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Abstract

A capacitive sensor-based experimental approach is worked out to study the ice / water
phase change in cohesive porous media subject to freezing and thawing. This technique
relies upon the dielectric properties of liquid water, ice, air, and mineral substrate
in the radio-frequency range. A semi-empirical method based upon the Lichtenecker
model and combining drying and freezing tests, provides an accurate estimation of the
liquid water content versus the temperature in freezing cement pastes. This estimation
is further analysed with the help of thermoporometry concepts in order to characterize
the pore size distribution and the specific surface area. The results range in the same

order of magnitude as those assessed from gravimetric sorption/desorption isotherms.
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1 Introduction

Damage induced by frost action upon concrete structures is a source of main concern in cold
climates [Pigeon, 1984, Dash et al., 1995]. Contrary to an obvious possible explanation,
damage in concrete cannot originate from only the expansion undergone by liquid water
when transforming to ice: sample expansion is still observed in cement pastes saturated
with benzene, whose density increases with solidification [Beaudoin and MacInnis, 1974].
Actually, confined liquid water within a porous material submitted to frost action does not
simultaneously freeze at the same temperature. This is commonly attributed to the inter-
action between water and pore surfaces, water impurity, or supercooling [Scherer, 1993,
Dash et al., 1995]. As a consequence, an initially water-saturated porous material remains
filled by both ice and liquid water down to at least —80 °C [Jehng et al., 1996]. Nowadays,
the mechanical response of a porous material is credited to result from the combination of
the liquid-solid expansion, the transport of unfrozen liquid water through the porous net-
work, and the presence of air voids [Wang et al., 1996]. A poromechanics-based approach
has been recently worked out to understand and quantify the phenomena both at the pore
scale [Coussy and Fen-Chong, 2005] and at the material scale [Coussy, 2005]. Whatever
the approach carried out, the freezing / thawing curve, that is the saturation degree of
unfrozen water versus temperature, turns out to be the key curve governing the mechani-
cal behaviour of porous materials upon frost action. That is why the liquid water content
as a function of the temperature has been investigated in partially frozen porous me-

dia by nuclear magnetic resonance [Watanabe and Mizogucchi, 2002}, differential scanning



calorimetry [Kozlowski, 2003a, Kozlowski, 2003b], acoustic approach [Thimus et al., 1991],
or time domain reflectometry [Spaans and Baker, 1995], on loosely bonded porous media

like silty, clayey soils, or silica glass powders.

Freezing of cement based materials is usually studied with low temperature calorime-
try [Bager and Sellevold, 1986]. However, temperature calorimetry applies only to milli-
metric specimens which in addition are often crushed. Tests on non-crushed heterogeneous
materials, like mortar and concrete exhibiting centimetric aggregates, remain difficult to
perform using this technique. For such materials requiring larger samples, the dielectric
method [Tran and Dupas, 1988] is more appropriate, while being less expensive. This ar-
ticle explores a spectroscopic-like dielectric capacitive method and analyses the results it
provides on the ice / liquid water transform in cohesive porous materials such as cement

pastes.

2 Dielectric capacitive method

2.1 Principle and experimental apparatus

The dielectric relaxation time 7 of liquid water is much smaller than the one related to
ice crystal (resp. 1070 s and 1077 s). As a consequence, for an electrical field lying in
the radio-frequency range 10 - 100 MHz, the dielectric constant of liquid water is still
equal to its static value, that is between 80 and 100, whereas the permittivity of ice is
equal to its optical value which is close to 3. Figure 1 shows the real dielectric constants

¢ of liquid water and ice against the frequency f of the exciting electrical field for various



values of the temperature 6 (in Celsius degree). These curves assume that the dielectric
behaviour of ice and liquid water are well-described by the single relaxation time-based

Debye model [Cole and Cole, 1941, Ellison et al., 1996, Kaatze, 1997]:

(1)

£(£,0) = Re (% N %)

1+j2nfT
where €., is the limit permittivity for f going to infinity, while e the static permit-
tivity. In addition to the high ice / liquid water dielectric constant contrast, experimental
tests on air and dry mineral samples also indicate that the real dielectric constants of the
latter are close to the optical dielectric constant of ice; 1 for air, and between 3 and 10
for mineral materials. Hence, any change in the liquid water content, due to solidifica-
tion / melting or condensation / evaporation, within a porous medium will significantly
affect the overall material dielectric constant. Accordingly, the measurement of the latter

leads to an indirect assessment of the current liquid water content.

