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Abstract.

This paper investigates the effect of initial tunnel construction on the future ground vibration
levels generated during underground railway line operation. This is important because tunnel
construction results in soil disturbance, thus inducing high strain levels in the soil near the tunnel
lining. The resulting loss in soil stiffness can affect the future generation of ground-borne traffic
vibration and it’s propagation into the foundations of nearby buildings. To investigate this a

hybrid modelling approach is developed, consisting of a construction simulation model and an
elastodynamics model. First the convergence-confinement method is used to determine the
stress state induced during tunnel construction using a tunnel boring machine (TBM)a Next
2.5D FEM-PML model consisting of vehicle-track-tunnel-soil is used to predict the vibration
fields induced by underground trains. To link the approaches, the soil stiffness degradation
contours computed from the tunnelling simulation act as inputs for the 2.5D underground
railway model. This facilitates the assessment of the effect of tunnel construction on vibration
levels. It is found that railway ground-borne vibration levels are underestimated if construction
effects are ignored, with discrepancies of up to 10dB found at higher frequencies. Therefore,
when estimating future vibration levels during the underground railway design stage (e.g. for
subway, metro, high-speed linestc), tunnel construction should be considered as an
operational source of uncertainty.

Keywords: Railway ground-borne vibration; Soil stiffness degradation; Underground railway
tunnels; Vibration prediction uncertaintonvergence-confinement tunnel modelling; 2.5D
FEM-PML tunnel modelling; Soil non-linearity; Tunnel boring machine modelling

1. INTRODUCTION

Underground railways generate vibrations during train passage which may propagate to
nearby structural foundations, causing vibrations and re-radiated noise in buildings.
This disturbs inhabitants and sometimes can make buildings unusable for their intended
purpose. Therefore numerical models are commonly used to predict this vibration
generation and propagation. These models typically ignore the effect of the mechanical
tunnelling processes performed during construction on the soil properties in the vicinity
of the tunnel. This is important because large strains are permanently induced at this
location. Considering railway vibration generation and propagation is highly dependent



upon soil stiffness, this means tunnel construction methods caa piée/on the future
ground-borne vibration levels when trains operate in the tunnel.

To model the ground vibrations induced due to underground railways (in absence of
tunnelling process effects), a variety of semi-analytical approaches have been proposed.
These include: Hussein and Hunt [1], Kuo, Hunt and Hussein [2],Mdller [3] , He, Zhou,
Di, Guo and Xiao [4], Yuan, Bostrom and Cai [5], Yuan, Cai and Cao [6], Hussein,
Francois, Schevenels, Hunt, Talbot and Degrande [7]. The main advantage of these type
of approaches is their high computational efficiency. However this efficiency
compromises versatility (e.g. only limited geometries can be simulated) meaning they
are difficult to use in engineering practice.

An alternative approach is to use numerical models. These offer greater versatility but
require the solving of large systems of equations due to the 3D nature of the problem
and broadband spectra of frequency contents. Therefore they often require large
computational effort to solve. To minimise this though, it can be assumed that the
domain is invariant or periodic in the train passage direction, thus facilitating the use of
transformed domain techniques that reduce computational effort.

If the problem cross-section is assumed invariant, the so-called 2.5D technique is used
in order to obtain the 3D response of the problem in an efficient manner [8]. This
concept has been explored using the finite element method (FFEM), the boundary
element method [12-14], and the Method of Fundamental Solutions (MFS) [15]. If the
problem requires the simulation of complex geometries, FEM is typically the preferred
method. However, it requires coupling with an absorbing condition to prevent spurious
reflections contaminating the solution. This can be done by coupling with an alternative
modelling approach [13-17] such as the boundary element method. Alternatively, rather
than use multiple different approaches, an absorbing boundary condition can be used
purely within the FE approach. This can be achieved using several techniques,
including: infinite elements [8, 18], viscous absorbing boundaries [19, 20], scaled
boundary finite elements [21] and perfectly matched layers [22, 23]. As an example,
[23-25] [26] showed that it is possible to achieve high accuracy 3D solutions using the
2.5D FEM-PML approach without losing computational efficiency.

As an alternative to assuming the problem is invariant, it can also be considered
periodic. This is particularly useful for ballasted tracks. For example, if each repeated
sleeper bay geometry is periodic, then a Floquet transformation (Clouteau, Arnst, Al-
Hussaini and Degrande [27]) can be used to recover the full 3D response for an infinite
number of sleeper bays, from only a single sleeper bay. This has been used intensively
used by Gupta et al. [28-32] for the study of vibrations induced by railway traffic in
tunnels.

