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A B S T R A C T   

Water distribution in hardened paste and its dynamics determine many properties related to durability. Moisture 
distribution was determined by thermoporometry combined with vacuum drying. Dynamics of confined water 
were measured by broadband dielectric spectroscopy. Water in pores <2.4 nm cannot form tetrahedral ice 
structure due to geometrical constraints. The volume of unfrozen water (in interlayer and gel pores) decreases 
after the drying at all relative humidity levels. An evident coarsening of gel pores occurs with drying between 75 
% and 55 % RH. 35 % fly ash and slag have limited effects on relaxation processes of silanol hydroxyl groups and 
interlayer water. However, they slow down the dynamics of water in small gel pores, thereby enhancing in-
teractions between water and the solid interface. This study clarifies the microstructural changes during the 
drying and reveals the sensitivity of water dynamics to the chemical environment in C-S-H of blended pastes.   

1. Introduction 

Water, one of the main ingredients for concrete production, is greatly 
involved in the reaction of cementitious materials. It has the function of 
a “carrier” to dissolve ions from mineral surfaces to form a solution, and 
then builds itself into the chemical structure of hydration products. 
Furthermore, it also plays a critical role in determining deterioration of 
cement-based materials by controlling transport properties [1,2] and 
corrosion reactions [3]. In addition, freeze-thaw induced damages [4,5] 
and alkali-silica reaction [6] are rather sensitive to the water confined in 
the porous matrix. Therefore, it is of great interest, both from scientific 
and practical perspectives, to have a clear understanding of the moisture 
distribution in the porous structure at different relative humidity (RH) 
conditions and how this affects dynamics of water confined in nanopores 
of cement-based materials. 

Supplementary cementitious materials (SCMs) are widely used in 
cement-based materials to reach the goal of reducing CO2 emissions 
from the construction sector [7,8]. Incorporation of SCMs impacts the 
microstructure of hardened cement-based materials (hcp). Our previous 
investigation identified the effects of typical SCMs (fly ash, slag and 
limestone) on nanopore structure by water vapour desorption isotherms 
[9]. However, the sorption isotherm demonstrates the total moisture 

content in pores smaller than a critical value, and it cannot be used to 
characterize the detailed distribution of water in hcp at a specific rela-
tive humidity. Low-field nuclear magnetic resonance is widely used as a 
nondestructive method to quantify the spatial distribution of water in 
porous materials and to characterize the microstructure of calcium sil-
icate hydrate (C-S-H) [10–13], but the application of this technique is 
limited for white cement and some other selected materials. Because the 
presence of paramagnetic elements (such as Fe and Mn) increases the 
surface relaxation of water [14], which will interfere the quantitative 
description of geometry effects, it can hardly be used in detecting the 
pore size distribution of pastes with Portland cement and typical SCMs. 

One alternative method to detect the water distribution under 
geometrical confinement is low-temperature differential scanning 
calorimetry (LT-DSC). Brun et al. [15] proposed a method, defined as 
thermoporometry, to calculate the size of pores filled with a liquid by 
studying the thermodynamics of liquid-solid phase transformations in 
porous materials. Provided a nearly saturated condition, thermopor-
ometry was well applied to investigate the pore size distribution of hy-
drated calcium sulfoaluminate cement pastes [16,17] and Portland 
cement mortar [18]. However, it has been found that the extremely 
confined water can avoid crystallization at any temperature, given that 
the pore size (width < ~2 nm) is too small for water molecules to form a 
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tetrahedral ice structure [19]. The interlayer space and small gel pores 
in C-S-H present this kind of restriction. Water in such parts helps to 
understand the structure of C-S-H [11,20] and corresponds to the irre-
versible shrinkage [21]. A recent study named the interlayer space 
(<1.4 nm) as rigid gel pores because their size and volume had few 
changes during the first drying and wetting [22]. The moisture distri-
bution in hcp under different RH levels is a complex problem since the 
volume of nanosized pores show dynamical changes during the drying 
process. There was a debate about whether the volume of gel pores 
would be largely increased by drying under 85 % RH [23,24], in which 
the different criteria for classification of gel pores also elevated the 
contradiction in understanding the dynamic process. The concept of gel 
pores in hcp was originally proposed by T.C. Powers and T.L. Brownyard 
[25]. They classified the pores with the width < 2.7 nm as gel pores, 
which part of the pores is inside the gel-like products and is rather stable 
due to the size being smaller than the limitation of hydration products 
nucleation. H.M. Jennings [26,27] assigned the pores from 1 nm to 12 
nm as gel pores based on a colloidal model of C-S-H. Different classifi-
cations were also proposed according to dynamics of water tested by 
proton nuclear magnetic resonance, with values varying between 1.5 nm 
and 5 nm [11,20,28]. LT-DSC test may be useful to resolve some part of 
the puzzle about how moisture redistributes in gel pores during the 
drying and improves the understanding of the C-S-H structure. 

The behavior of water in hcp at low temperatures, practically, de-
termines the potential frost damage of cement-based materials. The 
phase transition of freezable water to ice induce hydraulic pressure by 
expelling the unfrozen water [29]. Moreover, a continuous cooling 
causes the cryo-suction process that drives the liquid towards the frozen 
sites [30]. These water migration processes are closely related to the 
distribution of freezable and unfrozen water in the porous matrix as well 
as the dynamics of water confined in the nanosized pores. Confined 
water has distinguishing structure and dynamical properties that differs 
from bulk water [19,31,32]. Broadband dielectric spectroscopy (BDS) 
has been widely used in the investigation of water dynamics confined in 
C-S-H at various temperatures. However, the understanding of the 
dynamical behavior and the local confining environment of water in C-S- 
H are different in several papers. Cerveny et al. reported [33] three 
relaxation processes of water in C-S-H gel that were assigned to be 
chemical bound water, water in small pore <1 nm and large gel pore 
water, respectively. Garcia-Lodeiro et al. [34] also detected three 
relaxation processes but their interpretations of the three processes are 
somewhat different. Goracci et al. [35] found four relaxation processes, 
each one corresponding to different confining conditions, and they 
assigned processes 3 and 4 to water in small gel pores and large gel 
pores, respectively, by referring to Jennings’s colloidal model [27]. A 
comparison between the relaxations in synthetic tobermorite and 
xonotlite provided a more detailed description of the fastest relaxation 
processes of water in C-S-H systems [36]. Overall, there is a lack of a 
general and comprehensive understanding of water dynamics in hcp, 
and it is short of investigations of how SCMs influence the distribution 
and dynamics of water. 

