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Synopsis

The WP4 work package is dedicated to understanding the geomechanicalcauses and
processes of induced seismicity in various contexts and at various scales. Different
modeling approaches and laboratory experiments have been performed to investigate
some of the key factors influencing induced seismicity: the goal is to develop physical
concepts to help explain the interaction of pore-pressure changes, temperature
decrease, fault activation (including dynamic rupture) and seismic event magnitudes.

This report corresponds to the deliverable D4.3 for the GEISER project. It gathers the
work performed by the different partners within task 4.1, referred to as “Role of pore
pressure changes”:
e The laboratory experiments performed by GFZ on the monitoring of induced
micro-seismicity from fluid injections,

e The core samples from Icelandic geothermal sites provided by ISOR,

e The study on the structural heterogeneities compartmenting sedimentary
reservoirs performed by TNO,

e The study performed by GEOWATT on how the Stress Coulomb changes can
be used for assessing seismic hazard,

e The work performed by INGV on time-dependent variation of pore pressure with
a fluid dynamic approach.
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1. Monitoring induced micro-seismicity from fluid
injection experiments: laboratory scale

1.1. PREAMBLE

The role of GFZ in Task 4.1 is to conduct laboratory experiments coupled with Acoustic
Emission monitoring during different fluid injection scenarios. Results of 4D acoustic
emissions are presented in this section 1. Pre-existing fractures were re-activated by
pore pressure changes and fluid pressure perturbations in dry and saturated sandstone
specimens.

1.2. OBJECTIVES

Laboratory experiments, which have been carried out at GFZ, aimed at a better
understanding of the basic physical micro-mechanisms that might induce micro-
seismicity by fluid injection at rock specimens deformed at the laboratory scale (from
cm to ym scale). Factors such as the pore pressure changes, the flow rate and the
injection duration as well as the fracture properties and the in situ stress states have
been examined. Different injection scenarios causing induced seismicity due to fluid
injection have been investigated.

In terms of experimental mechanics, results have been obtained by a combination of a
variety of experimental methods. Such experimental procedure is highly recommended
at the laboratory scale, especially when each experimental method is sensitive to
different parameters. In particular, axial and radial deformations were measured during
most of the experiments. These point-wise measurements concern the global
deformation throughout the whole or a specific length of the samples. Furthermore,
Acoustic Emissions (AE) and ultrasonic velocities were monitored in situ. Ultrasonic
measurements are sensitive to the damage processes. Different source type events
together with accurate AE hypocentre locations (accuracy of 2 mm) could describe the
actual micro-mechanisms induced by fluid injection. X-ray computed tomography,
which is preliminary sensitive to density variations (when the photon energy and the
atomic number of the material are constant), was also applied either before or after the
laboratory deformation of the rock specimens.

1.3. METHODOLOGY AND EXPERIMENTAL RESULTS

In this section, the tested material, the experimental procedure and the experimental
methods are discussed [sections 1.3.1 and 1.3.2]. Results have been grouped in four
sections and they describe the processes involved in the fracturing of dry solid
specimens [section 1.4.1, specimens FB34, Fb35], the re-activation of a fracture
through fluid injection into dry specimens [section 1.4.2, specimens FB34, Fb35], the
re-activation of a fracture through fluid pressure pulse into saturated specimens
[section 1.4.3, specimen FB34] and re-activation of a pre-cut fracture through fluid
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pressure increase into a saturated specimen [section 1.4.4, specimens FL1]. The main
conclusions of the discussed results, which focus on the quantification of the micro-
mechanisms involved during fluid injections, are drawn [section 1.5].

1.3.1. Testedmaterial and experimentsprocedure

The Flechtingen sandstone (Flechtigenquary, NE Germany) was used during this
experimental study. The mineralogical composition of this Lower Permian rock
[Ellenberg et al., 1976] consists of 65-75% quartz, and 15% of calcite and illite [Zang et
al., 1996]. The mean grain size of quartz grains is between 0.1 and 0.5 mm, the initial
porosity varies between 5.5% and 9%, and the permeability is of the order of 107 to
10" m? [Stanchits et al., 2011]. Eight cylindrical specimens of 50 mm diameter and
length of 100, 120 and 125 mm were cored parallel to bedding.

