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ABSTRACT
In-depth knowledge of the in situ stress state at the Olkiluoto site is critical for stability
assessment both prior to and after deposition of spent nuclear fuel in order to understand
and avoid potential damage to the rock at the site. Posiva’s Olkiluoto Spalling Experiment (POSE) was designed specifically for this purpose with three primary goals: establish the in situ spalling/damage strength of Olkiluoto migmatitic gneiss, establish the
state of in situ stress at the -345 m depth level and act as a Prediction–Outcome (P–O)
exercise. Phases 1 and 2 of POSE are outlined in WR 2012-60 (Johansson et al. 2013).
The objectives of the third phase of the POSE experiment are the same as the original
objectives outlined above. This report outlines the execution and results of the third
phase of the POSE experiment.
The third phase of the experiment involved internally heating the third experimental
hole (ONK-EH3) of the POSE niche in order to cause a symmetrical thermal stress increase around the hole due to the thermal expansion of rock. This thermomechanically
induced stress increase, coupled with the estimated existing in situ stress state, should
cause the maximum principal stress around the hole to exceed the predicted spalling
strength of the rock around the hole.
ONK-EH3 is located almost completely in pegmatitic granite. Four fractures near the
top of the hole were mapped after boring ONK-EH3, and a tensile failure located at the
contact between mica-rich gneiss and pegmatitic granite was observed 18 months after
boring, prior to the experiment.
Based on predictive calculations and the estimated in situ state of stress, the maximum
principal stress magnitude should reach ca. 100 MPa when the temperature was just
below 100°C after 12 weeks of heating. There were problems with the heater control
unit at the beginning of the experiment, after which heating proceeded according to
plan. The crack damage threshold of pegmatitic granite has been determined to be 85
±17 MPa at Olkiluoto and the current maximum principal stress magnitude at the end of
the experiment was estimated to exceed it. Upon emptying the hole, no clear damage
was evident. No spalling had occurred.
Strain gauge adhesions had failed and their results were disqualified. Acoustic emission
and ultrasonic monitoring results pointed to events located in the immediate vicinity of
a band of foliated gneiss, distributed in a N–S trend, although this could not be corroborated visually. Water loss measurements conducted in the hole indicated that the extent
of damage was constrained to the first 100 – 200 mm of the hole wall.
Based on these results, POSE Phase 3 was determined as inconclusive, although the
heterogeneous and anisotropic nature of the Olkiluoto rock indicated that spalling type
damage may not be a factor at Olkiluoto: failure in Olkiluoto conditions may be governed more by the relationship of the in situ stress state, the local geology and weakest
component than by in situ stress, excavation geometry and mean strength.
Keywords: POSE, Olkiluoto, heating, stress, fracture, spalling, damage, migmatitic
gneiss.

ONKALO POSE-KOE: 3. VAIHE: TOTEUTUS JA TULOKSET
TIIVISTELMÄ
Olkiluodon in situ jännitystila tulee tuntea perusteellisesti kallioperän stabiliteettia arvioidessa, jotta kallioperän mahdollinen vaurioituminen ennen ja jälkeen ydinjätteen loppusijoituksen voidaan ymmärtää ja välttää. POSE-koe (Posiva’s Spalling Experiment)
suunniteltiin in situ jännitystilan tutkimiseen ja se sisälsi kolme päätavoitetta: Olkiluodon migmatiittisen gneissin in situ hilseily/vaurioitumislujuuden määritys, syvyystason -345 m in situ jännitystilan määritys ja toiminta Prediction-Outcome (P-O) harjoituksena. POSE-kokeen vaiheet 1 ja 2 on esitetty työraportissa WR 2012-60 (Johansson
et al. 2013). POSE-kokeen kolmannen vaiheen tavoitteet eivät eroa yllämainituista alkuperäisistä tavoitteista. Tämä raportti esittää POSE-kokeen kolmannen vaiheen toteutuksen ja tulokset.
Kokeen kolmannessa vaiheessa POSE-kuprikassa sijaitsevaa tutkismusreikää (ONKEH3) lämmitettiin sisältäpäin. Lämmitystä seuranneen lämpölaajenemisen avulla pyrittiin aiheuttamaan symmetrinen termomekaanisen jännityksen kasvu reiän ympärillä.
Termomekaanisesti aiheutetun jännitystilan kasvun ja arvioidun in situ jännitystilan
tulisi yhdessä johtaa suurimman pääjännityksen kasvuun arvioitua hilseilylujuutta suuremmaksi reiän ympärillä.
Reikä sijaitsee lähes täysin pegmatiitissa. Neljä rakoa kartoitettiin ONK-EH3 kairauksen jälkeen reiän yläosasta. Lisäksi 18 kuukautta reiän kairauksen jälkeen reiän alaosassa todettiin vaurio liittyen gneissin ja pegmatiitin kontaktiin.
Ennusteissa, joissa hyödynnettiin LVDT mittauksia ONK-EH3 reiästä, nousi suurimman pääjännityksen magnitudi n. 100 MPa tasolle 12 viikon lämmityksen jälkeen. Tällöin reiän pinnalla oli hieman alle 100 °C. Kokeen alussa lämmitys ei kuitenkaan edennyt suunnitelman mukaan. Koe lopetettiin niillä perustein, että suurimman pääjännityksen suuruus oli ylittänyt pegmatiitin CD arvon, joka on Olkiluodossa 85 ±17 MPa. Reiän tyhjentämisen yhteydessä ei havaittu hilseilyä eikä selkeää vaurioitumista.
Venymäliuskojen liimaukset olivat pettäneet, joten niiden tuloksia ei kelpuutettu. Akustisen emission tulokset viittasivat tapahtumien keskittyneen liuskeisen gneissin alueelle
jotakuinkin pohjois-etelä suuntaisesti, vaikka tätä ei voitu visuaalisesti vahvistaa. Vesimenekkikokeet reiässä osoittivat vaurioiden rajoittuvan 100 – 200 mm syvyyteen reiän
pinnasta.
Näihin tuloksiin perustuen POSE:n kolmatta vaihetta voidaan pitää tuloksettomana,
vaikka Olkiluodon heterogeeninen ja anisotrooppinen kivi viittasi siihen, ettei hilseily
välttämättä ole vaurioitumistyyppi Olkiluodossa: vaurioituminen Olkiluodon olosuhteissa voi olla enemmän riippuvainen in situ jännitystilan ja paikallisen geologian yhteisvaikutuksesta kuin in situ jännitystilan, louhitun tilan geometrian ja keskimääräisen
lujuuden yhdistelmästä.
Avainsanat: POSE, Olkiluoto, lämmitys, jännitys, rako, hilseily, vaurio, migmatiitti.
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PREFACE
Posiva's Olkiluoto Spalling Experiment has been developed as a project for years with
numerous people involved who have provided their very much appreciated expertise in
various phases. In the execution of the third phase of the POSE experiment, supervision
of the work was performed by the following Posiva staff: Juha Heine (field work organisation), Kimmo Kemppainen (acting as project manager until 2011), Topias Siren
(acting as project manager from 2011), Mia Ylä-mella (Research manager for Site investigations until 2012), Ismo Aaltonen (Research manager for Site investigations from
2012), Jyrki Liimatainen (Supervising drilling) and Antti Joutsen (Geological mapping
and supervising geophysical investigations). In addition to the Posiva staff the key
group responsible for developing the POSE experiment idea and its execution has been
Matti Hakala (KMS Hakala Oy), Erik Johansson (SROY), John Hudson (Rock Engineering consultants), Harri Kuula (Pöyry Finland Oy) and Jouni Valli (Pöyry Finland
Oy). There have also been numerous other people that have contributed to the experiment whom the authors wish to thank for their valuable contributions: Jussi Mattila
(Posiva Oy), Noora Koittola (Posiva Oy), Johanna Savunen (Posiva Oy), Tuomas Pere
(Posiva Oy), Ines Alterio (Posiva Oy), Jere Lahdenperä (Posiva Oy), Juhani Norokallio
(Posiva Oy), Charlotta Simelius (Pöyry Finland Oy), Mikko Lamberg (Pöyry Finland
Oy), Eero Heikkinen (Pöyry Finland Oy), Perttu Pulkkinen (Pöyry Finland Oy), Matti
Lähdemäki (Prismarit Oy), Juan M. Reyes-Montes (Applied Seismology Consultants),
Jonathan Haycox (Applied Seismology Consultants), William Flynn (Applied Seismology Consultants), Teresa Young (Applied Seismology Consultants), Junwei Huang
(Applied Seismology Consultants), Toivo Wanne (SROy), Pekka Kantia (Geofcon Oy),
Vesa Järvinen (Unisigma Oy), Ilmo Kukkonen (Helsinki University) and Teemu Koskinen (Stips Oy).
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ABBREVIATIONS
AE

Acoustic Emission

APSE

Äspö Pillar Stability Experiment

ASC

Applied Seismology Consultants

CD

Crack Damage

CI

Crack Initiation

EDZ

Excavation Damage Zone

GPR

Ground Penetrating Radar

HRL

Hard Rock Laboratory

LM

Local Magnitude

LVDT

Linear Variable Differential Transformer

PAD

Pulser Desktop Amplifier

PGR

Pegmatitic Granite

POSE

Posiva’s Olkiluoto Spalling Experiment

RQD

Rock Quality Designation

RTD

Resistance Temperature Detector

SRF

Stress Reduction Factor

UCS

Uniaxial Compressive Strength

URL

Underground Research Laboratory

VGN

Veined Gneiss
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1.1

INTRODUCTION
Background

The spalling strength of the Olkiluoto rock types is required to accurately estimate the
probability and severity of potential rock stress-induced damage in the future nuclear
waste disposal facility. Based on current information, systemic spalling can be avoided
during construction if there is an appropriate design of the underground facilities but,
after canister emplacement, the additional thermal stresses may cause spalling.
The in situ rock spalling strength cannot be established accurately from drillhole scale
core samples due to an insufficiently large sample size in relation to the heterogeneity of
the rock and the different loading conditions and geometry; instead, a larger scale in situ
experiment is required. So far, the in situ rock spalling strength at Olkiluoto has been
estimated by using the URL (Canada) and Äspö HRL (Sweden) in situ experimental
results which provided a 57% ratio between the in situ experimental values and the
laboratory experimental mean values. Based on existing tests results the mean laboratory scale UCS of ONKALO area rock types is approximately 115 MPa, and the estimated spalling strength when using a ratio of 0.57 UCS, is thus 66 MPa. It should however be noted that the Olkiluoto migmatite is different to the more homogeneous igneous rock types at the Canadian and Swedish Underground Research Laboratories so that
adopting the 57% spalling strength ratio is at least questionable.
In the Canadian URL, the stress-strength ratio was so high that continuous spalling was
observed when a tunnel was excavated perpendicular to the maximum principal stress.
In the APSE experiment, stresses were concentrated in a rock pillar and further increased by external heating in order to promote spalling which served as an example for
Phases 1 & 2 of the POSE experiment.
1.2

POSE Experiment Phases 1 and 2

Posiva's Olkiluoto Spalling Experiment (POSE) in situ spalling experiment was carried
out in investigation niche 3 (the POSE-niche) at a depth level of approximately -345 m,
chainage 3620 m (Figure 1-1). The POSE niche was selected as a suitable site due to a
moderately high in situ stress state, knowledge of the orientation of the major principal
stress at the site and representative rock conditions. Primarily the objectives for the
POSE experiment include establishing the in situ spalling strength of Olkiluoto migmatitic gneiss and the in situ state of stress at a depth of -345 m. The motivation for the
POSE experiment is the requirement to accurately define the rock mass strength prior to
beginning final repository design, as well as properly identifying the in situ state of
stress because previous stress measurement data had been contradictory.
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Figure 1-1. The layout of ONKALO with the POSE-niche circled, as of December,
2012. 100 m depth ranges coloured from blue to red.
Hence Phase 1 of the POSE experiment involved boring two equally-sized parallel vertical holes in the niche floor, thus creating a narrow vertical pillar (0.9 m = 0.6 x hole
diameter) (Figure 1-2). Each hole was 1.53 m in diameter and 7.2 metres deep. The
holes were oriented according to the experienced trend of the maximum horizontal principal stress at the time so as to concentrate stresses in the narrow pillar (Figure 1-3).
This resulted in the second hole ONK-EH2 being oriented at a trend of 255° with respect to hole ONK-EH1. Phase 1 results demonstrated that this test layout requires
fairly detailed knowledge of the orientations of the principal stresses as no spalling type
damage had been initiated by boring the two holes. The only visible damage was the
presence of two sub-vertical fractures (Figure 1-4) (Johansson et al. 2014).
As a result of the failure to initiate spalling by stress concentration, heating was used to
cause thermo-mechanical expansion and hence cause a change in the local in situ stress
state around the two holes. This required the boring of four 76 mm diameter holes
(ONK-268…ONK-PP271) located at an approximate distance of 1 m, 2 on the northern
side of the holes and 2 on the southern side (Figure 1-3). Heaters were installed in these
holes, whilst holes ONK-EH1 and ONK-EH2 were filled with diabase sand. A maximum of 2000 W per heater was used to heat the surrounding rock; heater powers varied
during a heating period of 5 weeks. This resulted in further damage on the hole walls
which was localised around the two holes and not on the pillar walls (Figure 1-4). No
major spalling was observed, apart from some minor damage in the pegmatitic granite.
Most of the damage was restricted to rock type contacts or mica bands and was not of
the spalling type.
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Thus, the results from executing phases 1 & 2 of the POSE experiment provided very
little spalling type damage in addition to a damage location and response type that was
not expected, necessitating phase 3 of the POSE experiment. Further details on phases 1
& 2 and their results can be found in Posiva Working Report 2012-60.

Figure 1-2. Location of the POSE holes, view roughly from the SW. ONK-EH1 in red,
ONK-EH2, in yellow and ONK-EH3 in cyan.

Figure 1-3. Location of the supplementary holes near holes ONK-EH1 and ONK-EH2.
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Figure 1-4. Excavation induced fractures (red) in holes ONK-EH1 and ONK-EH2 (Johansson et al. 2013).
1.3

POSE Experiment Phase 3: Single hole heating damage test

In addition to the reasons mentioned in section 1.2, LVDT (Linear Variable Differential
Transformer) cell stress measurements (method described in detail in Vaittinen et al.
2013) in the former smaller diameter Excavation Damage Zone (EDZ) tunnel as well as
in the ONK-EH3 hole after the excavation of the POSE-niche are a major part of the
motivation for the third phase of the POSE experiment; measurements from the EDZ
and the access tunnel revealed a maximum horizontal stress trend of 166° whilst the
measurements from ONK-EH3 revealed a trend of 120° and magnitudes of 25.1 MPa
and 18.2 MPa, respectively. Further, the variably inhomogeneous and anisotropic nature
of the Olkiluoto rock means that failure induced by the rock stress is not as clear cut as
in the Canadian and Swedish experiments, therefore requiring additional clarification.
The objectives of phase 3 did not differ from those set for the entire POSE experiment
as an accurate definition of the in situ stress state at a depth of -345 and the in situ
spalling strength of Olkiluoto migmatitic gneiss were yet to be established.
The third phase was planned to be completed in hole ONK-EH3 (Figure 1-5). It was
designed to exclude the effect of the trend of the maximum principal stress on the results. This was accomplished by symmetrical and circular heating from within the hole
and by installing monitoring equipment without any assumptions of the trend of the
maximum principal stress. Heating from within the hole required filling the hole with a
sufficiently thermally conductive material, which in this case was chosen to be tabular
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alumina. This type of heating was to increase the maximum principal stress without
having any effect on its direction. Ideally, spalling would occur providing the necessary
clarification required for the success of the experiment.

