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Abstract

Diffusive and convective transport properties are essential for cement-based materials durability studies. To understand and model such
transport mechanisms, information on physical intrinsic parameters such as porosity and pore structure is needed. Mercury intrusion
porosimetry (MIP) has been used for a long time as a convenient means for porous space investigation. This method requires complete
material water removal, generally achieved through various drying procedures. In this context, the effects of four drying methods (oven-
drying at 60°C and 105°C, vacuum-drying, and freeze-drying—sublimation) on porosity and pore structure determined by MIP, were
compared. Experimental measurements were performed on CEM I (OPC) and CEM V (blastfurnace slag—pulverised fuel ash, BFS—PFA)
pure cement pastes and concretes. Results confirmed that oven-drying generates important damages for the materials microstructure in the
capillary porosity domain and confirmed the applicability of the freeze-drying technique as a suitable drying procedure to investigate cement-
based materials pore structure using MIP. © 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Cement-based materials (grout, concrete) have long been
used in nuclear industry particularly for low-level waste
(LLW) and intermediate-level waste (ILW) management.
Their good compatibility with various kinds of solid and
liquid wastes, their long-term durability, and radionuclides
retention capacity make these materials essential for waste
conditioning, for containers, and for the elaboration of
disposal engineered barriers [1,2]. Moreover, concrete mate-
rials could widely be used as structural elements for surface
long-term interim storage. For many years, CEA (French
Atomic Energy Commission) has been involved in numer-
ous research programmes related to the long-term behaviour
of cement-based materials for nuclear wastes. Studies were
carried out in various fields such as: cement pastes and
concretes chemical degradation [3—6] and associated
mechanical properties [7], o, 3, and -y radiolysis of alkaline
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interstitial solution [8], effect of carbonates [9] and sulfates
[10,11], diffusive properties [12] and gas transport ability
[13], and radionuclides migration. Durability of cement-
based materials—resistance capacity to aggressive environ-
ments—strongly depends on their transport properties. The
more permeable the materials, the more the aggressive
species have the possibility to penetrate and generate
potential damages. Therefore, transport properties have to
be studied in strong relationship with material microstruc-
tural features (porosity, pore size).

Porous space characterisation can be reached by different
methods: gas adsorption, vapor sorption, thermoporometry,
mercury porosimetry, and image analysis. The main objec-
tive is to obtain reproducible and meaningful microstruc-
tural parameters to correlate them to physical properties.
Mercury intrusion porosimetry (MIP) has been successfully
used for a long time [14—27]. An MIP test demands
complete water removal from the specimen (a few cubic
centimeters). Several techniques can be applied to reach full
desaturation: oven-drying at temperatures usually between
50°C and 105°C, vacuum-drying, freeze-drying (sublima-
tion), solvent replacement drying, and D-drying [21,28,29].
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These techniques are often used without clearly knowing
the way they can affect the microstructural information
itself. As is well known, hardened cement-based materials
are very sensitive to hydric conditions. Desaturation, deso-
rption, and dehydration phenomena associated to drying
may generate damages like microcracking, capillary poros-
ity evolution, fine pores collapse, mineralogical transforma-
tions. Thus, the removal of evaporable pore water may
introduce significant degradation of the pore structure. To
ignore such potential effects may lead to the alteration of
porous space characteristics.

The purpose of this study was to compare the effects of
several drying techniques on total free water porosity and
pore structure identified by MIP of hardened cement pastes
and concretes. Materials were prepared with two French
industrial cements. Two temperatures were considered for
the oven-drying tests: 60°C and 105°C. Vacuum-drying
(10 ' Pa) tests were carried out at ambient temperature
and freeze-drying operations (sublimation) were performed
with a standard freeze-dryers. In order to make sure of the
representativeness of porous space intrinsic characteristics
and to limit microstrutural damaging, the best pretreatment
was suggested.

