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ABSTRACT: Soil thermal properties are highly dynamics and is influenced by a multitude of factors. Soil thermal properties
affect soil temperature and its thermal regime. Soil water content, soil contribution and state of aggregation affect significantly
soil thermal properties. The aim of this study was to determine and evaluate the effects of soil texture and aggregate size on soil
thermal properties using the de Vries model. Soil samples with different textures, separated into different aggregate size groups
(<4 mm, <2 mm and <1 mm), were used. Thermal properties of soil samples including thermal conductivity, volumetric heat
capacity and thermal diffusivity were estimated at field capacity. The results showed that the maximum values for the thermal
conductivity, volumetric heat capacity, and thermal diffusivity occurred medium (MTS)>fine, (FTS)>coarse, (CTS) textured soils.
In all textural groups thermal conductivity and thermal diffusivity were the smallest in aggregate size <1 mm. Results indicated
that soil texture and aggregate size distribution have great effect on the soil thermal properties.

Keywords: Soil texture, thermal properties, field capacity, de Vries model.

Toprak Termal Ozellileri, Toprak Tekstiirii ve Agregat Biiyiikliigii Arasindaki Coklu
Etkilesimlerin Degerlendirilmesi

OZ: Topraklarm termal zellikleri oldukca degisken olup, birgok faktor tarafindan etkilenir. Ayrica toprak termal ozellikleri,
toprak sicakligi ve sicaklik rejimleri tizerinde de etkilidir. Topragin termal 6zellikleri toprak su igerigi, topragin yapisal bilesenleri
ve agregasyon durumu tarafindan onemli dlgtide etkilenir. Bu galiymanin amaci, toprak tekstiiriive agregat bitytikliigiiniin toprak
1s1sal Ozellikleri iizerindeki etkilerinin de Vries modeli ile degerlendirmektir. Bu ¢alismada kaba, orta, ince tekstiirlii ve farklh
agregat biiyiikligiine (<4 mm, <2 mm ve <1 mm) sahip toprak 6rnekleri kullanilmistir. Bu 6zelliklere sahip toprak 6rneklerinin,
tarla kapasitesi kosullarinda, termal iletkenlik, hacimsal 1s1 ve termal difizivite gibi termal 6zellikleri hesaplanmustir. Elde edilen
sonuglara gore, 1sisal iletkenlik, hacimsal 1s1 ve 1sisal yayimim agisindan en yiiksek degerler, toprak tekstiirleri arasinda, sirasiyla
orta, ince ve kaba biinyeli topraklarda ortaya ¢ikmustir. Termal iletkenlik ve termal difiizivite i¢in en disiik degerler ise ince
biinyeli toprakta tespit edilmistir. Ayrica, her bir toprak i¢in en kiigiik agregatlarin (<1 mm) olusturdugu 6rneklerde en diisiik
termal iletkenlik ve 1sisal yaymim degerleri belirlenmistir. Elde edilen sonuglara gore, toprak tekstiirii ve agregat biiyiikligiiniin

topragin 1sisal 6zellikleri tizerinde 6nemli bir etkiye sahip oldugu belirlenmistir.

Anahtar kelimeler: Toprak tekstiirii, termal 6zellikler, tarla kapasitesi, de Vries modeli

INTRODUCTION

Prediction of soil thermal properties needs use
of information on soil parameters and factors. Many
researchers measured soil thermal properties (Clarke
et al., 2008) and some researchers used models to
predict them (Bushy, 2015).Agricultural,
meteorological and industrial applications needs
information on soil thermal conductivity (Cote and
Konrad, 2005).Soil thermal conductivity is affected
by some variables such as soil water content, bulk
density and organic matter content (Abu-Hamdeh
and Reeder, 2000).Soil aggregate structure and size
can influence the soil thermal conductivity
considerably, especially in fine-textured soils (Lipiec
et al, 2012; Stawinski et al., 2011). Organic
substances stored on mineral surfaces and in micro-
pores of aggregates (Park et al., 2007) can affect the
soil thermal properties. Many studies on the soil
aggregation showed the correlations between
hydraulic properties and gas exchange of soils
(Kimura et al., 2012). Studies showed that aggregate
size exerts multiple effects on heat transferring,

influencing heat transfer due to water content and
flow of heated water through pathways (Heitman et
al., 2008).

