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Abstract

This paper forms the first part of a series. In this first part, a broad range of normal and high-performance (HP) hardened cement pastes and
concretes is studied under both laboratory and in-situ conditions.

Water vapour desorption—adsorption experiments are carried out by means of the saturated salt solution method on very thin specimens. The
effect of various parameters and in particular of the mix-composition is studied on the so-called water vapour sorption isotherms (WVSIs). It is
found that the presence of aggregates does not influence the curves. Likewise, the peculiarities of HP materials are highlighted: within the high
relative humidity (RH) range, significant lower water contents are measured than for normal materials, and large RH changes induce only slight
variations of water content. More generally, desorption isotherms can be partitioned in several ranges, which are influenced or not by W/C: a
unique partition is pointed out, valid for every material tested. Moreover, the hysteretic behaviour of the materials is investigated by plotting
scanning isotherms within various RH ranges and by performing first and second desorption—adsorption cycles. Furthermore, a pore structure
analysis is carried out from WVSIs. The bulk porosity accessible to water, the C—S—H “‘gel”’ porosity, the BET specific surface area, and the BJH
pore size distribution are thus assessed, along with the C—S—H “‘gel’” amount. In addition, a master curve is exhibited as regards the average
adsorbed water layer thickness vs. RH, for RH <63.2%.

Moisture profiles in structural elements exposed to various drying conditions in laboratory and in natural environments (RC test specimens and
bridge deck) are assessed by means of gamma-ray attenuation measurements. A perfect consistence is pointed out between the water contents
measured by this technique on 70- to 150-mm thick cylinders and those provided by the desorption experiments previously mentioned (on 1-to 3-mm
thick specimens). The very similar moisture profiles and the high degrees of liquid water saturation recorded in HP materials, whatever the mixture,
the age and the environmental conditions, confirm that these materials are weakly sensitive to environmental hygral changes within a broad RH range.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, the durability of reinforced concrete (RC)
structures is a main concern, since engineers have to take into
account the target service life (often over 100 years for many
civil engineering structures), when selecting concrete mixtures
and designing structures. Durability is determined by the
coupled action of various physical and chemical processes, such
as carbonation, chloride or sulphate ingress, freezing and
thawing cycles, as well as alkali—silica reaction. These
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processes are not only complex in nature but also capable of
evolving with time, especially over the long term. These
features make the durability difficult to quantify, and hence the
lifetime of RC structures difficult to predict.

Nevertheless, there is a widely recognized feature: these
various chemical and physical processes are all dependent on
moisture. Numerous examples can be found in the practice and in
the research works reported in the literature. As a matter of fact,
chloride ions require a liquid phase to penetrate and diffuse in
concrete. Conversely, the carbon dioxide gas requires on the one
hand a connected gas phase to penetrate and diffuse in the
material, since in the liquid phase the diffusion coefficient is 10
smaller (10~ '% against 10 ®* m? s™' in gaseous phase). On the
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other hand, the presence of a liquid phase is needed for the
carbonation chemical reactions themselves, since dissolution of
Ca(OH), and CO, is required prior to the reaction, which
involves the ionic species Ca®" and CO3 . This last feature results
from the weak probability (for kinetic reasons) of occurrence of
the heterogeneous reaction involving directly solid Ca(OH), and
gaseous CO,. This yields the existence of a relative humidity
(RH) range, where carbonation is favoured (mid RH range,
according to [1-3], or high RH range, according to [4]). This has
in particular been applied for the development of accelerated
carbonation tests. Likewise, it is now well established that the
presence of water has a prejudicial effect with respect to various
internal concrete degradation processes. This has thus been for
example taken into account as a first-order engineering approach
in models accounting for the kinetics and the asymptotic
behaviour of the alkali—silica phenomenon [5], even if the
elementary mechanisms associated with water still remain to be
clarified. Note that the evaporable water content evolution in
concrete vs. time may have an internal origin (the so-called self-
desiccation due to cement hydration [6—8]) or/and an external
origin (exchanges with the environment, according to weathering
conditions). It generates respectively early-age shrinkage and
delayed (shrinkage and creep [9]) deformations, along with
associated cracking [10—12]. This shows that water solely
(without any other species) is likely to impair the mechanical
properties and the durability of RC structures. It can be concluded
that a correct understanding, prediction and improvement of the
behaviour and durability of RC structures unavoidably requires
the assessment of the moisture properties of the constitutive
cementitious material.

The previous analysis highlights that water vapour desorp-
tion and adsorption experiments can constitute an essential tool
with respect to RC durability issues. These experiments do
allow the assessment of:

e the so-called water vapour desorption and adsorption
isotherms (WVSIs), plotting the equilibrium mass water
content of the (hardened) material vs. RH, at a constant
temperature. These data are gas—liquid—solid equilibrium
properties and thus quantify the water—solid interactions. In
this case, the external RH is equal to the internal one (i.e. the
RH prevailing in the gaseous phase of the pore network of
the material), as the material is in thermodynamical
equilibrium with its environment. This curve is also called
integral moisture capacity. The desorption isotherm can be
translated into the capillary pressure curve of the material,
which plots the capillary pressure vs. the degree of liquid
water saturation, and which is involved as a state equation in
the modelling of moisture transport [13,14] and of associated
phenomena such as drying shrinkage [12,15], or in the
modelling of carbonation, for example [3,16,17]. In addition,
the adsorption isotherm can be translated into the adsorbed
water layer thickness curve, which plots the average
adsorbed water layer thickness vs. RH, similarly as the ““#-
curves’’ of non-porous adsorbents (see Section 4.4),

® the pore structure characteristics: bulk porosity accessible to
water, porosity of calcium silicate hydrate (C—S—H) “‘gel”’,

BET specific surface area, BJH pore size distribution,... (as
WVSIs reflect the pore system of the material), as well as the
C—S—H “‘gel’” amount (see Section 4.4),

® transport properties (permeability and diffusion coefficients,
as shown in the second part of the paper series [13]).

Basic physical mechanisms, such as molecular adsorption
(/desorption), capillary condensation(/evaporation), surface
tension, disjoining pressure,..., which are usually used to
analyse sorption data, depending on the pore size range, have
been studied for a very long time. In addition, not only
empirical formulas but also various physically-based models
have been developed worldwide on these bases to account
for adsorption isotherms, in order to understand the physics
of confined systems and to predict their behaviour. For
example, the BET model (derived from the statistical
thermodynamics of adsorption) within the low RH range
[18], and its numerous extensions (e.g. [19,20]), can be
mentioned. More recently, a thermodynamics-based model,
which introduces the concept of excess surface work of the
adsorbed layer, has been proposed by Adolphs and Setzer
[21]. One can also mention the Grand Canonical Monte
Carlo simulation study of argon adsorption and capillary
phenomena in silica nanopores of different morphologies and
topologies by Coasne et al. [22], where the authors also
discuss the validity of the BET and BJH methods.

Nevertheless, it is not so easy to find in the literature detailed
and comprehensive WVSI data on hardened concretes, and only
a few data are available on hardened cement pastes (hcps) or
mortars. This maybe results from the fact that the associated
experiments can be time consuming (or need sophisticated
apparatus to perform “quick’’ tests) and require very accurate
testing procedure and experimental conditions. As regards hcps,
some of the first results were published by Powers and
Brownyard in 1948 [23] and Feldman in 1968 [24]. Other
researchers have also more recently published data on this topic,
on heps [25-27], mortars [28—30] or even on ultra-high
performance concrete [31]. The first results obtained by the
author on heps and concretes were published in 1993 [32].

The present paper is devoted to the study of the hygral
behaviour of hardened cementitious materials and its relation to
pore structure, in both laboratory and natural environments. In
order to easily transfer the research work to the practice, the
purpose is here to:

® use tools as simple as possible,

® be in conditions as close as possible to that of concrete in
field conditions,

® provide data likely to be immediately and directly included
in physically and chemically based macroscopic models.