Figure 1-5. Location of ONK-EH3 in the POSE-niche.
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2

POSE PHASE 3 PLANNING AND PREPARATIONS

The preparations of third phase of POSE experiment included the following steps:
1.
2.
3.
4.
5.
6.
7.
8.
2.1

Pilot hole heating test
Boring of experiment hole ONK-EH3
Mapping of initial conditions of experiment hole ONK-EH3
Additional stress measurements in experiment hole ONK-EH3
GPR measurements in experiment hole ONK-EH3
Instrumentation of experiment hole ONK-EH3
Execution of third phase of POSE experiment
Various investigations and laboratory sampling after the experiment
Experiment plan

Although this report describes all of the results from the execution of the 3rd phase of
the POSE experiment, this sub-chapter includes a summary of the original experiment
plan and therefore references to time are from prior to the execution of the experiment.
Based on LVDT stress measurements from the ONK-EH3 hole, the maximum principal
stress on the ONK-EH3 surface is currently 45-55 MPa (Figure 2-1) without any major
visual damage observed. LVDT measurements from the access tunnel and the former
EDZ niche indicate a stress of 55 -65 MPa on the surface of the hole (Figure 2-2). The
heating will cause a 55 – 65 MPa stress increase (Figure 2-3) that will be sufficient in
exceeding the estimated spalling strength of 66 MPa (50 – 100 MPa). Heating will continue for a total of 12 weeks after which cooling will follow until the temperature at the
hole wall has reached 50 – 60 °C. Heating will also be controlled somewhat by acoustic
emission measurements as, whenever events increase to the point where they indicate
spalling, the power of each heater will be decreased to match the level of stress at which
events occurred. The power to stress level has been determined prior to the experiment
by simulations. Once cooling has reached 50 – 60 °C the hole will be emptied. Removal
of any insulation and support at this point may provide further insight into to the thermal characteristics and behaviour of Olkiluoto rock. Cooling will then continue until the
rock has reached a temperature sufficiently close to the initial starting temperature. The
initial estimate of the maximum temperature at the hole wall after 12 weeks of heating
is approximately 100 - 120 °C according to simulations (Figure 2-4). The maximum
temperature at the hole wall will, however, remain below 100 °C for the duration of the
first three weeks. The top surface of the hole will, as in phase 2, be insulated in order to
prevent heat loss.
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Figure 2-1. The maximum principal stress on the POSE tunnel and ONK-EH3, the in
situ state of stress as according to the results obtained from ONK-EH3 LVDT measurements (Hakala & Valli 2013).

Figure 2-2. The maximum principal stress on the 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 (Hakala & Valli 2013).
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Figure 2-3. Estimate of the thermally-induced maximum principal stress field around
ONK-EH3 after 12 weeks of heating, including the in situ stress state obtained from
ONK-EH3 LVDT cell measurements. The maximum tangential stress is higher than the
estimated spalling strength of rock. A horizontal cross-section from a depth of -2.8 m
from the hole surface (Hakala & Valli 2013).

Figure 2-4. N-S oriented cutting plane of the temperatures after 12 weeks of heating.
The ONK-EH3 hole is outlined in the centre with the northern monitoring holes indicated as three solid black lines. Note the temperature scale is limited to a range of 13
°C to 130 °C, with temperatures exceeding 130 °C coloured in violet, the maximum
temperature tolerance of the strain gauges (Hakala & Valli 2013).
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2.2

Pilot hole heating test

Originally a concept brought over from the Äspö HRL, the pilot hole heating test was
based on larger scale borehole breakout experiments conducted in the Äspö HRL. Determining the stress orientation from slim drillholes was seen to be a reasonable method
that had to be verified, hence leading to two pilot experiments, one at the Äspö HRL
and one in ONKALO (Hakami 2011). These sites were both acceptable locations as
verification required experiments to be located at sites where the stress orientation had
already been determined to a reasonable degree.
The plan for the pilot hole heating test was simple: measure the borehole geometry in
detail before heating, apply a heat load at the centre of the hole for a time and repeat the
measurements after heating, thus revealing any changes in the geometry of the hole.
Any induced spalling would therefore delineate the orientation of the stress components.
The field test at the ONKALO site was the first of the two pilot experiments and was
performed in May 2010 in the POSE niche (Hakami 2011). The experiment was performed in borehole ONK-PP259, the pilot hole for experimental hole ONK-EH3. The
borehole was vertical and drilled to a depth of 7.5 m from a depth level of -344 m with a
diameter of 101.3 mm. The hole was mainly located in pegmatitic granite (PGR) and in
veined gneiss (VGN).
Acoustic televiewer logging was performed using an ABI40 Televiewer (Advanced
Logic Technologies). The probe measures the amplitude and time of an acoustic wave
transmitted inside a borehole and can thus determine the geometry of the hole very accurately. The heater used in the experiment had a total length of 4.2 m with an active
element length of 4 m (Figure 2-6). It was centralised with three circular holders that
suited the diameter of the hole to be used for testing. Temperature monitors were located in two external drillholes (ONK-PP260 and ONK-PP261) (Figure 2-5), located at
a distance of 0.5 m and 1.5 m north of hole ONK-PP259 as well as in hole ONK-PP259.
The monitors located in hole ONK-PP259 were at depths of 0.3 m, 2 m, 3 m and 4.4 m
measured from the top of the concrete slab, whilst the monitors in the other holes were
at depths of 0.95 m, 2.45 m, 4.45 m and 7.45 m.
Heating began on the 11th of May, 2010 with a heater power of 500 W causing an initial
temperature of 55 °C. Power was then increased in ca. 24 h intervals by 500 W increments resulting in 1500 W set on Thursday May 13th. The final increase to a power of
2000 W took place on the 20th of May and was maintained until the 28th of May at
which point the experiment ended (Figure 2-7 to Figure 2-9).
Predictions were obtained by numerical simulations and were a fairly accurate match to
observed temperatures. The predictions also provided an estimate of the evolution of the
maximum principal stress around the hole which indicated that at the final stage of the
experiment σ1 was close to the uniaxial compressive strength (UCS) of all gneissic rock
types in Olkiluoto and over the UCS of pegmatite in Olkiluoto (Figure 2-10). As the
spalling strength is estimated to be 57 %, the tangential stress on the hole should have
exceeded this without a doubt. Nevertheless both acoustic televiewer results as well as
visual observations revealed that no direct breakouts occurred as a result of the experiment (Hakami 2011).
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Figure 2-5. The drillholes in the ONK-EH3 region. Only drillholes ONK-PP259, ONKPP260 and ONK-PP261 existed at the time of the pilot hole heating test.

Figure 2-6. The heater element, its installation and insulation of the experiment area.
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Figure 2-7. Temperature measurements from the heater hole. Heater power increased
from 500 W to 2000 W in three steps. The temperature monitor at a depth of 4.4 m from
the surface of the hole was likely in water.
Hole ONK‐PP260: 0.5 m North from the Heater Hole
40.0

35.0

30.0

0.5 m, a
0.5 m, b

Temperature (C°)

0.5 m, c

25.0

2.0 m, a
2.0 m, b

20.0

2.0 m, c
4.0 m, a

15.0

4.0 m, b
4.0 m, c

10.0

7.0 m, a
7.0 m, b
7.0 m, c

5.0

0.0

Figure 2-8. Temperature measurements in hole ONK-PP260, located 0.5 m north of the
heater hole.
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Hole ONK‐PP261: 1.5 m North from the Heater Hole
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Figure 2-9. Temperature measurements in hole ONK-PP261, located 1.5 m north of the
heater hole.
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Figure 2-10. Temperature and stress evolution during the pilot hole heating experiment. Predictions and measurements for monitors in all three holes from depth levels -3
to -4 m.
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2.3

ONK-EH3 boring

Boring of the initial 0.311 m diameter pilot hole began on the 16th of June, 2010. Boring
of the pilot hole was finished on the 17th of June upon reaching a hole length of 9.27 m.
Boring of the full diameter hole began after this and finished on the 19th of June. The
completed hole had a diameter of 1.53 m and a length of 7.26 m. No exceptional circumstances were observed during boring.
2.4

Mapping of initial conditions

Once the hole was completed, mapping was performed on the 19th of July using standard climbing gear. Mapping results revealed that the ONK-EH3 hole was situated primarily in PGR, with small exposures of VGN both at the bottom and at the top of the
hole. Although intermittent kaolinisation of the pegmatitic granite due to past hydrothermal alteration was observed, the rock around the hole was largely intact and undamaged. The RQD was 100 % with a joint set number (Jn) of 0.5, a joint water reduction
factor (Jw) of 1 and a SRF of 5. A joint water reduction factor of 1 and an SRF of 5 are
used throughout ONKALO due to the following basis: as strict limits are imposed on
tunnel excavation and stability at the site, injection of the rock both ahead of the face
and following excavation is required, hence resulting in very little water leakage from
any mapped fractures, resulting in a constant Jw value of 1. An SRF of 5 was adopted
based on visual estimation on-site following excavation and was only changed to 50
momentarily to match with stress measurements at a particular location. This was then
reverted to 5 as a value of 50 did not correlate with the visual observations made onsite.
In total 4 fractures were mapped with a dominant trend of 323° and a dip of 42°, located
at the upper part of the hole. All of the fractures had rough undulating profiles with no
alteration and could therefore be classified as high friction fractures. Three of these fractures were mapped from VGN and one from PGR (Figure 2-11).
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Figure 2-11. A stitched panorama of the ONK-EH3 wall before the experiment, up to a
depth of 2 m. Note the four fractures in red.
Mapping of the hole was then later complemented with a photogrammetry survey in
order to provide documentation of the initial conditions for the hole prior to beginning
the experiment. The survey was performed using a Canon 5D Mark II DSLR camera
equipped with a 20 mm f / 2.8 lens and a hand-held extension pole.
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3
3.1

EXPERIMENT SITE AND CONDITIONS
Geology

The geology of the POSE niche can be summarised as a mixture of migmatitic gneisses
and PGR, with several gneiss variants present (Figure 3-1). These variants are a result
of differing characteristics such as high quartz or mica content or leucosome content.
For more detailed descriptions on the types of gneiss observed in Olkiluoto the reader is
referred to Working Report 2006-32. As defined in the nomenclature of Olkiluoto rocks
the term pegmatitic refers to the coarse-grained nature of the granite in question which
is mainly composed of feldspars and quartz. This pegmatitic granite manifests as large
lenses or veins in the POSE niche with the ONK-EH3 hole situated in one of these large
lenses. The hole is not, however, completely in PGR but exhibits contacts with veined
gneiss both at the bottom and top of the hole. Although these contacts were initially
sealed after boring, a contact located at a depth of -5 m opened as a tensile fracture approximately a year after boring. It is also worth noting that the VGN is heavily foliated
and exhibits a dominant dip direction of 167° and a dip of 42° (Figure 3-2) based on 9
measurements from cores obtained from holes ONK-PP259 to ONK-PP261 and ONKPP340 to ONK-PP347. This is in agreement with foliation orientations measured from
the surface of ONK-EH3 which point to a direction of 160°/51° (Figure 3-2) and with
overall measurements of foliation at Olkiluoto. Dip direction varies from 60° to 180°
and dip 17° to 55°. In general the lithology of the ONK-EH3 hole cannot be considered
as typical for the ONKALO facility but can be considered to be a representative PGR
site.

Figure 3-1. The lithology of the POSE niche and the experimental holes ONK-EH1,
ONK-EH2 and ONK-EH3. PGR exposures in red, VGN in turquoise (depicted only in
the experiment holes) and fractures mapped from the niche in black.
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Figure 3-2. The measured foliation orientations on an equal area lower hemisphere
projection obtained from holes in the direct vicinity of ONK-EH3. The general mean
marked as gm with the dominant trend indicated as a red set window.
A total of 108 fractures were logged from the drillcores mentioned above with an average fracture frequency of 10 fractures per hole. Out of all of the drillholes, ONK-PP259
was the most intact with only a single fracture apparent, whilst holes ONK-PP340 and
ONK-PP346 had a fracture count of 21 and 26, respectively. In total, 5 holes exhibited a
fracture count above 10 but as these holes are located in the northern, western and
southern directions, a correlation in spatial distribution is not possible. 86 fractures were
filled, 15 filled and slickensided and 2 grain filled.
Approximately half of the fractures logged from the drillcores are undulated, whilst the
rest of the fractures are either planar or stepped. As the fracture roughness data reveals a
total of 77 fractures with rough surfaces, it can be said that a majority of the fractures
from the drillcores are high friction fractures as is common with rough surfaced fractures; they often have a joint roughness (Jr) of 3 and a joint alteration (Ja) of at most 2.
The slickensided and smooth fractures are mostly filled and therefore have a higher Ja
of 4 and occur mostly in holes ONK-PP340, ONK-PP345…347.
The high friction fractures exhibit typical non-softening coatings or mineral fillings,
normally calcite or kaolinite. The low friction fractures exhibit thicker clay mineral fillings of either chlorite, kaolinite or illite.
The dip and dip direction of 19 fractures pointed to a dominant direction of 166°/40°,
similar to what was observed from the drillholes around experimental holes ONK-EH1
and ONK-EH2. The average fracture frequency for all of the drillholes in question was
1 piece per meter with values ranging from a minimum of 1 to a maximum of 8 pcs/m.
The mean RQD was 97 %. The rock quality ranged from good to exceptionally good
although four fracture zones classified as RiIII zones were intersected in holes ONK-
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PP340, ONK-PP341, ONK-PP345 and ONK-PP346. These zone intersections can
largely be characterised as dense concentrations of filled fractures with occasional
slickenside/smooth fracture surfaces.
3.2

In situ stress

The existing in situ stress state in the vicinity of the POSE niche was estimated prior to
the 3rd phase of the POSE experiment according to two separate interpretations due to
differing stress measurement results from different locations (Figure 3-3). Stress measurements from the access tunnel at chainage 3620, depth – 345 m and from the EDZ
niche (prior to the expansion of the former EDZ niche into the POSE niche) indicated a
trend of 166° and a magnitude of 25.1 MPa for the maximum principal stress (Appendix
1). Measurement results from the third hole ONK-EH3 in the POSE niche suggest a
trend of 120° and a magnitude of 18.2 MPa (Appendix 1). Although stress measurement
methods are good, natural variation in the rock stress caused by the rock heterogeneity
can be expected.
Predictions of the state of stress around the ONK-EH3 hole following excavations
pointed to a magnitude of 46 – 55 MPa for the maximum principal stress (Figure 2-1
and Figure 2-2). As the hole is located largely in pegmatitic granite and its UCS is 102
MPa the estimated spalling strength was thus estimated to be 58 MPa using a ratio of
57%. Hence an increase of 12 – 20 MPa in the maximum principal stress was estimated
to be sufficient in causing spalling around the hole. Moreover, an increase of 56 MPa
was seen as sufficient to definitely cause spalling as the crack damage threshold for
pegmatitic granite is approximately 85 ±17 MPa (Posiva 2013).
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Figure 3-3. 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.
3.3

Strength and deformability of rock

At the time of the 3rd phase of the POSE experiment, rock strength and deformability
data were based on data detailed in the 2012 Posiva Site report obtained from laboratory
and field tests of samples from ONKALO. Although samples of the pilot hole of the
ONK-EH3 hole were available at the time of the experiment, results and testing were
yet to be completed and hence the results from these tests can be considered as postexperiment data with no influence on the execution of the third phase. Previous data
divide the rock in Olkiluoto into two types for rock mechanics considerations due to the
heterogeneous nature of the gneisses. This results in two sets of parameters, one for the
gneisses and one for the pegmatitic granite. It should however be noted that the variation of all of the key strength stress states for metamorphic rocks is high, with a 95 %
confidence peak for a uniaxial strength between 58 MPa and 161 MPa (Johansson et al.
2014) (Table 3-1). This is also apparent from a study on the effect of loading orientation
with respect to foliation in gneiss samples as the UCS, crack damage and tensile
strength vary depending on the loading orientation (Hakala et al. 2005).
When comparing the results of laboratory testing of samples obtained from the pilot
hole of ONK-EH3 to the parameters defined from all of the previous data available, a
marked difference is evident: the UCS of the gneiss from this particular region is much
lower than the mean value defined for gneissic rocks in Olkiluoto whilst the PGR is in
its usual range.
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Table 3-1. Deformation and strength parameters for Olkiluoto GN rock types and PGR
(Posiva 2013).
Parameter

Rock
type

Young’s modulus, E (GPa)

GN
PGR

Poisson’s ratio, 

Unconfined peak strength, P (MPa)
Crack damage stress, CD (MPa)
Crack initiation stress, CI (MPa)
Indirect tensile strength, T,I (MPa)
Direct tensile strength, T,D (MPa)
Mode I fracture toughness, K*IC
Chevron Bend, (MPa1/2)
Mode I fracture toughness, K*IC
Brazilian Disk, (MPa1/2)
Mode Il fracture toughness, K*IiC
Punch-Through with Conf., (MPa1/2)

3.4

Mean value

Standard
deviation

60
60

10
8

GN

0.25

0.04

PGR

0.29

0.06

GN
PGR
GN
PGR
GN
PGR
GN
PGR
GN
PGR

108
102
99
85
52
57
12.1
8.9
7.6
-

26
27
26
17
12
12
2.9
2.1
1.5
-

GN

2.29

0.57

PGR

1.58

0.2

GN

1.58

0.51

PGR

1.12

0.1

GN

3.47

0.39

PGR

3.30

0.47

95% conf.
limits
31 / 81
47 / 73
0.15 /
0.33
0.14 /
0.34
58 / 161
56 / 146
51 / 153
56 / 113
34 / 83
35 / 77
6.6 / 17.4
4.6 / 12.0
5.9 / 10.3
1.43 /
3.01
1.39 /
1.77
0.96 /
2.39
1.02 /
1.21
2.87 /
4.04
2.89 /
3.77

