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Abstract Soil thermal conductivity is an important factor
in the design of energy foundations and other ground heat
exchanger systems. It can be determined by a field thermal response test, which is both costly and time consuming,
but tests a large volume of soil. Alternatively, cheaper and
quicker laboratory test methods may be applied to smaller
soil samples. This paper investigates two different laboratory methods: the steady state thermal cell and the transient
needle probe. U100 soil samples were taken during the site
investigation for a small diameter test pile, for which a thermal response test was later conducted. The thermal conductivities of the samples were measured using the two laboratory methods. The results from the thermal cell and needle probe were significantly different, with the thermal cell
consistently giving higher values for thermal conductivity.
The main difficulty with the thermal cell was determining
the rate of heat flow, as the apparatus experiences significant
heat losses. The needle probe was found to have fewer significant sources of error, but tests a smaller soil sample than
the thermal cell. However, both laboratory methods gave
much lower values of thermal conductivity compared to the
in situ thermal response test. Possible reasons for these discrepancies are discussed, including sample size, orientation
and disturbance.
Keywords thermal conductivity · thermal cell · needle
probe · ground source heat pumps · energy foundations
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1 Introduction
Ground source heat pump (GSHP) systems provide a viable
alternative to conventional heating and cooling systems in
the move towards sustainable building solutions [6]. Heat is
transferred between the ground and the building by means
of a refrigerant which is pumped through a series of pipes
buried in the ground. To minimise initial construction costs,
the pipes can be cast into the foundations, eliminating the
need to make further excavations. These systems are known
as energy or thermal foundations. To design such a system,
it is important to model accurately the heat transfer process
between the foundations and the soil. One important input
parameter for such analysis is the soil thermal conductivity.
There are several different laboratory methods for measuring soil thermal conductivity [26, 14]. They fall into one
of two categories: steady state or transient methods. At the
laboratory scale, steady state methods involve applying onedirectional heat flow to a specimen and measuring the power
input and temperature difference across it when a steady
state is reached. The thermal conductivity is then calculated
directly using Fourier’s Law. Transient methods involve applying heat to the specimen and monitoring temperature changes
over time. The transient data is used to determine the thermal
conductivity, usually by application of an analytical solution
to the heat diffusion equation. Some transient methods can
also be used to assess other thermal properties such as thermal diffusivity [8]. This paper compares the two approaches
using a thermal cell (steady state) and a needle probe (transient) apparatus. Both the thermal cell and needle probe are
currently industry recommended laboratory methods [4, 22,
18].
The thermal response test (TRT) [13] is currently the
most widely used method for the determination of the in situ
thermal conductivity for a GSHP system. It is a large-scale
transient field test and involves construction of a ground heat
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exchanger. The test is analogous to the needle probe method,
but at a much larger scale. In theory, the value of thermal
conductivity obtained using this method would most closely
relate to the heat transfer performance of a GSHP system,
as it tests the largest volume of soil and also takes into account other ground characteristics such as groundwater flow
and large scale soil layering. However, there can be other
sources of error to the method. For example, a significant
source of error could be the method by which the TRT data
is analysed [28]. The laboratory methods will be compared
to the results from a TRT.

2 Background
There are several laboratory methods of measuring thermal
conductivity which are considered as suitable for use with
soils. For this study, the needle probe and thermal cell methods were chosen due to the simplicity of the apparatus. These
were then compared to a field TRT.

Fig. 1 Diagram of a needle probe (taken from Hukseflux [20])

as a series expansion, and approximated using the first two
terms in the expansion [1]:
2.1 Needle probe

∞

The needle probe used is the TP02 probe produced by Hukseflux [20]. It is 150 mm long with a diameter of 1.5 mm,
and encloses a 100 mm long heating wire with a thermocouple located midway along this heater measuring the temperature (see Figure 1).
The measurement of thermal conductivity using the needle probe method is based on the theory for an infinitely
long, infinitely thin line heat source [10]. If a constant power
is applied to the heat source, the temperature rise ∆ T at time
t after the start of heating, at a radial distance r from the heat
source, is:


q
r2
∆T = −
Ei −
(1)
4πλ
4αt
where q is the power per unit length of heater, λ is the thermal conductivity, α is the thermal diffusivity and Ei is the
exponential integral [1]:
Ei(x) = −
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e
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u
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After the power is switched off (start to the recovery
phase), the temperature difference is given by:
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where theat is the time at which the power is switched off.
Equations 1 and 3 cannot be solved for λ and α explicitly.
The exponential integral (Equation 2) can be represented

xn
n=1 nn!

