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ABSTRACT

The main objective of this paper is to study the evolution of the ice content of porous

media submitted to sub-zero temperatures by dielectric and ultrasonic measurements. Di-

electric measurements are made by a capacitive sensor-based apparatus. The amount of

ice formed within the tested sample is estimated from the global dielectric constants of

the sample and of all the phases that form the tested composite material. On the other

hand, ultrasonic measurements are based on the evolution of the ultrasonic wave velocity

through the tested sample during a freezing-thawing cycle. These two methods lead to very

close results and appear to be cheaper alternatives to low temperature calorimetry. The ice

content curves are analyzed with the help of thermoporometry concepts in order to charac-

terize the pore size distribution. Results appear to be complementary to mercury intrusion

porosimetry ones. Moreover the commonly observed hysteresis of the ice content during a

freezing-thawing cycle is investigated with respect to material microstructure.
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INTRODUCTION

Damage induced by frost action upon concrete structures is a source of main concern in

cold climates (Pigeon 1984; Dash et al. 1995). The mechanical response of a porous mate-
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rial is credited to result from the combination of the liquid-solid expansion, the transport of

unfrozen liquid water through the porous network, and the presence of air voids (Wang et al.

1996). Theoretical approaches have been recently developed to understand and quantify the

phenomena at the pore scale (Coussy and Fen-Chong 2005), at the material scale (Coussy

2005) and at the structure scale (Fabbri et al. 2008). Whatever the approach carried out,

the volumetric ratio of frozen water (commonly called the ice saturation ratio, Sc) versus

temperature turns out to be the key curve governing the mechanical behavior of porous

materials upon frost action. Freezing of cement based materials is usually studied with low

temperature calorimetry (Bager and Sellevold 1986). However this device only allows to

test very small samples (characteristic length round the millimeter) which are often crushed.

Hence tests on non-crushed heterogeneous materials like mortar and concrete (aggregate

characteristic length around the centimeter) should be difficult to set up. For such mate-

rials requiring larger samples, dielectric (Fabbri et al. 2006) and ultrasonic (Thimus et al.

1993) methods are more appropriate while being less expensive. This paper investigates

these two methods and compares the results they provide on the ice / water transition in

cohesive porous materials such as cement pastes. Then the hysteresis on ice content com-

monly observed during a freezing-thawing cycle is investigated in relation with the material

microstructure.

BASIC MEASUREMENT PRINCIPLE

Ultrasonic method

Ultrasonic methods rely on the difference between the longitudinal compression wave

velocities in liquid water (Vl = 1428 m/s at 0oC) and ice crystal (Vc = 3844 m/s at 0oC)

to evaluate the amount of unfrozen water in a saturated partially frozen porous medium.

After a review of some classical schemes used in ultrasonic experiments (Thimus et al. 1991;

Thimus et al. 1993), the link between the wave velocity through a partially frozen porous

sample (V ) and the volumetric ratio of ice (Sc), is established by the Timur model (Timur
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1968):
1

V
=

φ0 (1− Sc)

Vl
+

φ0Sc

Vc
+

1− φ0

Vs
(1)

where Vs is the longitudinal compression wave velocity in the solid matrix and φ0 the porosity

of the porous medium.

The relation (1) leads to the following expression in which Sc is directly linked to V :

Sc =
a

V
+ b (2)

where a = VcVl/(φ0 (Vl − Vc)) and b = −VcVl/(φ0 (Vl − Vc)) ((1− φ0)/Vs + φ0/Vl) .

However a great dispersion on Vl and Vc measurements on the same kind of sample has

been observed. In fact these two parameters seem to strongly depend on material cure, age

and sampling. In consequence, in this study, the coefficients a and b are fitted from the

totally frozen (Sl = 0) and unfrozen (Sl = 1) states so that:

a =
V (Sc = 0)V (Sc = 1)

V (Sc = 0)− V (Sc = 1)
(3a)

b =
V (Sc = 1)

V (Sc = 1)− V (Sc = 0)
= − a

V (Sc = 0)
(3b)

Capacitive method

The capacitive method is based on the contrast between water (εl about 80 at 20oC) and

ice (εc about 3 between -40oC and 0oC) dielectric constants in the radio-frequency range