Number of
samples
109
13
109
13
94
13
84
13
85
12
98
51
18
0
9
3
9
3
9
3

Thermal properties of rock and filling

The thermal properties of PGR and VGN have been defined using in situ testing which
is described in detail in Working Report 2012-57 (Korpisalo et al. 2013). Additional
documentation based on the thermal drillhole device (TERO) measurements is in Appendix 6. A concise summary of the principal thermal properties concerning the experiment and the related predictions are presented in Table 3-2. This also includes the
thermal properties of the filling chosen to be used in the experiment, tabular alumina
(99.5 % Al2O3). The ambient air temperature according to periodic tunnel measurements is between 12.5 °C to 13 °C in the POSE niche and hence also in the ONK-EH3
hole.
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Table 3-2. The thermal properties of PGR, VGN and the alumina hole filling at temperatures of 20 °C and 600 °C.
Property
Thermal Conductivity

Pegmatitic granite
3.33

Units
W/(m*K)

Specific heat capacity

716

J/(kg*K)

Diffusivity

1.77

10‐6 m2 s‐1

9.76
Veined gneiss
3.54
696

10‐6/°C
Units
W/(m*K)
J/(kg*K)

1.88

10‐6 m2 s‐1

9.76
Filling material: tabular alumina (20°C)
1.586
930.7

10‐6/°C
Units
W/(m*K)
J/(kg*K)

0.765

10‐6 m2 s‐1

5.4
Filling material: tabular alumina (600°C)
0.72
1116

10‐6/°C
Units
W/(m*K)
J/(kg*K)

Diffusivity

0.293

10‐6 m2 s‐1

Thermal expansion coefficient
Solid density of alumina
Bulk density of alumina
Porosity of filling

5.4
3535
1744
50.7 %

10‐6/°C
kg/m3
kg/m3
%

Thermal expansion coefficient
Property
Thermal Conductivity
Specific heat capacity
Diffusivity
Thermal expansion coefficient
Property
Thermal Conductivity
Specific heat capacity
Diffusivity
Thermal expansion coefficient
Property
Thermal Conductivity
Specific heat capacity

3.5

Hydrology

Prior to the experiment, no hydrological tests had been conducted although the presence
of water at the bottom of the hole and in the pilot hole had been observed, both immediately after boring and during the following weeks. Water-conducting fractures were not,
however, observed as the water accumulation occurred at the bottom of the hole and no
flow was apparent from the initial fractures mapped after boring. It was therefore concluded that the presence of water would not be an issue during the experiment.
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4
4.1

PREDICTIONS
3D thermomechanics prediction

The focus of the POSE phase 3 predictions was to provide a prediction of the stress
state around the ONK-EH3 hole both prior to and during a heating experiment as well
as providing a prediction of the time of expected spalling. Secondly, power output determination was also required as the maximum temperature at the hole wall was to be
kept within reasonable limits whilst achieving the targeted stress increase. Strain predictions were also an important component of this work. Finally, the results from the test
could then be compared to the predictions.
Predictions were completed using the following heating plan: individual heater power
output set to 400 W totalling 3200 W for 3 weeks to increase the temperature gradually,
then set to 800 W each totalling 6400 W for another 9 weeks. Total heating time was
thus 12 weeks. A full report on the predictions is available as a Working Report, 201258 (Hakala & Valli 2013). Therefore only the key results from the predictions will be
presented here.
The simulation model included the third experimental hole and the POSE niche (Figure
4-1). Temperature monitors and strain gauges were included in the model with locations
determined according to actual installed locations (Figure 4-2).

Figure 4-1. Close-up of model geometry displaying the POSE niche excavated in the
model as well as the third experimental hole which was excavated and then filled.
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Figure 4-2. Monitor locations with respect to ONK-EH3 in the POSE niche, viewed
from the southeast and from an elevated angle (X-axis = easting, Y-axis = northing, Zaxis = elevation). Red = temperature, green = strain gauge rosettes + temperature and
yellow = single strain gauges.
Temperatures at the hole wall reach ca. 45°C after 3 weeks of heating with the centre of
the hole at level -2.8 exhibiting a temperature of ca. 100 °C. After a further 9 weeks of
heating, temperatures at the centre of the hole at level -2.8 have risen to ca. 230 °C with
the hole wall reaching a temperature just below 100 °C (Figure 4-3). These temperatures are within the preset temperature limits imposed by strain gauge temperature tolerances (Hakala & Valli 2012).
Although predictions included two in situ stress state interpretations based on LVDT
cell measurements from ONK-EH3 and from the access tunnel / EDZ niche, only the
results based on the ONK-EH3 interpretation will be described here. The maximum
principal stress around the hole at depth level -2.8 after 3 weeks of heating is approximately 60 MPa. After 12 weeks of heating, the maximum principal stress around the
hole has reached approximately 100 MPa (Figure 4-4) (Hakala & Valli 2012). Note that
the vertical cutting planes have been oriented according to the locations of maximum
stress.
The extent of damage was also indicated by the predictions and was limited to an approximate maximum distance of 200 mm into the rock (Hakala & Valli 2012). The
damage extent after three weeks of heating is below 100 mm. This was corroborated by
a 2D empirical estimation of the spalling depth (Sd) using the following equation from
Martin & Christiansson 2009:
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(1)

where a = radius = 762 mm, σθθ = maximum tangential tunnel stress = 105 MPa, σsm =
in situ spalling strength. The lower estimate for σsm is the CI (crack initiation) value of
pegmatitic granite (57 MPa) and the high estimate the CD (crack damage) value (85
MPa) (Posiva 2013). The spalling depth estimate of pegmatitic granite was thus 310
mm using the CI value or 70 mm using the CD value (Figure 4-5).
Simulations were therefore able to define the necessary amount of heating required to
increase the state of stress around the hole to a level that exceeds the spalling strength of
Olkiluoto migmatitic gneiss.

Figure 4-3. E-W oriented cutting plane of the temperatures after 12 weeks of heating.
The ONK-EH3 hole is outlined in the centre with the eastern monitoring holes indicated
as two solid black lines. Note the temperature scale is limited to a range of 13 °C to 130
°C, with temperatures exceeding 130 °C coloured in violet (Hakala & Valli 2013).
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Figure 4-4. A cutting plane of the maximum principal stress oriented according to the
maximum of σ1 after 12 weeks of heating. The ONK-EH3 hole is outlined in the centre.
Stresses below 10 MPa are coloured grey, above 100 MPa in black (Hakala & Valli
2013).

Figure 4-5. The predicted damage extents according to the differential stress required
to cause spalling (Hakala & Valli 2013).
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4.2

Fracture mechanics prediction

2-D fracture mechanics predictions were performed with version 4.11 of the Fracod2D
code, which is based on the Displacement Discontinuity Method (DDM) (Siren 2011).
The advantage of the DDM in simulating the fracture propagation, compared with other
boundary element techniques, is its direct presentation of a fracture as fracture elements
- instead of as separate fracture surfaces. In Fracod2D, fracture initiation occurs when
two principal stresses reach a critical value; the tensile and shear stresses and strengths
are used to determine the initiation of a new fracture. Fracture propagation is, however,
determined by using fracture toughness parameters with the F-criterion, which compares the strain energy released with the surface energy gained when a fracture propagates.
Isotropic models were used to simulate the behaviour of pegmatitic granite. The modelling parameters used are described in Table 4-1 (based mainly on Siren 2012 and 2011).
The fracture mechanics code Fracod2D uses a fictitious heat source method to calculate
thermal stresses. Heating was applied as a thermal boundary condition based on calculations by Hakala & Valli (2012) to the hole surface, so that the input temperature at each
time step (1.5 weeks) is calculated as an average from the temperature at the beginning
and end of each timestep. The heating scheme is therefore evened out but retains the
same total temperature as presented in Figure 4-6. The prediction and parameters used
are described in detail by Siren (2014).
The results indicated that fractures start to grow in the direction of the minor principal
stress 2 weeks after the start of heating. Depending on the stress interpretation the fractures will increase in width as heating progresses and will surround the experimental
hole by the end of heating. A common aspect to both stress interpretations is that the
majority of the damage is subsurface and the maximum depth is 130-140 mm. The prediction using the ONK-EH3 stress interpretation exhibits a shallower damage depth in
the σ1 direction although damage exists in all directions. The results for both predictions
are presented in Figure 4-7 and in Figure 4-8.
The predicted acoustic emission patterns are presented in Figure 4-9. The acoustic emissions follow the development of fractures and would indicate no clear concentration of
AE events around the experiment hole.
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Table 4-1. Fracture mechanics modelling parameters with the ONK-EH3 stress interpretation.
Property

symbol

pegmatitic
granite

unit

Cohesion

c

12.9(1)

MPa

Friction angle

φ

47(1)

°

Tensile strength

σT,

Major principal stress

σ1

23 (305) (2)

MPa (°)

Intermediate principal stress

σ2

15 (215) (2)

MPa (°)

Minor principal stress

σ3

3 (vert.)

(2)

Mode I fracture toughness

KIC

1.96(3)

MPa m

Mode II fracture toughness

KIIC

3.30(3)

MPa m

Cohesion – tensile & shear

12

MPa

MPa (°)

(1)

c

Friction angle – tensile & shear

(1)

(1)

10
(4)

φ t, φ s

MPa
(4)

35 , 35
(4)

°, °

(4)

Dilatation angle – tensile & shear

ψt, ψs

Normal stiffness – tensile & shear

kn

20,000(1)

GPa/m

Shear stiffness – tensile & shear

ks

2,000(1)

GPa/m

Siren 2011

Hakala 2012

(2)
(3)

2.5 , 2.5

°, °

Situation below the tunnel floor including in-situ and tunnel effect at depth of -3 m after Valli &

Modified after Siren 2012

(4)

Posiva 2009, table 5-6

150
135
0.00 m
120
0.14 m

Temperature (°C)

105
90

0.24 m

75

0.54 m

60

0.89 m

45

1.04 m
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Heating scheme in experiment
15
Heating scheme in Fracture mechanics
model

0
0

1

2

3

4

5

6

7

8

9
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12

Week

Figure 4-6. Temperature evolution during a 12 week heating period as a function of
distance from the rock surface. The 0.14 m line is the first point in rock behind the rock
surface.
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σ3
σ1

Weeks 1.5...3

Weeks 1.5...3

Weeks 3...4.5

Weeks 3...4.5

Weeks 3...4.5

Weeks 4.5...6

Weeks 6...7.5

Week 12

Figure 4-7. Predicted fracture propagation during a 12 week heating period for the
EDZ & VT1 stress interpretation.
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σ3
σ1

Weeks 1.5...3

Weeks 1.5...3

Weeks 3...4.5

Weeks 3...4.5

Weeks 4.5...6

Weeks 6...7.5

Weeks 7.5...9

Week 12

Figure 4-8. Predicted fracture propagation during a 12 week heating period for the
ONK-EH3 stress interpretation.
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σ3
σ1

Figure 4-9. Predicted cumulative acoustic emission patterns after the experiment for
the EDZ & VT1 stress interpretation (left) and for the ONK-EH3 stress interpretation
(right).
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5

EXPERIMENT INSTRUMENTATION

In total, 140 cables connected the thermal, strain and acoustic emission (AE) sensors
necessary for the experiment. 100 monitors were connected to a Datataker DT80, 24
monitors to a separate acquisition rack required by the acoustic emission monitoring
system with the remaining 16 monitors connected to a thyristor heater control unit. The
Datataker DT80 was the same data logger that was used in the previous phases of the
experiment. The logging interval was initially set to 1 min and later changed on the 21st
of January 2013 to a 15 min interval. The logger was situated in a separate cabinet installed on the niche wall which also housed the five CEM units necessary to expand the
in-built channel limit of the DT80 to 100 channels (Figure 5-1). The primary function of
the cupboard was to prevent moisture problems and ensure proper function of data acquisition. All of the logging equipment was connected via network cables to a computer
on the surface which enabled the storage and retrieval of data remotely. This system
was at first somewhat unreliable and occasionally necessitated the retrieval of data
manually using a USB flash drive, although later worked consistently.

Figure 5-1. The cabinet installed on the wall of the POSE niche and the Datataker
DT80 along with the 5 CEM extensions.
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5.1

Temperature monitoring

Temperature monitors were installed above and below the insulation, on the wall of the
ONK-EH3 hole, in holes ONK-PP261, -340, -341, -345 and -346 and in two locations
in the niche optimal for ambient air temperature monitoring. The significant amount of
temperature monitors would ideally define the 3D temperature evolution of the rock
around the ONK-EH3 hole accurately and therefore provide sufficient data for later
back-analysis.
The order of installation was determined by the availability of the monitors and the necessary cabling; no specific order had been predetermined. The first monitors that were
installed were the resistance temperature detectors (RTD) located in holes ONK-PP261,
-340, -341, -345 and -346 (Figure 5-2). Depth levels from each hole were selected for
monitoring according to Table 5-1.
Table 5-1. Drillhole temperature monitor depth levels according to drillhole ID.
Drillhole ID
ONK‐PP261
ONK‐PP340
ONK‐PP341
ONK‐PP345
ONK‐PP346

Hole length (m)
7
10
10
10
10

Monitor depths (m)
‐3, ‐6
0, ‐3, ‐6, ‐10
0, ‐1.5, ‐3, ‐4.5, ‐6, ‐10
0, ‐1.5, ‐3, ‐4.5, ‐6, ‐10
0, ‐3, ‐6, ‐10

Figure 5-2. The PT100 detectors (red spheres) located in the external drillholes. The
cyan drillhole is 7 m in length whilst the other four holes are 10 m in length.
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The monitors were platinium resistance thermometers (PT100) and totalled 22 sensors
(Figure 5-3). The accuracy class of these monitors was type A, resulting in an accuracy
of 0.55 °C at a temperature of - 200 °C / 200 °C down to a 0.15 °C at 0 °C. To further
facilitate accurate temperature readings the monitors were first installed in stiff plastic
tubing of a smaller diameter than the drillholes. The length of the tubing was determined according to the drillhole length. Detector sized holes were drilled horizontally
through the plastic tubing at predetermined depth locations and a detector was then
pushed through the tubing. This resulted in fixed detector locations which would also
contact the drillhole wall. The completed sensor arrays were then inserted as single
tubes into their respective drillholes and grouted for stability. Installation in another
manner would not have ensured temperature measurements from the rock but from the
grout in the drillhole.

Figure 5-3. A PT100 resistance temperature detector. The default connectors were replaced for DT80 compatible connectors.
The strain gauges were installed on the hole wall next, as described in section 5.2. Two
types of temperature sensors were installed with the strain gauges. The more accurate
sensor, AD590MF had a maximum error of ±0.5 °C at 25 °C and ±1.7 °C across its full
range of measurement, extending from -55 °C to 150 °C. These accurate sensors were
located at 53°, level -3 m and 23°, level -6 m according to bearing and depth, respectively. The other sensors of type TMP36GT9z had a typical error of ±1 °C and a maximum error of ±3 °C at a temperature of 25 °C. The corresponding errors across its full
range of measurement (-40 to 125 °C) were ±2 °C and ±4 °C.
Following the gluing of the strain gauges, thermocouples were fixed onto the wall of the
ONK-EH3 hole (Figure 5-4, Figure 5-5). The accuracy of the J-type thermocouples was
quoted as 0.1 °C. Table 5-2 lists all of the monitors located on the hole wall, including
temperature monitors installed with the strain gauges glued to the hole wall (Figure
5-6).
The final thermocouples to be installed were those attached to the heater elements
(Figure 5-7). In total, 16 thermocouples were attached to the 8 heater elements with 2
per heater. 8 of these thermocouples would ensure proper heat output during the experiment with the other 8 attached to the heater control unit as the unit requires temperature input for it to function. 2 separate monitors, one a thermocouple, one a PT100, were
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installed in the POSE niche after this for ambient temperature monitoring. The PT100
was located on the roof of the container which housed the acoustic emission acquisition
rack and the thermocouple on the cable ladder located near the DT80 cabinet.

Table 5-2. Temperature monitors located on the ONK-EH3 hole wall. TC = thermocouple, SG = strain gauge temperature sensors.
Type
TC
TC
TC
TC
SG
SG

Depth level (m)
‐0.5
‐1.5
‐4.5
‐9
‐3
‐6

Bearing (°)
0, 135, 270
0, 270
0, 270
143, 323
53, 143, 203, 263, 300, 346
23, 83, 143, 203, 263, 323

Figure 5-4. Thermocouples attached to the wall using iron bolts, installation locations
marked with orange crosshairs on the wall and indicated with dashed red circles. Strain
gauge locations indicated with green dashed circles.
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Figure 5-5. The thermocouples installed on the wall of the ONK-EH3 hole.

