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Abstract
In an attempt to further simplify and to refine the modeling of soil thermal conduc-
tivity (λ), two novel weighted average models (WAMs) were developed in which soil 
solids represent the continuous phase. In the first model,  WAMs-1, the continuous 
phase consists of two distinctive minerals groups (quartz and compounded remain-
ing soil minerals), while air and water are treated as dispersed components. In the 
second model,  WAMs-2, all soil minerals are compounded and considered the con-
tinuous phase, while air and water are dispersed components. In contrast to de Vries’ 
original WAM with two continuous phases (soil air or soil water), the proposed 
models are very simple due to the following assumptions: using soil solids as a sin-
gle continuous medium lead to eliminating the discontinuity of thermal conductivity 
when switching between soil air and soil water as continuous medium, and using 
the thermal conductivity of dry air simplifies a complex expression for an apparent 
thermal conductivity of humid soil air. Both models were successfully calibrated 
and validated using 39 Canadian Field Soil database and 3 Standard Sands and were 
successfully applied to 10 Chinese soils.

Keywords Canadian soils · Chinese soils · Modeling · Soil solids as continuous 
phase · Standard sands · Thermal conductivity
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M  Number of model fitted coefficients
n  Porosity
N  Number of measurements
Sr  Degree of saturation
T  Temperature [°C] or [K]

Greek
θ  Volumetric fraction (quartz, other minerals, water, air)
Θ  Volumetric content applied to soil solids (quartz, other minerals)
κ  Soil component weighting factor
λ  Thermal conductivity [W⋅m−1⋅K−1]
ρ  Density [kg·m−3]

Subscripts
a  Air
a-app  Humid soil air
cal  Calcite
cl  Clay
cr  Critical
dol  Dolomite
dry  Dryness
ECM  Electrical conductivity model
est  Estimated
exp  Experimental
i  Generic component
o-min  Other minerals (except quartz)
qtz  Quartz
s  Soil solids
sa  Sand
sat  Saturation
si  Silt
v  Water vapor
w  Water

Abbreviations
AB  Alberta soil
BC  British Columbia soil
MN  Manitoba soil
NB  New Brunswick soil
NS  Nova Scotia soil
ON  Ontario soil
PE  Prince Edward Island soil
QC  Quebec soil
SD  Standard deviation
SK  Saskatchewan soil
WAM  Weighted average model
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1 Introduction

A thorough knowledge of the soil’s thermal conductivity (λ) is essential for the 
design of earth-contact installations, such as high-voltage power cables, ground 
heat exchangers, vaults containing nuclear waste, and steam and hot water pipe-
lines. Reliable data on the thermal conductivity of the soil are also necessary 
for assessing the long-term impact of underground facilities on the earth surface 
environment. Despite this, it is rare to find trustworthy and complete thermal con-
ductivity data, covering a full range of the degree of saturation (Sr). This is due 
to the great diversity of soil texture, the unusual shape of soil particles, the soil 
water redistribution, and the labor-intensive measurement procedures that require 
unique and expensive equipment [1, 2]. In addition, thermal conductivity meas-
urements are prone to error because the operating principle of thermal conduc-
tivity probes is based on the classical theory of conduction heat flow in solids. 
Extending this theory to porous soil systems raises several problems [3, 4] such 
as a complex and porous capillary system, contact resistance between the ther-
mal conductivity probe and surrounding soil particles, and a simultaneous heat 
and soil moisture flow in combination with latent heat effects. Consequently, soil 
thermal conductivity measurements are prone to errors that are difficult to assess. 
For this reason, estimating soil thermal conductivity from general soil properties 
has attracted increasing attention. Several thermal conductivity models have been 
developed in the past [5–20]. Of these, six are based on semi-physical principles 
[6, 9, 10, 14, 16, 20], one is based on a statistical-physical principle [11] and the 
remaining eight are based on empirical principles [5, 7, 8, 12, 13, 15, 17, 19]. For 
more details on the previous thermal conductivity models see [21]. In general, 
the physical-based (mechanistic) models use a simplified theory of conduction 
heat flow in solids adapted to porous media. Consequently, they have added value 
in estimating thermal conductivity and extrapolation capability when applied to 
different soil textures. These models usually take into account the main character-
istics of the soil system, such as porosity (n), density of solids (ρs), mineral com-
position, texture, water content, λ of water (λw), air (λa), and solids (λs) as well 
as some discrete parameters that cannot be observed directly (e.g., thermal con-
ductivity of water vapor with latent heat effects, λv). The thermal conductivity of 
solids (λs) is also commonly used in the majority of models. However, due to the 
often-unknown mineralogy of the soils, it is very difficult to assess representative 
values of λs. For this reason, λs is usually treated as a fitting parameter. There-
fore, complete soil mineralogy data are essential for the successful development 
and verification of thermal conductivity models. Tarnawski et  al. [20] reviewed 
and analyzed de Vries’ model [6] using a complete thermal conductivity database 
of 39 Canadian Field Soils and 3 Standard Sands; each soil thermal conductiv-
ity data set was measured using the transient thermal probe technique at room 
temperature (T). In general, the de Vries model (deV-1) provides good estima-
tion (λest) for fine and coarse textured soils. However, the wide application of this 
model is considerably limited by its considerable complexity and the obligatory 
use of numerous coefficients that are very difficult to determine. Originally, these 
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coefficients were obtained from fitting to selected soil thermal conductivity data 
that may not be fully applicable to different field soils. As a result, these coef-
ficients are often roughly estimated or taken from other published data. Further-
more, deV-1 is based on several unrealistic assumptions regarding soil structure: 
solid grains are considered as rotated oblate ellipsoids, all grains are identical in 
size, do not touch each other, and are uniformly dispersed in a homogeneous con-
tinuous medium (air or water). In fact, deV-1 uses two distinctly different contin-
uous media (water or air: �w