deVries model (1963) is a theoretical model to
predict thermal conductivity that assumed soil solid
particles were uniformly distributed in continuous
pore spaces (fluid) in soils. deVries (1964) developed
a method for estimating soil thermal conductivity (1)
by using soil texture, bulk density (pb) and
volumetric water content (0). Heat transfer in soils
occurs by conduction, convection, by vapor
movement, which is significant only in soils with
very low saturation, and radiation that is negligible
(Alrtimi et al., 2016). deVries (1963) proposed a
method that applies the every soil layer thermal
conductivity value. The de Vries equation is based on
the assumption of no contact between the soil
particles and the values of the shape factor (Q)
assume that the soil particles have ellipsoidal shapes
(Kersten, 1949; Nusier and Abu-Hamdeh, 2003).The
thermal resistance according to the Luikov et al.,
(1968) is used to calculate the effective thermal
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conductivity of porous materials. The effect of solid
thermal conductivity and particle-particle contact on
thermo-diffusion  processes was showed by
Davarzani and Marcoux (2011). Empirical and semi-
empirical models of thermal conductivity have been
used to describe the effective thermal conductivity of
soil under different soil moisture conditions (de
Vries, 1963; Campbell, 1985; Cote and Konrad,
2005). These models evaluated the individual soil
properties contribution (porosity, aggregate size, soil
texture and organic content) (Smiths et al., 2016).
The aim of this study was to compare de-Vries
theoretical model calculated values of thermal
conductivity, specific heat content, and thermal
diffusivity at different soil aggregate sizes of distinct
soil textures.

MATERIALS AND METHODS

Experiments were performed on soil samples
with different textures (fine (FTS), medium (MTS)
and coarse (CTS)), taken from the Daphan plain (40°
10’ 12” N and 41° 42’ 16” E), Yarimca village (39°
59’ 32" N and 41° 28’ 53" E), and the region of north
west of Atatiirk University Agricultural Faculty (39°
58’ 26" N and 41° 29’ 02" E). Soil samples were air
dried, sieved and separated in three sub-groups
(<4mm, <2mm and <1lmm) and analyzed for soil
texture by Day method (Gee and Bauder, 1986); soil
reaction (pH) using pH meter by preparing the
suspension with 1:2.5 ratio (McLean 1982); electrical
conductivity (EC) by preparing the saturation mud
and reading by the EC meter (Rhoades,1982);
organic matter (OM) with Smith-Weldon method
(Nelson and Sommers 1982); lime content (mineral
CO,) with the Scheibler calsimeter and cation
exchangeable capacity (CEC) by using of ammonium
acetate method (Rhoades 1982a). The soil moisture
percent of different soils aggregate sizes under field
capacity condition determined by pressure plate
(Cresswell et al., 2008).

Correlations  between the factors were
calculated such as aggregate size classes of different
soil textures and gravimetric water content and soil
thermal properties such as thermal conductivity, heat
capacity and thermal diffusivity.

Thermal conductivity (L) was calculated by de
Vries model (Campbell et al., 1994).
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where; A, A, and A; are the thermal

conductivity of water, air and soil particles,
respectively, X,; X, and Xs are the volume fraction of
water, air and soil particles, respectively, and K, K
and K, are weighting factors depending on the shape
and orientation of water, soil particles and air-pores,
respectively. The properties are calculated as follows:
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Where g, and g. are shape factors defined by:
0,=0.333-x,,(0.333-0.035) for 0.09<x,<n
0,=0.013+0.94x,, for 0<x,,<0.09
and g.=1-2g,

where, n is the porosity, A is fluid thermal
conductivity and f, is an empirical weighting
function that are calculates as follows.

