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ABSTRACT 
 
The objectives of the third phase of the POSE experiment are to determine the in situ 
state of stress at Olkiluoto and the spalling strength of Olkiluoto rock, by internal 
heating of the experimental hole (ONK-EH3) using 8 vertically installed heaters. This 
report presents the results from the Acoustic and ultrasonic monitoring carried out 
around the third experimental hole of the POSE niche between November 2012 and 
May 2013. The experiment was monitored using an array of 24 transducers installed 
along 4 monitoring drillholes and data was automatically acquired and processed using 
the system installed at the niche by Applied Seismology Consultants in May 2012. 
 
Daily ultrasonic surveys were carried out between 14th November 2012 and 21st May 
2013, monitoring the changes in transmission velocities of P and S-waves with an 
estimated error of ±2 m·s-1 (ASC, 2013). Changes in transmission velocities closely 
follow the evolution of the temperature profile in the hole wall. An increase in both P- 
and S-wave transmission velocities is observed at all depth levels and surveyed raypaths 
during the heating phase, with the highest changes observed in raypaths skimming the 
hole surface and depths between 2.33 m and 3.7 m. This observation indicates the 
closure of in situ and excavation-induced microcracks due to thermal stress.  
 
After the heaters were switched off, P-wave velocities show a marked decrease, in all 
raypaths reaching values below those measured at the start of the monitoring 
approximately 4 weeks after the heaters were switched off.  The highest decrease was 
observed along raypaths surveying the region skimming the hole wall. This decrease 
below original background values indicates the induction of rock degradation as 
microcracking induced through the heating-cooling cycle.  

 
Changes in P- and S-wave transmission velocity were used to calculate changes in 
Young’s modulus and Poisson’s ratio along the different raypaths and depth levels. An 
overall increase in rock stiffness and deformation is observed during the heating phase. 
After the heaters were switched off, values for both parameters return to background 
levels for all raypaths except for those skimming the hole wall, where values remain 
lower than the background level, indicating a permanent deformation and change in 
rock stiffness in the near vicinity of the hole wall. A similar trend is observed at shallow 
depth levels, down to a depth of 3.7 m, indicating permanent deformation and rock 
softening. 
 
A total of 609 Acoustic Emission events were located during the monitoring period, 
using a layered velocity model based on weekly analysis of the velocity surveys. Peak 
activity was recorded during the heating phase of the experiment. Average location 
magnitudes increased during the monitoring period. Magnitude distribution showed 
high b-values during the heating period, followed by low b-values and relatively higher 
magnitudes observed after the switching-off of the heaters, indicating of coalescence 
and development of the microfractures induced during the heating phase.  
 
Keywords: Acoustic Emission, ultrasonic surveys, in situ stress, thermal, POSE. 



 

  



 

ONKALO POSE-koe - 3. vaihe: Akustinen- ja ultraääniseuranta 
 
TIIVISTELMÄ 
 
POSE -kokeen kolmannen vaiheen tavoitteina on määrittää kallion in situ jännitystila 
Olkiluodossa sekä Olkiluodon kiven hilseilylujuus. Koe suorittiin lämmittämällä ONK-
EH3 -reikää kahdeksan pystyasentoisen lämmittimen avulla. Tämä raportti esittelee 
ONK-EH3 -reiän ympärillä toteutetun akustisen emission ja ultraääniseurannan 
tulokset, jotka kerättiin marraskuun 2012 ja toukokuun 2013 välisenä aikana. Kokeen 
seuranta järjestettiin matriisilla, joka koostui 24:stä neljään kairareikään asennetusta 
muuntimesta. Aineiston keruu ja prosessointi toteutettiin automaattisella järjestelmällä, 
joka asennettiin POSE -tutkimusperään Applied Seismology Consultants:n toimesta 
toukokuussa 2012. 
 
Päivittäiset ultraäänimittaukset toteutettiin aikavälillä 14.11.2012 – 21.05.2013 seuraten 
P- ja S- aaltojen läpäisynopeuksien muutoksia ±2 m·s-1 virhemarginaalilla (ASC, 2013). 
Muutokset läpäisynopeuksissa seuraavat tarkasti lämpötilaprofiilin kehittymistä reiän 
seinässä. P- ja S- aaltojen läpäisynopeudet kasvavat merkittävästi kaikissa sädereiteissä 
ja syvyystasoilla lämmityksen aikana. Merkittävimmät muutokset havaittiin 
sädereiteissä, jotka sivuavat reiän pintaa syvyystasojen 2.33 m ja 3.7 m välillä. Havainto 
viittaa in situ jännitystilan ja louhinnan aiheuttamien mikrorakojen sulkeutumiseen 
termomekaanisen jännityksen vaikutuksesta. 
 
Lämmittimien sammutus laskee merkittävästi P-aallon nopeuksia. 4 viikkoa 
sammutuksen jälkeen P-aallon nopeudet laskivat kokeen alussa mitattujen arvojen 
alapuolelle. Merkittävin nopeuden lasku tapahtui reiän seinän pinnan aluetta 
mitanneissa sädereiteissä. Nopeuksien putoaminen alkuperäisten arvojen alapuolelle 
viittaa lämmitys-jäähtymis -syklin aiheuttamaan kiven laadun heikkenemiseen ja 
mikrorakojen syntyyn. 
 
P- ja S-aaltojen läpäisynopeuksien muutoksia käytettiin kimmokertoimen ja Poissonin 
luvun muutosten laskennassa sädereittejä pitkin. Yleinen kiven jäykkyyden kasvu ja 
deformaation lisääntyminen ovat nähtävissä lämmityksen aikana. Lämmittimien 
sammutuksen jälkeen molempien parametrien arvot palaavat tausta-arvoihin kaikissa 
sädereiteissä lukuun ottamatta reiän seinää sivuavia alhaisempien tausta-arvojen reittejä. 
Tämä osoittaa reiän seinän lähialueiden deformaation ja kiven jäykkyyden muutosten 
olevan palautumatonta. Vastaava ilmiö on nähtävissä 3.7 metrin syvyyteen asti, mikä 
niin ikään viittaa pysyvään deformaatioon ja kiven pehmenemiseen. 
 

609 akustisen emission tapahtumaa paikannettiin seurannan aikana käyttäen 
kerroksittaista, viikoittaisiin nopeusmittausten analysointeihin perustuvaa nopeusmallia. 
Tapahtumahuippu tallennettiin kokeen lämmitysvaiheen aikana. Keskimääräiset 
paikalliset magnitudit nousivat seurannan aikana. Magnitudijakauma osoitti korkeita b-
arvoja lämmityksen aikana ja alhaisempia b-arvoja sekä jossain määrin korkeampia 
magnitudeja lämmittimien sammuttamisen jälkeen, mitkä viittaavat mikrorakojen 
yhdistymiseen ja kehitykseen rakojen lämmitysvaiheen aikana. 
 
Avainsanat: Akustinen Emissio, ultraäänimittaukset, in situ jännitys, terminen, POSE
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1 INTRODUCTION 

1.1 Background 

This report presents results from acoustic emission (AE) and ultrasonic monitoring 
around a test canister deposition hole within Posiva’s Olkiluoto Spalling Experiment 
(POSE). The main objective of the monitoring of the induced damage is to confirm the 
in situ spalling strength of the Olkiluoto migmatitic gneiss. The design of the 
experiment is such that the effects of the trend of the maximum principal stress are 
excluded from the results. The main objectives are to predict the stress state around the 
hole both before and during heating and also to find the time at which expected spalling 
begins. Strain gauge behavior predictions were also investigated. Predictions will then 
be compared to actual results. In addition, the power output needed to be determined to 
ensure that the hole wall was heated to maximum temperature, within reasonable limits, 
whilst the required stress increase was achieved.   
 
In previous work, rock spalling strength at Olkiluoto has been estimated from data by 
the Underground Research Laboratory (URL), Canada and the Äspö Hard Rock 
Laboratory (HRL), Sweden. This data  gives a ratio of in situ experimental values to 
laboratory values of 57 %. This value was used to scale the uniaxial compressive 
strength (UCS) of ONKALO rock from 115 MPa in the laboratory to 66 MPa spalling 
strength. However, 57 % ratio may be questionable due to the crystalline rock types in 
the Canadian and Swedish URLs being more homogenous than the Olkiluoto 
migmatite. 
 
As the hole is located mainly in pegmatitic granite with UCS of 102 MPa, its estimated 
spalling strength is 58 MPa (using the 57 % ratio). This means that an increase of 12 – 
20 MPa in maximum principal stress is needed for spalling to occur. The crack damage 
threshold for pegmatitic granite is 85 ±17 MPa (Posiva 2012) implying that an increase 
of 56 MPa is needed for spalling. From this, the aim of heating is to cause an initial 
increase of 20 MPa with a final target of 40-55 MPa. 
 
This report includes analysis of the data for the full duration of the experiment during 
heating and cooling between November 2012 and May 2013.  
 
1.2 Layout 

The POSE experiment was carried out in investigation niche 3 (POSE niche) at a depth 
level of approximately 345 m, chainage 3620 m (Figure 1).  
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Figure 1. Layout of ONKALO with POSE-niche4 (Siren 2011). 

To eliminate the effects of the trend of the maximum principal stress, monitoring 
equipment was installed without any assumptions of the trend and circularly symmetric 
heating was used. This warrants an equal increase in the maximum principal stress 
around the hole perimeter. Ideally, spalling will occur on opposite sides and indicate the 
orientation of the in situ stresses.  
 
The heaters were simulated as eight, 6 m long vertical components located at a distance 
of 37.5 cm from the hole wall (Figure 2). Each heater consisted of 30 point sources each 
with a power output equal to a 30th of the necessary power output.  
 

 

Figure 2. Heater locations within the experiment hole (shown in red) (Valli and 
Hakala, 2012). 