A broad range of normal and high-performance (HP)
cement pastes and concretes is studied, from hydrated
synthesised CsS to concrete mixtures actually used in bridges.
In this first part, WVSIs are measured and analysed. The
results deduced from WVSIs with respect to pore structure
characteristics are also analysed. The deduced results with
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Table 1
Mix-composition and main characteristics of the concretes
Series (cement) reference 1 2 3 4
Material reference B BO BH M25 B80-S M75-FS B30-A
Gravel (G) content (in kg.m °) (min/max grain size in mm) 1150 (8/16) 1192 (4/20) 1265 (4/20) 1007 (5/20) 980 (6/14) 1044 (5/20) 1075 (4/20)
Sand (S) content (in kg.m *) (min/max grain size in mm) 675 (0/2) 744 (0/5) 652 (0/5) 899 (0/5) 790 (0/4) 877 (0/5) 764 (0/4)
Cement (C) content (in kg.m ) 400 353 421 230 420 360 350
Silica fume (SF) content (in kg.mﬂ) 42.1 35 22
Water (W) content (in kg.m™ %) 180 152 112.3 193 147 136 175
Superplasticizer content (in kg.m™?) 7.59 7.28 12.0
Water-to-cement ratio (W/C) 0.45 0.43 0.27 0.84 0.35 0,38 0.50
Water-to-binder ratio (W/B) 0.45 0.24 0.84 0.32 0.36 0.50
Silica fume to cement ratio (SE/C) 0.10 0.08 0.06
Gravel-to-sand ratio (G/S) 1.7 1.6 1.9 1.1 1.2 1.2 1.4
Degree of hydration of the cement « (—) after sealed curing — 0.92° 0.75° - 0.75% 0.75% -

(age =6 months — I year)
28-day cylinder average compressive strength (in MPa) - 49.4 115.5 25.1 85.3 85.5 37.5

* Measured by thermogravimetric analysis.

° Mean value between XRD diffractometry and thermogravimetric analysis [33].

respect to transport properties are presented in the second part
of the paper series [13]. The similarities and the discrepancies
between the different materials are investigated, in particular
the influence of mix-parameters such as the water-to-cement
ratio (W/C). The possibility to assess intrinsic data and master
curves is explored. The hysteretic behaviour of the materials
and the effect of the test temperature are also studied.
Moreover, water vapour sorption data are used to explain the
long-term drying behaviour of test specimens and structures
exposed to various laboratory and natural environments.

2. Materials tested
2.1. Set of cement pastes and concretes studied in laboratory

Several cement pastes (referenced C, CP, CN, CO, and CH)
and concretes (referenced B, BO-AF, BO-SN, BO, BH, M25,
B80-S, and B30-A) with:

® various type-I OPCs (CEM I — 52.5, according to the EN
197-1 European standard),

® a broad range of water-to-cement ratios: W/C ranges from
0.20 to 0.84,

® possible incorporation of silica fume (SF): SF/C ranges from
0 to 0.10,

have been studied in laboratory.

The mixture proportions and the main characteristics of the
concretes and the cement pastes are summarized in Tables 1
and 2, respectively. The mixtures are separated in 5 series. For a
given series, the constituents (cement, silica fume, and aggre-
gates) are the same. The aggregates were dried before mixing.
The mineralogical composition, calculated by Bogue’s formula
from the chemical composition, and the Blaine fineness of the
cements used are given in Table 3. Some of the mixtures (CH,
BH, and B80-S) are HP materials: they are prepared with a low
W/C, with silica fume, and with superplasticizer. The silica fume
was added as dry powder. The chemical composition of the silica
fumes used and their BET specific surface area (measured by

nitrogen adsorption) are given in Table 4. Note that the mixture
B80-S has been used for the building of a bridge in France
(““Sens Bridge’”): the sorption experiments (see Section 3) were
therefore performed on specimens prepared from cores extracted
from the inner zone of this bridge.

The concretes BO-AF and BO-SN (series 2*) are not reported
in Table 1, since their constituents and mix-composition are
similar to those of BO (series 2). Only the cement (see Table 3)
and the initial water content are slightly different. The respective
W/C are 0.49 and 0.44. Moreover, a fully hydrated synthesised
C3S (W/C around 0.50) and a fully hydrated white cement (see
Table 3) paste with W/C around 0.55 (referenced PCB) have been
tested for comparison with the other materials. These materials
were prepared by means of a specific procedure (casting—
hardening—crushing—casting—compression), in order to favour
full hydration. For these materials, the degree of hydration of the
cement was estimated to be 0.98 on the basis of microscopic
investigations carried out before sorption experiments [35].

2.2. Concretes studied under in-situ conditions

Concretes M25 and M75-FS (HPC) from series 3 (see Table 1),
mixed with same constituents, have been studied under in-situ
conditions, in “Melun”” and ‘“Maurienne’’ exposure sites in
France (RC structural elements, see Section 5 and [37—39]). The
HPC of the deck of the “‘Ré Island Bridge’” (referenced B60-FS:
CEM152.5; W/C=0.38; SF/C=0.075 ; 28-day cylinder average

Table 2

Mix-composition and main characteristics of the cement pastes

Series (cement) reference 1 2

Material reference C CP CN CO CH

Water-to-cement ratio (W/C)

Water-to-binder ratio (W/B)

Silica fume to cement ratio (SF/C)

Degree of hydration of the cement® o (-) after —
sealed curing (age =2 years)

0.45 0.60 0.45 0.35 0.20
0.45 0.60 0.45 0.35 0.18

0.10
092 0.85 0.75 0.48

? Mean value between BSE-SEM image analysis and thermogravimetric
analysis [33-36].
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Table 3
Mineralogical composition and Blaine fineness of the cements
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Content (%)

Blaine fineness (m” kg ')

Series C5S C,S C5A C4AF gypsum CaCOs; free CaO Alkalis

1 39.3 35.5 9.7 7.1 6.2 0.52 0.76 Na,0=0.18 K,0=0.44 319
2 57.3 24.0 3.0 7.6 44 1.8 0.53 Na,0=0.43 K,0=0.43 317
2% 63.9 15.0 3.8 54 4.8 2.7 0.99 Na,0=0.19 K,0=0.26 320
3 57.6 17.8 2.2 12.6 6.2 2.0 0.71 Na,0=0.12 K,0=0.30 355
4 59.1 14.5 9.1 9.0 0.97 Na,0eq.=0.81 353
white cement 66.5 12.1 10.4 1.0 Na,0=0.07 K,0=0.07

compressive strength=68.0 MPa) has also been studied for
comparison (see Section 5 and [39]). Details on the mixtures, the
sites, and the RC structural elements or the bridge can be found in
the mentioned references.

3. Description of the water vapour sorption experiments

3.1. Experimental procedure: the saturated salt solution
method

Various methods can be used for the assessment of WVSIs:
the flow division method that mixes dry and saturated air, the
method altering temperature or pressure or both, the volumetric
method that isothermally changes the vapour pressure in a
vacuum system, and gravimetric methods [40]. Most of these
methods are rather used in chemistry and physics laboratories.
Here, water vapour desorption and subsequent adsorption
experiments have been performed by means of the saturated
salt solution method [28,33,41], which belongs to the
gravimetric type, at a constant temperature and at the
atmospheric pressure, on thin specimens of hardened cement
pastes and concretes (see [33] for more details).

The experiments consist in enclosing the specimens in sealed
cells (desiccators), where the relative humidity is kept constant
by means of a saturated salt solution (or silica gel), and in
submitting these specimens to step-by-step desorption and
subsequent adsorption processes (stepwise changes in RH). The
desiccators are laid in a thermo-regulated bath at 7=23+0.1 °C
(orin an oven at 7=444+0.1 °C, in the case of concrete BO-AF).
The desiccator volume is high enough, compared to the volume
and the number of specimens, in order that the specimen load
doesn’t disturb the ambience controlled by the saturated salt
solution and does not delay the set up of equilibrium. The total
gas pressure of the cell is not imposed. It is therefore assumed to
be equal to the atmospheric pressure during the whole
experiment. In the test conditions (0.1 °C temperature stability,
pureness of the salts used, early preparation of the solutions,...),
it can be assumed that the RH precision is 0.1%.

The mass water content of the specimens is determined by
weighing. After removing the small upper stopper of the
desiccator, each specimen is hung inside the desiccator from the
bottom hock of an electronic balance. The precision of the
balance is 0.001 g. Since the desiccator is not completely open
during the weighing procedure, its ambience and the specimens
themselves (as regards hygral state and occurrence of
carbonation likely to affect the results [28,33,42,43]) are only

slightly disturbed [33]. Each RH step lasts until moisture
“equilibrium’” is reached inside the specimen (see Section 3.5).
The mass water content (at “‘equilibrium’’ state) of the material
at the (constant) test temperature can thus be plotted vs. RH.

The saturated salt solution method is particularly suitable to
concrete specimens and to the study performed here. This is
probably the single method, which meets all the following
requirements:

® no external pre-drying (that might damage the microstructure),

® no constraint as regards the initial and final (RH) values of
the cycles and their magnitude (most of the other techniques
only work with previously dried out specimens), as well as
the number of cycles. It is therefore possible to investigate
drying-wetting cycles (so-called scanning isotherms) and the
hysteretic behaviour of the material within various RH
ranges (selected according to practical concerns),

® no constraint as regards the duration of each RH step,

® no constraint as regards the specimen size and mass, which
offers in particular the possibility to test concrete specimens
(most of the other techniques require finely crushed speci-
mens in small quantity, which can affect the results, see for
example [44] and Section 3.2),

e reliability over the very long term,

® simple test procedure and cheap set-up.