(Fen-Chong et al. 2004; Fen-Chong and Fabbri 2005; Fabbri et al. 2006). In consequence,

any solidification of the porous network liquid will induce a notable decrease of the global

dielectric constant of the sample (ε). To get the freezing curve, a relation between ε and

the ice saturation ratio Sc must be established. To do so, after a review of some classical

mixture schemes (Zakri et al. 1998; Fen-Chong et al. 2004), the Lichtenecker model was

chosen. This model comes from the Effective Medium Theory in which the self-consistent
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scheme is adopted. This finally gives (Fabbri et al. 2006)):

ε = ε1−φ0
m

(
(1− Sc)ε

φ0
l + Sc εφ0

c

)
(4)

where εm is the dielectric constant of the solid matrix. Whereas εc is well known and remains

constant during a freezing-thawing cycle, εl varies with the temperature. In addition, the

dielectric constant of the hydration water (Mercury et al. 2001) that is part of the mineral

matrix, changes with temperature, which significantly affects εm.

Therefore, a semi-empirical method has been developped (Fabbri et al. 2006). It is based

on the experimental determination of the dielectric constant of the solid matrix εm in a dried

sample (no capillary water) and that of the liquid water εl,s for the same sample but in fully

saturated conditions. The dielectric constant of the unfrozen water has been experimentally

found to be obtained by extrapolating the affine εl,s(T ) relation. By doing so, one gets:

εm(T ) = 1−φ0

√
εdried(T )

εφ0
a

(5)

where εa = 1 is the dielectric constant of air, and

εl(T ) = φ0

√
ε(Sc = 0, T )

ε1−φ0
m (T )

(6)

Using (5) and (6), (4) can be eventually inverted in the form:

Sc = A(T ) ε + B(T ) (7)

where 1/A = ε1−φ0
m

(
εφ0

c − εφ0
l

)
and B = −εφ0

l /
(
εφ0

c − εφ0
l

)
.

MATERIALS AND RELATED PROPERTIES

In this study we used the following materials.

Sintered glass beads (SBG): Fused glass beads are made from commercial CVp silica
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glass powders which are between 62 to 87 µm in diameter. The as-received materials are

poured into a female mould which is then heated in an oven at 630oC. In this way the

beads collapse and fuse together to yield a cohesive porous medium. Mercury injection

measurements show monodisperse porous distribution centred around 30 µm. Cylindrical

samples of 50-mm mean diameter and 20-mm mean thickness were used.

Boom Clay (BC): The Boom Clay used in this study is sampled from the ”Centre

d’Etude Nucleaire” excavation site in Belgium at 200-m deep. Its general structure is a thin

sheet stacking and its mineralogy is alike that given in (Romero et al. 1999). From the

analysis of its microstructure by SEM (Dehandschutter et al. 2004) and Mercury Intrusion

experiment (figure 1), Boom Clay appears to be a lightly consolidated medium with an

important open porosity and composed of particles lined up with the stratigraphy. Three

porosity peaks are identified on the pore diameter distribution : 150 nm, 2 µm and 100 µm.

The 300 µm peak is attributed to the presence of cracks on the sample surface while the

2 µm and 150 nm-peaks are attributed to the inter-aggregate pore modes (Romero et al.

1999). Cylindrical samples of 60-mm mean diameter and 25-mm mean thickness were used.

Hardened cement paste (HCP): Cement paste with water-cement ratio of 0.5 are

prepared with a 5-liter mortar mixer and cast in cylinder moulds with a 40-mm in diameter

and 100-mm high. Ordinary Portland Cement CEM I CPA 52.5 N CP2 and distilled water

are used. The porous distribution got from Mercury Intrusion Experiments is reported on

figure 1 where the two observed peaks correspond to capillary porosity (100-nm in diameter)

and inter-hydrates porosity ( 4-nm in diameter) (Baroghel-Bouny and Chaussadent 1993).

One day after casting, samples are removed from their mould and stored in moist condition

(relative humidity rh = 95%±5%) during 6 months. Then they are cut in about 25-mm

slices before being put in water until testing. Samples were saturated with degassed distilled

water at 3 kPa air pressure and tested.

Table 1 gives the tested materials main characteristics which are their global water poros-

ity (φ0), initial water content (ω), mean pore diameters (Dp), density of the dried material
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(γd), ultrasonic coefficients a and b (see (2)) and dielectric constants defined in (5) and (6).

The fitted values from ultrasonic and capacitive experiments of a, b, εm, and εl empirically

take account of the mineralogy, microstructure of the porous media, as well as the interfacial

polarization effects at stake in clays and cement materials. Indeed one can see on figure 2

that the dielectric constant of the in-pore water in SGB is alike that of bulk water (Ellison

et al. 1996; Kaatze 1997; Fabbri 2006) whereas this is not the case for HCP and more im-

portantly for BC. At last figure 3 indicates that the dielectric constant of the mineral solid

in HCP is much higher than those in SGB and BC, which results from the presence of water

molecules inside the C-S-H gel phase of cementitious materials.