This study used LT-DSC to quantitatively describe the distribution of 
water confined in different pores after drying at various equilibrium 
conditions. Insights will be provided for the distribution of water in 
capillary pores and gel pores in relation to freezable and unfrozen 
(supercooled) water. BDS was used to investigate the dynamics of water 
confined in the hcp. Different relaxation processes will be analyzed in 
correspondence to local chemical environments of the C-S-H micro-
structure, and this study will provide a comprehensive understanding of 
how the water dynamics are affected by the local environment. The 
effect of SCMs on the distribution of water confined in pores, as well as 
the dynamics of water, is elucidated for understanding how the micro-
structure in the blended pastes and the drying process affect water 
dynamics. 

2. Materials and methods 

2.1. Preparation of samples 

Detailed information of materials and mixing procedure has been 
illustrated in a previous publication [2]. Table 1 shows the binder mix of 
samples in this paper. Portland cement (CEM I 52.5 R) was used as 
reference (noted as P045). Binary systems were made by replacing 
cement with 35 % siliceous fly ash (P145) and 35 % slag (P245), 
respectively. In the ternary system (P345), cement was replaced by 35 % 
slag and 16 % limestone. All the binder systems were mixed with a water 
to binder ratio of 0.45. After one week of sealed curing, the samples were 
crushed into particles smaller than 1 μm and then water cured for two 
months. Afterwards, particles were moved into conditioning boxes with 
four different RH levels (97.6 %, 75.5 %, 54.4 % and 33 %) controlled by 
saturated salt solutions at 20 ◦C [37]. Portlandite was put on the top 
layer of each conditioning box as absorbent of CO2 to avoid carbonation 
of pastes. All the measurements were operated for samples after 1.5 
years of conditioning. The total evaporable water content in the hard-
ened pastes was measured by vacuum drying of particles at 25 ◦C for 1 
week. 

2.2. Low temperature differential scanning calorimetry 

LT-DSC measurements of powder samples were performed using the 
TA instrument DSC Q2000. Samples with a weight of about 20 mg were 
put in hermetical sealed aluminum pans. The samples were firstly cooled 
from 20 ◦C to − 60 ◦C with a rate of 2 ◦C/min, and then equilibrated for 5 
min before reheated to 20 ◦C with the same rate. Samples conditioned at 
97 % RH were measured with a second cycle using the same protocol. To 
better compare the signals of the different binder systems, a normali-
zation was done to obtain a similar starting point of all curves. To reach 
a similar ion concentration as pore solution of samples, a mimic pore 
solution was made by adding 150 mmol/L KCl and 50 mmol/L NaCl into 
the extracted pore solution of CEM I paste with a water-binder-ratio of 1. 
It was then measured with the same cooling procedure for evaluating the 
heat from fusion of the pore water in hcp. 

2.3. Broadband dielectric spectroscopy 

The well-conditioned particles were ground to a powder prior to 
testing. The complex dielectric permittivity of the powder samples was 
measured by a broadband dielectric spectrometer (Novocontrol Alpha- 
N) in the frequency range 10− 2-106 Hz. Isothermal frequency scans 
were performed at temperatures from − 147.15 ◦C to 26.85 ◦C (130− 300 
K) with an increment of 5 ◦C (K). The sample temperature was controlled 
with a deviation lower then ±0.1 K. Parallel gold-plated electrodes with 
a diameter of 10 mm were used to tightly hold the powder samples 
(about 0.5 g). The thickness of each sample was ~0.2 mm. 

3. Results and discussion 

3.1. Thermoporometry analysis of LT-DSC 

According to the thermodynamic properties of water-ice phase 
transformation, the relationship between pore size and solidification 
temperature can be estimated by the Gibbs-Thomson equation [15,18]. 

Table 1 
Binder mix of each sample.  

Sample 
name 

P045 P145 P245 P345 

Mix by 
weight 

100 % 
CEM I 

65 % CEM I +
35 % fly ash 

65 % CEM I 
+ 35 % slag 

49 % CEM I + 35 % 
slag+16 % limestone  

L. Huang et al.                                                                                                                                                                                                                                  
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rp =
A

ΔTs
+ δ (1)  

where rp (nm) is the radius of the cylinder pore, ΔTs (◦C) is undercooling 
temperature compared to the melting point of bulk ice crystals, A is a 
constant determined by the surface energy between water and cement- 
based material, and δ is a constant related to the layer thickness of un-
frozen water and the pore shape. The shape of the pores is normally 
assumed to be cylindrical. Parameters A and δ have been taken as 64.67 
and 0.57 for the freezing process, and 32.33 and 0.69 for the melting 
process [18]. 

Based on a comprehensive consideration of the baseline for LT-DSC 
and the difference in the heat capacity of the different phases (liquid, 
ice crystals and porous body), the amount of ice formation at different 
temperatures can be calculated by Eq. (2) [18].  

where mc(T) is the ice mass at temperature T with respect to the original 
sample weight, ΔT is the temperature interval (selected to be 0.02 ◦C in 
this study), hf (J/g) is the heat of fusion for pore water, Q(T) (W/g) is the 
heat flow into samples, Q0 (W/g) is the heat flow of baseline, q (◦C/s) is 
the heating rate, CpL (J/g/◦C) is the heat capacity of the pore liquid and 
CpC (J/g/) is the heat capacity of ice crystals. The fusion heat of the pore 
solution was obtained by measuring the DSC curve of the mimic pore 
solution, as described in Section 2.2. The heat capacity of the pore liquid 
and the ice as a function of temperature is described by Eqs. (3) and (4), 
respectively. The temperature dependence of ice density (ρi) is given by 
Eq. (5) [15]. 

CpC = 2.114
(
1+ 3.737× 10− 3T

)
(3)  

CpL = 4.222
(
1 − 5.4× 10− 4T

)
(4)  

ρi ≈ 0.9167 − 2.053× 10− 4T − 1.357× 10− 6T2 (5) 

As shown in Fig. 1a, the baseline of LT-DSC, on cooling, is described 
by a straight line from the freezing start to about − 55 ◦C. The baseline of 
the heating curve is horizontal and normalized to be about 0 W/g. A 
significant hysteresis can be observed in the freezing-melting curve of 
hcp. The average melting temperature is considerably higher than the 
average freezing temperature, which is in agreement with the freezing 
and melting of water in many other porous media [38]. This is mainly 
because of a geometrical hindrance effect from the pore shape, making 
crystallization more difficult than bulk water. The attractive potential 
from the pore walls also induces a compression effect, so the competition 
between the hindrance and compression results in a non-monotonic 
correlation between the freezing temperature and the pore diameter 
[39]. An extreme confinement (pore diameters less than about 2 nm) 
will even inhibit the water molecules from forming ice crystals [19]. Sun 
and Scherer [18] concluded that there was no freezing in pores with a 
width smaller than 4.5 nm. Bager and Sellevold [40] reported that no ice 
was formed in hardened cement paste equilibrated at RH of 33 % and 11 
%. No exothermic peak was detected in white cement paste at 33 % RH 
[41] as well. Fig. 1b shows no indication on crystallization of water in 
P045 and P145 at RH of 33 %, but crystallization is detected in the slag 
blended pastes (P245 and P345) equilibrated at the same RH. This 
interesting result may be induced by the refined ink-bottle shape of 
pores with small necks [9]. During the drying process, it is difficult to 
dry the inner parts of these pores. It may also be due to the expelling of 

water from interlayer or small nanosized pores to larger pores during the 
cooling process, which is similar to the freezing process of montmoril-
lonite [42]. Further experiments are needed for an in-deep under-
standing of this phenomenon. 