In addition, this method is often considered as a standard
(reference) method. Moreover, as this method provides
desorption and adsorption kinetics (relative mass variations
vs. time), it allows the assessment of additional parameters
useful for various durability issues (see for example [13,45]).
The fact that the saturated salt solution method is a dis-
continuous method can appear as a drawback. But this method
provides easily a dozen of (RH) plots, which prove to be
sufficient to draw, to fit accurately and to analyse the WVSIs, as
it will be illustrated in the next sections of this paper and in the

Table 4
Chemical composition and BET specific surface area (measured by nitrogen
adsorption) of the silica fumes

Content (%) SBET (N»)
2 —1
Series Si0; ALO; Fe;O; MgO MnO CaO Alkalis (m.g )
2 870 027 0.67 156 0.07 037 Na,0=0.70 17.6
K,0=2.35
3 96.0 0.18 055 0.65 013 022 Na,0=025 162
K,0=1.05
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second part of the paper series [13]. Finally, its single drawback
is the test duration (see Section 3.5). This explains that rapid
methods have been developed recently to assess WVSIs or
sorption kinetics [27,31,44].

3.2. Specimens

As regards the specimen dimensions, note that sorption
experiments don’t require to insure representativeness of
concrete, as aggregates don’t play any role in the sorption
process (see Section 4.1). Therefore, very thin specimens are
used here, in order to be able to reach “‘equilibrium’ (see
Section 3.5) in the test conditions. Most of the concrete
specimens are 3-mm thick slices, with a diameter within the
range 70—110 mm and a mass between 20 and 40 g, depending
on the mixture. Some thicker specimens were also tested
(thickness around 5 mm, and weight between 50 and 100 g).
Hcp specimens are 2- or 3-mm thick slices, with a similar
diameter as concrete specimens or a significantly smaller one
(25 mm), or crushed slices (0.8 <d <1 mm, where d is the mean
piece size) laid in stainless steel baskets. Crushing to smaller
sizes could induce artefacts [26,33,44]. The mass of most of the
crushed hcp specimens is around 8§ g.

3.3. Initial state and sorption sequences

The slices were wet sawed from cylinders, after sealed or wet
curing.

Stable materials, from a chemical point of view, are required,
in order to be able to quantify “pure’’ physical effects, not
affected by chemical reactions during the sorption experiments.
Except carbonation, delayed hydraulic or pozzolanic reactions
(in the presence of SF) are likely to change the microstructure
during the test and hence the WVSIs. For example, when young
cementitious specimens are exposed to drying (desorption) and
then to very high RHs (in the course of adsorption), delayed
chemical reactions can induce irreversible changes and
associated consequences such as a second desorption curve
which significantly diverges from the first one and an enhanced
hysteresis between desorption and adsorption [33,46]. This
phenomenon can occur even with mature materials under
certain circumstances, in the case of sealed curing. In order to
meet as far as possible in the test conditions the chemical
stability requirement, the sealed or wet curing lasted between 6
months and 1 year depending on the mixture, given the long
duration of the chemical reactions and of the water sorption
processes. At this time, very slow kinetics are expected for the
chemical reactions, due to the lack of water, available space (for
dissolution of reactants and precipitation of hydration products)
or unreacted cement amount, depending on the mixture, and a
very slight further evolution of the degree of hydration of the
cement is expected from this age, as illustrated in [33—36]. The
cement hydration (and pozzolanic) processes can therefore be
assumed as negligible for the whole duration of the desorption—
adsorption test, at least before re-exposure to RH >97% in the
case of sealed-cured materials. The degrees of hydration of the
cement, measured after sealed curing for some of the materials

tested here, are reported for a given age in Tables 1 and 2 as an
example (see [33—36] for other ages and the description of the
measuring methods).

The sorption experiments start here by a desorption process,
since in field conditions real concrete structures undergo
external drying from their virgin state (i.e. from the time
when the formworks are removed, after casting and curing).
Such a procedure provides in addition a first desorption curve
that is representative of the virgin material (i.e. without any
external pre-drying). Note however that the curing conditions
can influence (the high RH range of) this curve (possible self-
desiccation effects [6—8,36] or possible surface re-hydration in
particular in the case of crushed specimens since the crushing
process may increase the exposed surface of unreacted grains
[33]). The mentioned effects will depend on the mixture and on
the starting (RH) point of the first desorption. After this first
step-by-step desorption process, some of the materials were
submitted to a subsequent step-by-step adsorption process, a
second desorption process,... Various RH values were selected
as the starting points of the first and subsequent desorption and
adsorption processes. Thus, scanning sequences and desorp-
tion—adsorption cycles were performed within different RH
ranges and after various hygral histories. In particular, cycles
were performed within the high RH range, since 70% is the
average RH value for most of the environments of RC structures
in European countries. The purpose was to study the hysteretic
behaviour and the effect of various parameters within these
ranges.

3.4. “Dry”’ standard (reference) state

The choice of the “‘dry’’ reference state is of major
importance, as it is in particular used for the water content
calculations: a change in the method used to obtain this state
may induce large changes in the isotherms, as illustrated in [47],
where significant higher water contents were observed when the
heps were oven dried at 7=105 °C instead of dried by the
method used here (see below). Likewise, changes may be
recorded in the pore structure characteristics derived from
WVSIs (according to the method described in Section 4.4),
similarly as in the case of nitrogen sorption [48,49] or mercury
intrusion porosimetry (MIP) [50,51] results.

The ““dry’’ reference state is defined here as the “‘equilib-
rium’” state reached at RH=3% (at the test temperature) after
step-by-step desorption. On the basis of experimental results
obtained with M25, B80-S, CN and CO, when this “dry
reference state is used an average relative difference of 13.5%,
with respect to the water content obtained after oven drying at
T=105 °C, can be assumed. The specimens are laid in this case
in desiccators, which contain virgin silica gel. It is the lowest
RH the specimens are subjected to during the test. This choice
avoids submitting the specimens to any more or less controlled
drying process carried out in different conditions from that of
the isothermal desorption process carried out here (e.g. oven
drying at high temperature and in non-controlled RH condi-
tions). Here, the same temperature is maintained during the
whole sorption test, including the “dry”’ state. In addition, the
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drying method used here is milder than freeze-drying, than the
more conventional D-drying (in dry air at a dew point
temperature of —76 °C), than oven drying at 7=105 °C until
constant mass, or than equivalent ones. These last drying
procedures are more likely to remove strongly bound interlayer
water from the C—S—H, and therefore to induce collapse of
pores and modification of the stoichiometry and of the density
of the C—S—H [52,53].

Note that the choice of thin specimens, of avoiding external
pre-drying, of varying the surrounding RH slowly and
gradually, allows to significantly reduce cracking during the
sorption process.

3.5. ““Equilibrium’’ state and kinetic aspect

Each experimental plot of WVSIs must correspond to an
equilibrium state between the pore gaseous phase and the
environmental conditions (RH and temperature). To assess
valuable WVSISs, it is therefore necessary to take into account
the very slow kinetics of moisture transport in mesoporous
media such as cementitious materials, where the transport
process is further slowed down by water—matrix interactions.
Here, a so-called ‘“‘equilibrium’ state is assumed when the
specimen mass is stabilized for several weeks, at the precision
of the measurement (0.001 g). The time required to reach
moisture “‘equilibrium’” depends in particular on the specimen
thickness, the RH gradient, the hygral history and the mixture
[33,54-56]. Moisture “‘equilibrium’” was not reached before
several months in the 3-mm thick specimens tested here at the
atmospheric pressure. It has even been reached after more than
1 year in some cases [13,33,54] (see also [29]). Therefore, the
results presented in Section 4 are the results of several-year
experiments. If ““equilibrium’’ is not reached, WVSIs will be
wrong, as well as the pore structure characteristics eventually
derived from them. In some RH ranges the error can be
particularly significant. This is shown in [33] by the desorption
isotherms of CO, CH, BO and BH drawn after various durations
of the RH steps and by the deduced relative errors vs. RH with
respect to the values obtained at “‘equilibrium’’ (see also [29]).

a) concrete B (slices) and hcp C (crushed specimens)
(series 1; W/C = 0.45)

20 - —4—B(des.n°1) /é
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Hence, it is not relevant to select a priori the duration of the RH
steps, in particular if this duration has to be the same for each
step and every mixture.

Note that the kinetics would be faster, if the specimens were
exposed to pure water vapour in an automatic set-up or to
saturated salt solutions under low gas pressure instead of
atmospheric pressure. As a matter of fact, in pure water vapour,
no molecular water vapour diffusion according to Fick’s law in
the gas mixture can occur; the transport is controlled by the
total pressure difference (Darcy’s law) for both the vapour and
the liquid phases inside the material. Further, as the viscosity is
lower for the vapour phase than for the liquid phase, if a low
RH value is imposed at the boundary, the water vapour
transport according to Darcy’s law will be prominent. In this
case, the rate is significantly greater than that of moisture
transport in the presence of dry air at atmospheric pressure.
Vacuum or low gas pressure are also effective in preventing
carbonation. Nevertheless, they were not applied here, as the
aim was to analyse the actual moisture transport rates in
concrete (see Ref. [13]), and to deduce thereby the material
behaviour in natural environments.