Two cylindrical specimens were solid rock cylinders (Fb34, Fb35) and six specimens
were cut in half along a saw-cut inclined to different orientations to their long axis (FL1,
FI2, FI3, Fl4, FI5, FI6. Note that the three last specimens will be deformed in the
following months). Boreholes of 2.5mm were drilled to the bottom part of these
specimens to intersect the saw cut surface. The boreholes were parallel to the bedding.

All experiments were carried out in a servo-hydraulic loading frame from Material
Testing Systems (MTS) with a load capacity of 4600 kN, at GFZ. In this report, AE
results together with source type event identification are presented, from the two solid
rock specimens (Fb34, Fb35) and one saw-cut specimen (FL1), to focus on the role of
pressure change. Results from the rest saw-cut specimens will be presented in Task
4.3 [Role of faults and fractures], although experimental results from both Task 4.1 and
4.3 are relatively interconnected.

The experimental procedure during the tests presented in Task 4.1 [Role of pore
pressure changes] is summarized as following:

1) Dry specimens were loaded under hydrostatic compression at 40 MPa (Fb35, solid)
and 80 MPa (Fb34, solid and FL1, saw-cut) confining pressures. The Fb34 (solid) had
been previously fractured under triaxial compression at 40 MPa confining pressure.

2) Specimens Fb34 (fractured and ‘locked’ at 80 MPa confining pressure) and FL1
(saw-cut and ‘locked’ at 80 MPa confining pressure) were then loaded under triaxial
compression close to the critical stress state, applying a displacement control of 20 ym
per minute. Specimen Fb35 (fractured, but not ‘locked’ under hydrostatic compression
after the fracture) was directly loaded under triaxial compression (at the same
displacement rate) for a short time, because it was already very close to the critical
stress state.

(3) The position of the piston applying load to the specimens was held constant for a
while, which allowed the samples to creep.

4) The applied axial load was held constant and the position of the piston was kept free
to maintain a constant axial force, but restricted to a certain displacement range so as
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to avoid any potential big and abrupt displacement, which might totally destroy the
tested specimen. The choice of this particular displacement range was not trivial since
a relatively narrow range might also lead to restricted sliding of the fault under constant
axial force. In this stage distilled water was injected into dry or saturated specimens
from the bottom port (bottom boundary of the specimens) by controlling either the inlet
pore pressure or the inlet flow rate.

4a) For the case of the dry specimen Fb34 (fractured under triaxial compression at a
constant confining pressure of 40 MPa and ‘locked’ at 80 MPa confining pressure)
distilled water was pumped through the specimen by applying a constant inlet pore
pressure of 5 MPa until the re-activation of the pre-exiting naturally created ‘locked’
fault of the previous stage. Axial force was held constant during the injection. An initial
inlet overpressure occurred before pore pressure stabilized to 5 MPa.

4b) For the case of the dry specimen Fb35 (fractured under triaxial compression at 40
MPa constant confining pressure and loaded triaxially slightly after the stress drop had
occurred during the fracturing of the previous stage) distilled water was pumped
through the specimen by applying a constant inlet flow rate of 5 ml/min until the inlet
pore pressure reached a value closed to 5 MPa. The flow rate control at the onset of
the injection was applied to avoid as much as possible the sudden inlet overpressure,
since this specimen was very close to the critical stress state. The re-activation of the
pre-exiting naturally created fault occurred during the constant flow rate and under
constant axial force. Further sliding along the fault occurred during the subsequent
constant displacement stage of the piston.

4c) For the case of the saturated saw-cut specimen FL1 (‘locked’ under 80 MPa
confining pressure, fully saturated with distilled water maintaining 1MPa constant inlet
and outlet pore pressure and having a relatively complicated loading history) a
relatively small amount of distilled water was pumped through the specimen (4 ml) by
keeping a constant inlet flow rate of 0.1 ml/min. Inlet and outlet pore pressures were
increased. Axial force was held constant and a very small drop occurred during the re-
activation of the saw-cut plane.

5) After the re-activation of the pre-existing naturally created fault, saturated specimen
Fb34 was re-loaded twice under triaxial compression close to the critical stress state, at
constant confining pressures of 100 and 120 MPa, respectively. The inlet pore
pressure was set constant to 25 and 45 MPa, respectively while the axial force was
kept constant in order to re-activate the pre-existing faults, this time, in a saturated
specimen.

