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Determination of the thermophysical properties of evolutive
porous media: application to Civil Engineering materials

P. Poullain, P. Mounangaa, G. Bastian, and R. Coué

GeM, UMR CNRS 6183, Institut de Recherche en Génie Civil et Mécanique, IUT de Saint-Nazaire, Département Génie Civil,
BP 420, 44606 Saint-Nazaire Cedex, France

Abstract. The purpose of this paper is to describe the development and the use of two measurement techniques especially
adapted to the rapid determination of the thermophysical properties of evolutive porous media. The first technique exploits the
method of the “heated and non-heated wires” and is validated on wet clay by comparison with previous works [Mounanga et al.,
Eur. Phys. J. Appl. Phys. 26, 65 (2004)]. It is then used to quantify the evolution of both thermal conductivity and volumetric
heat capacity of hardening cement pastes maintained at 294 ± 1 K. The second technique is based on the classical method of the 
“heating film” and a data treatment using forward calculation. This technique is first used to measure the properties of well-
known materials (hardened mortars, wet sand [Mounanga et al., Eur. Phys. J. Appl. Phys. 26, 65 (2004); Delacre, Ph.D. thesis,
University of Artois, 2000] and glass [Bastian, Rev. Phys. Appl. 22, 431 (1987)] and then applied to media whose properties evolve
both over time and through space (drying sand).

1 Introduction

In the field of Civil Engineering, the materials either nat-
ural (wood, rock) or artificial (concrete, mortar) are often
multiphase materials. Some are partially water-saturated
porous media and exhibit complex behaviour when ex-
posed to chemical, mechanical or physical solicitations.
In particular, building materials can undergo temperature
gradients during their lifetime, which can alter their me-
chanical or aesthetic performances by generating cracks.
Predicting the thermomechanical behaviour of the struc-
ture [4–6] requires the determination of the material ther-
mophysical properties.

The present paper describes the theoretical bases, the
development and the validation of two different measure-
ment methods usable to determine the heat transfer pa-
rameters of evolutive materials (thermal conductivity and
volumetric heat capacity).

The first technique is based on the method of the
“heated and non-heated wires” (HnHW method). It is val-
idated on wet clay and then applied to the study of hydrat-
ing cementitious matrices maintained at 294 ± 1 K under
endogenous conditions (no water exchange with the exte-
rior) during the first 24 hours of hydration. A peripheral
thermal regulation system enables to maintain the matrix
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in quasi-constant temperature conditions since the hydra-
tion heat release can perturb the measurement [1]. The
theoretical bases of the HnHW method consider the tran-
sient temperature field around a continuous line source
dissipating a constant power in an infinite medium. The
fact that the material sample is a finite medium demands
to correct the temperature measurement before further
treatment. This correction is evaluated by means of the
image method.

The second technique is adapted from that of the
“heating film”. It allows, thanks to a result analysis based
on inverse treatment, to study materials that do not re-
lease heat and whose properties evolve over time and
through space. Teledeltos paper strips play the role of the
heating film. This experimental method and the use of
Teledeltos paper allow a short time of measurement and
thus a weak disturbance of the medium. Temperature pro-
files, recorded at different locations inside the medium,
are used as input data for a forward calculation pro-
gram, exploiting a minimization function implemented in
MatLab r© (MathWorks inc.). The “heating film” method
coupled with inverse calculation, noted HFIC, is first vali-
dated on reference materials (hardened cement pastes and
mortars). Then the functions describing the spatial evolu-
tions of the thermal properties of wet sand submitted to
drying are determined.
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Before presenting the experimental devices, a brief re-
minder of the theoretical background of heat and mass
transfers in porous media is exposed in Section 2.

2 Heat and mass transfers in porous media

Let us consider a non-deformable medium whose poros-
ity contains liquid water, vapour and air. Assuming the
following hypothesis:

• constant and uniform pressure of the gaseous phase in
the material,

• slow changes in the material microstructure as com-
pared with the time of observation (<5 minutes in the
present study),

• weak rate of chemical reactions,
• radiative heat transfer neglected,
• heat of wetting neglected,
• hysteresis effects neglected,

heat and mass transfers can be modelled by the following
set of equations [7]:⎧⎪⎨

⎪⎩
ρCP

∂T

∂t
= �∇ ·

(
λ

⇀∇T + ρlLvDθv
�∇θ

)
∂θ

∂t
= �∇ ·

(
Dθ

⇀∇θ + DTv
�∇T

)
+

∂Kl

∂z
(1)

– T : temperature [K]
– θ: water content [%]
– t: time [s]
– z: ascending vertical coordinate [m]
– ρCP : volumetric heat capacity [J m−3 K−1]
– λ: apparent thermal conductivity [W m−1 K−1]
– Lv: latent heat of water vaporisation [J kg−1]
– Dθ: global hydric diffusivity [m2 s−1]
– DTv: vapour diffusivity due to temperature gradient

[m2 s−1]
– Dθv: vapour diffusivity due to water content gradient

[m2 s−1]
– Kl: hydraulic conductivity [m s−1]
– ρl: density of the liquid [kg m−3].

Assuming that moisture diffusion is a much slower pro-
cess than heat diffusion, it is possible to develop fast tran-
sient measurement methods that do not lead to modifica-
tions in the water content [8]. In this case, the heat flux
−ρlLvDθv∇�θ is much lower than −λ∇�T and system 1 can
thus be simplified in:

ρCP
∂T

∂t
= �∇ ·

(
λ�∇T

)
(2)

where λ = λ0 + ρlLvDTv, the “apparent” thermal con-
ductivity takes into account the pure heat conduction
phenomenon described by Fourier’s law (λ0: medium
pure thermal conductivity [W m−1 K−1]) and the inter-
nal evaporation-condensation mechanism due to the dif-
fusion of water vapour inside the pores and induced by
temperature gradients [9].