2. Materials

The experimental programme was carried out with pure
hardened cement pastes. All the materials were prepared
with French industrial CEM I and CEM V cement types
(Table 1). The CEM 1 cement is a standard OPC cement
from Lafarge Cements (Teil factory) and the CEM V cement
is a BFS—PFA cement (blastfurnace slag—pulverised fuel
ash) from Origny Cements (Lumbres factory). Cement
pastes can be regarded as homogeneous materials well
adapted to investigate basic mechanisms. In spite of the

Table 1
Average characteristics of CEM I (OPC) and CEM V (BFS—PFA) cements
CEM 1 CEM V
Components (%) cement cement
Clinker 100 51
Slag - 25
Fly ash - 24
Gypsum added (%) 7 4
Chemical composition (>0.2%)
SiO, 23.7 29.0
AlLO5 2.8 10.8
Fe,05 2.3 33
CaO 67.3 45.5
MgO 0.7 2.5
SO; 1.9 2.6
K,0/Na,0O 0.2 1.5
Density (g/cm’) 3.20 2.90
Specific area (cm?/g) 3105 4700
Shrinkage, 28 days (pum) 554 720
Compressive strength, 28 days (MPa) 60 46

Table 2

CEM I (OPC) and CEM V (BFS—PFA) concretes mix designs (kg/m®)
Components Quantity
CEM I concrete

Silica—calcareous aggregate 8/20 mm 800
Silica—calcareous aggregate 4/12 mm 400
Silica—calcareous sand 0/4 mm 750
Cement CEM 1 350
Water 150
Plasticizer 1.8
Water cement ratio (w/c) 0.43
CEM V concrete

Silica—calcareous aggregate 10/14 mm 600
Silica—calcareous aggregate 4/10 mm 520
Silica—calcareous sand 0/4 mm 665
Cement CEM V 400
Water 166
Plasticizer 6.0
Water cement ratio (w/c) 0.43

potential effect of aggregates, complementary work with
two concretes based on the same cements was also under-
taken. Pure cement pastes were prepared with various water-
cement (w/c) ratios 0.30, 0.40, and 0.50. Concrete mix
designs are given in Table 2. Pure pastes were cured under
Ca(OH), water saturated for 4 months at 20°C. CEM I and
CEM V concretes were cured in sealed bags for around 5
and 12 months, respectively.

3. Experimental porosity measurement and
microstructural investigation

The materials porous space was characterised through
total free water porosity measurements and MIP tests. As is
well known, the MIP technique does not give representa-
tive values of total porosity. This method is generally
limited to pore accesses from around 375 to 0.003 pm.
Total mercury porosities for cement pastes will be thus
provided only for information.

Total water porosity (¢,) was estimated by measuring the
total water amount removed from water saturated samples
after each drying procedure until stable mass loss. Total
porosity was calculated as follows (Eq. (1)):

ms—m
O == (1)
where ¢, is the total water porosity, m; is the sample water
saturated mass (kg), my is the sample dried mass (kg),
v is the sample volume (m*), and p is the water density at
20°C (kg/m>).

MIP is a method that consists of isostatically injecting,
under very high pressure (several hundred megapascals), a
nonwetting fluid (mercury) into the porous material. The
test is governed by the Washburn—Laplace equation in
which the size of intruded pore accesses, assimilated to
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cylindrical capillaries, are inversely proportional to the
applied pressure (Eq. (2)):

4ycosh

where P is the mercury injection pressure (Pa), vy is the
surface tension of mercury (N/m), 0 is the contact angle
between solid and mercury (°), and d is the pore access
diameter (m).

MIP tests were performed with a Micromeritics Autopore
II 9220 mercury porosimeter with a maximum 413 MPa
injection pressure. By assuming a contact angle of 130° and
a mercury surface tension of 484 x 10 ~* N/m, the mini-
mum pore access diameter reached is about 3 x 10 ~° m.
The mercury porosity (dpg) is defined as the ratio between
the total injected mercury volume and the total volume of
the sample.

4. Experimental drying procedures

Four drying methods were used for this study: oven-
drying at 60°C and 105°C, vacuum-drying, and freeze-
drying. Many laboratories use these techniques applying
specific procedures. Oven-drying at 105°C is probably the
most widely used technique [19,20,22,25]. General metho-
dology for each method is described hereafter.