M=o + Ty Oy — Aa)

fu= 1/ (1+(Xw/ X)) ™
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Xwo and gy are soil properties that relate to the
water content, at which water starts to affect thermal
conductivity and rapidity of the transition from air to
water dominated conductivity; go is a constant and Ty
is the kelvin temperature of the soil (Campbell et al.,
1994).

Volumetric heat capacity was calculated by
following equation (van Wijk and de Vries, 1963).

Cv= pp (Cs+ 64,Cy)

C, is volumetric heat capacity (kJ kg™ K™).

pp is soil bulk density (Mg m?®), 6, is
gravimetric water content and C; and C,, are soil
minerals and water specific heat (kJ kg™ K™) that are
given in Table 1.

Thermal diffusivity (o) was determined using
the following equation (Horton et al., 1983).

_ A2l
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Table 1. Density and specific heat of common soil constituents (soil minerals, water and air) at 20°C and 0.101
MPa (1 atmosphere) (after van Wijk and de Vries, 1963).

Soil Constituent

Density (Mg m”™)

Specific heat (kJ kg™ K7

Soil minerals (average) 2.65
Water 1.00
Air 0.0012

0.73
4.18
1.00
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RESULTS AND DISCUSSION

Selected physical and chemical properties of the
soils studied are given in Table 2.

The clay or fine textured soil (FTS) contains
33% sand, 23% silt and 44% clay, and 1.60% organic
matter and 2.1% CaCOj3. The loam or medium
textured soil (MTS) contains 42% sand, 35% silt and

Table 2. Selected properties of studied soils.

L. Imanparast, M. Y. Canbolat

23% clay, and 1.48% organic matter and 19.3%
CaCOs. The sandy loam or coarse textured soil
(CTS) contains 55% sand, 31% silt and 14% clay,
and 1.82% organic matter and 0.9% CaCOa. The
cation exchangeable capacity (CEC) of FTS, MTS
and CTS soils are 51.4, 33.8 and 26.8 cmol/kg,
respectively.

. Clay Silt Sand . EC oM 0 CEC
Soils %) (%) (%) Soil Texture pH @sim) (%) CaCO; (%) (cmol/kg)
FTS 44 23 33 Clay 7.40 0.60 1.60 2.1 51.4
MTS 23 35 42 Loam 7.46 0.44 1.48 19.3 3338
CTS 14 31 55 Sandy Loam 7.11 0.30 1.82 0.9 26.8

The soil reaction (pH) and electrical
conductivity (EC) of FTS are 7.40 and 0.60 dS/m, of
MTS are 7.46 and 0.44 dS/m and of CTS are 7.11
and 0.30 dS/m, respectively (Table 2).

The moisture percent of aggregate size groups
of FTS, MTS and CTS are shown under field
capacity condition in Table 3.

Table 3. The water content of different soils aggregate sizes under field capacity (pF 2.54) condition.

Soils <4 mm <2 mm <1 mm
FTS 52.4 49.8 51.2
MTS 26.3 30.3 29.4
CTS 23.8 23.7 27.3

CTS (Coarse texture soil), MTS (Medium texture soil) and FTS (Fine texture soil)

It is evident from the data that the moisture
percent of aggregate size groups of FTS increased,
compared to MTS and CTS.

Thermal conductivity of different soils and
different aggregate sizes was calculated by de Vries
model at field capacity. The results indicated that
thermal conductivity decreased by decreasing
aggregate size and the smaller aggregates (<1 mm)
had less thermal conductivity as compared to the
others such as <4 mm and <2 mm in all soil textures
(Figure 1). Also, FTS soil had lower thermal
conductivity as compared to the CTS and MTS.
Although, the greatest thermal conductivity belonged
to the MTS soil<4 mm aggregate size, there was no