The capacitive method consists in measuring the dielectric constant through the
electric capacitance C of a sample submitted to an electrical field in the above mentioned
radio-frequency range. Actually the sample dielectric constant € can be then evaluated
according to:

C=eCy= 57 (2)

with Cj the empty capacitance, g9 = ﬁlo_9 F/m the vacuum permittivity, while S and
e are the electrode surface and the distance between the two plane electrodes. The exper-
imental set-up, its calibration, and its use to study the drying of porous stones and fused

glass beads have been already described in [Fen-Chong et al., 2004], while an account of a
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Figure 1: Frequency dispersion of water and ice real dielectric constants at different tem-
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preliminary work on freezing and thawing study is presented in [Fen-Chong et al., 2005].
As sketched out in figure 2, the sample is inserted between two plane and circular stain-
less steel electrodes. A 30 MHz - 50 MHz oscillator in parallel with the sample achieves
to form an oscillating circuit, whose experimental apparatus measures the reduced fre-
quency, freq that is the resonant frequency f divided by 5632. The resonant frequency
depends on the overall capacitance of the sample, the electrical wires and the oscillator.
Due to the impossibility of accurately separating the contribution of each component,
the relation between the reduced frequency and the capacitance of the sample itself was
obtained with the help of different liquids of well-known dielectric constant. The capaci-
tance of samples made up of glass containers filled by these fluids was then calculated from
equation (2) and plotted against the corresponding measured value fo4. As presented in
figure 3, the f..q— C relation is linear and agrees with measurements previously performed
by [Tran and Dupas, 1988, Djaballah-Masmoundi, 1998] by means of a similar capacitive
apparatus. By measuring the changes in the sample capacity C' and by using (2), the
experimental apparatus finally allows to determine the changes in the dielectric constant

€ versus relative humidity or temperature.

2.2 Liquid saturation degree and dielectric constants

The next step in the capacitive method is to determine the relation existing between
the sample dielectric constant € which is actually measured, and the physical quantity
of interest, here the liquid saturation degree S,, which is the ratio between the volume

occupied by liquid water and the overall porous volume. To determine the € — S, relation,
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PFPE HT200 from Solvay Solexis company is used as cryogenic fluid for its low static

dielectric constant (about 2 at 20 °C).
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Figure 3: Sample-electrode capacitance versus measured reduced resonant frequency.

after reviewing some classical multi-scale schemes [Zakri et al., 1998, Mironov et al., 2003,
Zhang et al., 2003, Bitteli et al., 2004, Fen-Chong et al., 2004]), the Lichtenecker model
was eventually chosen since it is widely recognized to well apply to dielectric heterogeneous
materials. This model is based upon an effective medium approach in which the self-
consistent scheme is adopted and where a beta function accounts for the probability density
of the ellipsoidal inclusion shape. For n constituents, whose related volume ratio is ¢y—1 5,

the Lichtenecker model finally gives (the proof is summarized in [Zakri et al., 1998]):

k=n 1/ex
5:<Z¢k6g> ; —1<a<0; 0<a<l (3)
k=1

When « = 1 the pores (void inclusions) are parallel to the external field, while for & = —1

they are perpendicular to the external field. The previous expression does not apply



for a = 0 for which no particular shape nor orientation is privileged with regard to the
direction of the external field. For such a completely disordered medium the Lichtenecker
model provides € in the form:
k=n
e=][ (4)
k=1
For the case at hand the pore volume filled both by liquid water, with dielectric constant
€w, and by a non wetting component, say here ice crystal or air, with dielectric constant
Enw, 18 considered as an effective medium. Its dielectric constant ¢, is then given by (3)

where we let n =2, k = w or nw, while ¢, = Sy, and ¢p = (1 — Sy):
ep = (Swely + (1= Su)em,)/* (5)

In a first approach no particular pore shape nor orientation is assumed to be privileged.
Letting &, be the dielectric constant of the solid mineral matrix, the overall dielectric
constant ¢ is then provided by setting n =2, k =p or m, ¢, =1 — ¢ and ¢, = ¢ (where

¢ is the overall porosity) in (4), and by substituting (5) for €,:
e = e ? (Swely + (1= Sw) e)*/ (6)

At this stage the assumption of a disordered pore structure still needs to be confirmed,

and parameter « experimentally determined.



