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ABSTRACT 

 
The thermal conductivity of soil and rock is an important property for the design of thermally active 
ground structures, such as geothermal energy foundations and borehole heat exchange systems.  
This paper presents the results of a laboratory study on the thermal conductivity of forty five siltstone 
and sandstone samples from Melbourne, Australia. The thermal conductivity of the rocks were 
experimentally measured using a divided bar apparatus.  Samples were tested at a range of densities 
and weathering conditions.  The results revealed that thermal conductivity varied depending on the 
density, quartz content and bedding orientation.  The siltstone and sandstone samples showed an 
increase in thermal conductivity with increasing density in dry samples.  However, no correlation 
between density and thermal conductivity was observed in water saturated samples.  The thermal 
conductivity was observed to increase with increasing quartz content and found to be greater when 
the heat flow was occurring parallel to the bedding plane rather than perpendicular to it.  The thermal 
conductivity data obtained from this laboratory study provides reliable estimates of the thermal 
conductivity of siltstone and sandstone rocks for the design of thermally active ground structures in 
Melbourne, Australia. 
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1 INTRODUCTION 

 
The efficiency and performance of thermally active ground structures, such as geothermal energy 
foundations and borehole heat exchange systems are dependent on the heat transfer and storage 
capacity of soils and rocks.  Limited information is currently available on the thermal properties of local 
materials. Therefore, estimation of thermal properties commonly relies on information from foreign 
sources. 
 
Measurement of soil and rock thermal conductivity can be undertaken by either laboratory or field 
methods (Abuel-Naga et al., 2008; Dali Naidu and Singh, 2004; Ewen and Thomas, 1987; Ochsner et 
al., 2001).  However, laboratory methods are typically used as they are relatively inexpensive, quick 
and allow for greater control over the boundary conditions compared to field methods.  Numerous 
devices are available to measure the thermal conductivity of soils and rocks. These devices can be 
divided into two main groups; steady state and transient state devices.  Steady state methods apply a 
temperature gradient across a material; once the system reaches a steady state the thermal 
conductivity can then be calculated.  On the other hand, transient state methods monitor the change in 
temperature of a material with time to calculate the thermal conductivity.   
 
Both methods have been successfully employed to measure the thermal conductivity of rocks.  Jones 
(2003) and Görgülü et al. (2008) both used steady state methods in the form of a divided bar 
apparatus to measure thermal conductivity of rocks.  On the other hand, Woodside and Messmer 
(1961) and Krishnaiah et al. (2004) used transient state, thermal needle probes to measure the 
thermal conductivity of various rocks. Sass et al. (1984) used both steady state and transient state 
methods to measure the thermal conductivity of a range of rocks and found both methods gave the 
same thermal conductivities at room temperature.  In this study a steady state divided bar apparatus 
was selected to measure the thermal conductivity of the rock samples.    
 
Limited information is currently available on the thermal properties of soils and rocks that are typically 
encountered when constructing building foundations in Melbourne. This paper presents the results of 
a study into the effect of density, quartz content and bedding orientation on the thermal conductivity of 
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siltstone and sandstone typically found in Melbourne.  This data enables improved estimations of 
thermal conductivity over a wide range of conditions thus, providing necessary information for the 
design of geothermal energy piles and heat exchange boreholes in Melbourne. 
 
 
2 MATERIALS AND SAMPLE PREPARATION 

�

Core samples of 45 siltstone and sandstone rocks were collected from the field and taken to the 
laboratory at Monash University for testing.  Ten of the 45 samples tested were sandstone and the 
other thirty five were siltstone rocks. The rocks were collected from several different sites in Melbourne 
between depths of 5 and 40 metres below ground.  The samples were visually classified as either 
sandstone or siltstone.  The siltstone samples ranged from highly weathered to slightly weathered and 
the sandstone from highly weathered to moderately weathered.   
 
The core samples were trimmed to approximately 20 mm in length and 50 mm in diameter.  Prior to 
thermal conductivity testing each sample was placed in a desiccator until full saturation was achived.  
Once the samples were fully saturated the saturated thermal conductivity was tested in the divided bar 
apparatus described below.  The samples were then oven dried at 105ºC and re-tested to measure the 
dry thermal conductivity.  
 
�

3 EXPERIMENTAL SETUP 

�

Thermal conductivity measurements in this study were undertaken with the divided bar apparatus 
illustrated in Figure 1. The device is designed similar to devices described by (Beardsmore and Cull, 
2001; Görgülü et al., 2008; Jones, 2003; Sass et al., 1984).  The divided bar consists of two 
temperature controlled plates at the top and bottom of the cell.  The bottom plate contains an electric 
heater which generates a heat source of constant temperature.  Cool water is circulated through the 
top plate from a temperate controlled water bath to maintain a temperature gradient across the 
sample.  Heat flux sensors were positioned either side of the rock sample and measured the heat flux 
flowing through the sample and the temperature gradient across the sample. When the sample 
reached equilibrium the thermal conductivity was determined by using Fourier’s law of heat conduction 
as follows: 
  
