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ABSTRACT 
 

 

The models for predicting thermal conductivity of soils are usually sensitive to the chosen value
of the soil solid conductivity λs. Existing approaches of estimating λs, in some cases, may lead to
significant biases in predictions of overall thermal conductivities. It is postulated in the paper
that the value of λs can be estimated using the information on the microstructural, intrinsic soil
property, namely the specific surface area (SSA). The new model is validated against thirty-four
laboratory measurements of thermal conductivity performed on silt and clay soils. For validation
purposes five widely known models, predicting overall soil thermal conductivity, are used. The
analyses are performed with the use of four different values of solid thermal conductivity. The
best agreement between predicted and measured conductivities is obtained when the new model
is incorporated into the Johansen’s method, i.e. root mean square error (RMSE) and bias are
0.172 Wm-1K-1 and -0.040 Wm-1K-1, respectively. 
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a heating source, is most widely used (see Nicolas et
al., 1993; Hanson et al., 2000; Różański and Sobótka,
2013; Łydżba et al., 2014a). 

Thermal conductivity of soils (among other
factors) strongly depends on mineral composition,
texture, dry density ρd, moisture content θ, porosity n,
etc. Hence, much effort has been made to develop
models incorporating these soil parameters which can
be evaluated from laboratory investigations (Mickley,
1951; Gemant, 1952; Woodside and Messmer, 1961;
De Vries, 1963; Johansen, 1975; Campbell, 1985;
Coté and Konrád, 2005; Lu et al., 2007; Lu et al.,
2014). The majority of these empirical or semi-
theoretical relations need the soil solid thermal
conductivity (λs) as an input parameter. On the other
hand, a proper evaluation of λs requires cumbersome
and time consuming laboratory measurements which
are in contradiction with a quick prediction of the
thermal conductivity. In practice, the conductivity of
solids can be directly assumed to be a constant value
(Farouki, 1981), it can be predicted from the quartz
content of the total solids content (Johansen, 1975) or
it can be estimated on the basis of the percent of clay
in the soil solids (Gemant, 1952). However, as it is
shown further in the paper, all existing models are
sensitive to the chosen value of λs. Therefore, a proper
estimation of solid conductivity λs is required to obtain
a good prediction of the overall soil conductivity. The
objective of this study is to formulate a simple model,

1. INTRODUCTION 

Heat transfer in solids is commonly described as
the conductive flow. In some cases other mechanisms
like convection or radiation also may contribute to the
overall transfer. This is particularly common in fluids
or gases, while in the case of soils, the conductive
mechanism overwhelmingly controls (Johansen,
1975). The main parameters affecting the transfer of
energy through a soil are the thermal conductivity and
the specific heat (Farouki, 1981). The thermal
conductivity of a soil λ (being an interest of this work)
can be defined as the amount of heat which is passing
through a unit cross sectional area of a medium in
a unit time due to a unit temperature gradient applied
in the direction of this heat flow. This particular soil
parameter can be determined either by in
situ/laboratory measurements or by making use of
existing empirical/semi-theoretical models. 

In general, the methods for measuring thermal
conductivity of soils can be classified into two
categories, i.e. steady-state and transient heat transfer
methods (Mohsenin, 1980). The steady state methods
require a long time to complete the measurement. This
is triggered by the fact that a soil portion under study
should be in a steady state when the investigation is
made. Transient methods usually require much less
time and, in addition, are more versatile and easily
performed (De Vries and Peck, 1958). Recently, the
line source method, using a steel needle probe as

Cite this article as: Różański A, Stefaniuk D: On the prediction of the thermal conductivity of saturated clayey soils:  Effect of the specific
surface area. Acta Geodyn. Geomater., 13, No. 4 (184), 339–349, 2016. DOI: 10.13168/AGG.2016.0016 
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that can be used for determination of λs, as a function
of the specific surface area (SSA) which is a measure
directly related to the clay fraction content, clayey
mineral type as well as to the organic matter content.
Furthermore, SSA is an intrinsic microstructure
property which depends on both size and shape of soil
particle, and various overall soil properties, used in
engineering practice, are strongly affected by the
magnitude of the specific surface area (e.g. Dolinar et
al., 2007; Yukselen-Aksoy and Kaya, 2010; Koszela-
Marek, 2014). The new model is validated against
laboratory measurements of thermal conductivity of
thirty-four saturated soils. For validation purposes five
widely known models, predicting overall soil thermal
conductivity, are used. 

