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ABSTRACT

For safe tunnel excavation, it is important to predict litho-
logic and structural heterogeneities ahead of construction.
Conventional tunnel seismic prediction systems utilize body
waves �P- and S-waves� that are directly generated at the tun-
nel walls or near the cutter head of the tunnel boring machine
�TBM�. We propose a new prediction strategy that has been
discovered by 3D elastic finite-difference �FD� modeling:
Rayleigh waves arriving at the front face of the tunnel are
converted into high-amplitude S-waves propagating further
ahead. Reflected or backscattered S-waves are converted
back into Rayleigh waves which can be recorded along the
sidewalls. We name these waves RSSR waves. In our ap-
proach, the front face acts as an S-wave transceiver. One
technical advantage is that both the sources and the receivers
may be placed behind the cutter head of the TBM. The model-
ing reveals that the RSSR waves exhibit significantly higher
amplitudes than the directly reflected body waves. The exca-
vation damage zone causes dispersion of the RSSR wave
leading to multimodal reflection response. For the detection
of geologic interfaces ahead, RSSR waves recorded along
the sidewalls are corrected for dispersion and stacked. From
the arrival times, the distance to the S-S reflection point can
be estimated. A recurrent application, while the tunnel ap-
proaches the interface, allows one to quantify the orientation
of the reflecting interfaces as well. Our approach has been
verified successfully in a field experiment at the Piora adit of
the Gotthard base tunnel. The distance to the Piora fault zone
estimated from stacked RSSR events agrees well with the in-
formation obtained by geologic surveying and exploratory
drilling.
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INTRODUCTION

Underground construction is often carried out under complex soil
nd rock conditions. An important factor in tunnel excavation is the
nowledge of the geologic environment and the geotechnical pa-
ameters to be encountered. Unrecognized and unexpected decreas-
s in rock quality or fluid inflows represent a danger for humans and
achines. It is therefore of great importance to develop techniques

hat can localize geologic heterogeneities, such as caverns, faults, er-
atic rocks, fracture zones, and wet layers �aquifers� before tunnel
onstruction reaches such areas. Besides exploratory drilling, non-
estructive geophysical techniques are efficient tools for investigat-
ng and predicting lithologic and structural heterogeneities for dis-
ances of up to several hundred meters from the tunnel wall. Among
hese, seismic imaging is the most effective because of its relatively
eep penetration range and high spatial resolution.

Conventional tunnel seismic prediction systems operate as fol-
ows �Figure 1�: Body waves �P- and S-waves� are excited at the
idewalls or at the face of the tunnel boring machine �TBM�. These
ignals are reflected or scattered at geologic heterogeneities, e.g.,
ataclastic fault zones, and received by receivers placed in boreholes
round the tunnel or at the head of the TBM. The seismic velocity
eld around the tunnel can be derived from the first arrivals by to-
ography. The spatial location of the discontinuities is usually esti-
ated by reflection tomography or by migration. The success, reso-

ution, and the prediction range of seismic imaging methods depend
n the acquisition geometry, as well as on the degree of inhomogene-
ty of the rock mass.

Different tunnel seismic prediction systems have been applied
ince the early 1990s in tunneling projects worldwide. For tunnel
onstruction in soft ground, the so-called sonic soft-ground probing
ystem �SSP� has been developed �Kneib et al., 2000�. SSP uses a
igh-frequency, P-wave vibroseis source and accelerometers on the
utter head of the TBM. The data are acquired while drilling is taking
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T68 Bohlen et al.
lace. SSP provides an image of the next few tens of meters ahead of
he cutting face by migration of P-wave reflections.

Other systems apply seismic-while-drilling by using the noise of
he TBM �Petronino and Poletto, 2002�. Receivers are mounted on
he TBM and behind it along the tunnel wall. The signals of the TBM
ilot receivers are crosscorrelated with the remote receivers to de-
ive the arrival times of the reflection events from ahead of the drill-
ng front. Ashida �2001� uses both tunnel blasting and the TBM vi-
rations as seismic sources. He shows that imaging ambiguities can
e reduced by using the direction of incidence of body waves in the
igration process.
The commercialized tunnel seismic prediction �TSP� system

Dickmann and Sander, 1996� uses a system of as many as 30 explo-
ive charges in boreholes in the tunnel sidewall as seismic sources
nd up to four 3-C accelerometers installed in boreholes as receivers.
he TSP software identifies reflected body wave events from ahead,
y their apparent velocities, and migrates them to the reflection
oints ahead of the construction. Another method, named in-tunnel
orizontal seismic profiling �HSP�, uses a source and receiver geom-
try as in a surface refraction seismic survey �Inazaki et al., 1999�.
he in-tunnel seismic data are processed in the same way as vertical
eismic profiling �VSP� data. Reflection tomography is used in a sys-
em called true reflection tomography �TRT� �Neil et al., 1999�. In
he TRT system, body waves are excited by a sledgehammer applied
t the tunnel face and at the sidewalls near the face. Accelerometers
re located at the crown and on the sidewalls.

Since 1999, the concept of an integrated seismic imaging system
ISIS� has been developed �Borm et al., 2003a, b�.Arepetitive pneu-
atic hammer is applied every meter along lines on the sidewall be-

ind the tunnel face. ISIS data acquisition is performed by means of
-m long standard rock anchors which contain 3-C geophones at
heir tips. The seismic velocity field around the tunnel is derived by
rst arrival tomography �Giese et al., 2005�. The migration of the
eismic data uses the polarization information of the 3-C data to dis-
inguish between P- and S-waves, and to decrease imaging ambigu-
ties �Lüth et al., 2005�.