k = Q / (�T  / l)  (1) 
 
where k (W/mK) is the thermal conductivity, Q (W/m

2
) is the heat flux, �T (K) is the temperature 

difference and l (m) is the thickness of the rock specimen.  The heat flux sensors used were 
manufactured from a 1 mm polycarbonate disk sandwiched between two 3 mm aluminium disks.  
Holes were drilled in the aluminium disks to allow thermocouples to be inserted to measure the 
temperature either side of the polycarbonate.  The thermal conductivity of the polycarbonate was 0.20 
W/mK.  The heat flux was then calculated by rearranging Equation (�) where �T (K) is the temperature 

difference between the two aluminium plates, k (W/mK) is the thermal conductivity the polycarbonate 
disk, and l (m) is the thickness of the rock specimen.  
 
In practice it is not possible to simulate pure heat flow through the sample due radial heat losses.  To 
minimise the errors introduced through radial heat loss the samples were insulated by radially 
surrounding the sample with polyethylene foam and running tests at close to room temperature.  
Radial heat losses were monitored by taking heat flux measurements at the top and bottom of the 
sample.  Any difference between the heat flux measurements effectively represented heat loss from 
the sample.  This was attributed to either radial heat loss or contact resistance errors.  The heat flux 
measurements recorded showed minimal heat loss was occurring from the sample.  An average of the 
top and bottom heat flux sensor was used to determine the final heat flux across the sample which 
further reduced the influences of any heat loss.  Water saturated samples overall gave the best 
results. In these samples 90% of the top and bottom heat flux readings were within ±2% of the 
average heat flux and all measurements were within ±4%.  However, the measurement of dry samples 
was slightly less accurate, in some samples the differences were up to ±5%.  The loss of accuracy in 
the dry samples could be due to a combination of factors. The dry samples had a much lower 
conductivity and therefore had conductivities closer to the thermal conductivity of the insulation 
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material (0.06 W/mK).  Also contact resistance errors at the surface of the samples have the potential 
to be higher in dry soils.   
One of the drawbacks of steady state methods are the long run times for the specimens to reach a 
steady state.  This can cause moisture migration away from the hot side of the device particularly in 
unsaturated soil and rocks.  de Vries (1963) pointed out that the resulting measured thermal 
conductivity would be lower than the value corresponding to the average moisture content of soils.  
Minimising run times and temperature gradients help to negate this effect.  In this study run times of 
about 20 to 45 minutes were necessary to reach equilibrium and temperature gradients of between 
6ºC and 15ºC were maintained.  The saturated samples were weighed and visually inspected after 
each test.  On inspection after testing, samples still contained moisture on both surfaces. However, 
the side in contact with the hot plate was observed to have slightly less moisture than the side in 
contact with the cold plate.  Moisture losses of between 0.1 and 0.15 grams were measured.  
However, this was not expected to influence the thermal conductivity measurements.  

�

Figure 1. Divided bar device used in this study 
 
Contact resistance errors between the sample and heat flux sensors can occur in steady state 
methods however they can be easily managed.  The contact resistance errors were minimised in two 
ways.  Firstly an axial load was applied on the sample.  In addition, a high thermal conductivity 
material (thermal grease) was coated on the surface of the samples to ensure good contact between 
the sample and heat flux sensors. 
 
 
4 RESULTS AND DISSCUSSION 

 
A summary of the experimental thermal conductivity results are presented in Table 1 for both air and 
water saturated samples.  Figure 2 illustrates the thermal conductivity of the siltstones and sandstones 
plotted against dry density both air and water saturated.  The air saturated samples showed a general 
linear increase in thermal conductivity as the density of the samples increased. This is attributed to the 
rock particles having a much higher thermal conductivity than air.  Rock particles typically have 
thermal conductivities between 2 and 7.7 W/mK compared to air which is 0.024 W/mK. 
 
When the air is replaced with water the thermal conductivity of the rock is significantly increased due 
to the higher thermal conductivity of the water (0.6 W/mK) allowing better heat flow.  Therefore, the 
influence of density on the thermal conductivity of water saturated samples is significantly less.  The 
results from this study demonstrate no significant relationship between the thermal conductivity of 
water saturated samples and dry density.  Similar observations were made by Popov et al. (2003) on 
saturated samples of siltstone and sandstone. 
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The thermal conductivity of the siltstone and to a lesser extent the sandstone was observed to vary 
considerably between samples of the same or similar densities.  This suggests that factors other than 
density are influencing the thermal conductivity of the rocks. The samples in this study were collected 
from a number of different sites, boreholes and depths and therefore each sample is unique and may 
contain slightly different mineralogy and structure.   Both Jones (2003) and Popov et al. (2003) noticed 
large variations in experimental thermal conductivities between samples of the same rock type.  Jones 
found that mineralogical composition was the main factor influencing the thermal conductivity of the 
different rocks he tested.  Jones also found that other factors such as anisotropy, porosity, and 
temperature can also be important.   Popov et al. (2003) tested the thermal conductivity of a number of 
sedimentary rocks. They found that the anisotropy of the rocks significantly affected the thermal 
conductivity.  
�

Table 1. Summary of rock thermal conductivities of rocks from this study 

  N 
Dry density 

(kg/m
3
) 

Ave. 
dry 

density 
(kg/m

3
) 

Thermal 
conductivity 

(W/mK) 

Ave. 
thermal   

conductivity 
(W/mK) 

Thermal 
conductivity 

(W/mK) 

Ave. 
thermal   

conductivity 
(W/mK) 

SATURATED DRY 

Siltstone 35 2130 - 2490 2320 1.73 - 2.47 2.14 0.72 - 1.54 1.23 

Sandstone 10 2030 – 2470 2250 2.46 - 2.84 2.64 1.04 - 1.67 1.3 

 

� ������� 
    (a)                  (b) 

Figure 2. Thermal conductivity against dry density (a) siltstone (b) sandstone 
 
The anisotropy of rocks has been found by many researchers to influence the thermal conductivity of 
sedimentary rocks (Beardsmore and Cull, 2001; Midttømme and Roaldset, 1999; Popov et al., 2003).  
Midttømme and Roaldset (1999) reported thermal conductivities parallel to the grain were in some 
cases up to twice that measured perpendicular to it in sedimentary rocks.  While Beardsmore and Cull 
(2001) noticed in several documented cases that the thermal conductivity of shale does not increase 
with density the same way that other rocks do. This is because shale is comprised of highly 
anisotropic silicate sheets.  The thermal conductivity parallel to the mineral sheet is often many times 
greater than perpendicular to it and as the density of the shale increases the particles arrange 
themselves into a preferred horizontal alignment.   
 
In this study the bedding orientation was used to investigate the influence of anisotropy of siltstone 
samples.  The bedding orientation was measured for 30 of the 35 siltstone samples and plotted 
against the thermal conductivity (Figure 3).  A bedding orientation could not be definitively recognized 
in five of the siltstone samples.  These samples were subsequently excluded from Figure 3.  In 
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general the figure illustrates that the thermal conductivity increased with increasing bedding 
orientation. This highlights the anisotropic nature of the siltstone samples tested in this study.  
 

 
Figure 3. Thermal conductivity against bedding orientation for siltstone samples 
 
In addition to the anisotropy of the rocks the mineralogy of the rocks can influence the thermal 
conductivity.  Considering rock samples were collected from different sites, boreholes and depths 
each sample is likely to contain a slightly different mineralogical makeup.  In this study the influence of 
the mineralogy was investigated through the percentage of quartz in the samples.  Quartz was chosen 
because it has a very high thermal conductivity of 7.7 W/mK which is in general 2 - 4 time higher than 
most other rock forming minerals. 
 
The quartz content of ten samples of siltstone were analysed in this study. Samples were strategically 
selected to cover a range of densities, thermal conductivities and bedding orientations.  The samples 
were sent to the University of Ballarat where thirty micron, thin sections were produced for each 
sample.  Petrographic analysis was performed on each of the thin sections and the quartz content 
quantitatively calculated.   
 

 
Figure 4. Thermal conductivity against quartz content for ten siltstone samples 
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The results of the petrograhpic analysis yielded quartz contents of the siltstone between 10% and 
26%.  Figure 4 presents the quartz content plotted against the thermal conductivity.  The thermal 
conductivity was observed to generally increase with increasing quartz content.  Three samples with 
bedding orientations of 17º and densities of approximately 2350 kg/m

3
 were tested (solid circles), 

these samples showed a distinct increase in thermal conductivity with quartz content.  Two samples 
were tested at bedding orientations of 35º and densities of approximately 2350 kg/m

3
 (solid triangle) 

these samples also demonstrated an increase in thermal conductivity with quartz content.  The 
remaining samples showed a general increase in the thermal conductivity with quartz content.  The 
variation observed between samples is attributed to the different bedding orientation and density of 
these samples.  
 
 
5 CONCLUSION 

 
The thermal conductivity of forty five siltstone and sandstone samples were investigated 
experimentally both air and water saturated using a divided bar apparatus.  The influence of density, 
mineralogy and anisotropy was investigated.  The thermal conductivity of the rocks was observed to 
increase with increasing density when air saturated, however no correlation between density and 
thermal conductivity was observed in water saturated samples. 
 
The thermal conductivity of water saturated siltstone and to lesser extent sandstone samples were 
observed to vary considerably at similar densities. This was attributed to anisotropy and mineralogy 
differences between samples.  The thermal conductivity was observed to increase with increasing 
quartz content.  The thermal conductivity also generally increased as the bedding orientation of the 
rock rotated closer to the direction of the heat flow.  The range of thermal conductivities observed from 
the siltstone and particularly the sandstone make these rocks a suitable founding material for 
geothermal energy foundation in Melbourne, Australia. 
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