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Foreword

This report presents the result of an evaluation of thermal properties of the rock mass in
the Prototype Repository tunnel at Aspd HRL. The evaluation is based on investigations
of rock samples in the laboratory, thermal measurements in the laboratory and in the
field, as well as calculations. The project was conducted by the Swedish Geotechnical
Institute, on a commission by the Swedish Nuclear Fuel and Waste Management Co.

As a part of this work, samples of the rock were examined with respect to density and
water absorption by the Swedish National Testing and Research Institute (SP). Geo-
chemical and mineralogical composition of the rock were examined and evaluated by
Terralogica AB. Laboratory measurements of thermal properties, at different levels of
temperature, were performed by CIT Thermoflow AB. In the field, the measurements of
thermal properties were carried out by the Swedish Geotechnical Institute.
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Abstract

Evaluations of thermal properties of the rock mass in the planned Prototype Repository
at Aspd HRL have been performed based on measurements in the laboratory, in the
field, and calculations.

The objective was to determine thermal properties of present rocks and the influence of
anisotropies, so that the deposition hole distance or the power output can be designed
and a valuation of planned long-term heating tests can be performed. The results will
also serve as input data for the analysis of other thermally controlled processes. Finally,
the project was to gain experience regarding the extent and accuracy of measurements
required for forth-coming investigations of thermal properties for the localization of a
deep repository.

Field measurements of thermal properties of the rock were performed in the tunnel for
the planned Prototype Repository. The laboratory measurements of thermal properties
were performed on samples from drill cores inside the tunnel. The rock samples were
also investigated with respect to chemical and mineralogical composition, as well as
density and porosity. Results from mineralogical analyses were used as input for calcu-
lations.

Based on assumptions of rock distribution, the thermal properties of the rock surround-
ing the Prototype Repository tunnel are estimated at:

Thermal conductivity 2.60 W/m°C
Thermal diffusivity  1.14 mm?/s
Heat capacity 2.22 MIm’C

The values given above do not take into account effects on the thermal transport of large
water-bearing fissures.
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Sammanfattning

En utvirdering av bergmassans termiska egenskaper i det planerade prototypforvaret
vid Aspd HRL har gjorts baserat pa resultat frdn métningar i laboratorium, i filt och
berakningar.

Syftet med projektet var att bestimma de termiska egenskaperna for aktuella bergarter
och inverkan av anisotropier sé att dimensionerande kapselavsténd alternativt effekt-
generering kan erhéllas och en virdering av planerade 1angsiktiga uppvérmningsforsck
kan utforas (prediktering—verifiering). Vidare skall projektet ge indata till andra tempe-
raturstyrda processer. Slutligen syftade projektet till att vinna erfarenheter betréffande
omfattning och noggrannhet av kommande underskningar av termiska egenskaper vid
lokalisering av djupforvar.

Mitningar av bergmassans termiska egenskaper utférdes inuti tunneln for det planerade
prototypforvaret. Mitningar i laboratoriet av bergmassans egenskaper utfordes pé berg-
prover fran provtagning med kérnborr inuti tunneln. Bergproverna undersdktes ocksa
med avseende pa kemisk och mineralogisk sammansittning samt densitet och porositet.
Resultat frdn modalanalyser utgjorde indata till berékningar.

Baserat pé antagen bergartsfordelning bedéms bergmassan runt tunneln for det planera-
de prototypforvaret ha foljande termiska egenskaper:

Viarmekonduktivitet 2,60 W/m°C
Virmediffusivitet 1,14 mm?/s
Viarmekapacitet 2,22 MJ/m’C

De ovan givna virdena inkluderar inte paverkan pd virmetransporten av stérre vattenfo-
rande sprickor.
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Executive Summary

Evaluations of thermal properties of the rock mass in the planned Prototype Repository
at Asps HRL have been performed based on measurements in the laboratory, in the
field, and calculations.

The objective of the study was to determine thermal properties of present rocks and the
influence of anisotropies, so that the deposition hole distance or the power output can be
designed and an evaluation of planned long-term heating tests can be performed. The
results will also serve as input data for the analysis of other thermally controlled proc-
esses. Finally, the project was to gain experience regarding the extent and accuracy of
measurements required for forth-coming investigations of thermal properties for the
localization of a deep repository.

The thermal properties of the rock surrounding the Prototype Repository tunnel is esti-
mated at:

Thermal conductivity 2.60 W/m°C
Thermal diffusivity ~ 1.14 mm®/s
Heat capacity 2.22 MJ/m*C

The values of thermal properties are based on assumed distribution of different rocks.
Based on drill cores, the surrounding rock consists of 96 % Aspb diorite and 4 % xeno-
lith. The Asp6 diorite is further subdivided in different groups with respect to the degree
of alteration.

It should be noted that the values given above do not take into account effects on the
thermal transport of large water-bearing fissures.

The dominating rock, Aspé diorite, shows various degrees of alteration with for some
core samples a complete replacement of biotite by chlorite. This has a significant influ-
ence on the thermal properties, especially the thermal conductivity. The thermal con-
ductivity of altered Aspd diorite, with high chlorite contents, is estimated at

2 70 W/m°C. The thermal conductivity of fresh Aspd diorite, with a significant amount
of biotite still present, is estimated at 2.32 W/m°C.

Field measurements may be affected by heat convection caused by water flow within
the rock and high water pressures inside the tunnel. Heat convection during measure-
ments result in an overestimation of the thermal conductivity.
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1 Introduction

Important parts of the technique for storage of used nuclear fuel are developed and
demonstrated at the Aspo Hard Rock Laboratory. Among many things, a prototype re-
pository is under construction where criteria for canister placing, drilling technique,
bentonite sealing and heat generation/spreading will be studied. The thermal develop-
ment depends on the heat input, distance between the canisters and thermal properties of
the surrounding media. For a certain maximum temperature of the canisters, the thermal
properties of the rock mass are significant for the extension of the full-scale repository.

The Swedish Geotechnical Institute has been commissioned by the Swedish Nuclear
Waste Management Co (SKB) to perform investigations of thermal properties of the
rock mass in the Prototype Repository tunnel at Aspd.



2  Objectives

The objective is to determine thermal properties of present rocks and the influence of
anisotropies, so that the deposition hole distance or the power output can be designed
and a valuation of planned long-term heating tests can be performed. The results will
also serve as input data for the analysis of other thermally controlled processes. Finally,
the project aims at gaining experience regarding the extent and accuracy of measure-
ments required for forth-coming investigations of thermal properties for the localization
of a deep repository.



3  Geology in the Prototype Repository

The Prototype Repository tunnel at Aspd island is situated at the 450 meter level below
the ground surface. The tunnel has a circular cross section, 5 metres in diameter. The
length of the tunnel is about 90 metres.

The rock mass has been described for example by Patel et al (1997). Accordmg to this
report the rock at the Prototype Rep051tory consists of Asp6 diorite with veins and in-

clusions of fine-grained granite. The main joint set trend WNW with steep dips. These
joints are also the main water bearing structures. The total quantity of inflowing water
into the prototype tunnel has been estimated at about 5 litres per minute.



4 Investigations

The investigations of the rock mass at the Prototype Repository tunnel comprised:

* Density and water absorption of rock samples.

* Modal analysis and chemical composition of rock samples.

» Laboratory measurements of thermal properties of rock samples.

» Field measurements of thermal properties.

Approximate positions for field measurements and core drillings along the Prototype
Repository tunnel are shown in Appendix 1.

Samples were selected from existing drill cores evenly distributed along the prototype
repository tunnel. At the time for sample selection 9 drill cores down to about 7 metres
depth had been quality assured with respect to geological classification, see Appendix 2.
Samples were taken at about 1 and 7 metres depth from each of these drill cores, in total
18 samples. 2 samples were taken from a middle level from two of the drill cores, at
about 4 and 5 metres depth respectively. One of these samples was a xenolith. The other
19 samples consisted of Aspé diorite.

From each sample, individual samples were taken for either density and water absorp-
tion measurements, rock chemistry/mineralogical analyses or thermal properties meas-
urements. This means that different samples were used for different types of investiga-
tions.

20 samples were examined with respect to rock chemistry. 11 samples were chosen for
density and porosity (water absorption) examinations, microscopy/spectroscopy and
thermal diffusivity and thermal conductivity measurements. Some additional determi-
nations of density and water absorption were made using 4 of the samples.

Sample identification, depth and performed investigations are summarized in Table 4-1.

Laboratory measurements of thermal conductivity and thermal diffusivity were per-
formed at 0 °C, at room temperature (21 °C) and at elevated temperatures, at the most at
a temperature of 78 °C.

Field measurements of thermal conductivity and thermal diffusivity of the rock mass
were performed at six locations inside the prototype tunnel at Aspo (3522, 3525, 3535,
3566, 3583 and 3594). The measurement depth was about 0.6 metres (from the floor of
the tunnel). Results from the field measurements have previously been presented in re-
port "Field measurements of thermal properties of the rocks in the prototype repository
at Asps HRL" (Sundberg & Gabrielsson, 1998).

The heat capacity of the rock mass was calculated using values of thermal diffusivity
and thermal conductivity measured in the laboratory and in the field.



The Swedish National Testing and Research Institute (SP) performed laboratory exami-
nations of rock samples with respect to density and water absorption. Geochemical and
mineralogical composition of the rock were examined and evaluated by Terralogica AB.
The laboratory measurements of thermal properties were performed by CIT Thermo-
flow AB and in the field by the Swedish Geotechnical Institute.

Table 4-1 Samples for laboratory investigations. C = chemical analyses,
D+P = density and porosity (water absorption) determinations and
T = thermal conductivity measurements.

Identification = Depth (m) Investigation

KA3539 1.0-1.22 C,D+P, T
5.50-5.68 C,D+P, T
7.0-7.17 C

KA3545 0.83-1.11 C,D+P, T
6.99-7.10 C

KA3551 0.95-1.15 C,(D+P), T
6.90-7.05 C

KA3563 0.88-1.12 C,D+P, T
6.97-7.11 C

KA3569 0.87-1.20 C,(D+P), T
6.88-7.02 C

KA3575 1.03-1.27 C,D+P, T
6.98-7.12 C

KA3581 1.10-1.33 C,(D+P),T
6.80-6.95 C

KA3587 0.97-1.14 C,D+P, T
7.12-7.25 C

KA3593 1.42-1.63 C,(D+P), T
4.19-4.43 xenolith C,D+P, T
6.93-7.12 C

*) Two determinations on two separate samples.

The results have been evaluated with respect to existing conditions when the measure-
ments were carried out. Comparisons have been made between laboratory and field re-
sults as well as results of previous studies.



5 Description of Methods

51 Laboratory Analysis of Density and Porosity

Selected rock samples were examined in the laboratory with respect to density and wa-
ter absorption. Water absorption is a measure of the amount of water that can be gath-
ered in pores. In a sense, the measured water absorption can be approximated with the
porosity of the samples (pore volume in relation to total volume).

The density was determined according to standards, DIN 52102-RE VA. The water ab-
sorption was determined according to standards, DIN 52103-A. Water absorption was
also determined after boiling the samples in water for 5 hours followed by drying of the
samples. The reason for this was to remove possible air. It was of interest to study
whether this treatment would affect the pores of the rock and produce different water
absorption results. Evaluations of water absorption were made with and without consid-
eration of measured weight loss during water storage and boiling.

The investigations were performed by the Swedish National Testing and Research In-
stitute (SP).

5.2  Analysis of Chemical and Mineralogical Composition

The geochemical data were determined using ICP analyses. Samples were also selected
for mineralogical analyses using SEM and EDS techniques.

Inductively Coupled Plasma (ICP) is an analytical technique used for the detection of
trace metals in environmental samples, such as rocks. The plasma is actually a gas in
which atoms are present in an ionized state. ICP in conjunction with mass spectrometry,
utilizes a high temperature argon plasma to excite the atoms of the elements present in
the introduced solution. By using ICP several elements can be determined simultane-
ously. Sample preparation includes crushing and grounding of the sample.

