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ABSTRACT

Predicting geologic interfaces ahead of a tunnel front is of
major importance when boring tunnels. Unexpected varia-
tions in ground properties can cause problems for tunnel-bor-
ing advance and risk for human safety. The tunnel-seismic-
while-drilling �TSWD� method utilizes noise produced dur-
ing mechanical excavation to obtain interpretable seismic
data. This passive method uses accelerometers mounted on
the advancing tunnel-boring machine �reference signals� to-
gether with seismic sensors located along and outside the tun-
nel. Data recorded by fixed sensors are crosscorrelated with
the reference signal and sorted by offset. Similar to reverse
vertical seismic profiling, crosscorrelated TSWD data are
processed to extract the reflected wavefield. During mechani-
cal excavation of a 950-m tunnel through upper Triassic do-
lomite, a survey was performed to predict geologic interfac-
es. Faults intersecting the tunnel were observed on seismic
TSWD data and later were confirmed by geostructural in-
spection. P- and S-wave interval velocities obtained by
TSWD data along the bored tunnel were used to compute dy-
namic rock moduli to support tunnel completion.

INTRODUCTION

In tunnel excavation, reliable predrilling geologic models are re-
quired to plan drilling and to improve operational safety. Knowledge
of geology ahead of the tunnel front is particularly important for
projects using tunnel-boring machines �TBMs� to avoid accidents or
complications that cause expensive standstills.

Ageologic cross section along the tunnel is built into the feasibili-
ty study, based on information obtained by geologic field observa-
tions, aerial photo analysis, boreholes, and surface geophysical sur-
veys. As overburden thickness increases, exploratory boreholes be-
come more expensive and extrapolation from surface rock outcrop-

ping or from aerial photo analysis may not be representative of the
geologic setting at tunnel depth. In mountainous terrain, surface
geophysical investigations �i.e., reflection and refraction seismolo-
gy and electric resistivity sounding/profiling� suffer from rough to-
pography and difficult logistic conditions.

In the presence of thick overburden as well as in complex geologic
situations, additional investigations are performed during tunnel ex-
cavation to improve reliability of the initial geologic model. The tra-
ditional approach employs horizontal exploratory holes drilled from
the tunnel front. During the last decade, several seismic �Sattel et al.,
1992; Inazaki et al., 1999; Kneib et al., 2000; Petronio et al., 2000;
Taylor et al., 2001; Borm et al., 2003�, electromagnetic, and geoelec-
trical techniques have been presented for predicting interfaces ahead
of the tunnel front.

In-tunnel seismic surveys are conducted by using active sources
�i.e., explosives, hammers, or vibratory sources� and sensors de-
ployed along the driven tunnel. These surveys are carried out during
maintenance work or crew turnover to limit interference with drill-
ing activity.

Sonic softground probing �Kneib et al., 2000� is a seismic-while-
drilling �SWD� method that uses a high-frequency seismic vibratory
source and accelerometers mounted on the cutting wheel to provide
an image of the next few tens of meters ahead of the cutting face.
This method requires installing specially adapted sensors and a
source fitted to the cutting wheel.

A different approach is used in the tunnel-seismic-while-drilling
�TSWD� method. Here, the seismic source is the TBM. Elastic
waves generated during tunnel excavation are recorded and pro-
cessed to obtain information predicting geology ahead of the drilling
front �Petronio et al., 2000�. Ashida �2001� illustrate similar experi-
ments in hard rock using both tunnel blasting and the TBM as seis-
mic sources. Swinnen �2003� studies seismic energy emitted by the
hydraulic jacks of a softground TBM and demonstrates that it is pos-
sible to detect reflections from obstacles around and in front of the
TBM with geophones installed on the lining of the tunnel. In this
work, we analyze the reflection profiles ahead of the tunnel face and
demonstrate that the TSWD method can support tunnel excavation.
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TSWD METHOD

TSWD utilizes TBM noise produced during excavation. Petronio
and Poletto �2002� report theoretical aspects and first results ob-
tained in a preliminary test. In this paper, we focus on the applicabili-
ty of TSWD as a tool to predict geologic interfaces ahead of the tun-
nel front.

