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ABSTRACT: In the Clay formation of the Mont Terri, we have performed acoustic experiments to monitor the excavation
damaged zone induced in the surrounding of a new gallery Ga08. The experiments took place in the end-face of a previous gallery
Ga04 with an excavation operation coming from the opposite direction to joint both galleries. The study dealt with the rock mass
segment, 8 m in length, left for two weeks between the Ga04 end-face and the Ga0O8 excavation front. Acoustic surveys, performed
with a controlled acoustic source introduced inside the rock mass segment, allowed defining the transversely isotropic P-wave
velocity field of the medium. Passive acoustic measurements, which consisted in detecting induced acoustic events, allowed
identifying actual microseismic events induced by stress redistribution in the surrounding of the Ga08 excavation front. We
assessed the damage mechanism of these events and clearly highlighted strong correlations between spatial, temporal and
mechanism attributes, in agreement with both the geological facies and the gallery orientation with respect to geological pre-
existing features. Finally, we present preliminary results on additional acoustic events located inside the rock mass segment.

1. INTRODUCTION

A large scale geological rock mass is subjected to
different natural stresses, including tensional,
compressive and shear stresses. The rock response to
stress is controlled by the stress type itself but also to the
lithology, the pressure condition the rock is under and
the time the rock is under stress. Depending on these in
situ conditions, which control the stress field, different
damage structures may appear in the geological
structure, including faults, fractures, cracks and/or
crystal dislocations [1,2].

At short time and space scales, the stress field can be
modified for instance when a gallery is excavated in
such a stressed environment : it induces a stress
redistribution in particular in the vicinity of the
excavation, the so-called excavation damaged zone
(EDZ) [3,4]. Characterization of the EDZ is of primary

importance in many research topics related to
underground galleries, in particular when dealing with
deep geological repositories. Indeed, damage structures
constitute preferential pathways for radionuclides to
reach the free surface or ground water reservoirs. In this
context, clay formation are interesting for both its low
permeability and its self-sealing capacity [4,5]. As a
consequence, monitoring the EDZ in such geological
formation is a major but not straightforward research
field which motivate numerous in situ experiments in the
underground research laboratory (URL) of Mont Terri
(Switzerland), situated in the Opalinus Clay formation of
the Folded Jura [6,7].

In 2008, the so-called EZ-GO8 experiments performed in
the Mont Terri URL, aimed at monitoring short time
spatio-temporal changes in the vicinity of a new gallery,
i.e. both the initiation and extension of an EDZ, by the
use of geophysical methods [8-11]. Because excavation



operations induce stress redistribution, induced acoustic
emissions can be expected as signatures of damage zone
initiation as reported in many works performed in brittle
rocks for instance [12,13]. In soft rocks, such as the
Opalinus Clay, only very few results have been
published because of the difficulty in detecting acoustic
emissions in soft and highly attenuating clay-rich
rocks [14,15]. The results presented in this work,
contribute to fill this data scarcity: in particular, by
performing both active (seismic surveys) and passive
(microseismicity) acoustic experiments, we are able to
clearly identify few but actual in sifu microseismic
events (MSEs) induced by gallery excavation [9,11].
More recently, we have studied additional events
identified and located inside the rock mass segment.

In Section 2, we introduce the large scale rock mass
segment where the acoustic experiments took place to
monitor the EDZ. The principles and main results of the
active seismic survey experiments are presented in
Section 3 to define the physical properties of the rock
mass segment. Section 4 is dedicated to the passive
microseismicity experiments where actual MSEs are
identified. In Section 5, we analyze the results in terms
of damage mechanism and discuss the spatial
distribution of the dominant mechanism component of
each MSE. In the last section, we present preliminary
results about a similar and complete analysis performed
on additional acoustic events identified and located
inside the rock mass segment.

2. DESCRIPTION OF THE ROCK MASS
SEGMENT

Formed in marine environments of different depths,
sedimentary rocks can be folded because of tectonic
stresses and uplifted. The geological formation is
characterized by bedding plane structures. This is the
case of the dome-shaped fold of the Mont Terri anticline,
mainly composed of marly claystone with different
proportions of sand and carbonate, and characterized by
three main tectonic faults, including moderately SSE-
dipping reverse faults[16,7]. In the Opalinus Clay
formation of the dome, the URL of Mont Terri is located
300 m below the surface (Fig. 1).
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Fig. 1. The EZ-GO8 experiments took place in 2008 in the
Mont Terri URL at the junction between galleries Ga(04
(orange) and GaOS8 (red).