The aforementioned approaches have led to a deeper understanding of the underground
railway vibration problem [23, 25, 28, 31]. To validate these numerical models,
experimental data has been used [17, 24, 30], however often there are discrepancies
between the predicted and measured responses. These have been attributed to the lack
of information about system properties or other sources of uncertainty [33, 34].
However some assumptions of the models proposed to-date, include that the material
behaviour is elastic, linear and the same as found during the geotechnical investigation
made prior to tunnel construction.

The assumption of linear elastic behaviour is reasonable because train loads induce very
small strains (16-10°) in the soil, particularly for tunnel arrangements. However,
during tunnel drilling and lining construction, much larger strains (in the range“ef 10
10?) are induced in the soil [35]. In this range, soil behaviour is not elastic, and is
characterized by an irreversible degradation of shear stiffness. This depends on several



factors, includingtunnel diameter, tunnel perforation method, tunnel depth and nature
of the soil. This loss of stiffness is not equal at all soil locations affected by the
tunnelling process, and is instead more pronounced in the tunnel vicinity, where shear
strains are dominant. Therefore the soil shear modulus post-construction in the tunnel
vicinity is different to the at-rest conditions prior to construction. This was investigated
by Gomes [36] where it was shown that construction induced stiffness degradation
plays an important role on tunnel seismic response. Howewethet authors’
knowledge, there are no studies investigating the effect on tunnel construction activities
on railway tunnels vibrations. Therefore this paper investigates this. First a numerical
model is presented to simulate the tunnel construction process undertaken by a tunnel
boring machine. It is used to compute the stiffness degradation in the soil surrounding
the tunnel. These degraded soil properties are then used as inputs for a separate railway
tunnel vibration prediction model. This 2.5D model is used to predict ground-borne
vibration levels at the ground surface in the presence of stiffness degradation. The
results are compared against the assumption of ignoring degradation.

2. METHODOLOGY
2.1  Overview

The numerical approach adopted in this paper uses 2 separate, yet linked, numerical
modelsas shown iff Figure J1.First, tunnel construction is simulated through a model
developed using the commercial software, PLAXIS. This is used to compute the shear
stiffness (G) degradation of the soil in the vicinity of the tunnel lining. Then, using the
modified soil stiffness profile distribution due to tunnelling, a wavenumber/frequency
domain 2.5D FEM-PML model is used to predict the ground vibrations induced by
railway traffic. The overall modelling solution is therefore able to assess the effect of
tunnelling on the generation and propagation of ground vibrafitgure depicts the

main steps of the proposed approach:

1) Tunnel construction is simulated in PLAXIS, using a non-linear soil model, and
stiffness degradation maps are generated

2) The 3D dynamic response of the track-tunnel-ground system is computed taking into
account the stiffness degradation computed in step 1

3) The train-track dynamic interaction problem is solved

4) The dynamic loads applied by the train to the track are used to compute the
vibrations in the track-tunnel-ground system
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Figure 1 Schematic of the global sub-structure modelling approach.

2.2 Tunnelling process modelling

The aim of the tunnelling modelling is to generate a shear stiffness (G) map of the soil
domain. However, the mechanical behaviour of soil is complex, requiring the accurate
simulation of response from very small strains to large strains range. This challenge has
been scope of numerous research projects, resulting in a variety of proposed approaches,
including: Hyperbolic models [37], Hardening soil models [38] and Hardening soil
models with small-strain stiffness [39], among others. The lattased in this study

since the Hardening Soil model with small-strain stiffness (HSsmall) is an extension of
the Hardening Soil model. This model uses the Mohr-Coulomb failure criterion and is
able to reproduce both shear and compression soil hardening though hyperbolic laws
combined with the classical theory of plasticitnloading and reloading conditions

are assumed as elastic responses and the broad strain range, from very small strains
(elastic behaviour) to large strains (non-linear behaviour) is considered using
straightforward hyperbolic las{40].

