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ABSTRACT 
 
Ground-source heat pump systems use the favourable thermal properties of the ground to sustainably 
and economically heat and cool buildings. These systems exchange heat energy with the ground via a 
ground heat exchanger (GHE), which typically comprises heat exchanger pipes embedded in 
boreholes, trenches or ground contact elements of buildings such as piles. GHE construction costs are 
a significant component of system capital costs and cost-efficient design of GHEs requires an 
accurate assessment of the thermal properties of the ground including temperature profile, thermal 
conductivity and thermal diffusivity. 
 
This paper summarises the results of recent studies of the thermal properties of Melbourne Mudstone, 
the typical bedrock in the Melbourne, Australia region and the different test methods used. 
Assessment of thermal properties (principally thermal conductivity) has been undertaken by a variety 
of laboratory and in situ methods, including divided-bar apparatus and thermal scanner laboratory 
methods and in situ thermal response testing. These studies are the first of their kind in Melbourne 
and the results presented in this paper are expected to provide a valuable reference for the 
preliminary design and sizing of GHEs in the Melbourne region. 
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1 INTRODUCTION 
 
The ground heat exchanger (GHE) is an integral component of ground-source heat pump (GSHP) 
systems that use sustainable geothermal energy to efficiently heat and cool buildings. GHEs usually 
comprise a closed loop of absorber pipes embedded in grouted boreholes (typically up to about 100 m 
deep), backfilled trenches (typically about 2 m deep), or building foundations (Brandl, 2006). A heat 
transfer fluid circulates in these pipes; if the fluid is cooler than the ground it absorbs heat, and if it is 
warmer than the ground it emits heat. A heat pump connects the GHEs and any distribution pipes 
(collectively, the ground circuit) to a building circuit. To heat the building, heat is extracted from the 
circulating fluid and to cool the building, heat is rejected to the circulating fluid. 
 
GHE design requires an accurate assessment of the in situ thermal properties of the ground: thermal 
conductivity (λ, in W/(mK)), thermal diffusivity (α, in mm

2
/s) and vertical temperature profile or T0, the 

average far-field temperature over some depth (in °C or K). Assessment of thermal conductivity is 
particularly important as the total design length of GHEs in a GSHP system is inversely proportional to 
the ground’s thermal conductivity. While there are a range of factors that affect thermal conductivity, 
for soil and rock it is typically in the range of 1 W/(mK) to 4 W/(mK). Note that for conductive flux, 
α = λ ⁄ Svc, where Svc is volumetric specific heat capacity in MJ/(m

3
K). 

 
The thermal properties of samples recovered from the ground (typically from boreholes or test pits as 
part of routine geotechnical investigations) can be assessed in the laboratory (e.g. Barry-Macaulay et 
al, 2013; Clarke et al, 2008). However, as for all forms of geotechnical investigation there can be 
issues associated with sample disturbance, scale and the degree to which discrete samples are 
representative of the ground as a whole. 
 
In situ assessment of the ground’s thermal properties can be undertaken with a thermal response test 
(TRT). Practical procedures for undertaking TRTs were developed contemporaneously by Gehlin 
(2002) and Austin et al. (2000). Recent advances include equipment miniaturisation (Katzenbach et 



al., 2009 and Raymond et al., 2010), and the potential to embed optical fibre cables in GHEs to 
identify vertical variations in thermal conductivity (Fujii et al., 2009). TRTs are usually performed in 
vertical borehole GHEs, but can also be undertaken in energy piles (foundation piles fitted with 
absorber pipes, e.g. Brettmann and Amis, 2011). 
 
This paper summarises the results of recent studies of the thermal properties of Melbourne Mudstone 
and the different test methods used. Assessment of thermal properties (principally thermal 
conductivity) has been undertaken by a variety of laboratory and in situ methods, including divided-bar 
apparatus and thermal scanner laboratory methods and TRTs. These studies are the first of their kind 
in Melbourne and the results presented in this paper are expected to provide a valuable reference for 
the preliminary design and sizing of GHEs in the Melbourne region. 
 
For more detailed discussion of the work summarised in this paper, the reader is directed towards 
theses by Barry-Macaulay (2013) and Colls (2013). 
 