3 Tested materials and related properties

3.1 Materials

Cement paste samples, with water-cement ratio 0.4 and 0.5, were prepared with a 5-liter
mortar mixer, and cast in 100 mm high cylindrical moulds with a 40 mm diameter. Or-
dinary Portland Cement CEM I CPA 52.5 N CP2 and distilled water were used. One
day after casting, specimens were removed from their mould and stored in moist condition
(relative humidity rh = 95%+5%) during 6 months. They were further cut in 15 mm thick
slices and remained in water before tested. All specimens were characterized by mercury
intrusion porosimetry (MIP) and gravimetric sorption/desorption isotherm (SD) tests.
The former is used in order to evaluate porosity (tables 1 and 2) and specific surface area
(table 6). The latter is a home-made apparatus described in [Raoof and Guilbaud, 1995].
It is used in order to evaluate specific surface area (table 6) and pore radii distribution
(figures 10 and 11). Specimens were saturated with degassed distilled water at 3 kPa air
pressure and tested. Before saturation, some specimens (index d) were dried in an oven at
70 9C and one specimen (P4-3) was dried during 6 months in a 11%-rh controlled recipi-
ent. Finally, solid matrix dielectric constants are evaluated from the dielectric constant
provided directly by the capacitive sensor apparatus (CS) and by using the method soon

to be described. Cement paste characteristics are reported in table 1.

Our main experimental apparatus goal is to evaluate the ice content forming in a
cementitious material. However, the dielectric properties of the in-pore water of cement-

based materials are not well known, nor easy to evaluate (high ionic strength, adsorption
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e[cm] | Dlem] | ¢ (£0.01) | ¢arrp | em(2£0.2)

P4-1d | 1.33 3.9 0.296 0.178 11.5

P4-2 | 1.36 3.85 0.308 0.170 8.34

P4-3 | 1.55 3.9 0.260 0.168 11.8

P5-1d | 1.42 3.94 0.361 0.208 10.3

P5-2 | 1.49 3.95 0.352 0.232 13.2

Table 1: Cement paste characteristics: ¢ is the water porosity (i.e. evaluated from the
sample mass difference between dried and saturated states), ¢pr7p the porosity estimated

by MIP, ¢, the solid matrix dielectric constant at 20 °C.

phenomena). Accordingly, the device calibration and the same characterization tests were
also made with two different model porous media like fused glass beads and Caen stones,

the main characteristics of which are reported in table 2.

e[cm] D[Cm] qb qu[p €m(:|:0.2)

Caen Stone 1.01 3.96 | 0.39£0.05 | 0.39+0.05 7.6

Fused glass beads | 1.00 5.01 | 0.10.£0.01 | 0.09+0.01 5.9

Table 2: Model porous media characteristics: ¢ is the water porosity, ¢arrp the porosity

estimated by MIP, &,,, the solid matrix dielectric constant at 20 °C.

11



3.2 Dielectric constants

Since the in-pore solution contains ions and impurities, its dielectric constant e,, is not
equal to the one of pure water. To obtain a solution close to the in-pore one, the tested
sample is inserted in a small recipient containing initially distilled water. When the pH
of the outer solution in the recipient becomes constant, chemical equilibrium is reached.
Hence the in-pore and the recipient solutions can be considered as similar. Then &,, are
evaluated from the recipient solutions dielectric constant measurement. The corresponding
values related to the tested materials are reported in table 3. The high values of €,, found
for cement paste can be explained by the ion hydration which produces some polar species

resulting in dielectric amplification [Barthel et al., 1992] in the used frequency range.

Caen Stone | fused glass beads | P5-1d

ew (20°C) | 75 45 80 +5 250 +25

Table 3: In-pore water dielectric constant.

The mineral substrate dielectric constant €, was obtained by saturating the porous
material with fluids exhibiting different values for the dielectric constant e¢; air (5 = g4 =
1), hexane (ef = 1.9), ethanol (5 = 25), and finally water (¢ = €,,). The actual overall
dielectric constant € related to each sample so saturated was then measured, providing
an experimental curve € = f(ey). Estimation of €, was carried out by looking for the

dielectric constant of an in-pore fictitious fluid such that the sample is dielectrically ho-

12



mogeneous, turning out to solve the equation &, = f (¢,,). The values of €, so obtained

are reported in table 1 for the cement pastes, and table 2 for the model porous media.