 
2. MATERIALS AND LABORATORY 

MEASUREMENTS 

Thirty-four soils from three different mining
regions of south-western Poland (Lower Silesia
region) were used in the study. The soils were
extracted from the depth ranging from approximately
77 m to 320 m below the ground level. The degree of
saturation Sr, of all investigated soils, was estimated to
be in the range from 0.95 to 1. It is, therefore,
assumed that the soils were fully saturated, i.e. θ=θsat.
The soils were characterized as silt-clay or clay. The
sample notations as well as basic characteristics - the
contents of clay (Cl), silt (Si) and sand (Sa); specific
surface area (SSA); dry bulk density (ρd); soil particle
density (ρs); moisture content (θ); porosity (n) - are
listed in Table 1. The water content, bulk and particle
densities and soil particle size distribution were
determined according to the guidelines of CEN
ISO/TS 17892 standard (2004). In particular, the
particle size distribution was evaluated using the
aerometric and sedimentation methods. The specific
surface area was measured by making use of the
methylene blue adsorption method (e.g. Koszela-
Marek, 2014). These measurements have been
performed by extended team and the results have been
archived in following reports: SPR 1 (2013), SPR 2
(2013) and SPR 1 (2014). For the purposes of this
paper only a small part of all results (saturated clayey
soils with negligible content of organic matter) was
chosen. 

The thermal conductivities were measured on
intact soil cores by the needle probe test (at ambient
temperature, approximately 20 °C) with the use of
KD2 Pro meter with TR-1 sensor (KD2 Pro
Operator’s Manual, 2011). Before the measurement
was conducted, first, the soil cores of length
approximately 50 cm and of radius equal to 7.5 cm
had been divided into three specimens (say I, II and
III) of equal length, roughly 16 cm. Then, each
specimen was measured three times; the TR-1 sensor
(of length 10 cm) was pressed by hand and embedded
parallel to the longer side of the specimen, one by one
with required time shift, in three (say 1, 2, 3) different
locations (see Fig. 1). Final result, overall thermal

Fig. 1 Graphical illustration of the measurement
procedure of thermal conductivity. 

conductivity for a given soil core, was evaluated as
a mean value from all performed measurements (three
different locations for each specimen). The results are
summarized in the last column of Table 1. It should be
noted, that in the case of highly compacted soils, the
sensor insertion was followed by the pilot hole bored
by the drill of the diameter nearly equal to the
diameter of the sensor. In this case, thermal grease
was applied to reduce contact resistance errors with
pre-drilled holes. 

During each test a steel needle probe is heated
for a time period th=150 seconds (a half of the total
measurement time). The temperature changes, for
heating and cooling phases, are recorded and these
data are fit to the following equations (in the majority
of our measurements the range of temperatures was
20 °C ± 1.5 °C): 

 

0 1 3 ln ,T m m t m t= + +
                                              

(1)
 

for heating, and: 
 

1 2 3 ln ,
h

t
T m m t m

t t

 
= + +  −                                      

(2)

 

for cooling phase (KD2 Pro Operator’s Manual 2011).
In the equations above T is the temperature, t is the
time, m0 and m1 is the ambient temperature for heating
and cooling phase, respectively, m2 is the rate of
background temperature drift and m3 is the slope of a
line that relates temperature increase to ln t . Since (1)
and (2) are log time approximations (KD2 Pro
Operator’s Manual 2011, Łydżba et al. 2014a) the
early time data are ignored, i.e. only the final 2/3 of
the data collected (during heating and cooling) are
used for fitting. Finally, the thermal conductivities are
evaluated using the relation:  
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where Q denotes the applied heat input rate. It should



ON THE PREDICTION OF THE THERMAL CONDUCTIVITY OF SATURATED CLAYEY … 
. 
 

