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Abstract
The present work studied the impact of sample saturation on the analysis of pore volume and
pore size distribution by low temperature (micro-)calorimetry. The theoretical background was
examined, which emphasizes that the freezing/melting temperature of water/ice confined in nonfully saturated pores is further depressed compared with that when the pores are fully saturated.
The study of the experimental data on hardened concrete samples showed that for a same concrete
mix, the total pore volume detected from the capillary saturated samples was always lower than
that of the vacuum saturated samples and a higher proportion of pores with small radii were found
in the capillary saturated samples. In addition, the observed hysteresis between the freezing and
melting curves of ice content of the capillary saturated samples was more pronounced than that of
the vacuum saturated samples. The major reason for the observed phenomena could be related to
that capillary saturation cannot fully saturate the pores under study.
Keywords: Concrete, calorimetry, freezing and thawing, pore size distribution, hysteresis,
thermoporometry.

1. Introduction
Porosity is one of the most important characteristics of cement based materials. It is the main
parameter which determines strength and influences transport properties or permeability. For this
reason, it is also a major parameter determining durability. Thus considerable efforts have been
devoted to the characterization of the pore structures for cement based materials.
The pore system in a cement based material is rather complicated, e.g., in terms of the pore
size. There are different types of pores existing in one single cement based material. There are
deliberately entrained air voids with diameters on the order of 50–100 μm for frost protection
[1, 2]. Mixing and casting of concrete, however, could entrap air voids whose size can reach the
millimeter scale [3]. Meanwhile, there are nano-microscale “capillary pores” that are remnants of
the interstitial spaces between the unhydrated cement grains [4]. Additionally, as described, e.g.,
in [5, 6], there are interlayer spaces, or “gel pores” at the nanometric level between the primary
particles of the hydration products calcium-silicate-hydrate (C-S-H). It is further argued by Sun
and Scherer [7]: since the pore space in a cement based material can be fully interconnected, as
indicated by the fact that the liquid can be fully exchanged by solvents, the definition of a pore size
or shape is thus quite arbitrary, because there is actually only one interconnected pore with a very
complicated shape.
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Many methods for porosity characterization have been developed and applied to cement based
materials [7–12], e.g., nitrogen adsorption/desorption (NAD), mercury intrusion porosimetry (MIP),
scanning electron microscopy (SEM), scattering of X-rays or neutrons, low temperature calorimetry
(LTC), nuclear magnetic resonance (NMR), moisture fixation, etc. A summarized comparison about
these different methods can be found, e.g., in [7]. The measurement of NAD gives good information
for mesopores (IUPAC classification) while it is not suitable to characterize capillary pores. MIP
measures the pore entry radii rather than the interior pore sizes, since mercury can be intruded into
some large pores through the small entrances (e.g., ink-bottle shaped pores). Optical microscopy
and SEM are able to reveal the size of large pores but they are not able to resolve the mesopores.
Moreover, a major disadvantage shared by NAD, MIP and SEM (including environmental SEM)
is that the testing samples must be dried. For cement based materials this drying process often
results in an apparent alteration of pore structure under consideration [13].
Calorimetric methods have been used to study cement based materials for a long time, e.g., see
[14–18]. Low temperature (micro-)calorimetry or LTC, which is also known as thermoporosimetry and sometimes is referred to as thermoporometry or cryoporometry as well, can be applied to
characterize the porosity of virgin cement based samples without any drying treatment [10, 19–22].
The basic concept of LTC is that the freezing process of water is an exothermic process and the
melting process of ice is an endothermic one, from which the ice content can be calculated by
using the heat of fusion for the confined water/ice in the freezing or the melting process and the
measured heat flow with respect to ice formation or melting at different measuring temperatures.
If a sample is fully saturated with water, then the volume of the ice formed/melted under different temperatures in a sense indicates the pore information of the sample under the testing. By
making certain assumptions, thermodynamics demonstrate there is a unique equation showing the
correspondence between the phase transition temperature of the water confined in pores and the
curvature of its solid-liquid interface under the condition that the sample is fully saturated [23, 24].
By studying the thermodynamic parameters of the confined water/ice, the quantitative relation of
the freezing/melting temperature and the pore size can be determined.
Although LTC is often adopted as a method to study the porosity of a porous material, the
analysis of the experimental data is not that straightforward. The factors which influence the
accurate interpretation of the results include: the mechanism of ice formation in pores, baseline
calculation, heat of fusion for water/ice confined in small pores, supercooling effect, the ions in
the pore solution, the thickness of a water layer very close to the pore walls, temperature lag
between the thermopile of the instrument and a testing sample, etc. It has been discussed, e.g.,
in [7, 24–27] that there is a hysteresis behavior between the freezing and the melting process in
terms of the determined ice content curves. Thus, the mechanism of ice formation in pores turns
out to be very important since it would decide which process is more appropriate to be adopted to
calculate the pore sizes. The mechanism of ice formation in small pores has been studied rather
extensively and there are two representative assumptions in this regard, i.e., homogenous nucleation
and progressive penetration following heterogeneous nucleation, e.g., in [7, 24, 28–30]. Homogenous
nucleation indicates that the ice nuclei appear spontaneously in the liquid water and that the ice
will be formed when the critical size of the nuclei (at a given temperature) is the same as that of
the pore [24, 28]. Brun et al. assumed in a series of work, e.g., in [24, 31, 32], that the ice formation
process is a homogenous nucleation process. If this assumption is correct, the pore sizes detected
in the freezing process is the interior (or real) sizes of the pores and then it is possible to use the
freezing process to analyze the interior pore size distribution. However, studies by many authors
show that the probability of homogenous nucleation governing the whole ice formation process is
2