Knowing the dielectric constant of each phase, the relevancy of relation (6) giving
the overall dielectric constant as a function of the liquid saturation can be tested, and
parameter o determined. To this aim the dielectric constant e of saturated samples were
measured and plotted against the dielectric constant £; of the saturating fluid. The
experimental curve from two-phase samples composed of the matrix and a fully saturating
fluid is shown in figure 4. It is accurately accounted for by substituting €7 to €,, and letting
Sw = 1 in (6). This eventually supports the relevancy of a disordered pore structure.
Parameter o was then determined from a drying test. At successive stages of drying the
overall dielectric constant € is measured and plotted against the liquid saturation degree
Sw obtained by comparing the current sample weight to the initial one. Figure 5 shows
a linear relation between ¢ and S,,, which is well accounted for by letting o = ¢ in (6).
Accordingly, the overall dielectric constant €, n, of the porous materials here analyzed,
saturated by liquid water (index w) and a complementary non wetting component (index
nw), is written:

Ewmw = £ (swsz . sw)ezw) (7)

However (7) was obtained at § = 20 °C at which the matrix and pore water dielectric
constants, €,, and &, are both known. Actually, the in-situ dielectric constant of in-pore
liquid water varies with ionic strength [Barthel et al., 1992, Kaatze, 1997] and adsorp-

tion [Mercury et al., 2001], which in turn depend on temperature and saturation. Fur-
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Figure 4: Comparison between measured and calculated dielectric constants of a fully
saturated porous medium. The calculation is made using the two-phase Lichtenecker

model with (4) or (6) in which €, =€y and S,, = 1.

thermore the change of the dielectric constant of non-evaporable water with temperature
will significantly affect the matrix dielectric constant. As a consequence a further relation

is needed between € pu, Sw and 6.

4 Semi-empirical approach for liquid water content in frozen

cement paste

The in-pore water of cement paste in the range of low liquid saturation degrees S, < 0.5

was experimentally found not to freeze down to —45 °C. This was previously observed

14
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by [Kaufmann, 1999]. Assuming that no pore water evaporation takes place during cool-
ing/heating cycle on such low saturated samples in the temperature range [0 °C; —45 °C],
it becomes possible to experimentally determine the relation between the (initial) liquid
water degree saturation, the temperature, and the sample dielectric constant €, o, where
index a refers to air. For partially frozen cement pastes, this relation can be then com-
bined with (7) to account for the difference between the dielectric constants of air and ice

crystal. This semi-empirical approach is presented below.

4.1 Dielectric constants of unsaturated cement pastes

The changes in the dielectric constant €, , with respect to temperature were first deter-
mined at liquid saturation degree .S,, held constant. Samples with different liquid satura-
tion degrees S,, were prepared by conserving initially dried specimens in an oven at 70 °C
during 6 months, within atmospheres at various controlled humidity rh =12%, 33%, 44%,
85%, and 100% by using salt solutions [Raoof, 1998]. This procedure provided samples
with liquid water saturation degrees S,, =0.12, 0.17, 0.18, 0.49 and 1 respectively. The
sample dielectric constant &, o was then determined from 20 0C to —5 9C for S, = 100%,
and from 20 °C to —40 °C for S,, =0.12, 0.17, 0.18, 0.49. It must be again stressed out
that these temperature ranges were allowed since primary freezing occurs only at —5 °C
for saturated cement pastes, and no freezing is observed for unsaturated cement pastes
with S, < 0.5 before —45 °C. Whatever the porous material tested here, the relation
between the dielectric constant €,, , and the temperature was found to be linear (see fig-

ure 6A for cement paste P5-1d), so that the corresponding slope a(Sy) is a function of

16



liquid saturation only. Furthermore, as reported in figure 6B, a(S,,) curve was found to

be a line. We finally write:

50 lsw=0aX Sy +Db (8)

with a ~ 0.225 °C™! and b ~ 0.002 °C .

Irrespective to the previous experiments the changes in the dielectric constant €, 4
with respect to liquid saturation .S,, were then determined at temperature held constant.
By varying the relative humidity rh, drying tests were performed at different temperatures
(6 drying tests from 20 °C to —5 °C). As found in [Fen-Chong et al., 2004] and reported in
figure TA for cement paste P5-1d, all tests provide a linear relation between the dielectric
constant €, , and the liquid saturation degree S,,. As a consequence, the corresponding
slope b is a function of temperature € only. Furthermore, as reported in figure 7B, b (0) is
found to be a line. We finally write:

a w,a
Setlo=b(0) =a' xf+c (9)
with @’ ~ 0.227 9C~! and ¢ ~ 20.158.

