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Thermophysical Analysis of Gioia Marble in Dry
and Water-Saturated States by the Pulse Transient
Method1

V. Vretenár,2,3 L’. Kubičár,2 V. Boháč,2 and P. Tiano4

Measurements of the thermophysical properties of Gioia marble in the tem-
perature range from −20 to 60◦C are presented. Thermophysical properties,
namely, thermal diffusivity, thermal conductivity, and specific heat, were mea-
sured by the pulse transient technique. The data were compared for dry
and water-saturated states. Despite the very low porosity of marble of about
0.6 vol%, an increase of the transport property parameters (thermal diffusiv-
ity and thermal conductivity) up to 20% after water saturation was found. To
verify the differences in the transport parameters, the ultrasonic pulse velocity
method was employed. A detailed analysis of thermophysical property data
during the freeze/thaw process for dry and water-saturated marble was car-
ried out in the temperature range from −8 to 1◦C, where an anomaly in the
water freezing process was observed. In order to study artificial aging of Gio-
ia marble, up to 60 freeze/thaw cycles were performed. No significant changes
in the thermophysical properties of Gioia marble were observed during the
artificial aging process.
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1. INTRODUCTION

Stones are porous materials where water in pores significantly influences
material properties and plays an important role in material durability dur-
ing freeze–thaw processes [1,2]. Variations of thermophysical properties
based on moisture content depend on both skeleton and pore properties,
particularly on the skeleton structure, pore shapes and pore-size distribu-
tion, size of open porosity, etc. Therefore, thermophysical property mea-
surements become a suitable tool to characterize porous materials.

A number of experimental methods have been developed to inves-
tigate heat transport through porous structures. Generally they can be
divided into two groups, namely, methods that use a steady-state measur-
ing regime [3] and methods using a transient one [4]. The first of these
methods needs a long measuring time which, for the case of porous struc-
tures, can induce redistribution of the fluid inside the pores and thus the
information is obtained at conditions far from the desired measuring con-
ditions. Transient methods need significantly shorter measuring times and
thus the information is obtained at conditions close to those found in real
applications.

In this paper we present measurements of thermophysical and elastic
properties of Gioia marble, namely, thermal diffusivity, specific heat, and
thermal conductivity, in the temperature range from −20 to 60◦C, using the
pulse transient method [5] and the modulus of elasticity at room temper-
ature using the ultrasonic pulse velocity method [6]. The specimen, Gioia
marble, was conditioned to obtain dry and water-saturated states. Apart
from a standard measuring procedure, a non-isothermal measuring regime
in the temperature range from −8 to 1◦C using a cooling and heating rate of
0.01 K·min−1 was used in order to analyze the freeze–thaw process. Due to
low cooling and heating rates and the specimen temperature control from
opposite specimen faces, we assume that thermodynamic equilibrium has
been maintained during the cooling and heating regimes. Up to 60 freeze–
thaw cycles that might induce structural damage in stone skeleton were used
to obtain a picture of material degradation and its durability.

2. EXPERIMENTAL METHODS

The major part of measurements was carried out with the pulse
transient method, whereby we carried out the thermophysical property
investigations of marble specimens. To verify unexpected behavior of
thermal diffusivity and thermal conductivity, we used another related
method. Since the elasticity is closely related to the thermal diffusivity and
thermal conductivity by dynamical properties of materials, we employed a
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Fig. 1. Experimental setup for the pulse transient method.

measurement of the modulus of elasticity by the ultrasonic pulse velocity
method.

2.1. Pulse Transient Method

2.1.1. Theory

The principle of the pulse transient method [5] is shown in Fig. 1.
The specimen consists of three parts (I, II, III). A planar heat source is
clamped between the first and second parts. The heat pulse is produced
due to Joule heating from the electrical resistance of the planar source.
One junction of a thermocouple is placed between the second and third
parts, where the temperature of the second junction is stabilized. The
method can be described as follows. The temperature of the specimen is
stabilized and uniform. Then a small disturbance in the form of a heat
pulse is applied to the specimen. The thermophysical properties are deter-
mined based upon the temperature response according to the model used.

The model of the method is characterized by the temperature func-
tion [5]
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where q =RI 2 represents the heat flux supplied by the heat source per unit
area, R is the electrical resistance of the heat source, I is the current sup-
plied at time t0, t is the time, h is the distance between the heat source and
the temperature sensor, ρ is the specimen density, and a and cp are the
thermal diffusivity and specific heat, respectively. The symbol �∗ denotes
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a complementary error function. The temperature function in Eq. (1) is a
solution of the heat equation considering appropriate boundary and ini-
tial conditions. To determine the thermophysical properties using the one-
point procedure, the maximum of the temperature response is taken as the
input. Then, the following relations [5] are used for calculation of the ther-
mophysical properties:

Thermal diffusivity a

a =h2
/

(2tmfa), (2)

specific heat cp

cp =fcq
/√

2πeρhTm, (3)

where Tm represents the maximum temperature response at the time tm
and e denotes the Euler number. The coefficients fa and fc are defined by
p = tm/t0 as
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The third thermophysical property, thermal conductivity λ, is defined
by the well-known relation

λ=acpρ. (6)

The thermophysical properties can be also found by superimposing the
temperature function, Eq. (1), on the temperature response using an
appropriate fitting technique.

