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ABSTRACT:  Soil thermal conductivity is a key aspect in the evaluation of the energy efficiency of Shallow 

Geothermal Energy Systems (SGES). Several factors affect this thermal property, with the water content, the 

solid particle composition and density being the most relevant. The assessment of soil thermal conductivity can 

be achieved by distinct methods and procedures. However, several difficulties are associated with many of these 

methods and a comparison of this property obtained through different methods often results in significantly dif-

ferent estimates. This work presents a study on measured and simulated heat transfer in Fontainebleau sand in 

order to evaluate its thermal conductivity and is part of an ongoing study on soil thermal behaviour. Numerous 

thermal tests were carried out on samples prepared with different relative densities and water contents with a 

high accuracy measuring device. Sand thermal conductivity determinations were performed with the line-source 

based model and with a method based on a back-analysis procedure through numerical modelling of the thermal 

test taking into account and determining the contact resistance between the thermal probe and the soil.  

  

RÉSUMÉ:  La conductivité thermique du sol est un aspect essentiel de l'évaluation de l'efficacité énergétique 

des systèmes énergétiques géothermiques peu profonds (Shallow Geothermal Energy Systems - SGES). Plusieurs 

facteurs affectent cette propriété thermique, à savoir la structure du sol et sa teneur en eau. L'évaluation de la 

conductivité thermique du sol peut être réalisée par des méthodes et procédures distinctes. Cependant, plusieurs 

difficultés sont associées à plusieurs de ces méthodes et une comparaison de cette propriété entre différentes 

méthodes donne souvent lieu à des estimations très différentes. Ce travail présente une étude sur le transfert de 

chaleur mesuré et simulé dans le sable de Fontainebleau afin d'évaluer sa conductivité thermique et fait partie 

d'une étude en cours sur le comportement thermique du sol. Des nombreux tests thermiques ont été effectués sur 

des échantillons préparés avec différentes densités relatives et teneurs en eau avec un appareil de mesure de haute 

précision. Les déterminations de la conductivité thermique du sable ont été effectuées avec le modèle basé sur 

une source linéaire et avec une méthode basée sur une procédure de rétro-analyse par modélisation numérique 

du test thermique prenant en compte et déterminant la résistance de contact entre la sonde thermique et le sol. 
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1 INTRODUCTION 

SGES have been increasingly used revealing sig-

nificant environmental and social benefits. Com-

pared with other traditional heating and cooling 

systems, SGES can be considered more sustaina-

ble, since they significantly reduce CO2 emis-

sions from 31% up to 88% (Saner et al. 2010). 

SGES performance can be affected by many fac-

tors such as its location, the local climate condi-

tions, the energy demand of the structure to be 

conditioned, the ground temperature and the ther-

mal properties of ground where the system is lo-

cated. Thermal properties can play a major role 

in assessing the efficiency and designing of 

SGES, specifically the ground thermal conduc-

tivity, 𝜆. Indeed, the thermal conductivity is a 

dominant factor when compared to other factors, 

such as the daily temperature amplitude (e.g. 

Sipio and Berterman, 2017).  

Following Fourier´s law, thermal conductivity 

is the coefficient of proportionality between tem-

perature’s gradient and the corresponding heat 

flux, q: 

𝑞 = −𝜆
𝑑𝑇

𝑑𝑥
 . (1) 

𝜆 can be affected by many different factors, such 

as moisture content, density, composition and 

mineral proportions, among others (e.g. Farouki, 

1981; Nowamooz et al., 2016). Several studies 

confirm the importance of the soil degree of sat-

uration, Sr, in the magnitude of thermal conduc-

tivity and consequently in soil heat transfer. 

Soil’s thermal conductivity tends to increase with 

its moisture content, due to the replacement of 

air, a poor heat conductor by, water which is a 

much better one. Furthermore, thermal conduc-

tivity has a direct correlation with the soil density 

(e.g. Misra et al.,1995). In fact, increasing the soil 

density leads to both a decrease of the air fraction 

in the soil and an increase in the number of con-

tacts between soil particles. Soil state conditions, 

physical and thermal properties, together with 

other factors influence thermal conductivity (Ma-

ranha and Vieira, 2018). Evaluating thermal con-

ductivity of soils can be carried out by either la-

boratory or in-situ tests (e.g. Witte et al., 2002). 