2 2
The Maxwell symmetry-like relation 30%“59’; = g Szwé‘lg <= a ~ a’ = 0.23 so obtained

confirms the existence of a material relation linking €, pw, Sw and 6 only. This was also
observed for stone and fused bead glass samples. For the tested porous materials, we can
eventually write:

Ewa =0X Sy x0+bx0+cxSy,+d (10)

where coefficients a, b, ¢, d are specific to the tested porous material. Their determination

requires two tests only: cooling of a fully saturated sample (S, = 1) down to the primary

17
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freezing, and a cooling test of a dried sample (S, = 0) down to —45 °C.

4.2 From in-pore air/water to ice/water mixtures
Using (7), we now write:
Ewi = Ewa + (1 — Su) (el — %) (11)

with index ¢ refering to ice. Further, (7) and (10), where we let S, = 0 and €p,y = €4 = 1,
combine to:
? = epalSw=00)=bx0+d (12)

1—
€m

Substitution of (10) and (12) into (11) finally provides:
Ewi=AXSyx0+Bx0+CxS,+D (13)

where:
A=a—-bE —1); B=belp; C=c—d() —1); D=def (14)
Once the changes in €, ; with respect to experimentally determined temperature, semi-

empirical relation (13) gives the means to determine the thermodynamic state function

linking Sy, to 6.

5 Results: Freezing and thawing curves

Figures 8 and 9 show the estimated liquid water saturation ratio variation with tem-

perature during the cooling and heating stages of the P4 and P5 cement paste samples.
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Saturation varies almost linearly with temperature, except in the range of three particular
temperatures on cooling, around —8 °C, —25 °C and —43 °C, and one, around —3 °C on
heating, where the slope changes significantly. The linear saturation variation is related to
the progressive freezing (resp. thawing) of the water (resp. ice) contained in the connected
pores which are sufficiently big (resp. small) to freeze (resp. thaw). The saturation slope
change is due to an important water / ice phase change. The presence of these peaks is

in good agreement with the data given in the literature (see table 4).

Ref. P4-1d P4-2 P4-3 P5-1d P5-2 Ref. A Ref. B
W/C 0.4 0.5 04 | 05 | 04 | 04
Drying | 70°C | rh95% | 7h11% | 70°C | 7h95% || 97°C | none | none | rh11%
6, °C] | -8 * 8 5 20 || -0 | 5 | ¢ | -10
wy (%) | 45 * 1.1 8 0.5 ? ? * 2
0, °C] | 08 | 28 * 27 + | o5 | 25 | 25
wo (%) | * 0.4 3.5 * 2 * 7 | 05 3
05 °C] | 44 | 45 43 | 42 | 40 | 40 | 43 | 40 | 42
ws (%] | 10 3.5 5 14 8.5 12 | 7 | 25 | 45

Table 4: Results obtained for capacitive sensor based apparatus (this study)
and low temperature calorimetry from [Sellevold and Bager, 1980] (ref. A)
and [Bager and Sellevold, 1986] (ref. B): 6, and w, stand for the z'" freezing peak

temperature (in Celsius degree) and freezable water content (in %).
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For specimens oven-dried before testing (P4-1d and P5-1d), an important freezing
peak is observed around —8 °C and a minor second one around —43 °C. The lack of
the 09 peak in our work is also reported on the same kind of paste by [Lindmark, 1997,
Kaufmann, 1999, Béjaoui et al., 2002]. For specimen dried at rh = 11% (P4-3), three
peaks are detected at —8 °C, —28 °C, and —43 °C. On virgin specimens (P4-2 and P5-2),
the first freezing peak is almost absent while the #2 and 63 peaks are pronounced. Similar
results were obtained by [Sellevold and Bager, 1980]. In summary, it appears that drying

the sample increases the first freezing 01 peak and reduces the two others (6, and 03).

Actually, from studies made with low temperature calorimetry [Béjaoui et al., 2002]
and nuclear magnetic resonance [Jehng et al., 1996], a maximum of three distinct sort
of pores, associated with the three freezing peaks, could be observed in a freezing test:
large capillaries (r. ~ 100 nm, 6 = 6;), small capillaries (r. ~ 10 nm, § = #3) and open
gel pores (1. ~ 1 nm, 6 = 63). Thus, the reduction of second and third freezing peaks
can be explained by microcraking-like damage produced by oven-drying that reduces the
proportion of open gel pores and raises the proportion of small and large capillary ones.
This explanation is relevant with the simultaneous first freezing peak increase observed
for P4-1d and P5-1d.