The filling material best suited to heat conduction was chosen as tabular alumina as it 
can limit temperature increases in the material whilst providing the targeted thermal 
stress increase. As its thermal properties change with temperature, the simulation had to 
apply the correct properties to the filling according to the local temperature as heating 
progressed.  
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A large number of simulations were run with the purpose of determining the number of 
heating elements needed to produce symmetrical heating and to examine the two 
different formulations for thermal logic available in 3DEC. The conclusions of these 
simulations were that the numerical formulation is preferable, the ideal number of 
heaters for symmetric heating is 8, although this can be reduced to 4 if a single heater 
fails and the best location for them is 37.5 cm from the hole wall (Valli and Hakala, 
2012). 
 
1.3 Geology 

The rock mass surrounding the third hole of the POSE-niche is mostly pegmatite with 
some minor exposures of veined gneiss (Figure 3).  
 

 

Figure 3. In order the West, North, East and South faces of the ONK-EH3 hole, 
viewpoint outside the hole, depth levels from the top of the hole in meters with black 
lines (Valli and Hakala 2012). 

The rock was assumed to be homogeneous, isotropic and linearly elastic with a density 
of 2635 kg/m3, Young’s modulus of 53 GPa and Poisson’s ratio of 0.25 (Posiva 2012). 
Thermal properties used in the study were based on laboratory measurements of 
pegmatitic granite (Kukkonen et al. 2011). The initial temperature of the hole rock was 
13 °C.  
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Two different stress measurements at different locations  have been recorded near the 
hole (Figure 4), meaning that whilst making the predictions of in situ stresses, two 
separate interpretations had to be considered.  
 

 

Figure 4. The trend of the maximum principal stress according to two interpretations: 
the EDZ/access tunnel trend in red and the ONK-EH3 trend in blue. (Valli and Hakala, 
2012). 
 
Predictions of the state of stress around the hole after excavation gave a maximum 
principal stress of magnitude 46 – 55 MPa (Figure 5 and Figure 6).  
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Figure 5. Maximum principal stress on POSE tunnel and ONK-EH3, the in situ state of 
stress as according to the results obtained from the EDZ tunnel and the access tunnel 
LVDT measurements. (Valli and Hakala 2012). 

 

Figure 6. Maximum principal stress on POSE tunnel and ONK-EH3, the in situ state of 
stress as according to the results obtained from ONK-EH3 LVDT measurements. (Valli 
and Hakala 2012). 
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2 ACOUSTIC MONITORING SYSTEM 

2.1 Monitoring hardware 

ASC installed the AE and ultrasonic monitoring system in May 2012 consisting of the 
following instrumentation: 
 

 1 x 24-channel Milne data acquisition system (incorporated in a 4u x 19 inch 
industrial PC chassis), providing simultaneous multi-channel 16-bit full 
waveform acquisition, at sampling rates of up to 10 MS/s per channel; 
 

 1 x 24-channel Trigger-hit-count (THC) unit, providing multi-channel trigger 
and hit count logic; 

 

 1 x 24-channel Pulser Amplifier System (PAS), consisting of 24 x Pulser 
Amplifier Desktop units (PADs) which provide amplification (30 dB to 70 dB) 
of sensor signals and 1 x Pulser Interface Unit (PIU) which provides power to 
the PADs; 

 

 24 x 10 m cable assemblies between each PAD and the PIU for signal 
transmission and power supply; 

 

 The array consists of 24 piezoelectric AE transducers (model ISR6 from 
Physical Acoustics Corporation), with a resonant frequency of ~ 50 kHz 
(reference 1 V/(m/s)) and a frequency pass-band of 35 kHz to 100 kHz. Each 
transducer is supplied with an integrated 15-metre waterproof cable, which is 
used to connect to the Pulser Desktop Amplifiers for signal amplification and 
pulse transmission in active mode/velocity surveying. The transducers are 
installed along 4 vertical boreholes, each with a depth of ~ 7 m and diameter of 
76 mm. The transducers are mounted on 4 borehole frames (6 transducers per 
frame), each of which is spring-loaded to ensure good coupling of the 
transducers to the borehole walls. 
 

 AE sensors were installed along four borehole frame assemblies (6 transducers 
per frame); 
 

 4 wall-mounted junction boxes with cable glands for housing of PADs; 
 

 InSite Seismic Processing software. 
 
The Milne, THC and PIU units are mounted in a 19-inch rack, located in a container at 
the POSE niche. The instrument rack is connected to an Ethernet hub, which is 
interfaced to a local Posiva network and accessed remotely by the data processing PC 
(running InSite and the AutoLeach module), located in Posiva’s technical building. A 
rackmount UPS (Eaton, model 9130) provided by Posiva, was also added to the 
equipment rack from which each of the rack instruments were powered (Figure 7). 
Several holes were drilled in the container wall (closest to the niche wall) to allow the 
PAD cable assemblies to be fed through to connect to the PIU. A power box with 
standard 220 V supply was fitted inside the container to provide power to the rack UPS. 
The main components installed in the niche are shown in a schematic in Figure 8. 
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Figure 7.  Rear view of equipment rack. 

 

 
 

Figure 8. Schematic diagram of the main components of the instrumentation system. 
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Following the observations of interference signals the PADs were housed in metal EMI 
attenuating metal junction boxes mounted on a wooden frame attached to the wall of the 
niche, close to the boreholes (Figure 9). Each PAD cable assembly (24 in total, labeled 
AS01 to AS24) running from the junction boxes to the container consists of three 10-
metre cables. One of the cables (in each assembly) goes to the PIU (labeled 01P to 24P) 
while a BNC coaxial cable (with blue sleeving at both ends) from the PAD output goes 
to the THC (labeled 01T to 24T). The second BNC cable is redundant and was not used 
in this experiment. The rear connectors for the PIU and THC are a PC interface, 
synchronization section and a control section (each vertical card can control up to six 
PAD units). A schematic of the system connections and components is shown in 
Figure 10. 
 

 

Figure 9. Original AE junction boxes (without front covers) showing all 24 PADs and 
cabling. Boxes were replaced at a later stage before the start of monitoring by metal 
EMI-proof enclosures to reduce the effect of observed interferences with the heaters 
electrics. 

 



12 
 

 

Figure 10. Schematic diagram showing the set up and interface of a single AE 
transducer to the PAD, PIU, Trigger Hit Count unit and Milne system. 

 
The transducers are mounted on 4 borehole frames (6 transducers per frame), each of 
which is spring-loaded to ensure good coupling to the borehole walls (Figure 11). The 
frames are constructed from PVC and are 6.875 m long and divided into four sections (1 
x 1.625 m and 3 x 1.750 m). The frames are 60 mm wide and 10 mm deep. Frame 
sections were fixed together using frame connector blocks, one on each side of the 
frame. The transducers have brass caps attached to aid coupling and provide protection 
to the sensor surface. The sides of the boreholes and sensor caps were greased to 
improve coupling. The last few meters of the frames proved very difficult to install and 
required the use of a mallet to hammer them in. Towards the end of the experiment, AE 
sensor boreholes were grouted. 
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Figure 11. AE transducer assembly (coupling cap and transducer) and spring back 
assembly, which uses steel for the spring. 

 
 
2.2 Software Setup 

InSite Seismic Processor was installed on the data acquisition PC (i.e. the Milne data 
acquisition unit in the equipment rack in the niche), and on the data processing PC in 
the Posiva technical room. The data acquisition PC uses the InSite Milne leach to 
acquire data. The data processing PC then uses the Auto Leach tool to transfer data from 
the data acquisition PC. Acquired data was stored as binary .BSF files on the Milne data 
acquisition PC. Processed waveform data was stored as binary .ESF files in the 
processing PC, and transferred weekly for post-processing at ASC’s office. Data was 
automatically processed after being transferred to the processing PC which performed 
the following operations: frequency filtering, P- and S-wave auto-picking and event 
location. Settings for both the acquisition and processing PC’s are shown in 
Appendix 2.  

 
2.3 Installation Tests 

Integrity Tests: Following the hardware setup, the system was checked to verify that 
each PAD and associated cabling was correctly connected to the equipment rack in the 
container and that the interconnections between the different rack instruments were also 
correct. Using a function generator, a test signal (e.g. 40 kHz, 10 mV p_p, with PAD 
gain set to 3) was sent into each PAD sensor input connector and a force capture using 
the Milne Leach was performed. Each PAD in turn was tested and results showed that 
all cables and connections were correctly set up. Following this, a series of tests 
including Schmidt hammer hits and the tapping of a screwdriver were performed on the 
surface close to each borehole which were captured by the Milne (Figure 12). This was 
performed to verify the operation and integrity of the transducers and system.  
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Figure 12. Example of captured events in InSite for a Schmidt Hammer test performed 
~ 40 cm in front of Borehole frame #1 (left). Events are also detected during this test on 
Borehole frame #3 (right). 

System Noise: When carrying out AE monitoring, it is necessary to remove or reduce 
noise to identify the AE signal. To characterize the noise in the system, a calibration 
was performed by connecting a 50 Ω load (BNC connector terminator) to the sensor 
input connector of each PAD. Using the data acquisition card calibration facility, a 
calibration was done on each acquisition card and channel. The data acquisition card 
measures the noise between the amplifier input and DAQ system, including the cables 
and interconnections between them and stores this value in its registers as its zero 
reference. On completion of the calibration, the sensors were re-attached to the PAD 
inputs and the background signal was measured. Ten force captures were performed for 
each channel, their waveform responses were averaged, and the root mean squared 
(RMS) signals were then exported from InSite. The average RMS values for 10 captures 
range from 6.19 to 8.62 mV. Each PAD contains a 30 kHz to 100 kHz bandpass filter 
and further filtering can be applied within InSite to improve the signal to noise ratio. 
 
Ultrasonic Velocity Surveys: The pulsing functionality of the system was tested by 
performing an ultrasonic survey in which each sensor acted as a pulser in turn. The 
signals are detected on the receivers in each of the boreholes (assuming adequate 
coupling between sensors and the borehole wall, and the raypath not passing through the 
deposition hole). As the origin time of each signal is known and all channels are 
synchronised to the same system clock, the surveys are used to calculate velocities 
along cross hole raypaths. This leaves a possible 432 velocity measurements (raypaths 
traversing the hole will be excluded). From the velocity survey, an average P-wave 
velocity of 5769 m·s-1 and S-wave velocity of 3365 m·s-1 has been established. 
Transmitter-to-receiver raypaths for sensors on the same borehole are not included in 
this analysis as energy travelling along the frame could interfere with the signal.  
 