After curing, cement paste probes () 40 mm, H 80 mm)
were sliced into 5-mm thick disks. The disks were
sampled in the middle part of the probes to limit data
dispersion. Then, specimens were dried through the dif-
ferent methods mentioned above until constant mass loss
was reached. After drying, water porosities obtained from
each method were determined by mass loss difference. The
central part of the disks was then sampled for mercury
intrusion tests. For the concretes, drying tests were per-
formed on bigger probes () 40 mm, H 80 mm and () 113
mm, H 220 mm). Water porosity measurements were
carried out with 80-mm high probes with a diameter of
40 mm. For MIP tests, the specimens were sampled in the
probe’s centre. The data obtained with each method were
then analysed and compared.

For oven-drying tests, paste samples were placed in
ventilated ovens, regulated at 60°C and 105+ 1°C. Drying
operations (approximately 7 days in duration) were
achieved in extremely well-controlled conditions. No heat-
ing rates were used for these drying procedures (direct
drying) except for CEM I concrete (1°C/min). After drying,
samples were stored in sealed containers with silica gel to
prevent rehydration.

For vacuum-drying tests, similar paste samples—as indi-
cated above—were introduced in a vacuum device consist-
ing in a vacuum chamber—a glass desiccator—and a
vacuum pump allowing to apply a vacuum about 10 '
Pa. Extracted water was continuously collected in a nitrogen
trap. In its principle, this method is very similar to the D-

drying method for which a vacuum desiccator connected to
a trap held at the temperature of a dry ice—alcohol bath is
used [29].

The freeze-drying technique is commonly used in many
industrial areas like soil engineering, food industry, and
biology [30]. It was applied to cement-based materials in
framework of this study. Concerning the experimental
procedure, samples were first frozen (— 195°C) by immer-
sion in liquid nitrogen during 5 min. This quick quenching
process at very low temperature allows to generate ice
microcrystals. This process prevents the growth of big ice
crystals that form in larger pores and generate compressive
stress in finer porosity zones that are not totally frozen. In
such conditions, water drainage and finer pore retraction can
be observed. Moreover, the smaller the pore access, the
lower the water freezing temperature [23]. It was also
demonstrated that ice formation in hardened cement paste
greatly depends on sample entire moisture history and thus
on w/c ratio [31]. After freezing, samples (hardened cement
pastes) were introduced in an Alpha I/5 Martin Christ type
freeze-dryer in which temperature and vacuum were kept to
—40°C and to 10~ ' Pa, respectively. Concrete samples
were freeze-dried using a Virtis Genesis 12ES apparatus
(temperature, — 20°C, vacuum, 6 Pa). This operation allows
to sublimate the ice trapped in the material porosity. It
should be noticed that previous studies performed on
hardened cement pastes and mortars identified the freeze-
drying technique as a suitable procedure as far as MIP
investigation is concerned [28,32].

Before going further on, it is important to mention here
another quite popular drying technique based on the repla-
cement of pore water by an organic solvent (solvent
exchange method). This technique was initially developed
by Parrott [33—35] for pore structure investigation and
transport properties determination of hydrated systems
[36]. Since these previous works, numerous studies on
solvent replacement have been undertaken and arguments
have been provided to consider that this drying technique
was less damaging for the original microstructure of
hydrated cement-based materials [21,28,37—39]. However,
different works suggested that some solvents may react with
cement hydration products during the exchange process and
thus may alter their microstructure [36,40—42]. Discussions
and investigations are still under way in this field [43,44].
The solvent replacement technique was not used in the
framework of this study.

5. Results and discussion
5.1. Total porosity

Total water porosity values according to drying techni-
ques for CEM I and CEM V pure cement pastes are given in

Table 3. Mercury porosity values are provided for informa-
tion only. The threshold pore access diameter was also
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Table 3
Water porosity (¢), mercury porosity (¢p,), and threshold pore access diameter values for CEM I and CEM V pure cement hardened pastes

