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Abstract The effect of porosity and saturation degree on

thermal conductivity of sands is investigated through lab-

oratory test. The thermal conductivity of four sands is

measured using laboratory thermal probe. It is found that

thermal conductivity increases with decrease of porosity

and increase saturation degree. An empirical equation of

thermal conductivity expressed as the function of porosity

and saturation degree is developed, its reliability is verified

by comparing the predicted results with measured ones as

well as results available in the literature.

1 Introduction

The thermal properties of soils are of importance in many

engineering applications, ranging from geotechnical engi-

neering problems such as ground freezing or soil shrinkage

to nuclear waste disposal, underground energy conserva-

tion and buried electric cables. Thermal properties of soils

also affect the microclimate around plants, and hence affect

the plants themselves. The most important thing is the

exact evaluation of the thermal conductivity of soils.

Unfortunately, the demand for this property is not balanced

by experimental data. To partially meet the demand, some

well-known predictive models have been extended. De

Vries [10] published experimental results for quartz sand.

Johansen [6] found that the thermal conductivity of an

unsaturated soil should be estimated by interpolation

between dry and saturated values. Donazzi [2] used the

exponential function to express the relationship of thermal

resistivity with porosity and saturation degree. Tarnawski

and Leong [9] developed a model based on de Vries’

approach, enabling easy estimation of thermal conductivity

of soils with approximately log-normal particle-size dis-

tribution. Nevertheless, many existing models have

limitations.

The thermal conductivity of soils depends upon various

factors, i.e., type of soil, particle size distribution, soil

structure, porosity, saturation degree and temperature, etc.

Amongst all those factors, porosity and saturation degree

have remarkable effects on the thermal conductivity. This

study focuses on the effects of porosity and saturation

degree on the thermal conductivity of sands.

2 Principle of measurements

Several methods have been used to measure the thermal

conductivity of soils, and details of these methods have

been presented [7]. The methods can be divided into two

major categories: steady heat flow method and transient

heat flow method. The steady heat flow method generally

requests a long testing time and the moisture within soil

may migrate during the test under the action of temperature

gradient, leading to the variation of the uniform water

content during the measurement. Consequently, steady-

heat-flow method in rigorous sense is not suitable for

unsaturated soils.

On the contrary, the transient heat flow method is rapid

and only a small temperature increment occurs in the

process of test. A short time is required for one measure-

ment cycle. As a result, the moisture content remains

constant during the measurement.
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The transient thermal probe method is a transient heat

flow method. It determines the thermal conductivity of a

medium through measuring the rate of temperature rise

caused by an infinite line heat source within an infinite

homogeneous medium.

The temperature response at any time t was given by

Carslaw and Jaeger [1]:

T ¼ Q

4pK

Z1

x

e�u

u
du ð1Þ

where T is the temperature at any radius r; Q is the power

input per unit length of probe; K is the thermal conduc-

tivity; x ¼ r2

4at; a is the thermal diffusivity; r is radial

distance from heat source; t is the time.

For large value of t, t� r2

4a, Eq. (1) results in

T ¼ Q

4pK
ln

4at

r2
� c

� �
ð2Þ

where c is Euler’s constant with a value of 0.5772.

Then, within an increment of time, Eq. (2) can be

written as:

DT ¼ Q

4pK
ðD ln tÞ ð3Þ

If Q is kept constant during the test, the measured

temperature T at the line heat source has a linear

relationship with the logarithm of time t. The thermal

conductivity K of the measured medium can be determined

from the slope of this relationship. In practice, an infinite

soil mass can be replaced with a large enough soil cylinder

and the line heat source can be replaced by a probe

equipped with a resistance wire and a thermocouple for

measuring temperature.

3 Sample preparation and test procedures

Four kinds of quartz sands with different gradations were

tested. Their quartz contents all exceed 99% and the air-

dried moisture contents are lower than 0.1%. The identi-

fication of the four sands are A for uniform sand of medium

size, B for uniform coarse sands, C for uniform silty sands

and D for medium sized well graded sands. The grain size

distributions of the sands are given in Fig. 1. The maxi-

mum porosity of sample A, B, C, and D are 0.490, 0.547,

0.547, and 0.472 respectively, accordingly, the minimum

are 0.396, 0.434, 0.434, and 0.354, respectively.

For interpretation of test data, both porosity and satu-

ration degree of the samples were artificially controlled.

According to the preasummed saturation degree and

porosity, soil samples with certain moisture content were

prepared and cured for at least 12 h under wrap in air tight

container. The moisture contents of the samples were

measured by the drying method, ensuring the accurate

moisture content. Then the samples were compacted to the

required dry density using a conventional compaction

procedures. Upon completion of measurements, the sam-

ples were weighed to check the accuracy of the dry density,

if the dry density was far from the requirement, the test

must be conducted again.