Calibration Shots: Calibration shots were performed by Posiva staff on 31st May 2012, 
screwdriver hits and Schmidt Hammer hits were conducted on surveyed positions along 
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the deposition hole wall. The Schmidt Hammer in this application is used as a 
repeatable test source. Locations for the Schmidt shots are shown as blue markers in 
Figure 13 and compare well with true locations calculated from survey positions (red 
dots). The test gives confidence in the computed AE source locations with an average 
estimated error of 22 cm. The calibration hits at 4.3 m depth have a higher confidence 
level with an average estimated error of 14 cm. It must be noted that the signal 
generated from the impact of the Schmidt hammer is of a lower frequency than typical 
AE events, allowing a lower resolution in the detection of first breaks and therefore 
introducing a higher uncertainty in the location. From experience in other experiments 
(e.g. Canister Retrieval Test and Prototype Repository at SKB’s Hard Rock Laboratory) 
it is expected that this source is of lower frequency than will be generated by AEs. The 
triggered waveforms from the calibration shots show that the full signal was not 
contained in the trace. The sampling rate has been decreased from 10 MHz to 4 MHz in 
the updated PCF. This will have the effect of changing the sample rate from 0.1 
microseconds to 0.25 microseconds, and thus the trace time will increase from 1.637 ms 
to 4.092 ms. 
 

 

Figure 13. Computed locations for Schmidt Hammer hits (blue dots). Red markers are 
true shot locations. Plot is a side view (looking east) of the POSE tunnel showing 
sensors (black triangles), instrumentation boreholes (brown), heaters (green) and 
representation of the deposition hole and tunnel (blue). 

 
  



16 
 

 
  



17 
 

3 ULTRASONIC SURVEYS 

3.1 Methodology 

Daily ultrasonic surveys were carried out between 13th November 2012 and 25th May 
2013. The monitoring array was configured to allow for all transducers to switch 
between active and passive modes, maximizing the number of raypaths surveying the 
volume around the test hole. Velocity changes are measured between transmitter-
receiver pairs by cross-correlating (CCR) data from the daily ultrasonic surveys 
(Figure 14). 
 
For the calculation of CCR, two waveforms are required, the reference and the 
processing waveform, the reference window is manually processed, identifying the 
onset of both P- and S-waves, which are used to provide absolute velocities. Sets of 
time-series data are mathematically compared to produce a CCR Function φ(τ), a 
measure of the similarity between two time-series data sets x(t) and y(t) given by 
Equation 1 (Telford et al. 1990). 

 

Equation 1 

 
The time series is sampled at points k and k+τ, where τ is the data point displacement of 
y(t) with respect to x(t). 
 
The CCR function is smoothly varying and has a maximum positive peak where the 
data is most similar and a maximum negative peak where it is most dissimilar. The data 
point at which the maximum peak in the CCR function occurs corresponds to a time lag 
of one arrival compared to the other. It is converted to a time (ΔTB) knowing the 
sampling frequency. By definition the CCR routines output a negative time when the 
Process waveform is shifted to the right with respect to the Reference waveform. This 
represents a slower (decrease) velocity. When comparing arrivals along the same ray 
path but from two different seismic surveys, the time shift represents a change in 
velocity between the surveys. 
 
A 'natural cubic spline' was employed to interpolate the waveform data (Press et al. 
1994). The effect of the spline is to over-sample (fit new data points between the 
existing data points) the waveform. The spline allows the CCR routines to provide 
much higher precision in the velocity results it outputs in these cases. 
 
Two principal objectives are achieved through the use of the CCR technique: 
 
 Very precisely measure the time shift of two P-wave (or S-wave) arrivals along the 

same ray path but at different acquisition times, such as velocity surveys recorded at 
the start and after the heating of the test hole. The advantage of the technique is that 
by mathematically comparing the two arrivals a much more precise and accurate 
time difference is measured than if both arrivals were manually picked. This is 
because each manual pick has a relatively large uncertainty due to where the 
operator can visibly pick the arrival time from the noise level. By over-sampling the 

 
k

kkxy yx  )(
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data the CCR is able to measure a time shift that can be smaller than a single real 
sample point. Such high precision is required so as to obtain sensitivity to small 
changes in apparent velocity. These small changes may actually be associated with 
high changes in absolute velocity that occur along only a small portion of the ray 
path. A drop of e.g. 300 m·s-1 along 5 % of a ray path in granite will be observed as 
approximately 15 m·s-1 in the apparent velocity. 

 
 Provide a method of measuring velocity changes automatically across numerous 

velocity surveys performed during an experiment. The CCR approach uses a 
window of waveform data around the P-wave (or S-wave) arrival and 
mathematically compares it to a similar window of data around the arrival on the 
reference survey. The windows are constructed around picks of the arrival time. The 
time picks can either be manually picked, or picked through an automatic picking 
algorithm. Standard automatic picking algorithms can pick arrivals (on clear P- or S-
waves) to within approximately one eighth of a cycle, depending on the data quality. 
This is far too inaccurate to generate meaningful velocity measurements directly 
from the times of the automatic picks. Testing has shown that using CCR, 
automated picks will produce output velocities that are generally identical to 
velocities calculated from a CCR using manual picks. This is because a CCR 
window generated around an automatic pick does not differ considerably to one 
generated around a manual pick. As such the CCR approach is a good method of 
providing velocities automatically from P- or S-wave arrivals.  
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Figure 14. The principal data processing functions performed during the CCR 
procedure.
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An estimated resolution of ± 2 m·s-1 can be achieved between surveys on individual ray-
paths by using CCR, allowing to observe small changes in velocity in this context. 
 
Changes in P- and S-wave transmission velocities are used to provide an estimate on the 
evolution of rock mechanical parameters associated to the different processes of the test. 
In particular, the dynamic Young’s modulus E, and dynamic Poisson’s Ratio, σ, are 
calculated from the velocity measurements using Equation 2 and Equation 3. 
 

 

Equation 2 

 
 

Equation 3 

 
More details on the methodology are presented in Appendix 1. 
 
3.2 Results 

The ultrasonic survey performed on 14th November 2012 is used as the reference survey 
for cross-correlating the data in this report. 
 
Figure 15 shows the three-dimensional velocity structure for the reference survey 
recorded on the 14th November 2012 prior to the connection of the heating system. The 
structure is principally isotropic but with some heterogeneities. These could be a 
combination of measurement error (estimated at ±30 m·s-1 for absolute velocity 
measurements) and localized effects from the experiment hole and stress field. As 
discussed above, the estimated error in the determination of velocity differences using 
CCR decreases to ± 2 m·s-1, therefore the approach provides a better estimate and 
higher resolution for velocity changes. The evolution of transmission velocities across 
the complete monitoring period is shown in Figure 16 and Figure 17. 
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Figure 15. Lower hemisphere stereonets of a) P-wave velocity and b) S-wave velocity 
for the reference survey on 14th November 2012. The ray-path orientations are shown 
by circle markers. 
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Figure 16. Evolution of the three-dimensional P-wave velocity structure across the 
experiment. An overall increase in P-wave transmission velocity is observed during the 
heating period. P-wave velocity changes are calculated with respect to the reference 
survey performed on 14/11/2012.  
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Figure 17. Evolution of the three-dimensional S-wave velocity structure across the 
experiment. S-wave velocity changes are calculated with respect to the reference survey 
performed on 14/11/2012. 
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Averaged transmission velocities from all available raypaths are shown in Figure 19. 
The changes in transmission velocity closely follow the changes in wall temperature, 
with increase in transmission velocity associated with increase in temperature. For the 
analysis, surveys were split for the raypaths between the different boreholes (Figure 20) 
and different depth levels (Figure 21), showing the same correspondence with changes 
in wall temperature. 
 
Figure 22 shows the changes in rock properties calculated using average velocities and 
amplitudes for the different raypaths. Young’s Modulus (Figure 22a) describes the 
stiffness of the rock mass, and Poisson’s Ratio (Figure 22b) is the ratio of latitudinal to 
longitudinal strain. The availability of surveys for P- and S-wave transmission velocities 
allows estimation of the evolution in Crack Density (a measure of the extent of 
fracturing per unit volume, Figure 23a) and Saturation  (which relates to the number of 
cracks per unit volume containing fluids, Figure 23b) and can be used to discriminate 
the effects of crack closure and rock drying. These parameters are calculated using the 
method of Zimmerman and King (1985), as described in Appendix I. Similarly, changes 
in rock properties at  the different depth levels are shown in Figure 24 and Figure 25. 
 