Ei(x) = γ + ln|x| + ∑

(4)

Ei(x) ≈ γ + ln|x|

(5)

This approximation is valid for small values of x, which is
the case when t is large. γ is Euler’s constant. Substituting
Equation 5 into Equations 1 and 3 gives [4]:
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=
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where B is a constant grouping together the end terms of
Equation 6.
Graphs are plotted of change in temperature against ln(t)
and ln(t/(t − theat )), for the heating and recovery phases respectively. During an initial phase, the contact resistance and
thermal capacity of the probe are overcome. After this, the
graphs become linear and the gradient can be used to calculate the thermal conductivity. The time it takes for linearity
to occur depends on the contact between the probe and the
soil, with a good contact giving a shorter initial phase.
2.2 Thermal cell
The thermal cell is based on a design by Clarke et al. [11],
the recommended method for laboratory soil thermal conductivity testing according to the Ground Source Heat Pump
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Association (GSHPA) [18]. A diagram of the apparatus is
shown in Figure 2. The thermal conductivity of a U100 (undisturbed, 100 mm diameter) sample is measured by generating
one-directional heat flow along the axis of the specimen. The
heat is generated by a cartridge heater embedded in the aluminium platen. Provided the specimen is well insulated so
that radial heat losses can be neglected, the heat flow through
the specimen during steady state is governed by Fourier’s
Law:
Q = −λ A

∆T
L

(9)

where Q is the power input, A is the cross-sectional area,
∆ T is the temperature difference across the length of the
specimen, and L is the length of the specimen. To use Equation 9, the power input Q must be known. If Q cannot be
measured directly, measurement of the temperatures in the
specimen as it cools after the power is switched off (the recovery phase) can be used to determine the heat transfer coefficient between the top of the soil and the air, and hence the
power. This approach, proposed by Clarke et al. [11], uses
the lumped capacitance method, which is only valid when
the temperature difference across the soil is small compared
with the temperature difference between the soil surface and
the ambient temperature [21]:
Tbase − Ttop
= Bi < 0.1
Ttop − Tamb

(10)

where subscripts ’base’, ’top’ and ’amb’ refer to the temperature at the base of the soil, top of the soil, and of the ambient air respectively. The ambient temperature is assumed
to be constant. Bi is the Biot number, a dimensionless group
which is the ratio of resistances to heat transfer by conduction and convection. Where this is satisfied, the temperature
of the soil at time t is [11]:


hA
T = Tamb + (T0 − Tamb ) exp −
t
(11)
mc p
where T0 is the temperature of the soil at time t = 0 (when
Equation 10 starts to apply), h is the convection heat transfer
coefficient, m is the total mass of the soil, and c p is the soil
specific heat capacity. This is estimated from the properties
of the soil constituents:
mc p = (mc p )particles + (mc p )water

(12)

Equation 11 gives a theoretical decay curve which can be
fitted to the experimental data by modifying h until the two
curves match. During steady state, conservation of energy
dictates that the heat flow rate across the soil is equal to the
heat flow rate at the top of the specimen from the soil to the
air:
Q = λA


Tbase − Ttop
= hA Ttop − Tamb
L

(13)
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Fig. 2 Diagram of thermal cell cross-section.

This is used to calculate the thermal conductivity. It is
worth mentioning that this method introduces an error associated with the estimation of the specific heat capacity from
constituents whose properties may not be accurately known.