In scanning electron microscopy (SEM) an electron beam is scanned across a sample's
surface. When the electrons strike the sample, a variety of signals are generated, and it
is the detection of specific signals which produces an image of a sample's elemental
composition. Interactions of the electron beam with atoms in the sample also result in
the emission of X-rays. The emitted X-ray has an energy characteristic of the parent
element. Detection and measurement of this energy using energy dispersive spectros-
copy permits elemental analysis of the sample. Energy dispersive spectroscopy (EDS)
can provide quantitive analysis of elemental composition with a sampling depth of 1-2



microns. The emitted X-rays can also be used to show the elemental distribution in a
sample surface.

Investigations and evaluations of geochemical and mineralogical compositions were
performed by Terralogica AB.

5.3 Laboratory Measurements of Thermal Properties

Measurements of thermal properties in the laboratory were performed using the TPS
method (Gustafsson, 1991). The TPS (transient plane source) method is used for meas-
urements of thermal diffusivity and thermal conductivity of both fluids and solids, from
cryogenic temperatures to about 250 °C (if the insulation is made of kapton). The ther-
mal conductivity that can be measured ranges from 0.01 W/m°C to 400 W/m°C.

The method uses a sensor element with an engraved pattern of a thin double spiral. The
spiral is made of Ni metal and has specific resistivity properties. The spiral is embedded
between two layers of kapton, to give it mechanical strength and electrical insulation
whereas measurements may be performed in electrically conductive materials. The total
thickness of the sensor is 0.025 mm and for this specific application the diameter was
20 mm. The probing depth in a transient experiment should be of the same order as the
diameter of the hot disk.

Measurements are performed by placing the sensor between two samples of the same
material. The surfaces of the samples have to be smooth in order to limit the contact
resistance between the sensor and the sample surfaces. During the measurement, the
sensor acts both as a heat generator of a heat pulse and as sensor for the temperature
response. The temperature is measured in 200 points across the sensors surface.

The evaluation uses the fact that the resistance for a thin Ni spiral at any time is a func-
tion of its initial resistance, the temperature increase and the temperature coefficient of
the resistivity. Expressions of the mean temperature increase of the sensor, assuming
perfect contact with the sample surfaces, are stored in the software. By fitting measured
temperatures with a theoretical temperature development, through a number of itera-
tions, the thermal diffusivity and thermal conductivity are determined.

The accuracy of the thermal conductivity measurements is better than 5 % for the inter-
val 0.01-400 W/m°C, and the repetitiveness is better than 2 % according to the manu-
facturer.

Test procedure

Rock samples from core drillings have a diameter of about 45 mm. The selected sam-
ples were cut in two halves, each with a thickness of about 15 mm. The two intersection
surfaces were then carefully polished.

All samples were measured with respect to thermal diffusivity and thermal conductivity
at room temperature 21 °C. A selection of the samples were also measured at 0 °C and
at temperatures around 50 °C and 75 °C.



For each sample, at least three measurements were performed at 0 °C and at room tem-
perature (21 °C). Thermal properties are presented as a mean value of these measure-
ments. The sensor was dismounted after each measurement, in order to regain thermal
balance before the next measurement. The temperature 0 °C was achieved by placing
the sample in an ice bath.

Measurements at elevated temperatures were performed by placing the sample in a wa-
ter bath with a temperature of 80 °C. Cooling of the sample was taking place at a very
slow rate. The temperature was measured to determine the cooling rate. Measurements
of thermal properties were performed at different temperatures and thermal properties
were evaluated with respect to the continuous cooling of the sample in the water bath.
The sensor was never dismounted between the measurements.

Measurements were performed after water saturation of the samples in a water bath. In
order to achieve water saturation, the samples were placed in boiled water, first semi-
immersed for 24 hours followed by 24 hours completely immersed. The same procedure
as for the water absorption measurements was used. The measurements at room tem-
perature were also performed under dry conditions. However, these measurements were
performed at a lower accuracy.

Measurements of thermal properties in the laboratory were performed by CIT Thermo-
flow AB.

5.4 Field Measurements of Thermal Properties

Measurements of thermal conductivity were performed in accordance with the so called
multi-probe method (Sundberg, 1988). This method makes it possible to simultaneously
determine the thermal diffusivity of the rock mass since measurements are performed
over a certain rock volume. Properties may also be measured simultaneously in different
directions with this method. The method is fully described in report "Field measure-
ments of thermal properties of the rocks in the prototype repository at Aspd HRL"
(Sundberg & Gabrielsson, 1998).

The method uses the theory of an infinite line source. A heat generating probe is sup-
plied with a constant heat input whereby heat will be dispersed in the ground. The tem-
perature is registered as a function of time by the temperature probes at fixed distances
from the heat source. The temperature sensors are situated at half the depth of the heat
generating probe in order to reduce boundary effects. The rate of the temperature spread
depends on the thermal properties of the surrounding ground. Measured values are used
in a numerical solution based on known theories.

The equipment consists of a heat generating probe, a number of small temperature
probes, a portable PC, power unit and a logger. Data collection, calculations and graphic
presentations of the results are made with special programmes.



Test procedure

Field work started with the localization of measuring points. The probes were installed
in shallow boreholes, 1.2 or 0.6 metres in length corresponding to the length of the heat
generating probe and the temperature probes respectively. The boreholes were drilled
out with impregnated full cut drills, 16 or 18 mm in diameter, using an electrically
driven drilling equipment, see Figure 5-1. In order to secure that boreholes were made
parallel, a special drilling frame were used. The frame consisted of two axes perpen-
dicular to each other. It was adjustable in height at the intersection point between the
two axes and at the end point of each axis. Measurements were made in two directions,
perpendicular to each other. The heat generating probe was installed in origo and the
temperature probes at 0.14-0.18 metres distances depending on the conditions at each
measuring point.

Photos from the measurements inside the tunnel, showing a typical measurement set-up
and a close-up of boreholes with installed probes are shown in Figure 5-2 and Figure 5-
3 respectively.

The gap between the probes and the borehole wall was filled with a viscous solution of
bentonite, water and quartz sand, in order to reduce the contact resistance. Measure-
ments were performed during 2-3 hours and in some cases overnight. The heat input
was set at about 100 W per metre length of probe.

For each measurement installation, variations in the background temperature was regis-
tered at a few metres distance by a reference temperature probe at the measurement
level, 0.6 metres depth.

Figure 5-1 Drilling of boreholes for thermal probe measurements in the tunnel for the
Prototype Repository at Aspo.
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5.5 Computer Calculations of Thermal Conductivity

The thermal conductivity was calculated with the Condrock programme (Sundberg,
1991:2). Condrock calculates the thermal conductivity of isotropic rock at normal tem-
perature, about 10 °C. The thermal conductivity of the rock is calculated using reference
values of the thermal conductivity of different minerals together with the volume frac-
tions as input. The numerical solution is based on the self-consistent approximation
which has previously proved to be in good agreement with measured values (Sundberg,
1988).

The thermal conductivity of plagioclase, as well as olivine and pyroxene, depends on
the chemical composition and may therefore vary within certain intervals.
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6 Density and Porosity

The average density considering all Aspo diorite samples is 2750 kg/m’. The density of
the 10 Aspd diorite samples (14 determinations) varies between 2713-2815 kg/m’.

The density of the xenolith sample was measured at 2820 kg/m”.

Density and water absorption of rock samples are shown in Figure 6-1. Water absorp-
tion is assumed to be equal to the porosity of the samples.
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Figure 6-1 Density and water absorption of Aspd diorite and xenolith. Results from
laboratory examinations of rock samples.

Two determinations were made using samples KA3551 0.95-1.15, KA3569 0.87-1.20,
KA3581 1.10-1.33 and KA3593-1 1.42-1.63. Separate samples were used for each de-
termination. In Figure 6.1 it is noticed that especially the water absorption results vary
for samples with the same name. For KA3581 1.10-1.33, the water absorption was

measured at 0.34 in one sample and at 0.56 in the other sample (before boiling, includ-
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ing weight loss). This variation corresponds to a lower density for the sample with
higher water absorption properties.

Mean values of the water absorption, including standard deviations and spreading inter-
vals for the Aspé diorite samples are compiled in Table 6-1. Water absorption for the
xenolith sample was measured at 0.62 % before and after boiling.

Table 6-1 Mean values and spreading intervals of the water absorption (volumet-
ric %) before and after boiling the Aspo diorite samples in water for 5
hours, and with and without consideration of weight loss during water
storage and boiling.

Mean value Standard deviation Interval

Water absorption before boiling,

no consideration of weight loss 0.32 0.064 0.23-0.46
Water absorption after boiling,

no consideration of weight loss 0.31 0.072 0.19-0.46
Water absorption before boiling

with consideration of weight loss 0.40 0.102 0.30-0.64
Water absorption after boiling

with consideration of weight loss 0.39 0.109 0.27-0.64

Weight loss for the Aspé diorite samples after water storage and boiling varied between
0.03-0.10 grams, in average 0.2 %o of the total sample weight. Weight loss for the xe-
nolith sample was not measured.

Some of the samples represent Aspé diorite that has certain degree of alteration and
other samples represent relatively fresh Aspé diorite. The subdivision of samples is dis-
cussed in Chapter 7. The average density for the altered Aspd diorite samples (KA3539-
2 5.50-5.68, KA3545 0.83-1.11 and KA3551 0.95-1.15) is somewhat lower (1-2 %)
than for the fresh Aspé diorite samples (KA3563 0.88-1.12, KA3581 1.10-1.33 and
KA3587 0.97-1.14), see Table 6-2.

Table 6-2 Mean values and standard deviation of the density (kg/m3) for altered
and fresh Aspo diorite and xenolith.

Rock Mean value Standard Interval
deviation

Fresh Aspo diorite’ 2765 39.7 2724 - 2815

Altered Aspé diorite” 2724 11.0 2713 -2734

Xenolith 2820 - -

1) Sample KA3563 0.88-1.12, KA3581 1.10-1.33 (two samples) and KA3587 0.97-1.14.
2) Sample KA3539-2 5.50-5.68, KA3545 0.83-1.11 and KA3551 0.95-1.15 (two samples).

Water absorption of altered and fresh Aspé diorite is shown in Table 6-3. Determina-
tions before and after boiling produced about the same results. However, a certain dif-
ference is noticed dependent on whether weight loss, during water storage and boiling,
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is considered or not. Higher water absorption values is obtained when weight loss is
considered.

In Table 6-3 a small difference in water absorption between fresh and altered Aspé dio-
rite is noticed when weight loss is considered. The water absorption of one of the fresh
Aspo diorite samples (KA3581 1.10-1.33) was significantly higher than for the other
samples. If this sample is not included in the mean value, the water absorption of the
fresh Aspé diorite becomes in the same order as for the altered Aspé diorite.

Table 6-3 Mean values of the water absorption (volumetric %) for altered and
fresh Aspo diorite and xenolith. Before and after boiling, with and
without consideration of weight loss during water storage and boiling.
Standard deviations are written between brackets.

Rock Before boiling After boiling
excl weight loss incl weight loss | excl weight loss incl weight loss

Fresh Aspo diorite! | 032(0.062) | 0.42(0.113) | 032(0.068) | 0.42(0.119)

Altered Asps diorite? | 0.32(0.039) | 0.37(0.056) | 0.31(0.042) | 0.36(0.061)

Xenolith 0.62 0.62 0.62 0.62

3) Sample KA3563 0.88-1.12, KA3581 1.10-1.33 (two samples) and KA3587 0.97-1.14.
4) Sample KA3539-2 5.50-5.68, KA3545 0.83-1.11 and KA3551 0.95-1.15 (two samples).

A compilation of density and water absorption results is given in Appendix 3.
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7 Mineral Composition

All samples (19 in total) representing Aspé diorite show various degrees of alteration,
In some samples biotite is completely replaced by chlorite, and plagioclase by albite,
epidote and sericite (saussuritisation).

In order to determine the two extremes, two samples representing relatively fresh Aspo
diorite (KA3563 0.88-1.12 and KA3587 0.97-1.14) and three samples representing al-
tered Aspo diorite (KA3539 5.50-5.68, KA3545 0.83-1.11 and KA3551 0.95-1.15) were
selected. Average values of chemical composition from the two groups are given in Ta-
ble 7-1. Chemical data for each sample is presented in Appendix 4.

Table 7-1 Geochemical data of rock samples representing fresh Aspo diorite (AD)
and altered Aspo diorite respectively.

Fresh AD' Altered AD?