4. Water vapour desorption and adsorption isotherms: link
between pore structure and moisture properties

4.1. Effect of the presence of aggregates and of the specimen
size: comparison hcp/concrete

The WVSIs obtained at 7=23+0.1 °C from the experiments
described in Section 3 on hcp C (crushed specimens) and
concrete B (slices), mixed with same cement (series 1) and with
W/C=0.45, are compared in Fig. la. The plots are the mean
values calculated from at least three specimens. Note that a very
good repeatability was observed on the measurements. In order
to allow a direct comparison between the results obtained on
concrete and hcp, the water contents are expressed here in
percentage per unit mass of “‘dry’’ (i.e. at ““equilibrium”’ state at
RH=3%) hcp contained in the material. Very similar isotherms
are obtained for the hcp and the concrete over the whole RH

b) concrete BH (W/C = 0.27 ; slices) and hcp CH
(W/C = 0.20 ; crushed specimens) (series 2 ; SF/C = 0.10)

14 | ——BH (des.n° 1)

—@—CH (des.n° 1)

49 4 —O—BH (ads. n° 1)

—0—CH (ads. n® 1)
1 -0 ---BH (ads. n° 1 from 54%)
-+ ---CH (ads. n® 1 from 44%)1
!

Mass water content (%)
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Fig. 1. Water vapour desorption and adsorption isotherms measured at 7=23+0.1°C on concretes and hcps, after sealed curing. The water contents are expressed in
percentage per unit mass of “‘dry” hcp contained in the material. The “‘temporary” end of the sorption experiments is marked.
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range. It can be concluded that the presence of aggregates does
not influence the WVSIs of hardened materials. This can be
explained by the fact that the void size range, where the
moisture equilibrium processes described by the isotherms take
place, is much smaller than the paste-aggregate interface
heterogeneities and the typical voids present in this zone.
Concrete and hcp textures, in the micro- and the meso-pore
ranges investigated by water vapour sorption processes, are
therefore identical (bulk cement paste pore structure).

Likewise, Fig. 1b shows that, for RH <44%, the WVSIs
of the hep CH (crushed specimens) and concrete BH (slices)
match perfectly. Therefore, within this RH range, the same
conclusion (as that from Fig. la) can be drawn, with respect
to these HP materials mixed with same constituents but
with different W/C (series 2): the presence of aggregates does
not influence WVSIs. Moreover, Fig. 1b reveals the range
of influence of W/C, which will be studied in details in
Section 4.4.

Furthermore, Fig. 1 highlights that specimen size, as well as
calibrated and moderate crushing (3-mm thick slices compared
to 1-mm crushed specimens), don’t influence the results.

4.2. Hysteretic behaviour

The WVSIs obtained at 7=23+0.1 °C on normal hardened
concrete B (slices) and hep C (crushed specimens) from series 1,
on normal hardened concrete BO (slices) and hcp CO (crushed
specimens) from series 2, and on HP hardened concrete BH
(slices) and hcp CH (crushed specimens) from series 2, are
displayed in Fig. 2. Each plot of the curves is the average of
experimental values obtained on at least two specimens. In
addition to the 3-100% first adsorption isotherm, first
adsorption curves, which start from various RHs (RH=12%,
33%, 44%, 53.5%, 63.2% or 71.5%, depending on the material),
are also plotted in Fig. 2 (scanning isotherms). For some
materials, the beginning of the second adsorption isotherm from
RH=3% is also displayed. Likewise, second (or third)
desorption curves, which start from RH=100%, 97% or
90.4% after various hygral paths (i.e. desorption—adsorption
sequences), are presented. In particular, cycles performed
within the RH range [44% ; 100%] are shown.

The results exhibit an hysteresis between desorption and
adsorption, extending over the whole RH range, whatever the
mixture. This hysteresis is more significant within the mid-
range. Within this range, the capillary condensation and
evaporation, according to the well-known Kelvin equation
with the assumption of constant gas pressure (equal to the
atmospheric pressure), is assumed to be the mechanism which
governs the thermodynamic equilibrium between water in
liquid and gaseous phases in a pore. Therefore, the Van der
Waals loop of a confined fluid, whose shape is affected in
particular by the degree of constriction of the pores [22], the
“inkbottle effect’’, as well as the possible different liquid-
vapour interface shapes (curvatures) and more roughly speaking
a different pore filling between desorption and adsorption, are
usually assumed to explain the hysteresis observed within this
range with various fluids and various porous materials. Within

the low RH range (in particular when RH < 33%), the hysteresis
between first desorption and adsorption is drastically reduced
(see Fig. 2), as a result of the reduction of the previously
mentioned phenomena. According to Feldmann [24], irrevers-
ible phenomena linked to the removal of interlayer water (i.e.
strongly bound to the C—S—H, see Section 4.4), which induce
simultaneous collapse of the pore structure (in particular for
RH=10-20% [53]), can explain the hysteretic behaviour
observed within this low RH range and observed only in the
case of water. As a matter of fact, no hysteresis occurs within
this low RH range with inert gas such as nitrogen (see for
example the nitrogen adsorption—desorption isotherms mea-
sured after vacuum outgassing by Baroghel-Bouny with the
heps C, CO and CH in [33], or the data published in [49]). The
described phenomena are usually assumed to yield irreversible
shrinkage and change in the C—S—H “‘gel’’ structure. Note that
here the hysteresis between first desorption and adsorption is
particularly reduced within the low RH range, as the drying of
the specimens is mild (desorption at RH=3% and at 7=23+
0.1 °C, see Section 3.4). The hysteresis between first desorption
and adsorption can be further reduced by a moderate increase in
the test temperature (see later). Note in addition that the uptake
of molecules through pore openings of about the same width as
that of the adsorbate molecules (see Section 4.4) is likely to
induce irreversibility [40]. The multiple-sized inkbottle pores,
involved in the model proposed by Jennings et al. [53,57], can
also explain the hysteresis recorded within the whole RH range
on the WVSIs (and on length change and modulus), as well as
the differences recorded between nitrogen and water sorption
data. Furthermore, it is worth reminding that kinetic effects,
which complicate and delay the establishment of equilibrium,
can also contribute to enhance the hysteresis [33] over the whole
RH range and more particularly in the mid-range where
moisture transport is the slowest according to [29,33,54—56]
(see Section 3.5).

As expected, the initial point and the hygral path (i.e.
moisture history) influences the (residual) “‘equilibrium’’ water
content recorded. Nevertheless, Fig. 2 shows that for every
material, the various first adsorption curves to 100%, whatever
their starting point, reach the first 3%—100% adsorption
isotherm. In addition, after the second desorption, the first
desorption mass at RH=3% seems to be restored (at least for the
few data already available) and the second adsorption isotherm
from RH=3% overlays the first one (see e.g. Fig. 2a and e). The
first 3%—100% adsorption isotherm can thus be regarded as the
“boundary’’ adsorption isotherm. Note that irreversibility in the
mass in the dry state can be recorded when stronger drying is
carried out [26]. Moreover, for every material, the second (or
third) desorption isotherm from RH=100% overlays the first
100%—3% desorption one (‘‘boundary’” desorption isotherm),
at least above RH=44%. Below this RH, the second desorption
curve is shifted upwards, compared to the first one, for normal
materials, revealing an enhanced hysteresis when the second
adsorption isotherm from RH=3% is available. When starting
below RH=100% (i.e. here at RH=97% or 90.4%), the second
desorption curves remain under the ‘“‘boundary’’ desorption
isotherm and reach it at about 44%. The saturation state of the
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Fig. 2. Water vapour desorption and adsorption isotherms and scanning isotherms within various RH ranges, measured at 7=23+0.1 °C on various concretes and hcps
after sealed curing, and at 7=44=+0.1 °C on concrete BO-AF after wet curing. The ‘“‘temporary” end of the sorption experiments is marked.
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pore system (i.e. the pore filling with the liquid phase) at the
starting point is indeed not as complete as in the initial state and
the desorption is thus likely to be different within the whole
capillary range. Therefore, cycles (scanning loops) performed
within the “‘equilibrium’” RH range [44% ; 100%] (i.e. within
the capillary range, see Section 4.4.3) remain inside the area
delimited by the ‘“‘boundary’ desorption and adsorption
isotherms. The existence of such ‘“boundary’’ isotherms is
therefore of great practical interest. After a whole desorption—
adsorption process, the initial water content at RH=100%
seems to be restored, even if the difficulties to assess an
“equilibrium’” state at this RH by the method used here induce
some variability in the mass recorded. This means that the
overall pore volume is not changed. The difficulties result from
the high sensitivity of the process to temperature at this RH,
which induces non-stable condensation—desorption phenome-
na, and from the occurrence of macro-condensation. The range
95—-100% is indeed often regarded as a transition zone between
the hygroscopic and over-hygroscopic ranges. As a matter of
fact, above RH=99%, water movements in ‘‘big’’ pores are
involved (rl,,>102 nm, according to Kelvin equation). More
generally, whatever the path and the RH range, when a complete
cycle (loop) has been performed, the initial point on the
“boundary’’ isotherm is rejoined (see for example the 100%—
33%, 100%—71.5%, 97%—63.2%, 100%—12%, and 90.4%—
44% loops in Fig. 2a, ¢, d, e, and f, respectively). These results
are in accordance with those published earlier by Feldman [24].

