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� DVS and MIP tests are sensitive to pore size distribution changes over time.
� Differences in DVS and MIP results are expected given their different approaches.
� Consideration of the techniques limitations leads to a comprehensive analysis.
� Restrictive pore sizes greatly influence the accessibility into the matrix.
� Pore connectivity has more influence on the test results than pore volume.
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a b s t r a c t

The description of the pore structure is a key aspect when studying the durability of cement-based mate-
rials. Many techniques have been developed over the years in order to describe the actual complex
microstructure of these materials. These techniques can be useful to determine the change in pore struc-
ture when supplementary cementitious materials are used and also track its evolution with time. This
paper particularly aims to describe the changes in the pore structure of mortars with contents of 20,
40 and 60% of ground-granulated blast-furnace slag (GGBFS) in replacement of cement, at the ages of
28 and 90 days. Two widely accepted techniques were applied: dynamic water vapour sorption (DVS)
and mercury intrusion porosimetry (MIP). For the data analysis from the DVS test, the Barret-Joyner-
Halenda (BJH) model was used for pore size distribution assessment. Moreover, since the extent of this
model does not cover the smallest range of pores, calculations with the Dubinin-Radushkevich (DR)
model were also made. Results from the MIP test were used to characterize the threshold diameter,
the smallest intrudable diameter, and the intrudable porosity. GGBFS replacement leads to a slight
increase in porosity values at 28 days, especially seen in the DVS results for the pore size range of
0.002–0.05 mm. DVS results at 90 days for the mix with 40% slag replacement showed a marked reduction
in porosity and a shift in pore structure to the finer pore size range when compared to the 28 day results.
For all cases, the total porosity was found to be less influential on the test results than pore connectivity.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Description of the pore structure immediately outlines several
other properties, since the pore structure has a great influence
on the physical, mechanical and durability behaviours. When
supplementary cementitious materials (SCMs) are used, changes
in pore structure normally occur over time and in relation to the
reaction degree of the SCM, with consequential modifications of
the above-mentioned properties. Particularly, the use of ground
granulated blast-furnace slag (GGBFS) generally implies an
improvement in durability-related properties [1–3]. GGBFS shows
both a cementitious nature and pozzolanic activity, i.e. a reaction
in the presence of lime [4]. The combination of these effects nor-
mally leads to a pore volume reduction with time [1,2,5–7]. In
addition, given that GGBFS is a by-product of the steel industry,
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Table 1
Properties of mortars (mean ± standard deviation).

Mixes S20 S40 S60

Compressive strength (MPa)[28 d] 75.0 ± 1.2 56.0 ± 1.6 49.0 ± 1.6
Compressive strength (MPa)[90 d] 75.4 ± 0.9 61.2 ± 1.7 54.1 ± 1.6
Water absorption (%)[90 d] 5.9 ± 0.4 6.7 ± 0.2 7.0 ± 0.2
Apparent density (g/cm3)[90 d] 2.50 ± 0.02 2.55 ± 0.01 2.55 ± 0.04
Porosity (%)[90 d] 12.8 ± 0.8 14.5 ± 0.4 15.1 ± 0.5
Saturated resistivity (kohm�cm) [90 d] 20.64 ± 1.2 23.08 ± 0.8 29.68 ± 2.3
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its use also helps to reduce clinker production (one of the major
sources of CO2 emissions), which provides an added value to this
by-product.

Much effort has been invested in accurately describing the pore
structure of cementitious materials [8–13], however, no model or
method has been universally acknowledged for providing a com-
plete description and characterization. Nevertheless, limitations
do not impede that important information can be obtained from
the different current experimental techniques, which may be used
as input for analyticalmodels. In this sense, it is important not to for-
get the critical assumptions made for each method, and to keep a
reasonable perspective of the obtained results for their application.