 

341

 

 

Table 1 Notations, basic characteristics and thermal conductivities of soils (Report SPR 1 2013, Report SPR 2
2013 and Report SPR 1 2014). 

a specific type of soil being under particular
conditions, e.g. saturation level, texture and frozen or
unfrozen state. A brief summary of existing models
(used within this study) recognized by Farouli (1981)
as the best models to apply to saturated, unfrozen fine
soils will be presented below. Thermal conductivities
are expressed in metric units, i.e. Wm-1K-1, while the
porosity n is dimensionless. 

 
3.1.1.  MICKLEY’S METHOD 

Mickley considered the unit cube of soil as the
volume composed of subdomains (columns) being
a solid, water and air (Mickley, 1951). For the given
direction of heat flow the contributions of each
subdomain are added and the thermal conductivity

be emphasized that after each measurement the fitting
quality was assessed by the relative error (err), which
is a measure of how well the model (Eqs. (1) and (2))
fits the recorded data. According to the user’s manual
(KD2 Pro Operator’s Manual, 2011) a good data set
gives err values below 0.01. If the err value is larger
than 0.01 the data has to be discarded and another
reading is taken. 
 
3. EXISTING MODELS 

3.1. THERMAL CONDUCTIVITY OF SOIL 

As mentioned in the Introduction, there exists
a large number of soil thermal conductivity prediction
methods. The majority of these models have some
limits – in other words, their usefulness is limited to

Sample Cl Si Sa SSA ρd ρs  θ=θsat n 1TR
measuredλ −  

 % % % m2/g g/cm3    g/cm3 % - Wm-1K-1 
S_01 36 58 6 93.0 1.66 2.61 21.9 0.364 1.897 
S_02 43 45 12 101.7 1.97 2.58 11.9 0.235 2.505 
S_03 39 49 12 127.3 1.88 2.65 15.6 0.292 1.904 
S_04 54 46 0 148.5 1.61 2.56 22.9 0.370 1.642 
S_05 36 58 6 103.9 1.52 2.63 27.9 0.423 1.494 
S_06 70 24 6 90.7 1.62 2.61 23.4 0.379 1.780 
S_07 58 37 5 102.3 1.73 2.67 20.3 0.351 1.943 
S_08 41 57 2 88.5 1.80 2.62 17.4 0.313 2.230 
S_09 46 50 4 121.9 1.97 2.68 13.4 0.264 2.103 
S_10 7 92 1 59.6 1.51 2.63 28.2 0.426 1.960 
S_11 41 32 27 57.0 1.75 2.63 19.2 0.335 2.325 
S_12 58 37 5 129.3 1.51 2.60 27.6 0.418 1.721 
S_13 36 28 36 90.4 1.93 2.63 13.9 0.268 2.611 
S_14 54 42 4 132.6 1.94 2.65 13.8 0.267 2.098 
S_15 42 57 1 84.1 1.32 2.61 37.5 0.495 1.425 
S_16 60 33 7 102.3 1.68 2.61 21.1 0.355 2.147 
S_17 39 40 21 64.9 1.85 2.60 15.5 0.287 2.553 
S_18 47 48 5 148.1 1.25 2.24 35.2 0.441 1.439 
S_19 67 32 1 171.7 1.67 2.64 21.9 0.366 1.426 
S_20 44 52 4 109.0 1.84 2.63 16.3 0.300 2.004 
S_21 31 69 0 119.0 1.53 2.63 27.2 0.417 1.916 
S_22 35 65 0 63.2 1.58 2.42 22.0 0.347 1.871 
S_23 30 63 7 95.2 1.86 2.65 16.1 0.299 2.042 
S_24 31 65 4 78.8 1.74 2.59 18.8 0.328 1.779 
S_25 66 33 1 147.1 1.59 2.61 24.6 0.391 1.511 
S_26 64 35 1 146.0 1.58 2.67 25.7 0.406 1.404 
S_27 46 54 1 86.8 1.72 2.63 20.1 0.345 1.817 
S_28 32 67 1 118.3 1.67 2.63 21.9 0.365 2.083 
S_29 58 28 15 159.7 1.67 2.65 22.3 0.372 1.505 
S_30 24 75 1 73.2 1.67 2.68 22.5 0.376 1.895 
S_31 40 59 1 112.4 1.64 2.63 23.1 0.378 1.603 
S_32 13 87 0 55.8 1.63 2.62 23.0 0.376 2.190 
S_33 31 69 0 90.4 1.77 2.62 18.2 0.323 1.926 
S_34 71 24 5 76.9 1.82 2.64 17.0 0.310 2.136 
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(with the assumption of full saturation, Sr=1) is given by the following equation: 
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(4)