/
�a ≈ 25 ) with a boundary point (at the critical soil 

water content, θcr) between them. As a result, there is an obvious step change in 
the calculated thermal conductivity (at θcr) which has no physical interpretation. 
Furthermore, there are no clear guidelines for θcr values when applied to differ-
ent soil textures. Additionally, the use of deV-1 between dryness and θcr was not 
recommended and an alternative linear interpolation of thermal conductivity was 
recommended. For soils at elevated temperatures (30—90 °C), deV-1 obviously 
underestimates the experimental thermal conductivity. This issue was partially 
reduced by replacing the thermal conductivity of dry air with the thermal conduc-
tivity of moist air (λapp = λa + λv), where λv represents the thermal conductivity of 
migrating water vapor carrying the latent heat [6]. Even though only a satisfac-
tory agreement with the measured thermal conductivity data was obtained, the 
above issues are very difficult to solve within the framework of the deV-1 model, 
so the development of a new model is urgently needed. Perhaps, new research 
should consider a simplified, but still versatile, weighted average model for soils 
that includes only one physically based, continuous phase that is applicable to a 
full range of wetness. The new model should be far simpler to use compared to 
the deV-1 model, while still maintaining close λest to λexp.

The main objective of this paper is therefore to develop two weighted average 
models with soil solids (s) as the continuous medium  (WAMs). The first model 
 (WAMs-1) considers two distinctly different mineral groups (i.e., quartz and 
other minerals) as the continuous medium. Quartz is one of the most common 
minerals in the Earth’s crust and its λ is superior (7.6 W·m−1·K−1) with respect 
to other minerals (2.2  W·m−1·K−1); therefore, quartz is treated separately from 
other minerals. In turn, the second model  (WAMs-2) considers all soil minerals 
as consolidated and as a result forming the continuous medium. The fundamental 
principles of these two models originate from Maxwell’s electrical conductivity 
model (ECM) [22], for non-interacting solid spheres immersed in the continu-
ous medium, and its extension to identical elongated ellipsoids by Fricke [23]. 
In contrast to the ECM, its current adaptation to conduction heat flow in unsatu-
rated soils assumes that the continuous medium is formed from mineral soil com-
ponents while air and water are dispersed components. This modeling approach 
reflects the actual soil structure more realistically than in the deV-1, where soil 
solids are compacted together to naturally form the continuous phase. Both new 
models are subject to calibration and thorough verification by comparing their 
λest with measured thermal conductivity values of 39 Canadian Field Soils and 3 
Standard Sands. Then their predicted thermal conductivity is compared to the λest 
obtained with the original deV-1 model [20].
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2  Materials and Methods

2.1  Brief Analysis of Weighted Average Model by de Vries

First, Maxwell [22] published details of the ECM for a two-phase dispersion 
system consisting of randomly distributed and non-interacting uniform spheres 
immersed in a homogeneous continuous medium. Then, Fricke [23] and Burger 
[24] extended the application of this model to elongated spheroids. Eight years 
later, this model was customized by Eucken [25] to conduction heat transfer 
through multi-component systems. Subsequently, in 1952, Eucken’s model [25] 
was further modified by de Vries [26] for estimating thermal conductivity of 
unsaturated soils. This specifically customized model was based on weighted 
average contributions of the basic components of the soil (quartz, other miner-
als, water, and air) which gave the first visible impression of a physical-based 
model. However, de Vries’ 1952 model [26] was very complex due to the need to 
deal with two different continuous media (air and water); and therefore, it intro-
duced numerous coefficients that were difficult to determine. In addition, the use 
of a soil weighting factor (κi) introduced several implicit characteristics of soil 
structure that were not fulfilled in the soils. For example, it was assumed that all 
soil grains were of the same size and ellipsoidal in shape. It was also assumed 
that the soil grains are far apart from each other so that they have no contact 
with each other. These restrictions do not reflect real conditions in the field soils. 
However, apart from these limitations, it has been shown by de Vries [6] and 
Tarnawski [20] that κi can still be successfully applied to field soils after some 
modifications. This is probably the reason why, despite its complexity de Vries 
model, it is still frequently cited in the soil science literature as the top mecha-
nistic model. However, the complexity of this model can be reduced consider-
ably if a continuous phase of compacted soil minerals is considered. Indeed, the 
soil matrix is a key factor affecting the soil thermal conductivity [15, 21]. It is 
defined as a random collection of compacted solid particles, each with a unique 
shape and myriad irregular surfaces. A dominant heat pathway is via the soil 
grains, while the other potential heat pathways, via air and/or water account for 
a much smaller proportion of the total amount of heat transferred. Considering 
the above, the main objective of this paper is to develop a new weighted average 
model in which soil solids represent the continuous phase.