The dynamic vapour sorption (DVS) test provides information
regarding pore structure through an experimental set-up to mea-
sure the equilibrium between the mass water content of the sam-
ple and the relative humidity (RH), at a constant temperature.
Several authors [8,12–14] have pointed out some benefits of the
use of water sorption instead of other gases for sorption tech-
niques. One of those advantages is that water molecules are rela-
tively smaller than CO2 or N2 [8], which allows them to
penetrate not only the small sized pores but also into the so-
called ink bottle pores. Moreover, it is not necessary to degas the
sample prior to the measurements, hence avoiding possible
microstructural damage. Furthermore, the test can be performed
at room temperature, which is of course quite convenient since
there is no need for a major temperature-conditioning equipment.
Nonetheless, there are some limitations in the theories of adsorp-
tion which mathematically describe the results. For instance, the
monolayer is a fictional quantity and not a physical reality as the
BET theory implies that the surface is never completely covered
until the saturated vapour pressure is reached [15]. Furthermore,
calculations of the pore size distribution also have theoretical
assumptions, such as the consideration of cylindrical pore shapes
[16]. In spite of these limitations, quantitative information can be
obtained from the isotherms, which is then used to calculate speci-
fic surface area and pore size distribution.

The mercury intrusion porosimetry (MIP) test has been widely
used to analyse the microstructure of cementitious materials
[13,17–20]. Nevertheless, its interpretation also requires some
assumptions and theoretical simplifications, such as the same
accessibility to the external surface of all the pores, cylindrical-
shaped pores, and absence of ink-bottle pores, all of which vary
from the actual pore structures of cementitious materials. Dia-
mond [21] has described these -and other-drawbacks fairly well,
but nevertheless still accepted the use of the threshold diameter
(dth) and intrudable pore volume (ɸin) as indexes of the pore struc-
ture for qualitative comparison. In fact, from experimental results,
three main features have been described to be the most-
representative and most-useful for modelling [22]: the intrudable
porosity (ɸin), the smallest intrudable pore diameter (dmin), and
the threshold pore diameter (dth). It has been clearly stated that
ɸin should not be associated with the total porosity [21–23], but
rather with the accessible porosity, as it is equivalent to the vol-
ume of mercury intruded corresponding to the highest point in
each cumulative curve. On the other hand, the precise determina-
tion of dth is controversial. Aligizaki [23] described it as the diam-
eter above which there is comparatively little mercury intrusion,
and immediately below which starts a vast intrusion of mercury.
In order to objectively assess the value of dth, several authors
[22,24,25] have established some methods to provide comparable
results. Those methods are described, used, and discussed later in
this paper to compare the different obtained values.

In order to convey a comprehensive description of pore struc-
ture, mortars with 20, 40 and 60% w/w of GGBFS as replacement
of Portland cement were tested at different ages using the
DVS and the MIP tests. This paper discusses the data obtained
considering the theoretical assumptions of each technique, and
describes the pore structure of mortars in the presence of GGBFS
and its evolution over time.

2. Materials and methods

In order to perform the tests, three mortar mixes were designed with a water/
binder (w/b) ratio of 0.45 and a sand/binder (s/b) ratio of 3. The mixes were desig-
nated as S20, S40 and S60, having respectively 20, 40 and 60% w/w of GGBFS with
respect to total binder content. The mixing procedure and the compressive strength
test were performed in accordance with EN 196-1 [26]. Mortar samples were cured
in a humid chamber at 20 ± 2 �C and 95 ± 5% RH for 28 and 90 days, and then con-
ditioned for testing. Water absorption (WA), apparent density, open porosity, and
resistivity in the saturated state were determined at 90 days. Compressive strength
was measured at 28 days.

For the determination of the apparent density and open porosity, samples were
first submitted to a vacuum for two hours and then water was drawn into the vac-
uum chamber until the sample became fully immersed. After 24 h the sample was
removed and weighed, which was denoted as saturated mass in air (msa). The sam-
ples were also weighed in water, and denoted as saturated mass in water (msw).
Then, samples were subjected to drying in an oven at 50 �C until the change in mass
was lower than 0.1% in a 24 h period, and denoted as dry mass (md). The apparent
density was calculated as the ratio between md and (msw �md), multiplied by the
density of water. The open porosity was calculated as (msa �md)/(msa �msw). In
this paper, total porosity of concrete was linked to the water-permeable or open
porosity. This is in fact a simplification (in reality, pores that are not connected to
the exterior are not considered in the water-permeable porosity), but this accessible
porosity is the responsible for transport mechanisms. Table 1 shows the results of
the mentioned tests.