The TBM is a time-continuous and a priori unknown seismic
source. Accelerometers are installed on the TBM to measure the ref-
erence �pilot� signal. Crosscorrelation between the pilot signal and
data acquired by sensors deployed along the bored tunnel provide in-
terpretable seismic data. When the TBM is operating, the recorded
pilot signal is mainly random and its autocorrelation is quasi-impul-
sive �Petronio and Poletto, 2002�. However reference-pilot decon-
volution �Rector and Marion, 1991; Poletto and Miranda, 2004� is
typically applied to remove residual periodic components.

The while-drilling tunnel-seismic profile �WDTSP� employs sen-
sors installed behind the TBM to sample reflected and transmitted
waves at regular space intervals as the tunnel front advances.
WDTSP provides similar information to that obtained by conven-
tional reverse VSP data �Balch et al., 1982, Sattel et al., 1992�. The
direct arrivals �P and S�, back-propagating from the TBM cutter
head, are used to obtain a velocity profile along the driven tunnel; the
reflected wavefield gives information about geologic interfaces
ahead of and around the tunnel front.

The TSWD is based on records of excavation noise, so this pas-
sive method does not interfere with boring activities. Continuous
monitoring along the entire tunnel can prevent accidents in tunnel
sectors where unexpected geologic variations occur.

In a TSWD survey, the geometry layout of the seismic channels is
designed to obtain different types of results. Sensors deployed along
the tunnel are used for geology prediction and for geotechnical map-
ping of the drilled tunnel �Petronio and Poletto, 2002�. Sensors de-

ployed outside the tunnel are used mainly to improve seismic signals
and for interferometric applications �Poletto and Petronio, 2006�.

ACQUISITION AND DATA PREPROCESSING

We conducted a field test while boring the Stavoli Ravorade tun-
nel �northeastern Italy�, built to reinforce the Russia-Italy gas pipe-
line connection. An open TBM with a diameter of 3.6 m was used to
drill the tunnel, which extends 950 m through upper Triassic dolo-
mite. The dolomite in this area is affected by near-vertical faults that
intersect the tunnel and represent the principal drilling hazard. Fig-
ure 1 shows the tunnel profile with locations of expected faults de-
rived from surface geologic observations and aerial photo analysis
performed for the feasibility study.

TSWD acquisition started 190 m inside the western tunnel en-
trance and finished at the tunnel exit, 950 m from the entrance. We
connected a telemetric acquisition system �1 ms sampling rate� to a
three-component �3-C� geophone deployed outside near the tunnel
entrance �G1� to 3-C accelerometers mounted on the advancing
TBM �pilot signals� and to 3-C accelerometers �A1,A2,A3, andA4�
fixed to the tunnel wall at different distances from the entrance �Fig-
ure 1�.

The 3-C sensors were deployed with a component along the verti-
cal direction �z� and two orthogonal horizontal components: one
along the tunnel axis �radial, x� and the other perpendicular to it
�transverse, y�. The wall-mounted accelerometers were located at
54 m �A1�, 64 m �A2�, and 74 m �A3� in the first part of the survey;
the TBM bored up to 675 m from the entrance. They were at 54, 64,
and 600 m �A4� in the second part, as the TBM bored beyond 675 m.
Pilot sensors were attached to the rear of the boring head. The telem-
etric acquisition system recorded a sequence of five records of 40 s
in length every 15 minutes as the TBM bored from 150 to 950 m.

Preprocessing consisted of crosscorrelation and pilot-signal de-
convolution; these operations were performed automatically at the
end of each record. After a 15-minute cycle, the five traces were
stacked to improve the signal-to-noise ratio and deconvolved by a
spiking Wiener prediction-error filter reversed in time �Rector and
Marion, 1991�, with parameters selected in the early acquisition
stage. In this time interval, the TBM progress is a few tens of centi-
meters, which is a negligible distance with respect to the data resolu-
tion �wavelength approximately 40–60 m�. During the entire
TSWD survey, 15 GB of raw data were collected.