3 Presentation of the experimental methods

The experimental determination of wet porous media ther-
mal properties is a complex problem. This complexity is
related to the state of pore water: it is important to en-
sure that the measurement method does not induce inter-
nal movements of the liquid phase and/or liquid/vapour
phase change. Those phenomena can indeed have a signif-
icant influence on heat transfers and consequently on the
thermophysical properties of the material [9,10]. Transient
methods are thus preferred because they allow to shorten
the test duration and therefore to avoid internal moisture
movements [11]. In these methods, the heat transfer pa-
rameters are determined from the temperature response
of a sample submitted to a short thermal solicitation. In
this paper, two techniques are used:

• the “heated and non-heated wire” method (HnHW),
• the “heating film” method (HF).

3.1 HnHW method

3.1.1 Experimental device

In this measurement method, the follow-up of the tem-
perature evolution of two stainless-steel wires, whose one
is heated during a short time lapse, makes it possible to
determine the thermal conductivity and the volumetric
heat capacity of the surrounding medium. The medium
temperature must be initially uniform. In order to fulfil
this condition, the assembly is equipped with a system
of temperature control. In the case of hydrating cementi-
tious matrices, this system eliminates the influence of the
hydration heat and ensures that the material properties
evolve only over time.

Figure 1 shows a schematic diagram of the experimen-
tal device. The assembly is composed of a rigid, paral-
lelepipedal mould, whose walls are covered with a 50 mm-
thick layer of thermal insulator (polyurethan foam) (see
Fig. 1). The stainless-steel wire-sensors, covered with
a thermo-retractable sheath, are tightened between two
rigid elements situated at both ends of an aluminium rule
embedded in the bottom of the mould. The sheath pre-
vents electric conduction effect between the wires and the
wet material. Bastian and Khelidj [12] showed that the in-
fluence of the thermo-retractable sheath on experimental
values of λ and ρCP can be neglected.

The material is cast on the higher face of the first water
circulation box placed at the bottom of the mould. The
second water circulation box is then placed on the top
of the sample. The weight of this box is transferred on
the peripheral insulator layer through the outlet and inlet
pipes of the water circuit, avoiding the crushing of the
sample.

A thermocouple is embedded in the medium in order
to follow the temperature evolution.

At the end of casting, the electric circuit providing the
power to the heated wire is closed. This electric circuit is
shown at Figure 2. It is composed of two meshes. Dur-
ing the heating phase (th = 120 s), an alternative current
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Fig. 1. Schematic diagram of the “heated and non-heated wire” device (HnHW method).

Fig. 2. Diagram of the electric circuit for “the heated and non-heated wire” device.

(AC; I = 4 A) passes through the first mesh. Taking into
account the stainless-steel wire resistance, this current de-
livers an electric power of 20 W m−1. A direct current
(DC; i = 80 mA), provided by a stabilized power supply
passes continuously through the second mesh. The DC,
too weak to overheat the stainless-steel wire-sensors, en-
ables to measure their electric voltage. A relay, controlled
by a data acquisition station, allows the closing of the
first mesh during the heating phase and the closing of the
second mesh during the measurement phase. The data ac-
quisition station records automatically the evolutions of
the stainless-steel wire electric voltage and the embedded
thermocouple signal. The observation time is 3 minutes
and the measurement cycle period is 15 minutes. The first
measurement cycle is carried out 15 minutes after casting.

The knowledge of the “resistance vs. temperature” law
of the stainless-steel wires makes it possible to convert the
electric voltage evolution into temperature evolution.

3.1.2 Theoretical description

The HnHW method can be used to determine the ther-
mophysical properties of a material from the temperature
time evolution of wires embedded in the medium [12,13].

3.1.2.1 Continuous source line in an homogeneous
infinite medium

Let us consider a continuous source line, materialized
by an infinitely thin wire, dissipating a constant linear
power Pl [W m−1] from the moment t = 0 to th, in
an infinite medium whose temperature is initially uni-
form. This medium is characterized by its thermal con-
ductivity λ [W m−1K−1] and its volumetric heat capacity
ρCP [J m−3K−1]. In these conditions, the heat conduction
equation is:

ρCP
∂T

∂t
= �∇ ·

(
λ�∇T

)
(3)
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The resolution of equation (3) in cylindrical coordinates
gives the following relation:

T (r, t) =
Pl

4 πλ
E1

(
r2

4at

)
(4)

where r is the distance to the source [m], a
(
= λ

ρCP

)
the

medium thermal diffusivity [m2 s−1] and t the time [s].
E1(x) is the exponential integral of x:

E1 (x) =

+∞∫
x

e−v

v
dv (5)

Equation (4) gives the temperature evolution of a non-
heated wire embedded in the material, parallel to the
heated wire at a distance r, but also describes the ther-
mal evolution of the heated wire [14]. As soon as heating
is stopped, the temperature has to be calculated from the
following relation:

T (r, t) =
Pl

4πλ

[
E1

(
r2

4at

)
− E1

(
r2

4a (t − th)

)]
(6)

This latter is obtained from the superimposition of the
temperature field relative to the heat source and the tem-
perature field of a heat sink.

The temperature evolution of the heated and non-
heated wires from t = 0 to t > th can be seen in Fig-
ures 19 and 20 respectively (Appendix A). For the heated
wire and for t >> th, equation (6) can be approximated
by [15]:

T (r, t) =
Pl

4 πλ

[
ln

(
4at

r2

)
− ln

(
4a (t − th)

r2

)]
(7)

which yields, after transformation:

T (r, t) =
Pl

4πλ
ln

(
t

t − th

)
(8)

λ can thus be written as (where ∆ represents a time vari-
ation between two points of the curve, see Fig. 3):

λ =
Pl

4π

∆
(
ln t

t−th

)
∆T

(9)

For the non-heated wire, the expression of the theoretical
temperature curve slope at point I, indicated in Figure 20
(Appendix A) [13], can be derived from equation (4).