To simulate the tunnel construction, the convergence-confinement method (CCM) using
plane strain finite elements methdl used. Although tunnel construction is a three
dimensional problem, Panet and Guenot [41] demonstrated that 3D ground response can
be approximated using a 2D plane strain numerical approach if careful assumptions are
made. The basis of this method is to provide a fictitious pressure inside the 2D tunnel
model to account for the arching effect that occurs within the surrounding soil due to the
close proximity of the tunnel face. This effect disappears when the tunnel face is far
from the section under consideration, as depictfine 2| The fictitious pressure’,

is calculated from the initial stress in the ground (o:°) and the stress release coefficient

(B) as:
ol =1 -p)a? (1)
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Figure 2 Schematic of the convergence-confinement method for tunnel constrsictiolation.

The stress release coefficient can be estimated through 2D and 3D numerical
comparisons or even through experimental measurements, although these are scarce in
the literature [42-45]. It typically lies between 0.2-0.8 depending on: excavation
method, tunnel diameter, overburden pressure, soil type among other factors.

The tunnelling simulation procedure involves 3 main steps as sh{mqui2]

- Step 1: the initial effective stress field is generated using gravity loading via
prescribed K-value. In the tunnel boundary, the external earth pregstite
and internal pressure{) are identical, which means tHa0.

- Step 2: the stress-strain field is computed in the cross section located between
the tunnel face and the lining, with arching effect simulated using the stress
release coefficient. The internal pressure is given by equation 1, @herhe
stress release coefficient.

- Step 3 lining is installed and the stress-strain field is computed assuming a
permanent condition, i.e., assuming that the tunnel face is far away from the
section under analysis. In such cfisé, which means that fictitious pressure is
not acting anymore.

2.3  Railway traffic vibration modelling

The simulation of traffic induced vibrations is complex due to a variety of factors,
including, obviously, the train-track dynamic interaction, which is govehbyed) the

track unevenness) the lack of roundness of the wheeiig, non-homogeneous support
conditions, among other factors. These heterogeneities cause dynamic forces in the
train, and therefore, train-track dynamic interaction loads vary with time. To simulate
these complexities, a sub-structuring approach is {ised. Fiure 3 shows a schematic
representation of the different sub-models that are used to predict the final railway
vibration levels. The elastic 2.5D FEM-PML method is used for the track-tunnel-ground
system, while a multibody approach is used for the vehicle. The reader can find a
comprehensive description of the modelling details in previous payetse authors
[23-25].

Regarding excitation, the quasi-static and dynamic excitation mechanisms are
uncoupled, with the final solution obtained usibg superposition of both effects.
Furthermore, only the dynamic excitation mechanism due to the track irregularities is
taken into account. The following equatimnusedto address the PSD (power spectral
density of unevenness amplitude) of the track unevenness:
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Regarding soil properties, the vibration model uses the information provided by
the tunnelling model to determine the soil stiffness at each location. Therefore the
elementby-element stiffness’s from the tunnelling mesh are converted to the vibration
mesh through 2D interpolation. It should be noted that the tunnelling model does not
allow for changes in the soils Poissons’ ratio, soil density or damping. Therefore they
are constant for all vibration simulations.

@ Track receptance on the moving

reference frame l}

Modelling of Track-Tunnel-Ground Structural model of the train and
system interaction formulation
@) Train-track
@ < dynamic loads
Q Multi-body
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®

Vibrations induced by railway
traffic at any point of the domain

Figure 3 Schematic of the model used for predicting railway traffic vibrations

3. CASE STUDY
3.1. Tunnelling input properties

The tunnel and soil input characteristics are informed by properties measured
experimentally during the construction of the Porto metro network in Portugal. The
geometry of the finite element mesh used to simulate the tunnel construction is shown
in[Figure 4 The tunnel crown depth is 15m below the ground surface which is consistent
with tunnels commonly constructed using tunnel boring machines. The tunnal has
lining thickness, e, of 0.35 m, formed from reinforced concrete with the following
properties: volumetric mass equal to 2500 KgMoung modulus equal to 30 GPa and
Poissors ratio equal to 0.2.

Regarding the soll, ils a homogenous granite residual soil, with the properties
outlined in Topa Gomes [46], and expanded updn_in TabldHe low-strain shear
modulus G, (and consequentlyof and the unloading shear stiffness: Gur), were
determined using cross-hole tests and pressumeter tests respectively. Further, triaxial
tests were used to determing Esecant Young modulus for stress level corresponding
to 50% of the shear strength), the friction angleand the coesiom,. Oedeometer tests
were performed to determine Young modulusygEcoefficient m has been considered
null and the value of 0.3 was assumed for the Poisson vatidH{e at-rest coefficient is
defined as i and the dilatancy angésy.