igure 1. The situation of seismic imaging ahead of and around a
unnel. Conventional approaches use body waves �P- and S-waves�
hat are reflected and/or backscattered at geologic heterogeneities.
ources and receivers are either placed in the cutter head or behind

he head of the tunnel boring machine �TBM�. In typical under-
round constructions, tunnel diameter may vary between 3 and
5 m.
Downloaded 09 Jul 2012 to 129.13.72.198. Redistribution subject to SE
In this work, we suggest a new imaging strategy that has been dis-
overed by 3D elastic finite-difference modeling. It utilizes Ray-
eigh waves that are converted into body waves at the head face of
he tunnel. The new wave paths are illustrated in Figure 2. The Ray-
eigh waves are generated by a seismic source �e.g., hammer or ex-
losion� behind the head of the TBM. They propagate along and
round the tunnel, and arrive at the tunnel-head face where they are
onverted into body waves �P- and S-waves�. Because of the conver-
ion at the tunnel head face, this interface acts like a body-wave
ource that is triggered by the direct Rayleigh wavefield.After emis-
ion, the converted body waves are reflected at heterogeneities and
re partly converted back into Rayleigh waves. These Rayleigh
aves travel backward along and around the tunnel wall and are re-

orded by the receivers �geophones or accelerometers�, which are
ocated behind the tunnel face. One main advantage of this approach
s that neither the sources nor the receivers need to be installed at the
ront face to use it as a transceiver of body waves. Source and receiv-
rs may be placed behind the cutter head and shield of the TBM,
hich keeps the interference with the ongoing excavation process to
minimum.
This paper is organized as follows. First, we investigate the effi-

iency of Rayleigh wave to body wave conversion at the �front� tun-
el face �and vice versa� through a series of numerical-modeling ex-
eriments based on 3D finite-difference viscoelastic modeling. We
escribe in detail the complex wavefields involved in the conversion
rocess and analyze the influence of the shape of the front tunnel
all, the role of phase velocity dispersion caused by the excavation

one, and the efficiency of the conversion as a function of the orien-
ation of fault zone interfaces ahead of the construction. We then de-
cribe a simple and robust technique for detecting fault zones ahead
f the underground construction. This method is successfully ap-
lied to synthetic data and also works well when applied to a field
ata example.

3D MODELING

The objective of our 3D elastic modeling is to understand the
omplex wavefields which contribute to the conversion of Rayleigh-
o-body waves and vice versa. The efficiency of the conversion, and
he complex wavefield involved, are first analyzed using a series of
napshots of the 3D seismic wavefield. We then study the effects of
he shape of the head face, the role of phase velocity dispersion
aused by the excavation damage zone, and finally the transceiver
haracteristics of the front face.

Body (S) wave
Rayleigh wave

Tunnel TBM

Xs

D

Source

Receiver line

φ

Fault zone

h

x

tr

igure 2. Wave path of Rayleigh-to-body wave �S-wave� conversion
t the tunnel face. The face acts as a secondary S-wave source trig-
ered by the direct Rayleigh wave. Reflected S-waves are converted
ack into Rayleigh waves. Arrows indicate the particle motion of
aves. In typical underground constructions tunnel diameter may
ary between 3 and 15 m.
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Rayleigh-to-shear wave conversion at the tunnel face T69
The modeling is performed using a parallelized 3D viscoelastic fi-
ite-difference �FD� method �Bohlen, 2002�. In this algorithm, the
elocity stress formulation of the wave equation is discretized using
econd-order spatial and second-order temporal FD operators on a
standard� staggered grid �Virieux, 1986; Levander, 1988; Roberts-
on et al., 1994�. The free surface of the tunnel is not treated explicit-
y, i.e., no explicit boundary conditions are applied. As shown by
ohlen and Saenger �2006�, the free surface condition can be ful-
lled with sufficient accuracy using second-order spatial FD opera-

ors, if the elastic moduli and density inside the tunnel are set to the
orresponding parameters of air and if a certain averaging of materi-
l parameters is performed. Higher-order operators, e.g., fourth-or-
er operators, are not applicable if free surfaces are modeled implic-
tely, i.e., treated as an ordinary geologic interface.

Diagrams of waveforms and raypaths are presented with respect
o a local x-r-t Cartesian coordinate system where x represents a co-
rdinate parallel to the tunnel axis, r is directed orthogonally to the
unnel wall into the rock formation, and t is tangential to the tunnel
all �Figure 2�. Note that Rayleigh waves traveling along the tunnel
all in a direction parallel to the tunnel axis would be recorded on

he x- and r-components only.
In our simulations, we consider a tunnel with a diameter of 10 m

urrounded by a homogeneous crystalline rock mass. In front of the
unnel, we place a fault zone characterized by low velocities and sig-
ificant absorption. The values of the elastic material parameters of
he model constituents are listed in Table 1. We simulate the acquisi-
ion geometry shown in Figure 2. Seismic waves are excited by a
oint force �hammer� applied in the r-direction on the top sidewall of
he tunnel. The source wavelet is a Ricker signal with a center fre-
uency of 500 Hz and a maximum frequency of approximately
000 Hz. The 3-C receiver line lies parallel to the tunnel axis on the
ame side as the shot. The receivers are “drilled” 2 m into the forma-
ion. They record the particle velocity field so that the synthetic data
re comparable to geophone data.

In the FD simulations, we use a grid spacing of 0.2 m. The small-
st wavelength of the Rayleigh wave is thus discretized with approx-
mately 15 grid points guaranteeing sufficient accuracy for Ray-
eigh-wave simulations along free surfaces �Bohlen and Saenger,
006�. Larger grid spacing would lead to scattering of the Rayleigh
ave at the staircases of the tunnel surface.
Absorbing frames with a width of 5 m are installed around the en-

ire grid �Cerjan et al., 1985�. A typical model grid has a size of 400
256�256 grid points in the x-, y-, and z-directions, respectively.
typical simulation requires approximately 2.5 hours on 32 CPUs

f a Linux cluster.
To separate between P- and S-waves in the snapshots of the wave-

eld, we calculate the divergence and the magnitude of the curl of

able 1. Material properties used in the simulations: Given
re the values of density �, seismic velocities vp and vs, and
uality factors Qp and Qs for P- and S-waves, respectively.

arameter Tunnel Rock Fault-zone

�kg/m3� 1.25 2200.0 1800.0

p �m/s� 0.0 5700.0 4000.0

s �m/s� 10�6 3400.0 2400.0

p � 500.0 100.0

s � 500.0 100.0
Downloaded 09 Jul 2012 to 129.13.72.198. Redistribution subject to SE
he particle velocity field �Dougherty and Stephen, 1988�. The
otivation for this is as follows. According to Morse and
eshbach �1953� the energy of P- and S-wave particle velocities is,
espectively,

Ep � �� � 2���div�v��2 and Es � ��rot�v��2. �1�

he Lamé parameters are � and �, and v is the particle velocity vec-
or. To preserve the divergence and curl sign information, while
howing relative compressional and shear particle velocity ampli-
udes, we plot the following quantities:

ep � sign�divv�Ep
1/2 and es � sign�rotv . t�Es

1/2, �2�

here sign�rotv . t� is the sign of the component of rot�v� that is ori-
nted transverse �perpendicular� to the plane that includes the source
nd receivers, and the tunnel axis. The magnitudes of ep and es are
roportional to the magnitudes of the P- and S-wave particle veloci-
ies, respectively. Note that Rayleigh waves contain both a P- and
-wave component and therefore show up on both quantities of
quation 2.

