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Abstract. The prediction of the ground vibration transmitted from tunnels to neighbouring
buildings is a vital step in the assessment of the ground-borne noise in buildings. In empirical
models it is commonly assumed that the level of ground vibration reduces monotonically
with the distance away from the tunnel alignment. In reality, a ‘shadow’ zone is observed
above the tunnel. This is first illustrated using measurements made above an operational
railway line. To understand and characterise this effect, a study has then been carried out
using various simulation models. Using an analytical model for the response to a point force
acting in a homogeneous full-space, it is shown that the response is principally in the form of
shear waves which radiate to the side rather than compressional waves which radiate in the
direction of the load. This leads to a ‘shadow’ zone forming above a certain frequency, even
in the absence of a tunnel and the absence of a free ground surface. The ground surface is
next introduced by considering the response of a half-space to a point force, using a semi-
analytical model. This is shown to exhibit similar behaviour although with differences caused
by the free ground surface. Finally, a numerical 2.5-dimensional finite element / boundary
element model is used to determine the response of a half-space ground to a force acting at
the bottom of a concrete tunnel. The extent of the shadow is defined as the width to the point
of maximum response. This depends largely on the depth of the excitation force and the shear
wave speed of the soil. Although similar features are found with or without the tunnel, the
presence of the tunnel structure causes a reduction in the shadow width, and the level
difference within the shadow region is slightly increased. A tunnel with a smaller diameter
leads to an increase in the frequency at which a given shadow effect occurs, but the tunnel
lining thickness has negligible influence. The existence of shadow effect should be taken into

account when making predictions of ground vibration using empirical models.
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1 Introduction

Ground-borne noise is one of the most important environmental issues related to
underground transit systems, especially in busy urban areas. The prediction of the ground
vibration transmitted from tunnels to the ground surface is a vital step in the assessment of
the ground-borne noise in buildings. It is often assumed that the level of ground vibration
reduces monotonically with the distance away from the tunnel alignment. In reality, a region
with lower vibration amplitudes is often observed directly above the tunnel, which is
sometimes referred to as a ‘shadow’ zone. Although the area of most interest is usually
located away from the alignment, pressure on land use means construction close to or even
above railway alignments is now commonplace.

Recent reviews of ground vibration from trains have been presented for example by
Lombaert et al. [1] and Thompson et al. [2]. Connolly et al. [3] gave an overview of the scale
of the problem of ground vibration by reviewing reports covering commercial vibration
assessments undertaken at 1604 locations. Sheng [4] gave a review of modelling approaches
used for the vibration generated by trains in tunnels. These can be numerical, e.g. using finite
elements, boundary elements, finite difference etc., analytical, semi-analytical or empirical.

An early review of models and measurements of the propagation of vibration through the
ground was given by Gutowski and Dym [5]. They separated the attenuation with distance
into two terms, one due to geometric attenuation, which depends on the wave type, and a
second due to damping. This can be written as [6]:

Ad) / Ao = (d/dg)™ x #(4-d0) (1)
where A(d) is the amplitude at distance d and Ao is the amplitude at a reference point do. For
example, geometric spreading from a point source on the ground surface can be assumed to
correspond to a =%, while for a point source at some depth a = 1. Other coefficients are
given by Gutowski and Dym [5] for line sources. The effect of damping, 8, has to be
determined for the site in question and depends on frequency. Attenuation laws of the form
d=* are used for example by Kuppelwieser and Ziegler [7] and Madshus et al. [8] in their
empirical calculation schemes.

Hood et al. [9] proposed an empirical calculation procedure for both ground-borne noise

and feelable vibration. For feelable vibration the amplitude was found to depend on radial



distance R (in m) according to (R/10)%%". For ground-borne noise the propagation with
distance (expressed in decibels) was given by:

B + C.log10((x+10)/10) + D.log10(Z/Ro) + E.log1o(W/10) (2)
where B, C, D, E were determined from multiple regression analysis for each frequency band.
X is the horizontal distance from the tunnel (in m), Z is the tunnel depth (in m), W is the
tunnel width (in m) and Ro is a constant. The results were found to be independent of soil
lithology. In the empirical approach proposed by the US Federal Transit Administration [10]
the propagation is based entirely on measurements.