The recorded drilling parameters were absolute TBM position,
power absorption, and thrust exerted by the forward pushing press-
es. These data were not available online and were inserted manually
into the data headers in deferred time. During the survey, some fail-
ures occurred �cable breaks�, so seismic monitoring was not continu-
ous.

From 675 to 950 m, we connected two additional 3-C geophones
at remote seismic stations with 2 ms of sampling rate located near
the tunnel entrance �R1� and at the tunnel exit �R2�. Continuous data
acquired by the remote stations were subdivided into records of 60 s
in length, synchronized with telemetric data and correlated with sub-
sampled pilot signals. We filtered the correlations between geo-
phone data and pilot accelerometers to correct geophone response
and �/2 phase shift.

DATA ANALYSIS

The TBM moves in short steps.After each boring cycle, the entire
machine is pulled forward to start a new excavation phase. The sig-
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Figure 1. Geologic section defined in the feasibility study with
WDTSP survey geometry and legend. The G1 measurement point
�3-C geophone� is located at a lateral offset of about 10 m with re-
spect to the tunnel axis. �a� Tunnel section. �b� Tunnel map.
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nal level acquired by pilot sensors during TBM boring is about
100–200 times greater than that recorded in the halt phase �Figure 2�.

The preprocessed data, about 1 GB of crosscorrelated seismic
traces, were sorted by component, reference-pilot signal, and receiv-
er position. The TSWD data contain direct and reflected body waves
�P and S� as well as interface-guided waves related to the presence of
the drilled tunnel and the surrounding excavation-damaged zone
�Kneib and Leykam, 2004�.

We performed an analysis to discriminate the different events in
the 3-C recorded data and to design a data processing sequence to
predict interfaces. Identification of different seismic arrivals was
supported mainly by estimation of coherent event velocities per-
formed on common-receiver gathers acquired behind and in front of
the tunnel face �Petronio and Poletto, 2002�. We computed synthetic
data to guide the wavefield interpretation and performed polariza-
tion analysis by hodograms on the direct waves. The presence of in-
terfering events and noise complicates polarization analysis �Win-
terstein, 1989�.

Figure 3a shows an example of a common-receiver gather ac-
quired by the transverse component �y� of the 3-C geophone in-
stalled in G1 �outside near the tunnel entrance� correlated with the
signal of the transverse pilot accelerometer �y�. In these prepro-
cessed WDTSP data, P- and S-wave direct arrivals are recorded at
offsets greater than 335 m. The average P- and S-wave velocities
computed by linear regression are 4500 and 2200 m/s, respectively.
The average amplitude spectra computed in a time window contain-
ing P and S events are shown in Figure 3b and c, respectively. If we
assume 80 Hz for P-wave and 55 Hz for S-wave as the central fre-
quency, signal wavelengths are about 56 and 40 m, respectively.
Resolution is similar to that of a conventional onshore surface reflec-
tion survey.According to �/4 criteria �Widess, 1973�, a resolution of
about 10–14 m can be expected. In this case, the TSWD resolution

capability can detect major geologic discontinuities.
Figure 4a illustrates a WDTSP acquired by the transverse compo-

nent �y� of 3-C accelerometers coupled to the tunnel wall at tunnel
meter 600 �A4�, correlated with the transverse pilot sensor signal.
The interpreted wavefield is depicted in Figure 4b. The data show
coherent arrivals with times increasing as the offset increases. We in-
terpreted this event as S-wave direct arrivals back-propagating from
the TBM cutterhead. The event Sr, with opposite moveout, is a re-
flection coming from a geologic interface ahead of the tunnel face.
The weak slower event A is the airwave back-propagating along the
bored tunnel.