The development of the exponential integral for very
small values of x is [15]:

E1

(
1
x

)
≈ x

e1/x

(
1 + A1x + A2x

2

1 + B1x + B2x2

)
≈ x

e1/x
(10)

At the point of inflexion I (see Fig. 4), where 4atI
r2 = 1,

equation (4) can thus be written:

T (r, tI) =
Pl

4πλ

4atI
er2

with e= 2.718... and finally:

ρCP =
Pl

eπr2

(
∆t

∆T

)
I

(11)

Fig. 3. Temperature vs. non-dimensional time for the heated
wire during the post heating phase.

Fig. 4. Temperature vs. time for the non-heated wire.

3.1.2.2 Continuous source line in a finite medium – Image
method

In the case of a finite medium, equations (3–11) can not
be applied directly. Considering a slab, for example, the
boundary conditions on its upper and lower faces influence
the time evolution of the wire temperature. Therefore, the
determination of the thermal properties from equations (9,
11) lays on a preliminary correction of the temperature
profiles: the influence of the boundary conditions is quan-
tified by the “image method” [16].

According to this method, the real configuration,
shown in Figure 5a, is equivalent to the configuration in
an infinite space, given in Figure 5b.

In the second configuration (Fig. 5b), the problem fi-
nally consists in determining the temperature change of
the heated and non-heated wires submitted to the influ-
ence of a heat source (heated wire) and to that of an
infinity of alternated heat sinks and heat sources (image-
wires), in an infinite medium, with an uniform initial tem-
perature field.

Prior to the application of equations (9, 11) for the
calculation of λ and ρCP , the thermal effects of the im-
age heat sources and sinks have to be quantified and sub-
tracted from the temperature time evolution of the wires.
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Fig. 5. Image method applied to the HnHW method.

Complete development of the “image method” is given in
Appendix A.

3.2 HF and HFIC methods

3.2.1 Experimental device

The geometry of study is composed of parallelepipedal test
samples of square section.

The sample receives a heat flux Φ [W m−2] through
one of its faces. The other faces are thermally insulated.

For materials with uniform thermophysical properties,
only two thermocouples, centred on the heating film and
on the opposite insulated face are sufficient to determine
λ and ρCP (HF method – [1]). Analytical relations indeed
link the difference between the temperature of the two
thermocouples to λ and the slope of the temperature time
evolutions to ρCP .

In the case of materials with non-uniform properties
(for example drying materials exhibiting internal water
content gradients) no analytical equation is available to
determine the functions describing these parameters. The
thermocouples are then placed into the material at dif-
ferent locations and the temperature time evolutions are
used as input data for the forward calculation program.
The experimental device for the HFIC method is shown
in Figure 6 and examples of temperature time evolutions
are presented in Figure 7. In the experiments, the temper-
ature increase is always lower than 4 K.

3.2.2 Theoretical description

Temperature profiles measured at different locations in the
material are analysed with an inverse calculation program
to determine the medium thermal properties. Forward cal-
culation lays on the numerical resolution of the heat trans-
fer equation (Eq. (2)). The thermophysical parameters

leading to the same time evolutions of temperature are
sought numerically. This method is particularly adapted
when space variations of the thermophysical properties are
observed, especially during the drying of materials.

3.2.2.1 Direct problem

Heat conduction equation together with the thermophys-
ical properties of the material, the initial and boundary
conditions can give the temperature field in a material. In
order to solve the problem numerically, the partial deriva-
tive equations are discretized applying central difference
approximation and the ADI method (Alternating Direc-
tion Implicit – [17]). A system of linear equations is then
built in the shape of two easily inversible tridiagonal ma-
trices (see Appendix B).

For two-dimensional problems, ADI method consists
in using an implicit scheme in one direction of space and
an explicit one in the perpendicular direction at one time
step, and then inverting the implicit and explicit directions
at the next time step.

Flux boundary conditions are written using “fictitious
nodes” [17]. The temperature derivatives are then ex-
pressed as the difference between a temperature at a node
inside the material and a temperature at a virtual node
out of the material.

The ADI method yields the following systems of equa-
tions:

AxT 2n = BzT
2n−1+Cz for the even moments (explicit

in z and implicit in x)
AzT

2n+1 = BxT 2n +Cx for the odd moments (explicit
in x and implicit in z)
where Ax, Az , Bx and Bz are tridiagonal matrices and Cx

and Cz are vectors expressing the boundary conditions.
Thus, the temperature field can be obtained by calculating
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Fig. 6. Schematic view of the experimental device for the HFIC method.

Fig. 7. Example of temperature time evolutions measured by
thermocouples placed at different locations in a medium with
non-uniform properties.

the inverse matrices of Ax and Az:

T 2n = A−1
x

(
BzT

2n−1 + Cz

)
T 2n+1 = A−1

z

(
BxT 2n + Cx

)
3.2.2.2 Inverse problem

The resolution requires successive computations of the di-
rect problem. Test function has to be minimized, i.e. the
difference between the measured experimental data and
the calculated numerical data has to be made as small
as possible. Minimization is done by the conjugate gradi-
ent method [18]. In this work, the test function has the
following form:

εi (λi; (ρCP )i) =
t=tmax∑

t=0

N∑
n=1

(
T exp

n,t − T num
n,t (λi; (ρCP )i)

)2

(12)

where t is the discrete time [s], tmax the observation time
[s], N the number of temperature profiles [-], T exp

n,t the
experimental temperature profile [K], T num

n,t the computed
temperature profile [K].