Si0; % 59.9 58.5
Al O4 17.7 17.5
CaO 4.82 3.96
Na,O 4.53 3.88
F€203 5.79 6.24
K50 3.21 3.99
MgO 2.44 2.89
MnO, 0.10 0.126
P,0s 0.35 0.359
TiO, 0.86 0.917
LOI 1.25 2.1
Ba ppm 1625 1513
Nb 31.7 36.3
Sr 1340 1247
Y 23.6 27.1
Zr 248 263

1) Samples KA3563 0.88-1.12 and KA3587 0.97-1.14.
2) Samples KA3539 5.50-5.68, KA3545 0.83-1.11 and KA3551 0.95-1.15.

Loss of Ca, Na and Sr in the altered samples is explained by breakdown of plagioclase.
LOI (loss of ignition) corresponds to crystal bound water or carbonates and sulphides.
The LOI values are significantly higher in the altered samples because of the higher
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chlorite content. The redstaining of the altered samples are due to micrograines of
hematite/Fe-oxyhydroxide hosted in the feldspars. Mostly, Aspé diorite with high de-
grees of alteration is more redstained than fresh Aspd diorite.

The chemical analyses of the 19 Aspd diorite samples are largely similar. In contrast,
the microscopy reveals significant variations in mineralogical composition due to vari-
ous degrees of alteration in the different samples. One fresh Aspé diorite sample
(KA3581 1.10-1.33) was treated separately because of significant differences compared
with the other samples. Mineralogical composition based on microscopy are shown in
Table 7-2.

Table 7-2 Mineralogical composition of rock samples representing fresh Aspd
diorite (AD), altered Aspd diorite and xenolith, based on microscopy
and chemical composition.

Fresh AD' Fresh AD> Altered AD®  Metabasite xenolith*
sample
Quartz 10 10 11 6
K-feldspar 10 10 16 6
Plagioclase 52 (c. 25%An) 50 34 (albite) 35 (c. 30% An)
Biotite 18 15 - 25
Chlorite - - 20 1
Sericite 1 1 6 1
Epidote 7 7 12 19
Hornblende 1 5 - 6
Titanite 1 1 1
Apatite + + ++ +
Calcite + + + -
Magnetite + + + +

+  Minerals observed, but constituting less than 1 %.

1) Samples KA3563 0.88-1.12 and KA3587 0.97-1.14.

2) Sample KA3581 1.10-1.33.

3) Samples KA3539 5.50-5.68, KA3545 0.83-1.11 and KA3551 0.95-1.15.
4) Sample KA3593-2 4.19-4.43.

SEM/EDS analyses of fresh plagioclases in samples KA3581 and KA3587 showed be-
tween 25-27 % of anorthite (An). Based on calculation, the An content in the metabasite
hybride, xenolith, may be just slightly higher (c. 30 % An).

All the Aspé diorite samples, except for KA3539 5.50-5.68, KA3545 0.83-1.11 and
KA3551 0.95-1.15 (the altered samples referred to above), have biotite as the dominat-
ing femic mineral. Minor amounts of hornblende are present in some of the samples as
well as pumpellyite. For example, sample KA3581 1.10-1.33 is a fresh Aspo diorite
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sample with relatively high content of hornblende reflected in the relatively high Fe; O3
content (6.17 weight %) corresponding to a low LOI content (0.9 weight %), see Table
7-1. Sample KA3593 1.42-1.63 has biotite which in parts of the sample contains pum-
pellyite.

The plagioclase shows various degrees of saussuritisation, also within the samples hav-
ing biotite preserved. Sample KA3539 1.0-1.22, KA3569 0.87-1.20 and KA3575 1.03-
1.27 all have mineralogical composition similar to that of fresh Asp6 diorite except for a
slight albitisation and in addition they may have somewhat higher epidote contents.
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8 Thermal Properties

8.1 Results from Laboratory Measurements

Thermal properties measured in the laboratory at room temperature, 21 °C, are shown in
Figure 8-1. Measurements at dry conditions were made with less accuracy than at satu-
rated conditions. Results from all laboratory measurements of thermal properties are
compiled in Appendix 5.
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Figure 8-1 Thermal properties of rock samples. Results from measurements at a tem-
perature of 21 °C, with dry and saturated samples.

Thermal properties, presented as mean values and spreading intervals for the Aspé dio-
rite samples, at saturated and dry conditions are summarized in Table 8-1.
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Mean values of thermal properties and spreading intervals based on 10
rock samples of Aspo diorite. Results at a temperature of 21 °C, dry
and saturated conditions.

Thermal conductivity ||| Thermal diffusivity Heat capacity
[W/m°C] [mm?/s] [MJ/m*°C]
saturated dry saturated dry saturated dry
Mean value 2.52 2.46 1.15 1.14 2.20 2.16
Spreading interval 2.33-2.76  2.35-2.66 | 1.02-1.29 1.08-1.29 | 2.10-2.32 2.01-2.25

The thermal conductivity for the xenolith sample was measured at 2.38 W/m°C at satu-
rated conditions, and at 2.61 at dry conditions. Corresponding values of thermal diffu-
sivity were measured at 1.02 mm?/s and at 1.24 mm?/s. Results from the measurements
resulted in calculated heat capacities of 2.33 MJ/m?°C at water saturation, and of 2.1
MJ/m?°C at dry conditions.

Results from laboratory measurements of thermal properties at various temperatures are
shown in Figure 8-2, Figure 8-3 and Figure 8-4.
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Figure 8-2 Thermal conductivity of Aspd diorite at different temperatures. From meas-

urements in the laboratory.
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Figure 8-3 Thermal diffusivity of Aspé diorite at different temperatures. From meas-
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Figure 8-4 Heat capacity of Aspé diorite obtained from measurements of thermal con-
ductivity and thermal diffusivity in the laboratory.
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Practical experiences

When performing the measurements one should take careful notice of the position of the
sensor, especially if several measurements are performed with the same pair of samples.
The sensor should be positioned in the same place.

8.2 Results from Field Measurements

Field measurements of thermal properties were performed in January 1998, at six dif-
ferent locations in the Prototype Repository tunnel, at section 3522, 3525, 3535, 3566,
3583 and 3594. The reference temperature was measured in boreholes at section 3529
and 3574. The boreholes were drilled out outgoing from the tunnel floor. Co-ordinates
for each measurement hole are listed in “Appendix 6: Co-ordinates of boreholes and
layout at the thermal probe measurement points”.

The results from the field measurements have previous been compiled and evaluated in
report "Field measurements of thermal properties of the rocks in the prototype reposi-
tory at Aspé HRL" (Sundberg & Gabrielsson, 1998).

Measurements were performed in Aspé diorite at four out of six locations, at one loca-
tion in a dyke of mylonite and at one location with a local intrusion of fine-grained
granite. One measurement was made over a wide structure, in section 3594 (No. 2), and
over a smaller joint, possibly filled with epidote, at section 3566 (No. 2).

The results of the thermal probe measurements are shown in Table 8-2.

Some of the measurements were disturbed by water flow in the boreholes and adjacent
fissures. The water flow probably cooled down the probes whereby the measured rate of
temperature increase was lowered compared with conditions without water flow. This
resulted, for example, in unreasonably high values of the thermal conductivity of the
rock.

Measurements in certain rocks with a limited extension may partly have taken place in
adjacent rocks (e.g. in section 3525).

The field measurements in Aspé diorite produced values in the same order, except at
section 3566 (No. 1) where higher values were obtained. Nearby, there is a fracture
filled with epidote which indicates that the rock in this section is not as homogenous as
for the other sections with Aspé diorite.

Data and graphical plots for each measurement set-up are presented in “Appendix 7:
Data and graphic presentations of results from thermal probe measurements”.

The difference between start and end values of the background temperature amounted to
about 0.01 °C during evaluation periods. These variations do not influence the evalua-
tions of the thermal properties.
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Table 8-2 Thermal properties of the rocks measured with thermal probes. Values
in brackets were obtained at conditions with high water flows.

Section | Thermal Thermal Calculated Type of rock and additional
Conductivity Diffusivity Heat capacity | remarks
[W/m°C] [mm?/s] [MJ/m>°C]
No.1 |No.2 |No.1 |[No.2 |No.1 [No.2
3522 |3.16 1.44 2.19 Mylonite
3.16 1.39 2.27 Mylonite
3525 |2.72 1.22 2.23 Small area of fine-grained
granite.
2.71 1.21 2.24 | Small area of fine-grained
granite.
3535 |2.73 1.27 2.15 Aspé diorite
(Meas.
No. 1) (3.49) (1.28) (2.73) | Aspd diorite. Meas. disturbed
by water flow.
3535 2.67 1.17 2.28 Aspé diorite
(Meas.
No. 2) (3.76) (1.39) (2.71) | Aspé diorite. Meas. disturbed
by water flow.
3566 |3.16 1.51 2.09 Aspé diorite
3.19 1.45 2.20 | Aspé diorite crossed by possi-
bly epidote.
3583 |2.80 1.16 2.41 Asp6 diorite
2.78 1.29 2.16 | Aspé diorite
3594 | (5.98) (1.45) (4.12) Aspé diorite. Meas. disturbed
by water flow.
(3.64) (1.23) (2.96) | Aspé diorite, over structure.
Meas. probably disturbed by
water.

Practical experiences
The drilling equipment together with the special drilling frame produced fairly parallel
boreholes. Drilling of boreholes is time-consuming. Time spent for the drilling of two
boreholes down to 0.6 metres and one borehole down to 1.2 metres depth was 3-4
hours. The homogenous rock mass together with small diameter boreholes result in high
restrictions on the drilling equipment. The electric drilling unit broke down at one occa-

sion.

It may be concluded that measurements over structures and fractures are more difficult
to perform. Drilling may cause cracks and open up for the release of water pres-

sure/flow. This effect is more evident at large depths in the rock and where water pres-
sure gradients are high.
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8.3 Thermal Properties from Calculations

Results from calculations of the thermal conductivity of fresh and altered Aspé diorite,
and xenolith, are presented in Table 8-3.

Table 8-3 Calculated thermal conductivity of fresh Aspé diorite, altered Aspo
diorite and xenolith. Results from Condrock calculations.

Rock type Thermal conductivity
[W/m°C]

Fresh Aspé diorite’ 2.21

Fresh Aspé diorite” 2.24

Altered Aspé diorite’ 3.20

Xenolith® 2.27

1)Samples KA3563 0.88-1.12 and KA3587 0.97-1.14.

2)Sample KA3581 1.10- 1.33.

3)Samples KA3539 5.50-5.68, KA3545 0.83-1.11 and KA3551 0.95-1.15.
4)Sample KA3593-2 4.19-4.43.

The calculations are based on mineralogical compositions (Chapter 7) and reference
values of the thermal conductivity of different minerals, see Table 8-4.

Table 8-4 Minerals found in samples of Asp diorite (AD) and corresponding
thermal conductivity used for the calculations (Horai and Simmons,
1969, and Horai, 1971). Values in brackets are estimations.

Fresh AD' Fresh AD? Altered AD’ Xenolith*
(%] T [Wim°C] | %] | Wim°C] | (%] | [W/m°C] | [%] | [Wim°C]
Quartz 10 7.69 10 7.69 11 7.69 6 7.69
K-feldspar 10 2.51 10 2.51 16 2.51 6 2.51
Plagioclase | 52 1.61 51 1.61 34 2.1 35 1.56
(c. 25% An) (c. 25% An) | (albite) (c. 30% An)

Biotite 18 2.0 15 2.0 - - 25 2.0
Chlorite - - - - 20 5.1 1 5.1
Sericite* 1 2.3 1 2.3 6 23 1 2.3
Epidote 7 2.8 7 2.8 12 2.8 19 2.8
Hornblende | 1 2.8 5 2.8 - - 6 2.8
Titanite 1 3.0 1 3.0 1 3.0 1 3.0

*) The thermal conductivity of sericite is unknown. Sericite resembles muscovite and the thermal
conductivity is therefore estimated to be the same as for muscovite.
1) Samples KA3563 0.88-1.12 and KA3587 0.97-1.14.

2)

Sample KA3581 1.10 - 1.33.

3)  Samples KA3539 5.50-5.68, KA3545 0.83-1.11 and KA3551 0.95-1.15.
4) Sample KA3593-24.19-4.43.