REFLECTION DATA PROCESSING

In the presence of a strong acoustic impedance contrast, reflec-
tions can be detected in the WDTSP without any reflection process-
ing �Figure 4�. Normally, strong direct arrivals mask reflections. As
in conventional VSP data, where the reflected wavefield �i.e., upgo-
ing� is extracted by multichannel filters �Lee and Balch, 1983; Hard-
age, 2000�, processing is also needed to enhance the reflections for
WDTSP data �Sattel et al., 1992�. In this case, acquisition geometry
is nearly horizontal with respect to the borehole drilling case. For
clarity, we indicate the reflections as a forward-going wavefield and
events back-propagating from the TBM as a backward-going wave-
field.

Table 1 lists the processing sequence we adopted to extract the S-
forward-going wavefield for interface prediction purposes. We used
mainly S-waves because they are more energetic. However, P reflec-
tions were also observed.

The main processing steps applied to preprocessed data were data
editing �spike removal and noisy trace removal�, noise suppression
�band-pass filter�, first-arrival picking �S-wave�, and wavefield sep-
aration. Backward events are aligned by direct-arrival times. After
applying a median filter, the backward-going wavefield is empha-
sized and forward energy is strongly attenuated. These filtered data
are shifted back to one-way time and subtracted from the total wave-
field. Backward-going energy is now strongly attenuated and reflec-
tions are enhanced �Hardage, 2000�. The forward-going wavefield
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Figure 2. �a� Amplitude spectra of 3-C pilot sensor data �x, y, and z�
during boring and �b� in a halt phase. A multiplication factor of 100
was applied to the data acquired in the halt phase for display.
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was deconvolved using an operator computed from the backward-
going wavefield and shifted to two-way time �TWT� by S-wave di-
rect-arrival time so that reflections from vertical reflectors appear
aligned at constant time in traces recorded at different TBM distanc-
es. The final step was the corridor stack, i.e., summation of WDTSP
traces after TWT correction.

In the study area, weak zones associated with faulting systems are
nearly orthogonal to the tunnel axis, so we did not migrate data. In a
more general case, migration is the correct approach to obtain the
seismic image of geologic interfaces ahead of the TBM.

RESULTS

The most interesting use of TSWD data is while-drilling predic-
tion of geologic interfaces ahead of the TBM. In this paper, we dem-
onstrate some examples of looking ahead by WDTSP. After tunnel
excavation, we carried out a geostructural inspection to characterize
rock quality along the tunnel using the Bieniawski rock mass rating
�RMR� index. This geotechnical classification system is based on
five parameters describing key rock mass characteristics, including
intact strength �uniaxial compressive strength�, rock quality desig-
nation �RQD�, joint condition, joint spacing, and groundwater con-
ditions �Bieniawski, 1976�. Ratings are assigned to each of the five
weighted parameters, and the sum of these ratings defines rock mass
quality as an RMR value. RMR values are grouped into five rock
mass classes, ranging from I �very good� to V �very poor�. RMR in-
dices were used to evaluate the location of weak fault zones and to
verify possible correlations with reflections of TSWD data.

An example of the S-wave reflection ahead of the TBM is shown
in Figure 5. These data are recorded by the tunnel-parallel compo-
nent �radial� of the 3-C geophone deployed at G1, correlated with the
signal recorded by the radial pilot sensor. Arrows indicate three re-
flections arriving at approximately 430, 500, and 610 ms. Figure 6
compares the expected and the observed geologic setting along the
tunnel and the WDTSP data. The geologic model �Figure 6a� and
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Table 1. WDTSP data processing

Preprocessing

Crosscorrelation with pilot signal

Data rephasing �for geophone data correlated with
accelerometer�

Pilot deconvolution �spiking Wiener deconvolution�

Data header update

Processing

Sort �by pilot and by offset�

Trace binning

Stack

Data editing

Band-pass filter

S- and P-wave direct-arrivals picking

Backward/forward wavefield separation �median filter�

Forward wavefield deconvolution

Forward wavefield TWT shift
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Figure 5. S-wave reflections from WDTSP data �transverse compo-
nent� recorded in G1. Three strong reflections are indicated by ar-
rows. Data before the first break are muted.
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RMR index �Figure 6b� as estimated in the feasibility study are com-
pared with the geologic section �Figure 6c� and RMR index �Figure
6d� obtained after the boring.