 
where λw is the thermal conductivity of water and the length of the column l [-] (dimensionless) can be
calculated, using the information on soil porosity n, i.e.:  

 
2 33 2 .l l n− =                                                                                                                                                            (5)

 
3.1.2.  GEMANT’S METHOD 

Gemant considered the moist soil with the contact between soil particles as the point one (Gemant, 1952).
The water was assumed to collect around these contact points forming a thermal bridge. Gemant’s approach
yields the following correlation:  
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where 

4.869    [-],da ρ=
                                                                                                                                                  

(7)
3

09.988 10    [-],dh hρ θ−= ⋅ −                                                                                                                                    
(8)

( ) ( )2 3 1 3
1 2    [-],z a a h= −

                                                                                                                                   
(9)

( ) ( )2 3 2 32 1 2    [-],b a a h= −                                                                                                                              
(10)

 
In the equations above, ρd is soil dry density [g/cm3], θ is moisture content [%], h represents the apex water

(water collected around the contact points), h0 [-] is a water adsorbed as a film around the soil particles. Adsorbed
water h0 is a function of temperature and should be recorded from the appropriate diagram. For the value of
temperature 20°C, it is found that h0=0.01. The values of the function f{b2/a} have to be estimated using another
diagram provided by Gemant (1952). For the purpose of this work, as well as for better efficiency of this method,
it is found - by fitting the data from (Gemant 1952) - that this function can be approximated using the expression
below: 
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2
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+                                                                                                                  (11)
 
3.1.3. W-M METHOD 

Woodside and Messmer approach, which is based on the well-known three resistor model (originally
formulated for the electrical conductivity), leads to the following correlation (Woodside and Messmer, 1961):  

 

( ) ( ) ( ) ( )
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3.1.4.  DE VRIES’ METHOD 

Within the De Vries model, saturated soil is treated as a two-phase material composed of ellipsoidal soil
particles embedded in continuous medium of water. This prediction is given as (De Vries, 1963):  
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where F is the factor expressed by following relation:  
 

1

1
1 1    [-],      , ,

3
s

i
i w

F g i a b c
λ
λ

−
  

= + − =  
   


                                                                                                       

(14)



ON THE PREDICTION OF THE THERMAL CONDUCTIVITY OF SATURATED CLAYEY … 
. 
 

 

343

 
 

1998). However, it is obvious that in a case of fine
soils (being the study of the paper), i.e. when the
content of sand fraction is, in general, very low, the
geometric mean does not deviate from constant value
3.0 Wm-1K-1 (being the conductivity of other
minerals) by more than a few percent. 

Gemant (1952) suggested that thermal
conductivity of soil solid can be estimated using the
information on the percent of clay in the soil solids Cl:

 

( )5.84 0.033 .s Clλ = −
                                           

(19)
 

The above equation can lead to underestimation
or overestimation of solid conductivity. At one
extreme case, i.e. when there is no clay, Farouki
(1981) pointed out that Eq. (19) gives 5.84 Wm-1K-1

which is too low for quartz sand by about 25 %. On
the contrary, in the case of 100% of clay, Eq. (19)
gives 2.54 Wm-1K-1 – this value is greater than the
minimum one suggested by Farouki (1981) for silt-
clay soils, namely 2.0 Wm-1K-1. 