Once a sample was compacted, the thermal probe was

inserted into the center of the soil sample directly, or using

a drill press. For a loose sample, the thermal probe can be

inserted directly to have a tight contact between the two,

whereas for a dense soil specimen, a borehole was drilled

in advance with the same diameter of the probe, and then

the probe was inserted. After the appropriate electrical

connections between the Thermal Property Analyzer and

the probe, the test was performed and the data were

obtained. Moisture content and density determinations

were made upon completion of the thermal test. Moisture

content samples were obtained from a 2.5-cm inner core as

well as a 5-cm diameter outer core.

The measurement of the thermal conductivity of satu-

rated sandy soil samples has a little bit difference from the

measurement of other soil samples. Due to the poor

retention ability of sandy soils, the moistures in the soils is

liable to loss, leading to inaccuracy of saturation degree. In

order to solve this problem, the marinating method was

adopted, i.e., a porous stone and a filter-paper were placed

on the bottom of the prepared samples with certain dry

density, and then the samples is marinated in distilled water

whose level was slightly lower than the soil sample top

surface.

4 Experimental results and discussions

The thermal conductivity of the above mentioned four

kinds of sandy soils have been measured. Figures 2, 3, 4,

and 5 plot the relationship curve of thermal conductivity

with porosity, Figs. 6, 7, 8, and 9 show the relationship

between the thermal conductivity with saturation degree.
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Fig. 1 Particle size distribution curve for different soils
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From the relationship curves of thermal conductivity

with saturation degree, it can be observed that the thermal

conductivity increases as the saturation degree increases

for a given dry density. As water is added to the soil, it

forms a thin film on the soil particles, which eases the flow

of heat [9].

Figures 2, 3, 4, and 5 exhibit an increment in the thermal

conductivity of soils with decrease of porosity. This is due

to the improvement in contact between soil particles, which

leads to a better conduction of heat. It is obvious that for a

given moisture content, an increase in density means an

increase in its saturation degree, indicating that there is less

air resisting the heat flow.

5 The proposed equation for estimating thermal

conductivity of sands

It can be easily seen from Figs. 2, 3, 4, and 5 that the

thermal conductivity K of the above four sandy soils has a

logarithm relationship with its porosity n, i.e., there exits a

linear relation between ln K and n, and the slope of the line

is a function of the saturation degree Sr. Therefore, the

following equation can be used to describe the thermal

conductivity of sandy soils.

ln K ¼ ngðSrÞ þ ln K0 ð4Þ
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Fig. 2 Variation of thermal conductivity with porosity for sample A
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Fig. 3 Variation of thermal conductivity with porosity for sample B
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Fig. 4 Variation of thermal conductivity with porosity for sample C
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where K0 is the thermal conductivity of the solid grain

itself.

From Figs. 6, 7, 8, and 9, it can be known that the

thermal conductivity of sands can be described as a power

function of saturation degree. Consequently, the term of

g(Sr) in Eq. (4) can be written as

gðSrÞ ¼ c ln½ð1� bÞSr þ b� þ ln d ð5Þ

where b, c, and d are empirical coefficients.

Upon substitution of Eq. (5) into Eq. (4) and through

interpretation, the following relation between soil thermal

conductivity and porosity/saturation degree can be

obtained

Kðn; SrÞ ¼ K0dn 1� bð ÞSr þ b½ �cn ð6Þ

Let Sr = 1.0 in Eq. (6), the thermal conductivity of

saturated sandy soils is

Kðn; 1:0Þ ¼ K0dn ð7Þ

Referring to Johansen’s model [6] for thermal

conductivity of a saturated coarse soil, let d ¼ Kw

K0
, Eq. (7)

can be rewritten as
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Fig. 7 Variation of thermal conductivity with saturation degree for

sample B
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Fig. 8 Variation of thermal conductivity with saturation degree for

sample C
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Fig. 9 Variation of thermal conductivity with saturation degree for

sample D
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Fig. 5 Variation of thermal conductivity with porosity for sample D
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Ksat ¼ K1�n
0 Kn

w ð8Þ

where Kw is thermal conductivity of water with a value of

0.613 at temperature of 300 K [4].

Upon substitution of Eq. (8) into Eq. (6), an empirical

equation of thermal conductivity expressed as the function

of porosity and saturation degree can be obtained

Kðn; SrÞ ¼ K1�n
0 Kn

w 1� bð ÞSr þ b½ �cn ð9Þ

Fitting the measured data of the thermal conductivity of

the above four sandy soils using DPS code [8], the

regression equation can be obtained

Kðn; SrÞ ¼ 7:51�n0:61n 1� 0:0022ð ÞSr þ 0:0022½ �0:78n

ðR2 ¼ 0:996Þ
ð10Þ

where the unit of thermal conductivity is W m-1 K-1.