   

Figure 18. a) plan view of the raypaths plotted in Figure 20. b) depth levels used in the 
average velocity graphs in Figure 21. 
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Figure 19. a) Evolution of the seismic wave transmission velocities in the rock volume 
around the experiment hole interpreted from the average velocities from the daily 
ultrasonic surveys. b) Changes in average transmission velocities relative to the 
ultrasonic survey performed on 14/11/2012. Horizontal lines above and below each 
data point indicate the error margin. Vertical solid lines indicate dates when heaters 
were switched on (red) and off (blue). 

a 
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Figure 20. Changes in transmission velocities relative to the ultrasonic survey 
performed on 14/11/2012 for the raypaths between the different boreholes around the 
experiment hole. a) Changes in P-wave transmission velocity, b) changes in S-wave 
transmission velocity. The charts include the evolution of average wall temperature at 
0.5 m and 6.0 m depth. Horizontal lines above and below each data point indicate the 
error margin. Vertical solid lines indicate dates when heaters were switched on (red) 
and off (blue). 

a 

b 
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Figure 21. Changes in transmission velocities relative to the ultrasonic survey 
performed on 14/11/2012 at different depth levels, calculated as the average of the 
raypaths crossing the region up to -2.3 m depth, -3.7 m depth, -5.4 m depth and below -
5.4 m depth (marked as Depth20). a) Changes in P-wave transmission velocity, b) 
changes in S-wave transmission velocity. The charts include the evolution of average 
wall temperature at 0.5 m and 6.0 m depth. Horizontal lines above and below each data 
point indicate the error margin. Vertical solid lines indicate dates when heaters were 
switched on (red) and off (blue). 

a 

b 
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Figure 22. Changes in rock parameters, calculated using average P- and S-wave 
velocities and amplitudes, for the ray-paths between the different AE boreholes. a) 
Young’s Modulus, b) Poisson’s Ratio. Horizontal lines above and below each data point 
indicate the error margin. Vertical solid lines indicate dates when heaters were 
switched on (red) and off (blue). 

a 

b 
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Figure 23. Changes in rock parameters, calculated using average P- and S-wave 
velocities and amplitudes, for the ray-paths between the different AE boreholes. a) 
Crack Density, b) Saturation. Horizontal lines above and below each data point 
indicate the error margin. Vertical solid lines indicate dates when heaters were 
switched on (red) and off (blue). 

a 

b 
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Figure 24. Changes in rock parameters, calculated using average P- and S-wave 
velocities and amplitudes, for the different depth levels defined in Figure 21. (a) 
Young’s Modulus, (b) Poisson’s Ratio. Horizontal lines above and below each data 
point indicate the error margin. Vertical solid lines indicate dates when heaters were 
switched on (red) and off (blue). 

a 

b 
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Figure 25.  Changes in rock parameters, calculated using average P- and S-wave 
velocities and amplitudes, for the different depth levels defined in Figure 21. (a) Crack 
Density, (b) Saturation. Horizontal lines above and below each data point indicate the 
error margin. Vertical solid lines indicate dates when heaters were switched on (red) 
and off (blue). 

a 

b 
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4 ACOUSTIC EMISSION (AE) MONITORING 

 
This section presents the results for AE monitoring between 14th November 2012 and 
21st May 2013. The parameters used to process AEs are shown in Appendix 2. A trigger 
is described as an event that has been acquired by the monitoring system, but may not 
be of sufficient energy or ‘quality’ to be located during the processing procedure. Noisy 
events, those that appear masked by electrical, environmental, or man-made noise, have 
been removed from the dataset allowing a more accurate representation of the fracturing 
occurring within the rock. Triggers have been manually inspected to determine their 
origin. 
 
4.1 AE processing method 

4.1.1 AE event location 

AE events were located using a collapsing grid search algorithm, and a layered velocity 
model implemented within InSite Seismic Processor. The algorithm calculates a travel 
time for a ray path defined between a position and a set of receivers. The algorithm then 
searches a three-dimensional space defined by the user for the minimum misfit between 
the measured travel times picked for every receiver and the theoretical travel times 
calculated from the ray path and given velocity model. The search is performed over a 
regularly spaced grid. 
 
The forward calculation of travel times was carried out using a two-point ray tracing for 
a horizontally layered velocity model (Figure 26). The method is based on the algorithm 
presented by Tian and Chen (2005). The algorithm loops through all grid points within 
the search volume computing the raypaths to each station, taking into account the 
diffraction at each interface. The algorithm searches iteratively for the ray parameter p 
that solves the epicentral equation: 
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        Equation 4 

 
Where L is the number of layers, h̃k is the equivalent thickness (thickness of the portion 
of layer traversed by the ray) and vk is the propagation velocity of the phase considered. 
The solution ray parameter p is constant for the raypath and provides the take-off angle 
θk at each layer k (provided the wave velocity vk is known). 
 
The algorithm also computes travel times for potential headwaves travelling up and 
down from the source. A headwave can be generated at every interface between two 
layers provided that there is a strong contrast of transmission velocity, with higher 
impedance (lower velocity) in the second layer.  
 
The final travel time is the  fastest between that of the direct (refracted) ray and every 
possible headwave. The process is repeated following the same method for S-waves. 
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Figure 26. Illustration of a travel-time grid produced through Tian Raytracing. 

 
4.1.2 Source parameter calculation 

Source parameters were automatically calculated following event location. Only 
instruments used in the source location are used in the source parameter algorithms. The 
signals are band-pass filtered prior to the estimate of source parameters. The 
uncalibrated uniaxial instruments used in the monitoring do not allow for the estimate of 
absolute values in source dimension and event magnitude. Therefore a relative 
magnitude scale, the Location Magnitude (ML) is calculated for each successfully 
located event on all sensors that have been used in the location algorithm. This is 
designed to be a simple estimate of relative magnitudes between a set of events recorded 
on the same array. It does not require advanced waveform processing required in the 
source parameter algorithms and so is applicable to any waveform data that is used for 
location. 
 
The Location Magnitude, ML, is calculated using the equation 

 

Equation 5 

 

 
 where N is the number of sensors, WRMSm is the RMS Waveform Amplitude of sensor, 
m and dm is the ray path length calculated between the source and the sensor m  
(Equation 5). 
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 For Channel Processing each sensor is uniaxial so WRMSm is taken directly from 
the waveform on that channel. 

 For Instrument Processing each sensor can be multi-channel so WRMSm is the 
mean of the RMS Waveform Amplitudes calculated on all channels in that 
instrument. 
 

This relative magnitude is used in this study to estimate the distribution and changes in 
size of the seismic source induced along the thermal loading cycle. Earthquakes, and 
similarly AE, are self-similar phenomena, exhibiting scale invariability which obeys a 
power law. The frequency-magnitude distribution developed by Gutenberg and Richter 
(1942) describes the number of earthquakes (N) occurring above a certain magnitude 
(M) in Equation 6. 

MbaN log                 Equation 6 

The constant a describes the number of events in the sample and the constant b 
describes the proportion of large to small events (i.e. the slope of the trend). This 
produces a linear relationship that is globally close to b=1.0 for normally stressed 
tectonic areas. 

 
4.2 Results 

For the complete period, a 5-layer velocity model was used for the location of AE 
events. The velocity in each layer was determined from the ultrasonic surveys traversing 
the corresponding layer. Following each weekly monitoring period, velocity models 
were updated based on the observations from ultrasonic surveys. The velocity models 
used in this study are presented in Figure 27 and Appendix 2. 
 
Events were located using a minimum of three P-wave arrivals and one S-wave arrival. 
A grid-search algorithm was used to determine event location. A grid encompassing the 
full monitored volume around the hole was used in auto-processing. Following the 
manual check of all located AE events, it was observed that the majority of events were 
located using instruments that were placed along only one or two different boreholes. 
This geometry does not provide full 3D coverage for the located AE events and would 
require the use of triaxial instruments in order to use source vectors to resolve 
ambiguities in event location using travel times only. The ambiguity in the event 
location is due to the presence of double minima in travel-time residuals when 
waveforms are available from instruments placed at only two different positions in the 
horizontal plane and no information on wave propagation direction can be used. This 
caused the initial observation of an X-shaped artefact in AE locations. Following the 
initial processing using a full-volume grid in the grid search inversion, smaller local 
grids centered around the borehole wall were used for the sets of events located using 
receivers placed along one or two boreholes, restricting the potential locations to the 
residual minima located closer to the hole wall. 
 
The coverage does not allow for a robust determination of source mechanisms as full 
3D coverage is required for a stable inversion. 
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Figure 28 shows the temporal distribution of the AE events. The peak of activity is 
reached towards the end of the heating period. A total of 609 AE events have produced 
robust locations around the experimental hole. The locations of these events are shown 
in Figure 29 to Figure 31. The distribution of events is also shown as a contour plot of 
event density, calculated as the number of events per cell. Cells are defined to be 0.25 m 
x 0.25 m in the viewing plane and 10 m long in the normal direction. Event density 
plots show peak concentrations at N20E and N230E in plan view. In side view, the 
highest concentration follows the band of migmatitic gneiss observed at the experiment 
hole (Siren, pers. Comm.) 
 
The distribution of AE event magnitudes is shown in Figure 32 to Figure 34. Log-log 
distributions are shown in Figure 32 and Figure 33. The linear section of the 
distributions is used to calculate the b-value. An average value of b=1.0 is observed for 
normally stressed tectonic areas, while changes in the value are used as an indication of 
changes in the fracturing process associated with changes in the local stress field. It has 
been found that the b-value varies inversely with applied shear stress, or effective stress 
(Urbancic et al. 1992; Wyss 1973), and it also varies positively with thermal gradient 
(Warren and Latham, 1970) and large material heterogeneities (Mogi 1962).  
 
The temporal evolution of the b-value during the experiment (Figure 33) shows high 
values during the heating phase, indicating that AE activity is associated with stress 
changes imposed by the heating of the host rock. Given the excavation geometry and 
consequent high heterogeneity, it is expected that b-values for the project would be 
generally high. High b-values have been observed for high-frequency AE acquired in 
laboratory tests (Pettitt 1998) and in dynamic numerical models of rock fracture 
(Hazzard 1998). Also, high thermal gradients have been observed associated with high 
b-values (Warren and Latham 1970), as strain is released through a greater number of 
smaller events. The final period shows a drop of b-value to the level typical of natural 
fracture propagation (Figure 33c), likely associated with the development and 
coalescence of microcracks induced or activated in the previous phase.  
 
The temporal change in AE location magnitude shown in Figure 34 shows a relative 
abundance of higher magnitude events in the cooling phase; an observation that 
corroborates the previous observation of potential coalescing of microcracks into larger 
cracks during this phase. The distribution also shows events distributed in four distinct 
clusters of events:  

1. An early cluster with events showing the lowest magnitudes in the monitoring, 
centred around ML=-2.0. These events were recorded at early stages of heating, 
and can be interpreted as corresponding to the induction of small-sized thermal 
induced cracks. 

2. Two clusters with magnitudes centred around ML=-1.5 extending to the end of 
the heating period. 

3. A smaller cluster of events with a wider range of magnitudes, centred around 
ML=-1.25. The relatively larger magnitude events observed in this period can be 
interpreted as associated to coalescence and development of microcracks 
induced during the heating of the volume. 
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Figure 27. Values of P-wave (a) and S-wave (b) transmission velocities in the different 
velocity models used for the location of identified AE events. Depth levels are shown in 
Figure 18. 