 
4. THE NEW APPROACH TO EVALUATE THE 

SOLID CONDUCTIVITY 

Soil mineral composition is an important factor
affecting thermal conductivity of the soil solid due to
the substantial diversity of thermal conductivity of
particular minerals being its constituents (Farouki,
1981). For instance, the thermal conductivity of quartz
minerals is approximately 2-3 times higher than the
clay ones, e.g. 7.7 Wm-1K-1 for quartz (Clauser and
Huenges, 1995) or 2.9 Wm-1K-1 for clay minerals
(Bristow, 2002). Furthermore, the thermal conducti-
vities of an organic matter (0.25 Wm-1K-1) and soil
minerals differ by one order of magnitude. Hence, the
recognition of soil mineral composition plays a vital
role in proper evaluation of solid conductivity. In
other words, if the mineral composition of soil is well
recognized and, in addition, thermal conductivities of
particular minerals are given, the conductivity of soil
solid can be quite accurately estimated.  

In practice, however, the investigation of soil
mineral fabric is not commonly conducted. Therefore,
there is a need for searching such measures that can
directly exhibit the mineral composition of soil solid.
It was, in some sense, the idea of Gemant (Eq. (19))
who assumed that as the content of clay fraction is
increasing – and as a consequence, the contribution of
clay minerals in the solid is also increasing – the
conductivity of soil solid should decrease. As
mentioned earlier, this approach has some
disadvantages at extreme values of clay content. 

Hence, for the purpose of solid thermal
conductivity estimation, it is proposed to use another
microstructural measure, namely the specific surface
area (SSA), which is directly related to the clay
fraction content, clayey mineral type as well as to the
organic part content. The SSA of soil material can
variously be defined (Hillel, 1998) but a reasonable
definition is that SSA is the total surface area of

In the equation above the g values, which were
originally intended to be shape factors, are used rather
as parameters to fit empirical data. Note that the g
values sum to unity, i.e. g a+g b+g c=1. 

 
3.1.5.  JOHANSEN’S METHOD 

Johansen expressed the thermal conductivity of
an unsaturated soil as a function of both thermal
conductivity at saturated state (λsat) and the one at dry
state (λdry) (Johansen, 1975). The concept of
normalized thermal conductivity Ke (called Kersten’s
number) was introduced:  

 

( ) ( )    [-].e dry sat dryK λ λ λ λ= − −
                            

(15)

 
A semi-empirical relation, based on the dry

density, was formulated to estimate λdry, while the
thermal conductivity at saturated state λsat was
proposed to be estimated using the geometric mean,
“average” of the parallel and series thermal
conductivities, i.e.:  

 

( )1 .nn
sat w sλ λ λ −=

                                                        
(16)

 
Kersten’s number (Ke), for fine textured soils,

was related to the degree of saturation Sr by the
following formula:  

 

log 1.0   [-].e rK S= +                                              
(17)

 
Therefore, it is evident that in the case of fully

saturated soils (Sr=1), Kersten’s number is also taking
the value of 1, and using Eqs. (15) and (16), we obtain
the formula for the thermal conductivity at saturation,

i.e. ( )1 nn
sat w sλ λ λ λ −= = . 

 
3.2. THERMAL CONDUCTIVITY OF SOIL SOLID 

Each correlation, briefly described above, needs
the value of the thermal conductivity of soil solid λs as
an input parameter. In the literature, different
approaches for evaluation of λs are proposed. Farouki
(1981), considering results of different researchers,
pointed out that thermal conductivity of soil solid, in
the case of silt-clay soils, can be directly assumed as
λs=2.0-3.0 Wm-1K-1. 