Forrest and Hunt [11, 12] developed an analytical model of a tunnel in a full-space ground,
later called ‘pipe-in-pipe’, and showed example results at different distances as a function of
angle around the tunnel. Kuo et al. [13] extended this model to study parallel twin tunnels in
a full-space. Contour plots were presented of vibration amplitude in the plane containing the
cross-section of the tunnel. Sheng et al. [14] developed analytical models for a circular tunnel
in a layered ground based on a discrete wavenumber approach. Some example results were
presented at two frequencies. It was concluded that a lined tunnel may reduce the responses at
the ground surface immediately above the tunnel compared with an unlined tunnel.

Jones et al. [15] used a two-dimensional coupled finite element / boundary element (FE-
BE) method to study the vibration due to tunnels. They showed that the vibration decays with
lateral distance beyond about 20 m but, closer to the tunnel alignment, the vibration
behaviour is more complex. Comparisons were also made between lined and unlined tunnels.
Their results were for a single relatively stiff soil type. In order to take account of both
vertical and lateral vibration a ‘pseudo-resultant” was introduced.

Sheng et al [16] developed a wavenumber (i.e. 2.5-dimensional, 2.5D) FE-BE method and
used it to compare a large single bore tunnel with smaller twin bore tunnels. Results at certain
frequencies (20, 40, 80 and 160 Hz) were plotted for positions along the ground surface as
part of this comparison. They noted that the vibration attenuation in the lateral direction was
weaker than in the tunnel direction, especially at high frequencies. Moreover, the maximum
response did not occur directly above the tunnel; the position of maximum response was
found to move towards the tunnel as frequency increases.

Clouteau et al. [17] and Degrande et al. [18] modelled a tunnel in a layered soil using a
periodic FE-BE approach and gave some examples of the response on the free surface at
certain frequencies. Ding et al. [19] used this method to study the ground response above a
metro tunnel at four distances (0, 20, 40 and 60 m) to the tunnel centreline. Gupta et al. [20]
studied the effect of tunnel and soil properties on vibration from a tunnel using both the



periodic FE-BE approach and the analytical pipe-in-pipe approach. Results were shown at
several different distances. The overall root-mean-square vibration due to a train was plotted
against distance showing that the maximum value occurred away from the tunnel.

Yang and Hung [21] used a 2.5D finite element / infinite element approach to model the
vibration from a tunnel. They included an analysis of the dependence of vibration on lateral
distance for certain frequencies. Galvin et al. [22] used a 2.5D coupled FE-BE model to study
trains running both on the surface and in tunnel. Response spectra at different locations were
presented but the dependence on distance was not studied. Lopes et al. [23] studied the full
transmission path from the tunnel to the building: the track—tunnel-ground system was
modelled by a 2.5D FEM-Perfectly Matched Layer approach and the building by a 3D FEM
method. No results were presented for the free ground responses as a function of distance.

As noted above, it is often considered in empirical models that the response on the ground
surface decreases monotonically with the distance from the tunnel. However, although such
an attenuation law can be used for surface trains, it has been seen that it may not be suitable
for tunnel cases. The existence of a shadow zone makes it more difficult for empirical models
to predict accurately the vibration of buildings located close to the tunnel. Although the
shadow zone has been observed by some authors, e.g. [14, 15], no systematic analysis has
been carried out.

The aim of this paper is to study the shadow zone phenomenon using both analytical and
numerical models and to quantify its effect. In Section 2, a set of measurement data from a
free-field site near a railway tunnel is presented to demonstrate the existence of the shadow
zone. In Section 3, the response on the ground surface to the excitation in a tunnel is
predicted by a 2.5D FE-BE model using in-house software WANDS [24]. Based on the
prediction results, the ‘shadow effect’ is defined in terms of three basic parameters. This is
used to describe the fact that the vibration levels within an area above the tunnel are lower
than those further away from the centreline at some frequencies. The mechanism behind this
phenomenon is explained using results for a full-space in Section 4. The characteristics of the
shadow area are analysed in Section 5 using a semi-analytical half-space ground model,
showing that the so-called shadow zone exists regardless of the tunnel structure. However,
the tunnel structure will affect the extent of this irregular distribution, so this influence is
analysed in a parametric study in Section 6 based on the 2.5D FE-BE model. Some

preliminary results from this study were presented by Jin and Thompson [25].