1.3.2. Experimental methods

Fourteen P-wave sensors were glued directly to the surface of the sandstone
specimens and sealed in a Neoprene jacket with two-component epoxy. These
ultrasonic sensors, which consisted of PZT piezoceramic disks of 5 mm diameter and 2
mm thickness placed on brace housing, had a resonant frequency of 1 MHz. P-wave
velocity measurements were made along 50 different traces and AEs were monitored
during the experiments. Signals were amplified by 40 dB, using Physical Acoustic
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Corporation (PAC) preamplifiers. Half of the sensors that were used for ultrasonic
transmission applied 100 Volts electrical pulses every 30 seconds. During the
transmission, these sensors were disconnected from the preamplifiers. Full waveforms
AE and ultrasonic signals were stored in a 16 channel transient recording system
(DAXBox, PROKEL, Germany) with an amplitude resolution of 16 bit at 10 MHz
sampling rate [Stanchits et al., 2006, 2009]. During the experiments, all ultrasonic
signals and AE waveforms were recorded in 8 internal hard disks of the recording
system with no dead time between the sequential signals.

After the experiments both ultrasonic signals and AE waveforms were automatically
discriminated. The P-wave onset-times were calculated by applying an automatic
picking based on the Akaike information criterion [Leonard and Kennett, 1999].The AE
hypocentre locations were calculated by minimising the travel time residuals using the
downhill simplex algorithm [Nelder and Mead, 1965], considering time-dependent
variations in velocities [Stanchits et al., 2006]. The estimated accuracy of the AE
hypocentre locations was of 2 mm.

Furthermore, first motion amplitudes were picked automatically and first motion
polarities were used to distinguish AE sources in three different groups linked to
different mechanisms: tensile, shear and collapse events, according to [Zang et al.,
1998]. Source type events were plotted together with the AE hypocentre locations.

X-ray Computed tomography was performed after the experiments. All specimens were
X-ray scanned at GFZ in order to better characterise the deformation features and the
actual fracture planes. The x-ray images had a voxel size resolution of 30 um.

1.4. RESULTS

1.4.1. Fracturing of dry solid specimens

Solid specimens Fb34 and Fb35 were fractured during this stage, in order the fractures
to be re-activated in the following stages [section 1.4.2,1.4.3] by distilled water
injection. Both specimens were initially loaded dry under triaxial compression at 40
MPa confining pressure up to shear failure. AE feedback control of the loading rate was
performed during the axial loading [Lockner et al., 1991; Stanchits et al., 2006;
Stanchits et al., 2011]. Specimens were initially subjected to 20 ym/min displacement
rate, as long as the AE activity was kept relatively low. When AE activity was increased
more than a defined threshold level, the displacement rate was decreased, or the
piston was retracted and the specimen was unloaded until the AE activity became
smaller than the defined threshold level. In such way a more gentle failure of the
specimen was achieved [Lockner et al., 1991, 1992, Stanchits et al., 2011].

Figure 1 presents the different source type mechanisms and the AE hypocentre
locations of events with amplitudes higher than 1000 pVolt, which represent the highest
recorded amplitude events from specimen FB34. T-, S- and C-type events are
illustrated in green, blue and red colours, respectively. Three different orthogonal
projections are shown: i) normal to the specimen’s axis (x-y plane), ii) parallel to the
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specimen’s axis (y-z plane), iii) parallel to specimen’s axis (x-z plane) and
perpendicular to case ii.

AEs were grouped in four different time intervals corresponding to different loading
stages. AEs hypocentre locations of the highest amplitude events indicated almost
random distributions for increasing stresses up to the peak stress (Figure 1a, pre-
failure stage). During this time interval, which lasted for more than 94 min, the number
of the double couple (S-type) and collapse events was relatively the same, and slightly
lower than that of the T-type events. AE activity concentrated on the mid-height of the
Fb34 at a nucleation patch. Some of the AE activity nucleated from the place of the
subsequent deformation band (Figure 1c), for stresses after the peak stress and before
those of the failure (Figure 1b, pre-failure stage). Other AE events were spread along
the mid-height section of the sample. This stage lasted for almost 16 min and was
mainly dominated by collapse events, with S-type events being less than the half of the
C-type events.

GEISER — WP4 — Task 4.1 — Deliverable D4.3 — Finalreport 15
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Figure 1: Source types and hypocentre locations from dry specimen Fb34. a) Pre-failure, stress
hardening up to peak stress; b) Pre-failure, onset of axial stress softening after the peak stress;
c) Failure, stress drop; d) Post-failure. AE events with amplitudes higher than 1000 pVolts are
plotted.

