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Abstract The thermal conductivity of the different soil
components—mineral, liquids and air—varies across two orders of magnitude. Two studies are implemented to explore
the role of contacts in heat conduction in dry granular materials. The first set of experiments is designed to elucidate heat
transfer at contacts, and it is complemented with a numerically based inversion analysis for different local and boundary conditions to extract proper material parameters. Then,
the thermal conductivity of dry soils is measured at different
packing densities to address the relevance of coordination
number and particle shape effects. Together, both studies
confirm the prevailing effect of contact quality and number
of contacts per unite volume on heat conduction in granular
materials. Interparticle contacts and the presence of liquids
in pores play a critical role in heat transfer, and determine
the ordered sequence of typical thermal conductivity values:
kair < kdry-soil < kwater < ksaturated-soil < kmineral .
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List of symbols
λ
heat loss coefficient (s−1 )
ρ
mass density (g m−3 )
ν
poisson ratio
A
area (m2 )
a
fitting parameter
contact area (m2 )
Ac
cn
interparticle coordination number
coefficient of uniformity
Cu
heat capacity (cal g−1 ◦ C−1 )
cv
d
diameter (mm)
D
thermal diffusivity (m2 s−1 )
mean particle size (mm)
D50
larger particle size ratio
FRd
FRmass mass fraction
G
shear stiffness
I
electrical current (Ampere)
k
thermal conductivity (W m−1 K−1 )
effective thermal conductivity (W m−1 K−1 )
keff
L
loss factor (cal s−1◦ C−1 )
M
numerical modulus
N
normal force
n
porosity
p
fitting parameter
q
heat energy per unit time (cal s−1 )
R
resistance ()
S
saturation
T
temperature (◦ C)
t
time (min)
V
voltage (V)
1 Introduction
More than 98% of the earth’s volume is at a temperature
higher than 1,000◦ C, and the temperature of the earth core
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Table 1 Factors that determine the thermal conductivity of soils
Factors

Features

Materials (References)

Mineralogy

As ksolid increases, kbulk increases

Granite [23]
Sand, glass bead and lead shot [24]

Particle size

Bigger particle supports higher k

Steel sphere [11]
Silicon Nitrides [25]
Clay–sand [26]

Applied pressure

As contact pressure increases, k increases

Stainless steel cylindrical particles: [7]
Steel sphere [11]
Aluminum and Stainless steel cylinder [27]
Graphite composite [28]
Aluminum and Stainless steel, spherical and cylindrical
particle [29]
Model prediction [30]

Density/Gradation

The decrease of porosity makes k increase

Cotton soil–sand [6]
Bentonite [10]
Quartz sand packs [24]
Sand–clay, frozen–unfrozen [31]

Water content

Adding small amount of water to dry soil makes k improved

Cotton soil–sand [6]

Higher water content presents higher k

Model prediction [19]

Bentonite [10]
Sand–clay, frozen–unfrozen [31]
Pore fluid

As k of saturating pore fluid increases, kbulk increases

Gases and water [24]
Air and water [32]

may exceed 5,000◦ C. This great geothermal dynamo has
determined the geological history of the earth [1,2]. Heat flux
in oceans and climate change are macro-scale manifestations
of geothermal phenomena. Several geotechnical engineering problems involve the thermal properties of geomaterials;
examples include thermal stabilization, foundation effects
in permafrost regions, geomechanics of geothermal energy
resource recovery, thermal storage, radioactive waste disposal, pavement performance in extreme climates, and the
formation-destabilization of methane hydrates in subseafloor sediments (see for example [3,4]).
The thermal conductivity k of the different soil components varies across two orders of magnitude: kmineral >
3 W m−1 K−1 , kwater = 0.56 W m−1 K−1 (at 0◦ C) and
kair = 0.026 W m−1 K−1 . While the thermal conductivity
is high in minerals, it is quite low in dry soils made of
the same minerals, in fact kdry-soil < 0.5 W m−1 K−1 in
most cases. This observation suggests that the main heat
transfer path in particulate materials is through solid particle
contacts.
There are three heat transfer mechanisms: conduction prevails in solids, convection in fluids, and radiation does not
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require a material medium. Given the role of packing density
and effective stress on thermal conductivity in dry soils, the
solid particle-to-particle contact appears as the most effective
path for heat transfer [5–7]. On the other hand, conduction
through the gas phase and radiation has minute effects, until
convection becomes effective when the mean particle size is
D50 > 6 mm permitting fluid currents in pores and through
the porous network [5,8,9]. The addition of water to a granular material increases its thermal conductivity significantly
[6,10,11]. Selected previous studies on thermal conduction
in particulate materials are reviewed in Table 1.
Semi-empirical correlations extracted from several soil
thermal conductivity data sets are summarized in Table 2. In
addition, theoretical mixture models developed to predict the
thermal properties of solid-fluid mixtures are summarized in
Table 3. The theoretical prediction of thermal conductivity is
based on the mixture geometry, the properties of each phase
and the volumetric fractions.
This study is designed to gain further insight into particlelevel mechanisms that govern heat transfer in particulate
materials. A sequence of experimental and numerical studies
at the particle scale and at the macroscale follows.
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Table 2 Thermal conductivity of soils—Semi-empirical models
Reference