Figure 8 shows the principle of the inverse method.
Initial values are given to the thermal conductivity and
to the heat capacity and constitute the initial guesses of
the problem. Those parameters are used to calculate the
temperature field and to obtain a first estimate of the test
function from a comparison with the experimental data
(Eq. (12)). Calculation of the temperature field for pa-
rameters close to the initial guesses makes it possible to
know the local shape of the test function and to guide the
research towards the optimal parameters. Computation is
terminated as soon as the difference between two consec-
utive values of εi (λi; (ρCP )i) becomes lower than 10−6.

4 Experiments

4.1 Studied materials

4.1.1 Cement

The cement used during the tests is CPA-CEM I 52.5
PM ES from Le Teil (France). Its chemical composition
is given in Table 1. The characterization tests were car-
ried out in the section “Characterization and Study of
Materials” at the LCPC (Laboratoire Central des Ponts
et Chaussées, Paris).

4.1.2 Clay

Clay is used to validate the HnHW method. It is chosen
because of its consistency and its thermophysical char-
acteristics close to those of fresh cement pastes: it is a
homogeneous sample of natural clay, already studied by
Bastian [19].
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Fig. 8. Principle of the inverse method.

Table 1. Chemical composition of the cement.

CPA-CEM I 52.5 PM ES
Blaine specific surface area: 3320 cm2 g−1

Composition CaO SiO2 Al2O3 Fe2O3 MgO SO3 NaO2 K2O CO2

% (mass) 66.39 21.17 2.69 1.96 0.65 2.43 0.3 0.22 1.56

Saturated clay is mixed during fifteen minutes. Dis-
tilled water is gradually added in order to obtain desired
consistency. An impermeable plastic film is then placed on
the mixer bowl. Drying is thus prevented during the few
minutes that separate the end of mixing and the casting
into the experimental device. The clay water content, de-
fined as the mass ratio between water and dry material,
is 123%.

4.1.3 Cement pastes and mortars

Cement pastes and mortars are prepared by first mixing
the solid phase during thirty seconds in order to break the
cement agglomerates and to homogenize the sand-cement
mixture. Distilled and deaerated water is then added. Mix-
ing is carried out during 3 minutes using a 5 L-mixer.

4.1.4 Sand

The sand comes from the region of Nantes (France), it
has been sieved to keep the particles between 80 µm and
1 mm.

4.2 HnHW method – Calibration of the stainless-steel
wires

The stainless-steel wires, embedded in the material, are
used both as heating element and thermal sensors: their

electric resistance R is indeed linearly related to their tem-
perature T (Fig. 9) and can be modelled as:

R (T ) = R0 (1 + αT ) (13)

where R0 is the resistance at 0 ◦C [Ω] and α is the tem-
perature coefficient [K−1].

A calibration is carried out in a thermostated bath in
order to determine α. The detailed method can be found
in [12]. For the actual stainless-steel wire, the following
value of α is obtained:

α = 2.6304× 10−3 K−1 (14)

Knowing the material temperature that is presumed uni-
form before heating the wire, voltage measurements pro-
vide, with a good accuracy, the temperature of the
wires [12].

4.3 HFIC method – Characteristics of the heating film

Teledeltos paper is used as the heating film. Its properties
have already been given in [1]. The application of an elec-
tric potential difference between two points of a Teledel-
tos paper sheet creates an electric current able to heat
the surface by Joule effect. In order to check the unifor-
mity of heating on the paper sheet surface, a 50 V-electric
potential difference is applied at the boundaries of the
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Fig. 9. Calibration curve of the stainless-steel wire.

Fig. 10. Experimental electric potential field [V] at the surface
of the heating film.

paper, painted with silver lacquer. This potential differ-
ence induces the circulation of a 50 mA-current through
the film. The power dissipated by the film is then 2.5 W,
which corresponds to a heat flux of 280 W m−2. From volt-
age measurements in various points on the film surface,
equipotential lines can be drawn. These lines are verti-
cal, the power is thus uniformly dissipated on the whole
surface of the heating film (see Fig. 10). Moreover, tem-
perature measurements have proved that the power is only
dissipated by the unpainted surface.

4.4 Validation tests

HF method, described by Mounanga et al. [1] and already
validated on glass plates, is used as a reference technique.

The validation of the HnHW and HFIC methods consists
in comparing the thermal conductivity and volumetric
heat capacity values of the same material obtained from
the different methods.

4.4.1 HnHW method

Two tests on wet clay are carried out with the classical
HF technique and three tests with the HnHW technique.
Each test is achieved with a new sample.

4.4.2 HFIC method

The tested materials are on one hand four 60 day-aged
mortars with different water-to-cement mass ratios (W/C
ratios) and sand-to-cement mass ratios (S/C ratios), and
on the other hand glass and wet sand (mass water content:
w = 10%). From casting to test, the mortars are kept in
endogenous conditions in order to have their properties be
uniform.

During the test, the samples are equipped with two
thermocouples. One is in contact with the heating film;
the second one is placed on the opposite insulated face.

The properties determined by the HF method are av-
erages of four successive tests. For the inverse method,
initial guesses of 1 W m−1 K−1 for λ and of 3 × 106 J
m−3 K−1 for ρCP are taken.

4.5 Application to evolutive porous materials

4.5.1 HnHW method – Hardening cement pastes

In massive concrete structures, the hydration heat re-
lease of the cementitious matrix generates thermal stresses
high enough to increase the risk of premature cracking of
concrete. In most of the models proposed to predict the
thermomechanical behaviour of concrete at early age, the
thermophysical properties are considered as constant pa-
rameters, but very few studies [20,21] have been achieved
to assess that hypothesis.

