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1.

Introduction

Posiva Oy conducts bedrock investigations at the spent nuclear fuel final disposal site at Olkiluoto,
in western Finland. The purpose of these efforts, which include a significant R&D component, is to
ensure compliance with the requirements set forth for the long-term safety of final disposal. The
excavation of the access tunnel to the repository hosts the ONKALO underground rock characterization facility. The investigations carried out at ONKALO concentrate on the bedrock and groundwater conditions prevailing on the final disposal site and how construction work affects them. The
main objective of the surveys performed in the ONKALO tunnel was to image, by reflection
seismics, mechanically weak and hydraulically conductive zones in front of and aside ongoing
excavation works [6]. Refraction velocity profiles were also produced along the tunnel wall. In situ
determinations of P- and S- velocity distributions and associated ray paths were derived and
dynamic values for compression and shear moduli were inferred.

2. Reflection and Refraction Seismic Surveys along the ONKALO
Tunnel Wall
In 2007, the survey was conducted along a 100m long seismic line, with receivers placed in short
boreholes drilled in the tunnel wall at 1m intervals. Seismic signals were produced by a hand-held
VIBSIST-20 seismic source fired at 100 locations also spaced at 1m intervals on the same wall as
the receivers. For the refraction imaging, 10 shots were added at each side of the 100m long reflection line. The 2009 surveys were carried out further down the tunnel on a 300 m long profile,
with 3-component receivers placed in short lateral holes in the vertical wall of the tunnel and the
source deployed along two lines: on the same wall as the receivers wall for Line 1 and on the floor
for Line 2. In 2007, signals were also recorded from the percussion drill rig used to make the blasting holes for the tunnel excavation. Resulting seismic signals were as good as those produced by
the main seismic source. Therefore blast-hole drilling can be used to produce seismic signals with
penetration of more than 100m for measurements ahead of the excavation works.

a)

b)

c)
d)
Figure 4. Average frequency spectra of data recorded with the Vibsist-20 (a) and the Tamrock
boomer (b) in 2007 and with the Vibsist-250 on the tunnel wall (c) and tunnel floor (d) in 2009.

3.

Seismic Data Processing

3D Image Point migration algorithms were used to create migrated sections where several reflectors could be identified and interpreted. Figure 6 illustrates the principle of the 3D IP migration. The
defining property of this novel migration method is its ability to accumulate reflection events in time
distance and/or 2D/3D migrated data sets into points in the IP domain. Reflections from segments
of planes with transverse dimensions larger than a few wavelengths can be enhanced while incoherent noise, migration artefacts and coherent patterns due to other wave types and multiples are
suppressed.
Figure 6. Principle of the 3D IP migration
[8]. The wave front produced at the Source
Sm is reflected at point V before reaching
the receiver Rn. The orientation of the reflector P at point V is uniquely determined
by the source - receiver geometry and the
velocity field. The planar reflector P is in
turn uniquely associated with the point IP,
defined as the reflected image of the origin
O on the plane P.

4.

Data Interpretation and Investigation Results

a)
b)
Figure 10. Location, with respect to the current & planned ONKALO tunnel of the 2009 seismic
sections (a) and migrated sections P_line2_-95° and P_line1_70° with long tunnel fractures (b).

5.