Laboratory measurements on soil samples are 

known to be cheap and quick, contrary to the field 

measurements which are more expensive and re-

quire more time and effort (Low et al., 2014).  

Despite not accounting for site-specific condi-

tions such as the presence of ground water flow 

and spatial heterogeneity, laboratory measure-

ments allow a greater control of the main varia-

bles involved in the test. However, important dif-

ficulties are associated with laboratory 

measurements of 𝜆 such as sample disturbance, 

destructuration and variation of in-situ water con-

tent (Vieira et al., 2017).   

Thermal conductivity measurements by labor-

atory methods can be divided into steady-state 

and transient methods (e.g. Zhao et al., 2016). In 

steady-state methods, measurements are per-

formed when the temperature in the tested sample 

does not change with time. Transient methods en-

able quick measurements of thermal conductivity 

as they do not need steady-state conditions to be 

reached. They could be either frequency-domain, 

as in the pulsed power technique, or time-domain, 

as in the hot-wire, plane-source or the laser flash 

methods (Semlyen and Iravani, 1993). The main 

advantages and disadvantages of both type of 

methods are referred in Vieira et al. (2017).    

This work is focused on the evaluation of the 

thermal conductivity of Fontainebleau sand. It is 

part of an ongoing research which includes the 

study of different types of reconstituted and nat-

ural soils. The thermal measurements were car-

ried out on transient conditions using a measure-

ment and control unit connected to a thermal 

probe with temperature transducers (TPSYS02-

02). Measurements of the sand conductivity for 

different relative densities (from minimum to 

maximum) and different moisture contents (cor-

responding from dry to fully saturated condi-

tions) were performed. In order to simulate nu-

merically the test results, the conductance 

between the thermal probe and the soil sample 

was also determined. 
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2 EXPERIMENTAL STUDY 

2.1 Method theoretical basis 

The method used by the measuring equipment 

to determine thermal conductivity is based on the 

line-source solution proposed by Carslaw and 

Jaeger (1959). It relies on the idealization of a ra-

dial heat flux from a linear heat source (the hot 

wire) of infinite length and infinitesimal diame-

ter, and on the temperature rise measurement at a 

specified distance of the heat source embedded in 

the tested material. 𝜆 can be derived from the 

temperature change over a specified time interval 

due to a constant radial heat flux generated by a 

current of fixed intensity through a resistive wire. 

The transient temperature variation can be ob-

tained as a function of time and at a fixed distance 

from the linear heat source with a constant heat 

flux rate per unit length, 𝑄. For sufficiently large 

values of elapsed time, the analytical solution of 

the governing equations can be simplified result-

ing in the following relation (e.g. Franco, 2007): 

𝜆 =
𝑄

4𝜋(𝑇2−𝑇1)
𝑙𝑛 (

𝑡2

𝑡1
), (2) 

which enables the evaluation of the thermal con-

ductivity when the temperature rises from T1 to 

T2, respectively, between instants t1 and t2. 

Time instants t1 and t2 must be identified post-

test as the limits of the time interval where the 

plot of normalized temperature change  

4𝜋(𝑇 − 𝑇0) 𝑄⁄  versus the natural logarithm of 

time is approximately linear. 𝜆 is the inverse of 

the line slope. 

 The thermal conductivity measurement sys-

tem used adopts the procedure described above.  

The probe (thermal) needle has a total length 

of 15 cm, where a heating wire runs along the up-

per 10 cm. A thermocouple junction for measur-

ing the needle temperature is located at half-

length of the heating wire. The measuring method 

follows ATSM D5334-00 and IEEE Std 442-

1981 standards procedures. 

However, as noted by Farouki (1981), there are 

factors in this methodology, that differ from the 

idealized continuous heat line source conditions, 

and can be a source of errors, such as the finite 

length, radius and heat capacity of the probe, as 

well as the contact resistance between the probe 

and the medium.  