Figure 5-6. Left: the strain gauge depth levels on the ONK-EH3 wall. Right: the thermocouples installed on the ONK-EH3 wall and the 8 monitors attached to the heaters at
a depth of -3 m. The viewpoint is from the southeast and a slightly tilted angle.
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Figure 5-7. The thermocouples attached to the heaters.
5.2

Strain monitoring

Strain gauges of type LY41-100/120 (tangential gauges) and LY41-50/120 (inclined
and vertical gauges), manufactured by HBM, were installed at the following locations
(Figure 5-8 & Figure 5-9) on the wall of ONK-EH3 as either rosettes or single tangential strain gauges according to Table 5-3. The installation process involved the sanding
of the installation locations on the hole wall until a sufficiently smooth surface for gluing was attained. The hole wall was then rinsed in order to remove the dust created by
sanding after which the gauges could be glued to the wall. The locations were naturally
allowed to dry before gluing. A tangential strain gauge was installed horizontally whilst
the rosettes were installed by gluing three separate gauges one on top of the other, one
horizontally, the second at a 45° angle and the third vertically. The adhesive selected for
the gauges (X280, manufactured by HBM) was expected to shield the gauges from
moisture and would also tolerate temperatures up to 130 °C.
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Table 5-3. Strain gauge installation locations and types.
Depth (m)
‐2.95
‐3.02
‐2.99
‐3.05
‐3.02
‐3.06

Bearing (°)
53
143
203
263
300
346

Type
Rosette
Tangential
Tangential
Tangential
Rosette
Rosette

Depth (m)
‐6.035
‐6.16
‐6.025
‐6.14
‐6.075
‐6.01

Bearing (°)
23
83
143
203
263
323

Type
Tangential
Rosette
Tangential
Rosette
Tangential
Rosette

Figure 5-8. The locations of strain gauges installed on the hole wall at a depth of -3 m.

Figure 5-9. The locations of strain gauges installed on the hole wall at a depth of -6 m.
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5.3

Acoustic emission and ultrasonic monitoring

The acoustic emission and ultrasonic monitoring system was delivered by Applied
Seismology Consultants (ASC) and was composed of 24 piezoelectric AE transducers
with a resonant frequency of ~50 kHz. The full frequency range of the sensors was in
the range of ~35 to 100 kHz. 4 drillholes (ONK-PP342…344 and ONK-PP347) with a
diameter of 76 mm and a length of 7 meters had been cored previously specifically for
the transducers at locations predetermined by ASC (Figure 5-10). Six transducers were
mounted on each drillhole frame. The transducers were spring-loaded to ensure proper
contact with the rock (Figure 5-11). Each transducer was supplied with an integrated 15meter waterproof cable, which was used to connect the transducer to the pulser amplifier desktop (PAD) unit (Figure 5-12). These cables proved to be very sensitive and had
to be electromagnetically shielded (Figure 5-12). PADs were used for signal amplification and pulse transmission in active mode / velocity surveying (Reyes-Montes et al.
2014).
The PADs were inside four junction boxes installed on the wall of the POSE niche. The
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. The
PADs were then connected to the acquisition rack, which was inside a (shipping) container located in the POSE niche. The full system was calibrated by means of a Schmidt
hammer and a screwdriver: the impact from the hammer or the tap of the screwdriver
would cause artificial ultrasonic events. Testing showed an estimated error of 220 mm
in positional accuracy, at best 140 mm when the calibration was performed at a depth of
4.3 meters in the ONK-EH3 hole.
Once engaged, the system provided continuous real-time AE monitoring during the experiment. Daily ultrasonic surveys were also carried out between the 14th of November
2012 and the 21st of May 2013, monitoring the changes in transmission velocities of Pand S-waves with a theoretical estimated error of ±2 m•s-1. The monitoring array was
conFigured to allow all the transducers to switch between active and passive modes
maximizing the number of ray paths surveying the volume around the test hole. Further
details on the installation and on the full system are available in WR 2013-39 (ReyesMontes et al. 2014).
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Figure 5-10. AE holes ONK-PP342, ONK-PP343, ONK-PP344 and ONK-PP347. Left:
view top down, AE holes in yellow. Right: view from tilted angle from the southeast, AE
holes in yellow. Transducer locations marked as blue spheres. Depth in meters.

Figure 5-11. Above: The AE transducer in its frame. Below: Two AE transducer array
frames installed in the external drillholes.

48

Figure 5-12. Pulser amplifier desktop units and electromagnetic shielding of the transducer cables.
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6
6.1

PHASE 3 EXECUTION
Hole filling and preparation

Preparation of the experiment began with the sanding of the predetermined strain gauge
locations on the wall of the ONK-EH3 hole. This was done during week 2 of 2012 in
January. A ground penetrating radar survey was completed during the following week
(sections 6.5 and 7.6).
The cable ladders around the ONK-EH3 hole and the wooden frames for attaching the
data logger and AE pulser amplifier cabinet were installed during week 18. The cable
ladders were necessary in order to avoid possibly heating the cables as well as maintaining a certain order to the cabling as a significant amount of cabling was involved in the
experiment. The installation, calibration and testing of the AE-monitoring system as
detailed in section 5.3 was performed during week 19 in May.
The rest of the instrumentation was installed and the hole was filled during week 23.
The external temperature monitor sensors were also installed in drillholes at this time,
which is described in detail in section 5.1. The holes were then grouted to ensure sensor
stability. Other activities during the week, in order, included installation of the ONKEH3 temperature monitors, bolting of the aluminium fixture (Figure 6-1) located at the 4.5 m level to the wall of the ONK-EH3 hole and cabling/connecting the monitors to the
DT80. The aluminium fixture was designed specifically for this experiment as its sole
purpose was to ensure the heaters would not drift from their designated locations. The
assumed drift was expected to occur when the hole was filled. The fixture diameter was
1400 mm, height 200 mm with an inner diameter of 650 mm. Its weight was approximately 51 kg. Once the fixture was in place, the steel cover plate was then moved into
place on top of the hole (Figure 6-2).
The steel cover plate had similarly been designed specifically for the experiment with
three functions in mind: provide support above the hole whilst the hole was empty, aid
in moving and keeping the heaters in place as well as allow for easy access for hole filling and emptying. The heaters were then inserted through the steel cover plate and the
fixture after which an additional fixture made from perforated hanger iron was attached
to the heaters at a depth level of -3 m (Figure 6-3). This temporary fixture served two
purposes as it also attached the heater temperature monitors to the heaters as well as
held the heaters in position at this depth level.
The hole was then filled with aluminium oxide (Almatis 2012) which was pre-selected
as a suitable thermal conductor with an assumed bulk density high enough to ensure a
sufficiently low porosity (Figure 6-4). Upon filling the hole this turned out to be somewhat inaccurate as it took 23 tons of loose aluminium oxide to fill the hole which had a
total volume of 13.2 m3. With a solid density of 3535 kg/m3 quoted for Al2O3 (99.5 %),
this resulted in a bulk density of 1744 kg/m3 and thus a porosity of 50.7 %. This necessitated the re-evaluation of the thermal properties of the filling resulting in the parameters specified in section 3.4. Finally, the concrete slab area around the hole was covered
with a 300 mm thick layer of Rockwool mineral wool (Figure 6-5).
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Figure 6-1. The aluminium fixture bolted to the wall of the ONK-EH3 hole.

Figure 6-2. The steel cover plate being moved into position on top of the ONK-EH3
hole.
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Figure 6-3. The perforated hanger iron attached to the heaters at a depth level of -3 m.
Note the temperature monitors attached to the heaters in conjunction with the hanger
iron.

Figure 6-4. Hole filling using aluminium oxide. The plastic tubing seen in the image
was used to direct the filling to the bottom when filling the lower part of the hole.
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Figure 6-5. Insulation of the hole and the area of the concrete slab in progress, two
layers of mineral wool were installed resulting in an insulation thickness of 300 mm.
6.2

Heating and cooling sequences

Heating began on the 25.07.2012 with individual heater power outputs set to 400 W per
heater, according to the control unit (Table 6-1). Due to temperatures increasing at an
unexpected rate, heating was turned off on the 7th of August in order to verify prediction
accuracies. Strain gauge readings were also questionable and thus roughly a meter of
filling was removed from the hole in order to reach the uppermost strain gauges. Visual
inspection did not reveal anything anomalous.
Heating was engaged on the 19th of December with an expected individual power output
of 200 W, which was then altered to 70 W 2 days later on the 21st of December. Power
output was modified again on the 27th of December to 100 W per heater due to unexpected and unwanted electrical noise in acoustic emission monitoring sensors caused by
the thyristor based heater control units. The heater control unit was therefore swapped
from a thyristor type unit to a timer type solution on the 7th of January, 2013.
The timer type solution switched the full power of the heaters on when turned on and
off when switched off, hence the power output of the heaters had to be determined using
simple on/off time ratios. A heating cycle of 3 minutes on and 78 minutes off was initiated on the 7th of January, 2013, resulting in an individual power output of 148 W when
each heater had a maximum power output of 4000 W.
After using this type of solution for a week, monitoring indicated that the thyristor type
control unit had output power levels that were significantly in excess of those expected.
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The actual power outputs were back-calculated after output measurements and are in
Table 6-2. After back-calculation the heater power was corrected to a cycle of 10 minutes on / 90 minutes off, equivalent to 400 W per heater on the 21st of January.
Table 6-1. Event log for the 3rd phase of the POSE experiment.
POSE ONK-EH3 Experiment
Event

Start date

2012

End date
July

Start of heating (expected output 400 W x 8)
Heating turned off, 1 m of filling removed,
visual strain gauge inspection
Heating resumed (expected output 200 W x 8)
Power altered (expected output 70 W x 8)
Power altered (expected output 100 W x 8)
Heater control unit type changed
Heating resumed (output 148 W x 8)
Power altered (output 400 W x 8)
Heating turned off, heater uplift measured,
iron rods attached to heaters, filling added,
heating cycle altered to 1 min ON / 9 mins OFF
Heating resumed (output 400 W x 8)
Heating cycle altered to 10 secs ON / 90 secs OFF
Heating cycle altered to 5 secs ON / 45 secs OFF
Power increased to 741 W x 8,
cycle altered to 5 secs ON / 22 secs OFF
Power correction to 800 W x 8,
cycle altered to 5 secs ON / 20 secs OFF
Heating interrupted momentarily,
remainder of faulty heater monitors replaced
Heating terminated

25.7.2012

7.8.2012

13.8.2012
19.12.2012
21.12.2012
27.12.2012
7.1.2013
7.1.2013
21.1.2013

13.8.2012
21.12.2012
27.12.2012
7.1.2013
7.1.2013
21.1.2013
29.1.2013

29.1.2013
30.1.2013
1.2.2013
6.2.2013

30.1.2013
1.2.2013
6.2.2013
13.2.2013

13.2.2013

14.2.2013

14.2.2013

6.3.2013

6.3.2013
21.3.2013

6.3.2013

August

Sep - Nov December

2013
January

February

March

-

Heating was turned off on the 29th of January due to an unexpected occurrence: the
heaters had jacked themselves up due to thermal expansion/contraction (Figure 6-7).
The only viable solution to this was to decrease the length of the on / off cycle and install iron rods attached to the steel plate and heaters in order to prevent heater ascent
(Figure 6-8). The uplift of the heaters was measured at this time and from this point
onwards to monitor the position of the heaters (Figure 6-6). Heater monitors were also
partially replaced with spares due to the movement of the heaters. Once this was done,
aluminium oxide pebbles were added around the heaters on top of the steel plate and the
insulation was replaced.
After corrective procedures, heating was turned on again on the 30th of January with an
on off cycle of 1 minutes / 9 minutes—equivalent to a heater power output of 400 W.
Due to power outages heating cycles were modified to on/off cycles of 10 seconds on /
90 seconds off and 5 seconds on / 45 seconds off on the 1st and 6th of February, respectively.
Heating then proceeded as planned and the second increased phase of heating began on
the 13th of February with individual heater power outputs set to 741 W using a cycle of
5 seconds on / 22 seconds off. This cycle was corrected to match the planned power
output of 800 W per heater with a cycle of 5 seconds on / 20 seconds off on the 14th of
February.
A minor interruption in the heating on a scale of a couple hours occurred on the 6th of
March as the remainder of the heater monitors were replaced upon their arrival on site.
As these monitors could not be properly attached to the heaters, they were inserted into
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the filling as close to the heaters as possible with an estimated distance of 10 mm to
each individual heater element.
Heating was turned off on the 21st of March as the estimated level of stress around the
hole was now so high as to definitely exceed the CD of pegmatite and no clear indicators of damage were available – although originally planned to work as primary indicators of damage, the strain gauge readings were unreasonable and AE-monitoring was
inconclusive at the time.
Table 6-2. Expected vs. actual individual heater power outputs when using the thyristor
type heater control unit.
Expected individual
heater power out‐
put (W)
400
200
100
70

Actual individual
heater power
output (W)
971
591
322
216

POSE Phase 3 Heater ascent
40

Ascent (cm)

35

30

N 1.
2.
E 3.

25

4.
S 5.

20

6.
W 7.

15

8.

Figure 6-6. Measured heater ascent in cm, heaters numbered clockwise from 1 to 8
starting from the northernmost heater.
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Figure 6-7. Heater ascent due to thermal expansion/contraction.

Figure 6-8. Iron rods installed in order to prevent further heater ascent.
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6.3

Filling removal and experiment disassembly

Insulation was removed on the 10th of April and the heaters and their monitors were
removed on the 11th of April with the AE-monitoring system turned off for the duration
of the removal. The temperature monitors situated above and below the insulation were
also removed during this time. The AE-monitoring system was turned off for the final
time on the 15th of April and filling removal began as the suction truck arrived on site.
The filling was removed using a hose inserted through the larger hole of the steel cover
plate.
Once the filling was completely removed, the steel cover plate was hoisted off the
ONK-EH3 hole and the aluminium fixture was also hoisted out of the hole (Figure 6-9).
Once the hole was emptied, it was apparent that the aluminium oxide had partially fused
in places to the bottom of the ONK-EH3 hole as well as to the aluminium fixture. Water
was also present at the very bottom in the pilot hole. Dismantling the experiment was
finalised with the removal of the cable ladders and the cabling.

Figure 6-9. Removal of the aluminium fixture.
6.4

Mapping and photogrammetry survey

Preliminary mapping of the hole (Figure 6-10) was performed immediately after emptying the hole wherein any notable damage was marked using a black marker. Actual
mapping was performed on the 19th of April. This was done using the customary climbing gear located on site.
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The post-experiment photogrammetry survey was performed immediately after the experiment between the 15th and 16th of April. The survey was later repeated after scaling
of the experiment hole. The surveys made use of a camera transport rig essentially composed of a 6 m long vertical metal rail attached to a wooden horizontal support that
spanned the width of the hole. The camera itself was seated onto a small flat car designed to freely move along the rail. The height of the camera in the hole was adjusted
using a rope attached to the flat car. This type of rig necessitated imaging the hole in 4
sections e.g. the northern, eastern, southern and western faces. After a single face had
been fully photographed the rig was rotated 90° for the camera to face the next hole
wall to be imaged.
A notable observation immediately after heating was the failure of the strain gauges: the
adhesive used had failed to adhere to the rock and thus the gauges had buckled, essentially drying up. The readings from the strain gauges were therefore deemed unacceptable.

Figure 6-10. ONK-EH3 after the third phase of POSE.
6.5

Ground penetrating radar survey

GPR measurements were conducted in experimental hole ONK-EH3 in two phases,
before and after heating. The data set before heating was collected on the 18th of January, 2012 and the data set after heating was collected on the 18th of April, 2013. All together six horizontal measurement lines with a 1 m depth spacing (depths 1.5, 2.5, 3.5,
4.5, 5.5 and 6.5 meters) and four vertical (bearings 0°, 90°, 180°, 270°) measurement
lines were surveyed (Figure 6-11). The equipment used for measurements included
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GSSI’s GPR unit SIR-3000 and a 1.5 GHz ground coupled antenna. The previous data
set was collected by Roadscanners Oy and the data set after heating by Geofcon. Survey
execution in general is presented in Figure 6-12.