w/c of the Threshold w/c of the Threshold

sample reference, pore access sample reference, pore access
Drying method CEM 1 paste by (%) Ong (%) diameter (pum) CEM V paste by (%) Ong (%) diameter (um)
Oven-drying 105°C 0.30 31.5 16.6 0.14 0.30 35.0 22.3 0.09
Oven-drying 60°C 0.30 26.6 17.3 0.12 0.30 29.2 222 0.07
Vacuum-drying 0.30 25.8 14.5 0.09 0.30 28.1 21.7 0.06
Freeze-drying 0.30 24.1 14.6 0.07 0.30 21.5 229 0.04
Oven-drying 105°C 0.40 375 22.6 0.17 0.40 423 29.4 0.12
Oven-drying 60°C 0.40 339 234 0.10 0.40 38.1 30.8 0.09
Vacuum-drying 0.40 33.6 23.9 0.06 0.40 36.4 322 0.06
Freeze-drying 0.40 30.6 22.1 0.03 0.40 335 3255 0.04
Oven-drying 105°C 0.50 433 29.5 0.18 0.50 47.9 36.2 0.12
Oven-drying 60°C 0.50 373 27.8 0.12 0.50 434 38.6 0.09
Vacuum-drying 0.50 37.7 27.4 0.07 0.50 44.9 383 0.06
Freeze-drying 0.50 35.0 29.6 0.05 0.50 42.6 39.3 0.05

determined. For the concretes, water porosity was estimated
only after oven-drying. For the CEM I concrete, estimated
porosities were 9.7% and 10.0% at 60°C and 105°C,
respectively. Water porosity values for the CEM V concrete
were, respectively, about 10.1% and 10.7% at 60°C and
105°C. An average porosity of about 10% can therefore be
considered for those materials. Average relative error on
experimental water porosity is about 1%.

The water porosity data obtained for cement pastes
(Figs. 1 and 2) show that porosity values issued from
oven-drying at 60°C and vacuum-drying were very simi-
lar. Average relative discrepancy is about 1.5% for CEM 1
pastes and about 4% for CEM V pastes. The freeze-drying
method provided slightly underestimated porosity values
compared with average porosity values obtained through
60°C oven-drying and vacuum-drying, about 8% for CEM
I pastes and 13% for CEM V pastes (in relative). In fact it
was observed that, after 7 days, the mass loss was not
entirely stable with this method. To reach the same drying
efficiency, freeze-drying (sublimation) must be prolonged,
especially for dense—low permeable—materials. Water
porosity values determined after a 105°C oven-drying
were systematically overestimated compared with porosity
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Fig. 1. CEM 1 total water porosity evolution in function of the drying
technique.

values obtained after 60°C oven-drying and vacuum-dry-
ing. For both types of cement paste, relative overestima-
tion is about 15%.

It is generally considered that, at 105°C, only free
water—evaporable water—was removed from porosity.
On the other hand, this procedure is usually selected mainly
because it is a quicker drying method. In fact, the drying of
cementitious phases is a continuous phenomenon and
dehydration (nonevaporable water removal) of cement
hydrates starts at lower temperatures. We know that gyp-
sum dehydration begins around 80°C [45,46] and that the
starting decomposition temperature of ettringite is about
60°C [47]. Drying is responsible for the structural and
physical collapse of hydrates like monosulfoaluminate
(AFm) and AFt phases [29]. The temperature at which
the decomposition of C-S-H initiates is not well established
but C-S-H are partially dehydrated at 105°C. Pore structure
is thus affected [48]. We will see later on how the pore
structure of cement-based materials can be strongly altered
by the drying technique.

Experimental total water porosity values, obtained after
oven-drying at 60°C and 105°C on various w/c CEM I
pastes aged 78 months, were compared with porosity values

| W Oven-drying at 105°C Oven-drying at 60°C
0 Vacuum-drying

O Freeze-drying

Total water porosity (%)

w/c 0.50

w/c 0.30

w/c 0.40

Fig. 2. CEM V total water porosity evolution in function of the drying
technique.
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estimated through the Powers—Brownyard model [49,50].
Total porosity (¢¢), which is equal to the sum of capillary
porosity and hydrates porosity (gel pores), was calculated
with the following general relation (Eq. (3)):

by = bo—0.55m(1—0) (3)

where ¢, is the total porosity, ¢ is the initial porosity, and m
is the hydration rate. If we consider the hydration of cement-
based materials cured under water, then the w/c ratio critical
value below which complete hydration cannot occur can be
taken equal to 0.38 [51]. Initial porosity was calculated as
follows (Eq. (4)):

B w/c
G0 = w/c+0.313" )

Experimental and calculated porosities are compared in
Fig. 3. Relative discrepancy between porosity values is
about 10%. It should be recalled that, for the Powers—
Brownyard approach, the critical w/c is an essential
parameter. In literature, this parameter generally varies
between 0.36 and 0.38. Moreover, in this model, free
water roughly corresponds to the quantity of water
removed at 105°C [49]. We previously emphasised that,
at this temperature, cement hydrates were already partly
dehydrated. Thus, porosity values obtained through 105°C
oven-drying are obviously overestimated. This is why it
was considered that oven-drying at 60°C allows to esti-
mate total water porosity of cement-based materials in a
more realistic way.