Features

Johansen’s correlationa 1975

Correlation with particle size, saturation, and particle conductivity.
k = (ksat − kdry )K e + kdry
K e = Kersten number. Each parameter has its own empirical relations (see Andersland and Ladanyi,
2004 for details)
kdry (W/mK) =
kdry (W/mK) =

[33]

0.137ρdry +64.7
−3
ρsolid −0.947·ρdry ± 20%(ρ in kg m )
−2.2
0.039n
± 25% for crushed rock materials

Correlation with saturation.
S = λ1 [sinh(λ2 k + λ3 ) − sinh(λ4 )]
S = saturation, k = thermal conductivity (Btu in ft−2 h−1 ◦ F−1 )
λ1 ∼ λ4 = coefficients fitted.
2 + 0.114ρ 3 for mineral/organic soil
kdry = 0.025 + 0.238ρdry − 0.193ρdry
dry

[34]

ρdry = dry density (< 2 g cm−3 )
a Summarized

in [35]

Table 3 Theoretical thermal conductivity mixture models.
Model

Effective thermal conductivity

Series

keff =


i

Parallel

keff =



References

n i −1
ki

Summarized in [36]
n i · ki

i

Hashin and Shtrikman Boundary

keff = kin i

keff = k1 1 +

Self consistent method

keff =

Cubic cell

1
keff

Geometric mean

=



[37]
3n 2 (k2 −k1 )
3k1 +n 1 (k2 −k1 )

1
1−n
3 2keff +km
β−1
ka ·β

where β =

+



n
2keff +ka

−1

β
ka ·(β 2 −1)+km
1/3
1
dry soil
1−n

+


2 Thermal conduction in a 1-D granular chain
Heat transfer between particles is explored next through complementary experimental and numerical techniques.
2.1 Experimental study
This study centers on the long column of spherical metal
particles shown in Fig. 1. The 15 aluminum-bronze spheres
(Alloy 630–25.4 mm diameter, thermal conductivity k = 39.1
W m−1 K−1 , thermal diffusivity D = 136.8 · 10−7 m2 s−1 )
are vertically aligned within a wooden guide (thermal
conductivity k ∼
=
= 0.1 W m−1 K−1 , thermal diffusivity D ∼
−7
2
−1
0.5 · 10 m s ). The metal rod as a heat source (103◦ C to
107◦ C) is brought into contact with the bottom sphere at
time t = 0. The whole system is in air at room temperature

Lower: 1 = solid, 2 = pore, upper: 1 = pore, 2 = solid

[38]
[19,39]
[40]

T ∼ 20◦ C. Each particle has a small perforation (1.8 mm
diameter) to host a thermocouple (TP-29, B&K Precision)
that monitors the core temperature. Values of temperature in
the 15 particles and at the source are logged every 10 s until
the temperature reaches equilibrium at all particles.
Six contact and boundary conditions are tested (Fig. 2):
• Reference column (O): Particles are vertically aligned
without any contact modification or special boundary
condition.
• Contact Retardation (RO): A single sheet of filter paper
(medium porosity) is placed between particles to hinder
heat transfer at contacts.
• Load (LO): A force of 160 N is applied at the top to
improve interparticle contact coupling. Assuming that the
‘contribution area’ to a particle is (2R)2 in a simple cubic
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Load

Load

15

Top

14
13

paper
12
11

Retardation (RO)

Reference (O)

10
9

Load (LO)
Load

Load

8
7
6

Temperature
acquisition with
thermocouples

5

Meniscus

4

Insulation

3

Particle
guide

2
1

Meniscus (LMO)