2.1.2. Experimental Setup

The instrument RTB 1.01 (Institute of Physics SAS) is used for
measuring the thermophysical properties. A basic schematic diagram of
the instrument is shown in Fig. 2. The thermostat in combination with
the plate heat exchangers establishes the specimen temperature. Both a
non-isothermal measuring regime with a heating and cooling rate of
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Fig. 2. Specimen setup (left) and basic scheme of instrument RTB 1.01 (right).

0.01 K·min−1 and an isothermal regime within the limit of 0.02 K were
used. A programmable current source was used for generation of a heat
pulse using a planar electrical resistance of 2 �. The planar heat source
was made of nickel foil of 20 µm thickness etched in the form of a mean-
der and covered from both sides in Kapton foil of 25 µm thickness. The
temperature response was scanned with a Keithly multimeter. A pc com-
puter synchronizes all units. The typical parameters of the temperature
response were Tm ∼1 K and tm ∼120 s.

The sample was prepared in the form of three blocks with a cross-
section of 50 × 50 mm2, where the thickness of the measured active mid-
dle part of the specimen setup (h) was 14.6 mm. In order to provide good
thermal contact between the individual parts of the specimen, a thermal
paste was used. Since the sample is porous, the contact specimen surfaces
were treated with an epoxy layer. Values of overall uncertainties, estimated
from a one-point evaluation procedure, were up to 6% for the thermal
diffusivity and up to 4% for the specific heat and thermal conductivity [7].

2.2. Ultrasonic Pulse Velocity Method

2.2.1. Theory

A simple sketch of the ultrasonic pulse velocity method is depicted in
Fig. 3. The method is based [6] on a velocity measurement of the propa-
gation of elastic vibration in solids. On one side of the sample, supported
by a small base, the frequency generator produces pulses to the ultra-
sonic exciter, which converts them into elastic vibration spreading along
the sample. On the other side of the sample, the ultrasonic sensor records
the response. From the time shift of the pulses and from the distance
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Fig. 3. Experimental arrangement of the ultrasonic pulse transient method.

between the ultrasonic source and the sensor, the modulus of elasticity
E is calculated using the following simple equation derived for a one-
dimensional homogenous isotropic solid [6]

E =ρ

(
L

t

)2

, (7)

where L represents the length of the sample, ρ is the density of the sample,
and t is the time of pulse propagation through the sample.

2.3. Experimental Setup

A complete measurement system, Ultrachall-messgerät USME-D
(Geotron), is used to determine the ultrasonic pulse velocity through the
sample in accordance with STN 731371, ASTM C 597-83(91) “Method
for ultrasonic pulse testing of concrete.” The measurement device has an
electromagnetic ultrasonic exciter UNG working at a frequency of 150 kHz
and a piezoelectric ultrasonic sensor VPE. The measurements were per-
formed on a sample stabilized at room temperature in atmospheric air.

The sample was prepared in the form of a prism with a cross-sec-
tion of 50×50 mm2 and a length of 100 mm. To achieve some sonic con-
tact between the measurement device and the sample, both the ultrasonic
exciter and the ultrasonic sensor were treated with lubricating grease. The
primary contribution to the overall uncertainty estimated for the modulus
of elasticity originates from the uncertainty of the time assessment of up
to 5%.
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3. SAMPLE CHARACTERIZATION

The sample was cut from marble from the Gioia quarry in Carrara,
Italy. Homoblastic Gioia marble belongs to calcite marble with a typical
granoblastic polygonal microstructure (see Fig. 4). Since it does not show
any preferential orientation, it is considered to belong to isotropic porous
rocks. Marble has very low, mainly open porosity as seen in basic charac-
teristics reported in Table I. The calculated water porosity (only 0.6 vol%)
was obtained from the difference between the densities for dry and water-
saturated states. The water absorption by capillary action is of adequate
value for such a low-porosity material.

The pore-size distribution of marble depicted in Fig. 5 shows remark-
ably strong nano-porosity around 60 nm. It is necessary to note that the
nano-porosity and the pore-size distribution found in marble is a com-
mon feature of many stones. In addition to the size, the shape of pores
plays a key role in changes in the transport physical properties of stones
after water saturation. A detailed look at the Gioia microstructure (Fig. 4,
right) shows the pores at the boundaries of grains in the form of capillar-
ies (usually named veins) or flat capillaries. This is a unique property of
marble that distinguishes it from other stones [2].