In our first simulation, we define a fault zone interface oriented
erpendicular to the tunnel axis. The temporal development of the P-
ave �divergence� and S-wave component �curl� within the x-y-
lane, as defined in equation 2, is shown in Figure 3. In the beginning
Figure 3, 1–5 ms�, we observe the excitation of P- and S-waves that
s typical for a point force. P-waves radiate mainly to the sides �per-
endicular to the tunnel axis�, whereas S-waves propagate mainly
arallel to the axis into the direction of drilling. Similar radiation
haracteristics are also observed for point forces applied on planar-
ree surfaces.

Because most of the P-wave energy is directed sidewards, the
-waves seem to be of limited use for looking ahead. However, a
ayleigh wave travels along and around the tunnel with a velocity of
pproximately 92% of the S-wave speed. It reaches the face after ap-
roximately 7 ms. Here, most of its energy is converted into an
-wave propagating further ahead. This forward-radiated S-wave
xhibits very high amplitudes. The conversion of the Rayleigh wave
nto a P-wave is much less efficient. The weakly converted P-wave
adiates mainly perpendicularly to the tunneling direction �Figure 3,
2 ms�. Therefore, P-waves converted from Rayleigh waves do not
eem to be well suited for imaging structures ahead. At the crown of
he head face, the direct Rayleigh wave is scattered into all wave
ypes, i.e., Rayleigh waves, P-waves, and S-waves. The scattered
ayleigh waves propagate around the front face and also backward.
he high-amplitude S-wave, which was generated by the direct Ray-

eigh wave, arrives at the fault zone after approximately 18 ms.
ere, it is reflected as both P- and S-waves. The reflected S-wave ex-
ibits higher amplitudes than the mode-converted reflected P-wave
Figure 3, 20–25 ms�. As the reflected S-wave reaches the tunnel
ace again, most of its energy is converted back into a Rayleigh wave
hat travels backward along the tunnel. This back-conversion of
-waves into Rayleigh waves at the tunnel face is also very efficient
or dipping fault zones, as will be shown later. We name this phase
SSR to indicate the wave path and history of this event.
The synthetic seismograms for this simulation, shown in Figure 5,

eveal that the RSSR-wave is the dominant reflection event from the
ault zone. Highest amplitudes are observed on the r-component,
.e., perpendicular to the tunnel axis and the tunnel wall. The seismo-
rams also show backward-traveling Rayleigh waves scattered at
he crown of the face �indicated by RR1 and RR2�, and a circulating
G license or copyright; see Terms of Use at http://segdl.org/
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ayleigh wave �CR� that is generated at the source point and then
ropagating around the axis of the tunnel. Hodograms of the particle
otion of the RSSR wave derived from time-windowed seismo-

rams of Figure 5 are shown in Figure 6. Figure 6 reveals that the
SSR wave has an elliptical motion in the x-r plane and very small
ovement perpendicular to this plane �transverse direction�. Its mo-

ion is similar to the motion of the direct Rayleigh wave �analysis not
hown�.
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The identification of the strong direct and backward-propagating
RSSR� waves as Rayleigh waves is based on the following wave at-
ributes derived from the synthetic seismograms: �1� The wave am-
litudes are large near the tunnel wall and decay exponentially into
he rock formation. The propagation direction, parallel to the tunnel
xis, is orthogonal to the direction of amplitude decay �Figures 3 and
�. �2� The wave is polarized elliptically in the x-r plane �Figure 6�.
3� Its propagation velocity is 92% of the shear wave velocity of the
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Rayleigh-to-shear wave conversion at the tunnel face T71
ock formation, such as would be expected for Rayleigh waves at the
urface of a homogeneous half-space. �4� In this synthetic example,
he Rayleigh-type wave shows no dispersion because the S-wave ve-
ocity of the rock formation was assumed to be homogeneous and the
unnel radius is larger than the wavelength.

orward scattering

To investigate the relative contributions of the direct S-wave and
he Rayleigh wave in the forward-scattered wavefield in more detail,
e performed a different simulation in which we extended the length
f the tunnel considerably so that the direct Rayleigh and S-wave
eparate in space and time. In this simulation, the propagation dis-
ance along the wall was 120 m corresponding to 12 times the tunnel
iameter.All other simulation parameters remain the same.

Two snapshots showing the wavefield before and after the conver-
ion are displayed in Figure 4. The different wave types can now be
istinguished. One can identify the Rayleigh wave at the tunnel wall
R�, the direct S-wave �S�, the Rayleigh-to-P converted wave �RP�,
nd the Rayleigh-to-S converted wave �RS�. Figure 4 reveals that the
irect S-wave has low amplitudes near the tunnel.Also, no scattering
f the direct S-wave at the front face is observed. Thus, the contribu-
ion of the direct S-wave �S� into the forward-radiated wavefield is
mall. In contrast, the Rayleigh wave has high amplitudes near the
unnel wall and the conversion into S-waves �RS� at the front face is
trong. The Rayleigh-to-P converted wave �RP� exhibits much
maller amplitudes. This simulation example suggests that, for the
onsidered frequency range and tunnel diameter, the forward-propa-
ating S-waves mainly originate from the scattering of the Rayleigh
ave at the tunnel face.
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igure 4. Wavefield scattering at the front face. The direct Rayleigh
ave �R� is converted into P- �RP� and S-waves �RS�. The contribu-

ion of the direct S-wave �S� into to forward-scattered wavefield is
mall.
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hape of the front tunnel face