2.2  Weighted Average Models with Soil Solids as the Continuous Phase

Two weighted average models (deV-1 and deV-2), recently examined by Tarnaw-
ski [20], significantly underestimated soil thermal conductivity. As a result, they 
were customized by introducing complex expressions describing the latent heat 
effects due to migration of water vapor in soil air. For simplicity, this issue was 
disregarded in the development of new models with soil solids as the continuous 
medium.
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2.2.1  Model with Continuous Phase made of Two Distinctive Mineral Groups: 
 WAMs‑1

Like the de Vries’ model [26],  WAMs-1 includes weighted average contributions of the 
volumetric fractions (θi), thermal conductivities (λi), and weighting factors (κi) of the 
soil basic components, i.e., quartz, other minerals, water, and air. Then, the effective 
soil thermal conductivity (λ) is estimated from Eq. 1.

where κi is

where g is control factor and the subscript s represents continuous medium, i.e., soil 
solids.

The main innovation of this model is based on the hypothesis that the continuous 
phase consists of soil minerals, divided into two distinctive groups; namely, quartz and 
other minerals while soil water and air were considered as the dispersed phase.

The heat flux through the continuous phase was characterized by its thermal con-
ductivity, i.e., soil solids (λs), which can be evaluated by a geometric mean model [15].

where Θqtz is the volumetric fraction of quartz in the soil solids.
Then, thermal conductivity of other minerals (λo−min) was obtained from [15], i.e., 

the geometric mean relation applied to the thermal conductivity of fully saturated soils 
(λsat).

The weighting factor κ, for basic soil components made of ellipsoidal particles, has 
the following forms:

(1)� =
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where the control factor for other minerals is assessed as follows [20]:

The  WAMs-1 offers a noticeable simplicity with respect to deV-1, i.e., a lack of 
complex and controversial expressions for migration of water vapor in soil air car-
rying latent heat, an absence of a controversial switching point θcr between air and 
water as a continuous phase, and a complete elimination of discontinuity in λ as a 
function of Sr, λ(Sr), at the switching point. Consequently, the  WAMs-1 structure is 
simple and the model is straightforward to follow and apply.

2.2.2  Model with Continuous Phase Considering all Soil Minerals:  WAMs‑2

The effective soil thermal conductivity can also be estimated by considering all soil 
solids (minerals) as the continuous phase. Hence, the weighting factor for the soil 
solids becomes unity (κs = 1). Therefore, Eq. 1 is further simplified to the following 
form:

After substituting Eq. 3 into Eq. 10, the following expression was obtained:

Only two weighting factors are required, κw and κa, as defined by Eqs. 7 and 8. 
With this regard, the  WAMs-2 is noticeably simpler than  WAMs-1 as it does not 
require soil control factors for quartz (gqtz) and other minerals (go-min). The only con-
trol parameters required are gw and ga, for evaluating the weighting factors κw and κa.
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(9)go−min = msa ⋅ gsa + msi ⋅ gsi + mcl ⋅ gcl
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2.3  Soil Thermal Conductivity Database

A comprehensive soil database is needed to assess two new models for soil ther-
mal conductivity. This type of database should include the following information: 
fractions of grain size distribution for clay, silt, and sand (i.e., mcl, msi, msa), soil 
porosity (n), mineral composition (Θmin), density of soil solids (ρs), volumetric 
water content (θw) or degree of saturation (Sr), and experimentally measured ther-
mal conductivity data. Currently, the above requirements are solely met by the 
Canadian soil database [17, 20, 27]. The other databases on thermal conductiv-
ity of soils usually do not contain complete information on mineral composition 
and thermal conductivity data at dryness and saturation are often not available. 
The next subsection provides a summary of the 40 Canadian Soils thermal con-
ductivity database, i.e., 39 field soils and one pure quartz sand from Sable Island 
(Atlantic Canada). For details of the 40 Canadian Soils database and the experi-
mental methods see Tarnawski [17, 27].