2  Observation from experimental data

2.1  Description of the measurement data

In this section, results are presented from measurements carried out to demonstrate the

presence of the shadow effect. It is much more difficult to perform measurements in an urban

environment, due to the presence of many buildings as well as background vibration caused

by traffic, etc. Therefore, the measurements were taken at a free-field location above a tunnel

on the high-speed line HS1 at Hollingbourne, Kent, UK. The tunnel, as shown and illustrated

in Figure 1, was constructed as a cut-and-cover tunnel of length 170 m using precast concrete

arch segments of thickness 325 mm. The double-track tunnel has a height of 8.5 m and a

width of 14 m. The ground surface is approximately 15 m above the rail height. The soil

properties here are unknown.
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Figure 1. Photograph of the measurement site (a) and diagram of the measurement site (not to

scale): (b) plan view (c) cross-section view



Vibration was measured on the ground surface above the tunnel during the passage of
three types of trains: Javelin Class 395, Eurostar Class 373 and Velaro Class 374. The line
speed at the location is 300 km/h (83.3 m/s); however, the maximum speed of the Class 395
trains is 225 km/h (62.5 m/s). The train speeds were close to these values and were similar in
both directions. A total of 18 train passages were recorded, as listed in Table 1.

Table 1. Numbers of trains recorded in each direction

Javelin Class 395  Eurostar Class 373  Velaro Class 374 Total
Far track 5 2 2 9
Near track 6 2 1 9

The vertical acceleration was measured using accelerometers with sensitivity 10 V/g and
mass 0.64 kg mounted on a square aluminium mounting plate of length 150 mm and mass
0.3 kg. A small area of turf was removed and the plate was embedded in a thin layer of sand.

The vertical acceleration level was measured at three positions, marked A, B and C in
Figure 1, when the trains passed in both directions; the two tracks are identified as ‘near’
(towards London) and ‘far’ (away from London). Point A was directly above the tunnel,

while B and C were 10 and 20 m from the tunnel centreline.

2.2 Variation of vibration with distances

The results are given in one-third octave frequency bands, between 4 and 100 Hz. The
acceleration levels in dB have been averaged over all train types for the measurements at
each of the three locations. Results are shown in Figure 2 for trains on the far and near lines
separately. The background noise is also shown indicating that sufficient signal-to-noise ratio
is achieved over almost the whole frequency range.

It can be seen from Figure 2 that, for trains on both the far and near tracks, the vibration
level below 10 Hz is highest at location A (above the tunnel alignment) and reduces with
increasing distance (from location A to C). However, at higher frequencies the vibration
levels at locations B and C are higher than at A for a broad range of frequencies. Thus, the
maximum vibration level does not always occur directly above the tunnel.

The vibration levels at locations B and C are shown relative to those at A in Figure 3. The
level difference between these locations has been determined for each train passage and the
graph shows the mean and a range corresponding to +/- two standard deviations. Despite the
variations among trains, the frequency range where the shadow effect appears can be clearly

seen from Figure 3 as the range where the level difference is greater than zero. At location C



(at 20 m from the tunnel centreline) this occurs above about 16 Hz, for both far and near

tracks, whereas at location B (at 10 m) it occurs above around 10 Hz. As seen in Figure 2, the

vibration at C also exceeds that at B for frequencies above 20 Hz.

These results show the presence of the shadow effect qualitatively. In the remainder of the

paper a more typical urban situation is considered using several different prediction models in

an attempt to explain the phenomenon.
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Figure 2. Averaged acceleration level and the background noise at different locations due
to the trains on (a) far track; (b) near track. Locations A, B and C are at 0 m, 10 m and 20 m

from the tunnel centreline respectively.
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Figure 3. Vibration levels relative to location A. (a) B minus A for far track; (b) C minus
A for far track; (c) B minus A for near track; (d) C minus A for near track.

3 Observation from simulation results

3.1 A 2.5D FE-BE tunnel/ground model

A study case is chosen based on a typical urban underground line with a concrete circular
tunnel. This is represented in a numerical model, which is constructed using the wavenumber
(2.5D) FE-BE method [16, 24]. A similar model can be found in Jin et al. [26]. The cross-
section of the tunnel in the y-z plane is modelled with finite elements, whereas boundary
elements are used for the ground including the free surface, as shown in Figure 4.

The geometry of the tunnel cross-section is modelled with 30, 8-node solid elements. The
ground surface and the interface between the tunnel and soil are represented by 3-node
boundary elements. The mesh of the ground surface extends to 30 m on each side of the
tunnel centreline with a node spacing of 0.25 m. Unless otherwise stated, the depth from the
ground surface to the tunnel centre is 15 m, and the inner and outer diameters of the tunnel
are 3.81 m and 4.11 m respectively giving a wall thickness of 0.15 m. Figure 4 shows only

part of the elements on the free surface and the tunnel depth is reduced to allow more details



to be visible in a compact figure. The track is omitted from the model for simplicity. A point
force acts on the centre of the tunnel bottom. The assumed soil and tunnel material properties
are given in Table 2. The soil represents London clay [18], with a value of compressional

wave speed approximating saturated ground.