During the actual failure (stress drop stage) all AEs were located in the fracture plane
(Figure 1c, failure). This stage, which lasted for less than a minute, accumulated the
greatest number of AE events with amplitudes higher than 1000uVolts. Collapse events
were the great majority, while an increase in double couple events was also observed
compared to the previous loading stages. In the post-failure stage, which lasted for
almost 11 min (Figure 1d) mainly pore collapse events were monitored, while the
number of double-couple events decreased drastically. The final fracture was halted 25
mm above the bottom of the specimen.
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Figure 2: Source types and hypocentre locations from dry specimen Fb34 during the
fault evolution. AE events with amplitude higher than 1000 pVolts are shown in circles,
while AE events with amplitudes higher than 3162 yVolts are shown in diamonds. T-,

S-, and C-type events are illustrated in green-blue and red colors.
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Figure 2 presents in more details the source types of the AE activity during the failure
(Figure 1c) projected to one of the parallel to the specimen’s axis planes (y-z plane). T-
, S-, and C-type events are shown in green, blue, and red colors, respectively. AE
events with amplitudes higher than 1000 uVolts are represented by circles and AEs
higher than 3162 pVolts are shown in diamonds. The fault propagation involved mainly
by collapse events together with a relatively smaller, but no negligible, number of
double couple events. The fault propagation was non-planar and evolved by the
coalescence of crack clusters. Lower amplitude events clustered around higher
amplitude events, which might be either S- or C-type events.

The bedding planes in specimen Fb35 were relatively stronger compared to those of
specimen Fb34 and they could be visually seen both before and after the deformation
of the specimen.
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Figure 3: Source type and hypocentre locations from dry specimen Fb35. a) Pre-failure,
stress hardening up to peak stress; b) Pre-failure, onset of axial stress softening after
the peak stress; c) Failure, stress drop; d) Post-failure. AE events with amplitudes
higher than 1000 uyVolts are plotted.

18 GEISER — WP4 — Task 4.1 — Deliverable D4.3 — Finalreport



GEISER - D4.3

Figure 3 presents the AE locations and the source type events from specimen Fb35 in
with amplitudes higher than 1000 pVolts is shown in four different time intervals,
corresponding to different loading stages. During initial axial loading stage, most of the
AE activity was concentrated on the vertical bedding plane (Figure 3a i-iii, pre-failure
stage). The majority of AE events were collapse events, most of them located to the
bedding plane, while the number of S- and T-type events was much smaller and
comparable to that observed in specimen Fb34 for the same loading stage. After the
peak-stress and before the failure, AE events were located in both the bedding plane
and the consequent failure plane (Figure 3b). During this stage, which lasted for almost
40 min (longer than the equivalent of specimen Fb34), the visible bedding plane was
continuously strained; parts of the bedding plane consisted the nucleation points from
which the subsequent deformation band developed. During the stress drop, which
lasted less than a minute and was smaller than that in specimen Fb34 (Figure 3c)
mainly collapse events occurred along the fracture plane. The post-failure stage lasted
slightly more than one minute and was also dominated by collapse events. The final
fracture was halted 30 mm above the bottom of the specimen

1.4.2. Re-activation of the fracture through fluid injection into dry
specimen

Specimens Fb34 and Fb35 were loaded close to the critical stress state at 20 ym
displacement control rate. Specimen Fb34 was previously loaded under hydrostatic
compression at 80 MPa confining pressure, therefore, its constant displacement
loading stage was much longer in order to reach the critical stress state, compared to
that of specimen Fb35, which was loaded for a smaller period (less than 30 seconds),
since the latter was very close to the critical stress state. The position of the piston was
then fixed (in both experiments). Specimens were allowed to relax for a period before
the application of constant force and their in situ saturation.

During the in situ saturation stage of specimen Fb35, fluid was injected from the bottom
port. Distilled water was pumped through the specimen by applying a constant inlet
flow rate of 5 ml/min up to the point that the inlet pore pressure reached a value very
closed to 5 MPa. During this stage, the piston was moving free to maintain a constant
axial force. As soon as the displacement limit (300 pm) was exceeded, the
displacement of the piston was held constant and an abrupt stress drop occurred. The
specimen was creeping for a while. This specimen was fractured by applying a
constant inlet flow rate.