2.3 Thermal response test
In a TRT, constant power is supplied to heat a fluid which is
circulated through the pipes of a ground heat exchanger for
a specified period. During the test, fluid temperatures at the
inlet and outlet to the ground heat exchanger are recorded.
As with the needle probe, the TRT data is interpreted by assuming the ground heat exchanger behaves as an infinite line
heat source. From Equations 1 and 5 the change in ground
temperature can be expressed by [10]:

 

4αt
q
−
∆ Tg ∼
ln
γ
(14)
=
4πλ
r2
where ∆ Tg is the change in ground temperature. The fluid
temperature is not the same as the ground temperature, as
there is heat transfer between the fluid and the grout before
the heat in the grout is then transferred to the ground. To
account for this, a constant thermal resistance Rb is assumed
for the borehole, with radius rb . The temperature change in
the fluid is given by:
 


4αt
q
∆ T f = qRb + ∆ Tg = qRb +
ln
γ
(15)
−
4πλ
rb2
where ∆ T f is the change in fluid temperature. As there is
a difference between the inlet and outlet fluid temperatures,
the average of these is used in the calculation. In the same
way as with the needle probe, the thermal conductivity can
be found from the gradient of the straight line portion of
a graph of ∆ T f against ln(t). The initial part of the graph
should be ignored as it is influenced by the heat capacity of
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the ground heat exchanger. As a general rule, the time which
should be used in calculations is [17]:
t > 5rb2 /α

(16)

where rb is the borehole radius and α is the thermal diffusivity, calculated by estimating the thermal conductivity from
the gradient of the graph.

yet to display a linear relationship. The temperatures during the heating and recovery periods were recorded. Using
this procedure, five measurements were taken over the crosssectional area of the specimen. One measurement was taken
at the centre of the cross-section, the other four were equally
spaced at a radial distance of 25 mm from the centre.

4.2 Thermal cell
3 Site
An opportunity to compare the laboratory tests to a field
TRT presented itself at a Central London development site.
The TRT was done on a test pile constructed by Concept
Consultants Limited, as part of a site investigation to determine the geotechnical and thermal properties of the ground,
and hence evaluate the ground source energy potential of the
site using energy foundations. The pile was 0.3 m in diameter and 26 m deep. It was constructed by reaming out the
site investigation borehole to a diameter of 0.3 m. The soil
description is very stiff fissured dark brown CLAY (London
Clay).

4 Method
Six U100 samples were taken from the pile bore during the
site investigation. These were tested several months later,
using the needle probe and thermal cell methods. Before any
measurements were taken, the sealed samples were left in a
temperature controlled room overnight to equilibrate. The
samples were then extruded from the tubes before testing.
Each sample was treated as follows.

4.1 Needle probe
To accommodate the needle probe, a 100 mm diameter, 200
mm length specimen was prepared and secured in a rubber membrane. The specimen was taken from the middle
of the U100 sample as the ends may have experienced drying. Shavings taken from the top of the specimen were used
to determine the initial moisture content at the top. The soil
was too hard to directly insert the probe. Therefore, a 5 mm
diameter hole had to be pre-drilled, and the hole filled with
a high thermal conductivity contact fluid (toothpaste as suggested by the manufacturer) to reduce the contact resistance
between the probe and the soil [19]. The probe was inserted
into the hole, and secured with a clamp stand. It was left for
20 minutes to equilibrate with the soil. A constant power was
supplied to the needle probe heater for 300-600 s, and then
switched off. The heating time had to be increased from 300
s if the results showed a long initial period and hence had

To reduce the time it takes for the thermal cell sample to
reach steady state, the needle probe specimen was cut in half
and the top 100 mm weighed and secured to the platen of
the thermal cell (see Figure 2). The specimen was sealed at
the top using aluminium foil to prevent moisture from leaving the top of the sample. Shavings taken from the bottom
of the top half were used to determine the initial moisture
content at the bottom. Insulation was wrapped around the
specimen. The temperature difference across the specimen
was measured by two thermistors, one secured to the top of
the platen, the other embedded at the top of the soil. The
cartridge heater was turned on, and the power controlled so
that the platen remained at a constant temperature of 40◦ C.
The power was measured using a MuRata ACM20-5-AC1R-C wattmeter. Temperatures were monitored until steady
state was reached and then maintained for at least 2 hours.
The power to the cartridge heater was switched off, and the
recovery period monitored. At the end of the test, shavings
were taken from the top, middle and bottom of the specimen
to determine the final moisture contents.
The holes drilled into the specimen and the contact fluid
could potentially affect the thermal conductivity measurement using the thermal cell. To verify the result, the bottom
half of the sample was also tested in the thermal cell, where
these effects would be less significant. This is because the
hole was 150 mm deep, which would go through the length
of the top 100 mm specimen, but only through 50 mm of the
bottom 100 mm specimen. Following testing, the specimens
were cut up to confirm that the contact fluid had remained
inside the drilled holes and did not seep into the surrounding
soil.
A full soil classification was then conducted based on
the British Standard 1377 [9], to determine the soil density,
moisture content, liquid limit, plastic limit, particle density,
and particle size distribution.