During the drilling process, the shape of the front face varies with
ock types. Moreover, in reality, the corners are not as sharp edged as
n the FD models, so the Rayleigh wave scattering at these corners

ay be less pronounced in practice. Therefore, we studied the effect
f tunnel-wall topography of the front face. We assumed elliptical
hapes of the front face and varied the size of one axis of the ellipse.
s an example, Figure 7 shows the forward-radiated wavefield when
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igure 5. Seismograms corresponding to the snapshots shown in
igure 3. The receiver line is indicated by a white dashed line in Fig-
re 3 �1 ms�. Amplitudes are multiplied by time to correct for geo-
etrical spreading. �a�, �b�, and �c� show the inline �x�, radial �r�, and

angential �t� component of particle velocity, respectively. R denotes
he direct Rayleigh wave. RR1 and RR2 are Rayleigh waves scat-
ered at the crown of the face. CR is the direct circulating Rayleigh
ave, and RSSR is the S-wave reflection at the fault zone, which is

ecorded as a Rayleigh wave.
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he front face exhibits a bulge of 2 m �20% of tunnel diameter�. The
omparison with Figure 3 reveals that the forward-radiated wave-
eld, i.e., the P- and S-waves excited by the direct Rayleigh wave,
emains nearly unchanged. The same is observed for bulges up to
-m extension. The main difference to a plain face �Figure 3�, is that
he scattering at the edges �crown� of the face is much less pro-
ounced leading to smaller amplitudes of the backward-propagating
ayleigh waves that are generated by Rayleigh-wave scattering

events annotated with RR1 and RR2 in Figure 5�. Also the back-
ard-conversion of S-waves into Rayleigh waves does not vary no-

ably for different face shapes. Altogether, we therefore conclude
hat topography of the front face of realistic extensions does not in-
uence the transceiver characteristics of the front face. Real condi-

ions in tunneling operations exert an even positive influence as scat-
ering at the corners is less pronounced.

xcavation damage zone

The crystalline rock around the tunnel is significantly altered dur-
ng drilling of the tunnel. The width of the so-called excavation dam-
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igure 6. Particle motion of the RSSR wave in the x-r �left� and x-z
lane �right�. The hodograms were derived from the seismograms of
igure 5. The RSSR wave has elliptical particle motion in the x-r
lane.
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igure 7. Snapshots of the P-wave components �divergence� and S-w
he case of an ellipsoidal front face. The head face has a bulge of 2 m
ersion of Rayleigh waves into forward-radiating body waves remain
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ge zone �EDZ� varies, depending on the excavation method and the
mbient stress regime around the tunnel: between a tenth of the tun-
el diameter for a tunnel boring machine �TBM� and up to one diam-
ter for conventional tunneling by drilling or blasting �Giese et al.,
005; Schuster et al., 2001�. The EDZ is especially characterized by
trong gradients in the elastic material parameters, and should thus
ause a significant frequency dependence of the phase velocities of
ayleigh waves �RSSR waves� because these are highly sensitive to

hallow S-wave velocity variations. Dispersion means a frequency-
ependent arrival time of RSSR waves and consequently leads to a
ariation of phase with distance �waveform broadening� and thus to
poor stacking result, if conventional processing and migration rou-

ines are applied.
To study the effects of dispersion caused by the EDZ, we intro-

uce a damage zone around the tunnel having an extension of 10 m
one tunnel diameter� and S-wave velocities increasing from
800 m/s at the tunnel wall to 3400 m/s in the undisturbed region.
his results in an S-wave velocity gradient of 160 m/s/m in the EDZ
hich can be regarded as strong, but realistic. Similar S-wave gradi-

nts have been derived by S-wave first arrival tomography in the
aido adit of the Gotthard base tunnel �Giese et al., 2005�. We as-
ume a constant ratio of P- to S-wave velocity of �3 throughout the
odel and a density gradient of 700 kg/m3/m in the EDZ. The pa-

ameters of the undisturbed region are given in Table 1. The wave-
eld that was obtained using the acquisition geometry described
bove is shown in Figure 8 where the total source to tunnel face off-
et is now 75 m. The seismograms correspond to the particle veloci-
y component perpendicular to the tunnel surface. In comparison
ith Figure 5, the direct, circulating �CR�, and reflected Rayleigh
aves �RS, RSSR� experience significant dispersion leading to a
hase variation with distance. In the direct wavefield, the fundamen-
al mode �FM� that travels with lowest phase velocities exhibits
ighest amplitudes. The amplitudes of the direct higher modes �indi-
ated by HM in Figure 8� are weaker, but still visible in the direct
avefield. All modes can be identified in the circulating Rayleigh-
aves �CR� as well. Because of the broad range of phase velocities

approximately 1800 to 3400 m/s� the circulating �faster� higher
odes interfere with the �slower� directly propagating fundamental
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mponents �curl� showing the Rayleigh-to-body wave conversions in
ring of the Rayleigh waves at the edges is less pronounced. The con-
ly unchanged.
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Rayleigh-to-shear wave conversion at the tunnel face T73
ode after 50 m corresponding to five tunnel diameters only. In the
resence of a significant EDZ, the Rayleigh wave arriving at the
ront face is thus composed of multiple modes that have propagated
long different paths, i.e., directly and around the curved tunnel sur-
ace. The backward-propagating Rayleigh waves consequently are
omposed of many modes as well. A dispersion analysis reveals that
he reflection at the front face �RS� mainly propagates as the funda-

ental mode, whereas the RSSR reflections are dominated by higher
odes. A further theoretical analysis of the transceiver characteris-

ics for multimodal Rayleigh waves is, however, beyond the scope of
he paper and will be an important topic for future work.

For such numerical and theoretical investigations, it is important
o check to see if the dispersion of the observed Rayleigh waves
ropagating along or around the curved tunnel wall is similar to the
ispersion of the actual Rayleigh waves traveling along a planar free
urface in a horizontally layered half-space. This is because, for the
atter medium, various methods for the calculation of Rayleigh-
ave dispersion curves �Green’s functions� are available and could

hus be used to describe the interface waves around a tunnel as well.
s it justified that we call the interface waves at the tunnel surface
ayleigh waves? If so, the wavefield arriving at the front face could
e considered as a superposition of conventional Rayleigh waves
hat have reached the front face along different travel paths.