EXPERIMENTS AND RESULTS

For each type of material the ice saturation ratio was evaluated at least four times: twice

with the ultrasonic apparatus and twice with the capacitive method. The measurement

sensitivity on Sc is estimated to be around 0.01 for the two apparatuses (Thimus et al.

1993; Fabbri et al. 2006).

For ultrasonic experiments two samples are used. The first one is inserted into two

transducers of 50-mm in diameter (an emitter and a receiver). Electric impulses (100 Volts

pulse amplitude and 3 ps pulse width at a rate of 40 pulses per second) were generated by a

PUNDIT unit (portable ultrasonic non-destructive digital indicating tester) and transformed

into ultrasonic longitudinal compression waves in the emitter. After propagation through the

sample, the signals were recorded by the receiver and treated by a numerical oscilloscope and

a PC at a sampling rate of 2 MHz. The wave is supposed to be received by the receptor when

the recorded amplitude reached 10% of the first peak value. Then its velocity is calculated

by the ratio between the sample thickness and the delay of the wave through the sample. At

the interface between the transducers and the sample, grease was used as a coupling agent

to improve wave transmission (Couvreur and Thimus 1996). The second sample is drilled to

insert a T-type thermocouple and to get the sample temperature history for a given imposed

temperature time-evolution. The two samples are put in a 50 cm × 50 cm × 40 cm thermally
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insulated box connected to a liquid nitrogen reservoir. The temperature rate is 20oC/hour.

Freezing is stopped at −80oC and thawing at 20oC. A one hour temperature step is made

at the end of freezing (figure 5). Such an important freezing rate is chosen in order to reach

quite rapidly the totally frozen state of the tested sample. A schematic representation of the

ultrasonic device is shown in figure 4a.

For the capacitive experiments, the sample is inserted between two 60 mm diameter stain-

less steel electrodes connected to a 30 MHz-50 MHz oscillator electronic device. All of them

form an oscillating electric circuit. Then, the dielectric constant of the sample (ε) which is

linked to the resonant frequency of the oscillating circuit, is measured. The temperature is

imposed by a Galden PFPE HT200 cryogenic fluid (from Solvay Solexis) which circulates

from a computer-controlled Hueber cryostat and measured by a T-type thermocouple in-

serted into the sample core. Likewise, in the Ultrasonic experiments the temperature rate is

20oC/hour. Freezing is stopped at −40oC for the SGB and BC experiments and et -30oC for

the HCP experiments. Thawing is stopped at 0.1oC. A two hours temperature step is made

at the end of freezing (figure 5). The thermal insulation of the lateral surface is achieved

by an expanded polystyrene annulus. In order to avoid surface desaturation during freezing-

thawing cycles, each sample is wrapped by a moisture resistant Parafilm sheet. A schematic

representation of the capacitive device is shown in figure 4b.

A comparison of the temperature developed in the core of the sample in the two methods

is shown in figure 5. During the freezing stage, the temperature of the sample follows

the same pattern in both experimental devices used. It is then possible to compare the

formation of ice in a cooling sample by the two devices without any effects from cooling rate

differences. But, this is not the case of thawing where the heating rate is significantly higher

during ultrasonic measurements. Consequently, the comparison between the two methods

will be made only through the freezing curves.

Ice saturation results from the ultrasonic experiments are presented in figures 6A, 7A and

8A, while those from the capacitive method are shown in figures 6B, 7B and 8B. The curves
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obtained from the ultrasonic apparatus and the capacitive one appear to be consistent: For

Sintered glass beads, the whole porous network freezes and thaws in a similar way at 0oC.

This behavior is not surprising since the sintered glass beads consist of a material with a

monodisperse micrometric porosity. For Boom Clay, an important freezing-thawing peak is

observed near -4oC. Then saturation varies almost linearly with temperature until -80oC.

Moreover likewise the SBG experiments, freezing and thawing behavior are nearly similar.

Finally the hardened cement paste experiments exhibit small ice formation until -30oC,

followed by a more important linearly variation of Sc until -90oC while the thawing peaks

are respectively around -60oC and 0oC. It should be emphasized that, unlike in the SBG and

BC experiments, a hysteresis loop is observed in the Sc − T curve of the hardened cement

paste. So that the link between the temperature and the saturation degree cannot reduce,

in this case, to a one-to-one relation.