Figure 6-11. Six horizontal and four vertical GPR measurement lines in experiment
hole ONK-EH3.
The depth range of the collected GPR data is approximately 1 m. Due to an even surface
and a low noise level data quality is very good, although some technical installations on
the tunnel wall caused artifacts. Data processing consisted of arrival time detection, data
length correction and frequency filtering. Processing was carried out using Geo Doctor
–software. The GPR EDZ response was calculated using the RD Rock module developed by Roadscanners Oy. Processing and analysis was conducted by Geofcon.
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Figure 6-12. GPR measurement in ONK-EH3.
The GPR method is designed for subsurface imaging based on electromagnetic wave
field transmission. The GPR antenna sends an electromagnetic pulse which is affected
by the electrical properties of the media. The signal penetrates and bends i.e. is diffracted and reflected from electrical boundaries. The GPR image is formed when the reflected signal is detected by the antenna. The depth range is shallow in crystalline rock at
high GPR frequencies (> 1 GHz) , less than 1 m (Kantia et al. 2013).
Data analysis consisted of GPR image and reflection observations and GPR EDZ method response computing. Results obtained from data prior to heating were compared to
results obtained from after heating.
The GPR EDZ method has been developed for measuring the depth extent of the EDZ.
The method is based on frequency analysis of the reflected signal that carries property
information of the medium.
More significant rock damage exhibits a higher EDZ response in the GPR data. Detection of the EDZ in the rock mass is based on computing of the EDZ index for a finite
block in a moving window.
The window size used is 1 ns in signal travel time with 0.5 ns steps and 5 traces (0.05
m) in the line direction (Figure 6-13). The window size is adjustable. The EDZ index is
integrated from the amplitude spectrum at a high frequency GPR range (Kantia et al.
2013). The GPR EDZ method has been tested in several campaigns in crystalline rock
conditions in Olkiluoto in the ONKALO facility and in the Äspö HRL (Heikkinen et al.
2010, Mustonen et al. 2010, Silvast et al. 2010).
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Figure 6-13. GPR EDZ response calculation and the analyzed frequency range.
The GPR EDZ response is displayed in profiles indicating EDZ depth variation (Figure
6-14). When GPR data is collected in 3D-format (maximum line interval 100 mm), the
response can be presented by several options: as surface maps of intensity, as the depth
extent of the EDZ, or as volume visualizations.
In the profiles, the EDZ response is limited using a threshold value, representing the
numerical limit where various types of damage are generated. This allows limiting the
volume of the potential EDZ from GPR data (Kantia et al. 2012). The threshold value is
generated from GPR EDZ data using statistical analysis. The boundary between damaged and intact rock seems to be naturally sharp. The method provides information of
the EDZ generally down to 0.6 m.

Figure 6-14. A GPR EDZ response example from an ONK-EH3 horizontal line, depth
3.5 m (after heating). The black color represents the strongest response (highest damage level) exceeding the threshold value (standard deviation + median). The colour
palette (red-orange-green) presents the transition zone of the GPR EDZ response. The
palette visualizes the values from the threshold value to the lower limit value (median).
6.6

Hydraulic connectivity

Similar to phases 1 & 2 of POSE, short drillholes were drilled into the wall of the ONKEH3 hole at predetermined locations which were focused on areas of damage in order to
define the extent and depth of damage using hydraulic connectivity. Drillholes H1-H19
were drilled from within the hole with a diameter of 10 mm and a length of 250 mm
(Figure 6-15). Packers were then installed in the holes in order to facilitate the injection
of water at a constant pressure. The elapsed time, pressure and the amount of injected
water was monitored during injection. Measurements were performed using the Posiva
Water Loss Equipment. The injected locations were photographed and any visible
flows/leaks mapped.
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Figure 6-15. Hydraulic connectivity drillholes in ONK-EH3 as seen from above, drillhole length 250 mm.
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7
7.1

RESULTS
Observed damage

The damage observed in the ONK-EH3 hole after the experiment was minimal. Open
fractures were observed only near the contact between schistose mica gneiss and the
pegmatitic granite (Figure 7-1, Figure 7-2, Figure 7-3, Figure 7-4). All of the other fractures that were seen to develop as a result of heating and thus due to the increase in the
in situ stress state were closed. A total of 17 induced fractures was mapped from the
hole wall with undulating and rough profiles with no alteration evident. The global
weighted mean trend of the fractures was 172°/34°, fairly close to the orientation and
dip of the foliation as detailed in section 3.1. Although the general mean of the fractures
is similar to the mean of the foliation, the dominant sets differ markedly: they are
mostly near vertical. It is also worth noting that the fractures observed in the upper part
of the hole are mostly horizontal whilst fractures in the lower part of the hole are near
vertical.
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Figure 7-1. Post-experiment induced fractures digitised onto a stitched image of the
ONK-EH3 wall before scaling, marked in red.
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Figure 7-2. Post-experiment induced fractures digitised onto a stitched image of the
ONK-EH3 wall after scaling, marked in red.
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Figure 7-3. A geological map of ONK-EH3, PGR indicated in orange, VGN in blue,
areas of damage in grey. Black lines in the VGN indicate the foliation of the veined
gneiss.
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Figure 7-4. Post-experiment fractures in 3D on the ONK-EH3 wall, viewpoints outside
the hole. View from the north on the left, progressing through the cardinal directions to
the right.
7.2

Temperatures

Temperature measurement data obtained from the hole wall matched the predicted temperatures adequately even though the predicted temperatures did not include all of the
unintentional heater power fluctuations experienced during the beginning of the experiment (Figure 7-5). Note that this caused the predicted temperatures obtained from simulations to exceed those observed during the experiment systematically. Predictions also
continued further than the experiment duration and did not include cooling. Temperature measurements from hole depth levels -3 and -6 m were obtained using the strain
gauge temperature sensors of which 4 did not provide sufficiently reasonable data. The
remainder of the results are presented in Appendix 3.
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ONK‐EH3 ‐ Wall temperature
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Figure 7-5. Temperature measurements from the ONK-EH3 hole wall from depth levels
-0.5, -1.5, -3, -4.5 and -6 m. Solid lines indicate maximum temperatures, dashed lines
minimum temperatures. Predictions are indicated using diamond markers. The grey
dashed line indicates heater power per heater.
7.3

Strain gauge results

Strain predictions did not correlate with the strain measurements obtained during the
experiment due to the failure of the strain gauge adhesion. Strain measurements indicated an unrealistically dramatic change in conditions at the end of February which later
peaked in mid-March (Figure 7-6). The remainder of the results are presented in Appendix 4.
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ONK‐EH3 ‐ Strain gauge strain at level ‐3.0 m
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Figure 7-6. Strain measurements from hole depth level -3 m. Labelling is explained as
follows: EH3 = hole id, SG = strain gauge, R = rosette, “#value”= bearing, T/V/I =
tangential, vertical or inclined gauge, respectively.
7.4

Ultrasonic monitoring

Changes in the 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 ray paths during the heating phase. The highest changes were observed in the ray paths skimming the hole surface at depths between
2.3 and 3.7 meters. This observation indicates the closure of the in situ stress and excavation-induced micro cracks due to the stress increase (‘thermal stress’).
After turning the heaters off, P-wave velocities show a decrease, reaching values below
those measured at the start of the monitoring of the experiment. This happens approximately four weeks after switching off the heaters in all ray paths. The greatest decrease
is observed along the ray paths surveying the region skimming the hole wall. This decrease below the original background values indicates the induction of micro cracks due
to the heating-cooling cycle. The evolution of transmission velocities across the complete monitoring period is shown in Figure 7-7 and Figure 7-8.
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23 days

13 days

16 days

22 days

21 days

22 days

19 days

Figure 7-7. 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 November 14th 2012.
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Figure 7-8. Changes in P-wave transmission velocities relative to the ultrasonic survey
performed on November 14th 2012 at different depth levels. These were calculated as
the average of the ray paths crossing the region up to -2.3 meters, -3.7 meters, -5.4 meters and below -5.4 meters in depths (last one marked as Depth20). The chart includes
the evolution of the average wall temperatures at 0.5 and 6.0 meters in 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).
7.5

Acoustic emission

A total of 609 AE events were located during the monitoring period using a layered
velocity model, which was based on the 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.
AE monitoring was conducted between the 14th of November 2012 and the 21st of May
2013. The processing method and parameters used to locate AEs are described in the
ASC report (Reyes-Montes et al. 2014). 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. This
allowed a more accurate representation of the fracturing that was occurring in the rock.
The events were also manually inspected to determine their origin.
The magnitude of an event was automatically calculated after the event was located.
The transducer instruments used did not allow for the calculation of absolute magnitude
values, hence a relative magnitude scale, Location Magnitude (LM), was calculated.
This is a simple estimate of relative magnitudes between a set of events recorded from
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the same array. The Location Magnitude, LM, is calculated using equation 2 (ReyesMontes et al. 2013). WRMSm is the RMS Waveform Amplitude calculated on each
sensor, m, dm is the ray path length calculated between the source location and the sensor's location.
•
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 in
strument.

 m N
  (W RMS m .d m ) 

M L  log  m 1


N





(2)

Figure 7-9 shows the temporal distribution of the AE events. Peak 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 7-10 and Figure 7-11. The distribution of the 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 by 0.25 meters in the viewing plane and 10 meters long in the normal direction.
Event density plots show the peak concentrations at bearings 20° and 230° in the plan
view (Figure 7-11). In the side view (Figure 7-10), the highest concentration follows the
band of migmatitic gneiss observed in the experiment hole.
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Figure 7-9. Temporal distribution of AE events during the monitoring period. a) all
triggers (excluding electrical noise), b) located AE events.
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Figure 7-10. Above: Located AE events during the monitoring period along the POSE 3
test hole. Below: Event density for the complete monitoring period calculated as the
number of AE events per 0.25m x 0.25m x 10m cell. Side view looking east, grid spacing
1 meter.
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Figure 7-11. Above: Located AE events during the monitoring period along the POSE 3
test hole. Below: Event density for the complete monitoring period calculated as the
number of AE events per 0.25m x 0.25m x 10m cell. Plan view, grid spacing 1 meter.
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The temporal change in the AE location magnitude (LM) is shown in Figure 7-12,
which shows a relative abundance of higher magnitude events in the cooling phase. This
is an observation that corroborates the previous observation of potential coalescing of
micro cracks into larger cracks during this phase. The distribution also shows events
distributed into four distinct clusters of events:
1. This cluster of events shows the lowest magnitudes in the monitoring and is
centred on magnitude -2.0. These events were recorded at the early stage of
the heating. The events can be interpreted as induction of small thermal
cracks.
2. Two clusters with magnitudes centred on magnitude -1.5 extending to the
end of the heating period.
3. A smaller cluster of events with a wider range of magnitudes, centred on
magnitude -1.25. The relatively larger magnitude events observed in this period can be interpreted as associated with the coalescence and development
of micro cracks induced during the heating of the volume.
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Figure 7-12. Chart displaying AE location magnitudes (LM) for the complete monitoring period. The chart shows an increasing trend with time potentially linked to the creation and coalescence of micro cracks induced through the temperature changes. Four
temporal-magnitude clusters are identified, indicating a trend of increasing magnitude
during the monitoring period.
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7.6

GPR survey results

The GPR profile images from ONK-EH3 were printed and analysed in 3D (Surpacsoftware) in conjunction with geological rock type (pegmatite or veined gneiss) and
fracture data. Photographs of the surface of the experimental hole were also used during
result analysis and results were then compared to the locations of damage caused by
heating (Figure 7-13).
GPR signal reflections are equally visible in pegmatite and in veined gneiss. As noted in
a previous study (Johansson et al. 2013), clear correlation between GPR reflections and
rock type is difficult to establish.
Rock type contacts (PGR/VGN) can be seen as reflectors but continuity of these reflections is weak. These features can be followed up to an approximate depth of 0.6 m. Distinct features can be seen both before and after heating. Individual smaller scale heating
effects cannot be discerned from the GPR data as these scattering features do not contrast markedly with the background or events of greater reflection (Johansson et al.
2013). Increase in high frequency reflection content in the data set after heating can be
noted already in GPR images, but more distinctly in the GPR EDZ response.
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Figure 7-13. GPR data profiles around the experimental hole ONK-EH3 after heating.
Figure 7-14 and Figure 7-15 present the vertical GPR EDZ response (external blackred-green plots) along the experimental hole photographs and the corresponding GPR
reflection data images (internal, purple-cyan palette). The GPR EDZ response is presented using a black-red-green colour scale where black represents the damaged volume
limited by a given threshold value. Red to green represents the transition between the
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background and damaged rock. The threshold values, 1700 for the background and
10500 for the EDZ limit, were selected based on statistical analysis of the data. The
threshold values vary between the sites and depend on the surrounding rock, surface
roughness and moisture and on the settings used in measurements and processing.
As seen in Figure 7-14 the depth extent of GPR EDZ responses (black area) prior to
heating are generally in a range of 6 to 120 mm deep and clearly discontinuous. In some
locations the EDZ extends to a greater depth of 250 – 300 mm, especially in the upper
part of the rock in the north and south. The most significant EDZ responses before heating can be seen in the north and south. These locations have already been damaged during the drilling process and may be related to stress-induced fracturing and rock texture.
The GPR EDZ response after heating (Figure 7-15) clearly indicates deeper and more
continuous damage than before heating. The estimated depth extent of the damage varies from 120 to 180 mm in general. Some events that penetrate deeper (possibly artefacts from metallic installations) can be seen in GPR images and in the GPR EDZ data.
Data collected after heating also indicates damage that extends to a greater depth in the
north and south. Some metallic objects (cables, bolts, etc.) caused local interferences in
the GPR data which is also present in the computed GPR EDZ response but which can
be detected from results. A comparison of the GPR EDZ response computed from the
data before and after heating (Figure 7-16) clearly indicates that the response has increased over time and due to the heating process.

Figure 7-14. GPR images (purple-cyan) and corresponding GPR EDZ responses
(black-red-green) before heating in ONK-EH3. The GPR measurement was performed
in vertical lines towards the N and S, and towards the W and E, from the top of ONKEH3.
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Figure 7-15. GPR images (purple-cyan) and corresponding GPR EDZ responses
(black-red-green) after heating in ONK-EH3. The GPR measurement was performed in
vertical lines towards the N and S, and towards the W and E, from the top of ONK-EH3.

Figure 7-16. Difference of GPR EDZ responses, data before heating deducted from
data obtained after heating, in ONK-EH3. The GPR measurement was performed in
vertical lines towards the N and S, and towards the W and E, from the top of ONK-EH3.
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7.7

Hydraulic connectivity

The majority of the holes exhibited no flow into the drillholes with marginal leakage
observed in drillholes H1, H2, H3, H5, H7, H11 and H14. Only holes H4 and H6 revealed significant flow into the hole with injection flows of 443 and 709 mL/min, respectively (Table 7-1). A fairly uniform injection pressure was used throughout the
tests, varying from 419 to 583 kPa. Of all of the drillholes, holes H8... H10, H12, H13
and H15…H19 did not cause visible leaks to appear on the wall of the ONK-EH3 hole.
Figure 7-17 displays leakage caused by injection of drillhole H6. As leakage served as a
direct indication of damage extending to the wall of the ONK-EH3 hole, holes which
caused leaks were considered to be connected to damaged areas. Holes H4 and H6, located in the lower part of the hole, were therefore considered to indicate areas of more
significant damage due to notable water loss (Figure 7-18 & Figure 7-19). All of the
measurement results are available in Appendix 5.
Table 7-1. Injection flows and injection pressures of the water loss measurements,
drillholes H1-H19 in ONK-EH3. Elevation of the top of the hole -345 m. Inclination 90°.
Drillhole
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19

Elevation of the top of the hole
(masl)
-349.91
-349.91
-349.90
-350.79
-350.78
-350.78
-349.59
-349.63
-349.71
-349.55
-349.55
-349.57
-349.65
-350.38
-350.54
-348.97
-348.90
-349.13
-349.08

Injection Flow
(mL/min)
33
64
2
443
9
709
1
0
0
0
1
0
0
3
0
0
0
0
0

* Injection flow was 0 mL/min.
** Average flow calculated after pressure stabilization.

Injection Pressure
(kPa)
540
517
546
451
545
419
554
556
558
558
556
556
556
547
583
561
562
571
563

Comments
**
**
**
**
**
**
**
*
*
*
**
*
*
**
*
*
*
*
*
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Figure 7-17. Leakage from the ONK-EH3 wall caused by drillhole H6 injection, indicated by red dashed areas.