Experimental tests are performed to measure the ther-
mal conductivity and the volumetric heat capacity of vari-
ous W/C ratio cement pastes, during the first twenty four
hours of hydration. The aim of the tests is to quantify the
possible variations of λ and ρCP due to the microstruc-
tural changes occurring during the setting period of the
matrices.

4.5.2 HFIC method – Drying sand

Tests are carried out on drying wet sand prismatic samples
(4×4×16 cm3) using the HFIC method. The initial water
content of the sample is 10%. Only the upper square face
is in contact with the air and allows moisture exchanges.
Before commencing the test, drying is performed in a room
at a temperature of 294 K and a relative humidity of 55%
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Table 2. Comparison between the experimental results obtained with HF and HnHW techniques.

Wet clay
HF method HnHW method

(water content: 123%) Test No. 1 Test No. 2 Mean value Test No. 1 Test No. 2 Test No. 3 Mean value

λ [W m−1 K−1] 0.91 0.93 0.92 0.88 0.90 0.90 0.89

ρCP [106 J m−3 K−1] 3.95 3.74 3.85 4.07 3.96 3.93 3.99

Table 3. Comparison between the experimental results obtained by HF and HFIC methods.

HF method HFIC method Discrepancy
Mortars λ ρCP λ ρCP λ ρCP

W/C S/C [W m−1 K−1] [106 J m−3 K−1] [W m−1 K−1] [106 J m−3 K−1]
50% 0 0.98 2.89 0.92 2.63 6% 9%
50% 1 1.76 2.63 1.68 2.43 5% 8%
50% 2 1.99 2.62 1.99 2.42 0% 8%
60% 4 1.70 2.47 1.80 2.55 6% 3%

Glass 1.00 2.30 0.98 2.48 2% 8%
Wet sand 2.26 2.02 2.41 2.06 6% 2%
w = 10%

during 3 days. As the thermal properties evolve with the
distance x to the drying face, the inverse method is chosen
to identify functions λ (x) and ρCP (x). The water content
w(x) is also measured. It is assumed to be uniform in a
cross section of the sample located at x.

The water content is measured by a classical method
described hereafter. Slices are cut in the sample and placed
into different flasks. Each slice is then heated in a micro-
wave oven and weighted until the mass is constant. The
difference between the initial and final sand slice masses
makes it possible to calculate its water content w:

w (%) =
Mi − Mf

Mf − Mflask
100% (15)

where Mflask is the flask mass [g], Mi is the initial mass
of the flask filled with the wet sand [g] and Mf the final
mass of the flask filled with dried sand [g].

5 Results and discussions

5.1 Validation of the experimental methods

5.1.1 HnHW method

The experimental results are given in Table 2.
A good repeatability of the measurements achieved

with the HnHW device is observed: the relative differ-
ence between the measurements and the average value is
lower than 2%. Moreover, the results obtained from both
methods are very close, the relative variations are lower
than 3 and 4% for the thermal conductivity and for the
volumetric heat capacity, respectively.

5.1.2 HFIC method

Table 3 presents the thermophysical property values mea-
sured by the HF method and calculated by the HFIC
method.

Fig. 11. Mortar thermal conductivity vs. S/C ratio; compar-
ison between the HF method and the HFIC method.

Figures 11 and 12 show the evolutions of λ and ρCP

as a function of mortar S/C ratio. The error bars are the
standard deviations observed during the measurement by
the HF method.

A good agreement between the data measured by the
HF method and the inverse method can be noted. The
values of λ obtained by the inverse method are inside the
zone of uncertainty of the HF method. The values of ρCP

determined by the inverse method are slightly lower than
the HF method results. However, the agreement is satis-
factory. A better estimation of the parameters is possible
by refining the grid of calculation. Indeed, although the
discretization scheme is unconditionally stable, the solu-
tion can evolve according to the coarseness of the grid.

5.2 HnHW method – Hardening cement pastes

5.2.1 Temperature control of the samples

Application of equations (9, 11) used for the HnHW
method requires initial constant temperature before each
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Fig. 12. Mortar volumetric heat capacity vs. S/C ratio; com-
parison between the HF method and the HFIC method.

Fig. 13. Temperature of the cement paste samples during the
tests.

measurement cycle. It is thus necessary to dissipate the
heat generated by the cement hydration. With this aim, a
peripheral system of thermal regulation is integrated into
the experimental device (see Sect. 3.1.1).

A thermocouple is embedded in each sample in order
to check the efficiency of this thermal regulation system
(see Fig. 1).

Figure 13 reveals that, during the tests, the sample
temperature is not constant; however, the thermal increase
remains lower than 1 K and the maximum rate of the tem-
perature evolution is lower than 0.3 K h−1. An elementary
calculation shows that these variations have a negligible
influence on the thermal evolution of the stainless-steel
wires.

5.2.2 Maturity and equivalent age

The hydration of cement is a thermoactivated chemical
process: it is accelerated by a high ambient tempera-
ture. It means that a cementitious matrix maintained at
constant temperature follows a different “thermodynamic
path” than the same material submitted to another ther-
mal history. The concept of maturity has been introduced
to take into account the effect of temperature on the ce-
ment hydration rate. This concept needs the knowledge of
the real temperature history of the material and consists
in transforming the real age t of concrete into the equiv-
alent age teq using a suitable maturity function [22]. The

Fig. 14. Thermal conductivity of cement pastes with different
W/C ratios (test temperature: 294 ± 1 K).

maturity function suggested by Arrhenius is best qualified
for a proper description. With this function, the equivalent
age can be derived:

teq =

t∫
0

exp
(−Ea

R

(
1

T (τ)
− 1

Tref

))
dτ (16)

with Ea the apparent activation energy [J mol−1] and R
the perfect gas constant [J mol−1K−1]. In the following
sections, the evolution of λ and ρCP of the cement pastes
are expressed as a function of their equivalent age, consid-
ering the apparent activation energy of cement to be equal
to 34.0 kJ mol−1 [23]. The reference temperature Tref is
293 K, in agreement with European standard.

