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Knowledge of soil thermal properties is essential when assessing heat transport in soils. Thermal regime of soils
is associated with many other soil processes (water evaporation and diffusion, plant transpiration, contaminants
behaviour etc.). Knowledge of thermal properties is needed when assessing effectivity of energy gathering from
soil profiles using horizontal ground heat exchangers, which is a topic of our research project. The study is
focused on measuring of thermal properties (thermal conductivity and heat capacity) of representative soils of
the Czech Republic. Measurements were performed on soil samples taken from the surface horizons of 13 rep-
resentative soil types and from 4 soil substrates, and on mulch (bark chips) sample using KD2 PRO device with
TR-1 and SH-1 sensors. The measured relationships between the thermal conductivity and volumetric soil-water
content were described by the non-linear equations and those between the volumetric heat capacity and volu-
metric soil-water content were expressed using the linear equations. The highest thermal conductivities were
measured in soils on quartz sand substrates. The lowest thermal conductivities were measured in the Stagnic
Chernozem Siltic on marlite and the Dystric Cambisol on orthogneiss. The opposite trend was observed for
maximal heat capacities, i.e. the highest values were measured in the Stagnic Chernozem Siltic and the lowest
in sand and soils on sand and sandy gravel substrate.

Keywords: heat capacity; laboratory measurements; sensor comparison; soil thermal properties; soil-water content; soil

types; thermal conductivity

Soil profiles and ground beneath soil profiles be- To use these models, the soil hydraulic and thermal

came a very popular source of energy used for building
heating. Effective energy gathering using horizontal
ground heat exchangers is controlled by a thermal
regime around (mostly above) exchangers. Heat
transport within the soil profile (e.g. heat accumu-
lation during the warm season and heat discharge
during the cold season) is coupled with water flow.
Both transport processes may be assessed experi-
mentally and mathematically. There are numerous
models applicable for simulating both processes (a.o.
Sarto et al. 2006; VOGEL et al. 2011).

properties must be known. Properties may be either
measured or estimated. Soil hydraulic properties
(i.e. soil-water retention and hydraulic conductivity
curves) may be estimated for instance from some
basic soil properties using pedotransfer functions
(WOSTEN et al. 1999) modified for Czech soils by
MIHALIKOVA et al. (2013). Soil thermal properties
(volumetric heat capacity and thermal conductivity)
may be also estimated. Soil volumetric heat capacity
is usually assumed to be a sum of volumetric heat
capacities of each soil components (mineral grains,
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organic matter, water, ice, air) multiplied by their
fractions. Tables 1 and 2 show specific densities,
specific heats, volumetric heat capacities for select-
ed soil components and selected rocks. The linear
relationship between the volumetric heat capacity
and soil-water content, C(8), is expected. Various
approaches were proposed to describe/estimate
the relationship between thermal conductivity and
soil-water content. Thermal conductivity of any
component mixture may be expressed as weighted
sum of thermal conductivities of all components
(DE VRIES 1963). Thermal conductivities of vari-
ous soil components are given in Table 3. Weights
related to soil components were summarized by
CAMPBELL et al. (1994). Thermal conductivity
increases with rising temperature (CAMPELL et al.
1994; SmiITs et al. 2013). The nonlinear relation-
ships between thermal conductivity and soil-water
content, A(0), are usually assumed (CAMPBELL 1985;
CHUNG & HORTON 1987; COTE & KONRAD 2005).
Some models, however, assume a simple linear A(0)
relationship (LoukiLI et al. 2008). Empirical pa-

rameters presented in different expressions (which
may be also evaluated via fitting experimental A(6)
data using particular expression) are usually set at
values proposed for only few soils. Estimates are
mostly based on soil texture classes and organic
matter content. Some expressions also include
average thermal conductivity of mineral grains and
thermal conductivities of organic matter content
and water. VOTRUBOVA et al. (2012) studied the
impact of different estimates of A(0) relationship
on simulated thermal regime in the soil profile.
They found that differences between the simulated
soil temperatures were small, but the surface soil
heat fluxes were substantially different.

An accurate description of heat fluxes in soil is
essential particularly for assessing efficiency of the
horizontal ground heat exchangers. Therefore the
objective of our study was to evaluate and sum-
marize thermal properties of representative soils
of the Czech Republic to provide a set of param-
eters, which may be used for simulating thermal
regime in soils not only near the heat exchangers.