2.3.1  Canadian Soils Database

Forty field soil samples, from nine Canadian provinces, were subjected to non-sta-
tionary thermal conductivity tests under laboratory conditions. The texture of seven 
soil samples from Nova Scotia (NS) varied from coarse to silty. Three soil samples 
from Prince Edward Island (PE) were mainly loamy sand. Five soil samples from 
New Brunswick (NB) were mainly silty loam or silty clay loam. Two soil samples 
from Quebec (QC) were coarse-grained (sand and loamy sand). The texture of seven 
soil samples from Ontario (ON) ranged from sand to silt loam. Four soil samples 
from Manitoba (MN) were loamy sand to silt loam. Five soil samples from Sas-
katchewan (SK) were loamy sand or silt loam. One soil sample from Alberta (AB) 
was silty loam. All six samples from British Columbia (BC) were generally fine 
soils, ranging from silty loam to silty clay loam. Each soil sample was tested nine 
times, with an overall uncertainty of ± 6.3% at 95% confidence level, at each Sr value 
(i.e., Sr = 0, 0.1, 0.25, 0.5, 0.7 and 1), under laboratory conditions, to obtain the one 
average thermal conductivity value. The basic data on the grain size distribution of 
the soil and the complete thermal conductivity data were summarized in Tarnawski 
[17, 27]. A summary of the mineral occurrence in the 39 Canadian Field Soils and a 
corresponding summary for λo-min and λs can be found in Tarnawski [17, 27].

2.3.2  Standard Sands Database

The complete physical data of the standard sands (C-109, C-190, and NS-04) 
were given by Tarnawski [28, 29]. C-109 and C-190 are natural silica sands 
(99.8% quartz) with rounded or sub-rounded shape grains, while NS-04 is pure 
quartz sand from Sable Island (Atlantic Canada). A summary of the complete 
thermal conductivity data of three Standard Sands can be found in [28, 29].
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2.4  Model Calibration Procedure

The model estimates (λest) were compared with experimental data (λexp) and the 
standard deviation (SD) was used as a measure of the model performance, defined 
as follows:

where M is the number of presently fitted coefficients in the WAMs and N is the 
total number of sampled data.

2.4.1  WAMs‑1

The model control parameters (gqtz, gsa, gsi, gcl, and gw) were assumed to be the 
same as for deV-1, i.e., they were already previously determined by fitting to λ 
data from 39 Canadian Field Soils [20]. So, consequently, they do not presently 
contribute to M because they are already known.

Table 1 summarizes the previously fitted factors for soil grains (gi) and water 
(gw). The fitted factor gqtz = 0.15 was used only to evaluate κqtz, while the other gi 
values, corresponding to soil texture: sandy (0.5 < msa ≤ 1), silty (0.5 ≤ msa ≤ 0.1), 
and clayey (msa < 0.1), were used to evaluate κo-min.

The remaining model control factor is the soil air coefficient (ga) which is par-
ticularly important due to the elimination of the latent heat effects of water vapor 
in soil air. Therefore, it is useful to reveal details on the procedure for fitting and 
calculating ga. First, it was assumed that the ga values were the same as in deV-1. 
Next, λest was calculated for all Sr values (Sr = 0, 0.1, 0.25, 0.5, 0.7, and 1) and the 
corresponding average SDs were obtained. Then,  ga values were adjusted at each 
Sr value, keeping the smallest total SD. Next, a dynamic plot of ga versus Sr was 
made for 17 coarse and 22 fine soils and the final ga adjustment, combined with a 
ga(Sr) curve fit, was performed. Finally, the following  ga equations were obtained 
for 17 coarse and 22 fine soils, minimizing the SD between λest and λexp.

Coarse soils (msa > 0.5):

(12)SD =

√√√√ 1

N −M

N∑
1

(
�exp − �est

)2

(13)
ga = 0.0035 − 0.0267 ⋅ Sr + 1.1186 ⋅ S2

r

− 3.3481 ⋅ S3
r
+ 3.8429 ⋅ S4

r
− 1.5169 ⋅ S5

r
R2 = 1.0

Table 1  Fitted control factors: 
grains (gi) [20]

Texture Quartz Sand Silt Clay Water

gi 0.150 0.120 0.090 0.0750 0.0001
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Fine soils (msa ≤ 0.5):

2.4.2  Standard Sands (NS‑04, C‑109, and C‑190)

The grains of pure quartz sands (NS-04, C-109, and C-190) are larger and more 
uniform in size, compared to ordinary field soils; therefore, they require differ-
ent  ga and gw values. Below is a function of ga versus Sr obtained by fitting to the 
thermal conductivity data of the Standard Sands, while minimizing SD.

Pure quartz sands:

For gw = 0.0001 and ga as above, underestimates of thermal conductivity 
were observed at Sr > 0.5. To minimize this problem, a new function gw(Sr) was 
introduced:

Pure quartz sands:

2.4.3  WAMs‑2

The  WAMs-2 assumes that all soil minerals are consolidated and form the con-
tinuous phase. For this reason, the model structure (Eq. 1) is further simplified 
by κs = 1 (according to Eq. 2). Consequently, the control parameters for the soil 
solids (gqtz, gsa, gsi, and gcl) were eliminated. Then, the control parameter for soil 
water (gw) was assumed to be the same as for deV-1 and for  WAMs-1, leaving ga 
as the only control parameter which was assumed to be the same as for  WAMs-1, 
since both the models are based on the same continuous phase of soil solids (i.e., 
soil minerals).