The EZ-GO8 experiments took place in 2008 at the
junction between two galleries [9]: an old gallery Ga04
excavated in the shaly facies in 2004, and a new gallery
Ga08 which excavation was coming from the opposite
direction in the sandy facies (Fig. 1). Because of the
different lithologies encountered during the excavation,
the excavation progression was 0.5 to 2.5 meters per day
and performed with a road header [17] for a smoother
excavation of the gallery which diameter is roughly 5
meters. Around July 12, the excavation operations
stopped for two weeks when the rock mass segment
between Ga08 and Ga04 was 8 meters in length.

In order to monitor the EDZ, the acoustic experimental
setup was introduced since July 10 in the surrounding of
the excavation front by the use of boreholes drilled in the
rock mass segment from the Ga04 end-face: four
boreholes (BEZ-G16 to BEZ-G19) were used to insert
an array of 16 acoustic sensors which recorded the
signals emitted by the controlled active sources located
in a central borehole (BEZ-G5) for the acoustic survey
measurements, or by induced microseismic events
(MSESs) which locations are not known a priori.

3. PHYSICAL PROPERTIES OF THE ROCK
MASS: ACOUSTIC SURVEY MEASUREMENTS

3.1. Principles of the active experiments

The acoustic survey measurements consisted in sounding
the rock mass with ultrasonic pulses [9]. To do so, a
controlled acoustic source had been designed to be
introduced at different depths inside BEZ-GS5, between
44 to 6.8 m from the end-face of Ga04 in steps of
40 cm, i.e. seven equivalent sources were used. The
acoustic frequency of the emitted pulse was around
30 kHz and the waveforms (time length of 4 ms with
2048 points sampled at 500 kHz) recorded at each
acoustic sensor resulted from 200 stacks to improve the
signal-to-noise ratio. The offset between two sensors of
a common borehole being 1 m, the last three meters of
the rock mass segment can be sounded along different
raypaths relative to the bedding structure of the clay
formation. The data processing was performed with the
Insite® Seismic Processor Software (ASC Ltd.), used in
a first step to define the P-wave velocity V, from the
first arrival time picked on each waveform when a
controlled source signal is emitted (Fig. 2).
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Fig. 2. Acoustic waveforms recorded during a seismic survey
(normalized amplitude). The source signal (red) has a central
frequency of 30 kHz.

We did not observe any clear variations of V,, during the
time period of the experiments but we highlighted strong
variations of V, as a function of the raypath angle
relative to the bedding planes. The rock mass segment
was thus characterized by a transversely isotropic P-
wave velocity field, with a maximum value close to
3400 m/s along the bedding planes and minimum value
as low as 2700 m/s in the perpendicular direction, which
corresponds to an azimuth N310° and a plunge 38°.

3.2.  Spatial location of the active measurements
The velocity model informs about the physical
properties of the rock mass segment, in accordance with
the geological formation. Moreover, if the effect of rock
mass heterogeneities can be neglected, we can use the
Insite® software to apply the location algorithm with the
transversely isotropic model and perform the spatial
location of the controlled acoustic source at different
depths inside the borehole BEZ-GS.

The error-minimization between the measured and
modelled travel times is based on the Downhill Simplex
Method [18]. We performed the locations of 453
artificial events, which correspond to acoustic survey
measurements for different controlled source positions,
and the results clearly highlights the seven source
positions along BEZ-GS5 (Fig. 3).
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The uncertainty on the location is about 20 cm, which is
very satisfactory in comparison to the 8 m length of the
rock mass segment.

4. INDUCED MICROSEISMICITY AROUND
THE ROCK MASS: PASSIVE ACOUSTIC
EXPERIMENTS

4.1. Principles of the passive experiments

Because of the stress redistribution in the rock mass
surrounding when the gallery is excavated, local
cohesion losses of the rock can be induced and
potentially radiate elastic energy, i.e. microseismic
waves [19]. Passive acoustic experiments aim at
recording such microseismic events (MSEs). To do so,
we used the acoustic array of 16 receivers to record
events according to detection criteria based on the event
waveforms [9,11]: a fixed amplitude threshold (50 mV)
satisfied by a minimum number of channels (4). At the
end of the two weeks experiments, more than 56,000
events have been recorded in the raw data set, including
noise sources (electronic, electromagnetic), anthropic
sources (excavation operations), weak sources (low
signal-to-noise ratio) and potential MSEs (strong release
of elastic energy). Note that an event waveform is
sampled at 500 kHz and has a time length of 4 ms.

4.2. Identification of the MSEs data set

We have developed a multi-criteria filtering algorithm to
remove all the electronic noise from the raw data set of
recorded events. The main step of the filtering is based
on the frequency content of the event waveforms. The
acoustic sensors are broadband transducers, with a
nearly flat frequency response from 2 Hz up to 60 kHz.
We observed no significant acoustic energy at
frequencies larger than 20 kHz and the limited waveform
time window is not adapted to process signals with
frequencies lower than 250 Hz. As a consequence, we
band-pass filtered the waveform signals in the audible
frequency range: the time distribution of the remaining
events was then in good coherence with the time
schedule of the excavation operations which actually
induced most of these acoustic events. But after the
excavation stopped, few events remained and could be
associated to actual MSEs: a burst of hundred of MSEs
was detected on July 11, and another when the

axcavatinn wace etonned 1, 71 MSFe an Tnlv 17 and

Norm. Ampl.