Figure 4 shows the fluid injection stage on the dry specimen Fb35. Three different
orthogonal projections are presented (similar to Figure 1,Figure 2). The coordinates of
the AE events are rotated at +15° to better visualise the fault's geometry in the 2D
projections (i, ii, iii).
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Figure 4: Source types and hypocentre locations during the distilled water injection into
the dry specimen Fb35. a) Constant axial force stage; b) Constant axial force stage,
onset of 5 ml/min inlet flow rate, change in velocities of sensors glued at z=+22.5 mm
and z=+42.5 mm from the bottom of the specimen; c¢) Failure, 5 ml/min inlet flow rate;
d) Constant displacement of piston stage, 5 ml/min inlet flow rate; e) Constant piston
position stage, 5 ml/min inlet flow rate, change in velocities of sensors glued at z=+62.5
mm and z=+82.5 mm from the bottom of the specimen; f) Constant piston position
stage, 5 ml/min inlet flow rate, change in velocities of sensors glued at z=+102.5 mm
from the bottom of the specimen. AE events with amplitudes higher than 316 pVolts are
plotted. T-, S-, and C-type events are shown in green, blue and red, respectively.

AEs with amplitudes higher than 316 pVolts are illustrated in six different time intervals,
which correspond to either times of change in the horizontal velocities or times of
particular loading conditions. The arrows in cyan colours represent the height of
sensors for which horizontal velocities changed and the arrows in blue colours illustrate
the height of sensors for which horizontal velocities remained constant during each of
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the presented time intervals. T-, S-, and C-type events are shown in green, blue and
red colours, respectively.

When axial force was held constant (Figure 4a), fluid injection started by implying
different inlet flow rates (i.e., 5 ml/min and 10 ml/min; for a total period of 79 seconds,
which was included in the time interval of Figure 4a). The inlet pore pressure during
this period was smaller than 0.65 MPa. During this stage, AE events were located on
the fault’'s plane and had amplitudes much lower than 1000 yVolts. Most of them were
collapse events.

During the in situ saturation of this specimen, the water front propagation had
influenced the horizontal velocities of sensors glued at different heights (Figure 4b-f).
The failure was dominated by collapse and double couple events, although the former
were much more than the latter (Figure 4c). AE events were located along a fault
plane, which was longer than the primary fault plane (see Figure 3b). The new
fractures of this secondary re-activated fault (i.e., below the tip of the primary fault)
were mainly T-type and S-type, while new fractures above the tip of the primary fault
were mainly dominated by collapse and double couple events. During the creeping
stages, mostly collapse events occurred along the fault plane (Figure 4d-f).

Figure 5 presents in more details the source types from AE events located along the
re-activated fault plane during the failure stage. T-, S-, and C-type events are shown in
green, blue and red colours, respectively. AE events with amplitudes higher than 316
pVolts, 1000 pVolts and 3162 pVolts are illustrated in small circles, big circles and
diamonds, respectively. Cyan lines on the right of each image represent the water front
level and blue ones stand for the potential water front level (similarly to arrows in Figure
4). Few AE events nucleated in places below the assumed water front level and
progressively propagated along the fault plane. Collapse events expanded dominantly
along the whole length of the fault. Higher amplitude events occurred during the
subsequent stages (e.g. t=10077.1-10082.6 seconds, Figure 5). High amplitude S- and
T-type events were mainly located at the tip of the primary ‘locked’ fault, which was re-
activated and further evolved in this stage due to the fluid injection.
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Figure 5: Source types and hypocentre locations during water injection in dry specimen
Fb35. AE events with amplitudes higher than 316 uVolts are shown in small circles. AE
events with amplitudes higher than 1000 pVolts are visualised in big circles, while AE
events with amplitudes higher than 3162 pVolts are shown in diamonds. T-, S-, and C-
type events are illustrated in green-blue and red colours.
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i Hyps arenis

Figure 6: Specimen Fb35: source types and hypocentre locations during the failure of
the re-activated fault. a) AEs with amplitude higher than 316 pVolts ; b) AEs with
amplitude higher than 1000 uVolts ;c) AEs with amplitude higher than 3162 uVolts. T-,
S-, and C-type events are shown in green, blue and red, respectively.