Our data are compared with low temperature calorimetry ones on the same kind
of specimen. As the liquid water saturation ratio depends on the dry sample mass mg,
(recall that Sy = Vi/Viores = (M —mary)/(Msat —Mary); m is the sample mass, mq; is the

saturated sample mass) which varies noticeably with the drying method used [Gallé, 2001],
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comparisons were made on ice contents values (w; = m;/mssq, with m; the mass of ice
formed, and mgsq the sample saturated dried-surfaces mass). Results are reported in
table 5. Measured relative differences A; are always smaller than 20% in the exception
of W/C=0.4 virgin pastes second peak and 11%-rh cured pastes first peak. These high
A; values can be explained by the common lack of reproducibility between two cement
paste materials which are not of the same batch. Moreover, only a small quantity of ice

is formed in this kind of material, thus small absolute differences result in high A;.

Hence, results found with the capacitive sensor based apparatus are in good agree-

ment with literature data from [Sellevold and Bager, 1980] and [Bager and Sellevold, 1986].

W/C 0.4 0.4 04 | 05

Drying | oven-dried | rh 11% | virgin | virgin

A1 (%) 7 50 * ?
Ay (%) ? 14.3 20 ?
As (%) 12 10 28 18

Table 5: Comparison between capacitive sensor based apparatus and low temperature
calorimetry results. A, stand for the 2 relative difference (in %) between freezable
water content literature data from table 4 and values obtained in this study for similar

W/C ratio and curing method.
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6 Porous network characterization

6.1 Relation between freezing temperature and porous distribution

The thermodynamic equilibrium between water in liquid form (index w) and its ice crystal

(index ) requires the equality of their specific chemical potentials, reading:

i = oy (15)

The natural arguments of the chemical potential pj; per mass unit of phase J = w or
i, are the absolute temperature 7' (T'[K] = 6 [ °C]| + 237.15) and the current pressure
pg. Hereafter the atmospheric pressure (conveniently set equal to zero in all that follows)
is adopted as the common reference pressure and the corresponding freezing point Ty as
the reference temperature. From the differentiation of (15), standard thermodynamics
furnishes:

1 1
—dp; — $;dT = —dpy — sudT (16)

i Pw

where p; is the mass density which will be taken to be constant and associated with the ref-
erence state (p; ~ 0.9167 g/cm? and p,, =~ 0.9998 g/cm? [Petrenko and Whitworth, 1999]),

and sy are the entropy per mass unit of phase J.

Since the strain latent heat and the variation of heat capacity with temperature are

negligible, the specific entropy is written as:

T
57 =594 cp lnTO (17)

with s?, the bulk specific entropy and ¢, ; the specific heat capacity, constant and as-

sociated with the reference state. Defining the capillary pressure as p. = p; — py and
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integrating (16) from the reference state, while using (17), we derive:

; Ti
pc_<p—1>pw+5f (To—T)+Cy (T—To—i-Tlnj?) (18)

where Sy = p; (s?u — Y

Z) is the entropy of fusion per unit of ice crystal volume, C; =

pi (cpw — €p,i) the heat capacity difference between water and ice per unit of ice crys-
tal volume. Term (/% — ) pw can be eventually neglected. Actually Sy ~ 1.2 MPa

and Cy ~ 2.1 MPa from [Brun et al., 1977], so that we find Sy (Tp — T) ~ 60 MPa,

|C'f (T —To+TIn %)‘ ~ 10 MPa for a cooling equal to —50 °C. Since

gg—q:OGQ
a same order of magnitude for term (;’—; — 1> Pw requires the order of magnitude of liquid
water pressure to be p, = 10* MPa. Such unrealistic values for the pore pressure would
lead to the material failure, which is not observed here. Thus (18) is well approximated

by

T
m:smn_TH4y<T_n+Tm;>:gn (19)

Function g(T) is the state function which relies the temperature 7' and the capillary
pressure p. once the thermodynamic equilibrium is reached between the liquid water
and the ice already formed. In a first approximation, 7y is evaluated by Raoult law
as Ty = Too — K myg, noting Tyg = 273.15 K the bulk solidification temperature of
pure water at atmospheric pressure, mg the initial molality (about 1 mol/kg for cement
paste older than 90 days [Baron and Sauterey, 1982]) and K the cryoscopic Raoult coef-
ficient, dependent on the solvent and irrespective to solute. In the case of water solvent,