S N T ‘ I N N O B | ‘ I N N O B | ‘ I N N O B | ‘
1 2 3 4
Time (ms)

(=]

Fig. 4. Typical acoustic waveform of a MSE recorded in the
argilite of the Mont Terri URL (normalized amplitude).



4.3. Spatial distribution of the MSEs

The microseismic events identified on July 11, on the
one hand, and on July 12 and 13, on the other hand, are
associated to acoustic waveforms with good signal-to-
noise ratio. This allows picking the first arrival time
required to locate the event in the rock mass
surrounding, according to the method performed to
locate the controlled acoustic source of the seismic
survey measurements (Fig. 3). The location of the
MSEs, plotted in Fig. 5, is not random: the results
clearly highlight a spatial distribution of the event in the
surrounding of the excavation front.
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Fig. 5. Spatial location of the MSEs detected on July 11 (blue
triangles) and July 12 and 13 (pink and green symbols,
respectively) - See Fig. 3 for a description of the different
views.

Detected on July 11, the first burst of events is located in
the right-hand sidewall of the GaO8 gallery, i.e. in the
shaly facies formation (Fig. 5, blue). The extension of
the cluster is partly due to the advancement of the front
at the end of the excavation. The location of the events
detected on July 12 (Fig.5, pink) is identical to the
location of the events detected on July 13 (Fig. 5, green),
suggesting these MSEs correspond to a similar stress
redistribution induced by the excavation. The MSEs
locate close to the excavation front and their location is
structured in two main clusters: one located ahead the
excavation front and the other one in the right-hand
shaly sidewall of the excavation front.

5. DAMAGE MECHANISMS: INITTATION,
EXTENSION AND EVOLUTION OF THE EDZ

5.1. Damage mechanisms

To go further into the MSEs analysis, we assessed the
associated damage mechanism, an original analysis
when performed with stress-induced events in a clay
formation. Indeed, the processing requires good quality
waveforms in order to identify the first arrival time,
already required to locate the events, but also both the
amplitude and polarization of the first movement. This
picking could not be performed with the MSEs recorded

on July 11, but only with 50 and 11 MSEs recorded of
July 12 and 13, respectively. We used the Insite®
software inversion algorithm, based on a time domain
Moment Tensor approach [20]. The results give the
damage mechanism of each MSE as a mixture between
the three main mechanisms, i.e. the double-couple (DC),
the compensated linear vector dipole (CLVD) and the
isotropic dilatation (ISO) mechanisms. We identified the
dominant mechanism for the 61 MSEs and plot the
results in the spatial representations previously used.
Note that this representation is not available in the
processing software.

5.2.  Spatial distribution of the damage mechanisms
From the damage mechanism analysis, the dominant
mechanisms are DC and CLVD: the results, plotted in
Fig. 6, clearly highlight a strong correlation with the
spatial distribution of the associated events (Fig. 5, green
and pink).
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Fig. 6. Spatial distribution of the damage mechanisms:
dominant DC (black disks) and CLVD (black stars)
components for the MSEs located ahead the excavation front
and in the shaly facies sidewall, respectively - See Fig. 3 for a
description of the different views.

As a main result, a dominant DC mechanism
characterizes the MSEs located ahead the excavation
front (Fig. 6, black disks) while a dominant CLVD
mechanism characterizes the MSEs located in the shaly
facies sidewall of the GaO8 gallery (Fig. 6, black stars).
This highlights the correlation between temporal and
spatial attributes of the MSEs, as discussed in the
previous section, and damage mechanisms.

In particular, the MSEs detected up to two days after the
excavation stopped, i.e. July 12 and 13, correspond to
similar stress-redistribution processes, with similar
spatial distributions associated to similar dominant
damage mechanisms. Ahead the excavation front, the
excavation operations released the rock mass
surrounding the excavation front where geological
features, including bedding and subparallel faults, were
free to slip in a dominant DC mechanism as highlighted
by the damage mechanism of the related MSEs. Inside
the sidewall, the geological features were not free to slip



and we did not observe any dominant DC mechanisms in
the related MSEs for which a dominant CLVD
component has been highlighted in the present study:
these in situ results are in agreement with the subvertical
maximum compressive stress of the Mont Terri which
induced tensile fractures.

6. ADDITIONAL PRELIMINARY RESULTS

The MSEs identified in Section 4.2 are stress-induced
events related to the excavation operation, as highlighted
by their spatial location in the surrounding of the
excavation front. But among the data set of events
identified as potential MSEs, we did not yet consider
other events detected few days later when the excavation
operation was stopped.