Figure 6summarizes in three orthogonal projections the source types of different AE
events occurred during the fault re-activation due to fluid injection, grouped in events of
different amplitudes (e.g., higher than 316, 1000, and 3162 pVolts). Collapse events
had the greatest population of higher amplitudes compared to double couple or T-type
events. Note that for the failure stage the number of the located collapse events with
amplitudes between 316 and 1000 pVolts is 1959, with amplitudes higher than 1000
pVolts and lower than 3162 pVolts is 533, and with amplitudes higher than 3162 pVolts
is 34. The number of the double couple events with amplitudes greater than 316 and
lower than 1000 uVolts is 920, with amplitudes higher than 1000 yVolts and lower than
3162 uVolts is 131, and with amplitudes higher than 3162 uVolts is 4. Finally, 103 T-
type located events had amplitudes between 316 and 1000 uVolts, 17 had amplitudes
between 1000 and 3162 uVolts, and only 1 had amplitude higher than 3162 pVolts.
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During the in situ saturation stage of specimen Fb34, distilled water was injected from
the bottom port, by applying a constant inlet pore pressure equals to 5 MPa, until the
re-activation of the pre-exiting natural fault. During this stage, the piston was moving
free to maintain a constant axial force. As soon as the displacement limit (300 um) was
exceeded, the displacement of the piston was set constant and a sudden stress drop
occurred. This specimen was fractured under a constant pore pressure.
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Figure 7: Source types and hypocentre locations during the distilled water injection into
the dry specimen Fb34. a) Constant axial force stage, inlet pore pressure equals to 5
MPa, change in velocities of sensors glued at z=+22.5 mm; b) Constant axial force
stage, inlet pore pressure equals to 5 MPa, change in velocities of sensors glued at
z=+42.5 mm; c) Constant axial force stage, inlet pore pressure equals to 5 MPa,
change in velocities of sensors glued at z=+62.5 mm; d) Constant axial force stage,
inlet pore pressure equals to 5 MPa, change in velocities of sensors glued at z=+82.5
mm. AE events with amplitudes higher than 1000 pVolts are plotted. T-, S-, and C-type
events are shown in green, blue and red, respectively.

Figure 7 presents the fluid injection stage from the dry specimen Fb34 (during the in
situ saturation). Three different orthogonal projections are presented (i, ii, iii). AEs with
amplitudes higher than 1000 pVolts are illustrated in four different time intervals, which
correspond to times of change in the horizontal velocities. The colors of the arrows in
the right of each projection have a similar meaning to that in Figure 4. T-, S-, and C-
type events are shown in green, blue and red colors, respectively.
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During the in situ saturation of the specimen, the horizontal velocities of sensors glued
at different heights were affected by the water front propagation (see arrows in Figure
7). Induced seismicity was monitored also in places above the assumed water level,
due to the migration of water along the fractures of the pre-existing ‘locked’ fault, which
started being re-activated. The actual failure, which occurred within 21 seconds, was
dominated by collapse and double couple events (the latter were much less than the
former (Figure 7d)). AE events were located along a fault plane, which was longer than
the primary fault plane (see Figure 1c, similar to Figure 3b). Note that the number of AE
events of different source types during the failure stage is very similar to that in Figure
4,
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Figure 8: Source types and hypocentre locations from dry specimen Fb34 during water
injection. AE events with amplitudes higher than 1000 pVolts are visualised in circles,
while AE events with amplitudes higher than 3162 pVolts are shown in diamonds. T-,
S-, and C-type events are illustrated in green-blue and red colours.

Figure 8 illustrates in more details the source types from AE events located along the

re-activated fault plane slightly before and during the failure stage. T-, S-, and C-type
events are shown in green, blue and red colours, respectively. AE events with
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amplitudes higher than 1000 pVolts and 3162 pVolts are shown in circles and
diamonds, respectively. Cyan lines on the right of each image represent the water front
level and blue ones the potential water front level (similarly to arrows in Figure 7).
Dominantly collapse cracks nucleated along the existing fault. During the failure stage
the tip of the pre-existing fault was highly stressed (Figure 8, in black circles). The new
fractures at the bottom part of the re-activated fault were dominantly shear type cracks.