Ordinary Portland cement (OPC) type CEM I 52.5, normalized siliceous sand
(0/2) and tap water were used in all mixes. The chemical compositions of the
OPC and the GGBFS are shown in Table 2. The particle size distributions of the
OPC and GGBFS (Table 3) were determined by means of laser diffractometry using
a Malvern Mastersizer 2000 E particle analyser with wet unit Hydro 2000SM.
Values of refraction index (n) and absorption coefficient (k) shown in Table 3 were
selected according to the values found in literature [27,28] and tested to select the
ones which had the best fit and lowest weighed residual to the obtained data.

2.1. Mercury intrusion porosimetry (MIP) test

MIP tests were performed on samples of approximately 1.5 cm3. A Pascal 440
mercury porosimeter with a maximum load capacity of 420 MPa was used. How-
ever, the maximum pressure was limited to 200 MPa in order to avoid cracks
induced by the mercury pressure [29]. The adopted mercury surface tension and
contact angle between the mercury and the solid surface were 482 mN/m and
142�, respectively. A blank run for differential mercury compression was made to
correct the volume measurements [18]. The pore diameters related to the pressure
applied were calculated with the Washburn equation [30].

To minimize microstructural damage during pre-conditioning, samples were
first dried at 40 �C for 24 h, and then vacuum-dried at 20 ± 2 �C for two weeks at
0.1 bar. This preconditioning technique has been validated through microstructural
analyses in previous studies [14,31].

The data obtained from the MIP test was used to determine dmin, ɸin, and dth.
The calculation of dth was made considering two methods:

i) the 5% method: this method was used by [24], where dth is calculated as the
point in which the porosity is 5% of ɸin. This offers the advantage of a con-
ventional value and protocol, since there is no need to assume at which
point sufficient mercury has penetrated into the porous system. The dth

obtained by using this method has been denoted as dth (5%).
ii) the tangent method: this method was first adopted by Liu and Winslow

[25] to determine the threshold diameter as that corresponding to the
intersection of tangent lines on the cumulative distribution curve at the
smallest diameter that did not exhibit significant intrusion and the largest
diameter that did. Using this approach as a basis, Ma [22] fitted points at
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Table 2
Chemical properties of OPC and GGBFS.

XRF chemical analysis (%)

CEM I GGBFS

CaO 64.67 MgO 0.95 CaO 36.16 Na2O 1.91
SiO2 20.74 K2O 0.77 SiO2 28.89 Fe2O3 0.95
Al2O3 4.91 Na2O 0.27 MgO 12.14 TiO3 0.46
SO3 2.96 Cl 0.07 Al2O3 8.62 K2O 0.43
Fe2O3 1.52 Na2O 1.91 MnO 0.43

Table 3
Particle size distribution and optical parameters of OPC and GGBFS.

Particle size distribution (mm) Optical parameters

Material dv10 dv50 dv90 n k
GGBFS 1.15 12.94 67.57 1.60 0.100
OPC 4.88 20.14 58.53 1.73 0.003
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which diameters are obviously below dth and above dth, to determine two
tangent lines. In this study, the range of the points to be fitted is determined
analysing the second derivative in the differential curve. Furthermore,
according to the cumulative curve shape obtained, it is possible to use
the tangent method to identify two different dth: a primary dth denoted
as dth1(TG), which represents the first percolation process; and a secondary
dth denoted as dth2(TG),which represents the virtual size after the second
percolation process has been reached. This secondary threshold diameter
provides information about the presence of choke points.