Table 1. Density, specific heat, and volumetric heat capacity of common soil components at 20°C and 0.101 MPa

(VAN WIJK & DE VRIES 1963)

Soil component Density (Mg/m®)  Specific heat (kJ/kg/K) Volumetric heat capacity (M]J/m?/K)
Soil minerals (average) 2.65 0.73 1.9

Soil organic matter (average) 1.30 1.9 2.5

Water 1.00 4.18 4.18

Ice (0°C) 0.92 2.0 1.9

Air 0.0012 1.0 0.0012

Table 2. Density, specific heat, and volumetric heat capacity of selected rocks at 20°C (selected data from CLAUSER 2011)

Rock Density (Mg/m?®)  Specific heat (kJ/kg/K) Volumetric heat capacity (MJ/m?3/K)
Amphibole 3.01 0.70-1.13 2.110-3.410
Basalt 2.87 0.88-0.90 2.526-2.583
Dolomite 2.8 0.90 2.520
Clay 2.68 0.86 2.300
Gneiss 2.70 0.77-0.98 2.080-2.640
Gypsum 2.37 1.01 2.930
Granite 2.62-2.65 0.60-1.17 1.590-3.070
Limestone 2.76-2.77 0.68-0.88 1.880-2.430
Quartzite 2.64 0.73-1.01 1.930-2.670
Sandstone 2.64 0.775 2.050
Schist 2.77-2.90 0.79-1.09 2.190-3.180
Siltstone 2.68 0.91 2.449
Slate 2.77-2.78 0.74-1.11 2.060-3.080
Syenite 2.82 0.460 1.300
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Table 3. Thermal conductivities (in W/m/K) of soil
related materials (BrRisTow 2002) (T in °C)

Material Thermal conductivity
Basalt 2.2
Granite 2.0
Quartz 8.8
Clay minerals 2.9
Organic matter 0.25
Water 0.552 +2.34 x 10T - 1.1 x 107° T2
Air 0.0237 + 0.000064 T
Ice (0°C) 2.18
METHODS

Seventeen soils (13 samples from humic horizons
of various soil types and 4 substrates) occurring in
the Czech Republic (Table 4) were selected to study
the relationships between the soil thermal proper-
ties (heat capacity and thermal conductivity) and
soil water content. The same soils (11 samples from
humic horizons and 2 substrates) were previously
used to assess various pesticides adsorption in the
representative soils of the Czech Republic (KopESOVA
etal.2011a). The basic soil properties (Table 4) were
determined using standard laboratory techniques
(KoDpESOVA ef al. 2011a). Bark chips, which are used
for soil top mulching, were also tested.

The KD2 Pro device, a portable field and laboratory
thermal properties analyzer, was used to measure
thermal properties in the laboratory (Anonymous
2006). The device includes 3 sensors — KS-1, TR-1,
and SH-1. KS-1 is a single-needle sensor, which is
60 mm long and 1.3 mm in diameter. This sensor is
designed primarily for liquid samples and insulating
materials. TR-1 is also a single-needle sensor 100 mm
long and 2.4 mm in diameter. It is designed primarily
for soil, concrete, rock, and other granular or solid
materials (it should not be used to measure liquid
samples due to the large heat pulse). Both sensors
measure thermal conductivity and resistivity (in-
verse value of conductivity). SH-1 is a dual-needle
sensor (30 mm long, 1.3 mm diameter, 6 mm spac-
ing) for measuring thermal conductivity, resistivity,
heat capacity, and thermal diffusivity (ratio between
thermal conductivity and capacity). It is designed for
most solid and granular materials, but should not
be used in liquids. Both sensors applicable for soils
(TR-1 and SH-1) were used in our study.

Experiments were performed under 20°C labo-
ratory conditions. The soils, which were air-dried

and sieved through a 2-mm sieve, were packed
into plastic cylinders (volume of 423 cm?, height of
11 cm) to obtain bulk densities (p,) similar to values
measured on undisturbed 100 cm?® soil samples col-
lected in the field. Two soil columns were prepared
for each soil sample. The final average p, (g/cm?)
values are presented in Table 4. Porosity, P (%), was
calculated from the bulk density, P and soil parti-
cle density, p, (g/cm?). It should be noted that soils
were sampled when no crop was planted (except
topsoil with permanent grass cover in Mécholupy).
Root impact on thermal properties was eliminated
in all cases. In the case of all Cambisols, fraction of
soil particles larger than 2 mm was extracted. The
main reason was that both sensors (particularly
SH-1) would not be applicable in a coarser material.