Fig. 4. SEM images of microstructure of Gioia marble.

Table I. Basic Characteristics of Gioia Marble

Density (kg·m−3) Water porosity (%)
Water absorption by

Dry Water-saturated Calculated Published capillarity (kg·m−2·h−0.5)

2703±3 2710±3 0.65±0.3 0.3±0.0 (3.2−6.0)×10−2
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Fig. 5. Pore-size distribution of Gioia marble.

The dry state was reached within a drying cycle at 60◦C for 2 h,
followed by reweighing at 25◦C. Cycling was repeated until the limit in
the mass change between two consecutive cycles was less then 0.1%. The
water-saturated state was reached by immersing the specimen into distilled
water for 2 h, followed by reweighing. This cycle was repeated until the
mass change between two consecutive weighings was less than 0.3%.

4. EXPERIMENTAL DATA AND DISCUSSION

Figure 6 depicts the dependence of the thermophysical properties of
dry Gioia marble on temperature in the range from −20 to 60◦C. The
thermal diffusivity, specific heat, and thermal conductivity are plotted as
a function of temperature. The large scatter of thermophysical property
data above 50◦C is caused by insufficient thermal insulation of the measur-
ing apparatus from the surroundings. It is evident that the decrease of the
thermal diffusivity and thermal conductivity with temperature is related to
the polycrystalline structure of Gioia marble.

Data on the thermophysical properties for dry and water-saturated
marble in the temperature range from −8 to 1◦C are shown in Fig. 7. The
measuring process of the thermophysical properties during the freeze/thaw
process consists of subsequent cooling and heating regimes. As expected,
the behavior of the thermophysical properties of dry marble is identical
for both the cooling and heating regimes. Therefore, for the sake of clarity,
only the curves corresponding to the cooling regime are depicted in Fig. 7
for dry marble.
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Fig. 8. Porosity model of Gioia marble—effects of moisturizing.

Anomalies of the thermophysical properties were found for the water-
saturated state, where the endothermic peaks associated with the phase
transition of ice water were observed just for the heating regime. The
energy of heat pulses applied to the sample during measurements is
depleted by the phase transition of ice water resulting in increased values
of the specific heat. Of course, the values of thermophysical properties in
the region of the endothermic peaks do not correspond to real values of
Gioia marble, because the physical model used for evaluation of measured
data does not consider the phase transitions. The solidification (freezing)
phenomenon is a complicated function of the droplet size—pore volume
and its interaction with the pore surface. Thermodynamics of the pore
content determine embryo formation and solid-phase growth. Since Gioia
marble has a very strong nano-porosity (seen in Fig. 4) and pore occur-
rence in the form of veins [2] (Fig. 5), the creation of the solid phase
(ice) in the pore volume is assumed to be shifted to lower temperatures,
a few ◦C below zero, as a result of high capillarity forces inside the pores.
The capillary effect in marble is illustrated in Fig. 8. In such a situation
the water below 0◦C is characterized as an under-cooled liquid. As the
temperature is decreased, the increasing solid phases of water inside the
pores immediately reach a “deep” frozen state, where the heat pulses sup-
plied during the measuring procedure are of insufficient energy to start the



1532 Vretenár, Kubičár, Boháč, and Tiano

Table II. Thermophysical Properties of Gioia Marble for Dry and Water-Saturated States

−6◦C 0.5◦C

Water- Water-
Parameter Dry saturated Diff. Dry saturated Diff.

Thermal diffusivity (10−6 m2·s−1) 1.012 1.191 18% 0.979 1.177 20%
Specific heat (J·kg−1·K−1) 846.6 865.2 2% 851.1 867.9 2%
Thermal conductivity 2.32 2.78 20% 2.25 2.75 22%
(W·m−1·K−1)

reverse thawing process. Therefore, no peaks related to the phase transition
of ice water were observed during the cooling regime, as seen in Fig. 7.
On the contrary, the heating regime starts from a temperature of −10◦C,
where water in pores is completely frozen and capable of a phase transi-
tion.

Differences in the thermophysical properties for dry and saturated
states at −6◦C (water in pores is frozen) and at 0.5◦C are reported in
Table II. While a difference in the specific heat for the dry and water-
saturated states is around 2% which corresponds to a low porosity, sig-
nificantly larger differences of about 20% exist in values of the transport
properties, the thermal diffusivity and thermal conductivity, for both tem-
peratures of −6◦C and 0.5◦C.