Considering the uncertainties around the stress release coefficient, two values are tested:
0.5 and 0.4, values which are consistent for residual soils bored using a TBM (Tunnel
Boring Machine), which usually induce small deformations in the ground.

Table 1: Parameters adopted for HSsmall constitutive model

vap (KN/m?) 20 v 50
Esgef (kN/m?) 97.5.16 v 0.3
Eoed®’ (kN/m?) 121.9-18 Ko 0.5
Eur'® (KN/m?) 195-18 Y0.7 3.5-10

m 0 Goef (kN/m2  150-16

¢’ (kN/m?) 30 pref (KN/m?) 100

o’ 40° R 0.9
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Figure 4. Finite elements mesh used for tunnel construction process simrgtio

The curveys-Gs andys-Gt of this soil constitutive model are shown in Figufe 5.

For the vibration analysis, the value adopted for the linear shear modulus (G) is the
largest between £&and G. Since the strains induced by construction are distinct for
different locations in the tunnel vicinity and therefore also different are the stiffness
degradation levels, it results that the vibration analysis is performed assuming different
elastic properties in each finite element.
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Figure 5 Curvesof ys-Gs (blue line)and ys-G: (red line) in HSsmall model.

3.2. Railway vibration input properties

The soil properties of the tunnel post-construction are computed using the tunnelling
model and then used as input data for the railway vibration model. For all scenarios the
soil density is 2000 kg/fnthe Poisson raties 0.3 and the hysteretic damping ratio is
0.04. To quantify the effect of different tunnelling procedures, three sets of analysis are
undertaken:

1. Neglecting all soil stiffness degradation effects induced during tunnelling;

2. Accounting for soil stiffness degradation effects induced during tunnelling,
using a release factor of 0.4;

3. Accounting for soil stiffness degradation effects induced during tunnelling,
using a release factor of 0.5;

Figure §shows the railway tunnel vibration mesh used for computations. Regarding the

railway track properties, it is a continuous concrete slab track 0.3 m thick and 2.5 m
wide, with a longitudinal bending stiffness of 1.62%NIm? and a mass of 3000 kg per

unit of length. The rails are UIC60 profile, and are continuously supported by railpads
with a stiffness and damping coefficients of 5%18/m? and 1.2x1® Ns/n¥
respectively. The track is a floating slab, with a resilient mat located between the slab
and tunnel invert. It has a stiffness of 1.53Nm? per meter in the longitudinal
direction, and a damping of 5.5¥10s/n?. The track unevenness is artificially
generated for a range of wavelengths between 28 m and 0.55 m. The PSD curve adopted
in this random generation is given by equation 1 wherg=Xk rad/s, w=3.5 and

S(ku,0) = 1x108% m®,

Regarding rolling stock, it is an Alfa-Pendular train at a running speed of 40 m/s.
The main geometrical and mechanical properties of the train are summafized in Figure 7
and in Table P.




Figure 6 2.5D finite elements mesh used for the ground-borne vibration analysi
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Figure 7. Alfa-Pendular geometry.

Table 2: Mechanical properties of the Alfa-Pendular train

Axles Mw (kg) 1538-1884
Primary Kp (KN/m) 3420
suspension Cp (KNs/m) 36
Bogies Mb (kg) 4712-4932
Jb (kg/m?) 5000-5150
Car body Mc (kg) 32900-35710

4. RESULTS AND DISCUSSION
4.1.  Soil stiffness degradation due to tunnel construction

Figure 8 shows G/écontour plots resulting from tunnel construction for the release
factors of 0.5 and 0.4. It can be observed that the stiffness degradation is more relevant
in the points closest to the tunnel, and in some places, drops to as lowoaf.&/@

small amount of degradation propagates to the soil surface, however, the stiffness
degradation effect is limited to a maximum lateral distance of approximately &b to
meters from the turet centre-line. The stiffness degradation is larger for the higher
release factor, because this means that the soil is less confined before tunnel lining
installation. Although there are some discrepancies, in general the stiffness degradation
pattern is similar for both scenarios.
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Figure 8. G/@ Stiffness contours due to tunnelling, (a) p = 0.4, (b) p = 0.5

4.2. The effect of soil degradation on post-construction railway vibration
propagation

4.2.1 Transfer functions for stationary loads

The practical assessment of railway ground vibrations often relies on determining the
in-situ transfer function between tunnel invert and surface [47, 48]. Therefore this
section aims to replicate a similar scenario to determine the effect of soil stiffness
degradation on vertical particle velocity transfer functions assessed from the tunnel
invert to the ground surface. To do so, a stationary unitary harmonic load is applied at
the tunnel invert and the response recorded at 6 locations on the soil furface (Figure 9).
The test is repeated for the 3 cases discussed above: no degradation, degradation release
factor 0.4, and degradation release factor 0.5.