Conclusions

Seismic reflection surveys performed along tunnels can provide in-depth images of rock discontinuities and can be used, economically, for rock mass characterization. One of the tasks of the
seismic surveys carried out in the ONKALO access tunnel was to test the methods suitability for
detecting and locating different kind of geological features. By comparing the processed seismic
data with known geological, geophysical and hydrological features observed in the tunnel, it seems
to be possible to locate by seismics many features from site-scale (e.g. brittle fractured zones) to
tunnel-scale (e.g. single long fractures). It is also possible to locate hydraulically conductive zones.
It is also obvious that electrical conductors can be seen as seismic reflectors. It was possible to
detect fracture zones or single fractures of certain orientations when using the two source-line geometry and three-component geophones in 2009. For creating a good and detailed model (or prediction) of the geological and hydrological features of the repository area, integrated modelling
should be carried out using all geological, hydrological and geophysical data at the same time. The
examination of the seismic data shows that by combining the results from different methods it is
possible to create a reasonable model.
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Summary
ONKALO is the underground rock characterization facility operated by Posiva Oy at the nuclear
waste deep geologic disposal facility at Olkiluoto, in Finland. High-resolution tunnel seismic surveys were conducted at ONKALO in 2007 and 2009, seismic lines with lengths of 100m and 300m
being measured with sources spaced at 1m and receivers at 1m and 3m, respectively. The main
product of the surveys were migrated reflection images ahead and around the tunnel. P- and Swave refraction tomographic velocity maps were also computed, from which in-situ dynamic values
of the Young and shear moduli were derived. Features interpreted as mechanically weak and potentially hydraulically conductive zones were imaged to distances of more than 200m away from
the tunnel. In 2007, one horizontal and one vertical migrated profile were computed for P-waves
and, respectively, for S-waves. As the survey was conducted along a line on the side of the tunnel,
the vertical profile contained images of targets lying both above and below the tunnel. This ambiguity was effectively suppressed in the 2009 survey, by using 3-component receivers and two
source lines, one on the wall and the other on the floor of the tunnel. The recently introduced 3D
Image Point vector migration was instrumental for imaging targets of diverse orientations at their
real azimuths with respect to the tunnel axis.
Streamlined data acquisition and dedicated processing schemes can turn tunnel seismic imaging
into a cost-effective rock mass characterization tool and high quality results can be obtained in
ongoing tunnel building conditions. Percussion drilling normally used for charge loading in D&B
operations can also efficiently be used as a seismic source, with no loss of resolution. Features,
from site-scale (e.g. brittle fractured zones) to tunnel-scale (e.g. single long fractures) could be
imaged. Known hydraulically conductive zones and electrical conductors could also be associated
with seismic reflectors. In general, the examination of the seismic data from the perspective of
other geoscientific disciplines shows that the combined results of different methods lead to a
reasonable model.
Keywords: 3D tunnel seismics, tunnel engineering, rock characterisation, imaging ahead and
aside the tunnel

1. Introduction
Posiva Oy conducts bedrock investigations at the spent nuclear fuel final disposal site at Olkiluoto,
in western Finland, Figure 1. The purpose of these efforts, which include a significant R&D component, is to ensure compliance with the requirements set forth for the long-term safety of final
disposal. The excavation of the access tunnel to the repository hosts the ONKALO underground
rock characterization facility. The investigations carried out at ONKALO concentrate on the bedrock and groundwater conditions prevailing on the final disposal site and how construction work
affects them. Ongoing research of the past three decades has been focused, internationally, at the
acquisition of practical experience in the development of investigation methodologies, measuring
techniques and test equipment to be of use during actual repository site explorations and construction [1, 2, 3, 4, 5].

a)

b)
Figure 1. Location of the Olkiluoto site (red mark) in eastern Finland (a) and of the ONKALO site
(marked with the green oval) at Olkiluoto (b).
The main objective of the surveys performed in the ONKALO tunnel was to image, by reflection
seismics, mechanically weak and hydraulically conductive zones in front of and aside ongoing
excavation works [6]. Refraction velocity profiles were also produced along the tunnel wall. In situ
determinations of P- and S- velocity distributions and associated ray paths were derived and
dynamic values for compression and shear moduli were inferred.

2. Reflection and Refraction Seismic Surveys along the ONKALO
Tunnel Wall
In 2007, the survey was conducted along a 100m long seismic line, with receivers placed in short
boreholes drilled in the tunnel wall at 1m intervals. Seismic signals were produced by a hand-held
VIBSIST-20 seismic source fired at 100 locations also spaced at 1m intervals on the same wall as
the receivers. For the refraction imaging, 10 shots were added at each side of the 100m long reflection line. The 2009 surveys were carried out further down the tunnel on a 300 m long profile,
with 3-component receivers placed in short lateral holes in the vertical wall of the tunnel and the
source deployed along two lines: on the same wall as the receivers wall for Line 1 and on the floor
for Line 2. The locations of the two survey locations are shown in Figure 2.

Figure 2.Location of the 2007
and 2009 seismic surveys
(marked with blue lines) along
the ONKALO tunnel at tunnel
length (chainage) 1720 - 1820
m (vertical depth 170 – 180 m)
and 3350 – 3600 m (vertical
depth 330 – 360 m.
The Vibsist-20 (Figure 3) is an electromechanical time-distributed, swept-impact source [7], which
achieves relatively large energy levels in spite of its small size by summing several hundreds of
impacts to form a record. The 2009 survey was carried out using a larger, Vibsist-250, hydraulic
source (Figure 3). The total energy for one record was approximately 5000J in 2007 and 20000J in
2009, sufficient for reaching an investigation distance of several hundreds of meters. Greater signal energy and a penetration of ~300m was achieved during the 2009 survey, while the frequency