Figure 7-18. The drillholes used for hydraulic testing viewed from above, coloured according to the measured flow into the holes (left.
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Figure 7-19. The drillholes used for hydraulic testing viewed from the south (left) and
north (right), coloured according to the measured flow into the holes overlain with the
post-experiment fractures on the ONK-EH3 wall (right). The red arrows on the right
indicate fractures where leaks were observed.
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8

SUMMARY AND DISCUSSION

The conclusions based on the observations made after the experiment indicate the following:













Although damage was observed in the form of fractures that developed due to
heating, the most significant localisation of fractures was centred on a region
where a marked contact between mica-rich gneiss and pegmatitic granite had
opened prior to heating. This had been observed approximately 18 months after
boring ONK-EH3.
Mostly all of the fractures that had been generated by heating were either located
in the lower third of the hole, where the expected stress increase was lower than
in the middle section of the hole or in close proximity to the rock-concrete contact.
Instead of spalling type damage being apparent, shear and dilation of mica rich
layers was evident.
Temperature predictions were adequately accurate.
Strain predictions could not be verified as strain gauges failed.
The prediction for the depth of damage was fairly accurate if water flow tests
could be considered to define the depth of damage – damage depth was constrained to the first 100 – 200 mm of the hole wall.
The GPR EDZ results indicate an increase of EDZ type damage in the rock due
to the experiment, reaching a maximum depth of 120- 180 mm in comparison to
60 – 120 mm prior to heating.
Final results from AE-data revealed a concentration of events in a NE-SW trend,
located in the regions where gneiss is present. These results correspond to the
expected trend of damage remarkably well, although the source of the events
cannot be visibly verified.
The overall picture from the AE-data and the GPR EDZ studies backup the fracture mechanics prediction where failure is observed all around the experiment
hole without clear spalling notches.

The key results of the third phase of the POSE experiment include the following:






A number of the temperature monitors failed either during the installation phase
or during the experiment. In total 16 of the temperature monitors operated successfully, with the rest failing either due to the presence of water or during
grouting (monitors in the external drillholes).
The strain gauges were installed with the purpose of being real-time primary indicators of damage, effectively controlling the experiment and the maximum
level of stress. Unfortunately either due to moisture during installation or failure
of the adhesives used when gluing the gauges, they failed to function properly
and did not produce any reasonable results.
Acoustic emission monitoring was originally also intended to be a secondary
real-time indicator of damage during the experiment but also failed to accomplish this in real-time as event data had to be manually filtered following the experiment and could not be done in real-time. Control of the heating and thus the
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level of tangential stress on the hole was therefore impossible using the AEmonitoring system.
Although originally intended to reach a temperature of ca. 100 °C at the hole
wall, the experiment was terminated at a temperature of ca. 85 °C, due to no indicators of damage available and predictions indicating that the Crack Damage
threshold of pegmatitic granite (85 ±17 MPa) had definitely been exceeded.

As the primary objectives of the POSE experiment were to establish the in situ spalling
strength of Olkiluoto migmatitic gneiss and the in situ state of stress at the -345 m depth
level in the ONKALO facility, phase 3 results can be viewed as inconclusive. This is
largely due to the unexpected behaviour of the rock at the site of the experiment which
seems to be governed mostly if not fully by heterogeneous features such as sharp contacts between weak bands of mica rich gneiss and pegmatitic granite. Spalling type failure was expected in pegmatitic granite although only EDZ type damage was observed.
Moreover, the heterogeneity of the rock seems to dominate over the weakly pronounced
secondary stresses around the experiment hole. Any further experiments must account
for the local anisotropy and heterogeneity of the rock at the site and consider that
spalling type damage is not a factor at the Olkiluoto site, but that damage is governed by
a different failure mechanism, most likely by shear and dilation of weakness planes
such as mica rich layers. Altogether the third phase of the POSE experiment helped to
develop a much better understanding of the rock failure mechanism in this heterogeneous and anisotropic rock mass.
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APPENDICES
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Appendix 6: Thermal drillhole device (TERO) measurements from ONK-PP340 and
ONK-PP346.
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APPENDIX 1
In situ stress measurements with an LVDT-cell close to the POSE-niche.
Three LVDT-cell stress measurements have been done close to the POSE niche. The
first one was at chainage 48 m in the EDZ-niche (Figure A1-1). The EDZ-niche is the
name for the 4.5 m wide and 5.0 m high tunnel which was reshaped to be the 9 m wide
and 7 m high POSE niche. The location outside the EDZ and POSE niches is situated at
chainage 3620 m (depth level of -345 m) of the ONKALO ramp VT1. The second
measurement was carried out at chainage 3662 m (depth level -349 m) of the ONKALO
ramp VT1. The third one was completed in the POSE niche in the third experiment hole
ONK-EH3 (depth level -349, Figure 3-1). All of the following in situ state of stress results are preliminary because biaxial test results of measurement cores have not been
completed and analysed and instead a Young’s modulus of 55 GPa and a Poisson’s ratio
of 0.22 is assumed for all measurements. The LVDT-cell measurement and interpretation methods are described in report POSIVA 2013-43: In situ stress measurement with
LVDT-cell – method description and verification. Hakala, M., Siren, T., Kemppainen,
K., Christiansson, R., Martin, D. Posiva Oy, Eurajoki (in press).

Figure A1-1. Locations EDZ-niche and VT1 chainage 3662 m LVDT-measurement
profiles.
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LVDT measurement in the EDZ‐niche and at VT1 chainage 3662

Table A1-1. Best fit solution for in situ principal stresses based on both the EDZniche and VT1 chainage 3662 m LVDT-measurements as well as for both measurements
independently.
Solution

1

trend,° plunge,°

2

trend,° plunge,°

3

trend,° plunge,°

EDZ & VT1

25.1

166

1

17.1

256

10

12.3

68

80

EDZ

31.6

171

1

20.0

262

20

13.5

78

70

VT1

24.6

330

6

17.2

239

10

12.8

88

78

Figure A1-2. Orientations and magnitudes for resulting in situ principal stresses, in
the lower hemisphere plot the combined solution is indicated with larger filled markers
(left).
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LVDT measurement in POSE experiment hole ONK‐EH3

Table A1-2. Best fit solution for in situ principal stresses from the ONK-EH3 LVDTmeasurements.
Solution
ONK‐EH3

1

trend,° plunge,°

18.2 120

2

2

trend,° plunge,° 3 trend,° plunge,°

15.6 210

4

8.9 3

85

Figure A1-3. Orientations and magnitudes for resulting in situ principal stresses.
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APPENDIX 2
Temperature predictions for the third phase of the POSE experiment.

Figure A2-1. N-S oriented cutting plane of the temperatures after 3 weeks of heating.
The ONK-EH3 hole is outlined in the centre with the northern monitoring holes indicated as three solid black lines. Note the temperature scale is limited to a range of
13 °C to 100 °C, with temperatures exceeding 100 °C coloured in violet.

Figure A2-2. E-W oriented cutting plane of the temperatures after 3 weeks of heating.
The ONK-EH3 hole is outlined in the centre with the eastern monitoring holes indicated
as two solid black lines. Note the temperature scale is limited to a range of 13 °C to 100
°C, with temperatures exceeding 100 °C coloured in violet.
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Figure A2-3. A cutting plane of the maximum principal stress oriented according to the
maximum of σ1 after 3 weeks of heating. The ONK-EH3 hole is outlined in the centre.
Stresses below 10 MPa are coloured grey, above 100 MPa in black.

Figure A2-4. A horizontal cutting plane of the maximum principal stress after 3 weeks
of heating. The ONK-EH3 hole is outlined in the centre. Stresses below 10 MPa are
coloured grey, above 100 MPa in black.
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Figure A2-5. The predicted damage extents according to the differential stress required
to cause spalling.
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Figure A2-6. The predicted damage extents according to the differential stress required
to cause spalling.
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APPENDIX 3
Stress / Strain measurements for the third phase of the POSE experiment.

ONK‐EH3 ‐ Corrected dummy strain gauge strain at level ‐5.0 m

Microstrain (mm/mm)

2000

EH3‐SG‐PGR‐D1‐1 (uStrain)

EH3‐SG‐PGR‐D1‐2 (uStrain)

EH3‐SG‐PGR‐D1‐3 (uStrain)

EH3‐SG‐VGN‐D2‐1 (uStrain)

EH3‐SG‐VGN‐D2‐2 (uStrain)

EH3‐SG‐VGN‐D2‐3 (uStrain)

EH3‐SG‐AL‐D3‐1 (uStrain)

EH3‐SG‐AL‐D3‐2 (uStrain)

EH3‐SG‐AL‐D3‐3 (uStrain)

Prediction, PGR (alfa=7.2)

Prediction, VGN (alfa=10.6)

Prediction, AL (alfa=23.5)

Heat Power / Heater

MTTH: Reset to give theorethical strain on 21. Jan 2013
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Figure A3-1. Strain measurements from hole depth level -5 m. Labelling is explained as
follows: EH3 = hole id, SG = strain gauge, PGR = pegmatitic granite, VGN = veined
gneiss, AL = aluminium, R = rosette, D1 = dummy 1, “-1” = respective gauge number,
T/V/I = tangential, vertical or inclined gauge, respectively.
ONK‐EH3 ‐ Strain gauge strain at level ‐6.0 m
EH3‐SG‐6‐23 (uStrain)

EH3‐SG‐R‐6‐83‐T (uStrain)

EH3‐SG‐6‐143 (uStrain)

EH3‐SG‐R‐6‐203‐T (uStrain)

EH3‐SG‐6‐263 (uStrain)

EH3‐SG‐R‐6‐323‐T (uStrain)

6500

EH3‐SG‐R‐6‐83‐V (uStrain)

EH3‐SG‐R‐6‐203‐V (uStrain)

EH3‐SG‐R‐6‐323‐V (uStrain)

6000

EH3‐SG‐R‐6‐83‐I (uStrain)

EH3‐SG‐R‐6‐203‐I (uStrain)

EH3‐SG‐R‐6‐323‐I (uStrain)

5500

Prediction ‐ T

Prediction ‐ V

Prediction ‐ I
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Heat Power / Heater
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7000

1200

1000

800

4500
4000
3500

600

3000
2500
2000

Heat Power (W)

7500

400

1500
1000
500

200

0
‐500
‐1000
‐1500

0

Date

Figure A3-2. Strain measurements from hole depth level -6 m. Labelling is explained as
follows: EH3 = hole id, SG = strain gauge, R = rosette, “#value”= bearing, T/V/I =
tangential, vertical or inclined gauge, respectively.

100

ONK‐EH3 ‐ Extra strain gauges
7500
7000
6500

1200
EH3‐SG‐1.4‐135 (uStrain)
EH3‐SG‐4.5‐317 (uStrain)
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5500
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Figure A3-3. Strain measurements from hole depth levels -1.4, -4.5 and -5.4 m. Labelling is explained as follows: EH3 = hole id, SG = strain gauge, “#value”= bearing.
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APPENDIX 4
Temperature measurements during POSE Phase 3.
ONK‐EH3 ‐ Center line temperature
300

1200
EH3‐TP+0.3 (degC)
EH3‐TP+0 (degC)

250

1000

EH3‐TP‐0.3 (degC)
Prediction +0.0
Prediction ‐0.3

800

Heat Power / Heater

150
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Temperature (°C)

200

0
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Figure A4-1. Temperature measurements from above and below the insulation, hole
depth levels -0.3, +0 and +0.3 m. Labelling is explained as follows: EH3 = hole id, TP
= thermocouple, “#value”= depth in meters. The grey dashed line indicates heater
power per heater.
ONK‐EH3 ‐ Upper wall temperature
150

1200

EH3‐TP‐0.5‐0 (degC)
EH3‐TP‐0.5‐270 (degC)
EH3‐TP‐0.5‐135 (degC)

125

1000

EH3‐TP‐1.5‐0 (degC)
EH3‐TP‐1.5‐270 (degC)
Prediction ‐0.5
Prediction ‐1.5

800
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600
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Temperature (°C)

100

0
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Figure A4-2. Temperature measurements from the upper section of the ONK-EH3 wall,
up to a depth of -1.5 m. Labelling is explained as follows: EH3 = hole id, TP = thermocouple, 1st “#value”= depth in meters, 2nd “#value” = bearing. The grey dashed line
indicates heater power per heater.
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ONK‐EH3 ‐ Lower wall temperature
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1200

EH3‐TP‐4.5‐0 (degC)
EH3‐TP‐4.5‐270 (degC)
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EH3‐TP‐9‐143 (degC)
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Figure A4-3. Temperature measurements from the lower section of the ONK-EH3 wall,
up to a depth of -9 m. Labelling is explained as follows: EH3 = hole id, TP = thermocouple, 1st “#value”= depth in meters, 2nd “#value” = bearing. The grey dashed line
indicates heater power per heater.
ONK‐EH3 ‐ Heater temperature at level ‐3.0 m

Temperature (°C)

500

1200
EH3‐TP‐3‐0 (degC)

EH3‐TP‐3‐45 (degC)

EH3‐TP‐3‐90 (degC)
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Figure A4-4. Heater temperature measurements from a depth level of – 3 m in the
ONK-EH3 hole. Labelling is explained as follows: EH3 = hole id, TP = thermocouple,
1st “#value”= depth in meters, 2nd “#value” = bearing. The grey dashed line indicates
heater power per heater.
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ONK‐EH3 ‐ Strain gauge temperature at level ‐3.0 m
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Figure A4-5. Strain gauge temperature measurements from a depth level of – 3 m from
the ONK-EH3 hole wall. Labelling is explained as follows: EH3 = hole id, R = rosette,
1st “#value”= depth in meters, 2nd “#value” = bearing. The grey dashed line indicates
heater power per heater.
ONK‐EH3 ‐ Strain gauge temperature at level ‐6.0 m
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Figure A4-6. Strain gauge temperature measurements from a depth level of – 6 m from
the ONK-EH3 hole wall. Labelling is explained as follows: EH3 = hole id, R = rosette,
1st “#value”= depth in meters, 2nd “#value” = bearing. The grey dashed line indicates
heater power per heater.
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Monitoring hole ONK‐PP341, 0.5m N from EH3 wall ‐ Temperature
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Figure A4-7. Temperature measurements from monitoring hole ONK-PP341, located
0.5 m north from the ONK-EH3 wall. Labelling is explained as follows: PP341 = hole
id, PT = PT100 RTD sensor, “#value”= depth in meters. The grey dashed line indicates
heater power per heater.
Monitoring hole ONK‐PP345, 0.5m W from EH3 wall ‐ Temperature
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Figure A4-8. Temperature measurements from monitoring hole ONK-PP345, located
0.5 m west from the ONK-EH3 wall. Labelling is explained as follows: PP345 = hole
id, PT = PT100 RTD sensor, “#value”= depth in meters. The grey dashed line indicates
heater power per heater.
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Monitoring hole ONK‐PP261, 0.85m N from EH3 wall ‐ Temperature
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Figure A4-9. Temperature measurements from monitoring hole ONK-PP261, located
0.85 m north from the ONK-EH3 wall. Labelling is explained as follows: PP261 = hole
id, PT = PT100 RTD sensor, “#value”= depth in meters. The grey dashed line indicates
heater power per heater.
Monitoring hole ONK‐PP346, 2.5m W from EH3 wall ‐ Temperature
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hole during monitor installation and
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Figure A4-10. Temperature measurements from monitoring hole ONK-PP346, located
2.5 m west from the ONK-EH3 wall. Labelling is explained as follows: PP346 = hole
id, PT = PT100 RTD sensor, “#value”= depth in meters. The grey dashed line indicates
heater power per heater.
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Monitoring hole ONK‐PP340, 2.5m N from EH3 wall ‐ Temperature
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Figure A4-11. Temperature measurements from monitoring hole ONK-PP340, located
2.5 m north from the ONK-EH3 wall. Labelling is explained as follows: PP340 = hole
id, PT = PT100 RTD sensor, “#value”= depth in meters. The grey dashed line indicates
heater power per heater.
ONK‐EH3 ‐ Dummy strain gauge temperature at level ‐5.0 m
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Figure A4-12. Temperature measurements from dummy strain gauges located at a
depth of 5 m in the ONK-EH3 hole. Labelling is explained as follows: EH3 = hole id,
SG = strain gauge, DUMMY = dummy strain gauge, “#value”= dummy number, tem =
temperature. The grey dashed line indicates heater power per heater.
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APPENDIX 5
Hydraulic connectivity measurements.