Bottom

Insulation (IO)

Load+Insulation (LIO)

Fig. 2 Particle column—Test conditions designed to attain different
contact quality and heat loss to the surrounding medium

Heat source
Boundary
temperature

100

1

Fig. 1 Test design for the study of heat transfer in a granular chain. The
temperature at the core of each particle is monitored with an embedded
thermocouple while heat is applied to the bottom particle

2

T [ °C]

3
4
5
6
7

configuration, the nominal equivalent effective stress is
σ = Nsc /4R2 ∼ 250 kPa.
• Load-Meniscus (LMO): The interparticle contact areas are
purposely enlarged with a metal patch (dcontact ∼ 12 mm,
S-50, Devcon Inc., k = 2.3 W m−1 K−1 ) and the 160 N
vertical force is applied before the metal patch cures.
• Boundary Insulation (IO or LIO): The entire column is
insulated with a foam sealant to reduce radiation and
convection heat loss. Tests are repeated with (LIO) and
without (IO) the 160 N axial force.
The temperature-time histories at selected particles #1–7
are presented as dotted lines in Fig. 3 for the loaded column with insulation at contacts LIO. The complete dataset
is documented in [12]. The temperature of the bottom particle
that is in direct contact with the heat source increases first,
followed by the increase in temperature of upper particles.
For comparison, the solid lines represent the temperature evolution calculated at the same distances from the heat source
for the case of a continuous 1D rod of constant cross section,
made of the same material as the particles, assuming no heat
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Fig. 3 Temperature evolution for particles #1–7 in granular column
with load and insulation (LIO). The solid lines indicate the temperature changes calculated for a continuous 1D-column of constant cross
section made of the same material for the particles

loss to the surrounding medium. Clearly, conduction is more
effective in the rod than in the particle column. Furthermore,
the equilibrium temperature in the rod reaches the boundary
temperature at all distances from the source (103◦ C). However, the final, steady-state temperature in each particle does
not converge to the same asymptotic value; in fact, the equilibrium temperature decreases from the bottom to the top
particle; this implies heat loss to the surrounding medium
along the 1-D particle column.
Figure 4 compares temperature time histories for particle
#3 under different test conditions. The following observa-
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(a) Contact effect

LMO

T [oC]

LO
O
RO

10
0.1

1

10

100

1000

100

(b) Insulation effect
IO

T [oC]

O

• Insulation effects (Fig. 4b). Convective air circulation and
radiation heat losses are reduced by shielding particle surfaces. Heat loss reduction leads to increased conduction
and higher equilibrium temperature (IO—Note that there
is heat loss even with the addition of insulation).
• Combined effects (Fig. 4c). Heat loss and contact resistance have different affects on the measured time histories. While heat loss due to boundary insulation is mainly
responsible for the equilibrium temperatures, interparticle
contact conditions determine the rate of transfer and the
early stages of heating. For example, the temperature rise
in the presence of conductive menisci (LMO: dashed line)
precedes temperature rise in the insulated and loaded system (LIO: solid line) during transient conditions, even
though particles for LIO reach higher equilibrium temperatures.

10
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1
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3 Equivalent rod: numerically-based inversion analysis
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(c) Combined effect
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LMO
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Fig. 4 Temperature time history comparison (3rd particle from
bottom)—Heat transfer under different contact and boundary conditions. a Contact effect: the large contact area (LO and LMO) causes early
temperature rise and higher equilibrium temperature than RO. b Insulation effect: Heat loss reduction by insulation leads to increased conduction and higher equilibrium temperature. c Combined effect: larger
contact area (LMO) supports earlier temperature increase while surface
insulation (LIO) supports higher equilibrium temperatures than LMO

tions can be made by comparing trends for different contact
conditions against results for the reference column (O: thick
solid line):

The data gathered in all six cases are numerically modeled
assuming an equivalent 1-D rod model. Energy conservation
implies that the rate of outflow heat qout (cal s−1 ) is the sum
of the rate of inflow heat qin , the power used for heating the
material, and the rate of heat loss. Thus, the heat flow per
unit time
dT
qout =
qin − cv · ρ · d x · A ·
− L 
· T ∗


dt



Rate of
Outflow
Inflow
Power used for
Heat loss
heat rate
heat rate
material heating