Ground surface
3-noded boundary elements
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Figure 4. FE / BE mesh of the tunnel-ground cross-section.

Table 2. Material properties of the soil and tunnel used in the model [18].

S-wave speed P-wave speed Density Loss factor
Soil
220 m/s 1570 m/s 1980 kg/m? 0.078
Concrete Young’s Modulus Density Poisson’s ratio  Loss factor
tunnel 50 GPa 2500 kg/m? 0.3 0.03

In the third direction (x) the geometry is assumed to be invariant. This is represented in the
model in the wavenumber domain. The total number of wavenumbers calculated is 2048,
with a linear spacing of 0.006 rad/m. The frequency range considered is from 1 to 100 Hz
with 30 points per decade. The results are then converted to one-third octave bands by

averaging the results for three frequencies per band.



3.2 Definition of shadow effect

Using the 2.5D FE / BE tunnel-ground model, the vertical displacements on the ground
surface excited by a unit vertical force acting at the tunnel bottom are plotted in Figure 5(a),
for some example frequency bands. The response is plotted in the same cross-section as the

force, where x=0.
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Figure 5. Response on the ground surface to a unit force at the tunnel base at different

frequencies. (a) vertical response; (b) pseudo-resultant response

Depending on the frequency, the highest response levels are found at different distances
from the tunnel. At 8 Hz, the maximum response occurs directly above the tunnel centreline.
For frequencies above 16 Hz, however, the region of maximum response occurs at some
distance away from the centreline and the response above the tunnel is up to 10 dB lower
than the maximum level. This is consistent qualitatively with the experimental results shown

in Section 2.

o . 2 .
In addition, the pseudo-resultant responses are determined ( |uy| +u, ? with uy and u; the

horizontal and vertical components of vibration, u, is zero for x=0). These are shown in
Figure 5(b). A similar phenomenon is seen here although the details are different. The
distance where the maximum pseudo-resultant response occurs is closer to the centreline than

that for the vertical response at the same frequency. The difference between the vibration

levels is also larger, up to 15 dB.

3.3 Definition of parameters describing the shadow effect
Some parameters are introduced to quantify the characteristics of the shadow effect. Two
of the example response curves shown in Figure 5(b) are replotted in Figure 6 to illustrate

these. The dash-dot line shows the response at 8 Hz, while the solid line is the response at

10



63 Hz where the shadow area can be observed. Three important parameters are defined and

illustrated in Figure 6 based on the result at 63 Hz.

5
o

----8 Hz
—63 Hz|

w
al
T

w
o

N
(6]

=
o
T

=
o

| Shadow area

o

Pseudo-resultant disp [dB re 10 12 m/N]
N
o

o

5 10 15 20 25 30
Distance to the tunnel centreline [m]

o

Figure 6. Vertical response on the ground surface in the y direction at different frequencies

(x=0) showing the definition of the width and magnitude of the shadow zone.

First, the width of the shadow area is defined as twice the distance from the tunnel
centreline to the position of maximum response. As seen in Figure 5, this width depends on
the excitation frequency. Second, the magnitude of the shadow effect is identified as the
difference (in decibels) between the maximum vibration level and that above the tunnel
centreline at the same frequency. Third, the frequency above which the shadow effect can be
observed is called the cut-on frequency. For frequencies above this (e.g. 16, 31.5 and 63 Hz
in Figure 5) the maximum response is observed at some distance away from the tunnel

centreline; below this frequency the magnitude and width of the shadow effect are both zero.
4  Exploration of mechanism using results from a full-space model

To assist in the interpretation of the shadow effect observed from the experimental data
and the 2.5D tunnel-ground modelling results and to investigate the mechanism behind the
phenomenon, results from a full-space are presented here. For a homogeneous full-space the
vibration response can be determined analytically [27]. This will be used to show whether the
same shadow phenomenon defined in Section 3 is also observed in the absence of both the
tunnel structure and the ground surface. The role of the fundamental waves in forming the

shadow area will be discussed.