2.2 Equipment description  

This system is designed to perform high accu-

racy measurements of thermal conductivity fol-

lowing the transient method of heat conduction 

using non-steady-state probes. The range of 𝜆 

that can be measured is [0.1 and 6] W.m-1.K-1. 

The system includes the following parts (Figure 

1): (1) thermal probes TP02 or TP08; (2) PC with 

control software connected to control unit; (3) the 

sample where the probe will be inserted; (4) 

CR1000 measurement and control unit (MCU) 

(Hukseflux, 2014).  

2.3 Samples preparation 

Before performing the thermal measurements, 

the soil was characterised, determining its granu-

lometric distribution, initial water content, void 

ratio, maximum and minimum dry densities, 

𝜌𝑑𝑚𝑎𝑥 and 𝜌𝑑𝑚𝑖𝑛 (Table 1). 
 

Table 1. Minimum and maximum dry densities and void ra-

tios 

Sample 
𝝆𝒅𝒎𝒊𝒏 

(kg.m-3) 
𝒆𝒎𝒂𝒙 

𝝆𝒅𝒎𝒂𝒙 
(kg.m-3) 

𝒆𝒎𝒊𝒏 

5118 1440 0.855 1750 0.521 

 

A series of precautions were taken in the sam-

ples’ preparation before conducting each thermal 

response test. The choice of the sample dimen-

sion, specially its minimum diameter (with the 

purpose of approaching the line-source condi-

tion) and its diameter to height ratio (for ap-

proaching the infinite medium condition) are of 

particular relevance. 

In all the cases, a good contact between the soil 

and the probe should be guaranteed. For undis-
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turbed soil specimens ASTM D 5334 – 08 stand-

ard indicates a minimum diameter of the sam-

pling recipient containing the soil specimen of 51 

mm. On the other hand, the equipment manual re-

fers that the recipient radius should not be less 

than 15 times the needle probe radius (Hukseflux, 

2014). Therefore, for the case of the used thermal 

probe (TP02), which has a diameter of 1.5mm, 

the recipients’ minimum diameter should not be 

less than 22.5mm. Thus, to fulfil this condition 

and to study the possible boundary effect, three 

diameters were selected in this work, namely: 

50mm, 80mm and 100mm. 

 
Figure 1 - Laboratory set-up of TPSYS02-02 system 

 

The height of the recipient is also critical, since 

it should allow the insertion of the entire needle 

in the soil sample which in this case implies a 

length of 200 30 mm of. The recipients were 

made with a height of nearly 250mm. The soil 

specimens were prepared for five relative densi-

ties 𝐷𝑟 (0%, 30%, 45%, 60% and 100%).  

Specific techniques were used to achieve the 

proposed range of 𝐷𝑟  values and also to obtain 

conditions from totally dry to saturated. 

To achieve the minimum density of Fon-

tainebleau sand, with an almost monogranular 

distribution, a sand pluviation device was used. 

Special care was required with the lowest density 

sample since any movement could lead an in-

crease in density. For higher densities, a selection 

of an appropriate compaction technique was re-

quired. For instance, to achieve densities higher 

than the minimum (1520, 1560 and 1610 kg.m-3), 

the sample was manually compacted in 3 equal 

layers to the desired density taking care to avoid 

damaging or crushing the sand particles and 

changing its grain-size distribution. An almost 

homogenous density was obtained with this tech-

nique. 

For the maximum density, 1750 kg.m-3, stand-

ard ASTM D 4254-00 was followed using a vi-

bratory table. The first series of samples was set-

up in totally dry conditions. A sample was pre-

pared for each recipient diameter. Figure 2 shows 

a dry sample with the thermal probe inserted. 

  
Figure 2- Thermal probe inserted in the sand sample dur-

ing thermal conductivity measurements 

 

Regarding the partially saturated sand sam-

ples, in order to obtain the required water content, 
w, water was added to the sand and mixed until 

achieving a homogeneous mixture for the moist 

sample. Three water contents were tested: 5%, 

10% and 15%. For the preparation of the samples 

the moist sand was placed in the recipient and 

compacted in 3 layers to the desired density. 