Experiment hole ONK-EH3 water loss
measurements in drillholes H1-H19 in
ONKALO

Pöyry Finland Oy
Perttu Pulkkinen
2013-05-13 – 2013-05-14
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1.1

PERFORMANCE OF MEASUREMENTS, BETWEEN 2013-05-13 –
2013- 05-14

Drillholes H1-H19 were drilled into the wall of experiment hole ONK-EH3 (see appendices H1.2-H19.2) at POSE niche (tunnel chainage 3620). The measurements were conducted using Posiva Water Loss Equipment. The drillholes were measured by injecting
water into the drillholes with a constant pressure. Time, pressure and the amount of water injected into drillholes were measured, flows were mapped and photos were taken
during the measurements.
The progress of the measurements was as follows:
Experiment hole ONK-EH3 measurements, 2013-05-13:
- Moving into ONKALO about at 12:30.
- Preparations at the site between 12:30 – 14:00.
- Moving out from ONKALO at 14:00.
Experiment hole ONK-EH3 measurements, 2013-05-14:
- Moving into ONKALO about at 8:00.
- Preparations and installations at the site between 8:00 – 10:30.
- Moving out from ONKALO at 10:45.
- Lunch break between 10:45 – 11:15.
- Moving into ONKALO about at 11:15.
- Preparations and equipment testing at the site between 11:15 – 11:56
- Starting measurement in drillhole H4 at 11:56.
- Measurements ready at 12:02.
- Starting measurement in drillhole H5 at 12:08.
- Measurements ready at 12:13.
- Starting measurement in drillhole H6 at 12:17.
- Measurements ready at 12:22.
- Starting measurement in drillhole H15 at 12:27.
- Measurements ready at 12:30.
- Starting measurement in drillhole H14 at 12:33.
- Measurements ready at 12:40.
- Starting measurement in drillhole H1 at 12:44.
- Measurements ready at 12:50.
- Starting measurement in drillhole H2 at 12:53.
- Measurements ready at 12:58.
- Starting measurement in drillhole H3 at 13:00.
- Measurements ready at 13:06.
- Starting measurement in drillhole H9 at 13:10.
- Measurements ready at 13:12.
- Starting measurement in drillhole H8 at 13:16.
- Measurements ready at 13:19
- Starting measurement in drillhole H7 at 13:23.
- Measurements ready at 13:29.
- Starting measurement in drillhole H13 at 13:32.
- Measurements ready at 13:33.
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1.2

Starting measurement in drillhole H12 at 13:35.
Measurements ready at 13:39.
Starting measurement in drillhole H11 at 13:41.
Measurements ready at 13:47.
Starting measurement in drillhole H10 at 13:50.
Measurements ready at 13:52.
Starting measurement in drillhole H18 at 15:00.
Measurements ready at 15:01.
Starting measurement in drillhole H19 at 15:03.
Measurements ready at 15:06.
Starting measurement in drillhole H16 at 15:11.
Measurements ready at 15:13.
Starting measurement test 1 in drillhole H17 at 15:15.
Measurements stopped due the leaking packer at 15:17.
Repairing of the packer at 15:17
Starting measurement test 2 in drillhole H17 at 15:18.
Measurements ready at 15:20.
Packing the equipment at 15:20 – 15:45.
Moving out from ONKALO at 15:45.

COMMENTS ON RESULTS

Packers were installed in each drillhole before it was measured. After the packers were
installed they could not be moved.
The injection flow into some of the drillholes was 0 mL/min. Some of the drillholes
leaked relatively small amounts of water into the bedrock. Some of the drillholes leaked
relatively large amounts of water into the bedrock. See the table 1. (Appendices H1.1H19.1)
In ONK-EH3 a water leak was observed on the wall of the experiment hole when water
was injected into drillholes H1-H7, H11 and H14 (see appendices H1.3.1-H7.3,
H11.3.1, H11.3.2, H14.3.1 and H14.3.2). The injection flow was 0 mL/min into the rest
of the drillholes. In appendices are also photos of two non-leaking drillholes H9 and
H10 (See appendices H9.3 and H10.3).
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Table 1. Injection flows and injection pressures of the water loss measurements, drillholes H1-H19
Experiment hole:
ONK-EH3
Elevation of the
top of the hole
(masl):
Inclination (degrees):
Drillhole
H1
H2
H3
H4
H5
H6
H7
H8
H9
H10
H11
H12
H13
H14
H15
H16
H17
H18
H19

-345.0
-90.0
Elevation of the
top of the hole
(masl)
-349.91
-349.91
-349.90
-350.79
-350.78
-350.78
-349.59
-349.63
-349.71
-349.55
-349.55
-349.57
-349.65
-350.38
-350.54
-348.97
-348.90
-349.13
-349.08

Injection Flow
(mL/min)

Injection Pressure (kPa)

Comments

33
64
2
443
9
709
1
0
0
0
1
0
0
3
0
0
0
0
0

540
517
546
451
545
419
554
556
558
558
556
556
556
547
583
561
562
571
563

**
**
**
**
**
**
**
*
*
*
**
*
*
**
*
*
*
*
*

* Injection flow was 0 mL/min.
** Average flow calculated after the pressure started to stabilize.
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Appendix H1.1

ONKALO, Experiment Hole 3, Drillhole H1
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

80

60

40

Injection water tank level (mL)

Pressure in drillhole (kPa)

20
550

500

450

400
3800
3750
3700
3650
3600
3550
0

60

120

180
Time (s)

240

300

360
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Appendix H1.2

ONK-EH3, location of the drillhole H1 and the direction of the leak

ONK-EH3 from the south. The single arrow shows the location of the drillhole H1 and
the double arrows show the place and the direction of the water leak.
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ONK-EH3, photo 1 of the leak from the drillhole H1

Appendix H1.3.1
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ONK-EH3, photo 2 of the leak from the drillhole H1

Appendix H1.3.2
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ONK-EH3, photo 3 of the leak from the drillhole H1

Appendix H1.3.3
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Appendix H2.1

ONKALO, Experiment Hole 3, Drillhole H2
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

120
100
80
60

Injection water tank level (mL)

Pressure in drillhole (kPa)

40
600

550

500

450
3850
3800
3750
3700
3650
3600
3550
3500
3450
0

60

120

180
Time (s)

240

300

360
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Appendix H2.2

ONK-EH3, location of the drillhole H2 and the direction of the leak

ONK-EH3 from the south. The single arrow shows the location of the drillhole H2 and
the double arrow shows the place and the direction of the water leak.
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ONK-EH3, photo 1 of the leak from the drillhole H2

Appendix H2.3.1
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ONK-EH3, photo 2 of the leak from the drillhole H2

Appendix H2.3.2
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Appendix H3.1

ONKALO, Experiment Hole 3, Drillhole H3
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

3

2

1

Injection water tank level (mL)

Pressure in drillhole (kPa)

0
600

550

500

450
3810

3800

3790

3780
0

60

120

180
Time (s)

240

300

360

123

Appendix H3.2

ONK-EH3, location of the drillhole H3 and the direction of the leak

ONK-EH3 from the south. The arrow shows the location of the drillhole H3. The leak
from the drillhole H3 could not be observed by eyes.
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ONK-EH3, photo of the leak from the drillhole H3

Appendix H3.3
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Appendix H4.1

ONKALO, Experiment Hole 3, Drillhole H4
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

550
500
450
400
350
300

Injection water tank level (mL)

Pressure in drillhole (kPa)

250
550

500

450

400
4000
3500
3000
2500
2000
1500
0

60

120

180
Time (s)

240

300

360
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Appendix H4.2

ONK-EH3, location of the drillhole H4 and the direction of the leak

ONK-EH3 from the south. The single arrow shows the location of the drillhole H4 and
the double arrow shows the place and the direction of the water leak.
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ONK-EH3, photo 1 of the leak from drillhole H4

Appendix H4.3.1
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ONK-EH3, photo 2 of the leak from drillhole H4

Appendix H4.3.2
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ONK-EH3, photo 3 of the leak from drillhole H4

Appendix H4.3.3
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Appendix H5.1

ONKALO, Experiment Hole 3, Drillhole H5
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

20

15

10

Injection water tank level (mL)

Pressure in drillhole (kPa)

5
600

550

500

450
3800
3780
3760
3740
3720
0

60

120

180
Time (s)

240

300

360
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Appendix H5.2

ONK-EH3, location of the drillhole H5 and the direction of the leak

ONK-EH3 from the south. The single arrow shows the location of the drillhole H5 and
the double arrow shows the place and the direction of the water leak.
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ONK-EH3, photo 1 of the leak from drillhole H5

Photo 1 of the leak from drillhole H5.

Appendix H5.3.1
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ONK-EH3, photo 2 of the leak from drillhole H5.

Appendix H5.3.2
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Appendix H6.1

ONKALO, Experiment Hole 3, Drillhole H6
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

850
800
750
700

Injection water tank level (mL)

Pressure in drillhole (kPa)

650
500

450

400

350
4000
3000
2000
1000
0
0

60

120

180
Time (s)

240

300

360
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Appendix H6.2

ONK-EH3, location of drillhole H6 and the direction of the leak

ONK-EH3 from the south. The single arrow shows the location of the drillhole H6 and
the double arrows shows the place and the direction of the water leaks.
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ONK-EH3, photo 1 of the leak from drillhole H6.

Appendix H6.3.1
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ONK-EH3, photo 2 of the leak from drillhole H6.

Appendix H6.3.2
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ONK-EH3, photo 3of the leak from drillhole H6.

Appendix H6.3.3
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Appendix H7.1

ONKALO, Experiment Hole 3, Drillhole H7
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

2

1

Injection water tank level (mL)

Pressure in drillhole (kPa)

0
600

550

500

450
3820

3810

3800

3790
0

60

120

180
Time (s)

240

300

360
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Appendix H7.2

ONK-EH3, location of the drillhole H7 and the direction of the leak

ONK-EH3 from the south. The single arrow points the location of the drillhole H7 and
the double arrow shows the place and the direction of the water leak.
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ONK-EH3, photo 1 of the leak from drillhole H7.

Appendix H7.3
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Appendix H8.1

ONKALO, Experiment Hole 3, Drillhole H8
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

1

The Injection flow was 0 mL/min.

Injection water tank level (mL)

Pressure in drillhole (kPa)

0
600

550

500

450
3810

3800

3790
0

60

120
Time (s)

180

240
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Appendix H8.2

ONK-EH3, location of the drillhole H8

ONK-EH3 from the south. The single arrow points the location of the drillhole H8.
There was no leak from the drillhole H8.
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Appendix H9.1

ONKALO, Experiment Hole 3, Drillhole H9
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

1

The Injection flow was 0 mL/min.

Injection water tank level (mL)

Pressure in drillhole (kPa)

0
600

550

500

450
3820

3810

3800
0

60

Time (s)

120

180
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Appendix H9.2

ONK-EH3, location of the drillhole H9

ONK-EH3 from the south. The single arrow points the location of the drillhole H9
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ONK-EH3, drillhole H9

Appendix H9.3
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Appendix H10.1

ONKALO, Experiment Hole 3, Drillhole H10
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
Pressure in drillhole
Injection flow

Injection flow (mL/min)

1

The Injection flow was 0 mL/min.
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Appendix H10.2

ONK-EH3, location of the drillhole H10

ONK-EH3 from the south. The single arrow points the location of the drillhole H10.

149

ONK-EH3, drillhole H10

Appendix H10.3
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Appendix H11.1

ONKALO, Experiment Hole 3, Drillhole H11
Injection water tank level, pressure in drillhole and injection flow
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Appendix H11.2

ONK-EH3, location of the drillhole H11 and the direction of the leak

ONK-EH3 from the south. The single arrow points the location of the drillhole H11 and
the double arrow shows the place and the direction of the water leak.
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Appendix H11.3.1

ONK-EH3, photo 1 of the leak from drillhole H11

In the beginning of the injection of the drillhole H11 the leak was not observed.
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Appendix H11.3.2

ONK-EH3, photo 2 of the leak from drillhole H11

After few minutes of injection the leak is observed in between of the drillholes H10 and
H11.
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Appendix H12.1

ONKALO, Experiment Hole 3, Drillhole H12
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
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Injection flow (mL/min)
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The Injection flow was 0 mL/min.
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Appendix H12.2

ONK-EH3, location of the drillhole H12

ONK-EH3 from the south. The single arrow points the location of the drillhole H12.
There was no leak from the drillhole H12.
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Appendix H13.1

ONKALO, Experiment Hole 3, Drillhole H13
Injection water tank level, pressure in drillhole and injection flow
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The Injection flow was 0 mL/min.
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Appendix H13.2

ONK-EH3, location of the drillhole H13

ONK-EH3 from the south. The single arrow points the location of the drillhole H13.
There was no leak from the drillhole H13.

158

Appendix H14.1

ONKALO, Experiment Hole 3, Drillhole H14
Injection water tank level, pressure in drillhole and injection flow
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Appendix H14.2

ONK-EH3, location of the drillhole H14 and the direction of the leak

ONK-EH3 from the south. The single arrow points the location of the drillhole H14 and
the double arrow shows the place and the direction of the water leak.
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ONK-EH3, photo 1 of the leak from drillhole H14

Appendix H14.3.1
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ONK-EH3, photo 2 of the leak from drillhole H14

Appendix H14.3.2

162

Appendix H15.1

ONKALO, Experiment Hole 3, Drillhole H15
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
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The Injection flow was 0 mL/min.
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Appendix H15.2

Experiment hole3, location of the drillhole H15

ONK-EH3 from the south. The single arrow points the location of the drillhole H15.
There was no leak from the drillhole H15.
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Appendix H16.1

ONKALO, Experiment Hole 3, Drillhole H16
Injection water tank level, pressure in drillhole and injection flow
Injection water tank level
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The Injection flow was 0 mL/min.
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Appendix H16.2

Experiment hole3, location of the drillhole H16

ONK-EH3 from the east. The single arrow points the location of the drillhole H16.
There was no leak from the drillhole H16.
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Appendix H17.1

ONKALO, Experiment Hole 3, Drillhole H17
Injection water tank level, pressure in drillhole and injection flow
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The Injection flow was 0 mL/min.
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Appendix H17.2

Experiment hole3, location of the drillhole H17

ONK-EH3 from the east. The single arrow points the location of the drillhole H17.
There was no leak from the drillhole H17.
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Appendix H18.1

ONKALO, Experiment Hole 3, Drillhole H18
Injection water tank level, pressure in drillhole and injection flow
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The Injection flow was 0 mL/min.
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Appendix H18.2

Experiment hole3, location of the drillhole H18

ONK-EH3 from the south. The single arrow points the location of the drillhole H18.
There was no leak from the drillhole H18.
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Appendix H19.1

ONKALO, Experiment Hole 3, Drillhole H19
Injection water tank level, pressure in drillhole and injection flow
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The Injection flow was 0 mL/min.
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Appendix H19.

Experiment hole3, locatinon of the drillhole H19

ONK-EH3 from the south. The single arrow points the location of the drillhole H19.
There was no leak from the drillhole H19.
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APPENDIX 6
Thermal drillhole device (TERO) measurements from ONK-PP340 and ONK-PP346.
The thermal drillhole devices referred as TERO (for holes Ø56 mm and Ø76 mm) for
determining in situ thermal properties of rocks were developed and constructed under
TERO projects in Geological Survey of Finland with Posiva in early 2000’s. The constructions of the devices and the measurement techniques are illustrated thoroughly in
the papers (Kukkonen et al. 2007; Kukkonen et al. 2005; Korpisalo et al. 2012). The
TERO measurement series was continued in two shallow drillholes ONK-PP346 and
ONK-PP340 (Ø76 mm) in the ONKALO POSE niche at +3620 m chainage in March
2012 (04.0322.03.2012). The drillholes intersect mostly veined gneiss (VGN) and granitic pegmatite (PGR). Thus, being the same rock type where the spent nuclear fuel canisters are going to be disposed.
The drillholes were shallow ~10 m. Thus, the measurements deviated from the usual
conditions. The additional weights couldn't be used and the probe was manhandled
downwards by hands using a firm steel pole but pulling upwards could be done by the
winch. In the both of the drillholes five measurement points were selected with a step
of 1.25 metres (8.006.755.504.253.00 m). The points were carefully marked in the
winch cable. The measurement program was conducted starting from the lowest point
and continued in every other point (5.503.00) to avoid and minimize the thermal disturbance from the previous measurement point. After the measurement of the uppermost
point (3.00 m), the program continued by lowering the probe to 6.75 m and pulling to
the depth of 5.50 m. In addition, the timing of the measurements deviated from the previous TERO measurements. When the probe was centralized in a measurement point
where the four thermistors were precisely at the level of the measurement depth, a stabilization period of ~4 hours was taken. The actual measurement was done by using a
heating period of 6 hours and a short cooling period (1020 min).
In the report by Kukkonen (et al. 2011), the results of laboratory measurements of
Olkiluoto rock types carried out at Geological Survey of Finland during 19942010 are
summarized. The average thermal conductivity (25 °C) of all samples is 2.91 Wm-1K-1,
and the averages of main rock types fall within 2.663.20 Wm-1K-1. Highest average
conductivities are related to pegmatitic granite and lowest to mica gneiss. The average
specific heat capacity (at 25 °C) of all samples is 712 Jkg-1K-1. Highest specific heat
capacity averages were observed for veined gneiss and mica gneiss, and lowest for
pegmatitic granite, respectively. Diffusivity was calculated from measured values of
conductivity, specific heat capacity and density. Average diffusivity is 1.4710-6 m2s-1,
and the averages of rock types are within 1.341.7510-6 m2s-1. Highest values are related to pegmatitic granite, and lowest values to mica gneiss. The corresponding laboratory
measurements were made from the core samples in drillholes ONK-PP346 and ONKPP340 and the results are given in Table 1. Diffusivity is calculated from the values of
conductivity, specific heat capacity and density.
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Table 1. Summary of rock’s thermal properties in ONK-PP346 and ONK-PP340.
ONKPP346

ONKPP340

Rock
type

Depth
(m)



cp

D

s

Rock
type

Depth
(m)



cp

D

s

PGR

2.93

4.28

690

2833

2.19

PGR

2.73

3.00

700

2635

1.62

PGR

4.01

3.57

707

2625

1.92

VGN

5.50a

2.58

708

2701

1.35

PGR

5.48

2.95

708

2523

1.65

VGN

5.50b

2.51

757

2763

1.20

VGN

7.56

3.19

712

2677

1.67

PGR

6.78

3.02

694

2634

1.65

 is thermal conductivity (Wm-1K-1); cP specific heat capacity (Jkg-1K-1); D is density (kgm-3); s is thermal

diffusivity (10-6m2s-1). In the depth of 5.50 m, a duplicate measurement has been done (ONK-PP340).
Rock types: VGN, veined gneiss; PGR, pegmatitic granite.