5.2.3 Evolutions of λ and ρCP at 294 ± 1 K

The experimental results obtained for the thermal con-
ductivity and the volumetric heat capacity of early age
cement pastes are shown in Figures 14 and 15.

During the first twenty-four hours, the thermal con-
ductivity slightly increases (see Fig. 14), rising by 6, 11,
14 and 4% for the cement pastes with W/C ratio = 25,
30, 35 and 40%, respectively.

The influence of the W/C ratio on the evolution of λ
remains weak. Indeed, the curves with W/C ratio = 30, 35
and 40% are superimposed over almost the whole investi-
gation period. Although the curve with W/C ratio = 25%
shows higher values, the differences with the other curves
are lower than 7%. Thermal conductivity values measured
at 24 hours are close for the four W/C ratios (see Tab. 4).

The volumetric heat capacity (Fig. 15) decreases dur-
ing the first 24 hours of hydration. All the curves present
the same decreasing evolution.

The high initial value of ρCP can be explained by the
presence of non-chemically bound water within the mate-
rial. The solid phase has indeed a much lower volumetric
heat capacity than “free” water [24]. The progressive con-
sumption of water by the hydration reactions causes an
increase of the solid phase volume fraction and indirectly
a decrease in the volumetric heat capacity of the material.

The thermal diffusivity, noted a, also characterizes the
thermal behaviour of a medium.

10



Table 4. Thermophysical properties of cement pastes after 24 hours of hydration at 294 ± 1 K.

W/C = 25% W/C = 30% W/C = 35% W/C = 40%

λ [W m−1K−1] 0.90 0.87 0.86 0.87
ρCP [106 J m−3 K−1] 2.54 2.70 2.48 2.38

a [10−6 m 2 s−1] 0.35 0.32 0.35 0.37

Fig. 15. Volumetric heat capacity of cement pastes with dif-
ferent W/C ratios (test temperature: 294 ± 1 K).

Fig. 16. Thermal diffusivity of cement pastes with different
W/C ratios (test temperature: 294 ± 1 K).

The evolution of the thermal diffusivity is plotted in
Figure 16, for the studied cement pastes. The rise during
the first hours of hydration can be explained by the in-
crease of λ (Fig. 14) and the diminution of ρCP (Fig. 15).

The influence of the W/C ratio on the evolution of
thermal diffusivity, in the range of W/C ratios investi-
gated, is not very sensitive: the curves exhibit a similar
evolution and reach, after 24 hours, similar thermal diffu-
sivity values (see Tab. 4).

5.3 HFIC method – Drying sand

The sand sample is heated during 5 minutes through one
of its larger faces (4× 16 cm2). The rise in temperature is
measured by 6 thermocouples embedded at about 10 mm
from the heating film (see Fig. 6). The precise thermocou-
ple positions can be found in Table 5.

Parabolic functions are chosen to represent the space
evolution of λ (x) and ρCP (x). The computation time is
about 1 hour.

Space evolutions of the water content and of λ and
ρCP are presented in Figure 17.

Table 5. Positions of the thermocouples.

Thermocouple 1 2 3 4 5 6
x [mm] 11 19 30 50 79 118
z [mm] 8.5 8.5 8 9 11 12

Fig. 17. Evolution of the thermal properties and water content
of wet sand after 3 days of drying.

The water content evolves linearly from 6.5% to 8.8%
between the sample free surface and the opposite face.
A quasi linear evolution is also observed for both λ and
ρCP . From the drying face, their values increase and tend
towards those found for wet sand (see Tab. 3).

These results show that drying is faster near the sur-
face in contact with air. The replacement of liquid wa-
ter by air/vapour mixture in the pores due to moisture
exchange with the exterior provokes a diminution in the
values of λ and ρCP . Liquid water indeed exhibits higher
thermal conductivity and volumetric heat capacity than
air and vapour.

Figure 18 shows the evolution of the thermal proper-
ties versus the water content. The results are compared to
those previously determined by Mounanga et al. [1] and
Delacre [2]. Although differences can be observed concern-
ing the heat capacity for a water content of 0%, the val-
ues presented by Mounanga et al. [1] and Delacre [2] are
in good agreement for both parameters. The difference at
w = 0% can be related to the fact that the sand used by
the authors is not of the same origin.

The results of the present paper are plotted on the
same graph (see Fig. 18). The thermal conductivity val-
ues measured are consistent with those presented by
Delacre [2]. The heat capacity values are situated slightly
above those obtained by Delacre [2]. This can be, once
again, attributed to the difference in composition of the
two granular media.
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Fig. 18. Sand thermal properties vs. water content; compari-
son with previous studies.

6 Conclusions

In this paper, the “heated and non-heated wire” method
(HnHW) and the “heating film with inverse calculation”
method (HFIC) have been validated and applied to the
determination of the thermophysical properties of evolu-
tive materials. The results of these techniques have been
compared with those obtained with the classical “heating
film” method on a clayish material (HnHW method) and
on hardened cement mortars and glass (HFIC method). A
good agreement has been obtained between the different
methods.