Sensors (either TR-1 or SH-1) were inserted into
the packed dry soils and thermal properties were
measured. Each sensor was used and properties
were measured at least twice. Measurements were
repeated if the values from the first two measure-
ments differed. Outliers were excluded and the
average values from remaining ones were then
calculated for each soil column. Soil samples were
then gradually wetted and thermal properties meas-
urements were repeated for soils of increasing soil
water contents. Dry soils were taken out from the
cylinders and wetted with 30 cm?® of distilled water
using a sprayer, homogenized, and then packed
back into the cylinders (theoretical water content
increment of approximately 0.07 cm?/cm?®). Each
soil sample was weighted immediately after pack-
ing to determine soil water content gravimetrically
and soil thermal properties were measured. This
procedure was repeated 3 times. Then the soil
maintained in the column and the same amount
of water was added on the soil surface and the
samples were placed into the plastic bag for several
hours to let water redistribute within the soil. Af-
ter that the soil samples were weighted again and
thermal properties were measured. The procedure
was repeated until full water saturation of the soil
samples was reached. Despite that known amount
of water was applied, a gravimetric method, which
is the only direct reference method, was used to
determine volumetric soil water content. Assum-
ing specific density of water (p, ) to be 1 g/cm? soil
water content was evaluated as a ratio of mass of
water (difference between mass of wet soil and mass
of soil dried under 105°C) and a sample volume. It
should be mentioned that the lower water content
increment than theoretical was always registered
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due to water loses when spraying water on the soil
surface and/or homogenizing the soil sample. The
applied method followed the procedure for calibrating
soil water content sensors published by KoDESOVA
et al. (2011b). Mulch (bark chips) was also air dried
and then carefully disintegrated into small fragments.
To obtain its thermal properties, the same procedure
like by the soils was applied.

Analytical expressions were used to describe re-
lationships between the thermal properties and soil
water contents. Measured relationships (data points)
obtained always from two soil columns (which in all
cases closely matched each other) were fitted using a
single equation. The measured relationships between
thermal conductivity, A (ML/ T3/K), and volumetric
soil-water content, 0 (L3/L?), were described by the
non-linear equation (CHUNG & HORTON 1987)

MO) = b, + b0 + b8 (1)

where:
b, b, b, —empirical parameters (ML/T?/K)

The measured relationships between the volu-
metric heat capacity, C (M/L/ T?/K), and volumetric
soil water content, 8 (L3/L3), were expressed as-
suming that the volumetric heat capacity may be
estimated using the following equation:

C=j;Cp+fOC0+CW6=fSCS+CW6 (2)
where:
f — fractions of soil components (L3/L3)

p, 0, s, w —denoting mineral soil particles, organic mat-
ter, solid, and water, respectively

The C values presented in Table 1 are usually
used for predicting volumetric heat capacity of
soils. The following linear equation was used to
fit the measured data:

C=a+ b0 3)
where:
a=fC

s S 4
bC (4)

The volumetric heat capacity, C, (M/L/T?/K), of
solid was then calculated as follows:

___ a 5
C"(1-1)/100) ®

RESULTS AND DISCUSSION

Parameters b, b,, and b, of Eq. (1) (describing
the A(0) relationship) obtained from data measured

using sensors TR-1 and SH-1 are shown in Table 5.
According the sensor parameters (Anonymous
2006), lower accuracy of sensor TR-1 than of sensor
HS-1is expected. The measured values of thermal
conductivities were, however, mostly similar. Sensor
TR-1 consistently measured slightly higher A values
than sensor SH-1. Therefore different b,, b,, and b,
parameters were evaluated. Slightly different shapes
of the thermal conductivity curves evaluated using
both sensors are shown in Figurel. Figure 1 also
shows thermal conductivities calculated using Eq. (1)
and parameters b, b,and b, (in W/m/K) proposed
by CHUNG & HorTON (1987) for different textures:
sand b,= 0.228, b, = —2.406, b, = 4.909; silt b, =
0.243, b, = 0.393, b, = 1.534; clay b, = —0.197, b, =
-0.962, b, = 2.521. These estimates were used in
many studies (a.0. BUCHNER et al. 2008; SAKAI et al.
2011; BAUER et al. 2012; VOTRUBOVA et al. 2012).