 

a 
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Figure 28. Temporal distribution of AE events during the monitoring period. a) all 
triggers (excluding electrical noise), b) located AE events. 

 
 

b 

a 
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Figure 29. Located AE events during the monitoring period (14/11/2012 – 21/05/2013) 
along the POSE 3 test hole. Side view Looking North. Grid spacing is 1 m. 
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Figure 30. a) Located AE events during the monitoring period (14/11/2012 – 
21/05/2013) along the POSE 3 test hole. b) event density for the complete monitoring 
period calculated as the number of AE events per 0.25m(North-South) x 0.25m 
(Vertical) x10m (East-West) cell . Side view Looking East. Grid spacing is 1 m. 

b 
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Figure 31. Located AE events during the monitoring period (14/11/2012 – 21/05/2013) 
along the POSE 3 test hole. b) Event density for the complete monitoring period. Plan 
view. Grid spacing is 1 m. 

b 
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Figure 32. Distribution of AE events magnitudes for the full monitoring period. The 
slope of the linear section of the log-log distribution is the b-value of the fracture zone. 
Values of b>1 are typically associated with induced seismicity, with an excess in lower 
magnitude events with respect to the distribution observed in natural tectonic faulting. 

 
 
  

N 
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Figure 33. Distribution of AE events magnitudes for three different time intervals 
across the experiment: a) events recorded between 29/12/2012 and 16/02/2013, b) 
events recorded between 17/02/2013 and 22/03/2012, c) events from 25/03/2013 after 
switching off of heaters. The distributions show consistent high values until the final 
time interval, corresponding to the cooling phase of the experiment, where values 
approach those observed in natural fracture zones. 

 
 

a b

c 
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Figure 34. Chart displaying AE location magnitudes for the complete monitoring 
period. The chart shows an increasing trend with time potentially linked to the creation 
and coalescence of microcracks induced through the temperature changes. Four 
temporal-magnitude clusters are identified, indicating a trend of increasing magnitude 
floor during the monitoring period. 
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5 INTERPRETATION OF ROCK RESPONSE 

Velocity surveys performed across the heating and cooling of the test hole show 
variations in both P- and S-wave transmission velocities that closely follow the 
temperature profile measured at the wall. In general both velocities increase along the 3-
month heating period (19/12/2012 to 21/03/2013), followed by a decrease in average 
velocities to values below those measured before the test.  
 
The location of AE events allow the areas where permanent damage accumulates to be 
mapped. Plan views of AE events delineate areas of high concentration centred around 
N20E and N230E. Considering the uncertainty in event location this agrees with models 
of stress distribution from ONK-EH3 LVDT measurements (Valli and Hakala 2012). An 
increase trend in the average relative magnitude with time also indicates differences in 
fracturing development associated to the two different phases of the experiment.  
 
The analysis of elastic parameters and changes in crack density and saturation, 
interpreted from changes in P- and S-wave transmission velocity, allows an 
interpretation of the evolution of the host rock during the heating and cooling phases: 
 
5.1 Heating phase 

Following the switching on of the heaters, an overall increase in transmission velocities 
is observed, coupled with an overall increase in Young’s modulus indicating the general 
stiffening of the host rock. The increase in both transmissions velocities can be 
attributed to the closure of microfractures and the general drying out of the rock (e.g., 
Haycox et al., 2009). 
 
The data set allows a more detailed analysis by depth levels and distance to the hole 
wall. The raypaths skimming the surface of the hole, particularly those between 
observation boreholes 1 and 4, show the highest and most rapid response to thermal 
stresses with a rapid increase in Young’s modulus and Poisson’s ratio. This can be 
interpreted as due to the closure of existing microfractures induced in this area during 
the excavation and unloading of the hole. This is an indication that microfractures in the 
hole wall, subject to lower compressive stresses, are more open than those in the 
compressive region away from the wall.  
 
During this period, a desaturation is observed through all raypaths, with the exception of 
those closest to the tunnel wall. This may be caused by the drying of the rock mass in 
the areas subject to higher compressive stresses during the heating of the rock. The 
increase in saturation observed close to the hole wall during the first half of the heating 
period could be caused by the migration of the fluids from the desaturated volume into 
the open microfracture fabric. As heating progresses, saturation levels return to original 
values indicating the drying of the volume closest to the hole wall. 
 
No significant differences are found in the patterns across the different depth levels, 
with general stiffening and desaturation of the rock mass at all levels. 
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519 of the total 609 located AE events are recorded in this period with activity initiating 
40 days after the switch on of the heaters. Events locate at all monitored depth levels 
with highest density of events following a band of migmatitic gneiss observed at the 
experiment hole. As for the complete monitoring period, average magnitudes show an 
increasing trend with time indicating an increase in the size of the induced or mobilized 
fracturing along the process. 
 

 

Figure 35. Schematic diagram of the test hole and observed changes during the heating 
phase. 
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5.2 Cooling phase 

Following the switching off of the heaters on 21st March 2013, velocities rapidly 
decrease overall, observed in all raypaths and at all depth levels. A general softening of 
the rock is observed, reaching original values of Young’s modulus ~20 days after the 
the heaters are switched off. As temperature decreases, thermal stresses reduce allowing 
the reopening of microfractures resulting in the softening of the rock mass and an 
increase in crack density. All raypaths show an asymptotic trend towards original values 
of elastic parameters and crack density, with the exception of the raypaths skimming the 
hole wall (between boreholes 1 and 4) which show rock softening and crack density 
higher than the original values (Figure 25a). This is an indication of permanent damage 
in the form of microcrack propagation and coalescence in the region subject to lower 
compressive stress induced by the cycle of thermal loading imposed on the host rock. 
The analysis of the different depth levels show that this observed permanent damage is 
restricted to the volume above 3.7 m depth (Figure 25). 
 
The location of the AE events recorded in this period (22nd March 2013 - 21st May 2013) 
confirms the above observations of damage development. Events locate in the higher 
levels above 4m depth, showing an increasingly higher average magnitude, indicating 
the induction or mobilisation of larger fractures or the coalescence of existing 
microfractures.  
 

 
 

Figure 36. Schematic diagram of the test hole and observed changes during the cooling 
phase.  
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6 SUMMARY AND CONCLUSIONS 

Acoustic and ultrasonic monitoring was carried out around the third experimental hole 
(ONK-EH3) of the POSE niche between November 2012 and May 2013. The 
experiment was monitored using an array of 24 transducers with the capability for 
switching between pulsing and receiving modes.  

 
 Daily ultrasonic surveys were carried out between 14th November 2012 and 21st 

May 2013, monitoring the changes in transmission velocities of P and S-waves 
along raypaths, surveying rock volumes at different radial distances from the hole 
wall. By using cross-correlation between a reference survey (performed before the 
start of the heating) and each of the daily surveys, changes in transmission velocity 
were determined with an estimated error of ±2 m·s-1 (ASC 2013). 
 

 Changes in transmission velocities closely follow the evolution of the temperature 
profile in the hole wall. Monitoring was stopped when the decrease of the measured 
velocity changes reached asymptotic values towards the end of May 2013 (~60 days 
after the switch off of the heaters). An increase in both P- and S-wave transmission 
velocities is observed at all depth levels and surveyed raypaths during the heating 
phase, with a higher gradient during the initial 2 weeks. Highest magnitude velocity 
changes of 90±2 m·s-1 and 60±2 m·s-1 in vp and vs were observed in raypaths 
skimming the hole surface (between boreholes 1 and 4 as well as between borehole 
1 and 2). Regarding the different depth levels, the highest magnitude velocity 
changes were observed in raypaths surveying depths between 2.33 m and 3.7 m, 
with changes of 100±2 m·s-1 and 65±2 m·s-1 in vp and vs. This observation can be 
interpreted as indicating closure of in situ and excavation-induced microcracks close 
to the surface due to thermal stress. Similar effects have been previously observed in 
in situ heating experiments (e.g. Haycox et al. 2005).  Following the switching off of 
the heaters, P-wave velocities show a marked decrease, reaching values below those 
measured at the start of the monitoring approximately 4 weeks after the switching 
off of the heaters. The highest decreases were observed along raypaths between 
boreholes 1 and 4. These raypaths survey the region skimming the hole wall and are 
believed to be more affected by excavation damage and exposed to the highest 
temperature gradients.  Similar trends are observed for the 3 shallower depth levels. 
This decrease below original background values indicates the induction of rock 
degradation as microcracking induced through the heating-cooling cycle. Surveys 
across the 2 bottom depth levels show P-wave velocity values returning to 
background levels within 45 days after the switching off of the heaters. Changes in 
S-wave velocities follow similar trends with a smaller magnitude of change in 
general.  
 

 Changes in P- and S-wave transmission velocity were used to calculate changes in 
Young’s modulus and Poisson’s ratio along the different raypaths and at different 
depth levels. Young modulus increases following the heating of the hole in all 
raypaths, indicating stiffening of the rock. The highest magnitude changes in both 
Young’s modulus and Poisson’s ratio were observed in raypaths surveying the 
region closest to the hole wall (between boreholes 1 and 4). Following the switching 
off of the heaters, values for both parameters return to background levels for all 
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raypaths except for those skimming the hole wall, e.g. borehole 1 to 4, where values 
drop below the background level, indicating a permanent deformation and change in 
rock stiffness in the near vicinity of the hole wall. Similarly, an overall increase in 
deformation and stiffness is observed at all depth levels during the heating phase, 
followed by a return to background levels in the deeper levels after the heaters were 
switched off. However, the three shallower levels, down to a depth of 3.7 m, show a 
decrease below background levels in both Young’s modulus and Poison’s ratio 
indicating permanent deformation and change in rock stiffness. 
 

 An overall desaturation is observed during the heating phase with the exception of 
the raypaths skimming the experiment hole wall where a rapid increase in saturation 
is observed during the first half of the heating phase. This is interpreted as the 
migration of fluids into the open microfracture fabric of the region under lower 
compression stress. 
 