The parameters in this equation are heat capacity cv (cal
g−1◦ C−1 ), mass density ρ(g m−3 ), distance x (m), area
A(m2 ), temperature T (◦ C), and the loss factor L(cal s−1◦ C−1)
that relates the heat loss to the instantaneous temperature difference T ∗ between a particle and the surrounding medium
herein assumed at constant temperature. Given a differential
element length dx,
−

• Contact effects (Fig. 4a). The initial temperature evolution is delayed when poor contact conditions prevail (RO:
dotted line). Furthermore, the final steady-state temperature for RO is lower than the reference (O). On the other
hand, normal contact load enhances thermal conduction,
and leads to a higher equilibrium temperature (LO: dashed
line). The addition of a medium of intermediate conductivity at contacts causes faster and steeper thermal evolution,
and higher equilibrium temperature (LMO: solid line).
Therefore, particle contact conditions (including water at
contacts in soils) determine both the rate of heat transfer
and the equilibrium temperature.

(1)

L
dT
dq
= cv · ρ · A ·
+
· T∗
dx
dt
dx

(2)

The rate of heat transfer by conduction is q = −k · A ·
(dT /d x). Therefore, Eq. 2 results in
L
T∗
d2T
cv · ρ dT
·
+
·
=
dx2
k
dt
k · A dx

(3)

Rearranging
dT
d2T
= D·
− λ · T∗
dt
dx2

(4)

where λ = L/(d x · A · cv · ρ) is taken as a constant for the
purpose of this study. In explicit finite difference form, Eq. 4
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can be written as:

10

2

Insulation (IO)

Ti, j+1 = M · Ti+1, j + (1 − 2M − λ · t) · Ti, j

where i and j are indices for spatial and temporal scales,
Tsur is the surrounding room temperature and the numerical
modulus is M = D · t/x 2 .
Equation 4 captures the interplay between thermal diffusivity D(m2 s−1 ) and loss λ(s−1 ). In particular, higher
thermal conduction and smaller loss λ have a similar effect
on the early temperature time history of each particle. Therefore, the thermal diffusivity D and the loss coefficient λ
must be simultaneously fitted to a complete set of thermal
time histories in order to extract the correct thermal diffusivity D value for the equivalent rod. A least square inversion
is implemented. The error in temperature is computed in logscale to emphasize early low values. The corresponding error
for the ith measurement and the total L 2 error norm are

 predicted
Timeasured
T
ei = log
− log i o
oC
C

T measured
(6)
= log ipredicted
Ti

0.5
L2 =

ei2

The iterative algorithm starts with in initial guess of D and
λ, and continues until the inverted values of D and λ are
identified for the minimum L 2 . Figure 5 shows measured
and predicted time series for two tests (IO and LIO). The
equivalent 1-D rod model adequately captures experimental
results. The evaluated thermal diffusivity and loss coefficient
values are summarized in Table 4. Numerical results corroborate previous experimental observations. In particular, thermal diffusivity D decreases when poor contact conditions
prevail (RO); on the contrary, D increases when heat can be
more easily transported across larger contact areas attained
by either loading (examples: LO and LIO), cementation or
water menisci (LMO); and loss reduction by peripheral insulation prevents heat loss and leads to higher heat conduction
(i.e., higher D and smaller λ - IO and LIO).

Test

1

10
10

0

10

1

10

2

2

Load+Insulation (LIO)

10

D = 4.4⋅10-7 [m2⋅s-1]
λ = 1.5⋅10-4 [s-1]

1

10

0

10

1

10

2

t [min]

Fig. 5 Measured and fitted thermal time histories—shown for selected
particles. Dotted line experiment; solid line numerical simulation using
the equation for 1-D rod model

The thermal diffusivity in the particle column is only 1.2
to 4.8% of the thermal diffusivity in the metal that makes
the particles (D ∼
= 1.7 to 6.5 · 10−7 m2 s−1 for all columns
made of spheres, while D = 136.8 · 10−7 m2 s−1 for solid
Aluminum-bronze). Finally, it is worth noting that the thermal diffusion in the column is much higher than in either the
wooden guide (D ∼
= 0.5·10−7 m2 s−1 ) or the insulating foam
−7
2
∼
(D = 1 · 10 m s−1 estimated from the literature). Hence,
the assumed analytical model in Eq. 4 adequately captures
the tested physical model.