24

Variations of +2 % in An-content of fresh Aspé diorite result in variations of the ther-
mal conductivity less than 1 %.

The chlorite content in the altered Aspé diorite has a significant influence on the total
thermal conductivity. For a £5 % variation of the chlorite content, the calculated ther-
mal conductivity varies by 3 %. Examinations of the altered Aspé diorite sample 3545
0.83-1.11 show that this sample has somewhat lower chlorite content. By assuming a
chlorite content of 15 % (homblende 4 % and magnetite 1 % ) the thermal conductivity
is calculated at 3.12 W/m°C.
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9 Evaluation and Discussion

9.1 Comparisons between Laboratory, Field and Calculated
Results

A number of measurements of thermal properties have been performed in Aspé diorite,
which is the dominating rock around the Prototype Repository tunnel at Asps. Thermal
properties measured in the field differ from those measured in rock samples in the labo-
ratory and also from the calculated values. There are also significant variations within
each measurement method.

The thermal conductivity of the Aspé diorite measured in the laboratory and in the field,
as well as results from calculations are shown in Figure 9-1. The values measured in the
field are generally higher than those measured in the laboratory, the mean difference
being about 12 %. Calculated values are both higher and lower than the measured val-
ues.
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Figure 9-1 Thermal conductivity of Aspo diorite from laboratory (21 °C, saturated
conditions) and field measurements, and calculations based on mineral
composition. Samples 3539-2 5.50-5.68, 3545 0.83-1.11 and 3551 0.95-1.15
represent altered Aspé diorite. Samples 3563 0.88-1.12, 3581 1.10-1.33 and
3587 0.97-1.14 represent fresh Aspé diorite.
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The samples showed different degrees of alteration, from relatively fresh Asp6 diorite to
altered Aspé diorite. Calculations of thermal conductivity were made for two extremes.
The calculated values of Figure 9-1 are thus based on average mineral compositions of
several samples. Samples 3539-2 5.50-5.68, 3545 0.83-1.11 and 3551 0.95-1.15 repre-
sent altered Asp6 diorite. Samples 3563 0.88-1.12, 3581 1.10-1.33 and 3587 0.97-1.14
represent fresh Aspé diorite. The calculated thermal conductivity of altered Aspé diorite
is significantly higher than the results from the measurements (see Figure 9-1). The cal-
culated thermal conductivity of fresh Aspo diorite is on the contrary lower than the
measured values.

Measured thermal conductivity of samples with an apparent alteration is higher than the
thermal conductivity of fresh Asp diorite. The calculations also resulted in higher
thermal conductivity values for the altered Asp6 diorite compared with the fresh Aspé
diorite, due to a higher content of chlorite.

The majority of the field measurements is best in agreement with the laboratory results
for the altered Aspd diorite. However, the degree of alteration for the Aspé diorite at the
different measurement points is not known.

The majority of the thermal diffusivity values is between 1-1.3 mm?®/s, see Figure 9-2.
The measured field values are mainly in the upper part of the interval and the laboratory
values are in the lower part of the interval. The thermal diffusivity is generally higher
for the altered Aspé diorite than for the fresh Aspé diorite, based on laboratory meas-
urements.
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Figure 9-2 Thermal diffusivity of Aspé diorite from laboratory (21 °C, saturated condi-
tions) and field measurements.



27

The heat capacity was calculated using measured values of thermal conductivity and
thermal diffusivity, in the field and in the laboratory. The calculated heat capacity of
Aspé diorite varies between 2.09-2.42 MJ/m> °C, Figure 9-3. There are no clear trends
with respect to different types of measurement methods. Values based on field meas-
urements are scattered among the values based on laboratory measurements. The heat
capacity is generally somewhat lower for the altered Aspé diorite than for the fresh
Aspé diorite.
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Figure 9-3  Heat capacity of Aspé diorite based on measured values of thermal con-
ductivity and thermal diffusivity in the laboratory (21 °C, saturated condi-
tions) and in the field.

Thermal properties expressed as mean values, considering all results from this study,
are shown in Table 9-1.
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Table 9-1  Thermal properties of Aspo diorite (AD). Mean values from meas-
urements in the laboratory and in the field. Calculated thermal con-
ductivity based on average mineral compositions.

Thermal cond. Thermal diffusivity | Heat capacity Heat capacity
[W/m°C] [mm?/s] [MJ/m’°C] [I/kg°C]
fresh AD |alt. AD |fresh AD |alt. AD |fresh AD |alt. AD | fresh AD | alt. AD

Laboratory 241 2.70 1.10 1.16 2.25 2.19 814 804

Field' 2.83 1.28 2.23° 811°

Calculation | 224 | 3.0 - - - -

1) Values clearly influenced by observed water flow in boreholes at the measurement points are excluded
in the mean value.

2) One heat capacity value differ from the rest (section 3583) and increases the average heat capacity by
3 %.

Laboratory measurements and calculations for the xenolith sample (KA3593-2 4.19-
4.43) produced various results. In the laboratory, lower thermal conductivity was meas-
ured at saturated conditions (2.38 W/m°C) than at dry conditions (2.61 W/m°C). Nor-
mally higher values are expected at saturation because of a higher thermal conductivity
of water-filled pores compared with air-filled pores. The measurements at dry condi-
tions were performed at a lower accuracy so it is more likely that this value is incorrect.
To investigate this further, additional measurements have to be carried out.

Thermal properties evaluated from field measurements at different sections are summa-

rized in Table 9-2.

Table 9-2 Thermal properties measured in the field in three different sections in
the tunnel for the Prototype Repository.

Section Rock type Thermal conductivity Thermal diffusivity Heat capacity

[W/m°C] [mm?/s] [MJ/m’°C]
3522 Mylonite - 3.16 1.21 2.61
3525 Fine-grained 2.72 1.42 1.92
granite
3566 Structure of 3.19 1.45 2.20
(No. 2) epidote
9.2 Temperature Dependence of Thermal Properties

Laboratory measurements of thermal conductivity show no obvious trends with respect
to temperature. For one altered sample (KA3545 0.83-1.11) there is a possible trend
towards decreasing thermal conductivity values with the temperature (Figure 8-2).
Measurements of this sample also resulted in a significantly higher value at room tem-
perature (21 °C) than for the other temperature levels. This value is based on three, or
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more, measurements with relatively low spreading. For this reason it is not possible to
exclude this value in the evaluation.

Studies of the temperature dependence of the thermal conductivity of common rocks
presented in literature have shown a decrease in thermal conductivity with the tem-
perature. The decrease may be in the order of 5-15 % per 100 °C (Sibbit et al, 1979).
However, no such temperature dependence is indicated by the results of this study
(based on laboratory measurements).

The measured thermal diffusivity in the laboratory decreased with the temperature, in
average 15 % within the temperature interval 0-75 °C (Figure 8-3). The thermal diffu-
sivity for sample KA3587 0.97-1.14 at 78 °C differs significantly from the overall de-
creasing trend. It is much lower.

Consequently, a certain reduction in the thermal diffusivity values with the temperature
results in increasing heat capacity values. The heat capacity increases in average by

17 % within the temperature interval 0-75 °C (Figure 8-4). The extremely low value of
the thermal diffusivity for sample KA3587 0.97-1.14 at 78 °C consequently results in a
very high calculated value of the heat capacity.

An increase of the heat capacity with the temperature has also been reported in the lit-
erature. For example in a study by Berman and Brown (1985) the heat capacity of
common minerals increased by about 5 % between 25 and 50 °C and by about 10 %
between 100 and 200 °C (quartz : 15 %).

9.3 Comparisons with Previous Studies

Thermal properties of different rock types at Asp6 have previous been calculated based
on modal analyses of samples from the rock surface and from boreholes (Sundberg,
1991:1). For the calculations, estimated values of the thermal conductivity of plagio-
clase and pyroxene were used based on estimations of the chemical composition of
these minerals. The heat capacities were calculated as an arithmetic mean value of heat
capacities and volume fractions of the constituent minerals. However, heat capacity data
was not available for some constituents so estimated values were used. The results are
presented in Table 9-3.

The Aspé diorite corresponds closest to group No. 3. A comparison with calculated val-
ues in this study shows that the thermal conductivity of fresh Aspé diorite is in average
15 % lower and for altered Aspé diorite it is 20 % higher. The difference in the results
compared with Table 9-3 depends, most likely, on different assumptions with respect to
mineral compositions. For example in this study it is showed that a chlorite content in
the Aspd diorite significantly affects the thermal conductivity.
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Table 9-3 Mean values of thermal conductivity and heat capacity at 25 °C, from
calculations based on estimations of mineral composition of different
rock types at Aspo (Sundberg, 1991:1).

Rock type Thermal conductivity —Heat capacity
[W/m°C] [J/kg°C]
1. Greenstone 2.58 775
2. Dioritoids 2.55 770
3. Quartz monzodiorite-granodiorite 2.63 760
4. Granodiorite-granite 3.03 755
5. Granite 348 740
All samples 2.96 755

Furthermore, the thermal conductivity in Table 9-3 was calculated for a thermal con-
ductivity of 1.8 W/m°C for the plagioclase which corresponds to an anorthite content of
15 %. In this study, the anorthite content in plagioclase is estimated at 25 % for the
fresh Aspo diorite and the corresponding thermal conductivity becomes 1.61 W/m°C. If
the value 1.8 W/m°C is used instead, the thermal conductivity of fresh Aspé diorite be-
comes about 10 % lower (instead of 15 % lower) compared with group No. 3.

A comparison with the laboratory and field results shows that they are fairly well in
agreement with the thermal conductivity of rock group No. 3. The mean value of the
thermal conductivity for fresh Aspé diorite is 8 % lower and for altered Aspé diorite it
is 3 % higher compared with group No. 3. Compared with the mean value from the field
measurements, the measured thermal conductivity of Asp6 diorite is about 7 % higher
than the thermal conductivity of group No. 3.

The fine-grained granite corresponds to group No. 5. A comparison shows that as much
as 22 % lower values were obtained from the field measurements. However, the exten-
sion of the fine-grained granite with the depth at this particular section (3525) is un-
known and the measurements could partly have been performed in the surrounding
rock, which is Aspé diorite. Thermal properties in the same order were also measured
for the two rock types.

The laboratory results show that the average heat capacity of fresh Aspé diorite is 8 %
higher compared with the rocks of group No. 3 and corresponding comparisons for al-
tered Aspd diorite resulted in 5 % higher values compared with the same group. Based
on the field measurements, the heat capacity is in average 7 % higher compared with the
calcu%ated heat capacity of group No. 3. The comparison is made for a density of 2750
kg/m”.

The fine-grained granite corresponds to group No. 5. The comparison shows that 8 %
higher thermal conductivity values were obtained from the field measurements.
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9.4 Possible Reasons for Differences in the Results

Reasons for the obtained differences in the results presented in Table 9-1, from the
measurements as well as the calculations, can be related to:

a) differences in properties of rock samples and of the actual rock in the
field,

b) influence of local conditions at the measurement points,

¢) performance of the tests and applied test procedures,

d) errors in the method and limitations of background theories that the
method is based on.

a) Properties
Chemical and mineralogical properties as well as the structure of the rock have a strong
influence on its thermal properties:

¢ chemical composition e density
e mineral content e porosity
e foliation e grain size

All examined core samples representing Aspé diorite show various degrees of altera-
tions. In some samples biotite is completely replaced by chlorite, and plagioclase by
albite, epidote and sericite. From a mineralogical point of view it seems that the re-
placement of biotite by chlorite is responsible for the higher thermal conductivity meas-
ured in the chloritised samples. This is obvious in a plot of LOI versus thermal conduc-
tivity, Figure 9-4. The Aspé diorite samples with LOI values greater than 2 are all chlo-
ritised. The thermal conductivity of chlorite is 2-3 times higher than that of biotite.

2,8

2,75 ¢

27 L

2,65

2,6

2,55

@

25

¢

2,45

Thermal conductivity [W/m°C}
X
®

2,4

2,35 1

23 1L
0,5 1 1,5 2 2,5

LOI

Figure 9-4 LOI content versus thermal conductivity measured in the laboratory (tem-
perature 21 °C, saturated samples).
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The results of the chemical analyses of the 19 Aspo diorite samples are largely similar.
In contrast, the microscopy reveals significant variations in mineral compositions due to
various degrees of alteration in the different samples.