K ~1.86 Kkg/mol [Zuber and Marchand, 2000].
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Mechanical equilibrium of the ice/water interface (Young-Laplace law) gives:
De =YK (20)

where v ~ 36 4+ 0.25 (T' — Tpp) [Zuber and Marchand, 2004] is the water / ice interface

energy and k = 94wi — L 4 1 the interface curvature where A, is the water /ice interface
dVv; 1 To

area, V; the ice crystal volume and r;—; 2 are the principal curvature radii of the ice / water

interface. We classically have:
2 L. 1 AU
k = — for spherical ice crystal ; & = — for cylindrical ice crystal (21)
r r

where r is the radius of the ice crystal which is related to the pore radius 7, and the

unfreezable water layer length e ~ 94 by the relation [Brun et al., 1977, Dash et al., 1995]:
r=rp—e€. (22)

From now, pores will be supposed to be cylindrical. Let use the common assump-
tion that the ice crystal grows from a spherical interface and thaws from cylindrical
one [Setzer, 1997]. The freezing and melting temperatures, respectively Ty and T, 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 7, from (19) to (22):
=g (22) & Th—gt (2 (23)
rp—e m rp—e€
6.2 Determination of the pore radii distribution curve

Based on relation (23), the measurement of the successive freezing or melting temperatures

provides the means of assessing the pore radii distribution of a porous material. However
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it is well-known [Scherer, 1993, Béjaoui et al., 2002] that a liquid water filled pore of ra-
dius 7, does not generally freeze at the corresponding T () in case of the commonly
observed water supercooling (metastable liquid phase). Instead in-pore ice formation re-
sults 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 T (r,) [Corr, 2001]. On the other hand, on thawing, liquefaction
appears necessarily at Tp, (7). This is attributed to the liquid layer, always present at
the ice crystal surface, which acts as a nucleation scarf and thus prevents from metasta-
bility [Dash et al., 1995]. As a consequence, the thawing curve must be preferred to the
freezing curve [Béjaoui et al., 2002], when aiming at establishing the pore radii distribu-

tion curve using thermoporometry concepts [Brun et al., 1977].

On thawing, (23) gives a relationship between temperature and assumed cylindrical

Vi

pore radius. Sy, is linked to the volume of frozen pores V; by the relation S, = 1— Vpores

4
Vi = Vpores (1 = Sy). Thus, S, — T}, thawing curves can be expressed as V; — r;, curves.

The pore radius distribution curve ¢ is

() (24)

o(rp) = dr,
and is shown in figure 10 for P4-1d paste and in figure 11 for P5-1d. The pore radii range
from 20 to 200 A.

Pore radii distribution can also be obtained from sorption isotherm tests on 30 mg

crushed samples placed into our home-made SD apparatus. The pore size curve is in-

ferred from the sorption S,, — p.(rh) capillary curve through the BJH method which is
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Figure 10: Comparison between pore radius distribution from thermoporometry using CS

and from sorption isotherm using SD for W/C' = 0.4 cement paste.
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Figure 11: Comparison between pore radius distribution from thermoporometry using CS

and from sorption isotherm using SD for W/C = 0.5 cement paste.
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based on the thermodynamic and mechanical equilibrium between liquid water and wa-
ter vapour [Barrett et al., 1951]. It gives a relation between capillary pressure, adsorbed
layer length of capillary condensation water and pore diameter. Comparison of pore radii
distributions obtained by SD or CS is shown in figures 10 and 11. All cement paste
samples used in this study were of the same batch and conserved in the same condition
(respectively P4-1d and P5-1d conditions). Slight differences at small pore radii may be
explained by the fact that the temperature dependence of the thermodynamic coefficients
was neglected. For the W/C=0.4 paste (figure 10) there is a peak in the distribution from
sorption isotherm at about 200 A. This peak is not present in the distribution obtained
from the capacitive apparatus nor on the W/C=0.5 curves. This difference may be ex-
plained by the crushing operation on the specimens according to the SD procedure: the
samples may have been internally microcracked contrary to the CS experimental proce-
dure. In summary, it can be concluded that both methods yield pore size distributions in

the same range of order.
6.3 Determination of freezable porous network surface area

6.3.1 Theoretical derivation

Mechanical equilibrium between liquid water and ice crystal may be written, using Laplace

Law, as [Quinson et al., 1987]:

- dAu;
DPe =7 av;
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Let V), = ¢V be the total volume of porous network, with V' the porous medium volume.
From the definition of the liquid water saturation (S, = V,,/V, =1 —V;/V,) and under
the assumption that the solid matrix is undeformable (d¢ = dV = 0), it is possible to
express dV; as:

dV; = —V,dS, = —¢VdS, (26)

Finally, combining equations 25 and 26, Laplace law becomes:

¢pc =

(27)

where p is the apparent dry density of the porous medium and w,,; = Ay;/pV the specific
surface area of ice / liquid interface (surface area per unit of dried porous medium mass)

during a thawing test. From the integration of (27), wy,; can be evaluated as:

L ope
S0 PY

dSy (28)

Wi =

Because of the existence of an unfreezable water layer between ice crystals and pore walls,
wwi 18 not the frozen porous network specific surface (w). In case of an elementary cylin-
drical pore with a radius 7, = 7.+ e (see figure 12), the relation between dw and dw,; can

be easily estimated by the relation:

dw = et € dwei (29)

Tc

Assuming the porous network to be composed by cylindrical pores, the explored

specific surface area can be derived from (28) and (29):

1
w:/ retedpeyg (30)
. Te PV

33



Ice crystal

Pore wall

Unfrozen layer

Figure 12: Schematic representation of an elementary cylindrical pore.

6.3.2 Application

Measurable specific surface area of the overall freezable porous network (A in m?/g) will
be the value of w for Sy, — Sy min Where Sy min is the volume ratio of unfreezable water.

Thus, for cylindrical assumed pores, equation (30) leads to:

1
A:/ retedbeyg (31)
Sw,min TC p/y

Table 6 shows the A-values obtained from the capacitive sensor (CS) based apparatus for
P4-1d and P5-1d cement paste samples. It also contains the specific surface area values pro-
vided by MIP and sorption/desorption tests from specimens belonging to the same batch
and curing conditions. Specific surface area values from MIP are based on the Rootare
and Prenzlow equation [Rootare and Prenzlow, 1967]. Those from sorption/desorption

isotherms rely on the BET theory analysis [Brunauer et al., 1938]. Numerical applica-
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tions are made with p = 1.67 g/cm?® for P4-1d, p = 1.62 g/cm? for P5-1d, and with

values given in section 6.2.

Paste | MIP | CS SD

P4-1d | 13.31 | 68.40 | 118.50

P5-1d | 16.81 | 82.38 | 145.46

Table 6: Comparison between specific surface area values from capacitive sensor (CS),

mercury-injection porosimetry (MIP), and sorption/desorption (SD) techniques in m?/g.

The CS values appear to be strongly higher than MIP ones. This large gap can be
explained by the damage caused by the high pressure needed for the MIP experiment and
the inability of the latter to scan finer porosity. Actually the mercury-injection porosimetry
technique is known to underestimate the specific area [Raoof, 1998]. Furthermore, the
lower values provided by the CS experiment by comparison to the SD experiment can be
attributed to the screening effect of unfreezable water with regard to the roughness of
the internal walls of the porous network. In addition, the CS cooling test is restricted to

—45 OC whereas ice formation is still observed down to —80 °C [Jehng et al., 1996].

7 Conclusion

A spectroscopic-like dielectric capacitive apparatus was set-up in order to experimentally

determine the thermodynamic state relation relying the ice content on the current tem-
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perature. This quantitative method has been successfully applied to centimetric cement
paste samples. The method exploits the high contrast existing in the radio frequency range
between the dielectric properties of the liquid water and those of the other constituents.
Actually, by combining the results provided by drying tests and freezing tests, theoretical
and experimental considerations allow to derive the relation relying unambiguously the
dielectric constant of a freezing porous material on both the liquid saturation and the

temperature.

Two cement pastes with distinct water / cement ratio (W/C=0.4 and 0.5), cured
in three different ways (moist, drying under rh = 11% at 20 °C, and oven-drying at
70 °C), have been tested. The experimental results agree well with the data existing in
the literature obtained independently on the same kind of specimens by low temperature
calorimetry. Pore radii distribution and specific surface area are found to be consistent with
those obtained on similar samples from sorption/desorption isotherms by means of a home-
made apparatus. Hence it can be concluded that the capacitive method here presented
turns out to be one of the most appropriate to analyze the ice formation in cement-based

materials, while in addition providing good insights into their pore structure.
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