Fig. 2a shows the distribution of ice volume in cement paste under 
different RH levels, calculated by Eq. (2). Due to low crystallization 
degree in hcp in equilibrium with 33 % RH, the curves of samples with 
this RH are not presented. As expected, the volume of ice in hcp de-
creases as it is dried at lower RH levels. The hysteresis of the freezing and 
melting process is observed under all RH conditions. After the calcula-
tion of the cylinder pore width with Eq. (1), the cumulative freezable 
water distribution with respect to pore size can be obtained as shown in 
Fig. 2b. The hysteresis in freezing and melting data is more evident 
based on the difference in the lowest pore width for the formation of ice 
crystal. The freezing curves seem to imply that the critical pore width is 

about 4 nm, so it means that there is no ice formation in pores smaller 
than this value. However, the crystallization peak was detected in silica 
nanopores with diameters of 3 nm [43]. Molecule dynamics modelling 
also indicated that the critical size for the nucleation of ice is with a 
gyration radii of 1 nm [44]. The pore size based on the melting curve has 

Fig. 1. Typical LT-DSC curves of cement-based materials, exemplifying with 
CEM I paste conditioned under RH of 97 % (a) and pastes conditioned under RH 
of 33 % (b). In (a), the upper curve shows the results of cooling and the lower 
the heating curve. In (b), the results of cooling. 

mc(T + nΔT) = mc(T)+
∑n

1

ΔT
2

[
Q(T + nΔT − ΔT) − Q0

qhf
+

Q(T + nΔT) − Q0

qhf

]

exp
[

ΔT
(
CpC − CpL

)

hf

]

(2)   
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a critical diameter of 2.4 nm, so it is obvious that melting curves are 
more reasonable for evaluation of the water distribution in hcp. The 
hysteresis becomes weaker in hcp conditioned at lower RH levels. 

An exposure of cement-based materials to low temperatures will 
change the microstructure of the matrix [45], which impacts the me-
chanical performance [5]. To assess the effect of LT-DSC measurement 

on the distribution of water, a second freezing-melting scan was per-
formed immediately after the first. Fig. 3 shows that the second LT-DSC 
scan is almost identical to the first test for P145 and P345, indicating a 
reversible behavior of the water transport during the cooling process. 
However, the first freezing-thawing cycle induces an increase in the 
freezable water content in P045 and P245, as clearly seen from the 

Fig. 2. The calculated ice volume in P045 conditioned with RH of 97 %, 75 % and 55 % using Eq. (2) (a) and the corresponding ice volume in nanopores based on Eq. 
(1) (b) with respect to freezing (noted as F) and melting (noted as M) process. 

Fig. 3. Effect of cyclic freezing and melting experience on the DSC curves of hcp.  
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increase of the crystallization enthalpy in the second scan. This is 
probably due to the expelling of interlayer water into gel pores during 
the freezing. P045 and P245 have a higher C-S-H content than the other 
two samples in a well-hydrated condition [9]. Moreover, incorporation 
of Al in the C-S-H structure will stabilize the layer structure [46] to 
mitigate the effect of drying as well as freezing. The combination of 
these effects causes the difference in the moisture redistribution in hcps 
under the freeze-thaw process. However, for P045 and P245 the LT-DSC 
results show that there are generally only weak irreversible effects on 
the moisture distribution. 

3.2. Effect of SCMs on the moisture distribution during the first drying 

Supplementary cementitious materials impact the phase assemblage 

of hydration products, change the size and total volume of pores, and 
influence the durability of cement-based materials [47]. The distribu-
tion of freezable water can be calculated by taking the derivative of the 
cumulative ice volume with respect to the pore width. Fig. 4 presents a 
comparison of the ice formation in the different binder systems, based on 
both freezing and melting curves. The distribution of freezable water in 
the pores is significant since it determines the frost performance of the 
cement-based materials [5,48,49]. During the drying process, water 
confined in pores of different sizes would also influence the diffusion of 
moisture [2] and the shrinkage in hcp [50]. 

Compared to the pore size distribution calculated using water vapour 
sorption data, Fig. 4 presents the clearer information about the distri-
bution of moisture at each RH. The fly ash blended paste has the highest 
ice content at 97 % RH. Most of the differences are detected for the water 

Fig. 4. Comparison of the calculated ice distribution with respect to pore size in samples conditioned at RH of 97 %, 75 % and 55 %. The distributions are obtained 
from both the freezing (left panels) and melting (right panels) heat curve. 
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confined in pore sizes from 4 nm to about 8 nm, which can be observed 
in both the freezing and melting curves. The melting curves show that 
the slag binary paste seems to have lower content of water in pores from 
3 nm to 8 nm, but a higher water content in pores larger than 8 nm, 
compared to the fly ash blended paste. The CEM I paste has the lowest 
ice formation in all ranges of pores. These findings are somehow 
consistent with the measured moisture content by water vapour iso-
therms [9] and the pore size distribution in the same mixes with 
different curing conditions [2]. A further replacement of CEM I with 
limestone reduces the freezable water content compared with the binary 
slag paste. 

The initial ice formation temperature of paste at 97 % RH is lower 
than that temperature of paste at 75 %, and a drying from 97 % to 75 % 
RH results in a clear reduction in the volume of ice in pastes. This 
phenomenon was observed not only in cement-based materials [40] but 
also for water in porous silica media [43]. Fly ash blended paste has a 
much lower content of ice than the slag blended pastes at 75 % RH. This 
implies that a large part of the freezable water is dried in the fly ash paste 
from 97 % to 75 % RH, resulting in the fly ash blended paste having a 
similar amount of ice as the CEM I paste. Several publications reported 
that an appropriate amount of fly ash mixed into concrete can effectively 

improve the freeze-thaw resistance [48,51]. The freeze-thaw perfor-
mance is actually related to the volume of freezable water in hcp, so the 
saturation condition is a critical factor for a given mix [49]. Therefore, it 
is important to consider the saturation conditions in correspondence to 
service environment when investigating the effect of fly ash or slag 
[52,53] on freeze-thaw properties. When exposed to a moderate water- 
saturation environment (such as XF1 and XF2 in EN 206–1), the paste 
with 35 % fly ash may have the best freeze-thaw resistance at a RH of 75 
% due to its low amount of freezable water and high amount of air-filled 
pore volume. While exposed to a high water-saturation environment 
(such as XF3 and XF4 in EN 206–1), it may have the worst frost resis-
tance due to its high volume of freezable water at 97 % RH. 