Indeed, on July 14, a borehole drilling was performed in
the morning at the Ga0O8 excavation front. Six hours
later, few tens of induced acoustic events could be
detected, identified and located according to the
approach presented above for the MSE analysis. About
70 acoustic events, which all occurred in less than one
minute of time, were located at the excavation front and
clustered along the borehole axis, highlighting one more
time the efficiency of the experimental approach
performed at Mont Terri (Fig. 7, cyan).
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Fig. 7. Spatial location of the acoustic events detected on
July 14, induced by a borehole drilling (cyan symbols)
followed by two cluster of events (blue and red, respectively) -
See Fig. 3 for a description of the different views.

The borehole drilled on July 14 was used for resin
injection and few hours later, we identified two bursts of
acoustic events located inside the rock mass segment:
cluster 1 is composed of nearly 20 events and locates on
the left-hand side of the rock mass (Fig.7, blue)
followed fifteen minutes later by cluster 2 which locates
in a close but separate part of the rock mass (Fig. 7, red).

As a first attempt, we assessed the damage mechanisms
of these events, as implemented in the Insite® software
which plots the results in the Hudson T-k plot [21]
(Fig. 8).
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Fig. 8. Hudson T-k plot of acoustic events located inside the
rock mass segment (see Fig. 5).

In such T-k plot, T- and k-axes represent the shear and
volumetric portion of the mechanism, respectively. For
instance, a DC mechanism is defined by (T,k)=(0,0) and
a CLVD mechanism by (T,k)=(+1,0). The results of the
analysis, based on few events associated to weak
amplitude waveforms, clearly show that the distribution
of the damage mechanism is not random: two clusters
can be observed, characterized by a dominant DC
mechanism for the first burst of events cluster 1 (Fig. 7,
blue) and a dominant CLVD mechanism for cluster 2
(Fig. 7, red).

This study requires further analysis but already
highlights a clear correlation between spatial, temporal
and mechanism attributes of the acoustic events, as we
discussed above for the MSEs induced by the excavation
of a new gallery.

7. DISCUSSION AND CONCLUSION

When a new gallery is being excavated, stress
redistribution occurs around the excavation and elastic
energy should be released by induced cracks, i.e.
microseismic activity. In soft rocks, such as shale
formation like the Opalinus clay (OPA), this amount of
energy is very weak and thus difficult to detect. As a
consequence, very few microseismic studies have been
published for clay-rich rocks, in particular at the field
scale. The present work contributes to fill this data
scarcity, through the EZ-GO8 acoustic experiments
performed in a rock mass segment of the Opalinus Clay
formation of the Mont Terri URL.

The transversely isotropic distribution of the P-wave
velocity of the rock mass segment was determined by
the use of active acoustic survey measurements. The
results did not clearly show temporal variations of the
velocity field during the two weeks of the experiment
and allowed an efficient spatial location of the involved
active sources. During the experiments, many thousands
of events were recorded: most of them were electronic
noise and anthropic events induced by the gallery
excavation and only few hundreds microseismic events
(MSEs) could be identified by the use of a multi-step



filtering method. A first burst of events was located on
the shaly facies of the sidewall of the excavated gallery
and no event occurred in the sandy facies which crack
initiation threshold is higher, i.e. the lithology clearly
controls the microseismic activity [15]. A second cluster
of MSEs located in the vicinity of the excavation front
and could be divided in two sub-clusters. The first one
occurred ahead the excavation front and corresponded to
a dominant double-couple (DC) source mechanism: this
suggests a shear process induced by the bedding plane
reworking because the excavation released the
constraints at the front where the bedding and
subparallel faults were free to slip. The second one
occurred in the shaly facies sidewall of the excavated
gallery and were associated to a dominant compensated
linear vector dipole (CLVD) component associated to an
axial splitting process where a spalling damage could be
initiated. Actually, in the sidewall, the pre-existing
geological structures were not free to slip and because of
the vertical major principal stress axis, tensile fracturing
occurred.
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Fig. 9. Conceptual representation of the stress pattern around
the excavated gallery.

As a conclusion, the present work performed in a clay-
rich rock mass segment highlights results consistent with
previously published works in brittle rocks. In particular,
the stress redistribution induced by the excavation in the
gallery surrounding shows a correlation between three
main attributes of the induced microseismicity, including
spatial, temporal and source mechanism attributes
(Fig. 9). More recently, additional microseismic events
had been identified and located inside the rock mass
segment. These new results highlight the efficiency of
the EZ-GO8 acoustic experiments in detecting induced
MSEs in the Opalinus Clay: the origin of these events
may be in relation with resin injection but still
constitutes a forthcoming study.
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