3  Results

The following guiding principles for the model performance (SD values) were 
recently established [17]:

• Superior performance: SD < 0.1 W·m−1·K.−1

• Good performance: 0.1 ≤ SD ≤ 0.15 W·m−1·K.−1

• Satisfactory performance: 0.15 < SD ≤ 0.25 W·m−1·K.−1

(14)
ga = 0.005 − 0.0194 ⋅ Sr + 0.7168 ⋅ S2

r

− 1.9042 ⋅ S3
r
+ 2.0573 ⋅ S4

r
− 0.7986 ⋅ S5

r
R2 = 1.0

(15)ga = 0.05674 ⋅ S0.3053
r

R2 = 0.9904

(16)gw = 0.001 + 0.02252 ⋅ Sr R2 = 0.995
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• Poor performance: SD > 0.25 W·m−1·K.−1

3.1  Canadian Field Soils

Table 2 summarizes the model predictive performance of  WAMs-1,  WAMs-2, and 
deV-1 for 17 coarse soils, 22 fine soils, and all 39 Canadian Field Soils. The SD data 
for  WAMs-1 (M = 6, due to six fitted polynomial coefficients of Eq. 13 or 14) were 
compared with SD records for  WAMs-2 (M = 6, due to six fitted polynomial coeffi-
cients of Eq. 13 or 14) and deV-1 (M = 7).

For 17 coarse soils, 22 fine soils, and all 39 soils, the λest by the two new mod-
els (with λqtz = 7.6 W·m−1·K−1 and λa = 0.026 W·m−1·K−1) are approximately in the 
SD range which corresponds to good/superior model performance. This result con-
firms that the superior values of SD can be achieved even without considering the 
latent heat effects due to water vapor migration in soils. For  WAMs-1 and  WAMs-2, 
the average SDs are ± 0.110 and ± 0.135  W·m−1·K−1 for 17 coarse soils, ± 0.054 
and ± 0.069  W·m−1·K−1 for 22 fine soils, and ± 0.078 and ± 0.098  W·m−1·K−1 
for all 39 soils. For deV-1 (with λqtz = 7.6  W·m−1·K−1 and λa-app = λa + λv, where 
λa-app is the apparent thermal conductivity of humid soil air [20]), average SDs 
of ± 0.103 W·m−1·K−1 were obtained for 17 coarse soils, ± 0.087 W·m−1·K−1 for 22 
fine soils, and ± 0.094 W·m−1·K−1 for all 39 soils; these SDs correspond to superior/
good levels.

Figures  1, 2, 3, and 4 show some examples of the worst λest(Sr) produced by 
deV-1,  WAMs-1, and  WAMs-2. The Nova Scotia soil (NS-05), Fig.  1, belongs 
to the group of coarse texture with a high content of quartz (Θqtz = 0.72); conse-
quently, a high value of λexp ≈ 2.4  W·m−1·K−1 is observed at Sr = 1. The follow-
ing SDs were obtained: deV-1: ± 0.073 W·m−1·K−1,  WAMs-1: ± 0.182 W·m−1·K−1, 
and  WAMs-2: ± 0.177 W·m−1·K−1. In general, the obtained λest closely followed the 
trend of λexp(Sr) with an overestimation in the low Sr range (Sr ≈ 0.1) and an under-
estimation at Sr ≈ 1.

The Ontario soil (ON-04), Fig. 2, is a coarse sand (msa = 0.89) with a relatively 
low quartz content (Θqtz = 0.38). All three models provide good/acceptable esti-
mates. The λest of all models agree well with the experimental data at Sr = 0 and 
Sr > 0.7. Underestimates of the thermal conductivity were observed in the remaining 
Sr range.

Figure  3 shows the modeling results for MN-02 (silty loam: msa = 0.217). 
Despite a low content of quartz (Θqtz = 0.20), its λsat was about 2.2 W·m−1·K−1. 
The high values of thermal conductivity are due to a high content of calcite and 
dolomite (Θcal = 0.28, Θdol = 0.37); both minerals have thermal conductivity 

Table 2  Canadian soils: model 
performance (SD in W·m−1·K−1)