low and only when the temperatures is on the order of −38 °C will the homogenous nucleation
become significant [29, 33, 34]. Thus, it is normally accepted that the freezing of water in pores
should be initiated by heterogeneous nucleation and then followed by a progressive penetration of
the ice front from big pores to small pores, e.g., in [7, 10, 15, 29, 35, 36]. In that case, it is only
possible to derive some information about the pore entry sizes, rather than the interior pore sizes,
from the freezing process (some more discussions about the freezing process will be presented later
combined with the measured experimental data). Then the melting process, which is assumed to
reflect the interior pore sizes, is suggested to be used to calculate the pore size distribution. Based
on the above discussion, probably both the freezing and the melting process should be analyzed as
the freezing process may provide information about the pore entries while the melting process may
reflect the interior pore size information.
There are some other topics that need to be considered in analyzing heat flow curves. The
baseline calculation and the heat of fusion of pore confined water/ice are two fundamental aspects
in analyzing the ice content from experimental data. The discussions about the baseline calculation
can be found, e.g., in [7, 17, 37, 38]. Many efforts have been devoted to obtaining the heat of fusion
of water/ice confined in small pores, e.g., see [24, 26, 37, 39, 40]. A summarized discussion about
the influence of these two aspects can be found in [41]. Supercooling refers to the phenomenon
that bulk water does not freeze at 0°C, which is often attributed to the lack of nucleation sites.
If the supercooling is very pronounced, it is not possible to derive the pore entry size information
corresponding to the temperatures which are higher than the freezing point of the supecooled water
based on the freezing curve. In order to address this issue, two freezing and melting cycles are often
adopted. Followed by the first freezing process, the sample will be heated to a temperature just
below the melting point of the water in macropores. During the second freezing process, the ice
crystals left in the macropores or on the exterior surface of the sample after the first melting process
will serve as the nucleation sites. By doing the two cycles experiment, supercooling is expected to
be avoided and then both the entry and interior sizes of the mesopores can be determined based on
the measured data of the second freezing and melting process respectively. More related discussion
can be found, e.g., in [7, 35, 36, 42].
It is normally assumed that there is a portion of water which is very close to the pore walls and
it will not undergo phase transition even if the temperature is very low. Banys et al. [43] estimated
that the water in this layer would only freeze at a temperature between 21 and 26 K. This layer,
which will be referred to as δ−layer, will definitely affect the derivation of the total pore volume
and the pore size distribution. Fagerlund [15] correlated the δ−layer with the adsorbed layer in
moisture fixation experiments and arrived at an equation showing the thickness of the δ−layer can
be expressed as a temperature dependent function. Normally the δ−layer is treated as consisting of
2-3 layers of water molecules, which corresponds to about 0.8 nm in thickness, e.g., in [24, 42, 44].
Sun and Scherer [7] suggested that in mortar samples, it is more reasonable to use a value of 1.0-1.2
nm for this δ−layer due to the dissolved ions in the pore water.
The present study focuses on the impact of the sample saturation on the analysis of pore volume
and pore size distribution by the LTC method. For LTC measurements, the samples to be tested
need to be fully saturated with water before putting into a calorimeter. If a sample is not fully
saturated, firstly the pores which are not filled with water will not be detected and as a result, the
total volume of the pores will be underestimated. Furthermore, the correlation between the pore
size and the depressed freezing/melting temperature in the context of pore size determination is
normally based on the prerequisite that the pores under study are fully saturated, e.g., see [24, 26].
However, a careful examination of the theoretical background in this study emphasizes that the
3

thermodynamic correlation for fully saturated pores is different from that for non-fully saturated
pores. Moreover, the correlation for the non-fully saturated system could be very complicated,
which is extremely difficult to characterize quantitatively, if it is still possible. Under such cases,
the calculated pore sizes will not be correct any more if the pores are not fully saturated while we still
use the relation as derived based on the full saturation assumption. Based on the experimental data
measured on hardened concrete samples conditioned by capillary saturation (samples submerged in
water) and vacuum saturation, the ice content, pore volume and pore size distribution are calculated
to demonstrate the impact of sample saturation on the porosity analysis.
2. Theoretical background
To illustrate the impact of sample saturation on the determined pore size distribution, the
relation between the depressed freezing point of a liquid confined in a pore and the pore size
should be introduced. The detailed derivation of the relation based on thermodynamics and related
discussions can be found, e.g., in [23, 24, 29, 36]. It should be mentioned that even though the
thermodynamic approach is widely used, the applicability of this approach to nanoscopic systems
has been questioned by, e.g., Setzer in [45, 46], since the thermodynamics used are completely
macroscopic. That is, the smallest pore size detected using the thermodynamic approach may be
limited. However, with no more knowledge, the traditional way of using thermodynamics is followed
in this work.
As pointed out by Brun et al. [24], in order to calculate the freezing/melting point of a liquid/solid confined in a pore system where the three phases (liquid, solid, gas) of the confined
substance coexist, it is necessary to know two curvatures of the three interfaces (liquid-solid, liquidgas and solid-gas). However, this condition can not usually be met for a porous material under
study. The situation will become much simpler if the porous material is fully saturated with water,
which means the solid/gas interface is plane (i.e., the curvature is always zero during freezing and
melting). Under such circumstances, the depressed freezing or melting temperature is only determined by the curvature of the solid/liquid interface which can be directly related to the size of the
pores where the water or ice is confined. The relation can be expressed as
∆Sf dT = vl d(γsl

dAsl
)
dVl

(1)

where ∆Sf = sl − ss is the specific entropy difference between the liquid and the solid phase ; T is
the temperature (in Kelvin degree); vl is the specific volume of the liquid phase; γsl is the surface
tension and dAsl /dVl is the curvature of the liquid-solid interface. It is noted that Eq.1 is usually
adopted to do the pore size analysis in the context of LTC. From the discussion, it is clear that
there is a prerequisite to use Eq.1, which is that the pores of the material under study must be fully
saturated. If this condition is not met, the relation between the depressed freezing/melting point
of the confined water/ice and the pore size as derived based on Eq.1 does not hold. Still abiding by
Eq.1 to calculate the pore size distribution for a non-fully saturated pore system, the result could
be in doubt.
For non-fully saturated pore systems, the possible situations for what can happen to the menisci
system when water/ice freezes/melts were discussed, e.g., in [23, 24]. Fridh [38] reviewed and
summarized the discussion in this aspect. As shown in Figure 1, the three possibilities of the
coexisting phases include: (1) both the solid phase (s=solid) and the pore liquid (l=liquid) are
exposed to the gas (g=gas) but not to each other (Case A); (2) the pore liquid is in contact with
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both the solid and the gas (Case B); (3) the solid phase is in contact with both the gas and the
pore liquid (Case C).

Figure 1: Schematic illustration of the possible menisci systems found in a porous material during freezing, water
being the substance confined in the pores. The illustration is based on the figure presented in [38] but with reversed
curvature of solid-gas and solid-liquid interfaces.