4 Thermal conduction in dry soils
Contact quality and the number of contacts per particle
depend on the packing density, particle shape and grain

L 2 error

D(m2 s−1 ) × 10−7

λ(s−1 ) × 10−4

Reference column (O)

4.50

2.6

2.4

Hindered contact (RO)

2.25

1.7

2.7

Contact load (LO)

2.66

5.0

2.9

Load with menisci (LMO)
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D = 3.8⋅10-7 [m2⋅s-1]
λ = 1.4⋅10-4 [s-1]

(7)

i

Table 4 Inverted thermal
diffusivity D and loss
coefficient λ values for the
different test conditions

T [°C]

(5)

T [°C]

+M · Ti−1, j + λ · t · Tsur

13.33

6.5

2.8

Insulation (IO)

0.86

3.8

1.4

Insulation and contact load (LIO)

0.89

4.4

1.5
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size distribution. Their effects on thermal conductivity are
explored in this section using selected sands and the thermal
needle probe technique. The index properties of the selected
sands are summarized in Table 5 and the measurement procedure is described next. Then, two experimental studies are
conducted with careful porosity control.
4.1 Measurement of thermal conductivity
The needle probe consists of a heating wire and a thermocouple installed within a 1 mm diameter metal needle
(Thermal Logic). Heat is generated by imposing a DC current through the heating wire, while the temperature evolution within the needle is monitored using the thermocouple
(Fig. 6): the higher the thermal conductivity of the medium,
the higher the rate of heat dissipation and the lower the rate
of temperature increase detected with the thermocouple. The
electric current I is related to the voltage drop Vref across a
reference resistor Rref placed in series with the heating wire,
I = Vref /Rref

(8)
4.3 Experimental study #2: Porosity control through
granular mixture

Then, the input power Q is
Q = I 2 · Rm =

Vref
Rref

2

· Rm

(9)

where Rm is the resistance of the heating wire. The early
portion of the temperature time series is affected by the
needle-soil coupling while specimen boundaries perturb the
long-time data. Therefore, the thermal conductivity is obtained from the linear, central portion of the temperature versus log time plot. The thermal conductivity is computed as
(derivation in [5]):
k=

Measured thermal conductivity values are plotted against
porosity in Fig. 7. Following the particle-level studies in
the previous section, it is inferred that the increase in
thermal conductivity with decreasing porosity reflects the
increase in the number of contacts per volume and possible
improvements in conduction efficiency (Note that the number
of contacts per volume is directly related to the coordination
number in packings of monosized particles). Particle shape
affects thermal conductivity through the packing density (for
example, compare the data for round Ottawa 20–30 sand with
angular blasting sand in Table 5): particle irregularity leads
to increased porosity, and lower interparticle coordination
[15]. In turn, lower porosity correlates with higher thermal
conductivity. Therefore, a correlation between porosity in dry
soils and thermal conductivity already captures the effect of
particle shape on the number of contacts per unit volume.
Note, however, that particle irregularity makes the stiffness
of the granular skeleton more sensitive to the state of the
stress due to enhancement in contact area [15]. A similar
trend is anticipated for thermal conduction.

Q ln(t2 /t1 )
·
=
4π (T2 − T1 )

Vref
Rref

2

·

Rm ln(t2 /t1 )
·
4π (T2 − T1 )

(10)

This methodology is valid for homogeneous, isotropic
materials (details can be found in [13,14]).
4.2 Experimental study #1: Porosity control
by densification
In this first study, sand is air-pluviated into a zero lateral
strain cell (diameter = 152.5 mm, height = 155 mm). The
thermal needle probe is then vertically inserted into the soil.
The temperature is logged every 0.5 s for 2 min (Agilent multimeter 34401A). The voltage drop Vref remains relatively
constant throughout the test and it is recorded to calculate the
input energy. Measurements are repeated every 10 min. Once
three measurements are completed, the specimen is densified
on a shaking table to attain gradual reductions in porosity
(ASTM D4253–93; shaking frequency = 50 ∼ 60 Hz).