Johansen (1975) determined solid conductivity
using the geometric mean equation from the quartz
content q as a fraction of the total solids content and
thermal conductivities of quartz λq (7.7 Wm-1K-1) and
other minerals λo (2.0 Wm-1K-1 for soils with q>0.2,
and 3.0 Wm-1K-1 for q≤0.2), i.e.: 

 

( )1 .qq
s q oλ λ λ −=

                                                        
(18) 

 

The estimation of solid conductivity using Eq.
(18) requires, therefore, the measurement of quartz
content. This test is not commonly performed. In
practice, it is often assumed that quartz content q is
equal to the content of sand (Peters-Lidard et al.,
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observed in the second graph (Fig. 3b) where
measured thermal conductivity is plotted against the
specific surface area. Thus, due to the fact that SSA (as
well as volume fraction of clay particles) is a micro-
structural property and the overall soil conductivity
depends on its value, it is postulated that it is the solid
conductivity λs that is affected by the SSA (similarly as
in the case of the proposition of Gemant (1952) where
solid conductivity is a function of Cl). It has also been
found in the paper of Łydżba et al. (2014b) where
micromechanical approaches, namely Mori-Tanaka
and Self-Consistent schemes are used to simulate the
microstructure of clays. 

Since high values of SSA exhibit large
contribution of clay minerals in the solid, and bearing
in mind the relative difference in conductivities of
quartz and clay minerals, it is evident that the value
of solid conductivity λs is a decreasing function of
specific surface area. The relation between λs and the
SSA is postulated to be characterized by the modified
power function: 

 

1 2 3 ,SSA
s a a aλ = ⋅ +                                                    

(22)
 

where a1, a2, a3 are the parameters to be fit. Note that
the choice of the above function is not arbitrary since
Eq. (22) should hold the following conditions. As the
SSA value tends to zero (no content of clay minerals)
the conductivity should be close to that of quartz sand
(the value of pure quartz mineral, 7.7 Wm-1K-1, is
prescribed). On the other hand, for the large value of
SSA, e.g. 800 m2/g (such extreme value of SSA is
reported for the minerals of the smectite group, e.g.
montmorillonite (Mitchell and Soga, 2005; Koszela-
Marek, 2014) the minimum value of solid
conductivity, found in the literature (Farouki, 1981),
namely 2.0 Wm-1K-1 is assumed. Furthermore, as
mentioned  earlier,  the  typical  range  of  SSA for
clay  soils  is 100 to 200 m2/g (the average value is
150 m2/g). Thus, taking this into account a third
condition is defined: we assign the value of
conductivity 3.0 Wm-1K-1 (which is typical for silt-
clay soils) to the value of SSA equal to 150 m2/g.
Using the above conditions, a set of points, (SSA, λs),

particles per unit mass, expressed in terms of square
meters per gram. Specific surface area is an intrinsic
microstructure property which depends on both size
and shape of soil particle. It is evident that flattened or
elongated particles exhibit greater surface per unit
mass or volume than spherical particles do. Although
the clay minerals have small sizes, their shape is – in
general – platy (Fig. 2) and therefore they mainly
contribute to the overall value of SSA. For example,
the SSA of sand may be no more than 1-2 m2/g, while
that of clay may be at least 100 times higher (Hillel,
1998; Mitchell and Soga, 2005). In that sense, SSA
appears to be a measure which reveals the mineral
composition of soil solid. 

According to the proposition of Gemant
(Eq. (19)), the solid conductivity is decreasing as the
content of clay fraction is increasing. As a con-
sequence, the overall thermal conductivity of soil is
also expected to be a decreasing function of Cl.
Measured thermal conductivities, for all investigated
soils, are plotted in Figure 3a against the clay content.
The line of trend visualizes the decreasing thermal
conductivity as Cl increases. The same behaviour is

Fig. 2 Microstructure of the chosen clay soil
specimen (S_12) under SEM. 

Fig. 3 Measured soil thermal conductivities vs.: (a) content of the clay fraction Cl, (b) specific surface area
SSA. 
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Fig. 4 The postulated dependence of solid thermal conductivity on soil specific
surface area (fitting function – Eq. (22)); enlargement of the plot in the
range of SSA for which the model is validated. 