 
2 MELBOURNE MUDSTONE 
 

The Melbourne Mudstone is a general term for the Silurian age siltstone and sandstone that typically 
forms the bedrock in the Melbourne, Australia region. Siltstone is the dominant rock type encountered 
and is typically a soft or weak rock, with a uniaxial compressive strength range of about  
1 MPa to 5 MPa for extremely to moderately weathered rock (Johnston, 1992). Where present, 
sandstone can be significantly stronger than the siltstone. 
 
No formal assessment of the volumetric specific heat capacity of the Melbourne Mudstone was 
undertaken for this research. In the following analysis, a typical value of Svc = 2 MJ/m

3
 was adopted 

(Banks, 2012). 
 
 
3 ASSESSMENT BY THERMAL RESPONSE TESTS 
 
3.1 TRT methodology 
 

In a TRT, a constant heat flux or power (Q, in W, often expressed as a power q = Q ⁄ LGHE per metre 
GHE length) is applied to the circulating heat transfer fluid (Fig. 1). The power applied to the ground 
during a TRT should be calculated by measuring the temperature change (in K or °C) from GHE inlet 
(Tin) to outlet (Tout), and the flow rate (F, in m

3
/s) and volumetric specific heat capacity of the circulating 

fluid (Eq. (1)). Note Svc for water can typically be assumed to be 4180 kJ/(m
3
K). 

 
Q = F.(Tin – Tout).Svc           (1) 
 

 
Figure 1. Typical thermal response test setup 



The variation in inlet and outlet fluid temperature (Tin and Tout, in °C or K) over time is measured and 
(as will be discussed) the rate of change in mean fluid temperature [Tmean = (Tin + Tout) ⁄ 2] provides 
information on the ground’s thermal properties. These properties (as assessed by TRT analysis) may 
be influenced by the geometry and configuration of the GHE. Hence, TRTs are also commonly used to 
establish the unit output of a prototype GHE, so that the total number of GHEs needed to provide a 
larger total output can be determined. In this paper, the focus is on TRTs for assessing the thermal 
properties of the ground, which provides greater potential for GHE design optimisation than using 
TRTs as GHE performance tests. 
 
3.2 TRT analysis 
 

TRT results can be analysed in a variety of ways, including by numerical modelling tools or parameter 
estimation techniques. However, Gehlin & Hellström (2003) found that an approach based on the line 
source equation is generally the simplest and fastest analysis method (and is accurate if correctly 
applied). The line source equation describes the change in temperature some radial distance (r) from 
a line source (or sink) of power. A simple expression of the line source equation is based on that 
provided by Javed and Fahlén (2011): 
 
T(r,t) = T0 + q/4πλ.ln[4αt/(γ′r2

)]         (2) 
 
where, in addition to terms defined previously, t is elapsed time (in seconds) and γ′ = 1.78 is a 
constant [ln(1.78) = Euler’s number].  
 
In GHE design it is common to assume that the GHE centre is the centre of the line source, and that 
the line source equation describes the change in temperature at the GHE wall (TGHE at the GHE or 
borehole radius, rb). The temperature difference between the fluid circulating in the GHE and its wall is 
proportional to the power applied (q) and the GHE thermal resistance parameter (Rb, in mK/W). 
 
Tmean = TGHE – q.Rb           (3) 
 
The GHE thermal resistance depends on the internal configuration of the GHE and includes 
contributions from fluid flow, the absorber pipe wall and grout. Taking GHE thermal resistance into 
account, the line source equation is typically written as (replacing natural with base ten logarithm): 
 
Tmean = T0 + (2.303q/4πλ).log[4αt/(γ′rb

2
)] + q.Rb        (4) 

 
The line source equation is typically applied over the time 5rb

2
⁄α < t < ts ⁄ 10, where tmin = 5rb

2
⁄α is the 

minimum duration and ts ≈ (LGHE
2
) ⁄ 9α is the time for steady-state conditions to occur (Claesson and 

Eskilson, 1987). 
 