S5m 5m_ 10m 10m 10m

P, P, P

Figure 9. Location of ground vibration receivers

Figure 10| compares the vertical velocity transfer function of all output locations, with

varying input load frequency. The numerous distinct lobes show that the dynamic
response of the ground surface is complex. This is due to the interaction of shear,
compression and Rayleigh waves. It is also dependent on the distance between source-
receiver and on the elastic soil properties, as shown by Gupta et al. [28]. Considering
the three stiffness degradation scenarios, the following conclusions are drawn:



1. For all the receivers there is a range of low frequencies for which the three
transfer functions are almost identical. This range varies from 0 Hz to a
frequency that is depending on receiver location.

o For points 0, 5 and 10 meters, it is approximately 12 Hz

o For points located 20 and 30 meters far away from the tunnel centre line,
it is approximately 20 Hz

o For the P6 point (40m far away from tunnel centre line), it is 27 Hz

This is because lower frequencies give rise to longer wavelengths and,
consequently, are not so strongly affected by the stiffness variations located in
the immediate vicinity of the tunnel. This frequency grows with the incri@ase

distance from the tunnel because the degradation of stiffness along the wave
propagation path is less relevant for the points located further away from the

tunnel, as can be Seer{Fiigurelo
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2. As distance from the tunnel increases, the discrepancies between the three
transfer functions decrease At distances greater than 30 meters the
discrepancies become irrelevant in the frequency range up to 50 Hz.

3. The transfer functions troughs shift to lower frequencies when stiffness
degradation is taken into account. When the ground stiffness is lower, the
frequencies at which the troughs occur are lowered, particularly when the
source-receiver distance is short. For the point located at 40 m away from the
tunnel alignment, the change in trough frequencies is negligible because at this
distance the global system response is governed by the undisturbed ground
properties;

4. Comparing results from release factor of 0.4 and 0.5, it is possible to observe
differences in the frequency range above 50 Hz mainly for the points located
close to the tunnel symmetric plane. As expected, amplitude of vertical velocity
increases with degree of soil disturbance(i.e. larger valu@s) dthis effect is
quite evident ifFigure10f andrigure10p.

4.3. Vibrations due to railway traffic

This section analyses the track-tunnel-ground system response when excited by the
passage oén Alfa-Pendular train running at a speed of 40 shows the
dynamic response of the track slab in terms of vertical particle velocity. As expected,
the time record shown fin Figure]11a allows for the identification of the passage of each
train axle. Comparing the vertical velocity time record for the three scenarios under
study, it is seen that the peak velocity is just slightly affected by the soil disturbance
induced by tunnelling operations. Actually, this is an expected result since the dynamic
response of the track in tunnels is mainly governed by the elastic properties of the
resilient elements that are much softer than the foundation. This effect is also evident
using frequency domain analysig in Figur¢ 11b, which shows the equivalent response in
terms of one-third octave bands. Comparing the spectrum for the 3 cases, it is
interesting to observe that the dynamic response for a release factor of 0.4 or 0.5 is
almost equal to the dynamic response obtained when the soil disturbance is neglected.
However, a more detailed analysis allow to see that in the frequency range around 50
Hz there is an amplification of approximately 4 dB in the response when stiffness
degradation due to tunnel construction is taken into account.

a b
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Figure 11. Vertical velocity in slab (blue line: non disturbed soil; red line: disturbed soil § = 0.4; green
line: disturbedsoil B = 0.5): a) time record; b) one-third octave frequency spectrum.




The analysis of the dynamic response at surface receiver locations is important from an
environmental perspective because these are where building foundations are most likely
to be located. Therefore the vibrations induced by traffic in tunnels may cause building
vibration and re-radiated noise at these locations.