For Case A, the relation between the depressed freezing point and the curvature of the interfaces
can be expressed as Eq.2; for Case B and Case C, Eq.3 and Eq.4 are valid, where rlg , rsg and
rls are the radii of the interfaces which are not necessarily equal to each other and 4Hf us is the
heat of fusion for the confined water; vi is the specific volume of the phases (l, s, g); T is the
freezing/melting point of the confined liquid/solid and To is that of the bulk liquid/solid. It should
be noted that the equations (Eq.2, Eq.3 and Eq.4) presented here are slightly different from that
presented in [38] and a reversal of the curvatures of the solid-gas and the solid-liquid remedies the
differences.
By studying Eq.2 to Eq.4 carefully, it can be found the relation between the depressed freezing
point of the water and the curvature of the interfaces becomes much more complicated if some of
the three phases coexist simultaneously. Thus, it is very difficult, if it is still possible, to quantify
the relation between the pore size and the depressed freezing/melting temperature of the confined
water/ice since as one lacks the knowledge about under which case(s) the pores are and how many
pores there are under each case (referring to the three cases in Figure 1). However, if a porous
material is, or at least the pores under study are, fully saturated with water, the case becomes
much simpler and clearer. By substituting the gas phase (g) with liquid phase (l) in Figure 1, there
will be only one interface, i.e., the liquid-solid interface. Then accordingly, the relation between
the radius of the curvature and the depressed freezing point can be explicitly represented by Eq.4
without considering the second term in the parenthesis on the right hand, or its equivalent form
Eq.1 (differential form, 4Hf us = T 4Sf ), e.g., see [24, 47, 48].
T
2
vl γlg
vs γsg
=−
(
+
)
T0
4Hf us rlg
rsg

(2)

T
2
vs γls
vs − vl
=−
(
+
· γlg )
T0
4Hf us rls
rlg

(3)
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2
vl γls
vs − vl
T
=−
(
+
· γsg )
T0
4Hf us rls
rsg

(4)

With respect to water, we have γlg > γls and vs > vl [38, 47]. Then, by comparing Eq.2 to Eq.4
with Eq.1, we conclude that the freezing/melting temperature of the confined water will be further
depressed if the pores under study are only partially saturated compared with the fully saturated
counterparts, no matter the non-fully saturated pores are under which case (i.e., the three cases in
Figure 1). The effect of the curvature of the liquid-gas interface (see Eq.3) and that of the solid-gas
interface (see Eq.4) in a non-fully saturated system on the depressed freezing/melting temperatures
was also discussed by Blachere and Young [49] and Williams [48] respectively. Related discussions in
this aspect can also be found in, e.g., in [15, 23, 24]. A more recent study [50] measured the melting
behavior of a model pore system conditioned with different saturation degree before the freezing
and it was demonstrated that the melting curves are shifted to some lower temperatures as the
saturation degree lowers, in which the low saturation degree means some of the pores are not fully
saturated. This can be a very direct experimental validation supporting the argument discussed
above, i.e., the further depressed freezing/melting point of the water in non-fully saturated pore
systems.
It should be mentioned that due to the fact that water in very small pores does not freeze and
the freezing/melting point depression of water/ice in big pores is too small, the pores that can be
studied by LTC are limited mainly to mesopores with the reliable pore radii between about 2 nm
to about 40 or 50 nm [7, 36]. Then one may argue that to determine pore size distribution (PSD),
e.g., for cement based materials, it does not matter whether the big air voids are fully saturated
or not, since the concerned pores are small mesopores. As far as the small mesopores can be fully
saturated by capillary saturation, which is possible considering the capillary force [51], the PSD
determination should not be affected by the saturation status of the big air voids. Using the same
calculation method, the calculated PSD curves for samples conditioned by capillary and vacuum
saturation will be compared to illustrate the impact of sample saturation on the PSD determination.
3. Experimental data
The present investigation is based on existing experimental data. The details of the experimental
study and the data can be found in [17, 52, 53].
The concrete samples with three different water-to-cement ratios, each with different nominal
‘target’ air contents were prepared. The cement content for the w/c=0.4 concrete samples with
nominal air contents of 2%, 4% and 6% were 515, 525 and 525 kg/m3 respectively. And the
corresponding values for the w/c=0.5 and w/c=0.6 samples were 475, 480 and 480 kg/m3 and 340,
350 and 335 kg/m3 . Granite aggregate with two different size ranges, i.e., 0-3 mm and 4-8 mm,
and approximately equal amount of the two fractions of the aggregate were used to prepare all the
mixes. Air-entraining agent was used to produce the concrete with nominal air content 4% and 6%.
The concrete samples were produced in 120L batches in the laboratory. The fresh concrete was
placed into two moulds with the dimension of 200mm×500mm×500mm and into cubic moulds with
the dimension of 100mm×100mm×100mm after mixing. The moulds filled with fresh concrete were
vibrated for a few seconds, and then a plastic film was used to prevent evaporation. After curing
under sealed condition for one day, the concrete was core-drilled and sawn into small cylinders with
the diameter of 14mm and the length of 60mm. The size of the samples was chosen to fit the
calorimetric device adopted in the investigation. The cylindrical samples were stored in a small
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bucket with about 1 liter water to cure the samples at about 20◦ C. And they were divided into two
groups in measurement: one group of the samples were stored till about four months before testing
(capillary saturation) and the other group were also water cured till about the same age but were
vacuum saturated before testing (vacuum saturation).

Figure 2: Top of the SETARAM scanning calorimeter showing the liquid nitrogen supply tube and the reference and
sample chamber [17].