The HnHW method has then been used to study the
thermal property evolution of hardening cement pastes as
a function of their equivalent age. From tests performed
at 294 ± 1 K, it is observed that, during the first day
of hydration, the thermal conductivity increases slightly,
the W/C ratio having little influence on this parame-
ter. The evolution of the heat capacity shows a strong
initial diminution, explained by the gradual decrease in
the amount of interstitial “free” water during hydration.
Indeed, water has a higher heat capacity than the solid
phase of the material. These tests have been carried out
under uniform temperature conditions. However, cement
hydration is a thermo-activated process. It would thus be
of interest to study the influence of the temperature on λ
and ρCP in order to propose values adapted to “realistic”
conditions (e.g. large concrete structures with non uniform
temperature field). The present study focusing on the in-
fluence of W/C ratio, is a part of a larger research work.
This latter includes the quantification of the temperature
effect on the thermal properties [25].

The HFIC method has been applied to the study of
drying sand. This technique together with the water con-
tent (w) measurement permitted the determination of the
evolution of the thermal properties versus w. The results,
showing the decreasing of both thermal conductivity and
volumetric heat capacity with the diminution of w, are in
agreement with previous papers.

Further works will aim at studying the thermal prop-
erties of more complex evolutive materials. In the field of
Civil Engineering, it is the case for hardening mortars and

cement pastes submitted to drying, for which the HFIC
method is particularly suitable.

The authors are grateful to Mrs. Véronique Baroghel-Bouny,
head of the section “Microstructure and Durability of Con-
crete” at LCPC (Paris) as well as the technical staff of the
section “Characterization and Study of Materials” for their
assistance as regards the characterization of the cement used.

Appendix A: Image method

The HnHW method lays on theoretical developments ex-
plained hereafter. In this part, the equations are related
to the temperature field around a continuous line source
in an infinite medium. The resolution of the transient heat
transfer equation in cylindrical coordinates yields the fol-
lowing relation:

T (r, t) =
Pl

4πλ
E1

(
r2

4 at

)
(A.1)

where r is the distance to the source [m], Pl the linear
power [W], λ the thermal conductivity of the medium
[W m−1K−1], a the thermal diffusivity [m2 s−1] and t the
time [s]. E1(x) is the exponential integral of x, that is to
say:

E1 (x) =

+∞∫
x

e−v

v
dv (A.2)

Let us consider a finite medium at the boundaries of
which homogeneous conditions of the first kind are im-
posed (Fig. 5a). The time evolution of the temperature
field can be found using the “image method”. The problem
results in the superimposition of the temperature fields
generated by heat sources and sinks disposed according to
a precise pattern. This pattern is given in Figure 5b. The
positions of the sources and sinks are given hereafter (the
origin is located on the heated wire and n ∈ ]−∞;+∞[).
Position of the sources: y = 2nh

Position of the sinks: y = (2n + 1) h.
The following relation gives the temperature field in any
point of the medium during the heating phase Th (r, t):

Th (r, t) =
Pl

4 πλ

n=+∞∑
n=−∞

{
E1

[
x2 + (y − 2nh)2

4 at

]

− E1

[
x2 + (y − (2n + 1)h)2

4 at

]}
(A.3)

It can also be used to calculate the temperature field af-
ter heating Tc (r, t). In this case, heat sinks are superim-
posed to the heat sources, and inversely, which yields the
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Fig. 19. Temperature time evolution of the heated wire; in-
fluence of the number of sources and sinks.

following relation:

Tc (r, t) =
Pl

4πλ

n=+∞∑
n=−∞

E1

[
x2 + (y − 2nh)2

4at

]

− E1

[
x2 + (y − (2n + 1)h)2

4at

]

− Pl

4πλ

n=+∞∑
n=−∞

E1

[
x2 + (y − 2nh)2

4a (t − th)

]

− E1

[
x2 + (y − (2n + 1)h)2

4a (t − th)

]
(A.4)

Relations A.3 and A.4 are rigorous, but converge
rapidly. In order to check for the convergence of these
series, tests are carried out. The varying parameter is the
number of sources and sinks whose temperature field is
taken into account. The profile for a single source is given
as a reminder. In these simulations, the medium width is
20 mm, the linear power is 20 W m−1, the distance be-
tween the wires is 15 mm, λ is 1 W m−1 K−1, a is equal
to 10−6 m2 s−1 and th is 120 s.

For the heated wire, Figure 19 shows that the number
of sinks and sources has little influence on the tempera-
ture. The differences appearing at the end of the observed
post-heating phase remain low. This shows the rapid con-
vergence of the series given by equation A.4, near the
source.

For the non-heated wire, no difference is observed dur-
ing the heating phase (see Fig. 20). Only the post-heating
phase exhibits a discrepancy between the profiles calcu-
lated with only few sources and sinks.

To calculate the temperature evolution of the heated
and non-heated wires, it is possible to use a little number
of sources and sinks to know the heating phase. For the
post-heating phase, it is necessary to increase the number
of reflections of the original source to get a better accuracy.

Fig. 20. Temperature time evolution of the non-heated wire;
influence of the number of sources and sinks (large cross: point
of inflection).

For the determination of ρCP from equation (11) as
explained in Section 3.1.2, only two sinks are used to cor-
rect the experimental data since the point of inflection is
located in the heating phase during which the number of
heat sources and sinks has little influence on the material
temperature evolution.

Appendix B: Discretization of the problem

The heat conduction equation together with the bound-
ary conditions (heat flux is null on the medium bound-
aries excepted on the lower face receiving the heat flux Φ,
Fig. 21) and initial condition (temperature is null at time
t = 0) can be used to determine the temperature field in
the medium. In some cases, the thermophysical properties
can evolve not only through space but also over time as
the material internal structure changes. If this change is
slow enough as compared with the experiment duration,
the time evolution can be neglected. The system to be
solved can thus be written as follow:

ρCP (x)
∂T

∂t
= −�∇.

