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Introduction

This report presents results from investigations of thermal expansion for rock samples
from borehole KA2599G01 at Äspö Hard Rock Laboratory. The thermal expansion
were correlated to density, water absorption and rock type, in object of finding any rela-
tion between the parameters. The work was performed by Geo Innova AB at the request
of the Swedish Nuclear Fuel and Waste Management Co (SKB).

The thermal expansion was measured by SINTEF Energy Research. Furthermore, den-
sity and water absorption for the rock were measured by the Swedish National Testing
and Research Institute. A mapping of the mineralogical composition of the samples was
made by Terralogica AB.
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Summary

Linear thermal expansion has been determined on 12 samples from borehole
KA2599G01, Äspö HRL. The measured linear thermal expansions for samples on Äspö
diorite, Ävrö granite and fine-grained granite are about 8·10-6 m/(m×K). No significant
difference between the different rock types can be observed for this parameter. There is
a rather big dispersion in the results within each rock type which may be caused by
lower accuracy in test results than expected. The density for the samples of Äspö diorite
is about 2750 kg/m3 and for the granites almost 100 kg less per cubic metre. The water
absorption is about 0.30 % (counted by volume) for all the samples. No clear relation
between density and thermal expansion can be observed.
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Sammanfattning

Den linjära termiska expansionskoefficienten har bestämts på 12 olika kärnprover från
borrhål KA2599G01 beläget i Äspölaboratoriet. Expansionskoefficienten för kärnpro-
verna som bestod av bergarterna Äspödiorit, Ävrögranit och finkornig granit är cirka
8·10-6 m/(m×K). För den termiska expansionskoefficienten har inte någon signifikant
skillnad kunnat påvisas mellan de undersökta bergarterna. Resultaten uppvisar en gans-
ka stor spridning inom respektive bergart, vilket kan bero på att mätnoggrannheten är
lägre än förväntad. Densiteten för Äspödioriten är cirka 2750 kg/m3. De mer granitiska
bergarterna har en densitet som är cirka 100 kg lägre per kubikmeter. Den volymetriska
vattenabsorptionen är cirka 0,30 % för samtliga prover. Inget tydligt samband mellan
densiteten och den termiska expansionskoefficienten har gått att finna.
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1 Introduction

As part of the Swedish nuclear waste disposal program a series of site investigations are
planned. For each of the studied sites design work will be carried out as a foundation for
studies of constructability, environmental impact assessment and safety assessment. The
technique for long-term storage of used nuclear fuel is developed at the Äspö Hard
Rock Laboratory.

The deposit canisters generate heat due to nuclear fission. The temperature field in the
repository depends on thermal properties of the rock and generated heat. A temperature
rise causes a change in volume for a rock. This can be measured as coefficient of ther-
mal expansion.

Geo Innova AB has been commissioned by the Swedish Nuclear Fuel and Waste Man-
agement Co (SKB) to determine the coefficient of thermal expansion on different rock
samples from borehole KA2599G01. Samples from this borehole have earlier been
tested in order to determine the thermal properties.
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2 Laboratory Investigations

The investigations comprise laboratory measurements of thermal expansion, density and
water absorption for the rock samples. The samples have also been ocularly inspected to
characterise their mineral composition.

Earlier, investigations have been made to characterise the rock samples. The rock type
has been determined along the drill core, KA2599G01. Laboratory tests have been made
of the density, porosity and the thermal conductivity of the rock samples. A full-scale
thermal response test was made in the borehole and the results were compared to the
laboratory results. These results are reported in Sundberg (2002).

A total of 11 samples have earlier been selected from the drill core (diameter about 60
mm) for laboratory investigations. For the investigation of thermal expansion, new
samples from the core were selected. The new samples were taken from the same areas
along the core as the earlier investigated samples. From one of the 11 samples two sub
samples were taken, which makes totally 12 samples. After testing the thermal expan-
sion, density and water absorption were measured on identically the same samples. Fi-
nally, the samples were sent for ocular inspection of mineral composition.

Table 2-1 shows where along the drill core the samples for the different investigations
were taken. Thus, these tests were not made on identically the same samples as the ear-
lier ones, which can cause differences in the results.