Usually a stone skeleton plays a significant role in heat transport
while the role of the pore content is negligible. The thermal diffusivity
is a function of the sound speed and free path of phonons [8]. Data for
the thermal diffusivity and related thermal conductivity indicate that elas-
tic properties of the stone are influenced by moisture content. As already
stated, this is supposed to be due to high capillarity forces, the “capillary
effect,” inside the wet stone, wherein they enhance the tension of the whole
structure and increase the elastic properties. In addition, a simple mech-
anism, the “bridge effect,” where water in capillaries simply connects the
isolated sides of grains, improves the transport properties (see Fig. 8). On
the contrary to thermal diffusivity, data on the specific heat indicate that
the thermodynamic properties of the stone are influenced by the volume
of the pores and its content. Thus, the change of the specific heat is very
small, taking into account the stone’s porosity. The thermal conductivity,
as a product of thermal diffusivity and specific heat (Eq. (6)), simply fol-
lows the variation of thermal diffusivity.

To verify the relatively enormous increase of the thermal diffusiv-
ity and thermal conductivity, the elastic properties of Gioia marble were
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Table III. Modulus of Elasticity E of Gioia Marble for Dry and Water-Saturated States

Dry Water-saturated

Cross-section (mm2) Length (mm) Time (µs) E (GPa) Time (µs) E (GPa)

50×50 100 24.2 44.8 20.2 64.6
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Fig. 9. Artificial aging of Gioia marble (dependence of thermo-
physical properties on number of freeze/thaw cycles).

determined. The modulus of elasticity E for dry and water-saturated states
was measured by the ultrasonic pulse velocity method. Data are reported
in Table III. The increase of the modulus of elasticity of Gioia mar-
ble after water saturation was about 44%, which exceeded our expecta-
tions considering the changes of thermophysical properties. Nevertheless,
the result is consistent with the measurements performed with the pulse
transient method.

The volume change during freezing of water induces damage of the
stone skeleton. It is believed that the pore distribution is changed and
heat-conducting paths are interrupted [9,10]. Therefore, cycling experiments,
where water-saturated Gioia marble underwent freeze–thaw processes, were
performed. A freezing box at −18◦C and a room temperature box at 25◦C
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were used for the freeze–thaw cycle. The water-saturated specimen was
alternatively placed into the freezing box and the room temperature box,
each for 6 h, to induce an artificial aging cycle. Typically, 10 artificial aging
cycles were performed. Then a drying procedure was realized, followed by
measurements of the thermophysical properties. The results are shown in
Fig. 9 where the properties are plotted as a function of the cycle number.
All measurements were carried out on a dry sample at room temperature.
Over the duration of 60 freeze/thaw cycles, no significant changes in ther-
mophysical properties of marble Gioia were observed, which suggests its
good stability. Probably, there are no destructive changes of the pores dur-
ing freezing. A similar artificial aging test was performed on Sander sand-
stone, where structural changes occurred within 20 cycles [7].

The thermophysical properties of moist porous materials are strongly
affected by both the moisture distribution and moisture transport induced
by heat flow inside the inspected material, which results in the concept of
apparent values [11]. Since cooling and heating rates of 0.01 K·min−1 were
used, we assumed a homogenous moisture distribution inside the specimen
before each measurement. Redistribution of the moisture could be initiated
by the heat pulses supplied during the individual measurements. However,
considering the dimensions of the specimen, the process of moisture redis-
tribution corresponds to time periods quantified in hours [11,12], which is
in contrast to very short measuring times (about 120 s) used in the pulse
transient technique. Due to this, a complex model of heat and moisture
transport was not taken into consideration.

5. CONCLUSIONS

The thermophysical properties of Gioia marble were measured by the
pulse transient method in the temperature range from −20 up to 60◦C. An
analysis was performed for both dry and water-saturated states, while the
freeze/thaw process was applied in the temperature range from −8 to 1◦C.

Two peculiarities in the thermophysical behavior of Gioia marble
were found, an anomaly of water freezing inside the marble during the
freeze/thaw process and a significant increase of the transport properties
(relative to nearly zero porosity) after the marble was water saturated.
In order to explain both observed peculiarities, the theory of high capil-
larity forces (capillary effect) inside the water-saturated marble was pro-
posed. In the first case, high capillarity forces inside the pores prevent the
water from freezing, which induces a state of under-cooled liquid flipping
to a “deep” frozen state at lower temperatures. In the second case, the
high capillarity forces increase the elastic properties of the marble skeleton
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and, along with the bridge effect, this results in an enhancement of the
transport properties of Gioia marble.

No significant damage of homoblastic marble Gioia was observed
within 60 cycles of the freeze/thaw process during an artificial aging test.
The measurements of thermophysical properties on Gioia marble unequiv-
ocally showed the significant influence of the moisture content inside the
stones, even for very low porosities.
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