4.3 Laboratory data analysis
For the needle probe, graphs were plotted of temperature
against the natural logarithm of time. The gradient of the
straight line section was used to determine the thermal conductivity using Equations 7 and 8 for heating and recovery
respectively. A typical result is shown in Figure 3.
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For the thermal cell, average temperatures during the
steady state period were calculated for each thermistor. For
the example thermal cell result in Figure 4, the steady state
period was from 12 to 15.5 hours into the test. The average
power supplied to the cartridge heater was also calculated.
Equation 9 was used to determine the thermal conductivity.
The recovery curve was also analysed using the method described in Section 2.2. However, the criterion in Equation
10 was never satisfied, reflecting the temperature difference
across the sample. Figure 5 shows the Biot number during
the thermal cell test recovery curve, confirming that it never
fell below approximately 0.2. As the power was measured
directly, the recovery curve method was not used. It is unclear as to why the tests performed by Clarke et al. [11] were
able to satisfy the criterion in Equation 10, while the tests in
this study never did.
4.4 Thermal response test
The TRT was conducted ten days after grouting the pile.
The test was carried out by GECCO2 Ltd using their test
rig. Water was used as the circulating fluid. The fluid flow
rate and temperature were recorded at 5 minute intervals,
using an electromagnetic flow meter and Iron-Constantan
(J type) thermocouples respectively. After an initial circulation phase lasting 4.5 days, a 3 day heat injection test was
performed, followed by a 3 day recovery period. The next

0.2

0
15

20

25

30

35

40

Time (h)

Fig. 5 Biot number over recovery period for thermal cell test (Figure
4).

stage was a 3 day heat extraction test, followed by a 4 day
recovery period. The average power supplied to the heat exchanger was 2.2 kW and -2.1 kW during the heat injection
and heat extraction phases respectively. Cyclic testing was
then commenced comprising two heat injection phases separated by heat extraction phases. Here, only the results from
the first heat injection and heat extraction phases are compared to the laboratory tests, as these are considered to be
the most reliable. The thermal conductivity was calculated
using the procedure described in Section 2.3 above, assuming α = 1.16 × 10−6 m2 s−1 . Details of the TRT analysis are
given in Loveridge et al. [24].

5 Results and Discussion
The results are summarised in Table 1. The needle probe results are an average of the five measurements for each sample. The full range of results is represented in Figure 6. Fig-
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Table 1 Summary of laboratory test results.
Moisture content (%)

Thermal conductivity (Wm−1 K−1 )
Needle Probe

Thermal Cell

Heating

Recovery

Top

Bottom

2.00–2.45

1.34

1.32

1.86

1.72

8.00–8.45

1.45

1.29

2.01

1.88

10.00–10.45

1.23

1.37

1.85

1.91

17.00–17.45

1.34

1.30

1.92

1.88

19.00–19.45

1.05

0.92

1.65

1.75

21.50–21.95

1.49

1.34

2.19

1.84

14

18

22

26

30

4
8
Depth (m)

Depth (m)
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0
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24
28
1.6
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2
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Fig. 7 Density and moisture content with depth.
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Fig. 6 Thermal conductivity with depth. For the needle probe results,
on each box, the central mark is the median, the edges of the box are the
25th and 75th percentiles, the whiskers extend to the most extreme data
points not considered outliers, and outliers are plotted individually.

ure 7 shows the variation in density and moisture content
with depth.

5.1 Needle probe
The measured thermal conductivity ranges from 1.05 to 1.49
Wm−1 K−1 for heating and 0.92 to 1.37 Wm−1 K−1 for recovery. The variation in the five needle probe readings within
the same sample was about ±11% for heating and ±14% for
recovery. When the needle probe was previously tested using five identical agar gel samples, it gave a repeatability of
±2% for both heating and recovery, so most of the differences in results should be due to natural variability in thermal conductivity over the cross-section of the soil. London
Clay can exhibit a variable coarse grain content, as well as
moisture content and density [27]. In addition, moisture con-

tent variation can be introduced during the sampling process
(see Section 5.4).
There is a general trend for a decrease in the moisture
content of the samples with depth, which would be typical
for London Clay. However, this is not reflected in the thermal conductivity values which show no significant variation
with depth. The exception is the sample from 19.00–19.45 m
depth which has a lower thermal conductivity despite having
a high moisture content, perhaps reflecting the lower density of this sample. In general, the results show reasonable
correlation between density and thermal conductivity, while
variations in moisture content have less of an effect.