Average water porosity obtained through 60°C oven-
drying and vacuum-drying and mercury porosity are
compared in Fig. 4. It should be emphasised that mercury
porosimetry is a qualitative tool. Quantitative pore space
characterisation is not complete because the range of pore
accesses is limited to approximately 375 pm to around 3
nm (depending on the apparatus). All porosities below
and above these limits are not detected. This is why
mercury porosimetry gives an underestimated value of
total porosity for cement-based materials compared with
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Fig. 3. Correlation between experimental water porosity obtained through
60°C and 105°C oven-drying and porosity estimated through Powers—
Brownyard model considering 0.36 and 0.38 critical w/c ratio.
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Fig. 4. Relationship between total water and mercury porosity for CEM I
and CEM V pastes.

water porosity. As is also well known, water penetration
pore access range is much wider and goes down around
0.5 nm [52].

5.2. Pore microstructure

The identification of cement-based materials microstruc-
ture (pore size distribution) is essential to understand and to
model transport mechanisms such as diffusion and convec-
tion. It is thus a priority to know what is the influence of the
drying technique on pore structure when performing mer-
cury porosimetry investigation. The effect of the four drying
methods on materials MIP spectrum is analysed in the
following paragraphs. Cumulative intruded pore volume
curves obtained for CEM I and CEM V pastes with the
different drying techniques are provided in Fig. 5. Fig. 6
shows the corresponding pore size distributions (differential
intruded pore volume).

From Fig. 5, it was observed that the final intruded pore
volumes obtained through the different methods can be
regarded as very close, but the intrusion curves shape
varies quite a lot depending on the technique. It can thus
be concluded that total mercury porosity values were not
so much influenced by the drying technique (Table 3). The
mercury intrusion test only provides part of the porous
space image. Moreover, various threshold pore accesses
are easily detectable and reflect the pore microstructure as
well as the connectivity of porous space. Concerning the
threshold pore diameters, it was observed that the values
were located in a quite narrow range, between 0.03 and
0.18 pm on average (Table 3). These values comply with
those found by Feldman and Beaudoin [21] with 0.45 w/c
OPC pastes dried by various techniques. Data obtained on
CEM I and CEM V pastes clearly showed that the lowest
threshold values were obtained with the freeze-drying. This
result may indicate a lower alteration of the pore structure
when using this technique.

For CEM 1 pastes, with pore access of up to about 4
nm, intruded volumes decrease when removed from oven-
drying at 105°C, to oven-drying at 60°C, to vacuum-
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Fig. 5. Drying technique influence on CEM 1 (left) and CEM V (right) pastes cumulative intruded pore volume, w/c 0.30, 0.40, and 0.50.

drying and to freeze-drying. It is generally within this
pore access range—0.04 to 0.03 pm—that the intruded
volume obtained through freeze-drying increases and
meets the intruded volume obtained through other meth-
ods. This phenomenon was also observed for CEM V
pastes but with higher pore access range. It could be
associated to potential damages generated during the
freezing and/or sublimation operation. These results could
suggest that damages induced by freeze-drying, in this
pore domain (nanoporosity), are probably bigger than with
the other techniques.

Differential intrusion curves in Fig. 6 provide extended
information on pore structure evolution. For CEM I pastes,
pore size distributions are generally characterised by three
main classes of pore access. Pore accesses located in the
vicinity of 0.1 pm and a little above that limit are usually
associated to capillary porosity (macroporosity). A second
and a third class of pore access are generally detected in
the regions located around 0.02 pm (microporosity) and

around a few nanometers (nanoporosity). This pore space
domain describes the pore accesses of C-S-H that can be
split up into outer and inner C-S-H [53]. The occurrences
of such pore accesses depend on the w/c ratio and on the
material age and curing conditions.