In the following we present the comparison of the thermal properties from in situ measurements in ONK-PP346 and ONK-PP340 drillholes with laboratory results. The numerical estimation was handled as a nonlinear least squares problem. The numerical
technique is published and concerned thoroughly in reports (Kukkonen et al. 2007;
Kukkonen et al. 2005). The analytical parameter estimation is based on fitting the
measured temperatures to simplified functions of infinite line source and hollow tube
model yielding asymptotically a straight line as a function of logarithm of time. The
slope of the line can be used in the estimation of the thermal conductivity directly
(Korpisalo et al. 2012). The laboratory results of drill cores and numerical estimates of
thermal parameters have been displayed in Table 2 and the results of the analytical
method in Table 3, respectively.
Table 2. Thermal properties of rock in drillholes ONK-PP346 and ONK-PP340 using
the numerical inversion (the exact depths related to core samples are in Table 1).
ONKPP346

ONKPP340

Depth

Rock

(m)

type

λN

sN

3.00

PGR

3.87

2.07

4.28

4.25

PGR

3.55

1.89

5.50

PGR

3.61

1.92

6.75

VGN

3.30

1.74

8.00

VGN

3.08

1.62
-1

-1

λL

Depth

Rock

(m)

type

2.19

3.00

3.57

1.92

2.95

1.65

3.19

sL

1.67

λN

sN

λL

sL

PGR

3.68

1.96

3.00

1.62

4.25

VGN

3.53

1.87

5.50

VGN

3.30

1.74

2.58

1.35

6.75

PGR

3.46

1.83

2.88

1.61

8.00

PGR

3.38

1.79

3.02

1.65

λN = thermal conductivity (Wm K ) determined in drillhole using the numerical result
sN= thermal diffusivity (10-6 m2s-1) determined in drillhole using the numerical result
λL = thermal conductivity (Wm-1K-1) determined in laboratory from core samples
sL = thermal diffusivity (10-6 m2s-1) determined in laboratory from core samples

PGR

VGN

VGN

5.50

6.75

8.00

PGR

VGN

VGN

PGR

PGR

3.00

4.25

5.50

6.75

8.00

Rock
type

PGR

4.25

ONK-PP340
Depth
(m)

PGR

Rock
type

3.00

ONK-PP346
Depth
(m)
3.54
3.40
3.45
3.14
3.00

1.80·10-6
1.85·10-6
1.66·10-6
1.58·10-6

Conductivity
3.48
3.32
3.08
3.27
3.18

Diffusivity
1.85·10-6
1.77·10-6
1.63·10-6
1.74·10-6
1.68·10-6

Conductivity

3.18

3.29

3.09

3.34

3.48

2.thermistor

1.89·10

1.thermistor

3.01

3.15

3.48

3.39

3.56

Conductivity

-6

Conductivity

Diffusivity

2.thermistor

1.thermistor

1.68·10-6

1.73·10-6

1.62·10-6

1.76·10-6

1.85·10-6

Diffusivity

1.57·10-6

1.66·10-6

1.83·10-6

1.81·10-6

1.89·10

-6

Diffusivity

3.19

3.26

3.10

3.34

3.49

Conductivity

3.thermistor

3.01

3.14

3.49

3.41

3.60

Conductivity

3.thermistor

1.68·10-6

1.72·10-6

1.63·10-6

1.77·10-6

1.85·10-6

Diffusivity

1.58·10-6

1.66·10-6

1.85·10-6

1.81·10-6

1.92·10

-6

Diffusivity

3.19

3.25

3.09

3.34

3.49

Conductivity

4.thermistor

3.01

3.14

3.49

3.40

3.62

Conductivity

4.thermistor

1.68·10-6

1.72·10-6

1.63·10-6

1.77·10-6

1.85·10-6

Diffusivity

1.58·10-6

1.65·10-6

1.85·10-6

1.81·10-6

1.93·10-6

Diffusivity

Table 3. Thermal conductivities (Wm-1K-1) and diffusivities (m2s-1) of rock in drillholes ONK-PP346 (upper) and ONK-PP340 (lower)
from the analytical method using the whole length of the aluminium tube (1641 mm) as a thermal source.
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The common conclusion about the estimated thermal conductivities is that the analytical
values (Table 3) are lower than the numerical values (Table 2). In the highest measurement position (3.00 m) of drillhole ONK-PP346, the conductivity estimates differ ~9 %
but in other positions the difference is < 5 %. On the contrary, the laboratory conductivities in the highest and deepest positions (3.00 and 8.00 m) are higher than the values
from the two other methods. In the depth of 4.25 m, the laboratory value coincides well
with both the analytical and numerical value but in 5.50 m the laboratory conductivity is
clearly lower than from the other methods. In drillhole ONK-PP340, the conductivity
estimates from the analytical and numerical methods differ by ~7 % with the analytical
values being lower. The laboratory conductivities are lower than the estimated conductivities and diffusivities. The diffusivities (s) were calculated from the regression line
s=0.5754-0.153 in units of (10-6 m2s-1) with  in the unit of (Wm-1K-1) for the conductivity (Kukkonen et al. 2011).
The thermal properties were calculated using both the analytical and numerical method
(Korpisalo et al. 2012; Kukkonen et al. 2007; Kukkonen et al. 2005). The properties
were also estimated from the core samples. When comparing with the laboratory values,
the TERO results are generally higher than the laboratory values. It may be attributed to
the anisotropy of thermal conductivity, to the drillholes cutting the foliation at abrupt
angles and to the fact that the TERO measurements represent conductivity (diffusivity)
values in the radial direction from the drillhole. The reported average factor of anisotropy is ~1.4 (min/max) in the Olkiluoto area (Kukkonen et al. 2011). The thermal properties (Tables 13) and the foliation angles (alpha) (Toropainen, 2012) are represented in
Figures 13. The alpha angle indicates the angle between the foliation plane and the
drill core axis with value zero representing foliation direction parallel with drill hole and
90 degrees perpendicular to drill hole. Since the thermal conductivity is anisotropic and
correlates with foliation and gneissic banding (Kukkonen et al. 2011) we can expect
higher measured in situ conductivities with high values of alpha. The behaviour of the
conductivity and diffusivity is similar to the results from the drillholes ONKPP379ONK-PP382 in the Demonstration tunnel 2 (Korpisalo et al. 2013).
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Figure 1. Thermal conductivities and foliation angles in drillhole ONK-PP346. The
numerical results using the heating period are plotted as blue symbols, laboratory
measurements and analytical solution (the mean value of four thermistors) are shown
as green and red symbols, respectively. The foliation angels are shown as violet symbols. The rock types of drillhole are plotted in the horizontal pillar below based on
Toropainen, 2012.

Figure 2. Thermal diffusivities and foliation angles in drillhole ONK-PP346. The numerical results using the heating period are plotted as blue symbols, laboratory and
analytical solution (a mean value of four thermistors) are shown as green and red symbols, respectively. The foliation angels are shown as violet symbols. The rock types of
drillhole are plotted in the horizontal pillar below based on Toropainen, 2012.
Figures 12 present the results from drillhole ONK-PP346. The conductivity estimates
are consistent with both of the methods. The numerical values are slightly higher. The
thermal conductivities measured in the laboratory (Figure 1) do not follow the trend of
thermal conductivities of the analytical and numerical method. In the upper position
(2.93 m), the high conductivity value of 4.28 Wm-1K-1 differs significantly from the
interpreted estimates, possibly being a consequence of the heterogeneity of Olkiluoto
rock types. In the middle position (5.50 m), the laboratory value is perceptibly decreased whereas the conductivities from the both interpretation methods seem to have
an increasing trend. As a whole, the correspondence is good between both of interpretation methods. The conductivity changes cannot be explained by anisotropy in ONKPP349.
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Figure 3. Thermal conductivities and foliation angles in drillhole ONK-PP340. The
numerical results using the heating period are plotted as blue symbols, laboratory and
analytical solution (a mean value of four thermistors) are shown as green and red symbols, respectively. The foliation angels are shown as violet symbols. The rock types of
drillhole are plotted in the horizontal pillar below based on Toropainen, 2012.

Figure 4. Thermal diffusivities and foliation angles in drillhole ONK-PP340. The numerical results using the heating period are plotted as blue symbols, laboratory and
analytical solution (a mean value of four thermistors) are shown as green and red symbols, respectively. The foliation angels are shown as violet symbols. The rock types of
drillhole are plotted in the horizontal pillar below based on Toropainen, 2012.
Figures 34 present the corresponding results from drillhole ONK-PP340. The correspondence between the conductivity and diffusivity estimates is good. The laboratory
values of conductivity differ from the interpreted results and are lower. However, the
behaviour of conductivities follows each others. The same kind of behaviour is visible
in the diffusivity values as expected. The anisotropy cannot purely explain the behaviour of the conductivity changes in ONK-PP340.
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The thermal conductivities were estimated using the late times of heating periods. In the
analytical solutions, the measurement time might have influence on the estimated parameters but there are also many other possible factors that can generate errors in the
estimates (Korpisalo et al. 2012). In addition, according to Kukkonen et al. (2007), the
parameters contribute differently in different periods of the measurement. The thermal
conductivity of plutonic and metamorphic rocks is strongly anisotropic, thus information on anisotropic is valuable and laboratory measurements are required in different
directions. On the contrary, due to random orientation of the crystals within the rock,
the rock's thermal conductivity may be isotropic macroscopically or anisotropic behaviour can be ignored. However, only small differences were generated in the conductivity
estimates (Figures 1, 3). The diffusivities were simply estimated using the laboratory
results on diffusivity-conductivity relationship (Kukkonen et al. 2011) of different
Olkiluoto rock types (Figures 2, 4). In the reports (Kukkonen et. al. 2005, 2007), it is
emphasized that even with a detailed finite numerical model, the more precise estimation of rock's thermal diffusivity is difficult and needs the accurate knowledge of heat
capacity of the TERO device. When comparing the thermal estimates from in situ
measurements with the results from core samples of Olkiluoto type rocks, the estimates
are slightly higher. But although the laboratory measurements can be made on the core
samples, thus offering a high degree of control through the selection of the sample
measured, the fact that the sample is not measured in place is a disadvantage. The core
sample represents also only a small volume of rock, whereas the in situ measurement
integrates a volume of about three (3) orders of magnitude bigger. Thus, in situ thermal
conductivities may deviate significantly from the laboratory values.
Thermal conductivities may vary by a factor or two for different rock types. This is due
to the variation of a rock's mineral content and to several physical factors. For volcanic
rocks, porosity controls strongly the thermal conductivity. In plutonic and metamorphic
rocks porosity is not the main factor on the thermal conductivity but the dominant mineral phase. The feldspar in plutonic rocks and quartz content in metamorphic rocks control effectively thermal conductivity. High content of feldspar means low conductivities
and high conductivity metamorphic rocks consist of high quartz content. Both for plutonic and metamorphic rock, the decrease of thermal conductivity with temperature depends on their dominant mineral content. Decrease in the dominant mineral content
means decrease in the thermal conductivity (Clauser & Huenges, 1995).
In the new TERO76 device, the current and voltage in the heater are monitored during
the measurements, thus the heating power is accurately determined and more reliable
estimates of thermal conductivity could be produced. Both the analytical and numerical
method have their own error sources (Korpisalo et al. 2012; Kukkonen et al. 2007;
Kukkonen et al. 2005). Banaszkiewicz et al. (1997) reported the results of their studies
which suggest that the error for the thermal conductivity amounts to a few percent
(<5 %) but the corresponding error of thermal diffusivity is about 15 %. According to
our experiences with the TERO devices, we could easily agree with their opinions
(Kekäläinen, 2013).
As a final product of the interpretation rock’s thermal conductivity and diffusivity of the
rock surrounding the drillhole must be estimated from the temperature profiles measured by the TERO devices. Both the analytical and numerical method is available
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(Korpisalo et al. 2012; Kukkonen et al. 2007; Kukkonen et al. 2005) and the thermal
conductivities can be estimated in practice in the same acceptable accuracy with simple
and advanced methods. However, the estimation of thermal diffusivity and volumetric
heat capacity is problematic and cannot be easily estimated directly. The main reason is
the unknown contact resistance of water layer between the probe and rock in the measurement configuration, which makes the problem difficult to be solved unambiguously.
Consequently, diffusivity must be estimated in practice by using known values of specific heat capacity and density of rock types from laboratory measurements or the laboratory results on diffusivity-conductivity relationship of different Olkiluoto rock types.
The latter technique was applied in this study (Kukkonen et al. 2011).
Generally, the thermal conductivity values evaluated by analytical and numerical method are in a good agreement and the behaviour of conductivity as a function of depth is
similar with both of the methods. However, the analytical values stay at lower levels. In
drillhole ONK-PP346, the numerically derived conductivities range from 3.08 to 3.87
Wm-1K-1 and from 3.01 to 3.58 Wm-1K-1 using the analytical method (Figure 1). The
behaviour of laboratory values differs seemingly from the numerical and analytical conductivities. The foliation angles (alpha) in drillhole ONK-PP346 are preferable for the
radial heat transfer in upper parts (~45 m) where the angle has a slightly increasing
trend. The TERO and laboratory results diverge as they should do if the conductivity
changes are controlled by the anisotropy. In deeper parts (>5 m) the angle decreases
which should mean a better resemblance between the TERO and laboratory results or
the conductivities should converge. On the contrary, the results start to diverge. The
angles stay at a low level (4020 degrees) but the laboratory results converge towards
the TERO results. In this case the conductivity changes are not only controlled by the
anisotropy but the mineral content can also have a strong influence. In ONK-PP340, the
numerical conductivities are in the range of 3.303.68 Wm-1K-1 and the analytical estimates of 3.093.46 Wm-1K-1 (Figure 3). The behaviour of conductivity is similar to
ONK-PP346 and the analytical values stay at a lower level. The laboratory conductivities behave similar to the numerical and analytical conductivities as a function of depth
but are lower. The foliation angles start to increase after the depth level of 4.5 m but the
results converge or the increase in the foliation angles has an opposite effect on the conductivities which was expected. Thus, other processes, for instance, mineral content
may also have a strong influence on the conductivity changes. In ONK-PP346, the numerical diffusivities are in the range between 2.0710-6 and 1.6210-6 m2s-1 and in the
range between 1.9110-6 and 1.5810-6 m2s-1 for the analytical method (Figure 2). The
corresponding values are in the range between 1.9610-6 and 1.7410-6 m2s-1 and in the
range between 1.8510-6 and 1.6810-6 m2s-1 in ONK-PP340 (Figure 4).
This report describes the use of transient thermal measurements to determine the thermal properties of rocks simply and efficiently. The following conclusions have been
drawn from the work described. The results of this study have demonstrated the ability
of the TERO devices to provide reliable measurements of rock's thermal properties. The
interpretation of thermal response data using analytically resolvable models has an advantage of simple programming and use. It offers also speed and reliable results. The
analysis based on the simple infinite heat source models generally provides good estimates of the thermal conductivity that coincide with the estimates from the numerical
finite 2-dimensional cylinder symmetric model. The estimation of thermal diffusivity is
more problematic and much more difficult to estimate with high accuracy due to corre-
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lation with thermal contact resistance between the probe and the drillhole wall as well as
uncertainties in the probe parameters. Thus, further research needs be undertaken in
order to get more reliable diffusivity estimates.
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