4.1 Responses at a line above the excitation
For consistency with the 2.5D model, the horizontal axis is taken as y and vertical axis as

z. A harmonic load is applied in the z direction. The ground parameters are the same as those

11



used for the tunnel case, as listed in Table 2. A different value of Poisson’s ratio (0.33) is also
chosen for comparison, while retaining the same shear modulus and therefore shear wave
speed; the corresponding compressional wave speed is 440 m/s. The response is determined
along a horizontal line of response points at a vertical height of 15 m above the forcing point.
This is equivalent to the ground surface location in the previous section, except that in this
full-space model there is no free surface.

Figure 7 shows examples at four frequencies for both values of Poisson’s ratio. These are
given in the form of the pseudo-resultant. The results are qualitatively similar to those in
Figure 5. This shows clearly that a ‘shadow effect’ can occur in a full-space with no ground

surface and no tunnel structure, especially for the ground with large Poisson’s ratio.
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load in a full-space for a Poisson’s ratio of (a) 0.49; (b) 0.33.

4.2 Results in a circle around the excitation

To investigate the mechanism behind this phenomenon, Figure 8 shows the response at
locations in a circle with radius 15 m from the load. The results are shown normalised to the
maximum value of the pseudo-resultant at the frequency in question. These results are for a
Poisson’s ratio of 0.49, i.e. a compressional wave speed of 1570 m/s. The results at larger (or
smaller) distances are identical to those at this distance but at correspondingly higher (or
lower) frequencies. At low frequency (or short distance) the vibration is strongest above the

load whereas at higher frequency (or larger distance) the response above the load becomes

much smaller than that to the side.
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Figure 8. Pseudo-resultant normalised to maximum value and individual components for
receivers at a distance 15 m from the load for a Poisson’s ratio of 0.49. —, pseudo-resultant;

— —, vertical; — - —, lateral. (a) 4 Hz, (b) 8 Hz, (c) 16 Hz, (d) 63 Hz.

Also shown in Figure 8 are the vertical and lateral components. The lateral component has
a quadrupole-type directivity, being zero in both the vertical and lateral directions. These
results can be interpreted in terms of the fundamental wave types. Directly above the load the
response is due to compressional waves and is in the vertical direction whereas to the side the
response is due to shear waves and again consists of vertical motion. The compressional
motion is mostly limited to the nearfield region close to the excitation, i.e. for small distances
or low frequencies. Thus, at low frequencies or a small distance from the excitation, the
responses are dominated by the compressional wave. The maximum response occurs directly
above excitation, as shown in Figure 8(a). With increase of frequency or the distance to the
excitation, the compressional wave is attenuated rapidly while the shear wave dominates. The
response at positions above the load reduces and the maximum responses occur at locations
beside the load, thereby resulting in a shadow zone.

Figure 9 shows the corresponding results for a Poisson’s ratio of 0.33, i.e. a compressional
wave speed of 440 m/s. These show similar behaviour except that there is a larger component

of the compressional wave so that the response above the load is larger at higher frequencies.
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Figure 9. Pseudo-resultant normalised to maximum value and individual components for

receivers at a distance 15 m from the load for a Poisson’s ratio of 0.33. —, pseudo-resultant;

— —, vertical; — - —, lateral. (a) 4 Hz, (b) 8 Hz, (c) 16 Hz, (d) 63 Hz.

5 The characteristics of the shadow effect for a half-space in the absence of a tunnel

As indicated in Section 4, the ground responses observed for a full-space without a tunnel
exhibit some common features with the case of a tunnel in a half-space shown in Section 3. In
this section the characteristics of the shadow effect in a half-space in the absence of a tunnel
will be studied using a semi-analytical model before returning to the case with the tunnel in

the next section.

5.1  The semi-analytical half-space ground model

A semi-analytical layered ground model, based on the formulation of Kausel and Roésset
[28], is used here to study the shadow effect on the ground surface due to a point force
excitation in the ground at a certain depth. In this model, the ground is represented by the
stiffness matrices of various layers expressed in the wavenumber domain. The model is
considered to be axisymmetric. Again, the horizontal axis is taken as y and the vertical axis as
z, where z=0 is the free surface and z<O0 is the half-space. Although the ground is assumed to

be homogeneous, an interface between two soil layers is introduced at the location of the
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force. However, the soil properties beneath and above the interface are kept the same. The
unit force is applied over a circular area of diameter 0.6 m (the size of the excitation area has
no effect on the responses in the far field). The displacements at the ground surface are
monitored at distances from 0 to 40 m with a spacing of 0.5 m. The soil properties used in the
ground model are initially based on the parameters for London clay, as shown in Table 2.
Based on the semi-analytical half-space model, the vertical and lateral transfer receptances
on the ground surface are determined. The pseudo-resultant responses at four different
frequencies are plotted against the lateral distance y from the excitation in Figure 10. The

excitation is applied at the ground surface (at 0 m) and at depth of 15 m.
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Figure 10. Displacements on the ground surface in different frequency bands due to
excitation at depth of (a) 0 m, (b) 15 m.