During the samples’ preparation, for the me-

dium densities, such as 1560 kg.m-3 and for 

w=15%, it was very difficult to insert the thermal 

probe into the soil specimen. Thus, in order to 

avoid damaging the probe, higher densities with 

moisture content w=15% were not executed with 

this procedure. 

For the saturated sand samples, the sand in dry 

conditions was first prepared to the desired den-

sity. Afterwards, the soil sample was placed in-

side another container which was gradually filled 

with water. The water level was slowly raised in 

the soil specimen until it reached the top of the 

sample. Filter paper was placed at the bottom of 

the sample to avoid particles erosion.  It was ob-

served that the loosest sample (𝐷𝑟=0) settled dur-

ing the saturation process. This was due to wet-

ting collapse settlement and led to a decrease in 
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the void ratio from 𝑒=0.855 to 𝑒=0.782. This effect 

was also noted for the second loosest sample 

where the change was from 𝑒=0.755 to 𝑒=0.727. 

Figure 3 shows some as aspects of the saturated 

sample preparation and of the settlement on the 

loosest sand.  

 

   
Figure 3 - Saturated sand sample preparation and sand 

level changes 

 

After preparing the sand samples with five 

densities ranging from 1400 to 1750 kg.m-3 and 

different saturation degrees, the samples were re-

weighted and their respective densities verified. 

The thermal probe was afterwards inserted into 

each sample. Special care was taken to ensure in-

troducing the needle properly and avoid damag-

ing it, particularly for the densest samples. 

Each test was identified by the sample water 

content (dry - d, water content of 5, 10 and 15% 

- w5, w10 or w15 - or saturated - s), recipient di-

ameter (50, 80 or 100 mm - m1, m2 or m3) and 

initial density (1440, 1520, 1560, 1610 or 1750 

kg.m-3 - d144, d152, d156, d161 or d175). 

3 RESULTS OF THERMAL 

CONDUCTIVITY MEASUREMENTS 

After inserting the needle, the samples’ tempera-

ture was registered until it equalized with the 

room temperature (thermal balance between the 

sample and the exterior).  

 The thermal load consisted on the application 

of a constant heat flux, q= 180.4 W.m-2, for 100s. 

Various control parameters are displayed and rec-

orded during the test so that its quality and the 

measures’ reliability can be verified. Figure 4 

shows a global plot of the measurements. The ef-

fect of the samples saturation ratio and density 

are clearly observed. 

 
Figure 4 - Thermal conductivity measurements as a func-

tion of dry specific gravity (W – water content, m - recipi-

ent diameter, S – saturated) 

 

The values of 𝜆 ranged from nearly 0.2 to 3.2 

W.m-1.K-1. For the heating time used there was no 

discernible effect of the sample diameter.  

4 BACK-ANALYSIS OF THE 

THERMAL CONDUCTIVITY TESTS 

4.1 Numerical analyses  

In order to verify the validity of the experi-

mental procedure used to measure the thermal 

conductivity that was described above, for some 

specified tests, the thermal conductivity was de-

termined by means of back-analyses using nu-

merical simulations of the heat transfer process. 

The finite difference code FLAC2D (Itasca, 

2005) was used for that purpose. 

The heat flow was assumed as radial implying 

axisymmetric conditions. The mesh has a single 

4 nodded quadrilateral element in the vertical di-

rection (the height being irrelevant) by 100 ele-

ments in the horizontal direction. The inner 

boundary coincides with the surface of the meas-

uring needle at r=0.75mm and the outer boundary 

is at r=50mm that is the radius of the modelled 

samples. The element horizontal thickness in-

creases from 0.1577mm at the inner boundary to 

1.12mm at the outer boundary. A constant heat 
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flux q=180.4Wm-2 was prescribed to the inner 