 

Fig. 5 Solid conductivities predicted by the new model (Eq. (22)) vs.: (a) geometric mean prediction (Eq. (18)),
(b) estimation based on the Gemant’s approach (Eq. (19)). 

geometric mean (Eq. (18)) and Gemant’s method
(Eq. (19)), respectively. Furthermore, for ease of
comparison, 1:1 line is also provided.  

It can be noticed that the results of solid
conductivity obtained with the use of the new model
are, in  general, greater  than  the  ones  resulting
from the geometric mean. Moreover, as it was
expected, the geometric mean estimation, due to the
low content of sand fraction, is close to the constant
value 3.0 Wm-1K-1, for all considered soils. The new
model gives slightly lower values of solid
conductivity, when compared to the Gemant’s
approach (only five of thirty-four results are above 1:1
line). 

 
5.2. THERMAL CONDUCTIVITY OF SATURATED 

SOIL 

All models described in Section 3.1 were used to
predict the overall soil conductivities. The results
were obtained using four different values of solid

i.e. {(0, 7.7);(150, 3.0);(800, 2.0)} creates the data
which is used for fitting Eq. (22). The least square
method is used and the following values of parameters
a1, a2 and a3 are found: a1= 5.7, a2=0.988, a3= 2.0.
The data as well as the fitting function (Eq. (22)) is
presented in Figure 4. It has to be emphasized that the
proposed model, Eq. (22), is verified for all thirty-four
soils, for which the range of SSA is: 55.8 – 171.7 m2/g
(see Table 1). The range, in which the model is tested,
is also indicated in Figure 4 by the continuous line and
filled area under the curve. 
 
5. RESULTS AND DISCUSSION 

5.1. THERMAL CONDUCTIVITY OF SOIL SOLID 

The new model – Eq. (22) - was used to predict
the solid conductivities of all investigated soils. The
solid conductivity, estimated by the new model, is in
the range from 2.72 to 4.91 Wm-1K-1. In Figures 5a
and 5b estimations of the new model are plotted
against the conductivities obtained with the use of
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Table 2 Root mean square error (RMSE) of the Mickley model, Gemant model, W-M model, De Vries model
and Johansen model corresponding to four different values of solid conductivity λs. 

Method RMSE  [Wm-1K-1] 

 
λs = 3.0  

Wm-1K-1 λs − Eq. (18) λs − Eq. (19) λs − New model 

Mickley 0.296 0.290 0.435 0.217 
Gemant 0.504 0.483 0.218 0.258 

W-M 0.243 0.267 0.619 0.368 
De Vries 0.275 0.274 0.401 0.207 
Johansen 0.317 0.308 0.332 0.172 

Table 3 Bias of the Mickley model, Gemant model, W-M model, De Vries model and Johansen model
corresponding to four different values of solid conductivity λs. 

Method Bias  [Wm-1K-1] 

 
λs = 3.0  

Wm-1K-1 λs − Eq. (18) λs − Eq. (19) λs − New model 

Mickley 0.176 0.135 -0.378 -0.128 
Gemant 0.441 0.407  0.006  0.200 
W-M 0.005      -0.039 -0.580 -0.319 

De Vries 0.141 0.103 -0.344 -0.131 
Johansen 0.215 0.179 -0.261 -0.040 

Table 4 The slope of the trend line of the Mickley model, Gemant model, W-M model, De Vries model and
Johansen model corresponding to four different values of solid conductivity λs. 

Method Slope  [-] 

 
λs = 3.0  

Wm-1K-1 λs − Eq. (18) λs − Eq. (19) λs − New model 

Mickley 0.328 0.329 0.679 0.874 
Gemant 0.358 0.362 0.657 0.798 
W-M 0.301 0.298 0.640 0.865 

De Vries 0.342 0.345 0.676 0.841 
Johansen 0.357 0.362 0.707 0.855 

(Eq. (23)) and the bias (Eq. (24)) were calculated for
all considered cases (four different values of λs) and
they are listed in Tables 2 and 3, respectively. The
results are also graphically presented in Figure 6,
where predicted thermal conductivities are plotted
against the measured ones. For better visualization of
results the linear trend as well as 1:1 line is also
displayed. In addition, the values of the slope of the
trend line are provided in Table 4 (note that as this
value is equal to 1, the trend and 1:1 lines possesses
the same slope). For clarity of presentation, in
Figure 6 the results corresponding to the constant
value of solid conductivity (λs=3.0 Wm-1K-1) are not
displayed – this is due to fact that these results almost
coincide with the ones obtained using the geometric
mean (Eq. (18)). 