The rock types along the drill core are presented in Table 2-2, from Sundberg (2002)
where a more complete mapping of the rock can be found.
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Table 2-1.  Rock samples taken for laboratory investigations.
Sample

no
Core section
(KA2599G01)

Chemical
and min-
eralogical

(Report
R-02-27)

Thermal prop-
erties, density
and porosity

(Report
R-02-27)

Thermal expansion,
density and poros-
ity, ocular minera-
logical inspection

(Present study)
5.90-5.94 + 6.00-6.04 x
5.94-6.00 x

1

6.04-6.24 x
14.63-14.67 + 14.58-14.63 x
14.67-14.73 x

2

14.85-14.97 x
25.32-25.36 + 25.42-25.46 x
25.36-25.42 x

3

25.55-25.67 x
44.28-44.32 + 44.32-44.36 x
44.36-44.42 x

4

44.42-44.55 x
50.10-50.14 + 50.20-50.24 x
50.14-50.20 x
49.92-50.04 x

5

         a
         b 50.67-50.79 x

61.89-61.93 + 61.99-62.03 x
61.93-61.99 x

6

61.47-61.59 x
70.60-70.64+ 70.64-70.68 x
70.68-70.74 x

7

70.74-70.89 x
85.10-85.50 + 85.50-85.56 x
85.56-85.62 x

8

85.62-85.77 x
101.85-101.89 + 101.95-101.99 x
101.89-101.95 x

9

102.00-102.15 x
120.05-120.09 +120.15-120.19 x
120.09-120.15 x

10

120.20-120.32 x
126.35-126.39 + 126.45-126.49 x
126.39-126.45 x

11

126.29-126.41 x
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Table 2-2. Rock type distribution along drill core KA2599G01 according to re-
vised mapping (Sundberg, 2002).
Rock type Percentage

of core
Core section

(m)

Äspö QMD 54.6 % 4.0-28.0; 36.0-44.0; 68.9-75.1; 79.6-90.3; 96.6-
101.6; 102.9-109.0; 109.6-115.1; 115.4-117.6

Ävrö granite 25.1 % 28.0-36.0; 44.0-45.9; 75.1-79.6; 90.3-96.6;
117.6-126.8; 127.1-128.3

Fine-grained granite 11.0 % 45.9-51.4; 53.8-54.5; 56.0-58.9; 60.4-64.0;
109.0-109.6; 115.1-115.4

Meta-basite  4.3 % 51.4-53.8; 54.5-56.0; 58.9-60.4

Mingled Ävrö granite/Äspö diorite  3.7 % 64.0-68.9

Altered ÄQMD  1.0 % 101.6-102.9

Altered Ävrö granite  0.2 % 126.8-127.1
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3 Description of Methods

3.1 Laboratory Measurements of Thermal Expansion
Linear thermal expansion for the samples was analysed according to ISO 4897 and DIN
53752. This method is mainly used for cellular plastic materials, but can also be applied
on rock materials.

The length of the samples varied between 108 and 177 mm, which are shorter than the
demands in the standard (300 mm). The measurements were carried out mainly in three
different temperature intervals; 5-50˚C, 50-105˚C and 5-95˚C, but for a few samples
also in the intervals 25-95˚C, 50-95˚C and 5-105˚C.

The original length L0 of the drill cores was measured with a precision digital sliding
calliper (Mitutoyo Digimatic series 500).

The length increase caused by the temperature change was measured with a precision
digital dial micrometer with accuracy ±0.003 mm (Mitutoyo Digimatic Indicator 543).

Finally, the coefficient of linear thermal expansion was calculated according to Formula (1).

( ) ( )( )[ ]210 /1/ TTLL −⋅∆=α  [ ])/( Kmm × (1)

Where:
∆L = The change in length of the specimen within the measured temperature limits

(between temperature T1 and T2)
L0 = The original length of the specimen at T2

T1 = The lowest temperature selected
T2 = The highest temperature selected

The test specimens were shorter than wanted for this method. Because of the small
change in length of the specimen and the equipment in use, the accuracy of the test re-
sults is poorer than wanted, which has to be taken in consideration.

The laboratory investigations were performed by SINTEF Energiforskning AS.

3.2 Laboratory Measurement of Density and Water
Absorption

Density and water absorption were determined by the Swedish National Testing and
Research Institute (SP). The measurements were performed according to DIN 521202-
RE, VA and DIN 52103-A, respectively. Both methods have been modified to give a
higher accuracy.

The measured water absorption (counted by volume) can be approximated with the po-
rosity of the samples (pore volume in relation to total volume). Any isolated pores in the
material will then not be included.