A Calvet-type scanning calorimeter (SETARAM) was used for this investigation, as shown in
Figure 2, which was calibrated and operated to work between about 20 ◦ C and -130 ◦ C. The
temperature scanning consisted of a cycle starting at 20 ◦ C and going down to about -80 ◦ C and
then back to 20 ◦ C. The adopted cooling and heating rate was 0.09 ◦ C per minute. The samples
were saturated surface dry when placed in the calorimeter. A dried (under about 105 ◦ C till
constant weight) concrete sample, of the same dimension as the testing specimen, was used as the
reference sample. In the investigation, the same reference was used throughout all the tests. By
using this type of reference sample, it simplifies the calibration of the measurement compared to
the use of other materials such as aluminum. There are some discussions about the necessity of
using a reference sample in the calorimetric experiments. Actually, the heat capacity of the solid
skeleton of a porous material may vary to a certain degree under different temperatures and this
variation can be further reduced if a reference sample, which is of the same size as the material
used in the sample chamber but dried, is used in the experiment. More discussion in this regard
can be found in [41]. During the testing, the calorimeter records the calibrated heat supplied to or
released from the specimen. This means that the instrument measures the difference of the heat
flow between the reference and the sample vessel, thus the heat flow due to the confined water
and its phase transition in a sample at different temperatures can be determined. At the same
time, the corresponding actual temperature in the sample chamber is also recorded. By using the
measurement heat flow and the thermodynamic parameters for the confined water, it is possible
to determine the ice content, which is an indication of the ice filled pore volume, under different
temperatures.
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After a calorimetric measurement, the sample was dried under about 105 ◦ C till constant weight.
By doing so, the total water content of the sample was determined by the mass difference between
this dried state and that before the calorimetric measurement (saturated surface dry). The total
porosity of the concrete mixes studied were also determined through gravimetric measurements by
measuring the mass of the sample both in air and submerged in water using the vacuum saturated
samples.
4. Results and discussion
4.1. Volume of ice in hardened concrete samples
An accurate analysis of the measured LTC data is the basis to calculate the pore volume and
pore size distribution for a porous material. Two fundamental aspects are crucial in this context,
i.e., the baseline calculation of the measured heat flow and the value of the heat of fusion for the
water confined in pores. The detailed discussion and the calculation scheme for determining the ice
content can be found in [41].
The calculated results of the total ice volume by the total volume of the concrete sample are
shown in Figure 3. It can been found that for each concrete mix, the ice volume determined for
the capillary saturated samples both in the freezing and the melting process are always smaller
than that for the vacuum saturated samples. It implies that there is a portion of pores which
are not filled by water in the capillary saturated samples. Since the LTC method can only detect
the pores which are filled with water, these unfilled pores will not be detected. For the concrete
mixes with the same w/c under study, the difference of the total ice volume fraction between the
capillary saturated sample and the vacuum saturated sample increases as the nominal air content
increases. Compared with the vacuum saturated samples, the hysteresis effect, as demonstrated by
the distance between the freezing curve and the melting curve at the same temperature, is more
pronounced for the capillary saturated samples under most of the temperatures in testing, e.g.,
from -10 ◦ C to -40 ◦ C. This phenomenon was also pointed out in [17].
The fraction of the maximum ice volume by the total volume of the sample for the concrete
mixes presented in Figure 3 are listed in Table 1. For the calculation method adopted, there is
small difference between the ice volume fraction calculated from the freezing and melting process
in one cycle for each concrete sample. The result for a sample listed in Table 1 is the average
value of the freezing and the melting process. With respect to the concrete mixes with w/c=0.4,
the maximum ice volume fraction calculated for the vacuum saturated sample and the capillary
saturated sample differ by 2.1% for sample C404; while the difference becomes 3.1% for sample
C406. This difference for sample C504 and C506 are 1.2% and 3.4% respectively. The trend that
the difference of the maximum ice volume fraction increases as the air content increases, can also
be found for the samples with w/c=0.6. The difference for sample C602 is 1.2% and it increases
up to 6.3% for sample C606. A possible indication of this phenomenon is that it may be difficult
to saturate all of pores, especially the entrained air voids whose diameters are often on the order
of 50-100 µm [1, 7], with water by the capillary saturation method. However, with the vacuum
saturation method, the case could be different. Taking sample C606 as an example, the entrained
air content is about 5.2% (by comparing the measured air content of sample C602 with no airentraining agent and that of C606 with air-entraining agent); while the calculated difference of the
ice volume fraction between the vacuum and capillary saturated samples is 5.0%. The difference of
the ice volume is very close to the volume of the entrained air. By studying the difference of the
ice volume fraction in the samples of the same w/c treated with vacuum saturation method, it is
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Figure 3: Calculated fraction of the ice volume by the total volume of the sample for capillary saturated (cap. sat.)
and vacuum saturated (vac. sat.) concrete samples. The nominal air content is denoted for each mix and the
corresponding measured air content is shown in Table 1.
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found that the difference is very close to or a little bit higher than the difference of the measured air
contents. That is to say possibly after vacuum saturation all of the air voids are filled with water
in the concrete samples. If the big pores, i.e., those whose pore sizes are on the same order of the
entrained air voids, are filled with water, the possibility for the smaller ones (i.e those in the nm
scale) to be saturated with water is high due to the capillary suction pressure [51].
It is also noticed that RILEM [54] recommended a test method by applying vacuum to reach
full saturation for concrete samples, though the applicability of this method on high strength
concrete is argued and pressure saturation is proposed by some authors, e.g., see [55–57]. Since
the concrete in our study is not high strength concrete and based on the above discussion of the
experimental data, we tend to think that the concrete samples are almost fully saturated by vacuum
saturation method. On the other hand, one main purpose of this study is to demonstrate how the
thermodynamic relation can be affected by the non-fully saturated pores and hence the impact on
the determination of the pore size distribution. Even if the vacuum saturation cannot absolutely
fully saturate the pores in concrete samples, it would be reasonable to expect that only a small
volume of pores is left unsaturated. Then the impact of the small volume of unsaturated pores is
considered negligible. In this sense, the concrete samples conditioned by vacuum saturation method
is mentioned as fully saturated samples anyway in this study.
Table 1: The fraction of the maximum ice volume by the total volume of the sample for concrete samples presented in
Figure 3. The notation for the sample C404 means that w/c=0.40, nominal air content 4%, and likewise for the other
samples. The measured experimental data, including the approximate saturation degree of the capillary saturated
samples, the measured air content and the porosity using vacuum saturated samples, are listed for the reference.

Sample

Fraction of maximum ice vol.
(%)
vac. sat.

Approx.
saturation
degree (cap.
sat. samples)a,b

Measured
air content
(%)a,c

Porosity
using vac.
sat. samples
(%)a,b,d

cap. sat.

C404
8.5
6.4
0.93
4.2
16.8
C406
10.7
7.6
0.81
6.1
18.1
C504
9.9
8.7
0.91
3.6
18.6
C506
12.1
8.7
0.78
5.4
21.6
C602
10.0
8.8
0.88
2.6
18.1
C606
15.0
8.7
0.68
7.8
23.2
Note: a). measured experimental data were given in [17]; b). it was assumed that the samples
were fully saturated by vacuum saturation method; c). measured air content for the fresh concrete
mixes (the measured air content for the samples C402 and C502, for which the LTC data are not
analyzed here, are 2.6% and 2.0% respectively); d). gravimetric measurement.