The WVSIs obtained at 7=44+0.1 °C on normal concrete
BO-AF (slices) are displayed in Fig. 2g (mean values calculated
with at least two specimens). The available data (first desorption
and beginning of first adsorption isotherms) do not exhibit any
hysteresis in the low RH range. According to the literature
[20,26,81], a temperature rise, such as from 7=23+0.1 °C to
T=444+0.1 °C, induces a slight shift towards the lower water
contents of both the desorption and adsorption isotherms over a
broad RH range (more significantly for the desorption
isotherm). Analytical formula have been proposed to describe
this effect (as a result of the temperature dependency of the
surface tension, the density of liquid water and the saturating
vapour pressure). However, pure thermodynamic temperature
effects are not sufficient to explain the coincidence between
desorption and adsorption curves displayed in Fig. 2g. Another
affect has to be regarded: from a thermodynamic point of view,
the inkbottle effect is a “metastable’” state. This means that
hysteresis is likely to be reduced after a long period of time
(which will depend on the RH range and on the test
temperature), and will tend to vanish after an ““infinite’” period
of time. Since a temperature rise drastically increases the rate of
water vapour and dry air diffusion, as well as of Darcean liquid
transport, and hence of desorption, it will favour dissipation of
inkbottle effect and obtaining thermodynamic equilibrium. This
yields a desorption isotherm closer to the adsorption one (which
is slightly affected by temperature). Data at 7=23+0.1 °C on
exactly the same material are not available, but a comparison of
the BO-AF results with those obtained at 7=23+0.1 °C with
other materials with W/C in the same range (see Sections 4.3
and 4.4) confirms that the coincidence of the desorption and

adsorption curves probably results from a more significant shift
towards the lower water contents of the desorption curve when
the temperature increases. Of course more data are needed to
confirm this aspect, and the exposure time required for the
hysteresis to disappear within the whole RH range is not
accessible for practical applications. Nevertheless, this analysis
points out the importance of kinetics effects and reveals the
hysteresis as a ‘‘short-term’> phenomenon. This tends to
confirm the nature and the reversible feature of the processes
(e.g. inkbottle effect).

Differences between first and second desorption isotherms
have already been reported in the literature and are attributed in
particular to a significant instability of the pore structure during
the first desorption [24,53,55,56,58]. For example, Feldmann
[24] recorded a coarsening of the pore structure. According to
Jennings et al. [53,57,58], drying causes re-structuration of low
density (LD) C—S—H and more precisely their collapse below
RH=40%, as well as conversion of loose-packed (LP) C—S—H
to LD C—S—H. The authors explain, on the basis of a colloidal
description of the C—S—H (see also Scherer [59]), that drying
enhances the chemical ageing, which means the C—S—H particle
bonding over time, increasing the degree of polymerization of
the silicate chains and changing “‘irreversibly’” the C—S—H in
stiffer, stronger and denser ones. The second and subsequent
desorptions are usually found similar. Thus, the pore structure
obtained after first desorption is usually considered as more
stable and the second desorption more representative of this
pore structure [56]. In addition, the second desorption curve can
be preferred within the high RH range, as it is less affected by
self-desiccation, etc.

The experimental results obtained here confirm the
microstructural changes. More precisely, the higher water
contents measured during the second desorption in the low
RH range (in particular between 33% and 12%) indicate that a
collapse took place during the first desorption, and that the
resulting water amounts retained in the material after
adsorption and second desorption (enclosed in the compressed
C-S-H ‘‘gel’’) were not able to be removed unless re-
exposure to RH=3% (i.e. when pores with very small
openings could be desorbed). In a way, the first desorption
to RH=3% (and its associated ‘“‘irreversible’’ shrinkage) has
extended the inkbottle effect to the low RH range (compare
the different shape and magnitude between first and second
hysteresis loops in Fig. 2). However, the difference between
first and second desorption isotherms depends greatly on the
material. The negligible difference observed even within the
range RH <44% in the case of BH and CH (see Fig. 2e and f,
respectively) can be explained by the fact that these materials
contain a very small capillary pore volume and a very small
amount of LP/LD C—S—H (they are mainly constituted of HD,
i.e. high-density, C—S—H, see Section 4.4).

However, it seems that the changes recorded here at room
temperature and on mature materials, are only temporary, rather
than “‘permanently’’ irreversible, changes, as illustrated in
particular by the restoration of the first desorption mass at
RH=3% and by the fact that the second adsorption isotherm from
RH=3% overlays the first one. This conclusion with respect to the
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Fig. 3. Comparison between water vapour desorption isotherms of normal and HP materials, measured at 7=23+0.1 °C and at 7=44+0.1 °C (BO-AF). The water
contents are expressed in percentage per unit mass of ““dry” hcp contained in the material.

reversibility is of primary importance for the understanding of the
mechanisms and the modelling of moisture transport, drying
shrinkage or creep. Furthermore, all of this confirms the validity
and the repeatability of the measurements and their ““intrinsic’’
feature, as already pointed out by previous data obtained by the
author [33]. These results show a posteriorithat neither continued
progress of the hydration reactions nor chemical alteration (e.g.
carbonation) affected in a significant manner the equilibrium
properties of the material during the test, in spite of its long
duration (several years).

4.3. Comparison between normal and HP materials

Since various grades of normal concretes (from the porous
M25 to the dense BO), as well as HPCs (BH and B80-S) are
tested here, the moisture properties of these various materials can
be compared, in particular that of the normal and HP concretes.

The water vapour desorption isotherms (WVDIs) obtained
with the normal (BO-AF, BO-SN and CO) and HP (BH and
CH) hcps and hardened concretes from series 2 and 2* are
compared in Fig. 3a. Likewise, the WVDIs obtained with the
low-grade concrete M25 and the HPC B80-S from series 3 are
compared in Fig. 3b. Here again, the isotherms are identical at
least for RH <44%. But a large difference is recorded between
normal and HP materials above this range. Note that the
difference recorded when the measurements are performed at
7=44+0.1 °C is not very significant (see Section 4.2).
Figs. 1b and 3 exhibit the peculiarities of HP materials as
regards their moisture properties within the high RH range.
Significant lower water contents are measured for HP mate-
rials than for normal materials. Moreover, large RH variations
induce only slight changes in water content for HP materials
(see for example in Fig. 1b the scanning isotherms carried out
within this range, and also [31]). This is the result of a low W/
C and of incorporation of SF, and will be discussed in more
details in Section 4.4. Furthermore, if the WVDIs are plotted
as S1=Si(RH), where S; is the degree of liquid water satura-
tion, it becomes obvious that, at a given RH, a significantly
larger portion of the pore volume of the HPCs (see BH
and B80-S in Fig. 4), compared to that of normal concretes,

is filled with the liquid phase (see also Section 5). In Fig. 4,
S <1 at RH=100%, since the bulk porosity accessible to water
measured by hydrostatic weighing [60], and which is slightly
larger than that deduced from WVDIs for the considered
concretes (see Section 4.4.5), has been taken into account in
the computation of S).

All of'this indicates that HP materials will be weakly sensitive
to environmental RH changes (weathering variations) within a
broad range (see Section 5). In particular, it can be deduced from
the WVSIs that HPCs will display reduced moisture losses and
deformations associated with external drying at RH > 50% [61].
This will influence the durability-related properties of these
materials. In addition, these results are particularly useful for
explaining the behaviour of structures submitted to daily and
season fluctuations in natural environments, where the average
conditions are most of the time within this range.

4.4. Analysis of desorption and adsorption isotherms and
relation to pore structure

4.4.1. Relevance of the analysis

In the course of water vapour desorption—adsorption pro-
cesses, hardened cementitious materials undergo simultaneous
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Fig. 4. Comparison between water vapour first desorption isotherms, plotted as
Si vs. RH, of normal and HP concretes (series 2, 2* and 3), measured at 7=23+
0.1 °C.
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rp: pore radius
re: Kelvin radius
t : adsorbed layer thickness

Fig. 5. BJH model: co-existence of “‘capillary’’ and ‘“‘adsorbed’ phases in
cylindrical pores.

volume changes likely to affect a pore structure analysis
performed from WVSIs and to yield a misleading description.
Nevertheless, the relation of water to cement-based-material
behaviour and durability, along with the origin itself of the
porosity of these materials, make the water molecule the ideal
probe for the investigation of their pore structure in relation to
actual macroscopic behaviour. In addition, a comparative
investigation between for example different mixtures will
remain valid in any case and particularly useful. Therefore, a
pore structure analysis has been performed here from the
experimental WVSIs discussed in this paper.