The quantitative comparison between the ice saturation values obtained by ultrasonic

measurements (SU
c ) and capacitive measurements (SC

c ) is given in table 2. As we can see

results obtained from the two methods appear to be very close. Indeed, the
∣∣SC

c − SU
c

∣∣

difference remains lower than 0.06 which is of order of magnitude of the accuracy of the

measurement. Moreover, in the case of hardened cement pastes, the capacitive and the

ultrasonic methods provide respectively at -30oC Sc equal to 0.22 and 0.16, which is in good

agreement with the value of Sc = 0.22 obtained at the same temperature by low temperature

calorimetry (Badger and Sellevold 1986). In conclusion, the two apparatus presented in this

study can predict with a good accuracy the amount of the ice formed within a consolidated

porous medium. Consequently they represent cheaper alternatives to the low temperature

calorimetry.

ICE SATURATION CURVE AND POROUS NETWORK CHARACTERIZATION

As observed in the previous experimental results, water does not solidify in the whole

porous volume at the same temperature: freezing occurs progressively as the temperature is

reduced. Once formed somewhere, ice cannot propragate instantaneously through the whole
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material because of the Thomson-Gibbs law and its porous microstructure features (such

as the pore sizes distribution - from nm to micrometers at least - and geometry). In the

following, we present how the experimentally-determined function Sc(T ), giving the amount

of ice versus the temperature, can be used with the Thomson-Gibbs law to obtain such

microstructural information.

Thomson-Gibbs law

The Thomson-Gibbs law (Brun et al. 1977; Scherer 1993; Fabbri et al. 2006) comes from

the solid-liquid equilibrium (described by the chemical potentials) and from the mechanical

equilibrium of a curved interface (Young-Laplace law), which is presented below.

Let µJ be the chemical potential per mass unit of phase J = l (for liquid water) or c (for

ice crystal) and T (T [K] = θ [ 0C] + 273.15) the absolute temperature. The thermodynamic

equilibrium between water in liquid form (index l) and its ice crystal (index c) requires the

equality of their specific chemical potentials, reading:

µc(T,σc) = µl(T, pl) (8)

where σc and pl are the stress tensor and the pressure of the solid ice and the liquid water, re-

spectively. As indicated in (Scherer 1993; Coussy and Monteiro 2007) the shear contribution

in ice can be neglected so that (8) reduces to:

µc(T, pc) = µl(T, pl) (9)

where pc is the pressure in the ice crystal. Hereafter the atmospheric pressure (set equal to

zero such that pJ refers to relative pressure) is adopted as the common reference pressure

and the corresponding freezing point T0 as the reference temperature (273.15K for water).

From the differentiation of (9), the Gibbs-Duhem relation dµJ = 1
ρJ

dpJ − sJdT furnishes:

1

ρc
dpc − scdT =

1

ρl
dpl − sldT (10)
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where ρJ is the mass density which is assumed to be constant (ρc # 0.9167 g/cm3 and

ρl # 0.9998 g/cm3 (Petrenko and Whitworth 1999)), and sJ are the entropy per mass unit of

phase J . Since the strain latent heat (that is the heat exchanged by the considered system

with the outside in an evolution when both temperature and pressure are held constant) and

the variation of heat capacity with temperature are negligible, the specific entropy is written

as:

sJ = s0
J + cp,J ln

T

T0
(11)

with s0
J the bulk specific entropy and cp,J the specific heat capacity, constant and associated

with the reference state. Defining the capillary pressure as pcap = pc − pl, integrating (10)

from the reference state, and using (11), we derive:

pcap = Sf (T0 − T ) + Cf

(
T − T0 + T ln

T0

T

)
= g(T ) (12)

where Sf = ρc (sl − s0
c) is the entropy of fusion per unit of ice crystal volume, Cf =

ρc (cp,l − cp,c) the heat capacity difference between water and ice per unit of ice crystal

volume. Function g(T) is the state function which links the temperature T and the capillary

pressure pcap once the thermodynamic equilibrium is reached between the liquid water and

the ice already formed (Coussy 2005).