It was already mentioned that, according to the Powers—
Brownyard model, under the 0.38 threshold w/c ratio, all
the water is consumed during the hydration process and
that, theoretically, no capillary porosity can be detected. On
the other hand, recent studies pointed out that macroporos-
ity was not only related to water excess but also to self-
desiccation [54]. It should also be emphasised that the
position of some porosity peaks does not only depend on
the real access size of the pore but also on their connectiv-
ity. It was observed that for the peaks associated to
macroporosity, the position of the peaks shifts towards
smaller access size as connectivity decreases. On the
opposite, the peaks related to microporosity and nanopor-
osity do not evolve if connectivity changes [55].
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Fig. 6. Drying technique influence on CEM I (left) and CEM V (right) pastes pore size distribution, w/c 0.30, 0.40, and 0.50.

Concerning the effect of drying on CEM I paste micro-
structure, it was observed that the materials treated at 60°C
and 105°C were characterised by similar pore size distribu-
tions. These treatments generate a large capillary porosity
with pore accesses located around 0.08 um. For the vacuum-
drying technique, a macroporosity is observed for smaller
pore accesses around 0.05 pm with a lower peak intensity.
The results also show that, for freeze-drying, no capillary
pore access is detected. The pore accesses that can be
associated to outer C-S-H are localised around 0.02 pm,
whatever the drying method. Finally, it was observed that
the residual peak related to the nanoporosity (around 0.003
pm) and corresponding to inner C-S-H is larger after
vacuum-drying and freeze-drying.

As a conclusion, oven-drying at 60°C and 105°C gen-
erates a large porosity that can be associated to the capillary
domain (macroporosity). This porosity is less significant
with the vacuum-drying technique and is not detected with
the freeze-drying method. Previous studies [48,56] already

suggested that, during drying at 105°C (and 60°C), capil-
lary effects are associated with hydrostatic stresses generat-
ing damages that can alter the pore structure mainly by
rearranging the hydration products. In other words, it is
considered that the stresses related to surface tension of the
receding water menisci generate a collapse of some of the
fine pores and consequently an increase of the volume of
larger pores [38]. Cement hydrates desiccation is also
probably responsible for microcrack generation. During
sublimation operation, the solid phase (ice) is converted
directly into gas and thus freeze-drying method softens
capillary stress effects [30]. This result is quite important,
suggesting that the freeze-drying technique is a less dama-
ging method for hardened cement paste pore structure
investigation. However, it was observed that freeze-drying
provokes a greater alteration of fine pores related to inner
and outer C-S-H, above all in the nanoporosity domain
(inner C-S-H). This phenomenon could be related to
compressive stress (pore retraction) during freezing opera-
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Fig. 7. Comparison of MIP pore size distributions of CEM I paste (aged 28
months) and CEM V paste (aged 36 months), w/c 0.40.

tion and/or to mechanism operating during sublimation. It
should also be mentioned that the solvent replacement
drying technique proved to be less damaging for fine pore
size regions (nanoporosity). However, this method seems to
be more time consuming than freeze-drying. Konecny and
Naqvi [28] provided arguments that suggested that the
freeze-drying technique also preserved, to some extent,
the fine pore region. On the other hand, Feldman and
Beaudoin [21] carried out an extended comparative study
on the pretreatments to be applied to hardened cement
pastes for MIP test. The solvent exchange technique,
vacuum-drying with or without oven-drying, and predrying
at 11% relative humidity were investigated. They recom-
mended the use of the solvent replacement technique using
isopropanol as a suitable drying technique for such a
material. Unfortunately, the freeze-drying technique was
not studied in this work by the authors.

Similar interpretations can be drawn with CEM V
cement pastes pore structure. First, it should be recalled
that CEM V pastes are characterised by a higher porosity
(Table 3) and do not usually show any capillary porosity
(Fig. 7). As is also well known, hydration of CEM V
materials is only completed after several years while, for
CEM 1, complete hydration is reached within a few months.
Therefore, CEM V pastes should not be regarded as fully
hydrated materials.
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For CEM V pastes, a similar pore size distribution was
observed for oven-dryings at 60°C and 105°C. This type
of drying generates a capillary porosity located around
0.05-pm pore access. With the vacuum-drying method,
microporosity seems to shift to pore accesses around
0.03 pm, but in that pore access range it is unclear whether
we are still in the macroporosity domain or in the micro-
porosity domain (outer C-S-H). On the other hand, there is
no capillary porosity on pore size distribution obtained
after freeze-drying. Finally, as far as nanoporosity intensity
is concerned, the discrepancy between all the drying
methods is smaller than for CEM 1 pastes. Though the
effect of the various drying methods was quite similar for
both types of cement paste, the phenomena observed for
CEM V cement pastes could have been more significant
with more mature materials.