Figure 6e shows the while-drilling corridor stack of S-wave re-
flections converted from time �data of Figure 5� to distance by using
an average S-wave velocity computed from backward direct arriv-
als. Interpreted signals are located at approximately 460, 570, and
705 m of the tunnel progressive distance. The reflection at about
460 m corresponds to a rock-quality variation in a tunnel sector
where an undisturbed rock was expected. This weak rock zone re-
quired installation of a steel lining to support the tunnel wall. At in-
creasing prediction distances, two other strong reflections were de-
tected.

Time-depth conversion is based on an estimated 1D constant
S-wave velocity model, so there are some minor discrepancies be-
tween positions of the actual interfaces and those predicted by
WDTSP. The interpreted signal at about 570 m of progressive dis-
tance corresponds to a fractured zone encountered at 585 m.As indi-
cated in the initial geologic model, fractured rock was expected in
this sector �Figure 6a�. The reflected signal at about 705 m is inter-
preted as resulting from an abrupt rock-quality decrease observed at
695 m. This tunnel sector also required the installation of steel lin-
ing.

Another example of prediction ahead of the tunnel face is shown
in Figure 7. The forward-going wavefield recorded by the transverse
component of the 3-C accelerometers located in A4 shows two re-
flected events at about 290 and 440 ms. Estimated origins of these

two signals are reflectors at about 820 and 950 m, respectively. The
first event corresponds to a weak fault zone characterized by drip-
ping water. The location predicted by WDTSP data was confirmed
by a geotechnical survey, and it is shifted by about 35 m with respect
to the initial model. The second reflection is the rock/air interface at
the end of the tunnel.

Complementary information is extracted from the back-propagat-
ing wavefield. We obtained 1D P- and S-wave interval velocity mod-
els along the bored tunnel by measuring back-propagating direct
waves with fixed in-tunnel sensors or sensors deployed in front of
the tunnel face during TBM advances. The P- and S-wave interval
velocities indicate rock quality via the derived dynamic rock moduli
�i.e., Poisson’s ratio, shear modulus, bulk modulus, and Young’s
modulus�.

Figure 8 shows an example of velocities extracted from TSWD
data. Measured P- and S-wave velocities �Figure 8a� are in good
agreement with the observed RMR index �Figure 8b�. Lower inter-
val velocities correspond to weak rock zones �RMR class IV�, and
higher velocities are observed in tunnel sectors characterized by un-
disturbed rock �RMR class II�. Figure 8c shows the Poisson’s ratio
derived from P- and S-wave velocities. This information is available
while drilling and used after boring as a tool for ground support in-
stallations, inspection, and maintenance.
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Figure 6. Comparison of predicted RMR, actual RMR, and WDTSP
data. �a� The geologic model and �b� provisional RMR estimated in
the feasibility study are compared with �c� the geologic section, �d�
RMR obtained after boring, and �e� corridor stack of S-wave reflec-
tions computed while drilling.
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CONCLUSIONS

Stability of the excavation front during boring is a major concern
for the geotechnical engineer. Early warning and prediction infor-
mation is advantageous because accidents or expensive standstills
can be prevented.

A large data set of TSWD data acquired during excavation of the
Stavoli Ravorade tunnel demonstrate the capabilities of this passive
seismic method to predict geologic interfaces ahead of the TBM.

Geotechnically relevant faults, characterized by weak rock with
thickness greater than TSWD resolution capability, were identified
by TSWD data. These predicted features have been confirmed by
geologic and geotechnical observations performed after tunnel bor-
ing to characterize the rock quality by Bieniawski’s RMR index.

Joint use of P- and S-wave velocities extracted from the back-
ward-propagating wavefield allows rock-quality mapping along the
driven tunnel. The TSWD method does not interfere with drilling ac-
tivities and provides seismic prediction data continuously while
drilling.
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Figure 8. Rock-quality assessment and seismic velocity: �a� P- and
S-wave velocity profiles, �b� RMR index, and �c� dynamic Poisson’s
ratio.
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