2.2. Dynamic water vapour sorption (DVS) test

For the DVS tests, samples were taken out of the humid chamber at 20 ± 2 �C
and 95 ± 5% RH at the age of 28 and 90 days, and ground and sieved between 500
and 1000 lm. This particle size for the sample was considered as a good compro-
mise between test duration and practicality [14]. Carbonation was prevented by
storing samples in sealed containers in the presence of soda lime, immediately after
being ground and until the time of testing (0.5–3 h). The device was set at 20 �C, and
a dm/dt < 0.002 wt.%/min was set as a detection limit to continue to the following
RH level. The RH levels at which samples were subsequently equilibrated included
98–90–80–70–60–50–40–30–20–10–5–0% RH. Since samples were taken out of the
humid chamber and readily tested, they were first equilibrated to 98% RH and then
to a complete desorption-sorption cycle.

Porosity was classified, according to [32], into micropores (<0.002 mm), meso-
pores (0.002–0.05 mm) and macropores (>0.05 mm). The Barret, Joyner and Halenda
(BJH) method [16] was used for the calculation of the pore size distribution in the
mesopore range. This method, based on the Kelvin model, considers that capillary
and adsorbed water phases exist in cylindrical pores and calculations of the pore
size distribution are made by iterative step-by-step calculations [8]. The Dubinin-
Radushkevich (DR) equation [33] was used to calculate the pore size distribution
in the micropore range. The method is based on the assumptions of a change in
potential energy between the gas and adsorbed phases.
Pore size (μm)

0
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0.001 0.01 0.1 1 10 100 1000

dth1(TG)=2.98 μm
(intersection point:

2.98; 0.94)

Fig. 1. Cumulative intruded volume of S20 with the corresponding dth1(TG);
dth2(TG); dth(5%), dmin, and ɸin, at 28 (a) and 90 (b) days.
3. Results

3.1. MIP tests

Figs. 1–3 show the cumulative intruded volume curve of S20,
S40 and S60, respectively, at 28 (a) and 90 (b) days. The three fit-
ting lines used for the calculation of dth (TG) can also be seen with
their respective fitting equations. The point of intersection of those
lines is the graphical representation of dth(TG). According to the
curve shape, a primary dth1(TG) and a secondary dth2(TG) could
be determined for S20 and S60, but a primary dth(TG) for S40
seems not so evident. In any case, dth1(TG) and dth2(TG) were
determined for comparative purposes. The highest point in the
curve corresponds to ɸin and the diameter reached at that point
is (dmin. Figs. 1–3 also display the threshold diameter obtained
with the 5% method, dth(5%), which is the point corresponding to
5% of ɸin. The same graphical and analytical approach was used
for all mixes.
Considering also the classification of pores as described in [32],
values of the volume of pores in the macropores and mesopores
range were calculated from the cumulative intruded curve data.
Fig. 4 shows the values of those ranges for all mixes at 28 and
90 days.

3.2. DVS tests

Desorption-sorption isotherms of S20, S40 and S60 are shown in
Fig. 5 at 28 (a) and 90 (b) days, respectively. All sorption curves
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Fig. 2. Cumulative intruded volume of S40 with the corresponding dth1(TG);
dth2(TG); dth(5%), dmin and ɸin, at 28 (a) and 90 (b) days.
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Fig. 3. Cumulative intruded volume of S60 with the corresponding dth1(TG);
dth2(TG); dth(5%), dmin and ɸin, at 28 (a) and 90 (b) days.
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exhibit a Type IV isotherm shape [34], and a marked hysteresis can
be seen for all samples and RH values. The desorption branch
shows an abrupt decrease after 40% RH in every case, whereas in
the case of the sorption curve, there is a steep rise above 60% RH,
showing that a cementitious matrix is mainly composed of meso-
pores. At 28 days, the slope in the adsorption branch increases as
the slag replacement increases, but there are no significant differ-
ences for RH < 30%.

Fig. 6 shows the derivative (a) and cumulative (b) pore size dis-
tribution of the three mixes at 28 days, and the derivative (c) and
cumulative (d) pore size distribution at 90 days calculated with
the BJH method, and the MIP data. In the case of the latter, the
smallest pore sizes were registered only between 0.007 and
0.01 mm with the pressure level applied.

Results from the BJH and DR calculations for the pore volume of
mesopores and micropores, respectively, are shown in Fig. 7 for all
mixes at 28 and 90 days.