The highest thermal conductivities were measured
on sandy soils (Arenosol Epieutric on sand and Cher-
nozem Arenic on gravely sand substrate) and sand.
This is given by quartz present in these samples (ther-
mal conductivity of quartz is approximately 3—4 times
higher than that of other soil components, Table 3).
Thermal conductivity curves differed in shape. Initial
steep increase of A values with increasing soil water
content and consequent curve relaxation was observed
for sand with the highest sand fraction and little or-
ganic matter. Initial curve slope for other two soils
decreased with decreased sand fraction and increased
organic matter content. However, in all cases similar
and considerably high values were measured for full
saturation (the soil water contents corresponded to
the highest A values in Figure 1). This may be explained
by the isolation effect of the organic matter and clay
particles for lower 0 values. The thermal conductivity
curve estimated using CHUNG and HORTON (1987)
parameters for sand noticeably differed from the curves
of both topsoils (Arenosol Epieutric and Chernozem
Arenic), which may again be associated with organic
matter and clay fractions.

Considerably lower X values were measured in
soils on loess substrates and loess. The thermal
conductivity curves moderately differed. Thermal
conductivities rose with increasing values of soil
bulk density and decreasing organic matter con-
tent. The thermal conductivity curve estimated
using parameters for silt reported by CHUNG and
HorToN (1987) was within the range of data for
all 5 samples measured using TR-1 sensor and
slightly above the range of data measured for low
soil water contents using SH-1 sensor.
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Thermal conductivities measured in all Cambisols
were similar to those measured in soils on loess. The
lowest A value was observed for Dystric Cambisol
(on orthogneiss). Higher values were obtained in
both Haplic Cambisols on paragneiss (Humpolec and

TR-1 sensor e
.

6 =0.86,\ =0.670

Thermal conductivity (W/m/K)

SH-1 sensor

25 4

0 =0.86, A = 0.602

0.5 A
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Heat capacity (MJ/m?/K)

6=0,A=0413
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Soil water content (cm®/cm?)

Tébor) and weathered paragneiss (Tédbor). Interest-
ingly, very similar data were obtained for all 3 soil
samples despite the fact that weathered paragneiss
contained a very little organic matter. Slightly higher
values were measured for the Haplic Cambisol on

— SCS-M —— HCh-1IH - - HCh-Su
— CA-VC — GP-C ---HL-H
— HC-H - HC-P — HC-]
— HC-T -- . DC-V] --. AE - Se
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Figure 1. Fitted soil thermal properties for: SCS — M (Stagnic Chernozem Siltic — Milcice), HCh — IH (Haplic
Chernozem — Ivanovice na Hané), HCh — Su (Haplic Chernozem — Suchdol), CA — VC (Chernozem Arenic —
Velké Chvalovice), GP — C (Greyic Phaeozem — Caslav), HL — H (Haplic Luvisol — Hnévéeves), HC — H (Haplic
Cambisol — Humpolec), HC — P (Haplic Cambisol — Pfedbotice), HC — J (Haplic Cambisol - Jince), HC — T (Haplic
Cambisol — Téabor), DC — V] (Dystric Cambisol — Vysoké nad Jizerou), AE — Se (Arenosol Epieutric — Semice),
Loess — Su (Suchdol), Sand — PL (Piskova Lhota), WP — T (Weathered paragneiss — Tdbor), At — M (Technosol —
topsoil — Mécholupy), As — M (Technosol — subsoil — Mécholupy), Mulch (bark chips), Clay C&H, Loam C&H,

Sand C&H (CHUNG & HORTON 1987)
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syenite and the highest values were measured on the
Haplic Cambisol on quartzite. This was probably
caused mostly by different mineral composition,
which is indicated by the soil particle density.

Very low thermal conductivities were measured
on the Stagnic Chernozem Siltic, which is associ-
ated with the mineral composition and a very high
organic matter content (indicated by soil particle
density and bulk density). Results are similar to
those in the Dystric Cambisol (on orthogneiss)
and to estimated data using CHUNG and HORTON
(1987) parameters for clay.

Results for both Technosol samples (derived
probably from slate and siltstone) were similar to
those for soils on loess. Results for mulch (bark
chips) show very low thermal conductivities, i.e.
isolative character of this material.

The results documented that real soil composition
(not only textural classes) needs to be suggested
when estimating thermal conductivities. Water in
quartz sands causes connection of highly conduc-
tive particles (i.e. initial steep increase of thermal
conductivity curve) (BRisTow 2002), which is con-
siderably less pronounced in soils containing other
components and in other soils (containing low
quartz fraction or none). Thermal conductivities of
other sandy soils were within the range of data of
remaining soils. Thus the curve expected for sandy
material cannot be used for non-quartz sands or
to describe properties of preferential flow domain
in the dual-permeability model (GERKE & VAN
GENUCHTEN 1993) (as suggested by VOTRUBOVA
et al. 2012), which from the water flow viewpoint
is assumed to have properties of coarse sands. The
general organic matter influence (i.e. deceasing
impact on A\ values) should be expected based on
the low thermal conductivity of this soil component
(Table 3). For instance a new parameterization for
grassland soils was proposed by CHEN et al. (2012).