It is shown in Figure 10(a) that, for the excitation at the ground surface, the peak response
occurs at the force location (y=0) for all the example frequencies. For the excitation at 15 m
depth, as shown in Figure 10(b), the distribution of vibration has strong similarities to those
shown in Figure 5 and Figure 7 for the case with the tunnel and the full-space. This shows
that the shadow effect exists in the half-space when the excitation is at certain depth in the
soil. Compared with the full-space results, the results for the half-space are closer to those for
the tunnel case, due to the influence of the free surface.

5.2 Influence of excitation depth

With a unit vertical force applied at different depths, the spectra of the pseudo-resultant
responses on the ground surface are plotted in Figure 11. The excitation is applied at different
depths of 5, 10 and 15 m in the ground. The response levels on the ground surface directly
above the excitation (at y=0), shown in thick lines, reduce when the force is moved deeper

into the ground and drop rapidly at higher frequencies. This is due to the decay of the

15



compressional wave component, as indicated in Section 4.2. Also shown in thin lines are the
maximum values over the ground surface at each frequency. The cut-on frequency, above

which the maximum responses start to move away from y=0, reduces as the depth is
increased.
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Figure 11. Pseudo-resultant response on the ground surface plotted against frequency
compared for forces at different depth (5, 10 and 15 m): thick lines: directly above the

excitation (at y=0); thin lines: maximum response.

The magnitude of the shadow effect, which is the level difference in dB between the result
at y=0 and maximum value, is plotted in Figure 12(a). Figure 12(b) shows the width of the
shadow zone, normalised by the depth. Both results are plotted against a non-dimensional
frequency expressed as fd/cs where f is frequency, d is depth of the excitation point and cs is
the shear wave speed. This corresponds to the ratio of the depth to the shear wavelength in
the soil. The results from the three depths collapse to a single curve when plotted in this form.

The cut-on frequency can be clearly identified at the point when fd/cs = 1. As the shear
wave speed is constant in this case, the cut-on frequency is inversely proportional to the
excitation depth. Above the cut-on frequency (i.e. for fd/cs > 1), the magnitude of the shadow
effect increases approximately as 20logio(fd/cs), as shown in Figure 12(a); the normalised
width of the shadow area, as shown in Figure 12(b), reduces approximately as —1.5logo(fd/cs).

For the same frequency, as the excitation becomes deeper, the shadow zone becomes larger
and wider.
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5.3 Influence of shear wave speed

In this section results are shown for cases with different shear wave speeds (cs). As well as
the material considered above, for which ¢s = 220 m/s, results are shown for two nominal
grounds in which c¢s is halved to 110 m/s or doubled to 440 m/s, while the compressional
speed is kept constant as 1570 m/s.

Figure 13 shows the spectra of responses on the ground surface due to the excitation at a
depth of 15 m. At low frequencies, both the response level at y=0 and the maximum response
level become larger with the reduction of ¢;s in the soil. However, at higher frequencies the
responses above the excitation point reduce rapidly, especially for the case with a low soil
shear wave speed.

The magnitude and width of the shadow zone are plotted against the non-dimensional
frequency in Figure 14. Similar to Figure 12, the cut-on of the shadow effect occurs at a non-
dimensional frequency of unity in each case, indicating that the cut-on frequency is
proportional to ¢s. Above the cut-on frequency, the magnitude of the shadow effectincreases
with frequency, as shown in Figure 14(a), while the width of the shadow zone decreases, as

shown in Figure 14(b), similar to those in Figure 12.
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Figure 13. Response at y=0 (a) and maximum response (b) plotted against frequency for

different soil shear wave speeds; depth of force 15 m.
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Figure 14. Response level difference (a) and width of shadow area (b) plotted against non-

dimensional frequency fd/cs for different soil shear wave speeds; depth of force 15 m.

5.4 Influence of compressional wave speed

Results are compared for three cases to examine the effect of varying the compressional
wave speed (cp). The responses on the ground surface to a vertical excitation at 15 m below
the ground surface are again shown in each case. Three values of ¢, are used for the soil,
which are 1570 (as used previously), 1000 and 660 m/s while the shear wave speed is kept
constant as 220 m/s. This is achieved by setting the Poisson’s ratio to 0.49, 0.47 and 0.44 and
keeping the shear modulus constant.