Fig. 8 (a) shows the results of porosity obtained from WA, MIP
and DVS. It should be noted that the porosity does not give any
information concerning pore size distribution or pore connectivity.
The interest of WA porosity is limited to the determination of the
extent to which slag replacement increases the amount of perme-
able pores. Both WA porosity and MIP measure the pore volume
through absorption/intrusion of fluids. Then, a different measuring
mechanism results in different values from those obtained by DVS.
Since the main effect of the slag is seen in the shift towards smaller
pores (between 0.002 and 0.05 mm), the largest pores (main
contributors to the total pore volume) are not significantly affected
by this refinement action.

Fig. 8 (b) shows the variation with time of the ratio between
MIP and DVS results in relation to pore volume, for all mixes at
28 and 90 days. For comparison purposes, the pore volume for
the sizes that both methods are able to measure in the mesopore
range (0.007–0.05 mm) was considered. Since in the case of the
MIP test, only sizes down to 0.007 mm were registered with the
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Fig. 5. Sorption isotherms of S20, S40 and S60 at 28 (a) and 90 (b) days.
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pressure level applied, also only the pores between 0.007 and
0.05 mm were computed from the DVS data. Each point represents
the percentage of the volume of mesopores obtained from MIP in
relation to the volume of mesopores obtained from DVS with the
BJH calculation for all mixes at 28 and 90 days. The values between
brackets at each point, (a, b), represent the volume of mesopores
assessed by the MIP test (a), and the volume of mesopores assessed
by the DVS test (b).
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Fig. 6. Pore size distribution of S20, S40, and S60: derivative (a) and cumulative (b)
at 28 days, and derivative (c) and cumulative (d) at 90 days, calculated with the BJH
method on DVS data and MIP data.
4. Discussion

4.1. MIP tests

The effect of slag replacement can be seen in relation to ɸin in
Figs. 1–3 (a). On the one hand, an increase of slag from S20 to
S40 led to a decrease of over 15% in ɸin, comparing both at 28 days.
However, when the replacement is higher, which is the case of S60,
almost no variations in ɸin were found with respect to S20 at
28 days. Since C-S-H formation by slag occurs later in time, there
is a lower C-S-H formation degree at 28 days due to the dilution
of clinker as slag replacement increases. In this sense, the highest
values of dth(TG) and dth(5%) obtained for S60 reveal a greater
porosity when compared to those for S20 and S40 at 28 days. It
has been found [1–3,35] that durability-related performance of
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concrete with slag replacement up to 50% is superior in compar-
ison to higher levels of replacement. Thus, it is expected that S40
and S20 have a lower porosity than S60. In relation to dmin, there
were no significant variations in any of the mixtures at 28 days.
This parameter is only related to the maximum pressure achieved
and therefore does not provide very useful information.

Microstructural changes over time are seen when comparing
Figs. 1–3 (a) to 1–3 (b). These figures show a clear reduction of
more than 50% in ɸin when comparing results at 28 and 90 days
for all mixes. Accordingly, there is also a reduction in the values
of the dth at 90 days, in all mixes, when calculated with the tangent
method and in all but S20 (which remained practically the same)
when calculating with the 5% method. This reduction of the acces-
sible porosity is related to the filling of capillary pores with hydra-
tion products from the slag, which narrows down the pore
structure. Several authors [3,36–38] have also found refinement
of pores with time when replacing certain percentages of cement
with slag.

The shape of the cumulative curves also provides information
regarding the pore structure. Especially in the case of S60, a strong
presence of ‘‘choke points” can be seen in the range between 0.03
and 0.2 mm. The flatness of the curve followed by a steep rise indi-
cates that a relatively high increase in pressure had to be applied
until a certain pore size could be filled. After these pressure
increases, some large pores with narrow throats may be filled
(but accounted for as smaller pores since increasing pressures
are needed to fill smaller and smaller pores). This has been high-
lighted by Diamond [21], who stated that most of the pores can
only be reached by mercury through a long percolative chain of
intermediate pores of varying sizes and shapes. Here, the main dis-
crepancy with the theoretical assumptions is brought to light,
given that the presence of this kind of constrictions in the pore net-
work is expected because of the specific nature of cementitious
materials instead of the idealised cylinder-shape pores.