3.3 Ocular Mineralogic Inspection
After the investigations of thermal expansion coefficient, density and water absorption,
the samples were sent to Terralogica AB for ocular inspection of the rock types.
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4 Results

4.1 Thermal Expansion
Values of linear thermal expansion from the laboratory measurements are presented in
Table 4-1, while the complete results are to be found in Appendix 1. A key to the sam-
ple numbers is found in Table 2-1. In Table 4-2 the rock types are specified for the sam-
ples. Coefficient of thermal expansion for 5-95ºC is shown in Figure 4-1 and for all in-
vestigated temperature intervals in Figure 4-2. Note that different numbers of measure-
ment are made for the samples. The mean value for all measurements and highest and
lowest values for each sample are presented in Figure 4-3.

Table 4-1. Coefficient of thermal expansion for different temperature intervals.
Sample
number

Coefficient of Thermal Expansion
(m/(m×K))

5-50˚C 5-95˚C 50-105˚C 25-95˚C 50-95˚C 5-105˚C

       1 8.06E-06 8.34E-06 7.80E-06
       2 8.96E-06 8.55E-06 6.51E-06 7.82E-06 7.37E-06
       3 7.73E-06 7.48E-06 7.50E-06
       4 6.66E-06 7.24E-06 7.72E-06
       5a 6.73E-06 6.55E-06 6.53E-06
       5b 6.94E-06 6.68E-06 6.23E-06
       6 8.54E-06 7.70E-06 7.41E-06 6.68E-06
       7 7.32E-06 7.80E-06 8.33E-06
       8 6.89E-06 7.28E-06 7.21E-06
       9 9.24E-06 7.25E-06 6.78E-06 6.76E-06
     10 9.68E-06 8.98E-06 6.77E-06
     11 7.64E-06 7.79E-06 7.85E-06
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Figure 4-1. Coefficient of thermal expansion for selected rock samples, measured in laboratory
at the interval 5-95ºC. Measurements of sample 5a and b are calculated as mean values.
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Figure 4-2. All measurements on coefficient of thermal expansion. Measurements of sample 5a
and b are calculated as mean values.

4.0E-06

5.0E-06

6.0E-06

7.0E-06

8.0E-06

9.0E-06

1.0E-05

1 2 3 4 5 6 7 8 9 10 11

Sample no

Co
ef

fic
ie

nt
 o

f t
he

rm
al

 e
xp

an
si

on
(m

/(m
*K

))

Figure 4-3. Mean value of coefficient of thermal expansion for all measurements at different
intervals of temperature. Highest and lowest values are also indicated. Measurements of sample
5a and b are calculated as mean values.
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4.2 Density and Water Absorption
Density and water absorption for the samples are presented in Figure 4-4 and Figure 4-5.
The laboratory report from the determinations is to be found in Appendix 2. The sam-
ples with higher density (no 1, 2, 3, 7, 8 and 9) consist mainly of diorite, while the ones
with lower density consist mainly of granite.

The porosity of the rock material can be approximated with the water absorption calcu-
lated by volume. This approximation excludes the pores that are isolated and not able to
absorb any water. From the Figure 4-5 it seems like the porosity is decreasing with
depth. For the two samples 5a and 5b there are only very small differences and a mean
value is used in the figures.
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Figure 4-4. Density of the rock samples. Measurements of sample 5a and b are calculated as
mean values.
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Figure 4-5. Water absorption for the samples, calculated both by weight and by volume. Meas-
urements of sample 5a and b are calculated as mean values.
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4.3 Ocular Mineralogic Inspection
In the earlier characterisation of the mineral composition the specific 11 samples were
investigated with modal analyses and chemical analyses. In the present study samples
adjacent to the earlier investigated were picked out for the laboratory tests, in order to
have samples with similar rock type, properties and mineralogical composition. The
mineralogical composition of the chosen samples was later inspected and compared to
the previous characterisation, see Table 4-2. The characterisation of sample 5 differs
most from the two investigations.

Table 4-2.  Results from mapping of rock type. Please observe that the samples
are not identical in the two studies, see Table 2-1.