The responses directly above the excitation force (y=0) are plotted in Figure 15(a) against
frequency. Below 10 Hz the responses at y=0 are only slightly influenced by the variation of
cp. Above 10 Hz (the cut-on frequency in this case), the response with a lower value of ¢, is

higher, as seen for the full-space in Section 4. Figure 15(b) shows the maximum responses on
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the ground surface at each frequency. The variation of ¢, has very little influence on the

amplitude of the maximum response for the whole frequency range.
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Figure 15. Pseudo-resultant response: (a) at y=0 and (b) maximum response, plotted

against frequency for different soil compressional wave speeds; depth of force 15 m.

The level difference between the maximum responses and those directly above the force,
i.e. the magnitude of the shadow effect, is plotted in Figure 16(a). It can be seen that the cut-
on frequency is unaffected by the compressional wave speed. Above this frequency, which is
10 Hz for all values of ¢p, the magnitude of shadow effectis initially the same in each case but
at higher frequency this level difference is greater for the cases with larger values of ¢p. It
also shows a tendency to decrease after reaching a peak, which resembles those shown in
Figure 14(a). According to the results in Figure 8 and Figure 9, it is the differences in
Poisson’s ratio that are responsible for the size of the level difference. The width of the
shadow area is displayed against frequency in Figure 16(b). It is only slightly influenced by

the compressional wave speed.
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Figure 16. Response level difference (a) and width of shadow area (b), plotted against

frequency for different soil compressional wave speeds; depth of force 15 m.
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6 Influence of the existence of the tunnel structure

The features of the shadow effect in the half-space ground without the tunnel have been
studied in the previous section. The vibration induced by a force acting on the tunnel base has
similar features to that obtained by the ground model excited by a force at the same depth as
the tunnel base. However, the presence of the tunnel structure will modify the shadow effect.
Therefore, in this section, the results with and without the tunnel structure are compared and

the influence from varying the tunnel parameters is studied.

6.1 Lined and unlined tunnel

To study the shadow effect in the ground vibration in the presence of a lined tunnel, the
2.5D FE/BE model described in Section 3.1 is used to calculate the responses on the ground
surface to the excitation at the tunnel bottom. The soil and tunnel properties used in the
model are the same as given in Table 2. In addition an unlined tunnel, i.e. a cavity without the
tunnel structure, and a ground without the tunnel are considered. To represent the unlined
tunnel, for simplicity the same 2.5D FE/BE model is used but with the material of the tunnel
in the FE model replaced with that of the surrounding soil. The depth is 15 m from the
ground surface to the tunnel centreline, 16.9 m to the excitation point. For the ground model
without tunnel, the force is applied at the same depth as that in the tunnel-ground models, i.e.
16.9 m. For this case, the half-space ground is still modelled using the semi-analytical model,
as described in Section 5.

Figure 17 shows the pseudo-resultant vibration on the ground surface due to a unit force
for these three models. This confirms that the distributions of vibration on the ground surface
for the cases with and without the tunnel structure are very similar, that is the maximum
response occurs at some distance away from the excitation above a certain frequency.

At 8 Hz, the responses on the ground surface are the largest for the case without the
tunnel. With the increase of frequency, the responses from all three models decrease. The
reduction is greater above the excitation point (y=0) than at some distance away, leading to
the formation of the shadow area. Moreover, within the shadow area, the responses from the
model with the tunnel are higher than those from the model without the tunnel at high
frequencies (31.5 and 63 Hz).

Although all three models show a shadow effect at higher frequencies, the magnitude and
width of the shadow area are different for each case. The response level difference between
the maximum response and that directly above the force is compared for the three cases in

Figure 18(a). This is slightly enlarged in the presence of the tunnel structure. The widths of
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the

shadow area of the three cases are also plotted against frequency in Figure 18(b). It can be

clearly seen that the shadow area is reduced in width by the presence of the lined or unlined

tunnel. Moreover, the cut-on frequency with the lined tunnel is slightly lower than that

without it.
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frequency for three different models.
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It might be considered that the existence of the tunnel structure effectively raises the
excitation point from the tunnel bottom to the crown, which would mean a reduction in the
effective excitation depth. This would explain the reduction in shadow width after the
introduction of the tunnel, as shown in Figure 18(b). However, according to the conclusions
from the half-space ground model (Section 5), with a shallow excitation, the cut-on frequency

will be higher, whereas the results in Figure 18 show the opposite trend.