To evaluate if the curvature of the surface can be neglected in the
requency range of a typical hammer blow �200–1500 Hz�, seismo-
rams for a layered half-space with subsurface properties corre-
ponding to the parameters of the EDZ have been computed and are
ompared with the tunnel interface waves in Figure 9. The direct
omparison of the signals in Figure 9, and a detailed analysis of
lowness-frequency representations of the shot gathers, suggests
hat the dispersion characteristics of Rayleigh waves along a planar
ree surface and a curved tunnel wall are identical. The main differ-
nce between the two cases are the circulating Rayleigh-wave
odes that are absent in a horizontally stratified half-space. We

herefore conclude that in our case, a curved tunnel and a planar free
urface produce the same Rayleigh-wave dispersion. Hence, we can
se the reflectivity method �Wang, 1999� for a stratified half-space to
alculate the slowness-frequency spectrum �Green’s function� to
tudy the frequency range of the excited modes. The slowness-fre-
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igure 8. Dispersed Rayleigh-wave modes propagating along and
round the tunnel in the presence of an EDZ with an extension of
0 m and a shear-wave velocity gradient of 160 m/s/m. FM and HM
enote the directly propagating fundamental and higher modes, re-
pectively. The circulating modes are indicated by CR. The Rayleigh
aves reflected at the head face �RS� and RSSR reflections at the

ault zone interface are composed of multiple modes as well.Ampli-
udes are gained linearly with time.
Downloaded 09 Jul 2012 to 129.13.72.198. Redistribution subject to SE
uency spectrum for the EDZ described above is shown in Figure 10.
he local amplitude maxima, in the slowness-frequency spectrum,
orrespond to the dispersion curves of the Rayleigh wave. Figure 10
eveals that mainly the fundamental mode and two higher modes
ontribute to the observed wavefield in the seismic frequency range
f a typical hammer blow �dashed line in Figure 10�. The fundamen-
al mode is excited below approximately 800 Hz whereas the higher

odes are dominant above 800 Hz. The variation of fundamental
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igure 9. Comparison between direct Rayleigh waves propagating
long and around a tunnel �top� and along a planar free surface �bot-
om�.Ashear-wave velocity gradient of 160 m/s/m perpendicular to
he interface is assumed �EDZ�. Seismograms are trace-normalized.
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T74 Bohlen et al.
ode phase velocity with frequency is most significant below ap-
roximately 400 Hz. It must be noted, however, that the slowness-
requency spectrum of Figure 10 represents a typical, but single ex-
mple only. The elastic parameters of the EDZ are certainly strongly
ite dependent and, consequently, are the excitation and phase veloc-
ties of the Rayleigh-wave modes. We thus must expect a broad vari-
ty of slowness-frequency spectra as observed in shallow seismic in-
estigations in engineering geophysics.

ipping reflectors

In the previous example �Figure 3�, we investigated the case in
hich the normal vector of the fault zone interface is oriented paral-

el to the tunnel axis, i.e., a dip angle of 0° �� � 0°�. In this direc-
ion, we observed efficient conversion of Rayleigh-to-S-waves and
ice versa at the tunnel head face, resulting in high amplitudes of the
SSR wave �Figure 5�. However, the amplitudes of the forward-ra-
iated S-wave �Rayleigh-to-S-wave conversion�, as well as the
ackward-conversion �S- to Rayleigh wave� depend upon the ray di-
ections of the transmitted and received S-wave, respectively. To
uantify the angle dependency of the RS and SR conversion, we
tudy the amplitudes and waveforms of the RSSR wave for different
ip angles of the fault zone interface. The results are summarized in
igure 11. The interface is positioned in a way that it produces an S-S
eflection angle of 0° for all orientations of the interface. Amplitude

T = 0.039 s, Amplitudes x 2
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igure 11. Detectability of interfaces as a function of their orienta-
ion. �a� and �b� S-wave �curl� snapshots for a dip angle of � � 45°.
ote the phase reversal of the emitted RS wave indicated by the
hite arrow. �c� Waveforms of particle velocity of the RSSR event

ecorded along the receiver line �dashed line in �a��. �d� Maximum
bsolute amplitude of the seismograms shown in �c�.
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ariations can thus be attributed to the transceiver characteristics of
he tunnel head face. We choose a constant travel path of the reflected
-wave of h � 40 m �Figure 2� between the front tunnel face and the

nterface.
Let us first consider the snapshot of the S-wavefield in the case of a

ip angle of � � 45° shown in Figure 11a. The forward-radiated RS
ave exhibits highest amplitudes in the forward direction �parallel

o the tunnel axis�, as discussed above. The amplitudes of the RS
ave are also relatively high for radiation angles around 90° �per-
endicular to the tunnel axis�. An interesting finding is the observa-
ion of a phase reversal of the transmitted RS wave around 45°. The
orresponding ray direction is indicated by a white arrow in Figure
1a. In the vicinity of this phase reversal, the emitted RS wave exhib-
ts minimum amplitudes, which in turn leads to low amplitudes of
he reflected RSS wave and backward-converted Rayleigh wave
RSSR wave� that propagates backward along the tunnel wall �Fig-
re 11b�. The waveforms and the maximum amplitudes of the RSSR
vent recorded at the tunnel wall, coinciding with the shot location,
re shown in Figure 11c and d, respectively, for different dip angles
f the interface. The time axis window in Figure 11c thus corre-
ponds to the arrival time of the RSSR wave at the shot position �in-
icated by a star in the snapshots�. Highest amplitudes are recorded
hen the interface normal is oriented parallel to the tunnel axis ��
0° in Figure 11c�. The phase reversal of the emitted S-wave leads

o minimum amplitudes of the RSSR event around 45°. From Figure
1d, we conclude that interfaces with dip angles exceeding 30° with
espect to the tunnel axis may be difficult to detect in real field obser-
ations. The detectability is best for dipping angles of about 0°. For
egative angles �not analyzed in Figure 11�, the forward-propagat-
ng converted Rayleigh wave �RS� exhibits no phase reversal and
herefore a good detectability can be achieved for dipping angles up
o �90°.