4.2. Pore volume and pore size distribution
As can be found from the results shown in Figure 3, the supercooling effect is very obvious on
the freezing curves. Consequently, it is not possible to derive the pore entry sizes whose corresponding freezing temperatures are higher than the supercooled temperature. Additionally, there
is a relatively large increase of ice content in the freezing curve around the temperature of about
-40◦ C for all the studied samples. This portion of ice is believed related to homogenous nucleation,
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Figure 4: Three different methods to determined the temperature depression ∆T on the LTC melting curve: the
peak-difference (∆Tpk ), onset-difference (∆Ton )and onset-peak difference (∆Ton−pk ) [36]. ”Endo” denotes that the
melting process is endothermic.

which does not necessarily reflect the pore entry sizes, e.g., see [29, 30, 47]. Due to this complexity,
the pore entry size information will not be analyzed in this study and we will only adopt the melting
curve to do the interior pore size distribution analysis.
It can be seen in Figure 3 that there is a portion of ice which melts above 0 ◦ C in each concrete
sample and the amount of this portion of ice is bigger in the vacuum saturated sample than that in
the capillary saturated sample for the same concrete mix. This portion of the ice, most of which we
believe are present in the relatively big air entrained pores in the concrete samples under our study
(the surface dry samples were used in testing indicating very small amount of bulk water, if there
is any), behaves like the bulk ice in terms of its heat flow characteristics. The heat flow behavior
of bulk ice has been discussed, e.g., in studying the molecular sieve materials [36, 42, 44, 58–60].
It is due to the non-equilibrium between the testing sample and the instrument even if a very
small sample (on the order of milligram) is used [36]. That is, the temperature as measured by the
instrument is not the same as that in the sample. Consequently, the depressed freezing/melting
temperatures should be calibrated accordingly. A detailed explanation about how to calibrate
the temperature depression ∆T (4T = T − T0 ) and the influence of the different determination
methods, e.g., in melting process, were conducted in [36]. As shown in Figure 4, the peak at the
lower temperatures on the left side is due to the pore confinement effect and the other peak on the
right side, which starts around 0◦ C, is due to the surplus bulk water added to the sample. The
temperature corresponding to the peak of bulk water will be influenced by the adopted scanning
rate and the amount of bulk water in the experiment. Three different methods to determine a
better estimate of the ∆T , i.e., the the peak-difference (∆Tpk ), the extrapolated onset-difference
(∆Ton ) and the extrapolated onset-peak difference (∆Ton−pk ), were compared for porous materials
with a narrow pore size distribution. It was concluded that the onset-peak difference (∆Ton−pk ) is
most appropriate to determine the ∆T , which shows small sensitivity to the adopted scanning rate
and the amount of the surplus bulk water [36].
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Figure 5: Measured output data from the LTC instrument, the heat flow versus the calorimetric block temperature,
for concrete mix C606. The heat flow was recorded positive for the freezing process and negative for the melting
process, respectively.

A typical measured output data from the LTC instrument are plotted in Figure 5. Unlike
the porous materials with narrow pore size distribution, there is only one peak for the tested
concrete samples on the melting curves, compared with the two peaks shown in Figure 4. That
is probably mainly due to that the pore sizes of the concrete samples are widely distributed and
the ice confined in the pores melts continuously, as a result showing no obvious separated peaks
on the melting curves. Using the same method as adopted in [36], it is possible to extrapolate an
onset melting temperature on the measured melting curve for a concrete sample. But, still it is not
that straightforward to determine the depressed melting temperature ∆T corresponding to each
measured temperature T . Because, as we know, the onset of the melting point as determined for
the concrete samples in this study should be for the ice in entrained big air voids (on the order of
µm) rather than that for the bulk ice. However, the depressed melting temperatures for the ice in
the µm pores are already very small, e.g., ∆T ≈ −0.03 K for pore radius of 1µm and ∆T ≈ −0.003
K for pore radius of 10µm (based on Eq.5), compared with ∆T ≈ 0 K for bulk ice. It makes
little sense trying to distinguish the pore sizes at this small level of melting point depression. As
we have no clue to which pore radius the onset melting point should correspond, it is necessary
to make an assumption. Here, an assumption is made that the extrapolated onset melting point,
Ton , is corresponding to the melting point of ice confined in the pores with the pore radius of 1µm
(since the sizes of the entrained air voids are on the order of µm), i.e., Ton − T0 = −0.03 K. Then,
the depressed melting temperature ∆T is calibrated based on the extrapolated onset melting point
Ton and the measured melting temperature T . Actually, we can also assume the extrapolated onset
melting temperature corresponds to the melting point of ice confined in the pores with radius of 500
nm, 10 µm or even to that of bulk ice. The calibrated melting point depression ∆T will not differ
too much based on the different assumptions. Thus, the derived pore radii based on the calibrated
∆T (according to Eq.6 or Eq.5) in the range between 2 nm and 40 or 50 nm, i.e., the reliable pore
radii for this LTC method as described before, will not be sensitive to the different assumptions
made.
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The ions in the pore solution and the thermal lag between the instrument and the concrete
sample under testing affect the freezing/melting point of the confined water/ice. It should be
noted that the measurement conditions will be kept the same for all the measurements and the
ions concentration in the pore solution would not differ too much for all the mixes since the same
cement is used. Thus, the effects due to the ions and the thermal lag should be more or less the
same for all the concrete mixes under consideration in this investigation. Meanwhile, it is also
noted that the effect due to the thermal lag and that due to the ions would cancel each other out
to a certain degree. As the purpose of this study is to compare the difference caused by the sample
saturation on the calculated porosity, both of these factors are considered. In order to derive the
pore volume and the pore size distribution, we need to assume the thickness of the δ−layer, δ. As
mentioned before, there are different opinions with respect to the specific choice of the value of the
δ. As the focus of this study is for comparison purpose, the δ is assumed to be 0.8 nm, as proposed
by Brun et al. [24], for all the concrete samples considered. With respect to the relation between
pore size and the depressed melting temperature, the numerical equations proposed by Brun et
al. [24] based on Eq.1 is used. That is, Eq.5 is adopted for cylindrical pore assumption and Eq.6
for spherical assumption. Based on the calculated ice volume shown in Figure 3, the pore volume
can be derived by Eq.7, where r is the radius of the ice crystal corresponding to certain depressed
melting temperature, n=2 for cylindrical pores and n=3 for spherical pores.
Rp = −

32.33
+ 0.68
4T

(5)