The mechanical equilibrium of the ice/water interface (Young-Laplace law) gives:

pcap = γκ (13)

where γ # 36+0.25 (T −T0) (Zuber and Marchand 2004) is the water / ice interface energy

and κ = dAlc/dVc = 1/r1 + 1/r2 the interface curvature where Alc is the water/ice interface

area, Vc the ice crystal volume and rJ=1,2 are the principal curvature radii of the ice / water

interface. Combination of (12) and (13) gives the Thomson-Gibbs law.
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Thermoporometry and results

From now, the liquid-ice interface is supposed to be spherical. Thus, we classically have:

κ =
2

r
(14)

where r is the radius of the ice crystal. Assuming that the ice crystal is surrounded by a

homogeneous layer of unfrozen water, r is related to the pore radius rp and the layer thickness

e that remains constant and equal to 9 Å, by the relation (Brun et al. 1977; Dash et al.

1995):

r = rp − e. (15)

The freezing and the melting temperatures T ∗
f and T ∗

m, respectively, for an ice crystal just

filling the cylindrical pore and in equilibrium with liquid water in adjacent pores, are related

to the corresponding pore radius rf
p and rm

p , respectively, from (12) to (15):

T ∗
i = g−1

(
2 γ

ri
p − e

)
; i = f or m (16)

Based on relation (16), the measurement of the successive freezing or melting temperatures

provides a means of assessing the pore radii distribution of a porous material. Sc is linked to

the volume of ice crystal, Vc, and the volume of the sample, Vs, by the relation Sc = Vc/(φ0Vs).

Assuming spherical pore shape, Vc is linked to the volume of the unfrozen pores, Vuf , by the

relation:

dVuf (T ) = −
(

rp

rp − e

)3

dVc(T ) (17)

Thus, a Sc − T curves can be translated to a Vuf − rp curve, which leads to the following

expression for the logarithmic pore size distribution curve ϕ(rp):

ϕ(rp) = −φ0

γd

(
rp

rp − e

)3 ∂Sc

∂ log(rp)
(18)
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As shown in figure 9, whatever the experimental device used, the ϕ − rp curve of boom

clay samples obtained from a freezing and a thawing experiment are consistent and exhibit

two porosity peaks: around 2 nm and around 10 nm. The existence of these two peaks,

associated to intra-aggregate porosity, is in good agreement with literature data (Romero

et al. 1999).

Thermoporometry results of hardened cement paste samples are shown in figure 10.

Freezing tests lead to a large peak around 1-2 nm and a smaller one around 50 nm. Thawing

tests lead to similar results except that the peaks occur at slightly larger pores radius than

for freezing.

Comparisons of the ϕ − rp curves from capacitive measurement, from ultrasonic mea-

surement and from porosimetry intrusion test are shown in figure 11 for Boom clay samples

and in figure 12 for hardened cement paste. This comparison was only made for the ϕ− rp

curves given by a freezing experiment as the kinetics of thawing for the two methods could

not be the same.

For hardened cement paste samples, ultrasonic and capacitive results appear to be close

and seem to be complementary with the mercury intrusion porosimetry tests: the 100 nm

one is not observed on thermoporometry curves while only the beginning of the 2 nm peak

is observed on mercury intrusion porosimetry curves. Thus thermoporometry appears to be

more suitable for scanning pore radii less than 100 nm while mercury intrusion porosimetry

test is more suitable for scanning pore radii higher than 10 nm.

The same conclusion can be made for Boom clay measurements where ultrasonic and

capacitive curves are almost the same: only the 2 nm and 10 nm peaks are observed. Con-

versely, the larger pores are only observed by mercury intrusion porosimetry.

The freezing-thawing temperature was linked to the radius of the pore in which the water

or the ice are confined. The pore size distributions obtained from capacitive and ultrasonic

measurements are in good agreement with data in the literature and complementary to

mercury intrusion porosimetry tests. The next step is to understand the physical meaning
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of the liquid to ice phase change hysteresis and to understand how to link it to the porous

network characteristics.

Physical meaning of the water to ice phase change hysteresis

It is well-known (Scherer 1993; Béjaoui et al. 2002) that a liquid water filled pore of radius

rp does not generally freeze at T ∗
f (rp) due to supercooling (metastable liquid phase). Instead

in-pore ice formation results from ice percolation through smaller (nanoscopic) channel-like

pores connected to already frozen pores (Scherer 1993) or from nucleation process which can

only occur at a temperature lower than Tf (rp) (Corr 2001). Consequently, the liquid water

filling a pore with radius rp is likely to freeze (rp > r∗p). If it is connected with almost one

frozen channel, its water will freeze, quasi-instantaneously, by propagation. However if it is

only connected with ice crystal through a smaller channel (which can be called “percolation

channel”, rc < r∗p) which is not frozen (figure 13), solidification does not occur. It will happen

when the temperature decrease will be large enough to allow propagation of ice through the

smaller channel. As nucleation can only occur at temperatures below the equilibrium one,

the apparent radius calculated from the measured temperature (rf ) will be smaller than the

real one (rp), so :

rc ≤ rf ≤ rp (19)