4.4.2. Pore size distribution in the mesopore range (BJH
calculation)

The BJH method proposed by Barrett, Joyner and Halenda in
1951 [62] allows the determination of the pore size distribution
in the mesopore range (pore openings between 2 and 50 nm,
according to TUPAC classification [40]) and in the micropore
range (openings <2 nm [40]) investigated by sorption
isotherms. The main assumption of this method is the co-
existence of “‘capillary’” and ‘‘adsorbed’’ (water) phases in
cylindrical pores (see Fig. 5). The iterative computation is based
on the step-by-step analysis of the desorption curve. Desorption
at a given RH corresponds to (see Fig. 5) [40,62]:

e removal of water condensed in pores, whose radius 7,(RH)
takes into account the capillary pore space governed by
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Kelvin equation (Kelvin radius r) and the adsorbed
multimolecular water layer (thickness #, see Section 4.4.4),

® decrease of the adsorbed water layer thickness, in pores with
radius>r,.

Owing to greater experimental difficulties, this method has
been less often used with water vapour (at room temperature)
than with nitrogen gas (at 7=77 K). The BJH model can appear
far from the actual microstructure of cementitious materials, in
particular when compared to the sophisticated models currently
developed to describe this microstructure. Nevertheless, the
BJH method remains relevant and useful at least for
comparative studies. In addition, it is worth noting that in a
recent paper, Coasne et al. [22] highlighted a rather good
agreement between their model and the BET method (see
Section 4.4.4) in the case of a pore with constriction. As regards
the BJH method, they found that the geometrical pore size is
underestimated in particular when the pore size decreases, but
that the main features are kept.

The BJH method has been applied here with the “‘t curve”’
proposed by Hagymassy et al. in [63] (see Section 4.4.4).
Examples of pore size distributions then obtained on hcps C,
CO and CH, and on concretes B, BO and BH, are displayed in
Fig. 6 [32,33,64]. The graphs exhibit a main pore mode, the
maximum of which is located identically for all the mixtures at
7, ~ 1.7 nm. This value is in agreement with the results obtained
with nitrogen by automatic apparatus at 7=77 K on hcps C, CO
and CH (r,~1.7 nm, see Fig. 7), and is not very different from
those obtained by thermoporometry (DSC) on hcp C
(r,~2.2 nm, see [33]). This result is also in agreement with
the literature, where a pore mode located at r,=1.8 nm is
usually described. In addition, it is observed that the bulk C—S—
H *“‘gel” pore volume is associated with r, <5 nm (i.e.
RH <76%, according to BJH calculation).

The peculiarities of HP materials, highlighted in Section 4.3
as regards moisture properties, reflect their peculiarities as
regards the pore network. The WVSIs of these materials (as well
as the MIP results [65]) depict a very fine pore network: as a
result of a low W/C and the use of SF, a very small pore volume
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Fig. 6. Pore size distributions in the mesopore range (BJH calculations) from water vapour sorption isotherms measured at 7=23+0.1 °C.
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Fig. 7. Pore size distributions in the mesopore range (BJH calculations) from
nitrogen sorption isotherms measured on heps C, CO and CH by automatic
apparatus at 7=77 K (age=1.5 year), after vacuum outgassing.

is associated with r,>2 nm (see Fig. 6), which corresponds
with RH > 50% according to BJH calculation, and which means
in particular a very small capillary porosity. More precisely, the
significant pore volume displayed for normal materials within
the range 2<r, <5 nm (maximum located around 3 nm) is
lacking in the pore size distribution of HP materials. Therefore,
a very small pore volume is involved in the wetting—drying
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processes above RH=50%, likely to occur in various natural
environments.

Similar results are found for concretes and heps (see Fig. 6).
This confirms that BJH calculations from WVSIs allow an
accurate description of the nanostructure (e.g. C—S—H ““gel”’ pore
structure) from hcp as well as concrete specimens, and can for
example complement MIP data [66]. This point is of importance,
since it is more often concrete mixtures that one needs to
characterize than hcps, but very few physical or chemical
techniques allow a direct analysis of concrete specimens.

As far as cementitious materials are concerned, water is
hardly replaceable by other molecules. Nitrogen, argon or
oxygen could be easier to use and provide useful data (see e.g.
[48]), but are not suitable to characterize the entire pore
structure of these materials. As a matter of fact, the measure-
ments carried out with nitrogen on heps C, CO and CH provide
a pore volume that drastically decreases with W/C within the
range 1 <r,<2 nm (see Fig. 7). In particular, the volume
measured with the high-performance CH is very small. This
“irrelevant’” finding (see Section 4.4.6), as well as an under-
estimated specific surface area [33] (see Section 4.4.4), are the
result of at least the bigger size and the lower affinity for the
cement matrix of nitrogen molecules than water molecules, and
certainly of inappropriate drying and outgassing, which do
reduce the accessibility to the entire pore system in particular in
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Fig. 8. Water vapour desorption isotherms measured at 7=23+0.1 °C on various materials, and correlation between ‘‘equilibrium’’ mass water contents at RH=90.4%
and W/C for all the tested materials. The water contents are expressed in percentage per unit mass of ““dry” hcp contained in the material.
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the case of dense HP pastes [33,48,52,53,67]. The difference in
thermal energy of adsorption between the two types of
experiments can also significantly influence the results.

4.4.3. Effect of mix-parameters on desorption isotherms

The effect of mix-parameters and in particular of W/C on the
“equilibrium’” moisture properties can be deduced from the
WVDIs displayed in Fig. 8a and obtained on various hcps and
concretes. A relevant partition of the isotherms is highlighted,
identifying several RH ranges regardless of the material, where
the “‘equilibrium’” water contents are affected or not by W/C (or
other mix-parameters). These RH ranges are based on the BJH
pore size distributions given in Fig. 6 and on the pore system
description proposed by the author in [33]:

®For RH>76%: prominent influence of W/C (“‘pure’
capillary range: r, =5 nm)

When W/C decreases, the capillary porosity is reduced and
the pore network becomes finer ; the less porous the material,
the lower the “‘equilibrium’” water contents. This is mainly W/C
which determines the ““equilibrium’” desorption water contents
within the high RH range (wide spreading of the curves). As a
matter of fact, a linear relationship is pointed out between
“equilibrium” first desorption water contents at RH=90.4%
and W/C (see Fig. 8b) for the various heps and concretes tested,
whatever the cement, the test temperature, the age and the
curing conditions,

ofor 50%<RH<76%: mitigated influence of W/C and
other mix-parameters (SF)

No linear relationship with W/C can be exhibited. WVDIs
are still influenced by W/C, but this effect is reduced and is no
more the single one (see also [33]). This can be explained by the
fact that within this range water from the pores between the C—
S—H *‘gel”’ clusters (2 <7, <5 nm, according to BJH calcula-
tions, see Section 4.4.2), more precisely between outer C—S—H
products (or between LD C—S—H, according to the model from
Jennings et al. [53,57,58]), is removed by the desorption process

a) first adsorption isotherms. Some of the plots (M25,
CP, BO-AF, BO-SN, CN and B80-S) have not yet
reached RH = 100%, since the tests are not finished
25

—e—CH
——BH
——B80-S
_._gg
+
—m—BO-SN
CN /
_._g
BO-AF (44°C)
CP

—A—M25

no
o
s

o
L

o
s

Mass water content (%)
o

0 20 40 60 80 100
Relative humidity (%)

V. Baroghel-Bouny / Cement and Concrete Research 37 (2007) 414—437

[33,64,65]. The difference recorded between the various
WVDIs as a function of the mix-composition seems in
accordance with the characteristics of the C—S—H, in particular
the relative proportion of LD C—S—H, in the material. For
example, the flat WVDI and the very small pore volume
recorded within this range with CH denote a very small amount
of LD products. This finding is in agreement with the C/S
results [36] and the morphological features [33,65] revealed by
microscope investigations and reported in previous papers by
the author (see also [68]). In CH, the C—S—H are mainly dense,
amorphous and featureless products (i.e. type III and IV or HD
C—-S—H, depending on the terminology/model used). When
observed by BSE-SEM, CH appears as a two-phase ‘“homoge-
neous’’ material, which is composed of unreacted cement grains
and dense C—S—H [33]. No distinction can be made in this case
between inner and outer products. Conversely, outer C—S—H
products, which are fibrous, rather well developed (type I) and
reticulated or honeycomb ones (type II), are easily observed in
normal materials. This is also quite consistent with the model
proposed by Jennings et al., which states that 50% of the
products are LD C—S—H and 50% are HD C—S—H in mature
materials with W/C around 0.40, and that more LD C-S—-H
form at higher W/C [53,57,58]. Note that the same W/C
threshold has been pointed out in [36], with respect to various
microstructural characteristics (in particular that of the C—S—H)
and macroscopic properties. Such a peculiarity of HP materials
like CH can be attributed to the small space (as a result of the
initial spacing between particles) and amount of water available,
and maybe to the specific chemical composition of the liquid
phase induced by the presence of silica fume,