5.2 Thermal cell
A typical thermal cell result is shown in Figure 4. The measured thermal conductivity ranges from 1.65 to 2.19 Wm−1 K−1
(Table 1).
The difference in thermal conductivity values between
the top and bottom sections was between 2 and 17%. If the
holes for the needle probe were to have a significant effect on the thermal conductivity values, the measurement
for the top section would be expected to always be higher
than for the bottom section, or vice versa. This is not the
case, and as the area of the holes was only 1.25% of the
total cross-sectional area, it can be assumed that the differences between the top and bottom sections are mainly due
to the soil’s natural variability.
Moisture contents were taken before and after the thermal cell test, and a typical distribution through a specimen
is shown in Figure 8. The moisture content at the top of the
specimen after the test was consistently higher than before
the test, as shown in Figure 9. The greatest increase in mois-
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length of the heat exchanger and any variability in the initial
undisturbed temperature condition. Nevertheless, studies of
errors in thermal response tests suggest that well conducted
tests should be accurate to within 10% [28, 30, 23]. However,
the error may be a little larger in this case as the pile is of
greater diameter than usually recommended [5].
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Fig. 8 Moisture content with depth before and after the thermal cell
test. For depth 2.00–2.45 m, top half.
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Fig. 9 Moisture content at the top of the soil specimen before and after
each thermal response test. ”Top” and ”Bottom” refer to the top half
and bottom half of the sample respectively, as the sample at each depth
was cut in half for the thermal cell tests. Refer back to the methodology
in Section 4.2.

ture content was 5.2%. This shows that over the long heating
period, moisture migration occurs in the direction of heat
flow.

5.3 Thermal response test
The TRT gave thermal conductivities of 2.5 and 2.7 Wm−1 K−1
for heating and cooling phases respectively [24]. As these
results are higher than the laboratory test results reported in
Table 1, it is worth considering the accuracy of the in situ
test. Various sources of uncertainty effect thermal response
tests, those relevant for this test will include variability in
the applied power, the larger diameter and relatively short