Model SD17-coarse SD22-fine soils SD39 soils

WAMs − 1 0.110 0.054 0.078
WAMs − 2 0.135 0.069 0.098
deV-1 0.103 0.087 0.094
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values of 3.03  W·m−1·K−1 and 5.07  W·m−1·K−1, respectively. The two  WAMs 
models had slightly underestimated thermal conductivity values throughout the 
Sr range, except at Sr = 0 and 0.7, which were slightly overestimated; SD values 
were ± 0.105 W·m−1·K−1 for  WAMs-1 and ± 0.110 W·m−1·K−1 for  WAMs-2. The 
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Fig. 1  Nova Scotia soil (NS-05): λ vs. Sr, msa = 0.85, Θqtz = 0.72, n = 0.40, (SDdeV-1 = 0.073 W·m−1·K−1, 
SDWAMs-1 = 0.182 W·m−1·K−1, SDWAMs-2 = 0.177 W·m−1·K.−1)
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Fig. 2  Ontario soil (ON-04): λ vs. Sr, msa = 0.89, Θqtz = 0.38, n = 0.39, (SDdeV-1 = 0.144  W·m−1·K−1, 
SDWAMs-1 = 0.157 W·m−1·K−1, SDWAMs-2 = 0.205 W·m−1·K.−1)
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SD value of ± 0.252  W·m−1·K−1 was obtained for deV-1, which falls within the 
poor performance range.

Figure  4 shows the λest for SK-02 (silt loam) which achieved the worst result 
among the 39 Canadian soils. All three models performed poorly at Sr = 0.25 and 
Sr = 0.50, while good λest were obtained for soil dryness and soil saturation.
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Fig. 3  Manitoba soil (MN-02): λ vs. Sr, msa = 0.217, Θqtz = 0.20, Θcal = 0.28, Θdol = 0.37, n = 0.41, 
(SDdeV-1 = 0.252 W·m−1·K−1, SDWAMs-1 = 0.105 W·m−1·K−1, SDWAMs-2 = 0.110 W·m−1·K.−1)
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Fig. 4  Saskatchewan soil (SK-02): λ vs. Sr, msa = 0.67, Θqtz = 0.61, n = 0.45, (SDdeV-1 = 0.209 W·m−1·K−1, 
SDWAMs-1 = 0.164 W·m−1·K−1, SDWAMs-2 = 0.236 W·m−1·K.−1)
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Figures 5 and 6 show two examples of the superior performance of the models. 
The New Brunswick soil (NB-05) is a fine-textured soil (msa = 0) for which the ther-
mal conductivity is best estimated by all three models (Fig. 5), although the ther-
mal conductivity is slightly underestimated at soil dryness. In particular, the λest of 
 WAMs-1 and  WAMs-2 followed the experimental data very closely over the whole 
Sr range, while the estimates of deV-1 showed increasing overestimates for Sr > 0.5.
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Fig. 5  New Brunswick soil (NB-05): λ vs. Sr, mcl = 0.33, msi = 0.67, Θqtz = 0.39, n = 0.54, 
(SDdeV-1 = 0.080 W·m−1·K−1, SDWAMs-1 = 0.022 W·m−1·K−1, SDWAMs-2 = 0.037 W·m−1·K.−1)
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Fig. 6  British Columbia soil (BC-04): λ vs. Sr, mcl = 0.41, msi = 0.59, Θqtz = 0.17, n = 0.52, 
(SDdeV-1 = 0.088 W·m−1·K−1, SDWAMs-1 = 0.035 W·m−1·K−1, SDWAMs-2 = 0.043 W·m−1·K.−1)
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Figure 6 shows the close agreement of λest and λexp of all models for clayey soil 
(BC-04), which also has a fine texture. Again, the predictive performance (SD) of all 
three models falls into the superior category, i.e., SD < 0.1 W·m−1·K−1. In particular, 
λest of  WAMs-1 and  WAMs-2 followed the trend of experimental data very closely 
throughout the Sr range with slight underestimates of thermal conductivity observed 
at soil dryness.

3.2  Standard Sands

Table 3 summarizes average SD for deV-1 (θcr = 0.0625 n; λa-app = λa + λv),  WAMs-1 
and  WAMs-2; the SD comparison was made using λqtz = 7.6 W·m−1·K−1. It is obvi-
ous that the closest λest were given by  WAMs-1 and  WAMs-2, while λest by deV-1 
were noticeably worse in comparison. At soil dryness, obtained estimates of λ con-
sistently showed inflated values above λdry-exp.

Figure 7 shows the modeling results compared to the experimental data for C-109. 
The obtained average SDs were ± 0.109 W·m−1·K−1 for deV-1, ± 0.098 W·m−1·K−1 

Table 3  Standard sands: model performance (SD in W·m−1·K−1)

Code C-109
(n = 0.32)

C-109
(n = 0.36)

C-109
(n = 0.40)

NS-04
(n = 0.36)

C-190
(n = 0.32)

C-190
(n = 0.36)

C-190
(n = 0.40)

SDave

deV-1 0.246 0.168 0.249 0.283 0.207 0.168 0.194 0.216
WAMs-1 0.098 0.163 0.117 0.139 0.118 0.158 0.121 0.131
WAMs-2 0.098 0.163 0.117 0.139 0.118 0.158 0.121 0.131
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Fig. 7  Ottawa sand (C-109): λ vs. Sr, msa = 1.00, Θqtz = 1.00, n = 0.32, (SDdeV-1 = 0.109  W·m−1·K−1, 
SDWAMs-1 = 0.098 W·m−1·K−1, SDWAMs-2 = 0.096 W·m−1·K.−1)
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for  WAMs-1 and ± 0.096  W·m−1·K−1 for  WAMs-2, which are good/superior λ 
estimates.