boundary and ambient temperature at the outer 

boundary. At the beginning of the test, the sample 

was assumed to be in thermal equilibrium with 

the ambient temperature that was considered as 

the initial temperature at all the nodes. The top 

and bottom boundaries are adiabatic. The heat 

flux was applied for 100s as in the tests and a time 

step of 0.001s was used. In order to perform the 

simulation, the soil’s heat capacity must be 

known. It can be computed with sufficient accu-

racy if the heat capacity of the soil particles is 

known, which in this case, is that of quartz. The 

heat capacity per unit mass of the soil was ob-

tained from the mass heat capacities of its constit-

uents as 

𝑐 = 𝜒𝑠
𝜚𝑠

𝜚
𝑐𝑠 + 𝜒𝑤

𝜚𝑤

𝜚
𝑐𝑤 + 𝜒𝑎

𝜚𝑎

𝜚
𝑐𝑎 ,            (3) 

which is a weighted arithmetic mean with the re-

spective mass fractions as relative weights.  

𝑐𝑠, 𝑐𝑤, and 𝑐𝑎 are the specific heat capacities of 

the solid, water and air phases, 𝜒𝑠=1-n, 𝜒𝑤 = 𝑛𝑆𝑟 

and 𝜒𝑎 = 𝑛(1 − 𝑆𝑟), the soil density is 

 𝜚 =  𝜒𝑠𝜚𝑠 + 𝜒𝑤𝜚𝑤 + 𝜒𝑎𝜚𝑎 and 𝜚
𝑠
, 𝜚

𝑤
 and 𝜚

𝑎
 

are the corresponding densities.    

The following values were used: 𝑐𝑠=733, 

𝑐𝑤=4186 and 𝑐𝑎=1012 J.kg-1.K-1.The resulting c 

values are shown in Table 2. The computed tem-

perature at the inner boundary was compared to 

the measured needle temperature. 6 tests were se-

lected for the numerical simulations: 3 tests with 

dry samples at different relative densities, a satu-

rated sample and 2 samples at an intermediate rel-

ative density, with w=5% and w=10%. In princi-

ple dry and fully saturated samples provide more 

reliable measurements because a greater hetero-

geneity of the moisture distribution in the sam-

ples is expected under partially saturated condi-

tions (water movement due to gravity at higher 

moisture contents and fast change in air relative 

humidity at the boundaries). 

4.2 Numerical results 

For all the analysed tests a first numerical cal-

culation of the heat conduction was carried out 

assigning to the soil thermal conductivity the 

value obtained in the corresponding laboratory 

test. As can be seen in Figure 5, in the case of the 

simulation of the saturated sample, the rate of 

temperature increases and the final temperature 

obtained numerically are much lower than the 

measured ones. Also even if it was possible to 

reach the observed final temperature for a much 

reduced value of , the intermediate computed 

temperatures would be very significantly below 

the actual ones. This was the case for all the sim-

ulations and is an indication of a considerable 

contact thermal resistance between the needle 

and the soil. The contact thermal resistance was 

then simulated by attributing reduced values of 

thermal conductivity, c, to the very thin element 

(0.1577mm) at the inner boundary. The values of 

both  and c were then adjusted to the laboratory 

curve simultaneously. As can be seen in Figure 5 

the use of this procedure produced quite good ad-

justments to the time evolution of the measured 

needle temperature. It also has the benefit of de-

termining the value of the contact thermal re-

sistance between the metal needle and the soil. 

The contact thermal conductance, hc, (the inverse 

of the contact thermal resistance) can be com-

puted from 

ℎ𝑐 = 𝜆𝑐/ [𝑟0𝑙𝑛 (1 +
𝛥𝑥

𝑟0
)] , (4) 

where 𝜆𝑐  is the conductivity of the thin layer that 

is used to simulate the contact and is obtained 

from the back analysis, 𝛥𝑥 is the thickness of the 

layer and r0 is the radius of the needle. 

  The resulting thermal conductivity estimates 

were also compared with semi-empirical pro-

posals based on the spatial arrangement of the 

soil constituents. According to the geometric 

mean, 𝜆 is obtained by 

 

 𝜆 = 𝜆𝑠
𝜒𝑠 . 𝜆𝑤

𝜒𝑤 . 𝜆𝑎
𝜒𝑎, (5) 

 
where 𝜆𝑠, 𝜆𝑤 𝜆𝑎   are, respectively, the thermal 

conductivity of solid, water and air components.  