Rp = −

64.67
+ 0.57
4T

(6)

r+δ n
)
(7)
r
The accumulated pore volume and the pore size distribution calculated for the studied concrete
samples are shown in Figure 6, Figure 7 and Figure 8. Taking the concrete mixes with w/c=0.5 as
an example (Figure 7), it is observed that the accumulated pore size distribution curve as calculated
for the capillary saturated sample is below the curve for the vacuum saturated sample from 50 nm
up to about 5 nm for both C504 and C506. That is to say in terms of the detected pores, a larger
proportion of pores with relatively smaller pore radii is found in the capillary saturated samples
than that in the vacuum saturated samples. For sample C504 (Figure 7b), the calculated volume
for the pores with radii between about 2 nm to about 9 nm in the capillary saturated sample is
bigger than that in its vacuum saturated counterpart based on the cylindrical assumption; while
for the spherical assumption, there are more pores with the radii between about 2 nm to about 11
nm. The similar trend can also be found for sample C506 (Figure 7d).
Actually, the porosity of the same concrete mix should be independent of the saturation methods.
With respect to the difference of the calculated pores as observed, a possible explanation could be
as follows. As discussed in Section 2, the melting temperature depression ∆T for the ice confined
in the non-fully-saturated pores is larger than that in the fully saturated pores. Since the relation
of ∆T and Rp adopted in the calculation is based on the full saturation assumption, the pore radii
derived for the non-fully saturated pores are actually underestimated. In other words, we will detect
more small pores for a sample if the pores under study are not fully saturated compared with the
fully saturated sample.As indicated in Figure 7, a high proportion of small pores are found for the
capillary saturated samples compared with the vacuum saturated samples. That is to say possibly
Vpore = Vice (
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Figure 6: Accumulated volume fraction of the pores with radii smaller than 1 µm (assumption made) by the total
volume of the sample and the pore size distribution for the concrete mixes with w/c=0.40. The pore shape is assumed
to be cylindrical (cyl) and spherical (sp) in the comparison.
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Figure 7: Accumulated volume fraction of the pores with radii smaller than 1 µm (assumption made) by the total
volume of the sample and the pore size distribution for the concrete mixes with w/c=0.50. The pore shape is assumed
to be cylindrical (cyl) and spherical (sp) in the comparison.

the pores with the radii as shown in Figure 7 for the capillary saturated samples may not be fully
saturated. Then, one may argue that this is not relevant since we can find a portion of water present
in the big air entrained pores. If the big air entrained pores have already been filled with some
amount of water, the pores with radii much smaller than that of the air entrained voids should have
been saturated considering the magnitude of the capillary suction pressure. A possible explanation
for the non-fully saturation of the very mall pores in the capillary saturated samples could be due
to the cryogenic suction or cryosuction in the freezing process, which is the effect of water from
neighboring pores or from the surroundings being drawn towards ice crystals already created in
the pore system [29, 61–64]. Since the entrained air voids are only partly filled in the capillary
saturated samples and the water in these pores will freeze at higher temperatures than that in the
small nm scale pores, part of the water in the small nm scale pores could possibly be drawn to
the big pores, leaving the small pores in non-fully saturated condition during the freezing/melting
process. While there is little or no room for this water movement for the fully saturated samples,
the small pores under study will stay fully saturated.
A simplified schematic illustration about the comparison between the same pore systems under
the non-fully and the fully saturated conditions during freezing are shown in Figure 9. It should
be noted that the menisci system in the drawing (corresponding to Case A in Figure 1) is just an
example and the conclusion will not be changed if the menisci system is different from the drawing.
At the beginning, pore A and B can be fully saturated (due to capillary force) but pore C could be
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Figure 8: Accumulated volume fraction of the pores with radii smaller than 1 µm (assumption made) by the total
volume of the sample and the pore size distribution for the concrete mixes with w/c=0.60. The pore shape is assumed
to be cylindrical (cyl) and spherical (sp) in the comparison.
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non-fully saturated under the non-fully saturated condition (left); while under the fully saturated
condition (right), all of these three pores are saturated. As the temperature decreases to the point
that the liquid in pore C under fully saturated condition can freeze, the water in pore C under
the non-fully saturated condition will stay unfrozen due to the gas phase inside of the pore, which
leads to the further depression of the freezing point of the inside water. When the temperature
keeps decreasing, the liquid in pore C under the non-fully saturation (left) will freeze at a certain
temperature. Meanwhile, due to the cryosuction effect, part of the water in pore A and B which
are connected to the non-fully saturated pore C could be sucked out. It is noted that the water
migration caused by the cryosuction could possibly take place over the whole freezing process, as
far as there is still empty space. Consequently, pore A and B will be under non-fully saturated
situation when the confined water freezes. Then the measured freezing/melting point of the water
in the non-fully saturated pore A and B (even though they are fully saturated at the beginning) will
be lower compared with their fully saturated counterparts, as illustrated in Figure 9. The lower the
freezing/melting point, the smaller the calculated pore size. Since the relation between the pore size
and the measured freezing/melting point in the adopted calculation is based on the fully saturated
condition, the calculated radii of the non-fully saturated pores will be smaller compared with that
under fully saturation. Thus, it should be kept in mind that the high proportion of the small pores
as calculated for the capillary saturated samples may not be relevant. In the context of pore size
analysis using freezing/melting point depression, due to fact that it is almost impossible to derive
the quantitative relation between the depressed freezing/melting point and the corresponding pore
sizes as discussed in Section 2, it is not appropriate to calculate the pore size distribution for the
samples whose pores under study are not fully saturated.
It is also noticed that the total accumulated pore volume as calculated (less than 1 µm by the
assumption made before) for the capillary saturated samples is larger than that of the vacuum
saturated samples, see Figure 7a and Figure 7c. As demonstrated before, the relation of the pore
volume and the ice volume is given as Eq.7. By taking into account the volume of the δ−layer,
which could account for an important part of the total pore volume when the pore radii are very
small, the pore volume as derived for the capillary saturated samples could be larger than that of the
vacuum saturated samples, even if the saturation degree of the small pores in the capillary saturated
samples during freezing/melting could be lower than that in the vacuum saturated samples. The
reason is that the calculated pore sizes of the capillary saturated samples are smaller than that in
the vacuum saturated samples (smaller pore sizes indicates more surface area), then the estimated
volume of the δ−layer for the capillary saturated samples could be higher than that of the vacuum
saturated samples (the related volume comparison can be found in Table 2), leading to the bigger
total accumulated volume as observed in the capillary saturated samples.
Similar phenomena which we have observed for the concrete mixes with w/c=0.5 have also been
found for the concrete mixes with w/c=0.4 (Figure 6) and w/c=0.6 (Figure 8). The proposed
explanations with respect to the obtained results given for the concrete mixes with w/c=0.5 are
applicable to all of the concrete mixes studied.
Although it is not possible to determine the pore size distribution for the pores with radii bigger
than the upper limit of the LTC method, the volume of the proportion of big pores in the concrete
samples can be estimated from Figure 3. In the previous discussion, the accumulated pore volume
for the pores with radii smaller than 1 µm were calculated by making certain assumptions. For
the bigger pores (radii >1 µm) in this study, the pore volume is assumed to be the same as that
of the ice without considering the volume of δ−layer which is thought to be not an important part
compared with the total pore volume of these big pores. By adding the volume of the big pores, i.e.,
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Figure 9: A simplified schematic illustration of the comparison between the same pore systems under the non-fully
saturated (left) and the fully saturated (right) conditions during freezing, pore shape being assumed to be cylindrical
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to higher temperature depressions.
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Table 2: The calculated pore volume fraction detected by LTC, the volume fraction of the estimated δ−layer and
the volume fraction of the pores with radii less than 0.8 nm for the concrete samples presented in Figure 3 based
on cylindrical (cyl.) and spherical (sp.) pore shape assumption. The volume fraction is the volume by the total
volume of the sample. The notation for the sample C404c means that w/c=0.40, nominal air content 4%, capillary
saturated, and likewise (“v” indicating vacuum saturated) for the other samples. The specific surface area is also
listed.