As pressure increases, there is no uniform ingress depth of mer-
cury, since it depends on the amount of the restrictive pore sizes.
This effect is described as lost porosity, and Alford and Rahman
[39] suggested that only part of this lost porosity should be attrib-
uted to the fine end of the pore size distribution, accounting the
rest to large pores that are enclosed by pores that are too narrow
to be intruded by MIP. The s-shaped curve mainly represents this
lack of uniformity in the mercury penetration rate, due to the pres-
sure increase governed by the presence of certain restrictive pore
sizes. It has been found in mortars with silica fume and mortars
with slag [40] that the sharp threshold seen for the cement paste
is lost when sand is used. In fact two threshold diameters can be
identified when silica fume and slag is used. But this does not occur
for the mortars without slag or silica fume. The authors do not
mention this difference, but it is likely that this difference in the
shape of the cumulative curve is given by the presence of restric-
tive pore sizes due to the use of SCMs.

Taking this into account, calculations of the primary and sec-
ondary threshold diameters were made, especially for S20 and
S60 a strong presence of choke points can be seen in the cumula-
tive curves. Values of dth2(TG) are always higher than dth1(TG),
but since the steps in the cumulative curve are not representative
of the actual pore size distribution, the value of dth2(TG) is a virtual
parameter and cannot account for an actual pore size. Then, the
slope of the first segment of the curve before the first inflection
point is more reliable, in relation to the pore size, than the follow-
ing part of the curve. However, dth2(TG) provided information
regarding the presence of choke points. The difference between
the intruded pore volume between the last point of the fitting line
used for dth1(TG) and the first point of the fitting line used for
dth2(TG) was calculated for S20, S40 and S60. The result is the vol-
ume of mercury intruded into the restrictive pores, indicated in the
flatness of the curves. This value was designated as ‘‘virtual tortu-
osity volume”(VTV), and portrays the volume of restrictive or
‘‘choke points”. After the slope changes suddenly, a high amount
of mercury rapidly ingresses into pores which are not actually
equivalent to the pore size that the pressure level represents in
accordance with the Washburn equation. Values of VTV obtained
at 28 and 90 days were: 19.36 mm3/g and 11.96 mm3/g for S20,
6.67 mm3/g and 7.83 mm3/g for S40, and 20.56 mm3/g and
13.27 mm3/g for S60. For S40, since there is not a clear presence
of choke points according to the shape of the MIP curve, there is
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also little change with time. The influence of slag with time can be
seen especially for S20 and S60 mixes, since there is a clear reduc-
tion in the volume of the VTV for both cases. The decrease of choke
points as a function of age is generally attributed to C-S-H gel for-
mation, and autogenous shrinkage [23]. This indicates that the
pore connectivity and the presence of restrictive pore sizes have
more influence than the pore volume on the accessibility into the
matrix. For example, the high amount of intruded mercury in the
smallest pores range for S60, shown in Fig. 3 (a), cannot be directly
used to compute the equivalent volume of this pore size range. As
explained before, some restrictive pore sizes, choke points repre-
sented by the VTV, are most likely responsible for the pressure rise
until larger pores are reached.

Considering the aforementioned results fromMIP data, both pri-
mary and secondary values of dth obtainedwith the tangentmethod
and ɸin were found to be the most representative parameters.

4.2. DVS tests

From DVS results shown in Fig. 5 (a) and (b), an abrupt decrease
can be seen in the desorption curve below 40% RH. This can be
explained by constriction effects of the microstructure [20], on
the basis of a similar hypothesis to that used for MIP data. In this
sense, Snoeck et al. [14] suggested that mainly ink bottle pores
may be responsible for this steep decrease. They explained that if
the diameter of the pore entrance is smaller than a certain critical
width, the mechanism of desorption from the pore body involves
the spontaneous nucleation and growth of gas bubbles in the
metastable condensed fluid. In this case, the body empties while
the pore neck remains filled. In the case of the sorption curve,
the steep rise above 60% RH shows the menisci formation in the
pores. This leads to the marked hysteresis that all the curves have.
The different path between the desorption and the sorption curve
has been described in many cases for porous materials
[8,14,15,41–44]. The network theory explains this hysterical beha-
viour considering the existence of controlling pore size entries that
govern the dynamics of water ingress [44]. In that sense, the net
pore volume also has less influence than the pore connectivity
and the presence of restrictive pore sizes on the accessibility into
the matrix. The different paths inside the microstructure define
to what extent the water inside the pores vaporizes or condensates
according to the amount of connectivity they have.