For the evaluation of the thermal conductivity measurements, it is desirable to make
comparisons with corresponding mineralogical composition of each sample. This is,
however, not always possible due to factors such as the difficulty in point counting of
coarse and inhomogeneous rock types. Instead, mineralogical composition, based on
microscopy, and chemical data were given for fresh and altered Aspd diorite, and also
for the metabasite hybride sample (called xenolith in the coremapping).

Examinations of core samples show a certain foliation parallel to the borehole axis.
However, the foliation is rather weak and is therefore assumed to have a minor influ-
ence on the results.

Differences in porosity were obtained for altered and fresh Aspé6 diorite. The generally
higher thermal conductivity of the altered Aspé diorite coincides with a higher density
compared with fresh Asp6 diorite. However, the variations in density and porosity
among the samples are assumed to be too small to have a significant influence on the
variations in the thermal properties.

Some core samples, for example sample 3569 0.87-1.20, contained large grains (& 150
mm) embedded in a fine-grained mass. Laboratory measurements of thermal properties
of this and other samples with a similar structure produced similar results. It may be
assumed that the variations in grain size of the investigated samples did not influence
the results.

Different samples were used for different types of investigations. Differences between
individual samples are thus a source to uncertainties when comparing and evaluating the
results. From the above discussion, it is most likely that the mineral content of different
samples used in the laboratory and in the calculations, and of the actual rock in the field,
account for some of the discrepancies.

b) Local conditions in the field
The field results may be influenced, to a larger or smaller degree, by different sources of
error related to conditions below the ground surface (partly unknown), such as:

e water flow and high water pressures (heat convection),

e presence of joints and small fissures,

e structures of different types of rock crossing the rock mass.

Water flow during the measurements produced faulty values of the thermal properties.
For example, at section 3594, the measurements were clearly disturbed by water flow in
the upper part of the boreholes for the heat generating probe and temperature probe
No.1. Water upflow was also observed at section 3535, in the boreholes for the heat
generating probe and temperature probe No. 2. Small disturbances on the temperature
curves are probably due to the influence of water.
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There is a water flow into the tunnel and high water pressures have also been measured.
Free water in joints and small fissures results in heat transfer due to convection. The
effect is dependent on the distribution of the fissures in the rock mass.

The rock mass around the tunnel are crossed by structures of different rocks. It is some-
times difficult to estimate the extent of a certain rock type. For example, measurement
in section 3566 (No. 1) resulted in a significantly higher value of the thermal conduc-
tivity compared with the other measurements in Aspé diorite. Close to this measurement
point was a band of epidote which suggests that the rock may not have been homoge-
nous where this measurement took place.

High water pressures inside the tunnel for the Prototype Repository have previous been
stated. High water flows would lead to lower measured rates of temperature increase
and consequently to an overestimation of the thermal conductivity of the rock. Consid-
ering the amount of inflowing water and observations in the field, the influence on the
thermal conductivity measurements of an overall water flow around the tunnel cannot
be neglected. If the field results presented in Table 9-1 and 9-2 are influenced by heat
convection, the influence is estimated to be at the most 10 %.

¢) Performance of the tests and test procedures
Parts of the actual performance of the test may influence the results. Some possible
sources of error are:
e the remounting of the sensor between the measurements in the laboratory,
e compensation for the cooling process during the laboratory measurements,
e the distance between the thermal probes at the measurement depth (inclina-
tion of boreholes),
e filling of the boreholes.

The laboratory method, TPS, normally produces results with high accuracies. The
measurements at room temperature 21 °C were performed by remounting the sensor
between the measurements. This could have changed the position of the sensor com-
pared with previous measurements and thereby cause unreal differences between the
measurement results. However, possible changes in the position of the sensor is as-
sumed to have a minor effect on the results.

The cooling process during the measurements at high temperatures was carefully regis-
tered. Any possible measurement errors are therefore assumed to have a negligible ef-
fect on the evaluation of the thermal properties.

In the field, the distance between the temperature probes and the heating probe can be a
possible source of error. The distance was obtained from x, y and z co-ordinates at the
measurement depth, 0.6 metres. Possible errors in the distance may have an influence
on the thermal diffusivity and heat capacity (not the thermal conductivity). The inclina-
tion of the boreholes within the same measurement location differed in average 0.4 °,
except at section 3535, where the difference amounted to 1.8 °. These differences are
too small to have a significant effect on the results.

Uncompleted filling of the gap between the probes and the borehole walls is another
possible source of error. The filling may also have been affected by water flow in fis-



34

sures. Even if the influence of unsatisfactory filling is not reflected in the measured
temperature curves, it may have some minor influence on the evaluation.

From the discussion above, it appears that the filling of the boreholes may have had a
minor influence on the results. However, these effects are relatively small.

d) Methods and theories

The methods used in the laboratory and in the field are based on transient conditions.
Thermal properties are estimated by minimising the difference between measured and
calculated temperature timeseries. This estimation is performed over a time interval for
which the applied theories are valid.

The calculations use reference values, given in the literature, of thermal conductivity of
different minerals. The thermal conductivity of some minerals, for example plagioclase,
are known to vary significantly with chemical composition. For other minerals, the ex-
tent of such variations are not known. The calculations of the thermal conductivity re-
sulted in large differences between fresh and altered Aspé diorite, see Table 9-1. It is
possible that the thermal conductivity of the chlorite in the altered Aspé diorite differs
from the reference value used. This would account for the discrepancy being much
larger than observed for the fresh Aspé diorite. The calculated value of the thermal con-
ductivity of altered Aspé diorite is assumed not to be representative.



35

10 Conclusions

If the rock mass around the Prototype Repository tunnel is subdivided in a number of
major rock types, each with an estimated volume fraction and thermal conductivity, a
single estimated value of the thermal conductivity can be presented using self-consistent
approximation (Sundberg, 1988). An estimation of the distribution of different rock
types has been made from the drill cores described in Appendix 2.

The thermal properties of the rock surrounding the Prototype Repository tunnel are es-
timated at:

Thermal conductivity 2.60 W/m°C
Thermal diffusivity ~ 1.14 mm?/s
Heat capacity 2.22 MJ/m*C (807 J/kg°C, p =2750 kg/m3)

The estimation is based on the following:

1) Based on the drill cores, the surrounding rock consists of 96 % Aspé diorite and 4 %
xenolith. Based on available samples in this study, the Asp6 diorite is 15 % fresh
and 15 % altered, with the remaining 70 % somewhere between these extremes with
respect to thermal properties. It should be noted that these figures are estimations
founded on relatively limited data.

2) The thermal conductivity of altered Asp diorite, with high chlorite content, is esti-
mated from the laboratory measurements at 2.70 W/m°C. The thermal conductivity
of fresh Asp6 diorite, with a significant amount of biotite still present, is estimated
at 2.32 W/m°C (mean calculated values and laboratory measurements). The thermal
conductivity of medium Aspé diorite is estimated at 2.55 W/m°C (mean value of the
laboratory measurements for fresh and altered Aspé diorite). The thermal conduc-
tivity of xenolith is estimated at 2.38 W/m°C, from the laboratory measurements.
Using these values, a self-consistent approximation of the thermal conductivity be-
comes 2.53 W/m°C, but this value only considers the results from laboratory meas-
urements and calculations.

3) The number of laboratory measurements is greater than the number of field meas-
urements. Furthermore, the field values may to some degree be influenced by water
flow within the rock. The thermal conductivity is therefore calculated as a weighted
mean value of the field results (2.83 W/m°C) and the self-consistent approximation
value based on laboratory results and calculations (2.53 W/m°C) together with
weight factors 0.25 and 0.75, respectively. This way, the thermal conductivity is es-
timated at 2.60 W/m°C.

4) The thermal diffusivity is estimated from the mean value of measured values (see
Figure 9-2, section 3566 excluded). The heat capacity is estimated from the mean
value of calculated values (see Figure 9-3).
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It should be noted that the values given above are for the rock only and so do not ac-
count for thermal transport of large water-bearing fissures.

It is estimated that the water flow in the rock mass around the Prototype Repository
tunnel may have a significant effect on the evaluation of the thermal properties, espe-
cially the thermal conductivity. An internal flow introduces an additional convective
heat transfer which may result in an overestimation of the thermal conductivity. The
field measured values may thus overestimate the thermal conductivity of the rock mass
itself.

Different alteration processes are reflected in different mineral compositions of the
Aspé diorite. The replacement of biotite with chlorite in altered Aspé diorite has a sig-
nificant influence on the thermal conductivity. Comparisons between fresh and altered
Aspé diorite based on the laboratory measurements show that the thermal conductivity
of altered Aspo diorite is on average 12 % higher than for the fresh. From a comparison
of different samples within the same drill core, it is also apparent that this alteration
may have taken place within very limited areas.

The discrepancies between the results from laboratory and field measurements and cal-
culations have been discussed, and possible explanations have been suggested. Further
investigations are required to reduce the uncertainties affecting the evaluation of the
thermal properties.
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Appendix 1: Position of field measurements and
core drillings for laboratory meas-
urements
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o

X
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Core drilling
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Appendix 2: Rock Classification of Drill Cores



SITE

AspPO
AsPO
AsPO
AspPO
ASPO
AsPO
AspPO
AspPO
AsPO

IDCODE

KA3539G
KA3545G
KA3551G
KA3563G
KA3569G
KA3575G
KA3581G
KA3587G
KA3593G

FROM_LENGTH TO_LENGTH

0,000
0,000
0,000
0,001
0,001
0,002
0,002
0,002
0,000

7,46
7,48
7.45
7,45
7.47
7,46
7,47
7,48
7,55
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ROCK
PSF
PSF
PSF
PSF
PSF
PSF
PSF
PSF
PSF

ROCKNAME
ASPO DIORITE
ASPO DIORITE
ASPO DIORITE
ASPO DIORITE
ASPO DIORITE
ASPO DIORITE
ASPO DIORITE
ASPO DIORITE
ASPO DIORITE
SUM

LENGTH

7,460
7,480
7,450
7,449
7,469
7,458
7,468
7,478
7,550
67,262 METRES



SITE

AsSPO
AsSPO
AspPO
AsPO
AsPO
AsSPO
ASPO
AsPO
AsPO
ASPO
AsPO
AsPO
AspPO
AspPO
AsPO
ASPO
AspPO
AsPO
AspO
AsPO
AspO
ASPO
AsPO
ASPO
AsPO
AspPO
AspPO
AspPO
AspPO
ASPO
ASPO
ASPO
AsPO
AsSPO
AsSPO
AsPO
AsPo
ASPO
AspPO
AsPO

IDCODE

KA3539G
KA3539G
KA3545G
KA3545G
KA3545G
KA3545G
KA3545G
KA3551G
KA3551G
KA3551G
KA3563G
KA3563G
KA3563G
KA3569G
KA3569G
KA3569G
KA3569G
KA3575G
KA3575G
KA3575G
KA3581G
KA3581G
KA3581G
KA3581G
KA3581G
KA3581G
KA3581G
KA3581G
KA3581G
KA3587G
KA3587G
KA3587G
KA3587G
KA3593G
KA3593G
KA3593G
KA3593G
KA3593G
KA3593G
KA3593G

FROM_LENGTH TO_LENGTH

1,17
3,48
3,20
3,51
5,60
5,97
6,50
1,95
4,57
5,76
0,04
3,25
4,94
1,12
3,62
3,82
4,57
0,17
4,01
5,56
0,18
0,89
1,17
1,43
2,13
2,58
3,77
6,80
7,02
1,37
2,90
5,46
6,52
0,87
2,08
2,67
4,15
5,27
6,15
6,72