PROCEDURE FOR DETECTING INTERFACES
AHEAD

The modeling results presented in the previous section showed
hat the head face can act as a transceiver for S-waves that is trig-
ered by the direct Rayleigh wave. In the presence of an EDZ, the di-
ect and backward-traveling Rayleigh waves are composed of multi-
le modes that propagate with different frequency-dependent veloc-
ties. In the following, we outline a procedure for estimating the dis-
ance h between the head face and the reflector. Consider the acquisi-
ion geometry and the wave path depicted in Figure 2. If we denote
he distance between the shot and the head face as xs, the frequency-
ependent traveltime curve tnm�x, f� of a forward-propagating mode
and a backward-propagating mode m reads, for source and receiv-

rs on opposite walls

tnm�x, f� � pn�f�xs � vs
�1�D2 � 4h2 � 4hD sin����1/2

� pm�f��xs � x� , �3�

here pn�f� denotes the phase slowness �dispersion curve� of a for-
ard-propagating Rayleigh-wave mode, and pm�f� the phase slow-
ess of a backward-propagating mode. The S-wave velocity vs is
head of the tunnel which is assumed to be constant. The temporal
requency is f . D is the diameter of the front face and � is the dipping
ngle of the fault zone interface �Figure 2�.

To improve the signal-to-noise ratio of a backward-propagating
SSR mode by stacking, we must first correct the dispersion of the
G license or copyright; see Terms of Use at http://segdl.org/
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Rayleigh-to-shear wave conversion at the tunnel face T75
orresponding mode by deconvolution. For a description of this pro-
edure, we separate the frequency dependence of the phase slowness

pn�f� � pn,c � � pn�f� �4�

pm�f� � pm,c � � pm�f� , �5�

here pn,c and pm,c are the minimum �cut-off� slowness of the
orward- and backward-traveling modes, respectively. For higher
odes �n,m�1� the cutoff slowness is

pn,c � pm,c � vs,b
�1 �n,m � 1� , �6�

here vs,b �vs denotes the background velocity around the tunnel
eyond the EDZ. For the fundamental mode �n,m � 0�, a good esti-
ate in crystalline host rocks �with Poisson ratios of approximately

.25� is

po,c � �0.92vs,b��1. �7�

y inserting equations 4 and 5 into equation 3 we obtain

tnm�x, f� � �pn,c � pm,c�xs � vs
�1�D2 � 4h2

� 4hD sin����1/2 � �� pn�f� � � pm�f��xs

� pm�f��x� . �8�

The first two terms in equation 8 denote the frequency indepen-
ent traveltime of the RSSR mode. The third term describes an off-
et-independent dispersion and the last term is the dispersion of the
ackward-propagating mode. To correct the latter two effects, we
pply a frequency-dependent traveltime correction in the frequency
omain by multiplying the phase spectra of the seismograms with
2	 f�� pn�f� � � pm�f��xs � pm�f��x��. The dispersion curves that

re required for this deconvolution may be derived by a dispersion
nalysis of the direct wavefield �McMechan and Yedlin, 1981; For-
riger, 2003�. If the EDZ exhibits lateral variations of the elastic
roperties, the functions pn�f� and pm�f� represent effective slow-
ess that is averaged over the travel path of the Rayleigh wave.
hese may be obtained, e.g., by averaging local dispersion curves
long the tunnel �Bohlen et al., 2004�, or by analyzing phase differ-
nces between the recordings at far offsets and an zero offset trace.

After such a deconvolution �dispersion correction� the RSSR
vents are free of dispersion and the arrival time of an RSSR mode
ecomes independent of frequency and distance x:

tnm
deco � �pn,c � pm,c�xs � vs

�1�D2 � 4h2

� 4hD sin����1/2. �9�

fter deconvolution, a backward-propagating RSSR mode thus ar-
ives at time tnm

deco for all receivers. We can now stack the deconvolved
eismograms in a shot gather or common-receiver gather to enhance
he signal-to-noise ratio of a specific mode. Other backward-propa-
ating modes and body waves, that differ in their phase velocities,
ill be reduced significantly by the stacking process. Tests with syn-

hetic data showed that it is not necessary to further reduce the other
vents prior to stacking, e.g., by f-k filtering, if a sufficient number of
races �greater than 10–15� contribute to the stacked seismogram. In
eld data, the required number of traces depends mainly on the sig-
al-to-noise ratio and the range of offsets available.

If the receivers are located along the same side of the tunnel wall
D � 0�, the arrival time of an RSSR mode after deconvolution sim-
ly reduces to
Downloaded 09 Jul 2012 to 129.13.72.198. Redistribution subject to SE
tnm
deco � �pn,c � pm,c�xs � 2hvs

�1. �10�

f we consider higher modes only, we simply obtain �using equations
and 5�

tnm
deco � 2vs

�1�xs � h� �n,m � 1� , �11�

nd when considering fundamental modes only �using equation 7�

tnm
deco � 2vs

�1�xs/0.92 � h� �n,m � 0� . �12�

econvolved fundamental modes thus arrive slightly later than de-
onvolved higher modes.

In this acquisition geometry �D � 0�, we can explicitly determine
he distance h between the face and the fault zone. From equation 10
e obtain

h �
vs

2
tnm
deco �

1

2
�pn,c � pm,c�vsxs. �13�

e may use equation 13 to convert the time axis tnm
deco of the decon-

olved and stacked seismogram to distance h from the head face to
btain a quick overview over the seismic energy that is reflected at
ertain distances. For each combination of modes �n,m�, we obtain a
ifferent reflection response, if the corresponding modes are excited
n the direct and the backward-going surface waves, respectively.
igh amplitudes would indicate distances ahead of the tunnel with

trong S-S reflections and thus high S-wave impedance contrasts.
According to equation 3, it is not possible to determine both the

ip � of the interface and the distance h to the interface simulta-
eously from a single shot gather only. However, a recurrent applica-
ion of the procedure described above, while the tunnel face ap-
roaches the fault zone, allows one to quantify the dip angle � by an-
lyzing the RSSR arrival times for different positions of the front
ace. Imagine that the tunnel face has been drilled by a distance �x
nto the x-direction �Figure 2�. At each distance, we acquire a shot
ather, apply the deconvolution, stack the data, and convert the time
xis into distance h using equation 13. We compile all stacked traces
o a gather which we name RSSR-gather. For each combination of
orward- and backward-propagating modes �n,m�, we obtain a sepa-
ate RSSR-gather. The RSSR-gather mainly contains the S-S reflec-
ion amplitudes as a function of the face position x and the distance
f the reflector h. If we denote the reduced distance to the fault zone
y h�, then the dip angle can be calculated from an RSSR-gather us-
ng the following geometric relation

cos��� �
h � h�

�x
�

�h

�x
� tan�
 � , �14�

here 
 denotes the dip angle of the RSSR mode in the RSSR-gath-
r. The procedure for estimating the distance h and the dip angle �
rom RSSR-gathers is illustrated in the following section.