(
−λ (x) �∇T

)
(B.1)

ρCP (x)
∂T

∂t
= λ (x)

(
∂2T

∂x2
+

∂2T

∂z2

)
+

∂λ

∂x

∂T

∂x
(B.2)

⎧⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎩

−λ (x = 0) ∂T
∂x

∣∣
x=0;z

= 0

−λ (x = Lx) ∂T
∂x

∣∣
x=Lx;z

= 0

−λ (x) ∂T
∂z

∣∣
x;z=0

= Φ

−λ (x) ∂T
∂z

∣∣
x,z=Lz

= 0

T (x; z; t = 0) = 0.

(B.3)

Functions λ (x) and ρCP (x) describe the spatial variations
of the thermal conductivity and of the volumetric specific
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Fig. 21. Scheme of the problem.

heat respectively. The problem is thus non linear and must
be solved numerically.

The discretization can be done by the finite difference
method. Özışık [17] explains the different techniques that
can be used to make the discretization. Central differences
and the ADI method (Alternating Direction Implicit) are
chosen to approximate the heat conduction equation. The
ADI method consists in expressing the spatial derivatives
with an implicit scheme in one direction and an explicit
scheme in the other one. The directions of implicitness and
explicitness are inverted at each time step. The advantage
of this method is to obtain a linear system of equations
that is unconditionally stable.

The following approximations are employed to express
the spatial and temporal derivatives of the temperature
field: ⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂T
∂x =

T n
i+1,j−T n

i−1,j

2∆x

∂T
∂z = T n

i,j+1−T n
i,j−1

2∆z

∂2T
∂x2 =

T n
i+1,j−2T n

i,j+T n
i−1,j

∆x2

∂2T
∂z2 = T n

i,j+1−2T n
i,j+T n

i,j−1
∆z2

∂T
∂t =

T n+1
i,j −T n

i,j

∆t

(B.4)

T n
i,j is the temperature at time step n and at the node

located by i along x and j along z. ∆x and ∆z are the
space step. In the following calculi, ∆x = ∆z. ∆t is the
time step.

If the implicitness direction is x and the explicitness
direction is z, the heat conduction equation can be ap-
proximated as (general term):

[(bi − ai) Ti−1,j + (1 + 2ai)Ti,j − (ai + bi)Ti+1,j ]
n+1

= [aiTi,j−1 + (1 − 2ai)Ti,j + aiTi,j+1]
n (B.5)

Fig. 22. Method of the fictitious node.

where parameters aj and bj are given by the following
expressions:

ai =
λi∆t

(ρCP )i ∆x2
; bi =

∂λ

∂x

∣∣∣∣
i

1
2 (ρCP )i

∆t

∆x

Inverting the directions of explicitness and implicitness
yields the following general term:

[−aiTi,j−1 + (1 + 2ai)Ti,j − aiTi,j+1]
n+1 =

[(ai − bi)Ti−1,j + (1 − 2ai)Ti,j + (ai + bi) Ti+1,j ]
n

(B.6)

Equations (B.5, B.6) are the general terms given by
the discretization of equation (B.2) inside the medium.
To calculate the temperature field, it is necessary to dis-
cretize the boundary conditions. These latter are treated
through the method of the fictitious node. This allows to
use central differences to express the spatial derivatives on
the very boundaries. Figure 22 shows the principle of this
method.

For example, if the heat flux at the node i = 0 is null:

−λ
∂T

∂x
= 0 ⇔ T−1 = T1 (B.7)

In the expression of the general term at the node i =
0, T−1 can be thus replaced by T1 and equation (B.6)
becomes:

[−a0T0,j−1 + (1 + 2a0)T0,j − a0T0,j+1]
n+1 =

[(1 − 2a0)T0,j + 2a0T1,j ]
n (B.8)

In the same way, the heat flux on the lower face of the
medium is Φ, that is to say:

− λ
∂T

∂z
= Φ ⇔ T n

i,−1 = T n
i,1 − 2

Φ

λ
∆x (B.9)

Replacing Ti,−1 by this latter expression in equation (B.5)
yields:

[−a0Ti−1,0 + (1 + 2a0) Ti,0 − a0Ti+1,0]
n+1 =

[(1 − 2a0)Ti,0 + 2a0Ti,1]
n + (a0 − b0)R0 (B.10)
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where:
Ri =

2Φ∆x

λi
(B.11)

This has to be done for each face and for the explicit and
implicit discretizations, 16 different equations describing
the flux boundary conditions can be written: 2 equations
for each face and 2 equations for each corner. These latter
equations are obtained by taking into account the flux on
each face determining the corner. They can be found by
combining the equations written for each face. For exam-
ple, for a corner located at the junction of an insulated
face and a face receiving the flux Φ (i = 0 and j = 0),
equation (B.5) becomes:

[(1 + 2a0)T0,0 − 2a0T1,0]
n+1

= [(1 − 2a0)T0,0 + 2a0T0,1]
n + (a0 − b0)R0

The discretization yields a linear system of equations in
the shape of two tridiagonal matrices for odd time steps
and two others for even time steps:

– AzT
2n = BxT 2n−1 + Cx implicit in z and explicit in x

– AxT 2n+1 = BzT
2n +Cz explicit in z and implicit in x

Az, Ax, Bz , Bx are tridiagonal matrices and Cx and Cz

two vectors containing the flux boundary conditions.
The resolution of this system requires the inversion of

matrices Az andAx:

T 2n = A−1
z

(
BxT 2n−1 + Cx

)
T 2n+1 = A−1

x

(
BzT

2n + Cz

)
.

The initial temperature is null at each node of the
medium:

T 0 =

⎡
⎢⎣

0
...
0

⎤
⎥⎦ .
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