1.4.3. Re-activation of the fracture through fluid pressure pulse into
saturated specimen

Specimen Fb34 was loaded twice more under triaxial compression, at 100 MPa and
120 MPa confining pressures and 25 MPa and 45 MPa inlet pore pressures,
respectively. During these two stages, the Fb34 was fully saturated. The re-activation
of the pre-existing fractures occurred in both cases under constant axial load (note that
previously the specimen was loaded close to the critical stress state) due to the pore
pressure gradient along the length of the specimen (equilibrium was not reached
before the failure).

Figure 9 shows three orthogonal projections of the source types of AE events during
the failure of the Fb34 (loaded under triaxial compression at 100 MPa confining
pressure and 25 MPa inlet pore pressure). Events were grouped in different amplitude
ranges (AEs with amplitudes higher than 316 pVolts, higher than 1000 yVolts and
higher than 3162 uVolts). Collapse and double couple events mainly characterised the
failure stage, with collapse events having a bigger population of higher amplitudes
compared to the S-type events. Furthermore, the number of the located AE events in
the Fb34 saturated specimen during this failure stage was smaller (Figure 9b) than that
observed during the failure of the same specimen when being dry and water was
injected into it for the first time (see Figure 7d).

Figure 10 illustrates the different source types during the actual failure stage (Figure 9)
in more details (and smaller time intervals). AE events with amplitudes higher than 316
pVolt are shown in circles and those with amplitudes higher than 1000 pVolts are
shown in diamonds. T-, S-, and C-type events are presented in green, blue, and red
colours, respectively. Collapse events were mainly concentrated on the central part of
the re-activated fault, while S- and T-type events were principally located at the tips of
the re-activated fault.
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Figure 9: Saturated specimen Fb34: source types and hypocentre locations during the
failure of the re-activated fault. a) AE events with amplitude higher than 316 pVolts ; b)
AE events with amplitude higher than 1000 yVolts; c) AE events with amplitude higher
than 3162 uVolts. T-, S-, and C-type events are shown in green, blue and red,

respectively.
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Figure 10: Source types and hypocentre locations from saturated specimen Fb34
during water injection. AE events with amplitudes higher than 316 pVolts are
visualisedin circles, while AE events with amplitudes higher than 1000 pVolts are
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shown in diamonds. T-, S-, and C-type events are illustrated in green-blue and red
colours.

Figure 11 illustrates the different event types during the failure of the Fb34 (loaded
under triaxial compression at 120 MPa confining pressure and 45 MPa inlet pore
pressure), plotted in three planar projections (i, ii, iii) and grouped in three different
amplitude ranges (a, b, c).

g s 4E p
_ 25 Irfjf%;.-q.t-:}.- L 5 ]
. ';_ == & L .--
L off J{a' o= ¥ 1} 0
ﬂ :f-’-]_-"r:* : -i"‘fJ ar N\:- :-"; = o
50 5 s 0 5 5 0 25
10 120 20
100} 100 100
a0, 50, - 5
I ‘I .
£0} B0} % 60
i < I ﬁ: ES 40 ::fr'. " 40
H o %! ~ i i)
iﬂ ¥ o] il . 20 '_‘ £l
0 et | 0
25 0 3 0 5 25 0 25
120 120 120 ¢
100 100 o
mp e O ). - B0 |
gof = du 0f = 50}
P E’-: o e a0}
LN mrd A F 0 -~ 20/
Y 3 ] £ I |
[ et 0
25 0 28 25 0 25 25 0 25

a lib =14 = b 1 Fi=188 5 cldt}-i-18a
F e T dags N p¥ally  duge Y1 o' Valle
13 C-igpa anmie B Ciyps s 3 Cigga i
W B e T Egpes sreniln 1 Eipggee swruin

Figure 11: Saturated specimen Fb34: source types and hypocentre locations during the
failure of the re-activated fault. a) AE events with amplitude higher than 316 pVolts ; b)
AE events with amplitude higher than 1000 yVolts; c) AE events with amplitude higher
than 3162 uVolts. T-, S-, and C-type events are shown in green, blue and red,
respectively.
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Figure 12: Source types and hypocentre locations from saturated specimen Fb34
during water injection. AE events with amplitudes higher than 316 pVolts are visualised
in circles, while AE events with amplitudes higher than 1000 uyVolts are shown in
diamonds. T-, S-, and C-type events are illustrated in green-blue and red colours.