significant difference between MTS and CTS soils
below 4 mm aggregate size. The FTS soil with <1
mm aggregate size had the lowest thermal
conductivity (Figure 1). The results showed that FTS
with clay texture had the highest volumetric heat
capacity compared with the CTS and MTS with
sandy and silty texture, respectively. The results
indicated no significant difference between CTS and
MTS for specific heat. The greatest volumetric heat
capacity occurred for the FTS with <2 mm and <1
mm aggregate size and no consistent relationship
occurred between aggregate size and volumetric heat
capacity across the study soils (Figure 2).
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Figure 1. Thermal conductivity of soils with different aggregate sizes,
CTS (coarse texture), MTS (medium texture) and FTS (fine texture).
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Figure 2. Volumetric heat capacity of soils with different aggregate sizes,
CTS (coarse texture), MTS (medium texture) and FTS (fine texture).

CTS showed the greatest thermal diffusivity thermal diffusivity. In general, CTS soil between 4
compared to the MTS and FTS. Also, FTS had the and 2 mm aggregate size had the greatest thermal
low thermal diffusivity. The smallest aggregate size diffusivity and the FTS<1 mm aggregate size had the
(<1 mm) had the lowest thermal diffusivity and the lowest thermal diffusivity (Figure 3).
largest aggregate size (<4 mm) had the greatest
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Figure 3. Thermal diffusivity of soils with different aggregate sizes,
CTS (coarse texture), MTS (medium texture) and FTS (fine texture).
Ju et al. (2011) showed that thermal thermal conductivity and diffusivity than the clay

conductivity was significantly higher in the non-
aggregated soils compared to the aggregated soils at
intermediate water contents and Smits et al. (2010)
showed that the aggregate size effect on the thermal
conductivity was not significant. The sandy loam soil
had higher thermal conductivity compared to the clay
loam. Thermal conductivity increased with
increasing bulk density for the soils as a result of
increased particle contact, while porosity decreased.
At a specified bulk density, thermal conductivity
raised by increasing soil water content. It is indicated
that outside a certain bulk density range, higher
values of moisture content caused thermal
conductivity to increase more rapidly in sandy loam
soil than in clay loam soil. Clay loam soil had lower
thermal conductivity, measured by both of single and
dual probe methods, compared to sandy loam soil at
all water contents and bulk densities we studied. Clay
loam soils thermal conductivity changes with low
thermal conductivities is as surface temperature
changes in compare to the sandy loam thermal
conductivity changes under equal heat flux densities
(Abu-Hamdeh, 2001).

Volumetric heat capacity increased with low
speed at sandy and high speed at clay soil. In general,
the clay soil showed higher volumetric heat capacity
compared tosandy soil (Yadav and Sabena 1973).
Yadav and Saxena (1973) and Ghuman and Lal
(1985) reported similar results. The highest thermal
diffusivity belonged to the sandy soil. Differences in
mineralogy, sand, silt and clay fractions could be the
primary reasons for sandy soils to have higher

soils. The sandy soils often comprise more quartz.

Soil thermal diffusivity is a property calculated
by soil thermal conductivity divided by volumetric
heat capacity. Therefore, higher moisture content in
clay soils results in greater specific volumetric heat
capacity that decreases the thermal diffusivity. As a
result, sandy soil showed higher thermal diffusivity
compared to the clay soil. Thermal diffusivity of
sandy soil was lower under lower moisture content
and increased by moisture content rising to a
maximum value and then decreased as moisture
content continues raising towards saturation. Clay
soil did not followed this trend. The relative changes
in thermal conductivity and volumetric heat capacity
of soils might have influenced the diffusivity peak in
sandy soil (Abu-Hamdeh, 2003). Shein and Mady
(2016) reported that greatest values of thermal
diffusivity and thermal conductivity occurred when
soil bulk density was greatest, and vice versa.

CONCLUSIONS

The results of this study clearly indicated that
fine textured soil showed lower thermal conductivity
and thermal diffusivity. Smaller the aggregate size
lower the value of the soil thermal properties. A
reverse relationship of thermal conductivity-
volumetric heat capacity and thermal diffusivity-
volumetric heat capacity occurred for the fine
textured soil.
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