
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Proceedings of the 17th International Conference on Soil Mechanics and Geotechnical Engineering  

M. Hamza et al. (Eds.)  

© 2009 IOS Press.  

doi:10.3233/978-1-60750-031-5-1036 

1036

Thermal propagation around heat supply pipes – 
Determining thermal conductivity of soil specimens 
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Quantification de la conductivité thermique des échantillons de sols 

O. Henoegl 
Institute for Soil Mechanics and Foundation Engineering, Geotechnical Group, Graz University of Technology, Graz, Austria 

R. Leonhardt, E. Riedler 
Department of Applied Geosciences and Geophysics, Chair of Geophysics, Montanuniversity of Leoben, Austria 

H. Honarmand 
TeKa, Thermophysical Instruments - Geothermal Investigation, Berlin, Germany 

ABSTRACT 
The Institute for Soil Mechanics and Foundation Engineering at the Graz University of Technology is investigating thermal soil prop-
erties within a temperature range concerning e.g. the efficiency of remote heat supply pipes. Until now heat loss from the pipe is
minimized by enlarging the polyurethane (PU) - insulation thickness around the pipe. An innovative method to minimize it could be
the usage of thermally insulating bedding material. Conventional bedding sands cover all necessary soil mechanical properties, but
have a high thermal conductivity of  =1,5 - 1,7 W/(m K). A newly found bedding material „Thermosand“ shows excellent thermal
insulating properties of only λ=0,18 W/(m K) (dry) up to 0,88 W/(m K) (wet). To investigate the influence of varying moisture con-
tent on thermal conductivity a large scale model test was established, which provides a basis for developing numerical models regard-
ing unsaturated soil mechanics with heat propagation, including the drying out of the soil during heat input. To interpret all measure-
ments correctly, the thermal conductivity  of the bedding materials is determined at different dry densities and water contents. The
paper introduces a very sophisticated procedure for measuring the thermal conductivity  with a new half space linear probe method. 
These tests were carried out in cooperation with the Chair of Geophysics, University of Leoben, Austria. With this system one can
easily carry out repeated measurements under identical conditions and enlarge the accurateness and reliability of the results. 

RÉSUMÉ
L´institut de mécanique des sols à l´université de technologie de Graz mène une étude sur les propriétés thermiques des sols dans une
certaine gamme de température pour caractériser par exemple l’efficacité de la distribution d´énergie thermique par des réseaux en tu-
bes. Jusqu’à présent, la perte de chaleur par les tubes était diminuée en agrandissant l´épaisseur des couches d´isolation en polyuré-
thane (PU) autour des tubes. Une méthode innovatrice pour minimiser ces pertes pourrait être l´application d’une couche d´un maté-
riau isolant. Les sables protecteurs utilisés classiquement remplissent toutes les propriétés mécaniques nécessaires mais présentent une
forte conductivité thermique   située entre 1,5 - 1,7 W/(m K). Le «Thermosand», un matériau protecteur récemment développé, pos-
sède des propriétés isolantes excellentes avec une valeur λ seulement comprise entre 0,18 W/(m K) (sec) et 0,88W/(m K) (saturé). 
Afin d´étudier l´influence de la variation en teneur d´eau sur la conductivité thermique, nous avons construit un modèle à grande
échelle servant de base pour le développement de modèles numériques de mécanique des sols en état non saturé avec transfert de cha-
leur et incluant le séchage total du sol pendant l’apport de chaleur. Pour une interprétation correcte des mesures, la conductivité ther-
mique λ de la couche de matériau isolant a été quantifiée à différentes densités et pour différentes teneurs en eau. Dans ce travail nous
introduisons une nouvelle méthode très sophistiquée pour mesurer la conductivité thermique λ à l’aide d’une sonde en mode linéaire à 
mi-espace. Ces tests ont été effectués en collaboration avec l´institut de la géophysique de l´université de Leoben en Autriche. Avec 
ce système, il est très facile de faire des mesures répliquées sous des conditions identiques ce qui augmente la précision et la validité
des résultats obtenus. 
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1 INTRODUCTION 

Over the past several years, research efforts related to the ther-
mal properties of soils have been significant. In terms of geo-
thermal resources, heat transfer and heat exchange phenomena 
cover a range of temperatures from about 4 C to about 20 C. 
However, between 20°C and 100°C little research work regard-
ing thermal processes in soils has been undertaken.  