At RH of 55 %, the distribution of freezable water in the fly ash 
blended paste is almost the same as that of the CEM I paste. At the same 
RH, slag blended pastes have formed a much higher amount of ice than 
the other two binder systems. This can be explained by the effect of slag 
on the pore structure, which increases the volume of pores in range from 
4 to 10 nm (noted as gel pores in [54]). The observed redistribution of 
moisture is mainly caused by the drying process but also mixed with 
some effect from water transport during the freezing and thawing pro-
cess. However, it is apparent that the drying process is not just emptying 

Fig. 5. Moisture distribution in hcps during the desorption process indicated by the reduction in freezable water (F–W) and unfrozen water (Unf–W).  
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water from larger to smaller pores. Rather, water in all size ranges of 
pores is affected by drying, and this will be detailed in next section. 

3.3. Distribution of water under different RH levels 

Drying of cement-based materials causes microstructural change of 
the main hydration products, such as contraction of layer and coars-
ening of capillary pores [9,55,56]. This dynamical change of the struc-
ture may induce an anomalous evolution of moisture redistribution, 
thereby increasing the portion of water in small pores while drying the 
large pores [57]. Fig. 5 demonstrates the content of freezable and un-
frozen (supercooled) water in the cement-based pastes at different RH 
levels after the first drying process. Water in pores with a diameter 
smaller than 2.4–2.7 nm cannot form ice crystals [19,43,44,58], so 
water in such confinements is not giving rise to any crystallization or 
melting peaks in the LT-DSC curves. This unfrozen part of the water was 
calculated by subtracting the volume of freezable water from the total 
evaporable water content measured by the vacuum drying. 

Compared with samples at a RH of 97 %, drying to 75 % RH mainly 
decreases the freezable water content in hcp. The unfrozen water con-
tent shows a minor decrease, which keeps almost constant in P045, P145 
and P245. Referring to the definition by H.M. Jennings [27], the water 
in interlayer and small gel pores (SGP) show few changes, and the main 
drying occurs in large gel pores and capillary pores. However, the 
criteria for classification of gel pores vary in different references as 
shown in Table 2. According to T.C. Powers and T.L. Brownyard [25], 
the unfrozen water is exactly the water in gel pores, whereas in classi-
fication based on other publications it includes both water in interlayer 
space and gel pores [11,20,28,57,59]. It has been under a heated dis-
cussion about whether the drying of cement-based materials induces an 
increase in the content of “interlayer water” at a RH of ~80 % 
[23,24,57]. The “interlayer water” in the previously discussed papers is 
based on proton NMR relaxation measurements, and referred to water in 
pores <~3 nm [13,20]. This part of the water accounts for most of the 
evaporable water in hcp at a RH of 80 %. It is an extreme confinement 
condition, and therefore it is expected to be of the same amount as the 
unfrozen water. According to the distribution of unfrozen water, the 
drying at a RH of 75 % presents no increase in volume of water under 
such a confinement in both CEM I and the blended pastes. 

It is interesting that the hcp dried at a RH of 55 % has a much lower 
content of unfrozen water than those dried at a RH of 75 %. It seems that 
the amount of freezable water shows a very small reductions from 75 % 
to 55 % RH, especially in the blended pastes. A drying down to 55 % RH 
causes a contraction of the layer distance in C-S-H [57,60,61], and de-
creases the statistical thickness of the surface water layer [9]. Moreover, 
the water removal process induces the movement of some C-S-H sheets, 
which results in a coarsening of gel pores [23,56,62]. Together, these 
effects give rise to that the volume of freezable water at 55 % RH is 
similar to that at 75 %. This result implies that the coarsening of gel 
pores evidently occurs during the drying within this RH interval. The 
cooling process may also cause the migration of unfrozen water into 
freezable pores, which can induce a screening effect on water redistri-
bution caused by the microstructural change. Provided that pores in hcp 
show no dynamical changes, the drying at 75 % and 55 % RH 

corresponds to empty open pores with a diameter larger than ~8 nm 
and ~ 4 nm, respectively, according to the Kelvin equation, H.M. Jen-
nings et al. [63] hypothesized that water in this range is closely related 
to the structure of low-density C-S-H, and the rearrangements of 
microstructure within this RH range was associated with irreversible 
shrinkage [64,65]. Therefore, the redistribution of this part of water is 
significant to understand the correlation between microstructure change 
of C-S-H and properties of cement-based materials. An equilibrium at 33 
% RH dries out vast majority of the freezable water, but it causes a slight 
increase in the amount of unfrozen water in the blended hcp compared 
with the hcp at a RH of 55 %. This can be ascribed to the transformation 
of some gel pores into the interlayer spaces [57]. Drying at 33 % RH may 
also induce the piling of C-S-H [66] to form more surface area for 
absorbing unfrozen water. 

Fig. 6 illustrates the detailed distribution of evaporable water in hcp 
during the first drying. The water distribution has been classified into 
four intervals: <2.7 nm, 2.7–10 nm, 10–20 nm and >20 nm, and the 
amounts of evaporable water in these ranges were obtained by 
combining data of the melting curve in Fig. 4 with the amount of un-
frozen water in Fig. 5. The data of P045 and P145 show that the amount 
of water confined in interlayer and gel pores change during the drying at 
any RH condition. It is again confirmed that the water in interlayer and 
small gel pores (<2.7 nm) never shows an increase during the first 
drying process under equilibrium. Water in capillary pores is almost 
completely dried out at 75 % RH. In addition, there is a loss of more than 
half of the water in large gel pores (2.7–10 nm) [27], also named 
interhydrate spaces [13,20]. At RH of 55 %, only a small fraction of the 
water constraint within these pores is lost, in contrast to a drying at RH 
of 75 %, and the main loss is detected for water in the interlayer and 
small gel pores (<2.7 nm). A drying at 33 % RH completely removes the 
water in large gel pores (>2.7 nm). A minor increase in the amount of 
unfrozen water can be understood as a result of C-S-H sheets movement 
mixed with some effect of water transport during freezing. 

3.4. Dynamics of the confined water in hardened paste 

Electric polarizability of water in nanosized regions relates to the 
local chemical environment, which determines the strength of water- 
mediated intermolecular forces. It affects various properties of a mate-
rial, such as surface hydration, ion solvation, molecular transport in 
nanopores and chemical reactions [67,68]. The frequency-dependent 
dielectric response of water in hcp is influenced by the confinement 
condition as well as the temperature of the material [33,69,70]. A 
spatial confinement on a nanoscale alters the molecular dynamics of 
water by affecting dipolar rotations and reorientations. Fig. 7 shows how 
the dielectric permittivity depends on the frequency and temperature in 
a BDS measurement. Five relaxation processes (R1 to R5) can be 
detected for hcp at a RH of 97 %. 