For TRT analysis, Eq. (4) is re-written in the form of the equation for a straight line (y = mx + c), 
relating ∆Tmean (equal to Tmean – T0) to log(t). In this form: 
 
∆Tmean = (2.303q/4πλ).log(t)	 +  (2.303q/4πλ).log[4α/(γ′rb

2
)]	 + q.Rb      (5) 

 
Once T0 has been established (methods for doing this are compared in Gehlin and Nordell, 2003), 
plotting ∆Tmean for a measured and constant q against log(t) eventually yields a linear relationship. The 
slope (m) and vertical axis intercept (c) of a trend-line drawn through the linear part of the data plot 
can then provide an estimate of (in turn) the ground’s thermal conductivity and GHE thermal 
resistance: 
 
λ = 2.303q/4πm           (6) 
 
Rb = (c/q) – (2.303/4πλ).log[4α/(γ′rb

2
)]         (7) 

 
As the estimates from Eq. (6) and Eq. (7) are averages over the entire GHE length, TRTs are 
generally performed over the same depth range as the proposed GHEs. Measurement of temperature 
change at different depths in the GHE (e.g. Fujii et al, 2009) can provide an indication of changing 
thermal conductivity with depth provided that power output at each depth is also measured (power 
output per metre is not constant with depth). Note that in Eq. (7), it is necessary to estimate the 



ground’s volumetric specific heat capacity to calculate thermal diffusivity α = λ ⁄ Svc, with λ calculated 
from Eq. (6).  
 
Because of the time period over which the line source equation is valid, data from t < 5rb

2
 ⁄ α is usually 

ignored in TRT analysis and the trend-line is drawn tangential to later data. A minimum TRT duration 
of 50 hours is usually adopted for borehole GHEs (Sanner et al., 2005) to allow sufficient data to be 
collected so that a trend-line can be drawn after the minimum duration. However, applying this 
criterion to energy pile GHEs (usually much larger diameter than borehole GHEs) may require TRTs to 
run for many days or weeks. Also, because of the requirement to apply a constant power, heating 
equipment is usually required to achieve a standard deviation within ±1.5% of the average value, with 
peaks less than ±10% of average (ASHRAE, 2007). 
 
Colls (2013) discusses several potential improvements to the TRT analysis methods discussed above. 
 
3.3 Experimental results from the Beaurepaire Geothermal Experiment 
 

The TRTs discussed in this paper were undertaken at the Beaurepaire Geothermal Experiment (BGE), 
a full-scale experimental facility constructed at the University of Melbourne’s Parkville campus. The 
setup of this facility is described in Colls (2013) and Colls et al. (2012).  
 
TRTs described in this paper were undertaken in a 31.2 m deep, 600 mm diameter energy pile GHE 
(known by site convention as GHE-A) or a 29.7 m deep, 125 mm diameter borehole GHE (known as 
GHE-C). Subsurface conditions at the BGE site comprise a 0.3 m thick layer of sand fill (imported 
topsoil) over silty clay (residual soil) and variably weathered Melbourne Mudstone. Extremely 
weathered siltstone with minor interbedded sandstone was encountered below 1.0 m, grading to 
moderately weathered below about 20 m depth. The frequency and thickness of sandstone beds 
increased below 20 m. The depth to groundwater was about 13 m.  
 
The average ground temperature from 0 m to 30 m depth at the BGE site (T0) was measured as about 
18.3°C (Colls, 2013). Note that T0 will depend on factors including geographical location and climate, 
the depth over which it is measured (T0 is increasingly subject to seasonal variations as depth 
decreases and the presence of groundwater may affect T0). 
 
Fig. 2 shows a plot of temperature change against time for two TRTs – one known by site convention 
as TRT18 (performed in the energy pile GHE-A) and the other known as TRT19 (performed in  
GHE-C). 
 

 

Figure 2. Plot of temperature change against time for TRT18 in GHE-A and TRT19 in GHE-C 
 
The results of TRT analysis for TRT18 and TRT19, together with two other tests undertaken at 
different times of year in GHE-C (TRT8 and TRT13) are summarised in Table 1. Note that Colls (2013) 



indicates that for TRT19 in particular, the conventional methods for estimating tmin are inadequate and 
for this test the trend-line was drawn after t = 110,000 s.   
 