Results for the well graded, crushed sand-I and the poorly
graded crushed sand-II suggest that well graded sands attain lower porosities and higher k values (Fig. 7). Consequently, there is improved heat transfer and higher thermal
conductivity. This is further explored using mixtures of small
particles that can fill the pore space between large particles,
and increase the packing density and number of contacts
per volume. Published studies show that the minimum porosity can be obtained for a mass fraction of small particles
FRmass ∼ 30–40%, and that the larger size ratios FRd =
Dlarge /Dsmall produce lower porosity and higher mixture
density [16,17].
F110 sand and Ottawa 20/30 sand are selected for this
study. Both have low coefficient of uniformity Cu and high
roundness (Table 5). The size ratio FRd = (D50 )ottawa /
(D50 )F110 ∼
= 6. The two sands are mixed at different mass
fractions and each mixture is placed in the test cell by funneling to prevent segregation (cell diameter = 83.7 mm and
height = 103 mm). Then, the thermal needle probe is inserted
into the specimen and the temperature is logged every 0.5 s
for 2 min. Measurements are repeated several times for each
specimen.
The thermal conductivity and the porosity of each mixture
is plotted versus the volume fraction in Fig. 8a. The maximum thermal conductivity is measured for the specimen with
a mass ratio FRmass ∼
= 40% which has the minimum porosity. The thermal conductivity-versus-porosity trend for all
mixtures is explored in Fig. 8b which confirms the inverse
relationship between conductivity and porosity.
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Table 5 Tested soil properties
Features

Ottawa 20/30 sand

Ottawa F110 sand

Blasting sand

Crushed sand-I

Crushed sand-II

Crushed sand-III

Mineral

Quartz

Quartz

Quartz

Granite, gneiss

N/A

Granite

Porosity, n max

0.426

0.459

0.506

0.482

0.476

0.441

Porosity, n min

0.334

0.349

0.411

0.345

0.351

N/A
0.3

D50 (mm)

0.72

0.12

0.71

0.33

0.52

D10 (mm)

0.65

0.081

0.42

N/A

N/A

N/A

Cu

1.15

1.62

1.94

5.5

2.3

3.2

Cc

1.02

0.99

0.94

N/A

N/A

N/A
N/A

Gs

2.65

2.65

2.65

N/A

N/A

Roundness

0.9

0.7

0.3

0.1

0.5

0.2

Sphericity

0.9

0.7

0.55

0.6

0.9

0.9

Data source: [15]

(a)

Data logger

(b)

Needle
probe

DC Power supply
Initial level

+

Volt-meter

Lo

Lo

Hi

Amp-meter
Porosity
decreases by
densification

Soil
Shaking table

Heating wire

Thermocouple

Thermal needle probe
Fig. 6 Experimental study of thermal conductivity in dry sands. a Dry
sand is placed in the cell. Vibration by means of a shaking table is
used to control the porosity. The thermal needle probe is inserted into
the specimen to obtain the thermal conductivity. b Needle probe and

peripheral electronics. The heating wire and thermocouple are embedded inside the needle probe. The peripheral electronics are connected
to apply the DC voltage and to measure the imposed current and the
output voltage from thermocouple

5 Discussion

with a value s = −0.25

Figure 9 shows all measured thermal conductivity values
(studies #1 and #2) plotted versus porosity, and trends
predicted with theoretical and empirical thermal conductivity models. Semi-empirical models in Table 2 adequately
fit experimental data (Fig. 9b). Theoretical models (Table 3)
are computed assuming that the thermal conductivity of
quartz and air are kmineral = 8.4 W m−1 K−1 and kair =
0.026 W m−1 K−1 . The thermal conductivity of the tested
sands drops sharply from the thermal conductivity of quartz
(Note that the y-axis is in log scale in Fig. 9a and b). The volume fraction model (equivalent to the Complex Refractive
Index Method, CRIM) and the log-model are fitted as:

keff = −a · ln(n) + p

s
s
+ (1 − n) · kmineral
keff = n · kair

123

1/s

(11)

(12)

where values a = 0.291 W m−1 K−1 and p = 0.026
W m−1 K−1 . Given the correlation between porosity and
interpaticle coordination cn, these expression can be rewritten in terms of cn to highlight the relevance of contacts on
thermal conduction (for example: cn = 12(1 − n); other
correlations can be found in [17]).
Most models overestimate the thermal conductivity of dry
sands except the Series and Hashin-Shtrikman lower bound
models. Therefore, the comparison between theoretical and
experimental results suggest that effective thermal conductivity models for particulate materials must not only consider volumetric fractions and the bulk conductivity of each
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k [W m-1 K-1]

0.40

⋅

⋅

0.35
0.30
0.25

nmin
0.35

F110 sand

⋅
⋅

|∆k/∆n|=0.91

0.20
0.30

0.40

Ottawa 20/30 sand
k [W m-1 K-1]