content of the signals recorded remained comparable with the less energetic sources used previously (Figure 4). Impact sweeps of 15s were recorded on a Summit II Plus seismograph and subsequently decoded to produce ¼ s seismic traces.
With the pilot test in 2007, signals were also recorded from the percussion drill rig used for drilling
the blasting holes for the tunnel excavation. Seismic signals generated by the drill rig (Figure 3)
were as good as those produced by the main seismic source. It was thence proven that blast-hole
drilling can be used to produce seismic signals with penetration of more than 100m for
measurements ahead of the excavation works.
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Figure 3. (a) The Vibsist-20 seismic source in the Onkalo tunnel, (b) a Tamrock boomer used as
seismic source, (c) 2-components receivers installed in the wall for the 2007 pilot test, (d) 3components receivers installed in the wall for the 2009 survey, (e) the Vibsist-250 seismic source
on the tunnel wall and (f) on the tunnel floor.
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Figure 4. Average frequency spectra of data recorded with the Vibsist-20 (a) and the Tamrock
boomer (b) in 2007 and with the Vibsist-250 on the tunnel wall (c) and tunnel floor (d) in 2009.

3. Seismic Data Processing
A common problem with tunnel investigations is the presence of the Stoneley waves traveling
along and around the tunnel producing ringing patterns nearly parallel with the S-wave arrivals.
These waves are surface coupled and therefore attenuate slowly. Because they go around the
tunnel many times, they can cover a significant part of the shot gathers, as shown in Figure 5a.
Muting the regions affected would make the data unprocessable. A two-dimensional coherency
filter is applied instead to find and eliminate the ringing. The result is displayed in Figure 5b. A
small amount of amplitude residuals is allowed through the filter in order not to remove by accident
also the useful signal. Coherent reflection events emerge from noise in Figure 5b, more clearly on
the Z component.

a)

b)
Figure 5. 3 components (oriented as shown in Figure 3d) raw shot gathers (a) are spoiled by
severe ringing of tunnel waves. The ringing is removed (b) by means of a path-seeking 2D
coherency filter.
3D Kirchhoff vector migration and 3D Image Point migration [8] algorithms were used to create
migrated sections where several reflectors could be identified and interpreted. Figure 6 illustrates
the principle of the 3D IP migration. The defining property of this novel migration method is its
ability to accumulate reflection events in time distance and/or 2D/3D migrated data sets into points
in the IP domain. This opens the way to a wide variety of filters, which increase significantly the
resolution and the interpretability of the migrated images. Due to its defining property, 3D IP
migration benefits from coherency enhancement in the IP space, which can be reduced to a
scheme of point cluster building. Reflections from segments of planes with transverse dimensions
larger than a few wavelengths can be enhanced while incoherent noise, migration artefacts and
coherent patterns due to other wave types and multiples are suppressed.

Figure 6. Principle of the 3D IP migration
[8]. The wave front produced at the Source
Sm is reflected at point V before reaching
the receiver Rn. The orientation of the
reflector P at point V is uniquely determined by the source - receiver geometry
and the velocity field. The planar reflector
P is in turn uniquely associated with the
point IP, defined as the reflected image of
the origin O on the plane P.

4. Data Interpretation and Investigation Results
Refraction velocity tomograms were reconstructed from the P- and S-wave first arrivals. Velocity
values of 5400 m/s to 6200 m/s for P-waves and 3000 m/s to 3500 m/s for S-waves (blue areas in
Figure 7) were found consistent with values determined in laboratory on samples from pilot drill
holes near the tunnel seismic test (closer than 300m along tunnel or 30m vertically) [9]. The red
areas in Figure 7 depict low velocity zones (less then 4500 m/s for P-waves and less then 2900
m/s for S-waves) bordering the tunnel. The thickness of this zone is approximately 1m. Due to the
confinement of the low velocities to the immediate vicinity of the tunnel, the maximum depth
reached by refraction tomography is of the order of 10m.

Figure 7. P & S wave refraction tomograms derived from the seismic data.

Figure 8. Shear & Young modulus tomograms derived from the seismic data.
Tomograms of Young’s modulus and Shear Modulus were also computed, using a local density
model derived from geological data (Figure 8) [6, 10]. The values obtained for the dynamic

parameters are well within the typical range known for the Olkiluoto bedrock [11]. They display
lower values in the vicinity of the tunnel as the velocity tomograms, but resolution from the
tomograms alone is not adequate for further interpretation..
Details of the near field migrated seismic profiles are shown in Figure 7. One could note the
resemblance of the two profiles, in spite of one being a P-wave and the other an S-wave image.
Horizontal (P-) and vertical (S-) near field (~100m depth) IP migrated reflection profiles are shown
in Figure 9.