pplication to synthetic data

imple example

We first test the applicability of this approach for detecting struc-
ures ahead using synthetic FD data. In our first example, we neglect
he dispersion of Rayleigh waves caused by the presence of the EDZ
o better illustrate the method. We apply the traveltime correction
nd stack the seismograms shown in Figure 5b, on which the non-
ispersive RSSR wave is easily identified. To correct for the linear
G license or copyright; see Terms of Use at http://segdl.org/
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T76 Bohlen et al.
oveout of the RSSR event, we automatically pick the maximum
mplitude of each seismogram and then shift the data by the arrival
ime of the maximum amplitude. Alternatively, we could have ap-
lied a phase correction in the Fourier domain as described above.
fter the time shift, we mute the direct Rayleigh wave. The resulting

eismograms are shown in Figure 12a. As expected from equation
0, the backward-propagating Rayleigh waves now arrive at the
ame time for all receivers. In the next step, the traces in Figure 12a
re stacked and the time axis is scaled using equation 13. The stacked
race is shown in Figure 12b. The first two events in Figure 12b at h

0 m and h�10 m represent the Rayleigh waves, which are scat-
ered at the crown of the face �Figure 3�. The third event is the RSSR
eflection from the fault zone. It exhibits by far the highest ampli-
udes. It shows up at h�35 m, which corresponds to the true dis-
ance of the fault zone.

pplication while drilling

If this procedure is repeated while drilling, i.e., for different dis-
ances between the face and fault zone, we can estimate the dip of the
ault zone using equation 14. To illustrate this, we performed simula-
ions in which we moved the tunnel face closer to a dipping fault
one �Figure 13, top�. Again, an EDZ was not considered, i.e., the
ayleigh waves exhibit no dispersion. We assume a dip angle of the

ault zone of � � 35°. For each face location, an FD simulation with
he same absolute source and receiver positions is repeated. The tun-
el face moves by a distance of 2 m between two simulations. Each
hot gather is processed as shown in Figure 12. The resulting traces
re plotted as a function of the face position x in Figure 13 �bottom�.
n this RSSR gather, we can clearly identify the RSSR event which
pproaches the RR1 wave �scattered at face edges� as the tunnel face
pproaches the fault zone. As expected, the distance h between the
ace and the fault zone interface decreases with increasing face posi-
ion x. The angle 
 �Figure 13, bottom� in the RSSR-gather, between
he face-scattered Rayleigh wave RR1 and the RSSR wave, is a mea-
ure of the dip angle of the fault zone �see equation 14�. Here, we es-
imate the dip of the RSSR event to be 
 � 39.3°, the resulting dip
f the fault zone thus is � � acos�tan�
 ���35°, which agrees well
ith the true value of 35°.

pplication in the presence of an excavation damage zone

To test the performance of deconvolution and stacking in the pres-
nce of an EDZ, we apply the procedures on the multimodal Ray-
eigh wavefield shown in Figure 14. To simplify matters, and to bet-
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igure 12. Estimation of fault zone distance using the input data
hown in Figure 5b. �a� After time shift and removal of direct Ray-
eigh wave. �b� After stacking and time axis scaling �equation 13�.
ashed lines correspond to the face location and the fault zone inter-

ace.
Downloaded 09 Jul 2012 to 129.13.72.198. Redistribution subject to SE
er illustrate the applicability, we apply it on 2D synthetic data that
re free of circulating Rayleigh waves �see also Figure 9�. Figure 14a
left� shows the seismograms after deconvolution of the dispersion
f the forward- and backward-propagating fundamental mode �n

0, m � 0�. After deconvolution, the backward-propagating fun-
amental modes that are reflected at the front face �indicated by RR�
nd the RSSR reflection at the fault zone ahead of the front face �in-
icated by RSSR� arrive at a constant time given by equation 12. The
eflected signals exhibit no dispersion, i.e., the waveforms of the re-
ected signals are the same for all receivers. Stacking of the seismo-
rams, shown on the right side of Figure 14a, thus yields clear events
f the reflected fundamental modes. The amplitudes of other events,
.g., body waves and also the higher Rayleigh-wave modes, are sig-
ificantly reduced by stacking because their arrival times and wave-
orms vary with receiver position. The deconvolution and stacking
f the first higher mode is shown in Figure 14b. Here we correct for
he first higher mode dispersion �n � 1, m � 1�. As expected, we
btain a different stacking response. The stacked signals of RR and
SSR contain higher frequencies because of the higher-frequency
ontent of the higher mode. The time axes of the stacked seismo-
rams in Figure 14a and b �right� have been scaled to the distance
head of the tunnel using equation 13. Both RSSR modes are reflect-
d in a distance of 40 m ahead of the tunnel which agrees with the
true” distance of the fault zone assumed in the FD simulation.

The results for multimodal Rayleigh waves presented in Figure 14
re promising. They suggest that different reflection responses of in-
erfaces ahead may be achieved for different combinations of for-
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igure 13. The dip angle � as well as the reflector distance h can be
erived from RSSR gathers �bottom� using equation 14.
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ard- and backward-propagating modes �n, m�. The synthetic tests
how that when higher modes are involved, the stacked RSSR events
xhibit higher frequencies that might lead to a better spatial resolu-
ion of structures ahead of the construction. Further investigation of
ptimal mode combinations and corresponding consequences for
eismic imaging is, however, beyond the scope of this paper and will
e a topic for future work.