Table 1: TRT results from the Beaurepaire Geothermal Experiment 

GHE ID Diameter 
(mm) 

TRT ID Start date Duration 
(hours) 

Assessed λ 
(W/(mK)) 

GHE-A 600 TRT18 5/12/2011 407.0 2.75 

GHE-C 125 

TRT8 13/7/2011 49.3 2.71 

TRT13 11/10/2011 48.8 2.66 

TRT19 9/1/2012 70.5 2.67 

 
For GHE-A, the assessed GHE thermal resistance was about 0.055 mK/W and for GHE-C about 
0.23 mK/W. The decrease in thermal resistance for GHE-A is due to a number of factors including the 
increased number of U-tubes in this GHE and the spacing of these U-loops at a greater distance from 
the centre of the GHE (Colls, 2013). 
 
The results of the TRTs performed at the BGE suggest that over the upper 30 m depth at this site, the 
average thermal conductivity of the Melbourne Mudstone is 2.66 W/(mK) to 2.75 W/(mK). 
 
4 LABORATORY ASSESSMENT 
 
4.1 Thermal scanner 
 
One method for laboratory assessment of thermal properties makes use of a TCi scanner. The TCi 
scanner, manufactured by C-Therm Technologies Ltd, is capable of measuring the conductivity of 
irregularly shaped samples provided a level surface can be formed on the sample. The TCi scanner 
directly measures the thermal effusivity of a sample using the transient plane source method. 
Measurement of effusivity allows the conductivity to be estimated provided the sample’s volumetric 
specific heat capacity is known or can be estimated. 
 
A TCi scanner was used to measure the thermal conductivity of six siltstone and six sandstone 
samples recovered from the two BGE energy piles (GHE-A and a second 600 mm diameter energy 
pile known as GHE-B). 

 

(a) (b) (c) 
 

Figure 3. Variation of moisture content (a), dry density (b) and thermal conductivity (c) with depth for 
samples from the BGE. Thermal conductivity measured using a TCi thermal conductivity scanner. 
Samples tested were soaked in water for at least 24 hours prior to testing. The soaked moisture 
content and dry density of these samples was also assessed and is summarised on Fig. 3. Note that 
differentiation between siltstone and sandstone was based on a visual assessment. 



 
The results of the TCi scanner on samples from the BGE indicate that the thermal conductivity ranges 
from 2.04 W/(mK) to 2.78 W/(mK) for siltstone and 2.71 W/(mK) to 3.01 W/(mK) for sandstone. The 
mean (weighted for depth) thermal conductivity of these samples is 2.67 W/(mK). 
 
4.2 Divided bar apparatus 
 
Laboratory testing in the form of a divided bar apparatus was undertaken at Monash University on 
samples of Melbourne Mudstone obtained from a variety of sites across Melbourne (the BGE was not 
one of these sites). The divided bar apparatus used in this study is illustrated in Fig. 4 and was 
designed based on devices described by Sass et al. (1984), Beardsmore and Cull (2001) and Jones 
(2003).  

 
 

Figure 4. Cross-section of divided bar apparatus for measuring thermal conductivity. T1–T4 represent 
temperature measurements from the heat flux sensors. 
 
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, while 
cool water is circulated through the top plate from a temperate controlled water bath. Heat flux sensors 
50 mm in diameter positioned either side of the rock sample measured the heat flux flowing through 
the rock and the temperature gradient across the specimen. When the sample reached equilibrium the 
thermal conductivity was determined using Fourier's law of heat conduction as follows: 
 
λ = Q / (∆T/L)           (8) 
 
where ∆T (K or °C) is the imposed temperature gradient, L (m) is the height of the rock specimen and 
heat flux Q is in W/m

2
. The heat flux sensors used were manufactured by placing a 1 mm 

polycarbonate disc between two 3 mm aluminium discs. Holes were drilled in the aluminium discs and 
thermocouples inserted to measure the temperature of the disc (Fig. 4). The heat flux was calculated 
by rearranging Eq. (8) where the thermal conductivity of the polycarbonate disc was 0.20 W/mK. 
 