Jougnot and Révil (2010) proposed a definition 

of thermal conductivity by considering glass 

spheres with diameter of 200 𝛍m: 
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𝜆 =
𝜆𝑓

𝑓
[𝑓. 𝜃 +

1

2
(1 − 𝜃)(1 − 𝜃 +

√(1 − 𝜃)2 + 4𝑓𝜃)]                                                  (6) 

 

where 𝑓 = 𝑛
𝛼

1−𝛼, 𝜃 =
𝜆𝑠

𝜆𝑓
> 1, 𝜆𝑓 = 𝑆𝑟

𝛽
𝜆𝑤 + (1 −

𝑆𝑟
𝛽

)𝜆𝑎,  𝛼=1.7 and 𝛽=1.52.  
The thermal conductivity values obtained from 

the back-analysed tests (meth2) with those ob-

tained from the line source-based solution (meth1) 

as well as the thermal contact conductance (hc) 

are presented in Table 2. In Figure 6 are plotted 

the evolution of thermal conductivity with satu-

ration degree for the samples with a void ratio of 

e=0.712 as well as the saturated one with 

e=0.782 (it was e=0.852 before saturation) for 

both methods and for equations 5) and 6). 

For saturated conditions all values, both the 

measured and those obtained from the equations 

are very similar. In dry conditions both measure-

ments and equation 6) values are quite similar, 

while the geometric mean expression gives a 

much larger value. 

 
Table 2. Resume numerical back-analysed tests 

  e Sr 
c  

(J.kg-1.K-1) 
Dens.  

(kg.m-3) 
Ti 

(ºC) 
meth1 

(W.m-1.K-1) 

 meth2 

(W.m-1.K-1) 
c 

(W.m-1.K-1) 
hc 

(W.m-2.K-1) 

dm1d144 0.854 0 733 1440 18.965 0.21 0.21 0.040 279 

dm1d156 0.712 0 733.1 1560 20.364 0.23 0.23 0.038 265 

dm1d175 0.526 0 733 1750 18.851 0.31 0.24 0.039 272 

w5m1d156 0.712 0.188 898.5 1632 18.830 1.14 0.80 0.050 349 

w10sm1d156 0.712 0.375 1047.7 1710 20.684 1.70 1.94 0.039 265 

sm1d144 0.782 0.97 1517.5 1932 19.925 2.50 2.60 0.035 244 

 

 

 

 

 

 

 

 

 

 

 

 

 

For partially saturated conditions there is a sig-

nificant difference between both measurement 

methods and between the measurements and the 

empirical equations. This dispersion of values is 

probably due to the heterogeneous moisture dis-

tribution in the sample which could not be 

avoided with the used experimental procedure. 

The thermal conductance obtained by the 

back-analysis gave values between 244 and 349  

W.m-2.K-1, which indicates a high contact re-

sistance between both materials (sand and metal). 

5 FINAL REMARKS 

In this work it was presented a large set of ex-

perimental measurements of thermal conductiv-

ity in Fontainebleau sand for different relative 

densities and degrees of saturation. Thermal con-

ductivity exhibited a large range of variation 

mainly due to Sr variation and to a much less ex-

tent to Dr. With a back-analyses procedure as-

suming a different thermal conductivity in the 

Figure 5 - Thermal test sm1d144 experimental curve. Numer-

ical modelling: line-source model value and back-analysis. 

Figure 6 - Evolution of thermal test with the degree of satu-

ration (experimental methods and semi-empirical relations. 
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contact between the soil sample and the needle 

probe the thermal tests were fully reproduced and 

the contact thermal conductance obtained. The 

values indicated a high contact resistance be-

tween both materials. Very close thermal conduc-

tivity estimates were obtained with both experi-

mental methods. In saturated and dry conditions 

this agreement was extended to semi-empirical 

correlations, however under partial saturation this 

agreement was not attained which might be due 

to heterogeneity of the moisture content in the 

sample volume. 
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