Sample

Pore vol.
fraction (%)a,b
cyl.

sp.

δ−layer vol.
fraction (%)b
cyl.

Pore vol.
fraction (%)c,d
(Rp < 0.8 nm)

sp.

cyl.

sp.

Total specific
surface area
(m2 /g)e
cyl.

sp.

C404c
10.4
9.6
4.0
3.2
5.8
6.7
30.3
24.4
C404v
11.6
11.0
3.2
2.5
6.0
6.7
24.0
19.3
C406c
11.9
11.0
4.3
3.3
5.0
5.9
31.5
25.2
C406v
13.2
12.5
2.5
1.9
7.6
8.3
25.9
20.8
C504c
13.5
12.5
4.7
3.7
4.4
5.4
35.5
28.4
C504v
13.7
12.8
3.7
2.9
5.6
6.4
26.6
21.4
C506c
13.6
12.5
4.8
3.7
3.6
4.7
35.4
28.3
C506v
16.0
15.1
3.9
3.0
5.6
6.6
28.4
22.7
C602c
13.5
12.5
4.6
3.6
3.4
4.5
32.4
25.8
C602v
13.5
12.7
3.4
2.7
4.5
5.3
24.6
19.6
C606c
12.3
11.4
3.5
2.7
4.0
4.8
26.7
21.2
C606v
18.1
17.4
3.2
2.4
4.2
4.9
24.3
19.4
Note: a). the pore volume fraction detected by the LTC method; b). the volume of the the δ−layer
in the pores with radii bigger than 1 µm (assumption made) is not included; c). this fraction is
estimated by using the measured total water content in the tested sample; d). it should be noted
that this value might be overestimated due to the procedure adopted to measure the total water
content, i.e., drying at 105 ◦ C till constant weight; e). the total surface area is expressed in m2 per
gram dry concrete and the total specific surface area calculated does not include the contribution
from the pores with radii smaller than the thickness of the δ−layer and that from the pores with
radii bigger than 1 µm (assumption made).

the ice volume of these pores, the total accumulated pore volume detected by LTC method can be
estimated. The volume of the δ−layer (in pores with radii smaller than 1 µm) can be calculated by
subtracting the calculated total ice content from the calculated total pore volume. Meanwhile, it is
realized that the volume of the pores with radii smaller than the thickness of the δ−layer (0.8 nm)
cannot be detected by the LTC method directly because this part of water will also stay unfrozen
during the testing. However, it is still possible to estimate the volume. As mentioned in Section
3, the total water content of a sample can be obtained through the gravimetric measurements.
Thus the volume of the unfreezable water in the pores with radii smaller than the thickness of the
δ−layer can be estimated by subtracting the volume of the total ice and the volume of the δ−layer
from the volume of the total water. Furthermore, it is also possible to estimate the specific surface
area from the pore volume based on the assumed pore shape. For the pores with a radii of Rp and
the volume of Vpore , the corresponding specific surface area (S) can be calculated by Eq.8, where
n=2 for cylindrical pores and n=3 for spherical pores. By summing up all the specific surface area
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of the pores detected, the total specific surface area can be obtained. However, the total specific
surface area calculated in this study does not include the contribution from the surfaces of pores
with radii smaller than the thickness of the δ−layer and that from the pores with radii bigger than
1 µm. Thus, it is no more than a rough estimation. The calculated results are listed in Table 2.
S=

n · Vpore
Rp

(8)

According to Table 2, it can be seen that for the same concrete mix, the total pore volume
fraction determined is normally larger in the vacuum saturated sample compared with that in
the capillary saturated sample, because the saturation degree in the capillary saturated sample is
lower. The calculated volume of the δ−layer is found to be larger in the capillary saturated samples
compared with the vacuum saturated counterparts. The reason is that due to the further depressed
phase transition point of water/ice in the capillary saturated samples, the pore radii of the capillary
saturated samples are wrongly interpreted and smaller values than that in the vacuum saturated
samples are obtained. For a certain pore volume, it can be imagined that the surface area of pores
with smaller pore radii should be larger than that of the pores with bigger pore radii. Since the
volume of the δ−layer is calculated by multiplying the calculated surface area and the thickness of
the δ−layer, which is assumed to be a constant value (0.8 nm assumed in this study), larger surface
area results into larger apparent volume in the δ−layer. When the pore radii are on the order of
several nm, the volume of the δ−layer could be an important part of the total pore volume. As
mentioned before, after adding the volume of δ−layer, the total pore volume (radii<1 µm ) for
the capillary saturated samples could be larger than that of the vacuum saturated ones even if the
saturation degree of the pores during freezing/melting is lower in the capillary saturated samples.
As expected, the calculated total specific surface area does show that the value of the vacuum
saturated samples is smaller than that of the capillary saturated samples. The reason has just been
explained, i.e., the further depressed phase transition point of water/ice in the capillary saturated
samples. It needs to be mentioned that the specific surface area present here is expressed in m2 per
gram dry concrete. The reported value for the relevant fully hydrated cement pastes in literature
is between 80 to 300 m2 per gram of dry paste depending on several different measuring techniques
used, e.g., see [8, 9, 12]. A rough conversion of the unit shows that the the specific surface area
of the studied concrete samples is around 100 m2 per gram of dry paste, which falls nicely in the
reported range. Therefore, it seems that the surface area calculation might not be affected by the
pores with radii smaller than the thickness of the δ−layer. This is somewhat in accordance with the
argument given by Thomas et al. [9], which states the interlayer spaces (sizes comparable to the
thickness of the δ−layer) within the C-S-H phase do not contribute to surface area as it is normally
defined. That is, possibly the LTC method can be used in the context of surface area determination
irrespective of the fact that it cannot detect the pores with radii smaller than the thickness of the
δ−layer. Additionally, it should also be noted that the calculated volume of the δ−layer and the
total specific surface area for the capillary saturated samples are only apparent values, which do
not necessarily represent the true values due to the effect of the further depressed phase transition
point of the water/ice confined in the non-fully saturated pores.
4.3. Comparison of the hysteresis
Regarding the more pronounced hysteresis effect observed in the capillary saturated samples
than the vacuum saturated samples, e.g., in the temperature range of -10 ◦ C to -40 ◦ C, possible
explanations could be proposed. Using the sample C606 as an example, the calibrated ice volume
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Figure 10: The ice volume fraction of the pores with radii smaller than 1µm (assumption made) versus the calibrated
freezing/melting temperature depression for sample C606 to illustrate the more pronounced hysteresis effect found
for the capillary saturated sample than the vacuum saturated sample.