In practice it is not possible to simulate pure heat flow through the sample due to radial heat losses. In 
the present case, the samples were insulated with polyethylene foam to minimise any radial heat 
losses. In addition, contact resistance errors between the sample and heat flux sensors were 
minimised by coating the sample surface with thermal grease and by applying an axial load on the 
sample to ensure that good contact was established. Heat losses were monitored by taking heat flux 
measurements at the top and bottom of the sample. Any difference in heat flux measurements 
effectively represents heat loss from the sample. The heat flux measurements recorded showed 
minimal heat loss occurring across the sample. 
 
Barry-Macaulay et al. (2013) present a comprehensive summary of testing undertaken on Melbourne 
Mudstone materials using the divided bar apparatus. The results of this testing are summarised in 



Table 2. Note that this testing was undertaken on samples under air saturated (‘dry’) and water 
saturated (‘wet’) conditions to assess the influence of moisture content on thermal conductivity. 
 
Table 2: Summary of divided bar test results 

Rock type Number of 
tests 

Dry density 
(t/m

3
) 

Saturated moisture 
content (%) 

λ (dry) 
W/(mK) 

λ (wet) 
W/(mK) 

Siltstone 35 2.13 – 2.49 4.0 – 11.0 0.72 – 1.54 1.73 – 2.47 

Sandstone 10 2.03 – 2.47 3.5 – 11.0 1.04 – 1.67 2.46 – 2.84 

 
Further assessment by Barry-Macaulay et al. (2013) noted that thermal conductivity of the Melbourne 
Mudstone could be affected by the following factors: 

 Moisture content: The thermal conductivity of dry samples was much less than that of 
wet samples. This effect was attributed to water having a much higher thermal 
conductivity than air. 

 Density: For dry samples, thermal conductivity increases with increasing dry density. 
This effect was attributed to the rock particles having a much higher thermal 
conductivity than air. For saturated samples, no significant relationship was observed 
between thermal conductivity and dry density. 

 Anisotropy: Thermal conductivity typically increased for heat flux parallel to bedding 
and decreased for heat flux perpendicular to bedding. 

 Mineralogy: Thermal conductivity of siltstone and sandstone typically increased with 
increasing quartz content. 

 

5 DISCUSSION 
 
The results of the various methods of assessing the thermal conductivity of Melbourne Mudstone 
described in this paper (excluding ‘dry’ samples) are summarised in Table 3. 
 
Table 3: Summary of Melbourne Mudstone thermal conductivity test results 

Material type Material type Number of 
tests 

Moisture content 
(%) 

Dry density 
(t/m

3
) 

λ (wet) 
W/(mK) 

Siltstone 
TCi (BGE) 6 6.3 – 12.5 2.17 – 2.47 2.04 – 2.78 

Divided bar 35 4.0 – 11.0 2.13 – 2.49 1.73 – 2.47 

Sandstone 
TCi (BGE) 6 6.7 – 14.5 2.15 – 2.40 2.71 – 3.01 

Divided bar 10 3.5 – 11.0 2.03 – 2.47 2.46 – 2.84 

Siltstone and 
sandstone 

TRT (BGE) 4 9.0
a
 2.35

a
 2.66 – 2.75 

a
Based on the average of 76 moisture content tests and 36 dry density tests on samples recovered from GHE-A 

and GHE-B 

 
The results summarised in Table 3 indicate generally good agreement between the various 
assessment methods used. However, it is important to note that the effects of naturally occurring 
variations in mineralogy (including inaccuracies in differentiating between siltstone and sandstone) 
and material properties could affect agreement between tests on different samples. Furthermore, the 
TRT results represents an average thermal conductivity over a 30 m depth that may be affected by 
mass effects including groundwater flow, the orientation of bedding and the presence, extent and 
orientation of defects in the rock. 
 
6 CONCLUSIONS 
 

This paper presents the results of assessment of the thermal properties (principally thermal 
conductivity) of Melbourne Mudstone siltstone and sandstone by a range of in situ and laboratory 
methods. 
 
The thermal conductivity measured in the laboratory ranges from 1.73 W/(mK) to 2.78 W/(mK) for 
siltstone and 2.46 W/(mK) to 3.01 W/(mK) for sandstone. While the results for TRTs are similar, 
factors that could affect the in situ thermal conductivity include mineralogy, bedding orientation, 
density and moisture content and mass effects. 
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