It should be noticed that curves calculated using
Eq. (1) in some cases did not precisely follow the
measured S-shaped curves, which was indicated
by R? values (Table 5). We have found out that
the better fits of some A(8) relationships would be
obtained using a degree 3 polynomial (not shown).
However, such a function would not be applicable
to most available mathematical models and prob-
ably would not considerably increase accuracy of
the simulated soil thermal regimes.

Figure 1 and Table 5 also show heat capacity curves
(i.e. linear relationship between the volumetric heat
capacity(C), and the soil-water content (8), meas-

148

ured using the sensor SH-1), resulting parameters
a and b Eq. (3), and C| values Eq. (5). Lines differ
depending on soil composition (variable fractions
of minerals and organic matter), which is according
Eq. (2) included in a parameter, and water content.
Resulting C, values (calculated from a parameters)
in many cases correspond to average value of volu-
metric heat capacity of soil minerals proposed by
VAN W1jK and DE VRIES (1963) (Table 1). However,
in many cases considerably greater values were ob-
tained, which is probably associated with soil sub-
strates (quartzite, gneiss, slate) of higher volumetric
heat capacities (Table 2). (A very little impact of
organic matter is expected due to small fractions
of organic matter in the studied soil samples.) Thus
it is apparent that particular mineral composition
should be assumed as well when assessing soil heat
capacity. It is also evident that the line slope is vari-
able as well. The b parameter should be actually
equal to volumetric heat capacity of water, which is
4.18 MJ/m3/K (Table 1) (VAN WiJK & DE VRIES
1963). In our case the b parameter is mostly higher.
It should be noted that volumetric heat capacity
of water increases with temperature, but in our
case temperature should not play any role since
the experiments were performed at 20°C. In gen-
eral, slightly higher (due to higher b = C, value) or
moderately higher (due to higher C_ and b values)
C values were measured than would be estimated
using Eq. (2) and data in Table 1. The opposite
trend (in comparison to thermal conductivities) was
observed for maximal heat capacities. The highest
Cvalues were measured in the Stagnic Chernozem
Siltic and the lowest C values in sand and soils on
sand and sandy gravel substrates, which is associated
with the amount of water stored in the soil sample.

It should be mentioned that parameters of soil
thermal properties may be also estimated from
soil temperatures monitored under laboratory or
field conditions via parameters optimization us-
ing a proper numerical model for simulating heat
transport coupled with water flow (a.0o. HYDRUS
models by SIMUNEK et al. 2008) (MORTENSEN et
al. 2006; SAITO et al. 2007) or other mathematical
techniques (BATENTI et al. 2012).

CONCLUSION

Thermal properties of a set of representative soils
of the Czech Republic were measured. The high-
est thermal conductivities were measured in soils
on quartz sand substrates (which was a result ofa
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considerably higher thermal conductivity of quartz
than of other soil components). Thermal conduc-
tivity curve estimated using CHUNG and HORTON
(1987) parameters for sand noticeably differed from
curves of topsoils on quartz sand substrates. The
lowest thermal conductivities were measured in the
Stagnic Chernozem Siltic on marlite and Dystric
Cambisol on orthogneiss. The results were similar
to estimated data using CHUNG and HorRTON (1987)
parameters for clay. Thermal conductivities of other
soils oscillated near values estimated using CHUNG
and HorTON (1987) parameters for silt.

An opposite trend was observed for maximal heat
capacities, i.e. the highest C values were measured
in the Stagnic Chernozem Siltic and the lowest in
sand and soils on sand and sandy gravel substrate,
which was caused by considerably different water
saturation of the soils. In many cases, moderately
higher C values were measured than would be esti-
mated using the average values of volumetric heat
capacities of soil components proposed by van
WK and DE VRIES (1963).

The presented dataset will be further used for
assessing heat exchangers efficiency in various soils
of the Czech Republic. While soils of higher ther-
mal conductivities ensure faster soil temperature
recovery near heat exchangers, soils of higher heat
capacities provide a larger heat storage. The future
goal is regional characterization of soil and climate
suitability for effective utilization of heat exchang-
ers and their design under particular conditions.
Presented data may be also used for evaluating soil
thermal regimes associated with other soil processes.
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