fraction diagram for the pore size distribution analysis in the study (i.e., the ice in the pores which
are smaller than 1 µm by the assumption, meaning the ice in big air voids is not included) is
shown in Figure 10. It can be found that the total ice volume for the capillary saturated sample
is smaller than that of the vacuum saturated one, which could be due to the lower saturation
degree of the capillary saturated sample during the freezing/melting process. Under the same
temperature depression ∆Ti , the distance between the freezing curve and the melting curve of the
capillary saturated sample is denoted as d1 and that of the vacuum saturated sample is denoted as
d2, while d3 denotes the distance between the two freezing curves and d4 for the melting curves.
The lower saturation degree of the capillary saturated sample is believed to partly contribute to
d3 and d4. Another contribution factor could be attributed to the fact that the freezing/melting
temperature for the water/ice confined in pores with certain radius will be further depressed for
the non-fully-saturated sample. Thus, a portion of water /ice which should freeze/melt at certain
temperature if the pores are fully saturated will freeze/melt at a lower temperature since the pores
are not fully saturated. This will result in that the freezing/melting curve of the non-fully-saturated
sample will be lower than fully saturated one during certain pore radii. One may argue that the
further depressed freezing/melting temperature behavior for the non-fully saturated sample should
take place both in the freezing and melting process, so the the contribution due to this further
depression to d3 and d4 should be the same. If so, why is the hysteresis still more pronounced in
the non-fully saturated sample?
According to the explanation given by Brun et al. [24], pore shape is kind of the main reason for
the hysteresis. In another word, there will be hysteresis if the pore shape is cylindrical and there will
not be any hysteresis at all if the pores are spherical. Since the pores are neither perfectly cylindrical
nor spherical in reality, they developed a shape factor to characterize a specific pore system. Based
on their arguments, it would be more appropriate to adopt the cylindrical assumption for the
studied concrete samples since the hysteresis is very pronounced. As a result of this hypothesis, the
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pore radii corresponding to the same temperature depression ∆T in the freezing and the melting
should be different. Taking the ∆T = -10◦ C for example, the corresponding pore radius is about 6-7
nm (Eq.6) in freezing and is about 3 nm (Eq.5) in melting. Analogously, the distance d4 between
the melting curves in the current position on the Figure 10 should not correspond to d3 between
the freezing curves at the same ∆T , but a position with a lower temperature whose corresponding
radius is the same as that in the melting, e.g., d30 . On the other hand, as can be found in Figure
8d based on the cylindrical pore assumption, the volume of the pores predicted by the capillary
saturated sample is bigger than that of the vacuum saturated sample for the pores whose radii
are smaller than about 6 nm till about 2 nm. This is, the water confined in these pores in the
capillary saturated sample is further depressed due to the non-fully saturated condition, with the
corresponding freezing point mainly between -10 ◦ C to -40 ◦ C. So for the melting curve at ∆T =
-10 ◦ C, the effect due to the non-fully saturated pores on the total ice volume is almost completely
reflected while this effect is just starting to show on the freezing curve. As a result, d3 is always
bigger than d4 at the same temperature depression during the temperature range of -10 ◦ C to -40
◦
C. The consequence is that d1 is always bigger than d2 for a certain ∆T during the temperature
range, showing more pronounced hysteresis effect in the capillary saturated samples compared with
the vacuum saturated samples. Due to the supercooling in the freezing curves, the hysteresis is not
analyzed for the temperature depression less than -10 ◦ C. When the temperature depression goes
down to lower than -40 ◦ C, the hysteresis effect tends to be the same magnitude for capillary and
vacuum saturated samples and finally the hysteresis will disappear. However, it is also noted that
the pore shape may not be the only reason for the hysteresis. More discussion about the origin
of the hysteresis behavior, which can be found in, e.g., [7, 65–67], falls outside the scope of this
discussion.
5. Conclusions
Low temperature (micro-)calorimetry (LTC) is often adopted to study the pore volume and the
pore size distribution of porous materials. It is noted that if the porous material under testing is not
fully saturated, not only the pore volume is underestimated but also the relevance of the derived
pore size distribution would be in doubt. The present study carefully examined theoretically the
thermodynamic relation between the pore size and the depressed freezing/melting temperature of
the confined water/ice under fully and non-fully saturated conditions and the impact of sample
saturation on the analysis of the pore volume and the pore size distribution was illustrated using
experimental data measured on hardened concrete samples. Some key points can be summarized
as follows:
1. The thermodynamic background about the freezing/melting point of water/ice confined in a
pore under fully and non-fully saturated conditions were carefully examined. It is emphasized
that compared with the situation when the pore is fully saturated, the freezing/melting point
of the pore water/ice is lower if the pore is not fully saturated.
2. The ice content calculated from the capillary saturated sample was lower than that from the
vacuum saturated sample for the same concrete mix and the difference became bigger as the
nominal air content increases. This implies that the capillary saturation may not be able
to saturate all the pores, especially the entrained air voids, in the concrete samples. Then,
part of the water in some of the initially saturated very small pores (at the nanometric level)
before freezing starts may be sucked out by the cryo-suction force during the freezing process,
leaving some of the very small pores also under non-fully saturated condition.
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3. The proportion of the calculated pores with smaller radii was higher in the capillary saturated
samples than that in the vacuum saturated samples using the same calculation method. The
reason is probably that for the capillary saturated samples, not all of the pores under study
are fully saturated during the freezing/melting process and thus the corresponding phase
transition temperatures for the water/ice confined in these pores are further depressed, as
illustrated in the theoretical study. Then, the pore radii would be wrongly interpreted as we
still abide by the relation as derived based on the full saturation. However, since the relation
for the non-fully saturated pores is extremely difficult, if it is still possible, to define, it is not
appropriate to derive the pore size distribution in the context of LTC analysis using non-fully
saturated samples.
4. The hysteresis behavior observed between the freezing and melting ice content curves in
the capillary saturated samples was more pronounced compared with that in the vacuum
saturated samples. Possibly it could also be related to the further depressed phase transition
temperatures for the water/ice in the non-fully saturated pores as described in a detailed
manner in the discussion.
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