 A total of 609 Acoustic Emission events were located during the monitoring period, 
with peak activity recorded during the heating phase of the experiment. Results from 
ultrasonic surveys were used to construct a 5-layer velocity model that was updated 
following each weekly analysis of surveyed P- and S-wave velocities. 
 

 Due to the relatively small magnitude of the events and the array geometry, the 
majority of the events were only detected by sensors installed along a maximum of 
two different instrumentation boreholes. This results in a poor 3D coverage that 
does not allow for a robust determination of source mechanisms through moment 
tensor inversion or fault plane solution. 

 
 Average event magnitudes increase over the monitoring period. Magnitude 

distribution shows high b-values during the heating period, typical of induced 
activity and high temperature gradients inducing small magnitude microfracturing. 
The low b-value and relatively higher magnitudes observed after the switching off 
of the heaters is interpreted as an indication of coalescence and development of the 
microfractures induced during the heating phase. 
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Appendix 1 Ultrasonic Surveys Processing Procedure 

 
ASC’s InSite Seismic Processor has been used to automatically process both the AE and 
ultrasonic survey data. Appendix 2 gives the processing parameters used.  
 
The ultrasonic survey full-waveform data was initially stored with the AE data. This 
was automatically sorted and the survey data extracted to a separate processing project. 
A reference survey recorded on 14th November 2012 was selected and first P- and S-
wave arrivals were manually picked from the waveform. Since transmitter and receiver 
locations are known, the ultrasonic velocity for each raypath can be calculated with an 
estimated uncertainty of ± 30 m·s-1 (± 3 data points). Cross-correlation can then be used 
to automatically process subsequent surveys. This technique cross-correlates P- and S-
wave arrivals from a transmitter-receiver pair with arrivals recorded on the same 
transmitter-receiver pair from the reference survey. Note that when the transmitter and 
receiver are on the same borehole, the raypath is not used due to the introduction of 
transmission effects from the instrumentation borehole and transducer frames. 
 
Manual picking of arrivals by the examiner can often be erroneous due to random noise 
superimposed on the first few data points of the first break. By using the cross-
correlation procedure it reduces this uncertainty and allows high-resolution analysis to 
be performed, with an estimated uncertainty of ± 2 m·s-1 between surveys on individual 
raypaths, and hence small changes in velocity to be observed. This is extremely 
important when changes in rock properties only occur over a small section (~ 5 %) of 
the raypath. 
 
Figure 37 gives example waveforms recorded from one of the transmitters. Each 
waveform is first automatically picked to obtain an estimate of the P-wave or S-wave 
arrival. A window is then automatically defined around the arrival and a bell function is 
applied, centered on the automatic pick. The data at the ends of the window then have a 
much smaller effect on the cross-correlation. The windowed data is then cross-
correlated (Telford et al., 1990) with a similar window constructed around the arrival on 
the reference survey. The change in arrival time is then converted to a change in 
velocity knowing the manually-picked arrival time for the reference survey. Waveforms 
that do not provide automatic picks are not cross-correlated. This gives an automatic 
discrimination of signals that have very poor signal-to-noise ratios and could give 
spurious cross-correlation results from poor discrimination of the first arrival. During 
the automatic processing, arrival amplitude is also calculated from within a processing 
window defined by a minimum and maximum transmission velocity. This provides a 
robust measure of arrival amplitudes between surveys. 
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Figure 37. Waveforms recorded from one transmitter on the array of 24 receivers. The 
blue and green markers indicate picked P- and S-wave arrivals respectively. 

 
When calculating average velocities and amplitudes, raypaths passing through the 
deposition hole are removed due to the uncertain transmission paths produced by the 
wave travelling in the rock around the deposition hole and through the bentonite, fluid 
and canister fill. Therefore the majority of raypaths between boreholes 1 and 3 
(transmitters 1, 2, 5, 6 and receivers 1, 2, 3, 4) are not used in the analysis. An exception 
is made for the deepest raypaths that pass under the deposition hole entirely through 
rock. 
 
The dynamic Young’s modulus E, and dynamic Poisson’s Ratio σ, can be calculated 
from the velocity measurements using Equation 7 and Equation 8. 
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Equation 7 

 
 

 
Equation 8 

 
 
VP and VS values are also used to model for crack density (c) and saturation (s) in the 
rock mass using the method of Zimmerman and King (1985). The crack density 
parameter is defined by the number of cracks (penny-shaped) per unit volume 
multiplied by the mean value of the cube of the crack radius (Equation 9). This method 
assumes the elastic modulus E and σ in the damaged material normalized to the 
undisturbed material, decrease exponentially with crack density. Also assumed are the 
shear modulus (μ) is unaffected by s, and the bulk modulus (k) increases linearly with s, 
equaling that of uncracked rock when s=1. Equation 10 shows the calculation used to 
determine saturation. 

 

 Equation 9 

 
 

 Equation 10 

 
The calculations require an estimation of the completely undisturbed rock (i.e. an 
unsaturated, uncracked and intact rock mass). This study assumes values of 5700 m·s-1, 
and 3800 m·s-1 for the P and S velocities of the undisturbed material respectively. These 
values are taken from laboratory tests on a similar granite, summarized in Maxwell and 
Young (1995). 
 

Young’s Modulus and Poisson’s ratio are calculated from measured velocities by 
making the assumption that the transmission medium is isotropic elastic. Under this 
assumption a rock can be completely characterized by two independent constants. One 
case of an isotropic elastic medium is a rock with a random distribution of cracks 
embedded in an isotropic mineral matrix. Under the application of a hydrostatic 
compressive stress, the rock will stay isotropic but become stiffer (characterized by 
increased velocity (VP and VS) and therefore increased Young’s Modulus). In contrast, 
under the application of a uniaxial compressive stress, cracks with ‘normals’ parallel or 
nearly parallel to the applied stress will preferentially close and the rock will take on a 
transversely isotropic symmetry. Under this situation P- and S-wave velocities become 
variable with orientation. The crack density and saturation calculations also assume an 
isotropic elastic medium. 
 

It should be noted that E and σ calculated in this report are dynamic measurements due 
to the small strains exerted on the rock mass at high frequencies from the passing 
ultrasonic waves. Static E and σ measurements, made from uniaxial laboratory tests on 
rock samples, may be different from dynamic values – even if sample disturbance is 
minimal – due to the larger strains exerted over relatively long periods of time. 
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Appendix 2 Processing Parameters 

 

Table 1. Acquisition parameters in the Milne16 leach. 

Parameter  Value 
DAQ card type 9816 
Input impedance 50 Ω 
Full-scale volts ±5 V 
Sampling frequency 4 MHz 
Waveform length  8192 
Trigger source External 
Max events per hour -1 
Waveform storage Autostore BSF only 

Trigger Counter Control 
Enable External Trigger Enabled 
Enable Global Threshold Enabled 
Global timer 800 µs 
Global Trigger Threshold 50 mV 
Number of Channels to Trigger 3 
Hit-count timer 10 s 
  

Table 2. Processing properties used in InSite’s configuration menu. 

EVENT INITIALISATION   
View/process waveforms by Instrument 
Channel-view Width-to-height ratio 6 
Waveform Response type Set from sensor 
Sampling time 1 
Time units Microseconds 
Pre-signal points 200 
Spline sampling time 0.2 
Waveform To point 1 
P-Time correction 0 
S-Time correction 0 
Automatically update Channel 

Settings NOT SET 
Project Files NULL 
  

  
AUTO PICKING   

Allow P-wave Autopicking 
YES, Use first peak in the auto-pick 

function 
Back-window length 100 
Front-window length 35 
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Picking Threshold 4 
Min. Peak-to-Peak amplitude 0 

Allow S-Wave Autopicking 
YES, Use first peak in the autopick 

function 
Back-window length 150 
Front-window length 50 
Picking Threshold 1 
Min. Peak-to-Peak amplitude 0 
Allow Automatic Amplitude 

Picking YES 
Use Velocity Window Picking YES 
P-wave Min. Velocity/Max. 

Velocity 4000, 6500 
S-wave Min. Velocity/Max. 

Velocity 2500, 3500 
  

  
CROSS-CORRELATION   
CCR Events Referenced to a Survey 
Reference Component Survey20121114010004 
Reference Event NULL 
Window construction method Front to Back 
Window comparison method Fixed to reference picks 
Window Parameters Back-window length = 20 
  Front-window length =30 
  Rise-time multiplier = NULL 
  Power to raise waveform = 1 
  Split to a Spline function = YES 
  Obtain absolute waveform = NOT SET 
 
  
LOCATER (not used in velocity surveys) 
Method COLLAPSING GRID SEARCH 
Method settings Tolerance = 0.01 
 LPNorm = 1 
  P-wave weighting = 1 
  S-wave weighting = 1 
  Use Outlier Identification = Yes 
  Arrival error factor = ×2 
  
   
   
   
Velocity Structure Stimated weekly from ultrasonic surveys 
Data to use P-wave and S-wave Arrivals 
Distance units Metres 
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Working time units Seconds 
Min P-wave arrivals 3 
Min S-wave arrivals 1 
Min Independent arrivals 5 
Max. Residual 2e-5 
Source parameters Set to calculate automatically 

 
SOURCE PARAMETERS   
Automatic source parameter 

windows P-wave back window = 10 
 P-wave front window = 50 
 S-wave back window = 10 
 S-wave front window = 50 
Source parameter calculations Min number to use = 3 
Automatic source-parameter 

windows Apply Q correction = SET 
 Source density = 2640 
 Source shear modulus = 39131400000 

 
Av.  radiation coefficient: Fp = 0.52 ,Fs = 

0.63 
Source parameter calculations Source coefficient: kp = 2.01 , ks = 1.32 
Magnitude calculations Instrument magnitude = 1 * log (ppV) +0 

 
Moment magnitude = 0.666667 * log(Mo) 

+ -6 
 
 

Table 3. Layers used in the velocity models for the processing of AE events. Depths are 
referenced to the POSE niche floor surface.  

 
Layer Top depth (m) Bottom depth (m)

1 0 1.5 
2 1.5 2.3 
3 2.3 3.7 
4 3.7 5.4 
5 5.4 10 
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Table 4. Velocity models used for the processing of AE events. 