Figure  8 shows the modeling results compared to the experimental data for 
NS-04 (100% pure quartz). Again, the  WAMs-1 and  WAMs-2 models offered 
similar SD data and their thermal conductivity trends closely followed the 
experimental data. In general, the average SDs were ± 0.180 W·m−1·K−1 for deV-
1, ± 0.139 W·m−1·K−1 for  WAMs-1 and ± 0.135 W·m−1·K−1 for  WAMs-2, which is 
a good predictive performance.

3.3  Application to 10 Chinese Soils

Both  WAMs with fixed parameters (gqtz, gsa, gsi, gcl, gw, and ga) were applied 
to the thermal conductivity data of 10 Chinese soils [13], divided into two 
groups: coarse (msa > 0.5) and fine (msa ≤ 0.5). The quartz content, Θqtz, was 
estimated by applying an iterative fit of λest to experimental λ data [30]. The 
basic physical characteristics of soil were summarized by Tarnawski [20]. The 
λest were determined by assuming the following data: λqtz = 7.6  W·m−1·K−1 and 
λo-min = 2.12  W·m−1·K−1. For deV-1, the following constraints were applied: 
M = 7 and θcr values according to msa: 0.023 (msa = 1.0); 0.05 (0.50 < msa < 1.0); 
0.10 (0.15 < msa < 0.5); and 0.15 (msa < 0.15). A summary of average SD values 
for deV-1,  WAMs-1, and  WAMs-2 can be found in Table 4.
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Fig. 8  Sable Island sand (NS-04): λ vs. Sr, msa = 1.0, Θqtz = 1.0, n = 0.36, (SDdeV-1 = 0.180  W·m−1·K−1, 
SDWAMs-1 = 0.139 W·m−1·K−1, SDWAMs-2 = 0.135 W·m−1·K.−1)
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Typical trends of λest versus Sr are shown in Fig. 9 and 10. The  WAMs-1 model 
underestimated the experimental data at 0.06 < Sr < 0.20 (Fig. 9), while λest of deV-1 
closely follows the experimental data, with an exception at Sr = 0.06, where the larg-
est underestimation is observed. For both  WAMs models, the average SDs are within 
acceptable predictive performance. The  WAMs-1 estimates closely follow the exper-
imental data (Fig. 10). The average SDs, for both models, are within good predictive 
performance, while deV-1 underestimates λexp within 0.15 < Sr < 0.3.

Table 4  Chinese soils: model 
performance (SD in W·m−1·K−1)

Soil code deV-1 Ave WAMs-1 Ave WAMs-2 Ave

S-Ren-001 0.186 0.236 0.277
S-Ren-002 0.090 0.156 0.193
S-Ren-003 0.141 0.135 0.179
S-Ren-011 0.044 0.115 0.217 0.186 0.164 0.203
S-Ren-004 0.156 0.192 0.229
S-Ren-005 0.132 0.069 0.080
S-Ren-006 0.162 0.263 0.296
S-Ren-007 0.067 0.076 0.102
S-Ren-008 0.143 0.091 0.120
S-Ren-009 0.101 0.127 0.124 0.136 0.081 0.151
Ave 0.122 0.156 0.172
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Fig. 9  Chinese soil (S-Ren-001): λ vs. Sr, msa = 0.94, Θqtz = 0.74, n = 0.408, (SDdeV-1 = 0.186 W·m−1·K−1, 
SDWAMs-1 = 0.236 W·m−1·K−1, SDWAMs-2 = 0.277 W·m−1·K.−1)
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4  Discussion