1,24
3,53
3,23
3,60
5,64
5,97
6,56
2,05
4,73
5,78
0,08
3,36
4,97
1,17
3,70
3,93
4,59
0,19
4,07
5,61
0,23
1,09
1,23
1,49
2,18
2,65
3,81
6,94
7,40
1,41
2,92
5,50
6,70
0,94
2,13
2,96
4,37
5,56
6,22
6,73
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VEIN VEIN NAME LENGTH
XEN XENOLITH 0,07
XEN XENOLITH 0,05
HSB PEGMATITE 0,03
XEN XENOLITH 0,09
XEN XENOLITH 0,04
XEN XENOLITH 0
XEN XENOLITH 0,06
XEN XENOLITH 0,1
XEN XENOLITH 0,16
XEN XENOLITH 0,02
XEN XENOLITH 0,046
XEN XENOLITH 0,11
XEN XENOLITH 0,03
HSB PEGMATITE 0,05
XEN XENOLITH 0,08
XEN XENOLITH 0,11
HSB PEGMATITE 0,02
XEN XENOLITH 0,016
XEN XENOLITH 0,06
XEN XENOLITH 0,05
XEN XENOLITH 0,056
XEN XENOLITH 0,201
XEN XENOLITH 0,06
XEN XENOLITH 0,06
XEN XENOLITH 0,05
XEN XENOLITH 0,07
XEN XENOLITH 0,04
XEN XENOLITH 0,14
PSE SMALAND GRANITE 0,38
XEN XENOLITH 0,04
HSB PEGMATITE 0,02
XEN XENOLITH 0,04
HSB PEGMATITE 0,18
XEN XENOLITH 0,071
XEN XENOLITH 0,05
XEN XENOLITH 0,29
XEN XENOLITH 0,22
XEN XENOLITH 0,29
XEN XENOLITH 0,07
HSB PEGMATITE 0,01
3,53

SHARE 0,052

OF CORE

XEN
0,07
0,05

0,09
0,04
0
0,06
0,1
0,16
0,02
0,046
0,11
0,03

0,08
0,11

0,016
0,06
0,05

0,056

0,201
0,06
0,06
0,05
0,07
0,04
0,14

0,04
0,04
0,071
0,05
0,29
0,22
0,29
0,07

2,84

0,042

HSB PSE

0,03

0,05

0,02

0,38

0,02

0,18

0,01
0,31 0,38

0,005 0,006
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Appendix 3: Density and water absorption of
core samples



Water absorption before Water absorption after 15 h Water absorption before Water absorption after 15 h

144

diameterxheight Weight loss* Density boiling, excl weight loss. of boiling, excl weight loss. boiling, incl weight loss. of boiling, incl weight loss.
Sample (c. mm) (gm) (kg/m?) (weight %) (volumetric %) (weight %) (volumetric %) (weight %) (volumetric %) (weight %) (volumetric %)
KA3539-1 1.0-1.22 45,0x107,9 0,03 2769 0,13 0,36 0,13 0,35 0,14 0,39 0,14 0,38
KA3539-2 5.50-5.68 45,1x63,1 0,07 2716 0,1 0,28 0,1 0,27 0,13 0,36 0,13 0,34
KA3545 0.83-1.11 45,1x89,5 0,03 2733 0,11 0,3 0,11 0,3 0,12 0,32 0,12 0,32
KA3551 0.95-1.15 45,0x46,9 0,05 2713 0,14 0,37 0,14 0,37 0,16 0,45 0,16 0,45
KA3551 0.95-1.15 45,0x55,5 0,03 2734 0,11 0,31 0,11 0,3 0,13 0,35 0,12 0,33
KA3563 0.88-1.12 44,9x71,6 0,1 2745 0,13 0,36 0,13 0,36 0,17 0,47 0,17 0,47
KA3569 0.87-1.20 45,0x74,6 0,07 2740 0,08 0,23 0,07 0,19 0,11 0,3 0,1 0,27
KA3569 0.87-1.20 45,1x68,7 0,05 2750 0,1 0,27 0,09 0,24 0,12 0,33 0,11 0,29
KA3575 1.03-1.27 45,0x75,7 0,05 2764 0,1 0,28 0,1 0,27 0,12 0,32 0,11 0,32
KA3581 1.10-1.33 45,0x54,2 0,05 2815 0,1 0,28 0,09 0,27 0,12 0,34 0,12 0,33
KA3581 1.10-1.33 45,0x15,5 0,03 2724 0,14 0,39 0,14 0,39 0,21 0,56 0,21 0,56
KA3587 0.97-1.14 45,0x54,7 0,05 2777 0,1 0,26 0,09 0,25 0,12 0,32 0,11 0,31
KA3593-1 1.42-1.63 45,0x66,1 0,06 2736 0,14 0,38 0,13 0,37 0,17 0,45 0,16 0,44
KA3593-1 1.42-1.63 45,0x13,0 0,03 2748 0,17 0,46 0,17 0,46 0,23 0,64 0,23 0,64
KA3593-2 4.19-4.43 (xenolith)  45,0x56,0 0 2820 0,22 0,62 0,22 0,62 0,22 0,62 0,22 0,62
Mean AD 0,050 2747 .4 0,12 0,32 0,11 0,31 0,15 0,40 0,14 0,39
Min AD 0,03 2713 0,08 0,23 0,07 0,19 0,11 0,3 0,1 0,27
Max AD 0,1 2815 0,17 0,46 0,17 0,46 0,23 0,64 0,23 0,64
Standard deviation AD 0,020 27,018 0,024 0,064 0,027 0,072 0,037 0,102 0,039 0,109

*} Weight loss after water storage and boiling.
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Appendix 4: Chemical data of core samples



Sample

Ka3539 1.0-1.22
KA3539 5.50-5.68
KA3539 7.0-7.17
KA3545 0.83-1.11
KA3545 6.99-7.10
KA 3551 0.95-1.15
KA3551 6.90-7.05
KA3563 0.88-1.12
KA3563 6.97-7.11
KA3569 0.87-1.20
KA3569 6.88-7.02
KA3575 1.03-1.27
KA3575 6.98-7.12
KA3581 1.10-1.33
Ka3581 6.80-6.95
KA3587 0.97-1.14
KA3587 7.12-7.25
KA3593 1.42-1.63
KA3593 4.19-4.43
KA3593 6.93-7.12

Redstained AD
KA3539 5.50-5.68
KA3545 0.83-1.11
KA 3551 0.95-1.15
Mean value

Fresh AD
KA3563 0.88-1.12
KA3587 0.97-1.14
Mean value

Si02
59,5
58,4
56,5
59,1
59,8
57,9
59,5
60
58,2
61,6
59,1
60,4
59,9
59,1
59,5
59,1
59
60,6
50,9
59,5

Si02
58,4
59,1
57,9
58,5

Sio2
60
59,1
59,5

AI203
18
17,3
17,2
17,5
17,8
17,6
17,7
17,4
18
17
17,6
17,4
17,8
17.4
17,7
18,1
18,1
17,5
16,4
17,3

AI203
17,3
17,5
17,6
17,5

Al203
17,4
18,1
17,7

Ca0O
4,62
3,33
4,48
4,49
4,19
4,07
4,57
4,89
4,85
3,92
5,03
4,26
4,86
4,66
4,7
4,76
4,93
4,28
7,08
4,69

Ca0
3,33
4,49
4,07
3,96

Ca0
4,89
4,76
4,82

Fe203
5,7
6,32
7,31
6,28
578
6,14
5,93
5.6
6,37
4,9
5,58
5,34
5,87
6,17
5,77
5,98
5,97
5,43
9,43
6,48

Fe203
6,32
6,28
6,14
6,24

Fe203
5,6
5,98
5,79

K20
2,85
4,74
2,55
3,39
3,18
3,85
2,27
3,14
3.2
4,1
2,58
3,28
3,22
3,37
3,07
3,28

3,43
2,59
3,2

K20
4,74
3,39
3,85
3,99

K20
3,14
3,28
3,21

MgO
2,44
3,06
3,28
2,73
2,46
2,87
2,77
2,37
2,67
2,05
2,29
2,18
2,44
2,75
2,43
2,52
2,49
2,3
5,22
2,79

MgO
3,06
2,73
2,87
2,89

MgO
2,37
2,52
2,44

MnO2
0,122
0,132
0,148
0,119
0,114
0,126
0,119
0,104
0,116
0,102
0,115
0,0943
0,106
0,113
0,107
0,115
0,118
0,0999
0,215
0,117

MnO2
0,132
0,119
0,126
0,126

MnO2

0,104

0,115
0,1

Na20
5,06
376
4,22
3,97
4,44
3,02
513
4,38
4,72
4,38
5,33
4,67
4,61
4,44
4,75
4,68
4,85
4,56

34
4,47

Na20
3,76
3,97
3,92
3,88

Na20
4,38
4,68
4,53

P205
0,352
0,36
0,464
0,353
0,358
0,364
0,351
0,342
0,371
0,301
0,339
0,321
0,364
0,386
0,349
0,362
0,369
0,334
0,734
0,419

P205
0,36
0,353
0,364
0,359

P205
0,342
0,362
0,352

TiO2
0,885
0,911
1,03
0,926
0,898
0,914
0,878
0,845
0,939
0,752
0,829
0,77
0,897
0,927
0,906
0,866
0,903
0,827
1,59
0,994

TiO2
0,911
0,926
0,914
0,917

TiO2
0,845
0,866
0,856

LOI
1.1
21
2,2

1,7
2,2
1,7
1.4
1,1
1,3
1.5
1,1
0,8
0.9
0,8
11
11
1,1
2,7

LOI
21

2,2
21

LOI
1.4
1,1

1,25

Ba
1330
1600
1470
1420
1550
1520
1220
1580
1460
2490
959
1760
1680
1830
1590
1670
1370
1790
707
1330

Ba
1600
1420
1520
1513

Ba
1580
1670
1625

Nb
32,4
39
36,8
36,7
33,1
33,2
27,5
31,2
33,7
26,1
30,6
29,9
31,4
30,3
32,1
32,6
29,5
27,4
40,2
31,4

Nb
39
36,7
33,2
36,3

Nb
31,2
32,6
31,7

Sr
1320
1070
1180
1340
1280
1330
1280
1290
1350
1200
1190
1310
1390
1310
1280
1390
1310
1240
1200
1280

Sr
1070
1340
1330
1247

Sr
1290
1390
1340

259
253
26,6
27,5
26,8
28,6
245
23,2
24,8
21,9
23
22,3
23,6
25
28,6
24
25,8
24,9
41,1
30,3

25,3
27,5
28,6
27,1

23,2
24
23,6

zr
259
268
216
262
242
259
256
248
293
204
229
236
238
278
251
249
247
233
317
242

Zr
268
262
259
263

Zr
248
249
248

9
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Appendix 5: Thermal properties in the laboratory
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Thermal properties measured in the laboratory
Aspé diorite and xenolith

Temperature 21 °C

Thermal conductivity Thermal diffusivity Heat capacity
(W/m°C) (mm?s) (MJ/m?*C)
Sample dry saturated dry saturated dry saturated
3539-1 1.0-1.22 2,37 2,42 1,09 1,09 2,17 2,22
3539-2 5.50-5.68 2,41 2,63 1,08 1,23 2,23 2,14
3545 0.83-1.11 2,63 2,72 1,17 1,2 2,25 2,27
3551 0.95-1.15 2,66 2,76 1,22 1,29 2,18 2,15
3563 0.88-1.12 2,37 2,39 1,13 1,11 2,1 2,15
3569 0.87-1.20 2,41 2,42 1,14 1,11 2,12 2,19
3575 1.03-1.27 2,43 2,44 1,15 1,12 2,12 2,18
3581 1.10-1.33 2,43 2,5 1,09 1,08 2,24 2,32
3587 0.97-1.14 2,35 2,33 1,08 1,02 2,18 2,29
3593-1 1.42-1.63 2,54 2,55 1,26 1,21 2,01 2,1
3593-2 4.19-4.43
(xenolith) 2,61 2,38 1,24 1,02 2,1 2,33
Mean Aspé diorite 2,46 2,52 1,14 1,15 2,16 2,20
(10 samples)
SAMPLE 3587 SAMPLE 3575
Temperature Thermal con Thermal diff. Heat cap. Temperature Thermal con Thermal diff. Heat cap.
(°C) (W/m°C) (mm2/s) (MJ/m3*C) °C) (W/m°C) (mm?¥s) (MJ/m*°C)
0 2,309 1,086 2,126 0 2,469 1,272 1,941
21 2,33 1,02 2,29 21 2,44 1,12 2,18
45,4 2,363 1,018 2,321 41,7 2,465 1,135 2,173
46,7 2,362 0,9967 2,37 46,6 2,475 1,139 2,173
47,9 2,365 1,014 2,331 47,7 2,474 1,126 2,198
48,8 2,36 0,9785 2,412 58,2 2,475 1,104 2,241
49,9 2,355 0,9928 2,372 64,3 2,453 1,073 2,287
64,3 2,36 1,01 2,336 71,8 2,455 1,078 2,276
66,7 2,346 0,9831 2,387 74,3 2,461 1,031 2,387
69,3 2,352 0,9639 2,44 77,4 2,456 1,02 2,408
72,5 2,333 0,9835 2,372
75,5 2,322 0,9395 2,471
78 2,335 0,8383 2,786
SAMPLE 3563 SAMPLE 3545
Temperature Thermal con Thermal diff. Heat cap. Temperature Thermal con Thermal diff. Heat cap.
(°C) (W/m°C) (mm?/s) (MJ/m?*C) °C) (W/m°C) (mm3¥s) (MJ/m*°C)
0 2,353 1,194 1,971 0 2,644 1,292 2,046
21 2,39 1,11 2,15 21 2,72 1,2 2,27
49,7 2,355 1,002 2,35 51,4 2,635 1,121 2,35
52,8 2,381 1,054 2,259 53,7 2,637 1,139 2,315
54,3 2,359 1,034 2,282 54,7 2,642 1,145 2,306
71,7 2,379 1,038 2,291 57,2 2,638 1,103 2,392
74,4 2,361 0,9913 2,382 72,6 2,628 1,064 2,471
77,1 2,396 1,004 2,388 75,5 2,617 1,078 2,432
78,5 2,655 1,122 2,365
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Appendix 6: Co-ordinates of boreholes and lay-
out at the thermal probe measure-
ment points
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SKB Aspo HRL

Positioning of boreholes.

