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a  b  s  t  r  a  c  t

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 non-fully  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.

© 2014  Elsevier  B.V.  All  rights  reserved.

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 com-
plicated, 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 �m for frost protection [1,2]. Mixing and casting of con-
crete, however, could entrap air voids whose size can reach the
millimeter scale [3]. Meanwhile, there are nano-microscale “cap-
illary 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 nanomet-
ric 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
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or shape is thus quite arbitrary, because there is actually only one
interconnected pore with a very complicated shape.

Many methods for porosity characterization have been devel-
oped 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 compari-
son 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 dis-
advantage 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 cryoporom-
etry 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
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exothermic process and the melting process of ice is an endother-
mic  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 mak-
ing 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 cur-
vature 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 deter-
mined.

Although LTC is often adopted as a method to study the poros-
ity 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 for-
mation 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 melt-
ing process in terms of the determined ice content curves. Thus, the
mechanism of ice formation in pores turns out to be very impor-
tant since it would decide which process is more appropriate to be
adopted to calculate the pore sizes. The mechanism of ice forma-
tion 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 pro-
cess 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 distribu-
tion. However, studies by many authors show that the probability of
homogenous nucleation governing the whole ice formation process
is 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 pro-
gressive 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 inte-
rior 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 discus-
sion, 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 ana-
lyzing 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 sum-
marized 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. Fol-
lowed by the first freezing process, the sample will be heated to a
temperature just below the melting point of the water in macro-
pores. 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 ı-layer, will def-
initely affect the derivation of the total pore volume and the pore
size distribution. Fagerlund [15] correlated the ı-layer with the
adsorbed layer in moisture fixation experiments and arrived at an
equation showing the thickness of the ı-layer can be expressed as
a temperature dependent function. Normally the ı-layer is treated
as consisting of 2–3 layers of water molecules, which corresponds
to about 0.8 nm in thickness, e.g., in [24,44,42]. 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 ı-layer due to the dissolved ions in the
pore water.

The present study focuses on the impact of the sample satura-
tion 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 temper-
ature 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 theoreti-
cal background in this study emphasizes that the 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 con-
ditioned 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 deter-
mined 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
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