The Institute for Soil Mechanics and Foundation Engineer-
ing at the Graz University of Technology in Austria is investi-
gating thermal soil properties within this temperature range, 
concerning e.g. the efficiency of remote heat supply pipes. 

A pre-insulated-pipe system in sand bedding has proven to 
be a reliable and cost saving network. The conventional means 
of minimizing heat loss from the pipe is to enlarge the polyure-
thane (PU) - insulation thickness around the pipe. However, an 
innovative method to minimize heat loss could involve the us-
age of thermally insulating bedding material. In the past bed-
ding sands have met necessary soil mechanical properties quite 

satisfactorily, but the high thermal conductivity index of 
 = 1,5 - 1,7 W/(m°K) as to the range of achieved embedding 

densities and occurring water contents in the field has remained 
problematic. 

2 THERMALLY INSULATING BEDDING MATERIAL 

A newly found bedding material, here referred to as „Ther-
mosand“, originates in the waste rock stockpiles of a coal mine 
near Fohnsdorf, Austria. With high temperatures up to nearly 
1000 °C inside, and a special mineral mixture, a natural burned 
reddish material resembling clinker is produced. 

This material shows that upon saturation, and at a Standard-
Proctor compaction of DPr=97%, the degree of saturation-degree 
is between Sr=61% and 84% (Henögl 2006). This is because 
isolated air voids within the grains (double porosity) exist, 
which give rise to excellent thermal insulating properties 
(Halada et al. 2006). 
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3 RESEARCH PROGRAM 

In a scientific study the soil mechanical properties of Ther-
mosand has been thoroughly investigated with laboratory test-
ing and in situ investigations. Test trenches along operational 
heat pipes, with temperature-measurement probes in several 
cross-sections, were constructed to compare conventional bed-
ding materials with Thermosand (see Figure 1). 

To investigate the influence of varying moisture content on 
thermal conductivity a large scale model test was developed 
(see Figure 2), which provides a basis for developing numerical 
models regarding unsaturated soil mechanics with heat propaga-
tion, including the drying of the soil during heat input. In the 
model tests, the water content is measured with the TDR-
method. To interpret all measurements correctly, the thermal 
conductivity  of the bedding materials is determined at differ-
ent dry densities and water contents. 

Figure 1. Test trench along operational heat pipes, with temperature-
measurement probes in several cross-sections 

4 MEASUREMENT PROCEDURE FOR DETERMINING 
THE THERMAL CONDUCTIVITY INDEX 

The procedure for measuring heat conductivity of sand speci-
mens is sensible for several reasons, e.g. kind of preparation, 
size and geometry of the specimen, resistance in the contact be-
tween probe and specimen, temperature of the surrounding, in-
ner convection of the fluid in the specimen, etc. 

4.1 Sample description 

All investigated samples are characterized by specific dry densi-
ties ρd and water contents w. They are enclosed into metal cyl-
inders of 10 cm diameter and a height of 12 cm. After prepara-
tion in the laboratory of the Institute for Soil Mechanics and 
Foundation Engineering, Graz University of Technology, the 
cylinders are closed by metal caps and sealed using duct tape to 
prevent drying. Directly before the thermal conductivity meas-
urement the cylinders are opened and the samples are placed 
into the instrument. Two material types, Thermosand and UK4-
Bedding-Sand, a common cable sand, were examined. For 
variations in density affect the thermal conductivity, Ther-
mosand samples were prepared with two dry densities, 
ρd,DL = 1.27 g/cm³, which is the value of the densely packing, 
and ρd,D=95% = 1.39 g/cm³, which is its value of 95% degree of 
compaction after Standard Proctor. UK4 was investigated at a 
dry density of ρd,D=95% = 1.56 g/cm³, which is also its value of 
95% degree of compaction after Standard Proctor. 

For each dry density three different water contents, 5%, 10% 
and 15%, are established, and for each water content several 
samples are investigated. 

Figure 2. Large scale model test in the laboratory 

4.2 Measurement procedure 

A new half space linear probe method, system TeKa04-HLQ 
(TeKa 2008) employs a heat source located on the soil-
specimen (see figure 3). For that no sample disturbance during 
the measurement procedure occurs. The advantage of this de-
vice is that it measures only thermal conductivity. This instru-
ment consists of the thermal probe, a control unit and a PC for 
recording, acquisition, evaluation and presentation of data. 
Sample and probe is enclosed in a thermally shielded box to re-
duce thermal fluctuations. 

