific stta, or the generation of a set of multivariate equations for the purposa of fiting
predicted results ta the measured dala.

Actual propagation conditions may be established by site measurements, for example by detonating an
explosive chargs:in the base .of.a borehole and measuring ground velocity at locations successive
distances from the sourca using burled transducers, it necessary at the base of gther borehalas. it should
be bome In mind, however, that while both the pressure ampittude and the particle velocity amplitude
decays In lnverse proportion to the distance at large distances, thare exists a near field closs to the
source such that the ratio of pressure to velocity (the radiation reactance) ls given by

X 1+(1-Kioas)
e~ Kloa/e)[1+(ea/c]

whero
14—

K=3_20

" and a is the radius of a cavity within which the pressurs is generated; X is the radiation reactance; p is the
gofl density and ¢ ks the relevant wavespeed.

in considering the applicabllity of measured data, the following matters should be taken Into BCcouNt:
Tunnel type: whether circular of box, and,  bax, whether single or multiple;

Tunnellining, - I

Track characteristics;

Rotiling stock charactertstics;

Operating conditions, speed, train length, 1oad;

Soll surounding tunnet (G, p, v and 1);

Tunnel depth;

Horizontal distance frotn tunnel to receiver;

Presence of layers and watertables;

= Z 5§85 &5 3z 822"

Presence of other Inhomogeneities (faults, bouiders, lenses, other unnels, pipes and structures);
and
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x) The effect of the presence of the receiving bullding

Particular ¢are |s required in the measuremsnt and signal processing technique. Tha type of transducer
employed, whather accelerometer or geophone, will affect the bandwidth of the results, and the method
of attachment ¢of the transducer to the ground may also affect the results.

The cholce of signal procassing method should be related to the critarion 10 be used for the assessment
of vibration and ground-bome nolse. if maximum weighted acceleration or velocity using r.m.s. or VDV
based indices are to be used, care I3 required to ensure that the time-walghting and frequency welghting
methods used in the analysls of the signal are the same as, or can ba corrected to, those required for
assessment.

Care Is required to ensure that the axis of vibration is propery taken into account In limited
clreumstances, vertical ground vibration may predominate, but in most cases triaxial measurements are
requirad, at least to demonstrate the predominance of vertical vibration  this Is the casa.

Where a large quantity of data are used to generate ragression equatlons, the correlation coefficients and
confidence fimits should be stated In the resulting predictions.

5. NUMERICAL MODELLING OF VIBHATION-FRQPAGA]'ION

Numerlcal modelling 1s recommended- where geological conditions are too complex for algebraic
prediction, and comparable measured data are hot avallable. Finite Element Models have the advantage
of belng widely avallable as standard packages of computer software, but-have some limitations Including
the slze of the computing resources required 1o Inciude the effect of a moving train as the source of
excltation. Finite Diference Models are not widely avallable as standard packages, but have the
advantage of belng able to model a moving train without difficulty. FEM models are not confined to
orthogonal grids, whereas FDM models are best sulted to orthogonal grids and are less easily adapted to
other cases. Modeiling In the tima domain tends to require a lesser amount of computing resources for an
FOM mocdel, In which case it is normally the primary output, than an FEM model.

FEM and FDM models may be created in 1, 2 or 3 dimensions. One-dimensional models are of very
limhted used and only appropriate to restricted probloms such as propagation from the crown of a tunngl
vertically through a layered soll. Two-dimensional models are adequate for many casaes, provided that the
recelver distance Is large compared to the length of the rail vehicles or the spacing between bogies, and
short compared to the length of the train. When these two conditions are not satisflad, worst case
approximations can be made taking the tunnel wall velocity during the passage of a bogle as applying to
the whole length of the tunnel. .~

Thrae-dimenslonal models can take account not only of the finite langth of traln elements, but also can
model the recelving building more accurately.
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In either casa, It is necessary to ensure that the mesh or grid slzes used are appropriate to the bandwidth
required, and the degres of complexity of the soll structure. In particular It Is necessary to achleve
reflaction-free boundary conditions, for Instance by progressively increasing the loss factor of the sod.

Numerical models should be validated against cases which can be salved algebraically, including the
case of a beam, a plate and a tube submerged In a fluld with point excitation. In the case of plates and
beams validation for free, hinged and clamped end and edgs conditions should be cared out.

Numerical models should also be validated agalnst actual underground raltways ch'cumstances where
the principal parameaters are known. O

" Both FEM and FDM models normally represent damplng as viscous. There Is evidence that in many cases
soll damplng Is a viscous process, but in soma cases hysteretic damping occurs, and some track
components have characteristics such as stifiness and damping which are non-irivial functions of
frequency. In theso cases, modelling should be canled out at discrete frequencies with the appropriate
paramaters chosen unfess the model ks capable of replicating the phenomena concerned.

Many numercal models are designed to deal with the case of rallways at grade, with the ground
consequently modelled as a half-space. There are many differences between vibration gensration and
propagation from al-grade rallways and rallways In tunnels, and these models should only be used where
the effect of transferring from at-grade to tunnel can be adequately taken into account.

In addition to FEM and FOM models, boundary element techniques, as an extension of the algebralic
method descried above are possibde, particularly whers 1t can be shown that the principal mode of
propagation over the distances of interest s through P-waves. In cases where tunnal vibration varles
greatly around the perimeter, dilatational waves arising from the radlal or normal displacement of the
tunne! wall will also be accompanied by shear waves which are difficult to model using boundary element
techniques. n layered ground boundary element techniques Involving ray-tracing are an altemathve to
FEM and FDM.

6. CONCLUSIONS

Tho appropriate method for the prediction of ground vibration propagation from rafiway tunnels is
dependent on the complexty of the site and the purpose for which the predictions are to be usad. |n
cases of homogeneous soll, algsbralc calculation can be adequate f tunnel vibration data are avaliable
for comparable conditions and free-fleld results are of interest. Empirical methods are. appropriate In
casos of complex geological condhtions, for example where there is layered ground and/or complax
bulding foundations, when 1 Is possible to obtaln experimental data specific to the she, or data from a
site sufficlontiy similar and well understood for adaptation of the results to the case of Interest to be
rellably possible. Numerical modelling techniques such as finlte efement or finite difference models are
necessary if 1 Is required to predict propagatton in complex site conditions.
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