Fig. 7 Changes in thermal
conductivity with porosity.
Maximum and minimum
porosities are calculated from
maximum and minimum void
ratios n = e/(1 + e). Refer to
Table 5. The thermal
conductivity increases linearly
with decreasing porosity in all
cases

0.35

0.25

nmax
0.40

0.45

|∆k/∆n|=0.95

0.30

0.50

0.55

0.35

0.40

0.40

⋅
⋅

|∆k/∆n|=0.65

0.25

nmin
0.35

0.40

0.45

|∆k/∆n|=0.94

0.30
0.25

nmin

nmax
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Fig. 8 Granular mixtures. Porosity control through the volume fraction
of small particles. F Rd = D50 large /D50 small ) ∼
= 6. a The maximum
thermal conductivity is obtained at minimum porosity (small particle
fraction ∼ 40%). b Regardless of porosity changes with FRmass , the
thermal conductivity increases linearly with decreasing porosity

0.30

|∆k/∆n|=0.81

0.25

nmax

nmax
0.45

Porosity, n

0.5

⋅

0.25

0.35

0.35

⋅

|∆k/∆n|=1.01

0.30

Crushed sand-III
k [W m-1 K-1]

k [W m-1 K-1]

0.35

nmin

(a)

0.55

0.40

Crushed sand-II

0.20
0.30

0.50

Porosity, n

0.40

⋅
⋅

0.55

Crushed sand-I
k [W m-1 K-1]

k [W m-1 K-1]

0.35

0.20
0.30

0.50

0.40

Blasting sand

0.30

0.45

Porosity, n

Porosity, n

⋅
⋅

nmax

nmin
0.20
0.30

0.50

0.55

0.20
0.30

0.35

0.40

0.45

0.50

0.55

Porosity, n

phase but also the inherent presence of contacts in particulate
materials [18,19].
Particle-level conduction mechanisms in granular materials have long been recognized [11,20] (Fig. 10):
• Conduction in the solid particle: Heat propagates within
the mineral that makes the particle.
• Solid-to-solid conduction through the contact area.
• Solid–fluid–solid conduction: Heat is conducted from the
particle into the fluid and back into neighboring particles.
This conduction path is especially relevant in partially
saturated soils with pendular water.
• Conduction in pore fluid: Heat conduction takes place
through the fluid within the porous network.
• Convection: The fluid near particles warms up and initiates natural convection currents. This heat transfer mode
is relevant when D50 ≥ 6 mm [8].
• Radiation at interparticle contacts: heat propagation takes
place by radiation across the gap between contacting particles.
• Radiation from the particle surface into the surrounding
medium [21]. The penetration depth is inversely proportional to the material density (e.g., few centimeters in
water and tens of meters in air).
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at constant packing [7,11]. Furthermore, experimental results suggest that contact level conduction increases not only
by loading but any other mechanism that enhances the effective contact area, including flattening of surface roughness,
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Fig. 10 Summary of heat transfer paths in particulate materials

Particle-level measurements, macro-scale tests and numerical simulations in this study show that heat flux through
contacts plays a preponderant role on the effective thermal
conductivity in dry soils. The contact area Ac depends on the
contact normal force N . For a Hertzian contact between two
Spherical particles, Ac is [22]


3(1 − ν)N
Ac = π
√
8G r

2

3

(13)

where ν and G are the Poisson ratio and shear stiffness of
the mineral that makes the particles. This explains the role of
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There are several heat transport processes in granular
materials. The quality of interparticle contacts and the number of contacts per unit volume govern thermal conduction
in dry soils. The presence of liquids or cementing agents
at contacts, and larger contact areas (due to either loading,
creep, or diagenesis) enhance thermal conduction.
The particle-level analysis of heat transfer explains the
ordered sequence of typical thermal conductivity values:
kair < kdry-soil < kwater < ksaturated-soil < kmineral .
There are competing effects between heat transfer within
the granular skeleton and heat loss to the pore space.
Improvements in interparticle contacts result in higher thermal gradient with the surrounding medium eventually leading
to higher heat transfer to the pore space.
The development of effective thermal conductivity models
in particulate materials must recognize that interparticle
contacts play a decisive role in heat transfer.
Porosity is the most important macroscale parameter on
the thermal conductivity of dry soils: the thermal conductivity of the dry soil linearly increases as the porosity decreases.
Low porosity implies high interparticle coordination at the
particle scale. Round particles and well-graded soils tend to
attain denser packing, higher number of contacts per
unit volume and higher thermal conductivity than angular
particles.
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