Sample no Rock type

From Sundberg, 2002

Rock type

Present study

1 Äspö diorite Äspö diorite (with certain grains < 1 cm)

2 Äspö diorite Äspö diorite (with certain grains < 1 cm)

3 Äspö diorite Äspö diorite (with more and larger grains > 1 cm)

4 Ävrö granite Ävrö granite (strongly foliated, mainly parallel to the bore
core)

5 Fine-grained granite Fine-grained mylonite/cataclasite, probably enclosed in
fine-grained granite. The samples are very inhomogeneous

6 Fine-grained granite Fine-grained granite (or fine-grained Ävrö granite)

7 Qz-rich Äspö diorite Äspö diorite (with more and larger grains > 1 cm, strongly
foliated, mainly parallel to the bore core)

8 Qz-rich Äspö diorite Äspö diorite (with more and larger grains > 1 cm, strongly
foliated, mainly parallel to the bore core)

9 Altered Äspö diorite Altered Äspö diorite/Ävrö granite (probably with biotite
transformed to clorite)

10 Ävrö granite Ävrö granite (strongly foliated, mainly parallel to the bore
core)

11 Ävrö granite Ävrö granite (strongly foliated, mainly parallel to the bore
core)

The conclusion from these results, drawn by Terralogica, is that samples 4, 10 and 11
should give similar laboratory results. To some extent, the same should be valid for
samples 1 and 2 and for 3, 7 and 8. These are more coarse-grained, and thereby the dis-
tribution could be wider.
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5 Evaluation

There is a clear relation between density and thermal conductivity for the earlier inves-
tigated rock samples (Sundberg, 2002). Higher thermal conductivity was measured in
rock types with lower density and vice versa, see Figure 5-1.The relation between ther-
mal expansion and density is not as obvious as the one between density and thermal
conductivity, see Figure 5-2. The results subdivided on different rock types are shown
in Table 5-1.
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Figure 5-1.  Density and thermal conductivity of selected rock samples reported in an earlier
investigation (Sundberg, 2002). Sample numbers are given in the graph.
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Figure 5-2.  Density vs. coefficient of thermal expansion. Results from measurements on identi-
cal samples. Mean values calculated from measurements at different temperature intervals are
used for coefficient of thermal expansion. Sample numbers are given in the graph.
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From the ocular inspection of the samples the conclusion is drawn that samples 4, 10
and 11 are very similar in composition and should give similar values from the meas-
urements. This is not the case, as can be seen in Table 5-1 (coefficient of thermal expan-
sion), Figure 4-4 (density) and Figure 4-5 (porosity). Samples 10 and 11 are similar,
though for number 10 the values for thermal expansion are widely spread for different
temperature intervals. There are small differences in thermal expansion between the two
sub-samples 5a and 5b.

Determination of the coefficient of thermal expansion for rock samples from Äspö has
earlier been made at Luleå University of Technology by Larsson (2001, unpublished).
The samples were taken from a different borehole than in the present investigation. The
samples were investigated in laboratory under load (3.8 MPa) and unloaded. Compared
with this, our results are higher, both for granite and diorite.

The results in our investigation are slightly lower compared to results reported in Bör-
gesson & Hernelind (1995).

Some results from this investigation can also be compared to results presented in Sund-
berg (2002). Density and porosity were measured in both investigations. The measure-
ments were made on samples taken close to each other, see Table 2-1. For the density,
the differences between the investigations are small, not more than 0.5 %. For the po-
rosity there are differences up to 25 % compared to the older results. The differences
seem to be random, no trend towards lower or higher porosity can be seen.

Table 5-1. Results from measurements on coefficient of linear expansion
(m/(m×K)) at interval 5-95ºC subdivided on rock type.

Sample no Äspö Diorite
Altered Äspö

Diorite Ävrö granite
Fine-grained

granite
Fine-grained

mylonite/cataclasite
1 8.34E-06
2 8.55E-06
3 7.48E-06
4 7.24E-06
5 6.51E-06
6 7.70E-06
7 7.80E-06
8 7.28E-06
9 7.25E-06
10 8.98E-06
11 7.79E-06

Mean value: 7.89E-06 7.25E-06 8.00E-06 7.70E-06 6.51E-06
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6 Conclusions

• The measured linear thermal expansion for samples on Äspö diorite, Ävrö granite
and fine-grained granite are about 8·10-6 m/(m×K). No significant difference be-
tween the different rock types can be observed.

• A rather big dispersion can be observed within each rock type and may be caused by
lower accuracy in test results than expected, due to smaller length of the specimens
then recommended.

• No clear relation between density and thermal expansion can be observed.

• It is recommended to use longer samples or another test standard for further meas-
urements of linear thermal expansion.
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