The systems calibration is routinely checked using a Macor 
thermal conductivity standard. Macor is a glass-ceramics mate-
rial with a thermal conductivity of  = 1,46 W/m°K at 25 °C. 
There is also the necessity for correcting the probes acryl glass 
cover, particularly for small thermal conductivities. Such cor-
rection, however, is already implemented into the analysis rou-
tine of the instrument, which accounts for heat transfer into the 
probes half-space. 

Figure 3. TK04 Thermal-Conductivity-Meter 

Through the half space linear probe a heating power q is ap-
plied continuously at a given rate, q = 3 W/m in case of this 
study. The thermal properties of the soil can then be determined 
by analysing the temperature response adjacent to the heat 
source via a thermal sensor. This method considers the rate at 
which heat is conducted away from the probe. From the devel-
opment of this warm up-phase over time, the thermal conductiv-
ity can be calculated. Of course the slower the temperature in-
creases, the higher is the thermal conductivity of the specimen. 

A source of uncertainty is the non-ideal contact layer be-
tween probe and sample due to its granular character. A contact-



O. Henoegl et al. / Thermal Propagation around Heat Supply Pipes 1038

ing cream is therefore used to enhance thermal coupling be-
tween probe and sample. Reproduceability of individual meas-
urements and thus also the quality of thermal coupling is tested 
by repeated measurements on the same sample using different 
contact conditions and by measuring several independent sam-
ples of the same water content and density conditions. Thus 
measurement uncertainty is quantified both on sample level and 
also for each variable boundary condition. For that the half 
space linear probe is pressed with up to 18 bar onto the samples 
surface. The influence of this contact pressure between probe 
and sample was also investigated (see Figure 4). Shown are re-
sults from two samples of the same water content of w = 5 M-% 
and the same dry density of ρd = 1,27 g/cm3. Increasing pressure 
leads to reduced thermal conductivities although this trend is 
statistically insignificant as indicated by the overlapping uncer-
tainty estimates. Uncertainties were determined by five subse-
quent measurement runs at each individual pressure. Further-
more, the results of both samples are statistically similar. 
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Figure 4. Influence of contact pressure between sample and probe 

4.3 Determining the thermal conductivity index 

Hitherto existing evaluation-procedures calculate the thermal-
conductivity-index approximately out of the increment of a 
given interval of the warm up-curve (see Figure 5). The appar-
ent conductivity Ka(t) is a function of the heating time t and for 
at last being infinite it reaches the real value of the thermal con-
ductivity .

Figure 5. Calculation of the thermal conductivity after the conventional 
method (after Villinger 1983, Honarmand 1993, Erba  2001,) 

A great problem lies in finding an undisturbed evaluation-
interval, for it is not possible to recognize a disorder in all the 

warm up curves. The right location of this interval depends on 
the above mentioned influences and for that it differs from 
measurement to measurement. It is obvious, that a fixed evalua-
tion-interval is not sufficient for determining thermal conductiv-
ity accurately. 

A new method uses an approximation of high-order for the 
theoretical warm up-curve, considering also the resistance along 
the contact between probe and specimen and is also valid for 
heating phases much more shorter. This Special Approximation 
Method SAM (Erbas, 2001) is based on an approximation of 
the heating curve of a constantly heated line source (Blackwell, 
1954; Kristiansen, 1982; Villinger, 1983): 

T(t) = A1 + A2 ln(t) + A3 ln(t)/t + A4/t (1) 

T(t) is the temperature of the heating source, depending of the 
heating time. Using a least square fit, Ai can be determined, 
whereby A2 depends only on heating power q and thermal con-
ductivity λ. Contact value and half space conductivity of acryl-
glass are accounted for. 

When all coefficients Ai are determined, Ka(t) can be calcu-
lated after Equation 2 (Erbas, 2001): 

Ka(t) = q / (4 π) [ A2 + A3 (1/t – ln(t)/t) – A4/t ]
–1 (2) 

The entire measurement curve is analysed by Equation 1 and 2 
in up to 3000 different time-intervals (Erbas, 2001, TeKa 2008). 
Each of these intervals is checked using mathematical and 
physical criteria in order to judge its appropriateness in deter-
mining thermal conductivity. Only physically suitable results 
are retained, for which an algorithm selects the optimal interval 
(i.e. the least disturbed, out of all calculated results). 

For each approximated interval, a quality parameter LET. i.e. 
ln (extreme time tmax), is calculated (Erbas, 2001, TeKa 2008). 
The value of the apparent thermal conductivity Ka(t) at maximal 
LET is assumed to represent the best estimate for the real ther-
mal conductivity λ.