The calculations for the pore volumes, using the BJH method
(Fig. 7), show an increase in the mesopore range at 28 days as
the slag replacement increases. The increase is particularly notice-
able when comparing S20 to S40, and can be seen in the rise of the
slope of the sorption curve when RH is higher than 80%. This is in
agreement with findings from Snoeck [45], who also found a higher
amount of mesopores as slag replacement increased when per-
forming DVS tests on pastes with 15%, 50%, and 85% of slag.
Fig. 6 also shows the pore size distribution obtained fromMIP data,
where a difference in shape is noticeable for the curve obtained
with the BJH method. The delayed intrusion into the smallest pores
for the case of MIP leads to a virtual pore size distribution of the
smallest range of the pore size distribution. From these graphs,
the irregular distribution of pore size for MIP results can also be
considered evidence of the presence of choke points, in comparison
with the distribution curves for DVS, which are more continuous
and less sensitive to ink-bottle shapes.

The values of resistivity in the saturated state (see Table 1) also
reflect the combined effect of increase in tortuosity and the even-
tual decrease in the pore solution conductivity with increasing slag
content. When comparing these results with the accessible poros-
ity calculated from WA, the increase in pore volume (and hence
water volume in the saturated state) is not followed by a reduction
in resistivity; changes in pore connectivity, tortuosity and the
decrease in the ionic strength are thus considered responsible for
this effect of the increasing inclusion of slag. However, the quan-
tification of the relative contributions from the physical and chem-
ical effects require complementary analyses of the pore liquid.
Future studies are planned to further investigate this relationship
in slag blended cementitious materials.

When comparing the results of the mixes at 90 days, S20 and
S60 relatively have the same hygroscopic behaviour, however, this
does not mean that the microstructure has not been affected by the
presence of the slag. Results of the calculations made with the BJH
and DR methods, shown in Fig. 7, indicate that both S20 and S60
have more volume of mesopores at 90 days than at 28 days. It
could be possible that a certain volume of macropores (out of the
range of mesopores that BJH is intended for) turned into meso-
pores sometime between 28 and 90 days, because of the pore
refinement effect over time caused by the presence of slag. Gener-
ally, slag affects tortuosity and refines pores, but does not signifi-
cantly diminish pore volume [2,3,36–38,46]. Therefore, it is
possible that the increase in the volume of mesopores at 90 days
for S20 and S60 can be caused by the shift of certain volume of
macropores into mesopores.

Particularly in the case of S20, comparing the results at 28 and
90 days, the major difference in the volume amount is at the peak
shown in the range of 0.006–0.007 mm. Therefore, the volume
increase is concentrated in the increase in the narrow mesopore
range.

For the case of S40, at 90 days there is a significant reduction in
the pore volume. This is seen in the reduction of the water uptake,
represented by the slope of the isotherm curve at 90 days. More-
over, calculations of the pore size distribution with the BJH and
DR methods shown in Fig. 7 reveals reductions in the mesopore
range as well as in the micropore range. It seems that the mix with
40% replacement has the best performance regarding the develop-
ment of pore structure. Considering that porosity and strength are
intimately related, similar conclusions have been drawn by [46],
who found that 40% cement replacement with GGBFS yields the
hydration products caused by latent hydraulic activity which fill
the pores, resulting in the mix with the overall best performance
when compared to mixes S20 and S60.