Measured 1998/02/17 13:44-15:35 by
Johannes Heikkild

Co-ordinate system: Asp6 1996

IDCODE |DEPTH| X Y Z |DECLIN|INCLIN| DIST.TO | DIST. | IDCODE

(m) | North | East Dip ) |(DOWN)|HEAT PROBE|TO REF.| REF. TEMP.
] (m) (m)

PA3522G01 0,0 |7265748|1943,187 | -449,419] 2198 | -89,1 0,17028 6,89 | PA3529G01
(TEMP.PROB | 0,6 |7265,741|1943,181| -450,019 0,16609 6,90

NO. 1)

PA3522G02 0,0 |7265,670|1943,038| -449,394| 1895 | -89,3 6,76 | PA3529G01
(HEAT PROBE| 0,6 |7265,663|1943,037 | -449,994 6,77

PA3522G03 0,0 |7265812|1942,961| -449,421| 186,3 | -89,0 0,16338 6,66 | PA3529G01
(TEMP.PROB | 0,6 |7265,801|1942,959 | -450,021 0,16030 6,67

NO. 2)

PA3525G01 0,0 |7267,452|1939,857 | -449,335| 2086 | -89,0 0,15197 3,53 | PA3529G01
0,6 |7267,442|1939,853 | -449,935 0,15986 3,55

PA3525G02 0,0 |7267,4691940,008] -449,329| 1463 | -896 3,68 | PA3529G01
0,6 |7267,465|1940,011 | -449,929 3,71

PA3525G03 0,0 |7267,328]|1940,020| -449,363| 2137 | -89,6 0,14489 3,67 | PA3529G01
0,6 |7267,325|1940,018 | -449,963 0,14456 3,69

PA3535G01 0,0 |7268,346(1930,374 | -449,212| 3037 | -89,6 0,15949 6,20 | PA3529G01
0,6 |7268,349|1930,371] -449,812 0,14852 6,19

PA3535G02 0,0 |7268,502|1930,402| -449,190 | 2434 | -885 6,21 | PA3529G01
0,6 |7268,494|1930,388 | -449,790 6,21

PA3535G03 0,0 |7268,476|1930,558| -449,194 | 2380 | -87.8 0,15742 6,05 | PA3529G01
0,6 |7268,464|1930,538 | -449,793 0,15357 6,06

PA3566G01 0,0 |7272,688]1899,271] -448,596 | 3150 | -89,8 0,16125 742 | PA3574G01
0,6 |7272,689|1899,270 | -449,196 0,16039 7,43

PA3566G02 0,0 |7272,800|1899,387 | -448,590 | 303,7 | -89,6 7,51 | PA3574G01
0,6 |7272,803|1899,383 | -449,190 7,53

PA3566G03 0,0 |7272,6871899,498| -448,598 | 3087 | -89,3 0,15897 7,64 | PA3574G01
06 |7272,692|1899,492 | -449,198 0,15556 7,65
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IDCODE DEPTH X Y 4 DECLIN{ INCLIN| DIST.TO DIST. IDCODE
(m) North East Dip (°) |(DOWN)|HEAT PROBE|{TO REF.| REF. TEMP
) (m) (m)

PA3583G01 0,0 |7274,540| 1882,966| -448,240| 315,0 | -89,7 0,16620 9,01 | PA3574G01
0,6 |7274,542| 1882,964 | -448,840 0,16818 8,99

PA3583G02 0,0 |7274,441)|1882,835| -448,216| 206,6 | -89,7 9,13 | PA3574G01
0,6 |7274,438| 1882,834| -448,816 9,11

PA3583G03 0,0 |7274,566 1882,738| -448,233| 180,0 | -89,8 0,15965 9,24 | PA3574G01
0,6 |7274,564|1882,738| -448,833 0,15893 9,22

PA3594G01 0,0 |7276,033|1871,763 | -447,984| 34,8 -83,6 0,16283 20,31 | PA3574G01
0,6 |7276,088| 1871,802]| -448,580 0,16504 20,26

PA3594G02 0,0 |7276,119]|1871,625] -447,996| 32,9 -83,0 20,45 | PA3574G01
0.6 |7276,180| 1871,665| -448,591 20,40

PA3594G03 0,0 |7276,268| 1871,707| -448,017| 30,3 -83,6 0,17153 20,39 | PA3574G01
0,6 |7276,325| 1871,741| -448,614 0,16565 20,34

PA3574G01 0,0 |7273,762|1891,935| -448,475| 3378 | -86,7
0,6 |7273,794| 1891,922]| -449,074

PA3529G01 0,0 |7266,832| 1936,382( -449,293 | 208,3 | -86,6
0,6 |7266,801| 1936,365| -449,892
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Layout of boreholes for thermal probe measurements

---------- bottom of the tunnel
—> direction of the end of the tunnel (westward)

Section
3520 .
PA3522G03 :
PA3522G02 € |
PA3522G01 E
3525 ; PA3525G01
E PA3525G02
|
| PA3525G03
3535 PA3535G01  PA3535G02
i
PA3535G03
3566 :
PA3566G01
| PA3566G02
! PA3566G03
3583 PA3583G03 !
PA3583G02
E
PA3583G01 !
3594 PA3594G02 ;
O | 3
: PA3594G03
PA3594G01 E
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Appendix 7: Data and Graphic Presentations of
Results from Thermal Probe Meas-
urements



Projekt

Prototypforvaret - Aspt L&ngd 120 m
Projektnummer 2-9709-451 Diameter 13 mm
Datum 98-01-21 Max effekt 120 W
Plats Tunnel, 450 m djup Max temperatur 100 grader
Sektion 3522 vénster Varmespiralens resistans 7.2 ohm
Material Mylonitgang Vammespiralens langd 1200 mm
Provdjup 06m
Operatér MB/AG
30 Intern temperatur °C Effekt (W)
20+ -100
] L E
10 — Intern temperatur frekt ;;9928 w/m
| — Effekt(W) Standardavvikelse 0.0214 W
O T T ¥ T T O
18
Temperatursond 1
Placering Parallellt mylonitgang
16+ -- Avstand 0.166 m
i Starttemperatur 12.00 °C
Varmeledningsférmaga 3.16 W/m°C
14 -- Varmedifiusivitet  1.444E-06 m?/s
1 Varmekapacitet 0.61 kWh/m*'C
12 Standardavvikelse 0.000 °C
18
Temperatursond 2
Placering Vinkelrat mylonitgang
161 -- Avstand 0.160 m
| Starttemperatur 12.12 °C
Varmeledningsformaga 3.16 W/m°C
14+ -- Vamedifusivitet ~ 1.387E-06 m?/s
] Varmekapacitet 0.63 kWh/m*°C
19 4= Standardavvikelse 0.000 °C
T T T T T
13
Temperatursond 3
§ Placering Anvénds inte
Avstand 0.000 m
Starttemperatur 10.92 °C
Vérmeledningsformaga 0.00 W/m°C
Varmediffusivitet 0.000E+00 m%s
Varmekapacitet 0.00 KWh/m*°C
Standardavvikelse 0.000 °C
. T . T :
: Referenstemperatur
12_30: _____________________________________________ Placering Referenstemperatur
4 Avstand 6.8 m
Medeltemperatur ~ 12.24 °C
Standardavvikelse 0.0149 °C
12.20 : . : i
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40000 50000

60000
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Projekt Prototypférvaret - Asp6 Langd 120 m

Projektnummer 2-9709-451 Diameter 13 mm
Datum 98-01-29 Max effekt 120 W
Plats Tunnel Max temperatur 100 grader
Sektion 3525 hoger Varmespiralens resistans 7.2 ohm
Material Finkornig granit (rod) Vérmespiralens langd 1200 mm
Provdjup 0,6m
Operattr MB/AG
30 Intern temperatur °C Effekt (W)
20+ -100
10+ — Intern temperatur i Effekt 124.49 W
| — Effekt (W) 103.75 Wim
0 O Standardavvikelse 0.0352 W
T T : T T T T

0 2000 4000

6000 8000

Temperatursond 1

Placering | mindre lokal (d ca 0,3 m)

Avstand 0.160 m
Starttemperatur 11.58 °C
Vérmeledningsférmaga 2.72 Wim°C
Varmediffusivitet 1.216E-06 m?/s
Varmekapacitet 0.62 kWh/m*°C
Standardavvikelse 0.000 °C

Temperatursond 2

Placering | mindre lokal (d ca 0,3 m)
Avstand 0.145m
Starttemperatur 11.70 °C
Vameledningsféormaga 2.71 Wim°C
Vammediffusivitet 1.205E-06 m?%s
Varmekapacitet 0.62 KWh/m*°C
Standardavvikeise 0.000 °C

Temperatursond 3

Placering Anvénds inte

Avstand 0.000 m
Starttemperatur 9.22 °C
Varmeledningsférmaga 0.00 W/m°C
Vamediffusivitet 0.000E+00 m?/s
Varmekapacitet 0.00 KWh/m*°C
Standardavvikelse 0.000 °C
Referenstemperatur

Placering Referenstemperatur

Avstand 37m

Medeltemperatur ~ 11.64 °C
Standardavvikelse 0.0029 °C




Effekt (W)

Temperatur (°C)

ENERGI

Lodondnnd

TERMISKA EGENSKAPER
.. ~ . Datum
Prototypférvaret - Aspo 1998-10-15
Projektnummer
Tunnel 2-9709-451
Sektion Provdjup Material Signatur
3525 hoger 0,6 m Finkornig granit (r6d)
Forsoksdatum Filnamn Utfort av
98-01-29 3525-5A.TSW MB/AG
Referenstemperatur Effekt Berakningsresultat
11.64 °C 12449 W 103.75 W/m | Temperatursond | 5 3
Standardavvikelse Standardavvikelse Avstand 0.160 0.145 0.000 m
0.003 °C 0.0352 W Virmeledningsforméga 2.72 2.71 0.00 W/m°C
Viérmediffusivitet 1.22E-06 1.20E-06 0.00E+00 m?s
Virmekapacitet 0.62 0.62 0.00 kWh/m®°C
150 ' ) ) -
1 1 i | i i i !
100 == - -2 R RRREEEEEE St RREEEEEES R R
S AR I . . A L
i | I ; i i i I
T i 1 ! 1 i 1 I
58 T T T T T T T
1 1 i I i 1 1

Tid (sekunder)