 

End	Date	
Layer	1	 Layer	2	 Layer	3	 Layer	4	 Layer	5	

Vp	(m·s‐1)	 Vs	(m·s‐1)	 Vp	(m·s‐1)	 Vs	(m·s‐1)	 Vp	(m·s‐1)	 Vs	(m·s‐1)	 Vp	(m·s‐1)	 Vs	(m·s‐1)	 Vp	(m·s‐1)	 Vs	(m·s‐1)	

20/11/12	 5697.6	 3450.0	 5727.7	 3807.3	 5756.2	 3659.0	 5769.0	 3682.0	 5754.6	 3610.1	

27/11/12	 5697.1	 3459.9	 5723.4	 3808.7	 5753.4	 3657.1	 5766.2	 3680.9	 5753.8	 3609.1	

04/12/12	 5695.5	 3459.0	 5719.8	 3813.4	 5752.7	 3655.9	 5765.7	 3680.6	 5753.0	 3608.7	

11/12/12	 5694.3	 3458.3	 5718.6	 3812.6	 5751.7	 3655.1	 5764.6	 3679.9	 5752.1	 3608.1	

18/12/12	 5690.5	 3457.5	 5722.8	 3800.7	 5751.1	 3654.5	 5764.1	 3679.6	 5751.6	 3608.1	

25/12/12	 5696.5	 3461.3	 5741.3	 3811.2	 5768.3	 3663.8	 5774.4	 3684.6	 5754.9	 3612.5	

01/01/13	 5715.2	 3471.6	 5758.7	 3815.5	 5790.8	 3678.1	 5786.8	 3692.9	 5761.5	 3620.1	

08/01/13	 5729.1	 3481.4	 5767.7	 3812.4	 5807.2	 3686.1	 5795.9	 3700.9	 5766.5	 3626.6	

15/01/13	 5735.9	 3486.5	 5772.6	 3815.0	 5812.4	 3684.3	 5797.1	 3703.0	 5768.3	 3628.1	

22/01/13	 5728.1	 3481.9	 5760.3	 3808.0	 5801.2	 3685.5	 5786.8	 3695.8	 5764.3	 3622.1	

29/01/13	 5729.3	 3483.1	 5765.4	 3812.1	 5805.5	 3684.9	 5793.8	 3699.6	 5766.7	 3625.4	

05/02/13	 5736.0	 3487.5	 5774.2	 3816.8	 5813.6	 3685.8	 5799.2	 3704.5	 5768.6	 3629.4	

12/02/13	 5742.5	 3492.1	 5780.0	 3820.8	 5819.7	 3690.2	 5802.2	 3707.4	 5770.1	 3632.2	

19/02/13	 5749.8	 3496.6	 5790.5	 3826.6	 5827.3	 3688.7	 5807.7	 3704.8	 5772.2	 3629.2	

26/02/13	 5759.0	 3497.8	 5786.0	 3827.8	 5838.3	 3694.6	 5815.1	 3708.6	 5777.0	 3631.9	

05/03/13	 5764.2	 3501.0	 5793.3	 3822.9	 5843.4	 3686.9	 5818.4	 3708.9	 5780.1	 3632.0	

12/03/13	 5766.2	 3508.8	 5792.9	 3818.8	 5846.0	 3679.5	 5820.2	 3709.0	 5782.1	 3632.0	

19/03/13	 5768.3	 3510.8	 5791.5	 3826.3	 5846.6	 3685	 5821.1	 3712.8	 5784.6	 3637.5	

26/03/13	 5769.9	 3512.0	 5790.3	 3823.4	 5843.8	 3690.8	 5819.8	 3709.2	 5784.3	 3637.8	

02/04/13	 5766.9	 3506.5	 5787.0	 3826.8	 5835.1	 3691.4	 5810.3	 3710.8	 5781.2	 3637.6	

09/04/13	 5748.1	 3497.9	 5766.3	 3826.6	 5812.0	 3700.4	 5797.8	 3710.6	 5777.3	 3636.6	

16/04/13	 5720.1	 3482.9	 5743.9	 3826.4	 5791.0	 3691.5	 5789.2	 3703.3	 5774.1	 3630.3	

23/04/13	 5662.3	 3455.0	 5697.6	 3810.1	 5747.0	 3666.1	 5773.9	 3692.9	 5767.1	 3620.6	

30/04/13	 5644.0	 3446.7	 5681.6	 3802.8	 5727.8	 3654.8	 5765.9	 3695.5	 5763.2	 3624.4	

07/05/13	 5634.5	 3441.7	 5677.0	 3798.9	 5714.6	 3646.9	 5760.2	 3691.0	 5760.3	 3621.0	

14/05/13	 5632.3	 3439.6	 5681.1	 3809.4	 5708.3	 3642.6	 5764.1	 3686.6	 5756.6	 3617.9	

21/05/13	 5632.0	 3438.2	 5673.7	 3816.4	 5703.3	 3643.3	 5758.3	 3685.3	 5754.2	 3616.8	
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Appendix 3 Acoustic Emission Sensor (PAC model ISR6) 

  
The AE transducer model is a sealed sensor with integral waterproof cable for 
underwater use. This sensor does not have an integral preamplifier, due to the 
requirements for pulsing during the velocity surveying, which would damage the sensor. 
The pulsing and amplification is provided by the PADs as previously described in 
section 2.1. The characteristics of the sensor PAC ISR6 are:  
  

• Peak Sensitivity V/(m/s); [V/μbar]: 75 [-64] dB;  

• Operating Frequency Range: (35 to 100) kHz;  

• Resonant Freq. V/(m/s); [V/μbar]: 55 [90] kHz;  

• Shock limit: 500 g;  

• Temperature Range: (-65 to 175) ºC;  

• Dimensions: (19 x 24) mm;  

• Weight: 38 grams.  
 

 
 

Figure 38. Acoustic Emission Sensor (image taken from www.pacndt.com) . 
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Appendix 4 Weekly Remote System Check 

 
This appendix includes the weekly reports submitted to Posiva during the remote check 
of the AE/ultrasonic system. The results presented in these reports were carried out 
using InSite’s Seismic Processor auto-processing and were not quality check at that 
stage. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project   Login: ePotti  Date: 25/01/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of Located 
AEs 

19/01/2012  - - - 

20/01/2012  - - - 

21/01/2012  5 0 0 

22/01/2012  122 2 0 

23/01/2012  63 4 1 

24/01/2012  37 0 0 

25/01/2012  51 5 1 

 
 
Velocity Charts 
 

 
Evolution of average P-wave velocity for five raypath categories based on azimuths and position 
relative to the hole wall. Data has not yet been quality reviewed and will be finalized as part of the final 
report. 
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Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 
P-wave velocity directional distribution: 
 

a    b  
Stereonets for a) P-wave cross correlated velocity on 25/01/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 25/01/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. Velocities are shown m·s-1. 
 
 
Event Frequency: 
 
No AE events located from triggers, 
 
 
Comments: 
 
None. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project   Login: ePotti  Date: 08/02/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of 
located AEs 

02/02/2013  5 0 0 

03/02/2013  3 0 0 

04/02/2013  1 0 0 

05/02/2013  3 0 0 

06/02/2013  2 0 0 

07/02/2013  4 0 0 

08/02/2013  1 0 0 

 
 
Velocity Charts 
 

 
Evolution of average P-wave velocity for five raypath categories based on azimuths and position 
relative to the hole wall. Data has not yet been quality reviewed and will be finalized as part of the final 
report. 
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Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 
P-wave velocity directional distribution: 
 

a    b  
Stereonets for a) P-wave cross correlated velocity on 08/02/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 08/02/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. 
 
 
Event Frequency: 
 
0 AE events detected from triggers 
 
 
Comments: 
 
None. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project   Login: ePotti  Date: 15/02/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of 
Located 
AEs 

09/02/2013  17 0 0 

10/02/2013  12 1 0 

11/02/2013  3 0 0 

12/02/2013  8 2 2 

13/02/2013  5 0 0 

14/02/2013  -  - 

15/02/2013  -  - 

 
 
Velocity Charts 
 

 
Evolution of average P-wave velocity for five raypath categories based on azimuths and position 
relative to the hole wall. Data has not yet been quality reviewed and will be finalized as part of the final 
report. 
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Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 
P-wave velocity directional distribution: 
 

a    b  
Stereonets for a) P-wave cross correlated velocity on 015/02/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 15/02/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. 
 
 
Event Frequency: 
 
3 AE events identified, with 2 AE located. 
 
 
Comments: 
 
None. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project  Login: ePotti  Date: 22/02/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of located 
AEs 

16/02/2013  -  - 

17/02/2013  -  - 

18/02/2013  -  - 

19/02/2013  6 3 3 

20/02/2013  7 5 2 

21/02/2013  40 13 5 

22/02/2013  25 5 4 

 
 
Velocity Charts 
 

 
Evolution of average P-wave velocity for five raypath categories based on azimuths and position 
relative to the hole wall. Data has not yet been quality reviewed and will be finalized as part of the final 
report. 
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Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 
P-wave velocity directional distribution: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 22/02/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 22/02/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. Velocities are shown m·s-1. 
 
 
Event Frequency: 
 
26 AE events identified, with 14 AE located. 
 
 
Comments: 
 
None. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project  Login: ePotti  Date: 28/02/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of located 
AEs 

20/02/2013  7 5 2 

21/02/2013  40 13 5 

22/02/2013  25 5 3 

23/02/2013  18 16 9 

24/02/2013  102 48 23 

25/02/2013  19 13 5 

26/02/2013  9 5 3 

 
 
Velocity Charts 
 

 
Evolution of average P-wave velocity for five raypath categories based on azimuths and position 
relative to the hole wall. Data has not yet been quality reviewed and will be finalized as part of the final 
report. 
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Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 
P-wave velocity directional distribution: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 26/02/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 26/02/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. Velocities are shown m·s-1. 
 
 
Event Frequency: 
 
26 AE events identified, with 14 AE located. 
 
 
Comments: 
 
None. 