Finally, results of the pore size distribution and total pore vol-
ume (intrudable/accessible to water molecules) obtained from
the DVS tests differ from those obtained from the MIP tests, but
can be complementary at the same time. The differences are
expected since they measure different pore size ranges and they
have different approaches. Fig. 8 shows a proof of this, by display-
ing the ratio between the volume of mesopores assessed by the
MIP test and by the DVS test. Only the mesopore range was chosen
since the sum of micropores obtained with the DR formula and the
mesopores obtained with the BJH method cannot account for the
same value as ɸin obtained with the MIP test. In fact, pore size dis-
tributions obtained from MIP tests extend from 0.007 mm to
100 mm, and overlap with BJH pore size distributions, but do not
reach the micropore range calculated from the DVS results with
the DR methods (this can be seen in Fig. 6). In this sense, it is also
likely that as MIP builds up high pressures, it causes a collapse of
some of the finer pores, although this was minimized by limiting
the pressure in the test set up.

It is interesting to notice that the ratio diminishes with time for
S20 and S60, but not for S40. This means that the difference
between the MIP results and the DVS results is bigger at 90 days
than at 28 days, for S20 and S60. It seems that MIP is more sensi-
tive to pore refinement with time. Furthermore, with age, the
matrix becomes more stiff, leading to a higher resistance to pore
collapse.

The reachable volume registered through DVS should be higher
than MIP measurements, explaining the smaller values of porosity
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obtained when using MIP compared to DVS. This difference has
also been found by [42] and accounted for the differing abilities
of these methods to sample different pore sizes. It should also be
mentioned that total pore volume obtained by BJH on DVS
data does not linearly correspond to total pore volume from MIP
data. For example, S60 at 90 days has the highest value for pore
volume from DVS data, but one of the lowest from MIP data. As
mentioned before, this is attributed to the fact that MIP test
provides virtual pore size distributions, especially in the smallest
pore size ranges when ink-bottle and restrictive path effects have
more influence. In this regard, Moro and Bôhni [47] suggested that
the distribution curve obtained from MIP data should be called
‘‘pore throat” size distribution. Using image analysis to examine
the pore size distribution and compare it with MIP results, Abell
et al. [48] confirmed that the ink bottle effect increases the volume
of smaller pores due to the presence of larger pores behind the
bottle necks.
5. Conclusions

DVS and MIP analyses proved to be sensitive to the pore size
distribution changes when testing mixes with different replace-
ment amounts of OPC with GGBFS at 28 and 90 days.

From the DVS data, hysteresis can be seen in all mixes and at
both ages. This is mainly attributed to the geometrical characteris-
tics of the pores, especially enhanced in the gap between 40% RH
and 60% RH. When comparing pore size distribution over time,
S40 had the best evolution showing a significant volume decrease
in the mesopore range. From MIP data, dth(TG) and ɸin were found
to be the most representative parameters. In this sense, S40 had
the highest reduction of dth and over 50% reduction of ɸin at
90 days.

Differences in the values obtained with DVS and MIP are attrib-
uted to the actual differences in the measurements that both meth-
ods perform and in range of the pore sizes they describe. Results
from both techniques are influenced to a different extent by the
presence of restrictive pore sizes that limit the accessibility into
other pores, leading to the conclusion that pore connectivity and
pore size distribution have more influence on the results of both
tests than total pore volume. In this sense, a shift of pore size dis-
tribution towards smaller sizes can be expected for MIP results,
especially in the smallest pore size ranges where ink bottle and
restrictive path effects may cause a delay in the intruded pore vol-
ume. However, this might also be the reason why MIP seems to be
more sensitive to pore refinement with time than DVS. Results
from DVS are also influenced by the presence of ink bottle pores,
reflected by the hysteresis. The effect on the obtained pore size dis-
tribution is however lower than in the case of MIP, and with this
technique it is still possible to reliably quantify the smallest pore
sizes (up to 0.002 mm).

Considering the points discussed above it is difficult to have a
preference for one technique or the other. Both MIP and DVS pro-
vided information regarding the pore size distribution and connec-
tivity, and, simultaneously, they both proved to be sensitive to
changes in the pore system with time. The results of both methods
can be considered complementary to each other, providing infor-
mation over a wide range of pore sizes.
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