6.2 Tunnel diameter
As shown in the previous section, the characteristics of the shadow effect differ not only

between the models with and without the tunnel, but they also differ slightly between the
lined and unlined tunnels. It can be expected that the tunnel diameter will also have an impact
on the characteristics of the shadow effect.
The magnitude of the shadow effect, i.e. the ratio of the maximum response to that at y=0
m, is plotted in Figure 19(a) against frequency for the cases with two different tunnel
diameters. The inner diameters of the tunnels are 3.81 and 5.675 m. For both tunnels, the
lining thickness is 220 mm and the tunnel depth is now 25 m from the ground surface to the
tunnel centre. It shows that the variation of tunnel diameter has little influence on the shadow
depth. The width of the shadow area is shown in Figure 19(b) for different tunnel diameters.
These results show that the cut-on frequency of the smaller tunnel is slightly higher than that

of the larger tunnel, and its shadow zone is slightly wider at a given frequency.
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Figure 19. Response level difference (a) and width of shadow area (b), plotted against

frequency for different tunnel diameters. Depth of tunnel 25 m.
6.3  Lining thickness

Figure 20 shows the influence of the tunnel lining thickness on both the magnitude and

width of the shadow area on the ground surface. In these examples, the tunnels have the same
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inner diameter, which is 3.81 m, while the outer diameter is varied to give different lining

thicknesses. The tunnel depth is again 25 m. It can be seen that the lining thickness has a

negligible impact on the shadow effect at the ground surface.
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Figure 20. Response level difference (a) and width of shadow area (b), plotted against

frequency for different lining thicknesses. Depth of tunnel 25 m.

7 Conclusions

In this study of vibration at the ground surface above a tunnel, it has been shown that the
maximum vibration occurs at some distance from the tunnel centreline for frequencies above
a certain value. The vibration directly above the tunnel is up to 15 dB lower than the
maximum levels at a lateral distance. This appears like a shadow effect. Similar results have
been found in measurements taken at a location above a tunnel on a high-speed railway line.
This phenomenon is found to be an effect of the propagation of the fundamental waves in the
soil, which exists in any homogeneous elastic medium including a full-space and a half-
space.

According to the results from a full-space model, the compressional wave motion, which
dominates the response directly above the excitation, is limited to the nearfield close to the
excitation. The cut-on frequency, above which the maximum response no longer occurs
directly above the excitation force, can be interpreted in terms of the transition from near-
field behaviour to far-field behaviour for a force acting on an elastic medium. Away from the

centreline of the excitation, the shear waves play an important role in determining the
vibration levels. The soil shear wave speed therefore has a greater impact on the shadow area
behaviour than the compressional wave speed.

Based on a semi-analytical ground model where a free surface is incorporated, the

influence of the excitation depth and the soil properties on the shadow effect has been
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studied. The cut-on frequency is found to be proportional to the shear wave speed and
inversely proportional to the depth of the excitation force in the soil. Above the cut-on
frequency, a shadow zone is formed so that the vibration level is lower above the excitation
than at some distance away. The width of the shadow zone and the maximum level difference
within it are both functions of a non-dimensional frequency which corresponds to the ratio of
the excitation depth to the shear wavelength in the soil. For a deeper excitation, the shadow
zone becomes wider and the level difference is larger. The width and magnitude of the
shadow zone both decrease with the increase of the soil shear wave speed. For a given
excitation depth and shear wave speed, the shadow width decreases with the frequency while
the maximum level difference first increases and then decreases after reaching a maximum.
The influence from the compressional wave on the three characteristics of the shadow effect
is less significant. However, with a higher compressional wave speed, or a higher Poisson’s
ratio, the maximum level difference is larger.

A 2.5D FE/BE model has been used to represent the coupled tunnel-ground situation.
When the tunnel is present the vibration on the ground surface caused by excitation at the
tunnel base shares many of the features found in the absence of the tunnel. However, due to
the presence of tunnel, the vibration level within the shadow area is increased at high
frequencies, and the width of the shadow zone is significantly reduced. The diameter and
thickness of the tunnel have no significant influence on the features of the shadow area. The
shape of the tunnel and the presence of soil layering may also affect the shadow effect, but
these are beyond the scope of the current study.

All data published in this paper are openly available from the University of Southampton
repository at https://doi.org/10.5258/SOTON/D1242 .
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