This point can be illustrated by figures 14 and 15 where the temperature evolution of

the sample core follows the imposed temperature except around -5oC where a temperature

jump is observed. This jump is commonly attributed to the inner massive freezing due to

the nucleation process that generates solidification of all the supercooled water contained in

the biggest connected pores. After that, no temperature jump is observed until the end of

the freezing process. After this inner nucleation process, the ice crystal will progressively

grow by propagation through smaller and smaller pores as the temperature decreases.

On the other hand, during heating, thawing appears necessarily at T ∗
m (rp). This is

attributed to existence a thin water film between the crystal and the pore wall which prevents
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from metastability (Dash et al. 1995). Hence, the thawing process is governed by the radius

of the pore body. The hysteresis between the freezing pore radius and the thawing pore

radius can be explained by a traditional ink-bottle scheme in which rc plays the role of

the neck pore radius (Dullien 1992). A polydisperse porous network composed by ”big”

spherical-like pores connected through small capillaries will engender a great hysteresis while

a cyclindrical-like or a thin sheet stacking porous structure should show a reversible behavior

between freezing-and thawing.

As shown in figure 2b from (Romero et al. 1999), the Boom clay microstructure exhibits

spherical-like inter-aggregate porosity and intra-porosity of a thin sheet stacking structure.

However, as it is shown in figure 11, in the tested material, inter-aggregate pores volume

appears to be significantly lower than the intra-aggregate ones. In consequence, the lack of

hysteresis observed on the Boom clay experiments is consistent with the global thin sheet

stacking of the material porous structure.

On the other hand, the hysteresis observed in hardened cement paste samples tests are

consistent with their global polydisperse microstructure composed by either spherical-like

pores and cylindrical-like nanoscopic tubes (Baroghel-Bouny 1994).

In conclusion, the study of the freezing-thawing hysteresis can provide information on

the pore shape: the more pronounced the hysteresis is, the higher the ratio rp/rc is. The

importance of this ratio has been already emphasized by recent studies on frost damage

(Coussy and Monteiro 2007) and salt crystallization (Coussy 2006).

CONCLUSION

Dielectric capacitive and ultrasonic apparatus were used to experimentally determine the

thermodynamic state relation between the ice volume ratio Sc and the temperature. These

quantitative methods were successfully applied to samples of sintered glass beads, Boom clay

and hardened cement paste. The results obtained by the two methods are found to be in

good agreement with data in the literature for hardened cement paste.

Pore radii distribution was similar to the data in the literature and complementary to
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mercury intrusion porosimetry: capacitive and ultrasonic apparatus are more suitable for

scanning pore radii less than 100 nm while the latter is more suitable for scanning pore radii

higher than 10 nm. In addition, we succeeded to establish a link between the freezing-thawing

hysteresis and the porous network structure.

Therefore we can conclude that the two methods presented here are appropriate to ana-

lyze the ice formation in porous samples and to provide insights of their pore structure.
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thesis, Université Paris-Est.
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FIG. 1. Pore size distribution in boom clay and hardened cement paste, from mercury
intrusion experiments.
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FIG. 4. Schematic representation of the capacitive and the ultrasonic devices.
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FIG. 5. Temperature cycle used for the ultrasonic and the capacitive experiments.
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FIG. 7. Variation of ice saturation during a freeze-thaw cycle of a specimen of boom
clay, evaluated with the ultrasonic apparatus (A) and the capacitive apparatus (B).
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FIG. 9. Pore size distribution in a Boom clay sample subjected to freezing and thawing,
from capacitive (A) and ultrasonic (B) measurements.
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FIG. 10. Pore size distribution in a hardened cement paste sample subjected to freezing
and thawing, from capacitive (A) and ultrasonic (B) measurements.
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FIG. 11. Comparison between the pore size distribution in a boom clay sample, from
the capacitive, ultrasonic and mercury intrusion measurements.
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FIG. 12. Comparison between the pore size distribution in a hardened cement paste
sample, from the capacitive, ultrasonic and mercury intrusion measurements.
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FIG. 13. Schematic representation of an unfrozen pore connected to a frozen one by
a small capillary channel.
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FIG. 14. Core temperature measured by the ultrasonic apparatus during the freezing
process.
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