The measured thermal conductivity obtained using the thermal cell is consistently higher than that using the needle
probe by around 40 to 50%. This could be explained by a
number of factors. In the thermal cell calculations, the total
power is used and any losses neglected. However, in reality
some losses are likely to occur. Ideally these should be taken
into account; this is difficult to do experimentally, although
some attempts have been made [3]. There are suggestions
that heat losses could be in excess of 20% (Hemmingway,
P. 2013 pers. comm.), and if this were the case it could explain much of the variation between the thermal cell and the
needle probe. Consequently, heat losses are most likely the
greatest source of error in the thermal cell calculations.
Other factors could also be contributing to the difference
in results. The needle probe and thermal cell measure the
thermal conductivity in the radial and axial directions respectively. It could be that the soil is anisotropic, and naturally has a higher thermal conductivity in the axial direction. However, the layers in the soil sample were horizontal
i.e. perpendicular to the cylinder axis. The thermal conductivity measured parallel to layering is in general found to be
higher than that measured perpendicular to the layering [25].
If anisotropy was the reason behind the difference between
needle probe and thermal cell values, then the needle probe
would be expected to give higher values of thermal conductivity than the thermal cell. Anisotropy can be investigated
by taking larger block samples and trimming specimens to
the required sizes in both orientations. However, such large
high quality samples were not available in this investigation.
In any case, it is unlikely that anisotropy is the reason behind
these differences.
The thermal cell test follows the needle probe tests, in
which contact fluid was used to fill the holes. The contact
fluid could have potentially been aiding heat transfer in the
thermal cell test. However, this should not be the main reason for higher thermal conductivity values, as the volume of
contact fluid is comparatively small (at most only 1.25% of
the sample volume).
As previously mentioned, moisture migration occurs in
the thermal cell owing to the large temperature gradient applied. As an additional mechanism for heat transfer, this may
lead to higher measured values of thermal conductivity [14].
With the needle probe method, moisture migration should be
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insignificant as the power applied (and hence the temperature gradient) and the heating time are much smaller.
In summary, the main reasons why the measured thermal
conductivity from the thermal cell is higher than that of the
needle probe is that heat losses in the thermal cell have not
been accounted for, and that there was moisture migration
during the thermal cell test.
Both laboratory methods gave significantly lower values
of thermal conductivity than the TRT. The TRT thermal conductivity value was about twice the needle probe value, and
40% higher than the thermal cell value. One possible reason is that after the soil samples are taken, the soil no longer
experiences the same stresses as when it was in the ground;
the laboratory tests were undertaken without any confining
pressure. This could give a looser soil with diminished contact between particles [2]. Results from oedometer tests on
London Clay from these depths have previously been documented, and show the relationship between void ratio and
the natural logarithm of vertical effective stress, i.e. the slope
of the one-dimensional compression line for unloading [15].
From this, we can infer that the change in void ratio for our
samples was about 0.15. The effect this has on the thermal
conductivity can be estimated from the De Vries equations
for calculating the thermal conductivity of soils based on
their constituents [14]. The thermal conductivities used for
the clay minerals and water are 2 Wm−1 K−1 [7] and 0.6
Wm−1 K−1 [19] respectively. The value of thermal conductivity used for the air is 0.1 Wm−1 K−1 , which is an effective
thermal conductivity taking into account a contribution from
moisture migration at a temperature of 20 ◦ C [12, 14]. The
sample water content is taken to be 0.2. It is assumed that the
soil is saturated before the sampling process, after which the
void ratio increases due to air being introduced. The calculated thermal conductivity was 1.36 and 1.20 Wm−1 K−1 for
the in situ and sample soil respectively, which is a 12% decrease. This cannot entirely explain the difference between
TRT and laboratory results, but could be a contributing factor.
The process of taking samples also causes disturbance
and it has been observed that U100 type samples in over
consolidated clay will have a reduced moisture content in
the middle of the sample compared with the circumference
[16, 29]. This could mean that the needle probe is testing
drier soil (expected to have lower thermal conductivity on
average) than the thermal cell. The samples were also tested
some months after being taken from site, and despite being
contained in a metal tube and sealed with wax on both ends,
there could still have been some drying of the sample before
testing, particularly as it was observed that the wax became
brittle and pulled away from the tube edges over time.
Another issue is differences in scale. The laboratory tests
are carried out on samples that are much smaller than the
volume of soil tested in a TRT. This in itself would cause
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differences in results, as the TRT would take into account
large scale soil layering. Properties such as moisture content
and density vary with depth, so whereas a localised change
in soil property at a depth at which a sample is taken would
significantly effect the sample thermal conductivity, it would
have a much smaller effect on the TRT which mirrors the averaged property over the length of the pile. There could also
be localised laminations affecting the samples more than the
TRT. The pile is located within the units near the base of the
London Clay, which are known to exhibit greater grain size
and mineralogical variations than other parts of the formation [27].

6 Conclusions
Two test methods for thermal conductivity, the needle probe
and thermal cell, have been compared. The needle probe
takes less time to conduct and the soil is only heated slightly
and for a short period which means moisture migration is
not expected to affect the results. However, hard soil samples may require pre-drilling and back-filling with a contact fluid, which may increase the contact resistance. The
thermal cell requires very little alteration to the soil sample, but raises some accuracy issues to do with power losses.
The long heating time also means that moisture migrates towards the top of the specimen. The thermal cell gave higher
thermal conductivity values than the needle probe, which is
mainly due to the significant heat losses. As a consequence
of these errors, the needle probe is the preferred laboratory
method.
The laboratory test methods gave consistently lower values of thermal conductivity than the TRT. Possible reasons
for this are the loss in confining pressure after the sample is
taken, sample disturbance including drying during the sampling process, further drying of the sample after extraction,
and the difference in the volume of soil tested. Some of these
effects could be eliminated by only using high quality truly
undisturbed samples for laboratory testing, and this is recommended wherever possible. While overall the thermal response test appears to give a better measurement of the in
situ thermal conductivity, it is a more expensive and time
consuming approach and does include other sources of error
which need to be understood.
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