Figure 9. Left: Horizontal component migrated profile with P-wave tomographic section and Right:
vertical component migrated profile with S-wave tomographic section.
Figure 10a displays the location, with respect to the current & planned ONKALO tunnel and
research facility of the 2009 seismic sections. The orientation of the migrated sections was done
only towards azimuths ranging from -95° to 70° from horizontal (0°) taking into account the S and P
wave illumination patterns Figure 10b.

b)

a)

Figure 10. Location, with respect to the current & planned
ONKALO tunnel and research facility of the 2009 seismic
sections (a) and S and P wave trajectory pattern for
sources located in the tunnel wall (S1) and floor (S2). Blue
circles show the rock area illuminated by the P waves,
whereas elliptic areas are illuminated by the S waves.

Expert interpretation and correlation with the site model derived independently from geophysical
investigations over the past decade [11] has shown good matches of current identified features
with several known brittle fracture zones, lithological contacts, hydraulically conductive zones,
electrically conductive zones and long fractures [12]. Figure 11 illustrates some examples of
interpretations done for the 2007 seismic migrated sections. However, not all known features in the
survey area could be identified, while some were found to be visible only on one of the migrated
profiles [12]. An overall view of all verified interpreted structures is shown in Figure 12.

a)

b)

d)
c)
Figure 11. Examples of interpretations of the tunnel seismic images: a) Hydraulically conductive
zone HZ19A; b) PGR20 pegmatitic granite lithological contact; c) Zone ONK103 fractured zone
from mise-à-la-masse data; d) P123 long fracture.

b)
a)
Figure 12. Synopsis of interpretations of the 2007 tunnel seismic images. a) The seismic reflection image above or below the tunnel and all geological, geophysical or hydrological features
detected in the data (green=explained reflector, yellow=reflector explained on the other side of the
tunnel and red arrow = unknown reflector). View to the NE. b) The seismic reflection image to the
NE of the tunnel and all geological, geophysical or hydrological features detected in the data.
View from above.

Figure 13 displays a horizontal and a vertical-down IP migrated panel. Weak smiling artefacts are
visible due to the wide aperture (-90°/+90°). Most features are roughly linear and continuous rock
structures.

a)
b)
Figure 13. Two of the IP migrated sections, positioned as illustrated in Figure 10, (a) horizontal
plane, with source on the tunnel wall and (b) vertical plane, with source on the tunnel floor.
Previous 3D VSP survey results [13] could also be verified while interpreting the reflections imaged
by the 3D IP migrated sections, as exemplified in Figure 14, where oriented migrated panels are
also shown in perspective. The coloured rectangles mark intersections predicted by vintage VSP
data [13].

Figure 14. 3D IP migrated sections
obtained from the line on the wall
measured in 2009, at different
orientations around the ONKALO
tunnel.

5. Conclusions
Seismic reflection surveys performed along tunnels can provide in-depth images of rock discontinuities. A general conclusion, based on recent work done in the ONKALO research facility, is that
seismic surveys along the tunnel can be used, economically, for rock mass characterization.
A percussion drill rig can be used efficiently as a seismic source, with no loss of resolution. High
quality results can be obtained by operations in tunnel conditions, provided that due attention is
given for the design of the work flow.
One of the tasks of the seismic surveys carried out in the ONKALO access tunnel was to test the
methods suitability for detecting and locating different kind of geological features. By comparing
the processed seismic data with known geological, geophysical and hydrological features
observed in the tunnel, it seems to be possible to locate by seismics many features from site-scale
(e.g. brittle fractured zones) to tunnel-scale (e.g. single long fractures). It is also possible to locate
hydraulically conductive zones. It is also obvious that electrical conductors can be seen as seismic
reflectors. Thus, these two methods support each other and give good information for integrated
modelling, especially when the electrical conductors are mostly also hydraulically conductive. Due

to the one-dimensional survey geometry and the use of two-component geophones in 2007, it was
not possible to detect fracture zones or single fractures of certain orientations. Such features could
be detected by the two source-line geometry and, especially, by three-component geophones in
2009.
For creating a good and detailed model (or prediction) of the geological and hydrological features
of the repository area, integrated modelling should be carried out using all geological, hydrological
and geophysical data at the same time. The examination of the seismic data shows that by
combining the results from different methods it is possible to create a reasonable model.
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