Because the dielectric processes show a symmetric feature with 
respect to frequency, the Cole-Cole function [71] has been used to fit the 
imaginary part of the dielectric permittivity at the different tempera-
tures, as shown in Eq. (7). 

ε* = ε∞ +
Δε

1 + (iωτ)α (7)  

where 0 < α ≤ 1 leads to a symmetrical broadening for the relaxation 
function, compared to a Debye relaxation (which corresponds to a single 
exponential relaxation in time domain). Δε is the relaxation strength, 
and ε∞ is the dielectric constant at “infinite frequency”. ω is the angular 
frequency, ε* is the complex dielectric permittivity, and τ is the gener-
alized relaxation time. 

As an example, Fig. 8a presents the fitting results of the P045 sample 
at three selected temperatures. Fig. 8b to d demonstrate the temperature 
dependence of the relaxation time, broadening parameter, and relaxa-
tion strength of each relaxation process. The relaxation process 1 (R1) is 

Table 2 
Summary of the criteria for classification of gel pores in representing 
publications.  

References Assigned interval for gel pores 

T.C. Powers and T.L. Brownyard [25] <2.7 nm 
I. O. Yaman et al. [59] 0.5 to 4 nm 
H.M. Jennings [27] 1 to 3 nm (SGP) and 3 to 12 nm (LGP) 
P.J. McDonald et al. [28] 1.5 to 4.1 nm 
A.C.A. Muller et al. [13,20] 3 to 5 nm 
A. Valori et al. [11] 2 to 5 nm 
Ippei Maruyama et al. [24] 1.87 to 3.4 nm, ~5.35 ± 0.63 nm  
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fastest and has the lowest activation energy. This process was found 
even in C-S-H dried at 120 ◦C [33], and it was hypothesized to arise from 
rotation or reorientation of hydroxyl groups bound to the structure. 
Musumeci et al. [36] performed a comparative study of the synthetic 
xonotlite and tobermorite to distinguish the dynamics of Ca-OH and Si- 
OH environments, and showed that hydroxyl groups bound to the Ca 
atom have a faster dynamics and lower activation energy then those 
bound to Si. According to this, the R1 process in Fig. 8b has the char-
acteristics of hydroxyl in Si-OH environment. The broadening parameter 
of R1 stays almost constant from 130 to 170 K, while its relaxation 
strength shows a minor increase after 150 K. 

Relaxation process 2 (R2) was also reported in many previous in-
vestigations of water confined in synthetic C-S-H and Portland cement 
pastes [33,35,36,72]. It is the second fastest process and which is caused 
by the strong local interactions of water with surface groups and charge 
compensating cations. The local chemical environment of water mole-
cules consists of solvation/hydration water close to the hydroxyl groups 
and near the charge compensating cations (Ca2+ or Na+). Vasilyeva et al. 
[73] claimed that this process was not observed in glass materials, so it 
was assumed that R2 reflected the water molecules near hydrated cat-
ions located in the interlayer of clay materials. However, this process has 
been found in silica matrices MCM-41 [74,75] and in the synthetic 
tobermorite [36] where there are no interlayer cations existing. There-
fore, a more reasonable interpretation is that R2 process is the dynamics 
of water molecules hydrating the silanol groups [76] or water confined 

in small pores <1 nm [33]. This process is very sensitive to the local 
environment, which means that the presence of different cations will 
impact its dynamics. 

Relaxation process 3 (R3) has a broadening parameter of about 0.5, 
and its relaxation strength ranges from 0.5 to 4 (see the values for other 
samples in the Supplementary Information, SI). This process is consid-
ered to be an “universal” relaxation process of the confined water, as it is 
present in all kinds of confinements [19]. In fact, it is even present in 
amorphous bulk ice (or supercooled bulk water) [77], which indicates 
that it is an intrinsic local relaxation of water molecules and not sub-
stantially affected by interactions with surfaces or types of molecules or 
ions. However, this relaxation process will be affected by a reduction in 
the number of hydrogen bonds between the water molecules, particu-
larly in the case of hydrophilic host materials [78]. Water confined in 
pores from 1 to about 2.4 nm is inhibited to form a network structure of 
tetrahedrons by building four hydrogen bonds for each molecule, but 
these molecules may form small clusters connected by more than one 
hydrogen bond [33]. Fig. 9 presents a comparison of the dynamics of 
water in fly ash blended paste (P145) in equilibrium at 97 % and 33 % 
RH, together with data of bulk ice relaxation from Refs. [79, 80] for 
comparison and a better understanding of the different types of water in 
hcp. R3 in hcp is close to the dynamics of ice in tri-propylene glycol 
solution [80]. At low temperatures, the ice is also occupying a large 
volume of the pores in hcp at a RH of 97 %, so R3 may also include the 
relaxation of crystalline ice. However, it is not only due to the relaxation 
of ice as it is also observed in the hcp at the RH of 33 %, in which there is 
almost no ice crystallization, as measured by LT-DSC (see Fig. 1 and 
Fig. 5). R3 in P145 at the RH of 33 % is slower than that at a RH of 97 %, 
and it is located between R4 and R3 in hcp at the RH of 97 %. Thus, the 
“universal” process R3 most likely becomes slower with drying at lower 
RH due to a stronger interaction with the pore surfaces. R1 is slower at a 
RH of 33 %, compared with 97 %, while R2 is more or less unaffected. 
Both R1 and R2 are probably due to local reorientations of water mol-
ecules which takes part of the structure in C-S-H, and therefore these 
dynamical processes are not substantially influenced by the total water 
content in the samples. 

Relaxation process 4 (R4) is not detected in P145 at the RH of 33 %, 
which implies that this process is closely related to the moisture content. 
It was once assigned to the relaxation of water in large gel pores (3–12 
nm) [35]. However, most of the water in these pores will crystallize to 
form ice and liquid water may exist only above the temperature of about 
− 50 ◦C (see melting curve in Figs. 1 and 3). It is apparent that R4 is 
observed at the temperatures lower than the melting temperature and 
the relaxation strength remains almost constant at temperatures above 
the melting (see Fig. 8). Instead, it is more likely due to a Max-
well–Wagner process, which is related to interfacial polarization be-
tween bulk liquid and solid faces [75]. The broadening factor of a 
uniform Maxwell-Wagner process is 1. However, this process in hcp has 

Fig. 6. Detailed moisture redistribution in hcp during the first drying process, exemplified by P045 (left) and P145 (right).  