 
  



76 
 

Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date: 12/03/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers* 

No of AEs* 
No of located 
AEs* 

06/03/2013  27 17 9 

07/03/2013  62 19 8 

08/03/2013  22 13 5 

09/03/2013  401 18 12 

10/03/2013  423 19 10 

11/03/2013  94 13 8 

12/03/2013  65 4 3 

*AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. These files 
are currently not being transferred automatically and require access to the Acquisition unit.  
 
 
 

 
 
 
 
Plan (a) and side view looking North (b) of AE locations for the period between 06/03/2013 and 
12/03/2013. AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. 
These files are currently not being transferred automatically and require access to the Acquisition 
unit. Data has not yet been quality reviewed and will be finalized as part of the final report. 
 
 
 
 
 
 
 
 
 
 
 
 

a b 
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Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Stereonet: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 12/03/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 12/03/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. 
 
 
Event Frequency: 
 
55 AE events located from 103 observed AE events. 
 
 
Comments: 
 
Possible race conditions on 09/03/2013 and 10/03/2013. AE events do not include any triggers recorded 
between 06:00:00 and 22:00:00 daily. These files are currently not being transferred automatically and 
require access to the Acquisition unit. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date: 20/03/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers* 

No of AEs* 
No of located 
AEs* 

13/03/2013  322 37 13 

14/03/2013  473 14 11 

15/03/2013  640 13 12 

16/03/2013  3053 33 17 

17/03/2013  4371 62 31 

18/03/2013  5086 87 38 

19/03/2013  190 11 4 

*AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. These files 
are currently not being transferred automatically and require access to the Acquisition unit.  
 
 
 

 
 
Plan (a) and side view looking North (b) of AE locations for the period between 13/03/2013 and 
19/03/2013. AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. 
These files are currently not being transferred automatically and require access to the Acquisition 
unit. Data has not yet been quality reviewed and will be finalized as part of the final report 
 
 
 
 
 
 
 
 
 
 
 
 

a b 
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Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Stereonet: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 19/03/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 19/03/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. 
 
 
Event Frequency: 
 
126 located AE events from 257 AE events detected. 
 
 
Comments: 
 
Race conditions throughout. AE events do not include any triggers recorded between 06:00:00 and 
22:00:00 for 13th, 14th, 15th and 19th March. These files are currently not being transferred automatically 
and require access to the Acquisition unit. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date: 27/03/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of located 
AEs 

20/03/2013  839 61 25 

21/03/2013  96 58 14 

22/03/2013  23 12 7 

23/03/2013  - - - 

24/03/2013  - - - 

25/03/2013  3 3 0 

26/03/2013*  11 11 10 

*AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. These files 
are currently not being transferred automatically and require access to the Acquisition unit.  
 
 

 
 
 
Plan (a) and side view looking North (b) of AE locations for the period between 20/03/2013 and 
26/03/2013. Triggers recorded between 06:00:00 and 22:00:00 daily are currently not being 
transferred automatically and require access to the Acquisition unit. These have been included for 
the complete report period except for 26/03/2013. Data has not yet been quality reviewed and will be 
finalized as part of the final report 
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Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Stereonet: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 26/03/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 26/03/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. 
 
 
Event Frequency: 
 
145 AE events detected from triggers, with 56 successful locations. 
 
 
Comments: 
 
Race conditions on 20th March. System was down between 23rd and 25th March. AE events for 26th March 
do not include any triggers recorded between 06:00:00 and 22:00:00. These files are currently not being 
transferred automatically and require access to the Acquisition unit. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date: 03/04/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of located 
AEs 

27/03/2013*  3 3 1 

28/03/2013*  4 4 0 

29/03/2013*  1 1 1 

30/03/2013*  0 0 0 

31/03/2013  9 9 5 

01/04/2013*  4 4 2 

02/04/2013*  5 5 0 

*AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. These files 
are currently not being transferred automatically and require access to the Acquisition unit.  
 
 
 

  
 
Plan (a) and side view looking North (b) of AE locations for the period between 27/03/2013 and 
02/04/2013. Triggers recorded between 06:00:00 and 22:00:00 daily are currently not being 
transferred automatically and require access to the Acquisition unit. Data has not yet been quality 
reviewed and will be finalized as part of the final report 
 
 
 
 
 
 
 
 
 
 
 
 

a b 
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Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Stereonet: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 02/04/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 02/04/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. 
 
 
Event Frequency: 
 
26 AE events detected from triggers with 9 successful locations. 
 
 
Comments: 
 
Events do not include any triggers recorded between 06:00:00 and 22:00:00 for all dates excluding 
31/03/2013. These files are currently not being transferred automatically and require access to the 
Acquisition unit. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date: 10/04/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of located 
AEs 

03/04/2013*  2 2 1 

04/04/2013*  5 5 2 

05/04/2013  9 9 0 

06/04/2013  7 7 5 

07/04/2013  9 9 5 

08/04/2013*  1 1 1 

09/04/2013*  37 36 1 

*AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. These files 
are currently not being transferred automatically and require access to the Acquisition unit.  
 
 
 

   
 
Plan (a) and side view looking North (b) of AE locations for the period between 03/04/2013 and 
09/04/2013. Triggers recorded between 06:00:00 and 22:00:00 daily are currently not being 
transferred automatically and require access to the Acquisition unit. Data has not yet been quality 
reviewed and will be finalized as part of the final report 
 
 
 
 
 
 
 
 
 
 
 

a b 
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Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 
 
 
 
 
 
 
 
 
 
 



90 
 

Stereonet: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 09/04/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 09/04/2013. Data has not yet been quality reviewed and 
will be finalized as part of the final report. 
 
 
Event Frequency: 
 
69 AE events detected from triggers with 15 successful locations. 
 
 
Comments: 
 
Events do not include any triggers recorded between 06:00:00 and 22:00:00 for all dates excluding 
31/03/2013. These files are currently not being transferred automatically and require access to the 
Acquisition unit. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date:17/04/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of located 
AEs 

10/04/2013  16 16 7 

11/04/2013*  0 0 0 

12/04/2013*  0 0 0 

13/04/2013*  0 0 0 

14/04/2013*  0 0 0 

15/04/2013  4 4 4 

16/04/2013* - - - - 

*AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. These files 
are currently not being transferred automatically and require access to the Acquisition unit.  
 
 
 
  
 
 

   
 
Plan (a) and side view looking North (b) of AE locations for the period between 10/04/2013 and 
16/04/2013. Triggers recorded between 06:00:00 and 22:00:00 daily are currently not being 
transferred automatically and require access to the Acquisition unit. Data has not yet been quality 
reviewed and will be finalized as part of the final report 
 
 
 
 
 
 
 
 

a b 
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Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Stereonet: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 15/04/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 15/04/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. 
 
 
Event Frequency: 
 
20 AE events detected from triggers with 11 successful locations. 
 
 
Comments: 
 
Events do not include any triggers recorded between 06:00:00 and 22:00:00 for all dates excluding 
10/04/2013 and 15/04/2013. No files transferred on 16/04/2013 and 17/04/2013 including daily ultrasonic 
survey data. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date:25/04/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of located 
AEs 

17/04/2013*  0 0 0 

18/04/2013*  4 4 3 

19/04/2013*  2 2 2 

20/04/2013*  0 0 0 

21/04/2013*  0 0 0 

22/04/2013*  3 3 3 

23/04/2013*  0 0 0 

*AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. These files 
are currently not being transferred automatically and require access to the Acquisition unit.  
 
 
 
 
 

   
 
Plan (a) and side view looking North (b) of AE locations for the period between 17/04/2013 and 
23/04/2013. Triggers recorded between 06:00:00 and 22:00:00 daily are currently not being 
transferred automatically and require access to the Acquisition unit. Data has not yet been quality 
reviewed and will be finalized as part of the final report 
 
 
 
 
 
 
  
 
 

a b 
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Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Stereonet: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 23/04/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 23/04/2013. Data has not yet been quality reviewed and will 
be finalized as part of the final report. 
 
 
Event Frequency: 
 
9 AE events detected from triggers with 8 successful locations. 
 
 
Comments: 
 
Events do not include any triggers recorded between 06:00:00 and 22:00:00 for all dates. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date:01/05/2013 
 
 

Date 
Successful 
Survey? 

No. of 
Triggers 

No of AEs 
No of located 
AEs 

24/04/2013*  3 3 3 

25/04/2013*  - - - 

26/04/2013*  1 1 1 

27/04/2013*  6 6 6 

28/04/2013*  - - - 

29/04/2013*  1 1 0 

30/04/2013*  1 1 1 

*AE events do not include any triggers recorded between 06:00:00 and 22:00:00 daily. These files 
are currently not being transferred automatically and require access to the Acquisition unit.  
 
  
 
 
 

  
 
 
Plan (a) and side view looking North (b) of AE locations for the period between 24/04/2013 and 
30/04/2013. Triggers recorded between 06:00:00 and 22:00:00 daily are currently not being 
transferred automatically and require access to the Acquisition unit. Data has not yet been quality 
reviewed and will be finalized as part of the final report 
 
 
 
 
 
 
 
 

a 
b 
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Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Stereonet: 
 

a   b  
Stereonets for a) P-wave cross correlated velocity on 30/04/2013 and b) P-wave cross correlated 
velocity difference between 14/11/2012 and 30/04/2013. Please note that the stereonet does not display 
negative values, showing the scale saturated at 0. Data has not yet been quality reviewed and will be 
finalized as part of the final report. 
 
 
Event Frequency: 
 
12 AE events detected from triggers with 11 successful locations. 
 
 
Comments: 
 
Events do not include any triggers recorded between 06:00:00 and 22:00:00 for all dates. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date:10/05/2013 
 
Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date:16/05/2013 
 
Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
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Data Acquisition Remote Login Control Worksheet 

 
Experiment: Posiva POSE Phase 3 Project Login: ePotti  Date:23/05/2013 
 
Velocity Charts 
 

 
Average P-wave velocity for five raypath categories based on azimuths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 

 
Average P-wave velocity for five raypath categories based on depths. Data has not yet been quality 
reviewed and will be finalized as part of the final report. 
 
 
 
 
 
 

 