Figure 12| shows time-records of vertical velocity due to the passage of the Alpha
Pendular train, at the receiver points indicated in Figdre 9. For the cases where
tunnelling has reduced the soil stiffness, the vibrations are much larger, indicating that
ignoring construction effects serves to underestimate vibration levels. This effect is
pronounced at locations in close proximity to the tunnel lining, where large differences
on peak particle velocity are observed, and reduces with distance. At a lateral offset of
40m, the discrepancy becomes negligible.
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Figure12. Time records of vertical velocity at the ground surface: a) P; b)) PR;d) P4;
e) P5; f) P6 (blue line: non disturbed soil; red line: disturbed soil p = 0.4; green line: disturbed
soil B =0.5)



shows the same results|gigure 12| but presented in one-third band octave

spectra, to allow for a more detailed analysis of the frequency content. Consistent with
Figure 12| all cases yield high levels of ground vibration when stiffness degradation is
considered. This is true mainly in the frequency range between 40 Hz to 60 Hz, where
discrepancies of up to 10dB are identified. Although all receiver locations experience
this, in the same manner as the time history results, the largest discrepancies occur at the
locations close to the tunnel and diminish with distance.
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Figurel3. One-third octave spectrums of vertical velocity at the ground suepéd:; b) P2
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Independent of the release factor, comparing the results where tunnelling construction
was considered with the case where construction stage was not taken into account, the
velocity differencest frequencies below 20 Hz are limited when the receiver is located
more than 15 m from the tunnel centre line. However, above this frequency value, the
differences are evident in all the points analysed, reaching up to 10 dB at closest
distances to the tunnel. These differences decrease with the increasing distance of the
tunnel-receiver. For examplat points located 30 and 40 meters away from the axis of

the tunnel, the discrepancy is minimal, except for the frequency band of 50 Hz where
there are still significant differences. This is because at low frequencies the wavelengths
are large and are less influenced by local changes in stiffness. In contrast, for high
frequencies the wavelengths are short, thus causing them to be affected by local
stiffness changes. It should however be noted that the analysis of wave propagation in
the presence of stiffness degradation is quite complex, and there is not always a rational
explanation for all discrepancieblowever, in this case, the responses due to train
passage agree with the stationary load transfer functions, which was previously
explained.

Regarding release factor, comparing the casg%=6f4 andp=0.5, a similar trend in
octave frequencies is observed, with the highest level of vibrations, for all receivers,
occurring in the frequency range 40-60 Hz. However, #h@.5 case yields higher
vibration levels than thg=0.4 case, and the case of zero degradation. This is an
expected result because a greater release faatdicates a greater degradation of soil
properties during the tunnel construction process.

In conclusion, it is clear that the effect of soil stiffness degradation in the immediate
vicinity of the tunnel results in elevated ground-borne vibration levels at the soil
surface. This effect is prominent for the medium and high frequency range. Its
magnitude is non-negligible and should be considered as a factor of uncertainty when
designing vibration mitigations measures for railway tunnels.

5. CONCLUSIONS

In this paper the effects of soil stiffness degradation due to tunnelling operations, on the
propagation of vibrations induced by underground railway traffic is studied. To
investigate tfs a two-step approach is used consisting of a model to simulate tunnel
construction, and an elastic 2.5D vibration model to simulate the generation and
propagation of vibrations from trains. The results show that the effect of tunnel
construction should be considered when assessing ground-borne vibration levels from
future planned post-construction railway lines. More specificallg,found that:

)] The influence of soil stiffness degradation on both frelet railway
vibrations, and stationary transfer functions due to an impact excitation is
important. Vibration levels can increase by up to 10dB if significant soil
disturbance occurs during tunnel construction.

i) Construction-induced soil stiffness degradation influences locations located
close to the tunnel more than locations at large distarfea. example,
locations directly above the tunnel are affected most greatly, while locations
at offsets greater than 30m vyield similar results to when ignoring
Construction-induced effects.



i) Soil disturbance, and thus stiffness degradation, is primarily located in the
immediate vicinity of the tunnel, and decreases with distance from the lining.
Therefore it effects medium-high frequency wave propagation, rather than
the low frequenciesin the example presented, only frequencies greater than
20Hz are effected by the construction process of the tunnel boring machine.

iv) Soil stiffness degradation has a small influence on the dynamic track
response. It increases by approximately 4 dB when considering the effects
of tunnelling.

Finally, it should be noted that the example presented is for a tunnel constructed using a
tunnel boring machine through relatively stiff soillhe increase in vibration levels
could be greater for tunnels constructed using open section methods (NATM) or
through soft soils, where even higher ground strain levels are induced.
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