6 Comparison with existing empirical equations

Previous researchers have conducted a vast amount of

studies on the thermal conductivity of soils, accumulated

a wealth of data and many empirical equations. Owing to

the differences in relevant material characteristics such as

type of the soil, particle size distribution, composition

and structure, grain shape, etc., it is not easy to make

comparison. In this section, Eq. (10) will be compared

with relevant results and variation law reflected by the

empirical equation of thermal conductivity will be

evaluated.

7 Comparison with Donazzi’s empirical equation

Donazzi [2] used the following exponential function to

express the relationship of thermal resistivity q (the inverse

function of thermal conductivity, i.e., q = 1/K) with

porosity n and saturation degree Sr

q ¼ qn
wq1�n

0 expð3:08ð1� SrÞnÞ ð11Þ

where qw is the thermal resistivity of water with a value of

1.70 m K W-1, q0 is the thermal resistivity of soil grains

(q0 = 0.25 m K W-1 for sandy soils).

Equations (10) and (11) both reflect the following two

aspects:

(i) In the case of n = 0, the thermal conductivity has the

value of soil mass in the solid form K0, as we know,

K0 is related to the composition of soils. Johansen’s

results [5] found that K0 of sandy soils depends upon

the quartz content of soils. K0 values in Eqs. (10) and

(11) are 7.5 and 4.0 W m-1 K-1, respectively;

(ii) For Sr = 1 and n = 1, the thermal conductivity has the

value of pure water Kw, Kw values in Eqs. (10) and

(11) are 0.61 and 0.60 W m-1 K-1, respectively.

The variation laws of K - n described by Eqs. (10) and

(11) are coincident with each other, i.e., ln K and n has a

linear relationship, the slope is a function of Sr. Whereas

the variation laws of K - Sr described by Eqs. (10) and

(11) are different. In the interest of comparison, q0 = 1/

7.5 m K W-1 and n = 0.354 are given in Eq. (11), the

K - Sr curve is shown in Fig. 10. For other values of n,

similar conclusion can also be obtained.

According to experiences, the thermal conductivity K of

sandy soils change rapidly, provided that saturation degree

Sr is low (for instance Sr = 0–0.3) and the variation of

thermal conductivity K slows down with the increase of

saturation degree. It can be seen from Fig. 10 that Eq. (10)

reflects these feature and Eq. (11) does not reflect these

feature.

8 Comparison with Johnsen’s empirical equation

The empirical equation for soils thermal conductivity

proposed by Johansen [6] is

K ¼ ðKsat � KdryÞKe þ Kdry ð12Þ

where Ksat is the thermal conductivity of saturated soils;

Kdry is the thermal conductivity of dry soils and Ke is the

Kersten number. The values of Ksat, Kdry and Ke are

calculated using the following formulae

Kdry ¼
0:137cd þ 64:7

2700� 0:947cd

ð13Þ

in which cd is the dry density of soils with an unit of kg m-3
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Ke ¼ 0:7 lg Sr þ 1 ðSr [ 0:05Þ ð14Þ

Ksat ¼ 0:57nK1�n
s ð15Þ

in which Ks = 7.7a2.01-a, a is the quartz content.

In the interest of comparison, cd = 1,712 kg m-3 and

Ks = 7.5 W m-1 K-1 are given in Eqs. (10), (12), respec-

tively, the relation curve of K - Sr is shown in Fig. 10. It is

known that Johansen’s equation underestimates the thermal

conductivity of soils at low moisture contents (Ewen and

Thomas [3]. This is reconfirmed here in Fig. 10.

It can be known from the comparisons that the empirical

equation proposed in this paper can rationally describe the

changing law of sandy soils in thermal conductivity, but

the equation becomes simpler and clearer with only two

empirical coefficients.

9 Conclusions

For specific soil, the thermal conductivity depends upon

porosity and saturation degree, etc. In terms of test and

interpretation, we propose an empirical equation to char-

acterize the relationship between thermal conductivity and

porosity/ saturation degree. Comparison show that the

empirical equation can reflect the mechanism of the vari-

ation in thermal conductivity of sandy soils.

1. With the increase of dry density, decrease of porosity

and improvement of contacts between grains, the

thermal conductivity of soils increases correspondingly.

2. The main paths for thermal conduction between soil

grains in a dry state are confined to grains contact

points. Small increment of water contents around the

contact points will lead to rapid increment of the

thermal conductivity. However, further increment of

water contents will not result in obvious increment of

effective contact faces, and the increment of thermal

conductivity slows down.

The comparison of the proposed empirical equation with

models of Donazzi and Johansen shows that the proposed

equation can rationally describe the thermal conductivity of

sands and can be used for analysis of practical problems.
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