Fig. 7. Typical three-dimensional temperature and frequency dependences of 
the dielectric permittivity ε’′ of hcp heated from 130 K to 350 K (exemplified 
by P045). 
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a broadening factor in range from 0.65 to 0.75, which implies a wide 
range of pore size distribution. The saddle-like temperature dependence 
of the relaxation time at higher temperatures (1000/T in the range 3–4) 
is ascribed to the loss of evaporable water during heating. This somehow 
can explain why R4 is missing for samples at the RH of 33 %, since the 
drying of water in gel pores will decrease the interfacial area between 
bulk liquid and solid surface. Relaxation process 5 (R5) is the slowest 
process and it occurs in the dielectric spectrum at temperatures above 
the onset of melting obtained by LT-DSC. Furthermore, its relaxation 
strength is anomalously high (see Fig. 8 and figures in SI). A similar 
relaxation in clay materials was explained to be caused by the percola-
tion of diffusing charge carriers in connected pores [73]. However, a 
further investigation is needed for better understanding this relaxation 
process, and it will not be further considered in this study since it is 
unlikely related to water dynamics. 

The relaxation times of the different relaxation processes obviously 
depend on the temperature. Two common equations are used to describe 
the temperature dependence. The first one is the Arrhenius equation 
[81], and it is given by: 

τ = τ0exp
(

Ea

kBT

)

(8)  

where τ0 is the pre-exponential time constant, Ea is the activation energy 
of the relaxation process, and kB is Boltzmann constant. The Arrhenius 
temperature dependence is typical for more local and non-cooperative 
relaxation processes, often denoted as β-relaxations. 

The second equation is called the Vogel-Fulcher-Tammann (VFT) 
equation [31,82], and it is given by: 

τ = τ0exp
(

DT0

T − T0

)

(9)  

where D is a parameter related to the fragility (how much the temper-
ature dependence deviates from an Arrhenius dependence), and T0 is the 
temperature at which the dynamics of the system diverge to an infinitely 
slow relaxation time. The VFT temperature dependence is typically 
observed for cooperative relaxation processes as the viscosity related 
structural relaxation, commonly denoted as the α-relaxation. 

Fig. 9 shows that the dynamics of structural water (R1 and R2) is a 
β-process with an Arrhenius dependence. The supercooled water 
confined in the gel pores seems to have a VFT dependence at relatively 
high temperatures. This fragile-to-strong crossover (from VFT to 
Arrhenius) is commonly occurring for supercooled water confined in a 
hydrophilic porous matrix [19,32]. R4 also has an Arrhenius 

Fig. 8. Display of the general fitting of relaxation data of P045 with RH of 97 %: Graph a - Match between the fitted line and the measured results; Graph b - The 
generalized relaxation time at different temperatures; Graph c - Broadening parameter at different temperatures; Graph d - Strength of dielectric relaxation. 
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dependence in the temperature range below 250 K. All the fitting results 
for the relaxation processes with an Arrhenius behavior are presented in 
Table 3, which will be further discussed in next section. 

3.5. Effect of SCMs on the water-related relaxation processes 

Fig. 10 presents a comparison of the relaxation times of the water- 
related processes in hcps with different binder systems. Blending of 
35 % SCMs has weak effects on the broadening parameter (see SI) and 

the relaxation time of the structural water, but it changes the relaxation 
strength of R1 and R2. The blended hcps have a much higher relaxation 
strength than the CEM I paste for R1 (see Fig. S1). It is well recognized 
that the blending of slag and fly ash will reduce the Ca/Si ratio of C-S-H 
[83,84]. The structure of C-S-H with a lower Ca/Si ratio has a higher 
content of OH attached to the Si atoms [85]. Furthermore, both fly ash 
and slag will increase the amount of Al incorporated in the structure 
[86], which may increase the layer distance of the calcium aluminosil-
icate hydrate [87]. These dual effects induce a larger number of water 
molecules attached to the hydroxyl groups in silanol, thus resulting in 
the highest relaxation strength of R2 among the four binder systems 
below 160 K. Garcia-Lodeiro et al. [34] also reported that decalcification 
of C-S-H had almost no effects on the relaxation time of these two pro-
cesses but changed the relaxation strength of each process. The fly ash 
blended paste dried at 33 % RH has a much lower relaxation strength 
than that samples dried at 97 % RH for both R2 and R1 (see Fig. S2 in SI), 
but their relaxation times are almost the same. This confirms that a 
change of the interlayer water content has minor effects on the dynamics 
(relaxation times) of R1 and R2. 

The CEM I paste has the fastest R3 and R4 relaxations among the 
samples. A high concentration of Na+ and OH− will attract water around 
these ions to form a hydration shell, which weakens the hydrogen bonds 
of these water molecules and even decreases the average number of 
hydrogen bonds for the water molecules [88]. The concentration of al-
kali ions and the pH of the pore solution is determined by the compo-
sition of binders and the solubility of ions. For the binders used in this 
study, the CEM I paste has the highest concentration of alkali ions [89], 
so this may be the reason for the fastest water dynamics. The Max-
well–Wagner process, also called interfacial relaxation, originates from 
the existence of free charge carriers inside the system. These carriers 
migrate under the applied electrical field and accumulate at the in-
terfaces in the system to induce polarization [90]. SCMs will modify the 
surface structure of pore wall for water adsorption [9] as well as the 
concentration of ions. Therefore, both the relaxation time and strength 
of R4 are altered by the blending of SCMs. Blending of SCMs will make 
R4 slower, and as shown in Fig. 10, this effect is most pronounced for fly 
ash. The relaxation strength of R3 is not necessarily determined by the 

Fig. 9. Relaxation times of P145 at the RH of 97 % (FTau*) and 33 % (FATau*). 
Data of an ice relaxation is adopted from literature, ice lh [79] and an ice- 
related relaxation in frozen tri-propylene glycol solution [80] are shown 
for comparison. 

Table 3 
Fitting parameters by using the Arrhenius equation to describe the temperature 
dependence of the water-related relaxation processes in hcps at the RH of 97 % 
and P145 at the RH of 33 %.  

Mix ID Relaxation Slope (k) Log(τ0) R2 Ea (kJ/mol) 

P045 

R1  1.237  − 13.25  0.998  23.67 
R2  1.946  − 15.78  0.999  37.24 
R3  2.607  − 17.02  0.996  49.90 
R4  2.896  − 16.52  0.997  55.42 

P145 

R1  1.119  − 12.39  0.998  21.41 
R2  1.818  − 14.89  0.999  34.79 
R3  2.671  − 16.97  0.998  51.11 
R4  2.500  − 13.29  0.999  47.84 

P245 

R1  1.297  − 13.63  0.997  24.82 
R2  1.836  − 15.11  0.998  35.13 
R3  2.582  − 16.91  0.996  49.41 
R4  2.870  − 15.68  0.996  54.92 

P345 

R1  1.027  − 11.85  0.998  19.65 
R2  1.944  − 15.73  1  37.20 
R3  2.196  − 14.50  0.994  42.02 
R4  2.831  − 15.68  0.999  54.17 

P145RH33 
R1  1.146  − 12.36  0.998  21.93 
R2  1.832  − 14.85  0.999  35.06 
R3  2.484  − 14.68  0.998  47.53  

Fig. 10. Comparisons of the relaxation times of processes in hcps at the RH of 
97 %, including CEM I paste (CTau*), the fly ash blended paste (FTau*), the slag 
binary pastes (STau*) and the ternary paste (LTau*). 
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amount of water molecules in pores between 1 nm and 2.4 nm, because 
it is a result of the hydrogen bond relaxation [78,91], and therefore 
proportional to the total number of hydrogen bonds. This may explain 
why the CEM I paste has the lowest strength of R3 (see the SI), although 
it has the highest amount of unfrozen water (see Fig. 5). 