®For RH<50%: almost no influence of W/C (except in the
case of very high W/C) or other mix-parameters

The WVDIs are very similar for all the materials tested. This
finding illustrates that, within this range, moisture equilibrium
takes place in a pore structure (7, <2 nm, according to BJH
calculations, see Section 4.4.2) not affected by mix-parameters:
the pores internal to the C—S—H ‘‘gel’’ clusters (more

b) mass water content at RH = 33% vs. BET specific
surface area (in m2 per g of "dry" hcp)
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Fig. 9. Water vapour first adsorption isotherms measured at 7=23+0.1 °C and at 7=44+0.1 °C (BO-AF) on various hcps and concretes (series 1, 2, 2* and 3;
0.20=<W/C<0.84; 0<SF/C<0.10), and correlation between ‘“‘equilibrium’’ mass water contents at RH=33% and BET specific surface area accessible to water
molecules. The water contents are expressed in percentage per unit mass of ““dry” hep contained in the material.
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particularly the inner and HD C—S—H). The very slight shift
observed as a function of the mix-composition can be attributed
to the different C—S—H amounts (see Fig. 12b in Section 4.4.4).
In particular, the highest water contents are obtained for the
materials which display the highest C—S—H amounts, as a result
of a very high W/C (CP, M25), or of a medium—low W/C with
SF (B80-S). The smallest pores (so-called intra-crystallite pores,
interlayer pores or nanopores internal to C—S—H globules) are
also involved within this range, more exactly below
RH=22.8%.

Figs. 3a, b, 8aand c (Fig. 8c is a selection from Fig. 8a, which
includes only the heps CP, CN, PCB and the hydrated synthesised
C;9) illustrate how similar can be the WVDISs, in particular within
the range RH <44%, whatever the cement (even in the case of
plain C5S) and the casting process. This highlights the same
arrangement of the C—S—H ““gel’” clusters and confirms the high
degree of repeatability of the measurements.

4.4.4. Analysis of adsorption isotherms — assessment of
specific surface area, C—S—-H ‘‘gel’’ amount and adsorbed
water layer thickness

A similar type of analysis as in the previous section can be
performed with the adsorption isotherms displayed in Fig. 9a
(various heps and concretes from series 1, 2, 2* and 3 with 4
OPCs CEM I — 52.5 ; W/C ranging from 0.20 to 0.84 ; SF/C
ranging from 0 to 0.10). Note that the experimental values lie
within the same range as that of the data recently published on
heps in [26] (W/C=0.35, 0.45 and 0.50) or in [27] (W/C=0.30,
0.40 and 0.50). A linear variation as a function of RH is
observed within the low RH range, from RH=12%.

4.4.4.1. Specific surface area. The determining influence of
the specific surface area on the adsorption isotherms is pointed
out within the low RH range (see Fig. 9b). Here, the specific
surface area accessible to water molecules (SgrT) of the heps
and concretes tested has been calculated within the low RH
range of the experimental water vapour adsorption isotherms
(WVAIs) by the BET method proposed by Brunauer, Emmett
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and Teller in 1938 [18], which assumes that the fluid covers
uniformly the pore walls (see also [33,40,66]). The Sgrt values
range from 80 for CH (degree of hydration o0=0.48, see Table 2,
and SF/C=0.10) to 143 m* g~ ' for CP (2=0.92). Note that for
concretes, the values are given in m? per g of “dry” hcp
contained in the material.

The orders of magnitude of the experimental results found
here are in agreement with the literature: for a fully hydrated
cement paste, Sggpr(Water vapour adsorption) values between
100 and 200 m* g~ ! have been reported [21,23,24,67,69-71].
The results published as regards proton nuclear magnetic
resonance ('H NMR) seem also in agreement [52,72]. Note in
addition that, more generally, specific surface areas (measured
by N, adsorption, MIP, small-angle X-ray or neutron scattering
SAXS-SANS, or NMR) range between 80 and 300 m* g ',
according to [52]. It can also be deduced from the literature that
the ratio Sy(SAXS-SANS)/S¢ger(Water vapour adsorption) is
around 1.5 [52,73,74].

The C—S—H ““gel”” amount, which is a function of the binder
content, the degree of hydration of the cement (hydraulic
reaction) (and hence the W/C) and the pozzolanic reaction,
determines the specific surface area (see Fig. 10 and [64] or [66]).
In particular, authors have published data exhibiting a linear
relationship between specific surface area and degree of
hydration for plain cementitious materials (see e.g. Ref. [72] in
the case of NMR-based specific surface area, and see also
Fig. 10b). Therefore, similar BET specific surface areas are found
for CO (resp. BO) and CH (resp. BH) with silica fume, despite a
lower W/C (i.e. degree of hydration) for CH (resp. BH), as
illustrated in Figs. 9b and 10. Likewise, similar and high BET
specific surface areas are found for CP and M25 (high W/C) and
B80-S (high binder content, medium—low W/C with silica fume)
(see Figs. 9b and 10). From Fig. 10b, it is possible to deduce for a
hep like CH its ““‘equivalent’” degree of hydration (i.e. the degree
of hydration of a SF-free hcp with same specific surface area and
thus same C—S—H “‘gel’”” amount): =0.73. The same type of
calculation can be carried out for BH and B80-S («=0.77 and
a=0.88, respectively). It can be deduced from all of this that
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Fig. 11. C—S—H “‘gel”” amounts deduced from the experimental water vapour
adsorption isotherms measured on hydrated synthesised C3S, heps and concretes
(series 1, 2, 2* and 3; 0.20<W/C<0.84 ; 0 <SF/C <0.10). Comparison with
the amounts computed by means of an analytical hydration model.

the “‘equilibrium’” water amounts adsorbed (at least within the
range RH <44%) will be also linearly related to the C—S—H
“gel”” amount, as it will be illustrated later. This explains the
differences between the various materials displayed in Fig. 9a.

4.4.4.2. Assessment of C—S—H “‘gel’”’ amount. 1t is difficult to
measure directly the C—S—H ““gel’” amount by usual chemical
techniques, owing to the low crystallinity and the variable
composition (stoichiometry) of the C—S—H. In addition, the
computation of this amount by means of hydration models is not
easy when the material contains supplementary cementing
materials. Yet, its determination is required in numerous cases,
such as modelling of carbonation or of chloride binding in
concrete [3,75].

It can be deduced from the observations previously mentioned
that this amount can be assessed through adsorption data, by
using a method similar to that described by Olson and Jennings in
[76]. The C—S—H “‘gel’” amount, expressed in cm® per g of
“dry’” hardened material, is calculated here as the ratio of the
water amount adsorbed by the material at RH=22.8% (in g per g
of ““dry’” material) to the water amount adsorbed by the C—S—H
at RH=22.8% (in g per cm’ of C—S—H). The water amount
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adsorbed by each tested material at RH=22.8% is directly
provided by its WVAL As far as the water amount adsorbed by
the C—S—H is concemned, it can be directly assessed from
experiments on the fully hydrated synthesised C5S. As explained
in [76], this is the ratio of the water amount adsorbed by this
material at RH=22.8% (in g per g of ““dry’” material) provided by
its WVALI to the C—S—H amount (in cm® per g of “dry’” material)
deduced from the Ca(OH), and free water amounts measured by
thermogravimetric analysis (as this material does not contain any
other compound). The water amount adsorbed by the C—S—H at
RH=22.8% thus obtained is 0.219 g per cm® of C—S—H (by
using 2.6 g cm > for the C—S—H density in this state, according
to [76]). The value determined by Olson and Jennings in [76] at
RH=20% on D-dried C;S pastes was 0.26 g per cm® of
C;.4S,H;.