FIELD DATA EXAMPLE

Motivated by the finite-difference modeling described above, the
FZ Potsdam, in cooperation with Amberg Technologies �AMT,
egensdorf, Switzerland�, carried out seismic measurements in
arch 2005 at the tunnel face of the Piora adit near the Gotthard base

unnel �GBT� construction site �Figure 15a� �Lüth et al., 2007�. The
iora adit had been excavated in the beginning of the construction of

he GBT to explore the Piora Basin. The Piora Basin is characterized
y extremely unstable sugar-like dolomite and more stable carbon-
tic-sulfatic rocks �Schneider, 1997�. This structure is regarded as a
articular challenge for the tunneling process. At the face of the
iora adit, two exploratory wells were drilled into the Piora Basin.
long the wells, the following rock units were found: Lucomagno
neiss of the Penninic Gneiss zone for the first 40 m, 18 m of a ka-
iritic fault zone, about 230 m Triassic Piora Basin rocks, and crys-
alline series of the Gotthard Massif.

The seismic survey was carried out with two receivers and 76
ource points �Figure 15b�. At the source points, a pneumatic ham-
er developed by the GFZ Potsdam �Borm et al., 2003� was used to

enerate seismic signals. A description of data acquisition, process-
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igure 14. Deconvolution and stacking of backward-propagating
ayleigh waves. �a� After deconvolution of fundamental mode dis-
ersion �n � m � 0�. �b� After deconvolution of first-mode disper-
ion �n � m � 1�. Stacked seismograms show distance from the
ront face �equation 13�. Horizontal dashed lines indicate “true” dis-

ance of the fault zone. s
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ng and RSSR migration of the complete data set is presented by
üth et al. �2007�. In this modeling paper, we use the data on one tun-
el wall only. Analogous to the synthetic data �Figure 5�, we use the
ata of the right receiver, fixed circa 70 m behind the tunnel face and
5 source points �SP 42–76� along the right tunnel wall between the
eceiver and the tunnel face �Figure 15b�.

The raw data and their processing and stacking results are shown
n Figure 16.Adispersion analysis of the direct Rayleigh waves, that
ominate the raw seismograms, revealed that the Rayleigh waves
re nearly free of dispersion. The Rayleigh wave is excited between
00–400 Hz. In this frequency range, the dispersion that is caused
y the EDZ thus seems to be negligible. In the raw data �Figure 16a�,
ne can easily identify two backward-going waves that have the
ame apparent velocity as the direct Rayleigh wave. The first event is
he Rayleigh wave reflection at the front face and the second is an
SSR reflection. Because the forward- and backward-propagating
ayleigh waves are free of dispersion, a dispersion correction by de-
onvolution is not necessary. We simply determine the arrival time
f the direct Rayleigh wave and shift the traces by this time. After-
ard, we mute the direct Rayleigh wave. The result is shown in Fig-
re 16b. The backward-going Rayleigh waves arrive at the same
ime �flattened�. The stacked seismogram, shown in Figure 16c, ex-
ibits a clear event that corresponds to an RSSR reflection. The
SSR-stacked result is compared to the schematic rock-quality des-

gnation �RQD� profile along one of the above-mentioned explorato-
y wells �Figure 16d�. The RQD value is a measure for the stability of
he cored material �Deere and Deere, 1988�. High values indicate
table rock masses, and low values indicate unstable rocks. The tran-
ition from the high RQD values of the Lucomagno Gneiss to the ka-
iritic zone with low RQD values at circa 40 m from the tunnel face
orrelates well with a strong signal in the RSSR stack in Figure 16c.
his suggests that the recorded RSSR event corresponds to an SS re-
ection at the kakiritic zone of the Piora Basin.

TM 5500 TM 55205m

5m

57 km

Penninic Gneiss Zone

GBT
GBT

GBT
Gotthard Massif

Aar Massif

0 km

Receiver

Tunnel face

Source points Piora adit

Piora Basin

Seismic survey
in Piora adit

4276

1

S

N S

N

3000

2000

1000

0

m
a.

s.
l.

)

)

igure 15. �a�Vertical geologic cross section along the Gotthard base
unnel. The seismic survey was performed in the Piora adit �white
ectangle�, which is located south of the Piora Basin. �b� Top view of
he survey geometry at the tunnel face of the Piora adit. Receiver lo-
ations are indicated by inverted triangles, source points by black di-
monds. In this paper, the data corresponding to the receiver and

ource points 42 through 76 on the right tunnel wall were used.
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CONCLUSIONS

In this paper, we present a new and promising approach for seis-
ic detection of structures ahead of tunnel construction that has

een discovered by 3D elastic FD modeling. High-amplitude Ray-
eigh waves that are commonly regarded as noise in tunnel seismic
xploration are utilized.Arriving at the front face, they are converted
nto high-amplitude S-waves propagating further ahead. Reflected
r backscattered S-waves are converted back into Rayleigh waves.
inite-difference modeling suggests that these RSSR waves exhibit
uch higher amplitudes than body waves, if the seismic sources and

eceivers are located close to the tunnel wall, which can easily be
ecognized technically. An improved signal-to-noise ratio of this
vent, compared to body waves, can generally be expected in real
ata. Another technical advantage is that neither the sources nor the
eceivers need to be placed near the front head face where drilling
akes place. The interference with the ongoing excavation process
an thus be kept small. The excavation damage zone around the tun-
el can lead to a dispersion of the Rayleigh waves. For imaging
head, this seems to be advantageous because many different reflec-
ion responses corresponding to different combinations of transmit-
ed and received modes can be acquired. Depending on the number
f excited modes, we may obtain more reflection responses than can
e achieved by conventional body wave methods. The reflection re-
ponses for different mode combinations will yield new information
hat may be useful for characterizing the reflectivity ahead of the
onstruction. A repetitive application while drilling and the imple-
entation of RSSR modes into prestack migration techniques, e.g.,
irchhoff migration, are the next steps for improving the localiza-

ion of reflectors ahead of the tunnel.
We show a first observation of the RSSR wave in a field experi-
ent that has been performed in the Gotthard base tunnel designed

n the basis of the modeling results. The analysis clearly reveals that
he RSSR event is generated at a prominent kakiritic zone ahead of
he tunnel. Further field tests are currently being performed to ex-
lore the validity of the modeling results and the application poten-
ial of this wave type under real underground conditions.
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