The two novel models were compared with deV-1 in terms of simplicity, quality 
of thermal conductivity estimates, and extension to other soils of different genesis 
and location. Concerning the model simplicity: the  WAMs-2, where all soil min-
erals are consolidated and form the continuous phase, offers the simplest struc-
ture and is therefore, very straightforward to use, i.e., only one soil air factor (ga) 
required fitting to experimental thermal conductivity data. The  WAMs-1 offered 
a very similar structure to the  WAMs-2, but it considered soil solids divided into 
two different groups: quartz and other minerals and is therefore slightly more 
complex in structure than  WAMs-2. Furthermore, it does not require any adjust-
ments for gqtz, gsa, gsi, gcl, and gw, as they were assumed to be the same as in the 
deV-1 model. Therefore, both  WAMs-1 and  WAMs-2 were more straightforward 
than the original de Vries model (deV-1), which is more complex, more diffi-
cult to apply and more prone to manipulation. In deV-1, the final adjustment of 
the critical moisture content (θcr), corresponding to the switching point of the 
continuous medium (i.e., from air to water), is done a posteriori, when prelimi-
nary λest have been obtained; i.e., a value of θcr is shifted up or down to obtain 
a minimum SD average. However, for soils without complete λexp data, guessed 
values of θcr would have to be used. In this case, the deV-1 model might not per-
form well because of the uncertainty in θcr. In contrary to deV-1, this problem 
does not exist for  WAMs-1 and  WAMs-2. Furthermore, the deV-1 model required 
the use of apparent thermal conductivity of humid soil air, i.e., enhanced λa that 
includes the latent heat effects of water vapor. In contrast to deV-1 model, both 
 WAMs models use only λa, i.e., without latent heat effects due to the migration of 
soil water vapor. Regarding the model estimates quality,  WAMs-1 provided more 
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Fig. 10  Chinese soil (S-Ren-005): λ vs. Sr, msa = 0.27, Θqtz = 0.55, n = 0.51, (SDdeV-1 = 0.132 W·m−1·K−1, 
SDWAMs-1 = 0.069 W·m−1·K−1, SDWAMs-2 = 0.080 W·m−1·K.−1)
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accurate λest than  WAMs-2 and deV-1, mainly due to a more appropriate repre-
sentation of the soil solid phase which consist of quartz and other soil minerals. 
When both  WAMs models were applied to 39 Canadian Soils, their average stand-
ard deviations (SDs) were as follows: ± 0.110/0.135  W·m−1·K−1 for 17 coarse 
soils, ± 0.054/0.069  W·m−1·K−1 for 22 fine soils, and ± 0.078/0.098  W·m−1·K−1 
for all 39 soils. That outcome falls into the “good/superior” category. When 
applied to three Standard Sands, the structures of  WAMs-1 and  WAMs-2 were 
identical because the quartz was the only soil mineral.

Consequently, the λest of both models followed the experimental data closely; 
their average SDs were in a good performance range. Essentially, the  WAMs-1, 
 WAMs-2, and deV-1 models offered similar SD data (SD < 0.14 W·m−1·K−1) and 
their thermal conductivity trends closely followed experimental data.

When the models were applied to the thermal conductivity database of 10 Chi-
nese soils, good λest were obtained with the deV-1 model, while both  WAMs (with-
out latent heat) provided only satisfactory thermal conductivity estimates. For four 
coarse soils (S-Ren: 001–002-003–011), the deV-1 model (with the apparent ther-
mal conductivity of humid soil air) provided closer λest than  WAMs-1 and  WAMs-2 
(without latent heat transfer). In contrast, for six fine soils (S-Ren: 004–005-
006–007-008–009)  WAMs-1 provided comparable λest value to deV-1. In general, 
both  WAMs models underestimated the experimental data; therefore, additional 
model improvement by applying λa-app should perhaps be considered. Consequently, 
further investigations are needed to include the apparent thermal conductivity of 
humid soil air.

5  Conclusions and Recommendations

Two innovative weighted average models  (WAMs-1 and  WAMs-2) were developed, 
calibrated, and successfully verified using thermal conductivity data of 39 Canadian 
Field Soils and three, differently compacted, pure quartz sands (Standard Sands). 
The SD data, for 39 Canadian Field Soils, confirm that  WAMs-1 produced better λest 
than  WAMs-2. This outcome was likely due to a more realistic representation of the 
solid phase (qtz/o-min) in  WAMs-1 by highlighting quartz as the most unique and 
dominant soil mineral. However, at soil dryness, both models, with some exceptions, 
generally underestimate the experimental data. In turn, the  WAMs-2 offers outstand-
ing simplicity, i.e., the simple structure of model, the least number of adjustable 
parameters, and easy tractability, while maintaining a good/superior λest. However, 
its representation of the soil solid phase does not fully reflect the dominant role of 
quartz, in terms of Θqtz and λqtz. Consequently, its estimates of thermal conductivity 
were slightly poorer for coarse sands.

In short, the overall predictive performance (SD) of all three models  (WAMs-1, 
 WAMs-2, and deV-1) falls into the superior category, i.e., SD < 0.1 W·m−1·K−1, for 
fine soils. Despite the superior/good λest by the three models, future work on mod-
eling soil should be continued to further improve λ estimations, especially for coarse 
soils.
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When the three models were applied to Standard Sands, the obtained λest fol-
lowed the experimental data closely; their average SDs were in a good performance 
range (SD < 0.14 W·m−1·K−1) and their thermal conductivity trends closely followed 
experimental data.

When the three models were applied to the thermal conductivity database of 10 
Chinese soils of unknown mineralogy, good λest were obtained with the deV-1 model 
(with apparent thermal conductivity of humid soil air), while both  WAMs (without 
latent heat) provided only satisfactory/acceptable estimates. In general, both  WAMs 
models underestimated the experimental data; therefore, additional model improve-
ment by applying λa-app should perhaps be considered.
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