Statens geotekniska institut

581 93 Linkoping, telefon 013-20 18 00, telefax 013-20 19 14
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Projekt Prototypférvaret - Aspd Langd 1.20 m
Projektnummer 2-9709-451 Diameter 13 mm
Datum 98-01-21 Max effekt 120 W
Plats Tunnel, 450 m djup Max temperatur 100 grader
Sektion 3535 héger (métn.nr1) Véammespiralens resistans 7.2 ohm
Material Homogen Aspadiorit Varmespiralens langd 1200 mm
Provdjup 06m
Operator MB/AG
30 Intern temperatur °C Effekt (W)
20+ ///”"" -100
10 —— Intern temperatur i Effekt 120.84 W
i — Effekt (W) . 100.70 W/m
Standardavvikelse 0.0204 W
0 T L O O

Temperatursond 1

Placering V-rét tunnel, lite vatten fr varmehal

Avstand 0.149 m
Starttemperatur 12.55 °C
Vérmeledningsformaga 2.73 W/m°C

1.268E-06 m%s
0.60 kWh/m®*°C
0.000 °C

Varmediffusivitet
Varmekapacitet
Standardavvikelse

Temperatursond 2

Placering Par. tunnel, vtn fran varme-, temph3

Avstand 0.154 m
Starttemperatur 12.67 °C
Varmeledningsféormaga 3.49 W/m°C
Varmediffusivitet 1.277E-06 m%s
Varmekapacitet 0.76 kWh/m*°C

Standardavvikelse 0.000 °C

Temperatursond 3
Placering Anvénds inte

Avstand 0.000 m
Starttemperatur 12.66 °C
Varmeledningsférmaga 0.00 W/m°C
Varmediffusivitet 0.000E+00 m?%s
Varmekapacitet 0.00 kWh/m*°C
Standardavvikelse 0.000 °C
Referenstemperatur

Placering Referenstemperatur

Avstand 6.2m

Medeltemperatur  12.29 °C

Standardavvikelse 0.0057 °C




Effekt (W)

Temperatur (°C)

ENERGI

TERMISKA EGENSKAPER
. N " Datum
Prototypforvaret - Aspo 1998-10-15
. Projektnummer
Tunnel, 450 m djup 2-9709-45]
Sektion Provdjup Material Signatur
3535 hoger (métn.nrl) 0,6 m Homogen Aspddiorit
Forssksdatum Filnamn Utfort av
98-01-21 3535-3C.TSW MB/AG
Referenstemperatur Effekt Berakningsresultat
12.29 °C 120.84 W 100.70 W/m | Temperatursond 1 5 3
Standardavvikelse Standardavvikelse Avstand 0.149 0.154 0.000 m
0.006 °C 0.0204 W Virmeledningsformaga 2.73 3.49 0.00 W/m°C
Varmediffusivitet 1.27E-06 1.28E-06 0.00E+00 m%s
Virmekapacitet 0.60 0.76 0.00 kWh/m®°C
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Projekt Prototypforvaret - Aspé Langd 1.20 m
Projektnummer 2-9709-451 Diameter 13 mm
Datum 98-01-27 Max effekt 120 W
Plats Tunnel, 450 m djup Max temperatur 100 grader
Sektion 3535 hoger (métn.nr2) Vdrmespiralens resistans 7.2 ohm
Material Homogen Aspédiorit Vérmespiralens langd 1200 mm
Provdjup 06m
Operattr MB/AG
30 Intern temperatur °C Effekt (W)
o -100
-
i Effekt
10 — Intern temperatur © 12043 W
i — Effekt (W) 100.35 W/m
Standardavvikelse 0.0468 W
O T T T T T T T T T T T T T T T T O
15 Temperatursond 1

Placering V-rat tunnel, lite vatten fr varmehal

Avstand 0.149 m
Starttemperatur 12.27 °C
Varmeledningsformaga 2.67 Wim°C

1.167E-06 m%¥s
0.63 KWh/m*°C
0.000 °C

Varmediffusivitet
Varmekapacitet
Standardavvikelse

Temperatursond 2

Placering Par. tunnel, vtn fr varme-, temphal

Avstand 0.154 m
Starttemperatur 12.43 °C
Varmeledningsformaga 3.76 Wim°C
Varmediffusivitet 1.390E-06 m?%s
Virmekapacitet 0.75 kWh/m*°C
Standardavvikelse 0.000 °C

Temperatursond 3

Placering Anvénds inte

Avstand 0.000 m
Starttemperatur 10.58 °C
Varmeledningsférmaga 0.00 W/m°C
Vamediffusivitet 0.000E+00 m¥s
Varmekapacitet 0.00 kWh/m*°C
Standardavvikelse 0.000 °C
Referenstemperatur

Placering Referenstemperatur

Avstand 6.2m

Medeltemperatur  11.91 °C

Standardavvikelse 0.0032 °C
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Projekt Prototypforvaret - Aspé Langd 120 m
Projektnummer 2-9709-451 Diameter 13 mm
Datum 98-01-28 Max effekt 120 W
Plats Tunnel, 450 m djup Max temperatur 100 grader
Sektion 3566 (hoger ) Védmespiralens resistans 7.2 ohm
Material Epidot samt homogen Aspédiorit  V&rmespiralens l4ngd 1200 mm
Provdjup 06m
Operattr MB/AG
30 Intern temperatur °C Effekt (W)
20 -100
104 — i Effekt 121.19 W
| _ g‘ftfzz m’peratur 100.99 W/m
Standardavvikelse 0.0166 W
0 , ; , . 0

Temperatursond 1
Placering Aspédiorit

Varmediffusivitet 1.509E-06 m?/s
Véarmekapacitet

Standardavvikelse 0.000 °C

Temperatursond 2

Placering Over struktur

Standardavvikelse 0.000 °C

L """

L

Temperatursond 3

Placering Anvénds inte

Standardavvikelse 0.0147 °C

Avstand 0.160 m
Starttemperatur 12.17 °C
Varmeledningsférmaga 3.16 W/m°C

0.58 kWh/m3°C

Avstand 0.156 m
Starttemperatur 12.27 °C
Varmeledningsférmaga 3.19 W/m°C
Varmediffusivitet 1.449E-06 m?s
Véarmekapacitet 0.61 kWh/m*°C

Avstand 0.000 m
Starttemperatur 10.59 °C
Véarmeledningsformaga 0.00 w/m°C
Varmediffusivitet 0.000E+00 m?%s
Varmekapacitet 0.00 kWh/m*°C
Standardavvikelse 0.000 °C
Referenstemperatur

Placering Referenstemperatur

Avstand 7.5m

Medeltemperatur ~ 12.41 °C
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ae 'y . Datum
Prototypforvaret - Aspd 1998-10-15
H Projektnummer
Tunnel, 450 m djup 2-9709-45]
Sektion Provdjup Material Signatur
3566 (hoger ) 0,6 m Epidot samt homogen Aspédiorit
Forsoksdatum Filnamn Utfort av
98-01-28 3566-6A. TSW MB/AG
Referenstemperatur Effekt Berikningsresultat
12.41°C 121.19 W 100.99 W/m | Temperatursond ( 5 3
Standardavvikelse Standardavvikelse Avstand 0.160 0.156 0.000 m
0.015°C 0.0166 W Virmeledningsformaga 3.16 3.19 0.00 W/m°C
Virmediffusivitet 1.51E-06 1.45E-06 0.00E+00 m¥s
Virmekapacitet 0.58 0.61 0.00 kWh/m’°C
150 ) ( |
& 1004 - -f - e B S e T .
£ 1 i | I
L= ? : i I
u—] 1 1 H

]
]
]
|
1 ] 1 i
1 1 . . t
O : : Temperatur i varmesond| | !
< 25_'___ ________ o T e e S ——————————— Vo o
5 : : : : : :
a : 1 | 1 1 i 1
S d 1 1 i 1 i 1
8 20F--F------- e R it e el P P
E 4 ! ! ' 1 ' i
(5] | | i i 1 t 1
= ] | 1 ' | | |
IS5 --p------- o ittt S S i
4 i ' [ 1 ' t
= ' 1 ' [ ' '
B 1 | ' i i |
0 --------e- s T Tt e P FTTT e
B 1 t § 1 t 1
B 3 | 1 1 i i
B ! 1 i 1 i 1
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0 10000 20000 30000 40000 50000 60000 7000
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Projekt Prototypforvaret - Asps Langd 1.20 m
Projektnummer 2-9709-451 Diameter 13 mm
Datum 98-01-28 Max effekt 120 W
Plats Tunnel, 450 m djup Max temperatur 100 grader
Sektion 3583 Varmespiralens resistans 7.2 ohm
Material Homogen Aspddiorit Varmespiralens langd 1200 mm
Provdjup 06m
Operatér MB/AG
30 Intern temperatur °C Effekt (W)
20+ -100
Eff
10+ — Intern temperatur ekt 121.23 W
] — Effekt (W) 101.03 W/m
Standardavvikelse 0.0293 W
O 1 T T T | T ¥ T T ‘ T O
14
Temperatursond 1
1 Placering Homogen Aspédiorit
Avstand 0.168 m
134 1 Starttemperatur 11.92 °C
Varmeledningsformaga 2.80 W/m°C
1 Varmediffusivitet 1.159E-06 m%s
Varmekapacitet 0.67 kWh/m*C
124 Standardavvikeise 0.000 °C
14
Temperatursond 2
g Placering Homogen Aspédiorit
Avstand 0.159 m
1344 o= Starttemperatur 12.02 °C
Varmeledningsférmaga 2.78 Wim°C
. Varmediffusivitet 1.293E-06 m%s
Varmekapacitet 0.60 kWh/m*°C
12+—===""----—ofmmr - mm - s -- s - - o m o - o - - - Standardavvikelse 0.000 °C
T T T [ T T T T T
Temperatursond 3
1834 - m e oo m s s o m o Placering Anvands inte
Avstand 0.000 m
: Starttemperatur 11.80 °C
Varmeledningsférmaga 0.00 W/m°C
124 ~omcmmmmm s e e m e oo oo m oo o - Varmediffusivitet 0.000E+00 m?s
N v A PAA AP A N A A PN A UA o e P P e N b :
Varmekapacitet 0.00 KWh/m*°C
1 Standardavvikelse 0.000 °C
11 T T . . T . . . T , ;
Referenstemperatur
Placering Referenstemperatur
Avstand 9.1m
Medeltemperatur 12.44 °C
Standardavvikelse 0.0065 °C

T T 1 T T
2000 4000 6000 8000 10000

12000
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Projekt Prototypforvaret - Aspt Langd 120 m

Projektnummer 2-9709-451 Diameter 13 mm
Datum 98-01-28 ) Max effekt 120 W
Plats Tunnel, 450 m djup Max temperatur 100 grader
Sektion 3594 vanster Vammespiralens resistans 7.2 ohm
Material Struktur+diorit. Vtntryck évre delen Vdrmespiralens langd 1200 mm
Provdjup 06m
Operator MB/AG
30 Intemn temperatur °C Effekt (W)
20 -100
104 | L Effekt 120.72 W
—— Intern temperatur 100.60 W/m
0 1 — Effekt W) ( |Stndarawikelse 0.0185 W
T T T T ‘ T T T T | T

Temperatursond 1

T e e ] Placering Diorit, spricka m hal, vtn bada haler|
Avstand 0.165 m
1 . Starttemperatur 12.98 °C
. / Varmeledningsformaga 5.98 W/m°C
13 S E i e Varmediffusivitet 1.451E-06 m%s
Virmekapacitet 1.14 KWh/m>°C
1 Standardavvikelse 0.000 °C
12 ; ; ; . : ; : : . ;
Temperatursond 2
144----4-------"~~-f - e e Placering Struktur, vatten fr véirmehalet
/ Avstand 0.166 m
: Starttemperatur 12.93 °C
/ Varmeledningsférmaga 3.64 W/m°C
1834 ---z4---- B i el Varmediffusivitet 1.228E-06 m?/s
Varmekapacitet 0.82 KWh/m*°C
) Standardavvikelse 0.000 °C
1 2 T T T T T T T T T T T
13

Temperatursond 3
Placering Anvands inte

Avstand 0.000 m
Starttemperatur 10.90 °C
Varmeledningsférmaga 0.00 W/m°C
Varmediffusivitet 0.000E+00 m?s
Varmekapacitet 0.00 kwh/m*°C
Standardavvikelse 0.000 °C
Referenstemperatur

Placering Referenstemperatur

Avstand 204 m

Medeltemperatur ~ 12.09 °C
Standardavvikelse 0.0031 °C

T T T

T T T T
0 2000 4000 6000 8000 10000 12000
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