Table 3 shows a comparison of fitting parameters obtained by using 
Arrhenius equation to describe the temperature dependence of the 
relaxation processes, and Fig. 11 presents a comparison of the regressed 
activation energies. The activation energy of R1 is in a range of 
19.65–24.85 kJ/mol. Those values are higher than the activation energy 
of the Si-OH relaxation in xonotlite (17.28 kJ/mol or 0.18 ev) [36] but 
lower than the activation energy of the a similar relaxation found in Co- 
montmorillonite (25 kJ/mol) [73]. The addition of fly ash and limestone 
does not have any significant influence on the activation energy of R1, 
although there is a slight increase in Log(τ0). Similarly, drying P145 at 
33 % RH has little effect on the activation energy and Log(τ0) of the 
structural water, compared with the paste conditioned at 97 % RH. The 
activation energy of R2 remains almost the same across all binder sys-
tems, ranging from 34.79 to 37.42 kJ/mol. The characteristics of R2 are 
quite similar to process 2 in the synthetic C-S-H [34] and tobermorite 
[36]. The activation energy of R3 is close to the activation energy of 
glassy bulk water, also called amorphous ice (45 kJ/mol [78]), but lower 
than the activation energy of the hexagonal crystal ice (ice lh) (~ 50 kJ/ 
mol [79,92]). Fly ash slightly increases the activation energy of R3, 
probably due to a lower ion concentration in the pore solution. The ef-
fect of slag on this process is mainly present at high temperatures, in the 
non-Arrhenius regime,so at lower temperatures P245 has a similar 
activation energy and Log(τ0) as P045. Replacement of CEM I with 16 % 
limestone and 35 % slag reduces the activation energy. Fly ash causes a 
lower activation energy of R4 compared to the CEM I paste. Slag has 
minor effect on the activation energy of R4, but it increases Log(τ0). 

4. General discussion 

4.1. Structure of the unfrozen water in interlayer and gel pores 

The term “water” typically refers to a liquid phase; however, at 
temperatures below the glass transition temperature (which value is still 
debated, see in Ref. [78]), glassy water can exist. Despite being a solid, 
its structure displays a disordered arrangement similar to that of the 
liquid state [93], and as seen in this and other papers it also exhibits 
comprehensive local dynamics, as even crystalline ice phases do. Since 
bulk water instantaneously undergoes crystallization to ice below 
approximately 235 K, water in confined geometries has been employed 
as a model to reveal the structural and dynamical properties of bulk 
water in the deeply supercooled regime [19]. The potential correlation 
between supercooled confined water, glassy water, and amorphous bulk 

ice has been thoroughly discussed in various studies [32,78,94]. Fig. 12 
illustrates the heat capacity of CEM I and fly ash paste during the cooling 
process from room temperature to − 150 ◦C. There is no signal for any 
glass transition of unfrozen water in hcps at 33 % RH, in consistency 
with all types of confined water [94]. Only concentrated bulk aqueous 
solutions exhibit a glassy transition, resulting in a significant reduction 
of the heat capacity between − 100 and − 145 ◦C, as shown in Fig. 12 for 
some solutions [95,96]. 

It has been discovered that unfrozen water in C-S-H exhibits reac-
tivity. A substantial portion of the water present in the pore space of the 
C-S-H gel dissociates to form Ca-OH and Si-OH groups [97]. The hy-
droxyl groups present in these structures exhibit the fast R1 relaxation. 
Water in disconnected small pores shows an ice-like behavior, causing a 
hydraulic increase in the C-S-H shear strength. 

The structure of water confined in C-S-H nanoslits with a size <~2.5 
nm is largely affected by the hydrophilic surface. According to molecular 
dynamics simulations [98], the hydrophilicity of the C-S-H nanopore 
space is due to nonbridging oxygen atoms on disordered silicate chains. 
These serve as hydrogen-bond acceptors, directing hydrogen atoms of 
interfacial water molecules towards calcium-silicate layers. Water in this 
space has a distinct multirange structure: a distorted tetrahedral 
arrangement within 2.7 Å and a disordered arrangement resembling 
similar to dense fluids within 4.2 Å [98]. Such water structure results in 
the second fastest relaxation of water, R2. The activation energy of 
supercooled water confined in small gel pores indicates the dynamics of 
water clusters with a reduced number of hydrogen bonds [33]. Ac-
cording to modelling results the average number of hydrogen bonds in 
bulk water is approximately 3.6 per water molecule. However, for water 
molecules confined in C-S-H the average number of hydrogen bonds is 
typically as low as 2.34 [98]. 

The absence of a glass transition in confined water may be attributed 
to the limited volume, preventing cooperative rearrangements of water 
molecules into an ice-like tetrahedral network structure [94]. The sug-
gested glassy structure of water in C-S-H layer [98] is expected to have 
the observed Arrhenius temperature-dependent dynamics at low tem-
peratures, while the crossover to a VFT behavior at about 225 K (see 
Fig. 10) [33,99] suggests that the dynamics becomes more fluid-like and 
cooperative in character above that temperature. 

4.2. Effect of SCMs on the water distribution and its dynamics 

Blending of SCMs modifies the pore size distribution in hcps so the 
moisture capacity becomes different from CEM I pastes [2]. Among all of 
the binder systems, Blending of 35 % fly ash results in the highest 
moisture content among hcps at 97 % RH. The disparities are mainly 
observed for the liquid confined in large gel pores (a size range of 
approximately 4 nm to 8 nm). The binary paste with 35 % slag has a 
slightly smaller volume of water confined in the gel pores, but a larger 
volume of water in capillary pores (>8 nm) compared to the paste 

Fig. 11. Activation energies (Ea) of the different water-related relaxation pro-
cesses in hcps. 
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blended with fly ash. In all pore size ranges, the CEM I paste exhibits the 
lowest ice formation. These results align with the outcomes of water 
vapour desorption [9]. When cement is partially replaced by 16 % 
limestone, the amount of freezable water decreases even further 
compared with the slag binary paste. 