No T-type events were resolved during this stage. The failure was characterised
dominantly by C-type events and a smaller number of S-type events. Note that the
number of nucleated AE events was much smaller than in two previous re-activations
of the fault (Figure 7 and Figure 9).

Figure 12illustrates in more details the evolution of the fault’s re-activation. AE events
with amplitudes higher than 316 uVolts, and 1000 pVolts are shown in circles and
diamonds, respectively. T-, S-, and C-type events are represented in green, blue and
red colours, respectively.
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1.4.4. Re-activation of a pre-cut fracture through fluid pressure increase
into saturated specimen

In this section, results from the saturated saw-cut specimen FL1 are presented. This
specimen was loaded under triaxial compression 80 MPa confining pressure, and was
fully saturated with distilled water before the application of the constant axial force. The
initial inlet and outlet pore pressure was of 1MPa. Distilled water was pumped through
the specimen (4 ml) by keeping a constant inlet flow rate of 0.1 ml/min.

Figure 13illustrates different source types in three orthogonal projections before, during
and after the failure. Note that during these three stages the axial force was held
constant (apart from the stress drop stage), because the displacement range of the
piston was set to 1000 um, which was much higher than the displacement of the fault.
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Figure 13: Source types and hypocentre locations from saturated specimen FL1 before
(a), during (b) and after (c) the saw-cut plane re-activation due to increasing pore
pressure. AE events with amplitude higher than 316 pVolts are shown in circles. T-, S-,
and C-type events are illustrated in green-blue and red colours.
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Figure 14: Source types and hypocentre locations from saturated specimen FL1 during
the saw-cut plane re-activation. AE events with amplitude higher than 316 uVolts are
shown in circles, while AE events with amplitudes higher than 1000 pVolts are shown
in diamonds. T-, S-, and C-type events are illustrated in green-blue and red colours.
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Saturated saw-cut specimen FL1, which was deformed under triaxial compression at
80 MPa, developed multiple deformation bands, while being loaded close to the critical
stress state. Deformation bands were also recorded at the tips of the saw-cut plane.
These bands were inclined in high angles towards the principal stress direction. When
the axial stress was held constant, and before the failure (Figure 13a), AE events were
mainly concentrated to the saw-cut plane and few collapse events nucleated also at the
inclined deformation bands. During the failure (Figure 13b) the vast majority of AE
events were located at the saw-cut plane. These events were dominantly double
couple and collapse events. Note the that number of the former was bigger than that of
the latter, while an non negligible number of T-type cracks also evolved along the fault
plane. After the failure and while being still under constant axial stress (Figure 13c), AE
events started being located in both the saw-cut plane and the pre-existing deformation
bands. In this stage the number of S-type events decreased (in half). The number of
the C- and T- events also diminished but in a smaller degree.

Figure 14illustrates the event types during the activation of the saw-cut plane (Figure
13b) in more details. All events are located along the saw-cut plane in different
patches. Note, that the number of the located events is much higher compared to that
of the saturated specimen Fb34 during the fault reactivation (section 1.4.3). This should
be linked to the degree of roughness of the actual failure planes.

1.5. RESULTS

In this report, the 4D induced micro-seismicity from sandstone specimens (being
deformed at the laboratory scale applying a constant axial force during the different
injection scenarios), in terms of source types and the hypocentre locations, is
presented. At the failure stage during the injection part the huge majority of the AE
events was located along the pre-existing natural (Fb34, Fb35) or artificially created
(FL1, saw-cut) fault planes. Increased fluid pressure decreased the effective stress
state and leaded to fracturing and sliding along pre-existing faults.

The fractures during the failure stage of dry specimens (Fb34 and Fb35) were
dominantly characterised by the highest amplitude events. The coalescence of C- and
S-type cracks leaded to the actual fault formation and propagation. The fault plane was
non-planar.

During fluid injection into dry specimens (Fb35 and Fb34, either by constant inlet flow
rate or constant inlet pore pressure), fractures were re-activated possibly due to fluid
migration along the pre-existing fault plane. In this stage, the re-activation was
dominantly linked to collapse events. New fractures at the tip of the pre-existing fault
were mainly S-type.

The re-activation of the fracture through fluid pressure perturbations into saturated
specimen (Fb34) was characterised by fewer high amplitude events, which can be
explained due to possibly smoother fracture surfaces related to the continuous re-
activations of the fault planes. In this stage dominantly collapse and double couple
events were monitore