For concretes, only three types of drying methods were
compared: oven-drying at 60°C and 105°C and freeze-
drying. Concrete probes were oven-dried for 2—3 months
until stable mass loss was reached. Results obtained for
concretes are illustrated in Fig. 8 (cumulative intruded pore
volume) and Fig. 9 (differential intruded pore volume).
They show that concrete pore structure is deeply altered
by oven-drying. Similar pore size distributions were
obtained by recent studies for high-performance concrete
submitted to 105°C [57,58]. For CEM I concrete, exposure
to 60°C and 105°C lead to similar pore size distributions
and to the appearance of pore accesses located in the regions
between 0.2 and 0.02 pm (Fig. 9). This pore family was not
detected for freeze-drying. CEM V concrete pore size
distributions showed comparable phenomena with again
the development of a large capillary porosity after oven-
drying, above all at 105°C (Fig. 9). These results confirm
the great impact of oven-drying on concrete pore structure.
For concretes, there is an additional effect due to aggregates
for which thermal expansion may be very different from the
hardened paste one [59]. Data acquired with concretes
confirm that freeze-drying is a suitable pretreatment to
investigate the pore structure of cement-based materials by
MIP. For the concretes study, it can be added that a 1°C/min
heating rate does not significantly reduce the pore structure
damaging. In order to precisely identify the types of damage
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Fig. 8. Drying technique influence on CEM I (left) and CEM V (right) concretes cumulative intruded pore volume (w/c 0.43).
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Fig. 9. Drying technique influence on CEM I (left) and CEM V (right) concretes pore size distribution (w/c 0.43).

generated by the various drying techniques, complementary
works could be performed using image analysis. This
technique could provide useful information on microcrack-
ing quantification [60].

6. Conclusion

MIP tests performed after different drying methods on
various cement-based materials allowed to recall that much
attention should be paid to the choice of such a technique
for pore structure investigation. Porosity and pore size
distribution are essential parameters to describe materials
transport and mechanical properties. Chemical degradation
and mechanical models need the most complete—reprodu-
cible/meaningful—information on cementitious materials
microstructure. Experimental results obtained in this study
on CEM I and CEM V pastes and concretes showed that
oven-drying at 105°C leads to an overestimation of total
porosity. In such a condition, hydrates like ettringite and C-
S-H probably lose a significant amount of nonevaporable
water. Water porosity obtained through oven-drying at 60°C
and vacuum-drying were very close and probably allow to
estimate the total porosity more realistically. Total porosity
data obtained through freeze-drying proved to be similar.
For pore structure, mercury intrusion curves showed that,
globally, oven-dryings at 60°C and 105°C are responsible
for a large capillary porosity that can be attributed to
capillary stress, cement hydrates (ettringite, Afm, C-S-H)
desiccation and potential microcrack generation in relation-
ship with internal thermohydric stress. This pore access
class, located around 0.1 pm, is therefore associated with a
phenomenon that can be considered an artefact related to the
drying technique. Similar conclusion was reached for the
vacuum-drying technique. Oven-drying at such tempera-
tures is obviously an unsuitable procedure to preserve the
fragile microstructure of cement-based materials. Freeze-
drying is probably an interesting and adequate alternative
drying technique for the MIP investigation of cementitious
materials. This method does not introduce artificial porosity
in the capillary porosity domain. On the other hand, it was
observed that the threshold pore access diameter was sig-
nificantly lower with this technique compared to those

obtained with the other drying procedures. It was, however,
observed that this technique probably generates limited but
significant damages, related to thermomechanical stress in
the region (inner C-S-H porosity). Results obtained on
concretes confirmed the impact of oven-drying on pore
structure and suggested that freeze-drying is a suitable
procedure to be applied to the study of cement-based
materials pore structure using MIP. Additional works on
solvent replacement technique could be performed to com-
plete this study.
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