SCMs increase the amount of frozen water but reduce the amount of 
unfrozen water. Drying at 75 % RH shows no increase of water confined 
in small gel pores (<2.4 nm) in both CEM I and blended pastes. The main 
loss occurs in the volume of unfrozen water during the drying between 
75 % and 50 % RH, which can mainly be attributed to coarsening of gel 
pores leading to a redistribution of water. The slag blended paste has the 
smallest reduction of unfrozen water, but it presents the largest increase 
in unfrozen water during a drying from 50 % to 33 % RH, which may be 
due to severer change of its unstable structure during the drying. 

Three kinds of relaxation dynamics have been detected for the un-
frozen water in hcps. The impact of 35 % fly ash, 35 % slag and 16 % 
limestone on the relaxation time of structural water is found to be very 
limited in this study. In addition, it is well acknowledged that blending 
of slag and fly ash modifies the structure of C-S-H [83,84], and reduces 
the Ca/Si ratio to increase the number of H atoms attached to the non-
bridging oxygens [85]. Therefore, the blended pastes have a higher 
relaxation strength of R1 compared with CEM I pastes. Furthermore, fly 
ash largely elevates the quantity of the incorporated Al in the structure 
[86], potentially increasing the layer distance of calcium aluminosilicate 
hydrate [87]. These two effects result in the highest number of water 
molecules attached to the silanol group, thus causing the highest 
relaxation strength of R2 among the four binder systems below 160 K. 

It has been observed that SCMs have a significant influence on the 
relaxation properties of water molecules in gel pores, changing the 
relaxation time and strength of R3. This can be attributed to the lower 
concentration of alkali ions in the pore solution of the blended pastes 
compared with CEM I, which attracts water molecules to form a hy-
dration shell and thereby reducing the average number of hydrogen 
bonds between those and neighboring water molecules [88]. Further-
more, the blending of SCMs can also affect the surface feature of pores to 
modify absorption of water near the pore walls [9], leading to changes in 
the relaxation time and strength of R4. Therefore, it is important to 
consider the impact of SCMs on the relaxation properties of water 
molecules and its relation to the transport of ions when designing the 
blended cementitious materials. 

4.3. Limitations 

An exposure to low-temperature enforces effects on the microstruc-
ture of the layered materials [42] as well as the C-S-H [45]. Although 
Fig. 3 shows that only few irreversible effects were observed during the 
fast DSC scan procedure, an understanding of how the reversible change 
impacts the moisture distribution will determine the reliability in 
assessing the moisture distribution in hcps by the thermoporometry 
method. The use of Gibbs-Thomson equation may induce the deviation 
between the real size and calculated size of pores in the ultra-confined 
condition [100]. This study used thermoporometry to perform a 
comparative investigation between different binder systems. Therefore, 
it is worth noting that the discussion is partially based on the assumption 
that the influence of low temperatures on the microstructure is similar 
across mixes with different binders, and the deviations from Gibbs- 
Thomson equation are similar in different samples. A small amount of 
water is confined in some other layered phases in hydration products 
such as AF-phases and magnesium silicate hydrate. However, the mass 
percentage of these phases is <10 %, and SCMs have very limited effect 
on the amount of them [9]. It is an interesting problem for future 
investigation on how is the difference between dynamics of water 
confined in C-S-H and other layered phases. Excluding discussion of 
other layered phases will not affect conclusions for comparative study in 
this paper. One additional point to consider is that relaxation process R3 
encompasses both the dynamics of unfrozen water and ice. It is 

challenging to distinguish these two processes in the dielectric relaxa-
tion curve. A combination of other methods, such as quasi-elastic 
neutron scattering and NMR, may be helpful for a further investiga-
tion of the nature of the water dynamics [101]. 

5. Conclusions 

Moisture in hardened cement-based paste would redistribute due to 
the dynamic microstructural change during the drying process. Blending 
of SCMs impacts the moisture redistribution and the dynamics of water 
confined in nanoscale pores to alter the performance of cement-based 
materials. The main findings in this study can be summarized as below. 

During the fast low-temperature differential scanning calorimetry 
measurement, there are almost no irreversible changes of water distri-
bution in the fly ash blended and ternary pastes. Thermoporometry 
works well in characterizing moisture distribution in cement-based 
materials at various RH levels. The melting curve is better than the 
freezing curve for the evaluation of water distribution in hcp. It enables 
to measure the water confined in pores larger than ~2.4 nm. No matter 
freezing down to any temperature, water in pores smaller than this 
critical size, including the interlayer and a part of gel pores, will not 
form a tetrahedral ice structure due to the limited number of hydrogen 
bonds. However, this part of water can be measured by a combination of 
the LT-DSC and the vacuum drying test. 

SCMs influence not only the moisture distribution in hcp equilibrated 
at 97 % RH, but also the redistribution of water during a serial drying RH 
down to 33 %. It is confirmed that paste containing 35 % fly ash has the 
highest moisture content among all mixes, and its moisture loss during 
the drying at 75 % RH is the largest. The amount of unfrozen water in 
hcps is reduced by the blending of SCMs, but the slag blended pastes 
have a higher volume of freezable water compared with CEM I paste 
equilibrated at the same RH. The presence of limestone in ternary pastes 
enforces a reducing effect on the freezable water content potentially to 
improve the frost resistance of concretes. 

A drying at 75 % RH lowers the content of the unfrozen water in both 
CEM I and the blended pastes compared with those at 97 % RH. This 
figures out some puzzles in the discussion of dynamical pore structure 
changes during the first drying between different publications 
[23,24,57]. This study confirms that the drying process has no 
increasing effect on volume of pores <2.7 nm, at least at the equilibrium 
conditions. An evident coarsening of gel pores may occur during the 
drying between 75 % and 55 % RH, which results in the phenomenon 
that the volume of unfrozen water has a considerable loss during this 
interval. A drying at 33 % RH causes an increase in the volume of un-
frozen water due to the microstructural change of hydration products. 

Five dynamical relaxation processes have been detected, and four of 
which are related to the water dynamics. The two fastest processes are 
dynamical behavior of the structural water in layered hydration prod-
ucts, corresponding the hydroxyl in Si-OH (R1) and water confined in 
the interlayer space (R2). Blending of SCMs with amount in this study 
have few effects on relaxation time of these two processes. The third 
fastest process (R3) is ascribed to the relaxation of water molecules with 
reduced hydrogen bonds and mixed with the ice relaxation. It will be 
altered by the SCMs, which probably is due to their dilution effect on ion 
concentration in the pore solution. The fourth process (R4) derives from 
the interfacial polarization between the bulk liquid and solid, and SCMs 
slow down this process. These results would update the understanding of 
change in C-S-H microstructure during the first drying process and the 
mechanism of how SCMs affect the water and ion transport in the 
nanosized channels. 
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