Performed analyses confirmed that the proper
estimation of overall thermal conductivity is strongly
dependent on the appropriate value of the solid
conductivity that is used, as an input parameter, within

conductivities, i.e. constant value according to
suggestion of Farouki (1981), namely λs=3.0 Wm-1K-1,
the one estimated as the geometric mean (Eq. (18)),
the one determined with the use of Gemant’s approach
(Eq. (19)) and the value of conductivity resulting from
the new model (Eq. (22)). The conductivity of water
phase was assumed as λw=0.585 Wm-1K-1. Predicted
conductivities were compared with the laboratory
results using the root mean square error (RMSE):  

 

( )21

RMSE ,
TR
measured predicted

m

λ λ− −
= 

                       
(23)

and the bias:  

( )1

bias ,
TR
measured predicted

m

λ λ− −
= 

                                
(24)

 

where 1TR
measuredλ −  and predictedλ  represent measured and

predicted values of thermal conductivity, respectively,
and m is the number of measurements. The RMSE
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Fig. 6 Comparison of predicted soil thermal conductivity (λ) values from (a) Mickley model,
(b) Gemant model, (c) W-M model, (d) De Vries model, and (e) Johansen model
obtained with three different values of solid conductivity vs. measured data. 

In general, the predicted thermal conductivities
rather underestimate the measured ones when the
calculations are performed with solid conductivity
estimated as the geometric mean (Eq. (18)) and
overestimate them when λs, evaluated by Gemant’s
expression (Eq. (19)), is used. The results obtained
with the solid conductivity as a constant value or with
λs as the geometric mean almost coincide.

the particular model, e.g. the W-M model gives
a relatively good prediction (low value of
RMSE=0.243 Wm-1K-1 and bias=-0.005 Wm-1K-1) in
the  case of the constant value of λs=3.0 Wm-1K-1

while it becomes the worst prediction when the λs

determined  according  to Eq. (19) is used - the
greatest values of RMSE=0.619 Wm-1K-1 and
bias= 0.580 Wm-1K-1. 
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showed that using either one constant value of solid
conductivity λs=3.0 Wm-1K-1 (as suggested by Farouki
(1981)), estimating it as the geometric mean (Eq. (18))
or evaluating on the basis of clay content (Gemant’s
approach – Eq. (19)) may lead to significant biases in
predictions of overall thermal conductivities. 

It is obvious that soil solid conductivity is
affected by its mineral composition due to the
substantial diversity of thermal conductivity of
particular minerals being its constituents and therefore
the appropriate recognition of soil mineral
composition plays a vital role in proper evaluation of
solid conductivity. It was postulated, in the paper, that
this can be performed, indirectly, by the investigation
of soil specific surface area, i.e. as the value of SSA is
increasing, the contribution of clay minerals (in soil
solid) is also increasing, and as a consequence the
thermal conductivity of solid should decrease. The
relation between  sλ   and the  SSA  was  postulated to

be  characterized  by the modified power function –
Eq. (22). The new model was validated against
laboratory data, i.e. thirty-four soil samples (range of
SSA: 55.8 – 171.7 m2/g) were used. The predictions of
overall thermal conductivity were obtained using five
widely known correlations, namely: Mickley model,
Gemant model, W-M model, De Vries model and
Johansen model. The best prediction was obtained
when the new model was incorporated into the
Johansen’s expression and therefore this correlation is
suggested to be used when the thermal conductivity of
saturated clayey soils is estimated.  
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