These tests were carried out in cooperation with the Chair of 
Geophysics, University of Leoben, Austria. With this system 
one can easily carry out repeated measurements under identical 
conditions. Also the accurateness and reliability of the results is 
enlarged and disturbing effects can be detected very easy. The 
scattering of a measurement series is an indicator for distur-
bances and/or inappropriate adjustments (heating power, 
evaluation parameters, etc.). The results of a measurement se-
ries are graphically demonstrated and show additional data for 
judging the quality of the measurements. Figure 6 shows the re-
sults of an undisturbed measurement in a graphical way with 
only one vertical asymptote. All calculated results are distrib-
uted nearly homogenous over the measurement-time. The as-
ymptotic value is the measured thermal conductivity. 

Figure 6. Graphic of the results of an undisturbed measurement (Er-
ba  2001, TeKa 2008) 
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Figure 7 shows the results of a disturbed measurement in a 
graphical way with two vertical asymptotes (the red would be 
the right one) and the calculated results are not distributed ho-
mogenously over the starting time. The disturbance – note the 
starting times without solutions – begins at about 34 sec. 

Figure 7. Graphic of the results of a disturbed measurement (Er-
ba  2001, TeKa 2008) 

4.4 Results 

Figure 8 shows data distribution of the mean values of the ther-
mal conductivity λ versus water content for the samples of dif-
ferent material, varying dry density and three different water 
contents. Each sample gets 3 to 5 measurement runs at different 
contact pressures and each run contains 5 subsequent determina-
tions of the thermal conductivity index. 
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Figure 8. Thermal conductivity of Thermosand TS and UK4-Bedding-
Sand in dependency of water content and dry density 

For data analysis initially all solutions covering time inter-
vals larger than 10 s are analyzed. In a second step and for final 
analysis only intervals > 20 s are considered removing only 
about 10% of the earlier solutions (50 out of 511). This restric-
tion has a negligible effect on the sample means which further 
underlines the stability of the obtained mean values. 

On average, it is found that the thermal conductivity λ of 
Thermosand is approximately three times lower compared to a 
mechanically equivalent cable sand. Uncertainties are larger 
measuring of λ for UK4-bedding sand. This effect is inter-

preted as resulting from less well established coupling of 
probe and sample due to the more course grained character of 
cable sand. 

5 SUMMARY 

The paper deals  with the investigation of  the  thermal propaga- 
tion around remote heat supply pipes. A newly found bedding 
material, called „Thermosand“, originates from the waste rock 
stockpile of a coal mine in Austria and has a double porosity, 
which means that the pores inside its grains are always filled 
with air and submit a good thermal insulating property. A very 
sophisticated measurement procedure for measuring the ther-
mal conductivity index  is introduced: a cylindrical half 
space linear probe TK04 (TeKa 2008) is heated constantly and 
the increase of temperature in the source is recorded. A new 
evaluation method (Erbas, 2001) uses an approximation of 
high order for the theoretical warm up-curve. The whole 
measurement-curve is analysed in up to 3000 different time-
intervals. Only physically suitable results are considered and 
an algorithm selects the optimal interval, i.e. the least dis-
turbed, out of all calculated results. With this system one can 
easily carry out repeated measurements under identical condi-
tions. So you can enlarge the accurateness and reliability of 
the results and disturbing effects can be detected. The results 
of a measurement series are graphically demonstrated and 
show additional data for judging the quality of the measure-
ments. With the TK04-measurement facility we can also in-
vestigate rock specimens and cores for building physics pur-
poses. In this study two material types, Thermosand and UK4-
Bedding-Sand, a common cable sand, were examined. For 
each investigated type of material several samples with differ-
ent dry densities at three humidity levels were tested and on 
each sample at least three determinations consisting of 5 sub-
sequent measurements of the thermal conductivity index λ at 
different contact pressures were conducted. The influence of 
contact pressure has been found to be of statistically negligi-
ble influence, as the results of the measurements are only af-
fected to a very limited extend, within the range of individual 
determination uncertainties. Very accurate determinations 
with small uncertainty ranges are found, indicating good and 
reproducible thermal coupling as well as consistent sample 
conditions. Very consistent thermal conductivity results are 
obtained, both on sample level and also for similar boundary 
conditions, showing values of the thermal conductivity index 
λ about three times lower compared to UK4. These results 
emphasise the excellent thermal insulation properties of 
Thermosand and recommend this material as a superior em-
bedding material for heat transfer pipes. 
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