The C—S—H ““gel’’ amounts (in cm® per g of “dry’” material,
i.e. at “‘equilibrium’ state at RH=3%) obtained here experi-
mentally have been compared in Fig. 11 to the C—S—H amounts
provided from the mix-composition, the mineralogical compo-
sition of the cement and its hydration kinetics, by using an
analytical hydration model derived from [77]. Note that other
analytical models, like that proposed by Papadakis et al. in
[78,79], can also be used. The simple model used here can only
regard the supplementary cementing materials (e.g. SF) as inert
additions. Consequently, the C—S—H amounts computed in the
case of SF-mixtures are expected to be underestimated (see Fig.
11). However, in the case of SF-mixtures, more relevant values
can be computed by this model when using the “equivalent’’
degrees of hydration previously defined, instead of the
measured degrees of hydration. This has been carried out here
for CH, BH and BS80-S, and the resulting values are also
indicated in Fig. 11. For all the tested materials, a quite
acceptable agreement is observed between the analytical and
experimental methods (see Fig. 11). However, the analytical
model systematically slightly overestimates the amounts, except
in the case of very high W/C (CP and M25), where the C—S—H
amounts are underestimated (threshold around 0.45). The
values found here by both methods are lower than the values
around 0.25 reported by Olson and Jennings in [76] for mature
(1-year old) heps. Only the experimental result obtained on CP
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Fig. 12. Correlation between ‘‘equilibrium’’ mass water contents provided by water vapour sorption isotherms and C—S—H amount, for various hcps and concretes.
The water contents are expressed in percentage per unit mass of ““dry” hep contained in the material.
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is close to these values. This results at least from the different
masses in the ““dry’’ state selected for the computation of the
water amounts adsorbed (“‘equilibrium’” mass at RH = 3% and
mass after D-drying) in the case of experimental values, and
probably to the lower degrees of hydration of the materials
tested here.

In order to illustrate the linear relationships previously
mentioned, the “‘equilibrium’” mass water contents at RH=33%
and at RH=53.5% provided by the WVAIs of the various
tested materials are plotted vs. the C—S—H amounts assessed
experimentally and expressed in cm® per g of “dry”’ hep in
Fig. 12a. Likewise, the “‘equilibrium’ mass water contents at
RH=33% provided by the WVDIs are plotted vs. the C—S—H
amounts in Fig. 12b. In this last case, the water content at
7T=23+0.1 °C, for BO-AF, has been deduced from the ex-
perimental value at 7=4440.1 °C and from the analytical
formula given in [81].

4.4.4.3. Average thickness of the multimolecular water layer
adsorbed. It is possible to assess the average statistical
thickness #(%) of the water film adsorbed on the solid surface,
from the adsorbed volume V,45(%) and from the BET specific
surface area measured by water vapour adsorption (Eq. (1)):

() = L) )

SSBET

where 4 is the relative humidity.

Since the development of the “‘t method” devoted to the
assessment of micropore size distribution, proposed by De Boer
and Lippens [80], numerous ‘‘t curves’’ associated with
nitrogen adsorption have been published in the literature, and
these ones were found to be only slightly dependent on the
adsorbent nature. As far as water vapour adsorption is
concerned, the first ‘¢ curves’” were published by Hagymassy
et al. in 1969 [63]. These curves remain still now among the
most relevant.

The average statistical thickness #(%) of the adsorbed water
film has been computed here from adsorption data according to
Eq. (1) and compared to the ““‘¢ curve’’ proposed by Hagymassy
et al. in [63] for non-porous adsorbents characterized by a
similar molar heat of adsorption of water molecules on their
solid surface and thus by a similar BET constant than that of
cementitious materials (see Fig. 13).

For RH<63.2% (r,<3 nm), the analysis reveals a master
curve: a universal t(h) curve, which matches, whatever the
material, hcp or concrete (and the moisture history, the
composition of the cement, the specimen size,..), the “t
curve’” proposed by Hagymassy et al. for non-porous
adsorbents. The results displayed in Fig. 13 mean that the
water content rise, experimentally recorded vs. RH, is
statistically equivalent to the increase of the thickness of a
multimolecular water layer adsorbed on the solid surface, as on
a non-porous adsorbent. When considering the average
statistical thickness of a monomolecular water layer adsorbed
(tm=3 A, according to [63], or #,,=2.84 A according to some
other authors), it can be deduced from Fig. 13 that below

RH=22.8%, t is less than ¢,. This confirms the usual
assumption that strongly bound water is removed from the C—
S—H (see also Ref. [33]) and explains the associated
“irreversible” effects recorded during desorption within this
very low RH range (see Section 4.2). Moreover, a linear
relationship is pointed out between RH and twithin the RH
range [12% ; 63.2%]. It can hence be deduced that this is
precisely the range where the ‘““‘equilibrium” water amount
adsorbed is proportional to the C—S—H amount (see the cases
RH=33% and RH=53.5% in Fig. 12a). Such “intrinsic’’
features, valid for all the materials, can be very useful for the
modelling of transport and degradation processes. Note that the
master curve obtained at 7=23+0.1 °C seems also valid for
experiments performed at 7=44+0.1 °C, at least for the data
available here (see the results obtained for concrete BO-AF at
this last temperature and displayed in Fig. 13). This seems in
accordance with [20,26,81], where it is illustrated that
temperature does not have much influence on the adsorption
isotherm in the range of the considered temperatures.

From RH=63.2% (r,=3 nm), a significant condensation
takes place in the pore volume of normal materials, which
implies the overall filling of a lot of pores. Therefore, the actual
“equilibrium’” water amount adsorbed (bulk filling) is slightly
higher than the one equivalent to the increase of the thickness of
a multimolecular water layer adsorbed on the solid surface (the
core of the pores remains empty in this last case). As a matter of
fact, the average statistical thickness #(%) is above the “‘z curve’’
(see Fig. 13). The influence of mix-parameters (in particular W/
C) becomes significant. Therefore, this RH wvalue is the
borderline between two domains: the (surface) multilayer
adsorption range for RH <63.2%, and the (bulk) capillary
absorption range for RH>63.2% with the prominent influence
of W/C within the high RH range. A linear relationship can thus
be pointed out again between “‘equilibrium’’ adsorption water
contents at RH=90.4% and W/C [33], as in the case of
desorption data. Nevertheless, as illustrated in Fig. 13, the
experimental #(/) curves remain close to the ‘¢ curve’” proposed
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Fig. 13. Comparison between the experimental t(h) curves obtained with the
various tested materials (series 1, 2, 2* and 3; 0.20<W/C<0.84; 0<SF/
C=<0.10) and the “¢ curve” proposed by Hagymassy in [63] for non-porous
adsorbents with similar heat of adsorption (C constant of the BET equation).
Some of the plots (M25, CP, BO-AF, BO-SN, CN and B80-S) have not yet
reached RH=100%, since the experiments are not finished, see Fig. 9a).
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in [63], which appears quite suitable to quantify the ““adsorbed’’
phase thickness over the whole RH range (in particular above
RH=63.2%, where experimental data cannot be obtained), for
example in view of pore size distribution assessment (see
Section 4.4.2). Fig. 13 shows that a six-molecule water layer at
the maximum can be adsorbed onto the internal surface of
cementitious materials. As far as HP materials such as BH and
CH are concerned, water adsorption is restricted by the pore
sizes to about a four-molecule water layer. The hindered
adsorption above RH=63.2% is highlighted by the fact that the
experimental #(/) curves of CH and BH are shifted under the ‘¢
curve’’ (obtained on non-porous adsorbents). This is in
agreement with the pore size distributions displayed in Fig. 6:
the pore volume is extremely small for 7,>3 nm.

4.4.5. Bulk porosity accessible to water

From the water content at RH=100% deduced from the
experimental WVDI (Wes (Rt =100%)), and by assuming that
this value is not very far from the value at vacuum saturated
state, it is possible to deduce the (volumetric) bulk porosity
accessible to water of the material @ (in %), as follows (Eq. (2)):

D = Wies.(RH=100%) “Papp.dry/ P1 (2)

where pqpp. ary denotes the apparent bulk mass density of the
dry material and p, the liquid water mass density (in kg m™ ).

Eq. (2), which assumes S;=1 at RH=100%, will therefore
slightly underestimate the porosity.

The values obtained for the various materials tested are
compared in Fig. 14 to:

e the “theoretical” porosities computed from the W/C, the
degree of hydration of the cement at the appropriate age
(measured or estimated), the mineralogical composition of
the cement, and the water amount required for full hydration
of each mineralogical compound (see Ref. [33,82]),

® the porosities measured by means of hydrostatic weighing
(vacuum saturation, weighing in water and in the air, and
drying [60]),

® the porosities measured by means of gamma-ray attenuation
(see Section 5.2.3), when these data are available.

Papp.dry has been measured by hydrostatic weighing (or by
both hydrostatic weighing and gamma-ray attenuation mea-
surement when available) for each material. A very good
agreement is observed. However, as expected and as the
hydrostatic weighing technique involves vacuum saturation of
the samples, the porosities measured by this technique are
slightly higher than the values deduced from Eq. (2), for most of
the materials. The more significantly higher values measured by
hydrostatic weighing in the case of PCB and B30-A can be
explained by the presence of a significant quantity of big voids
(unable to be quantified by sorption). This has been confirmed
in the case of PCB by microscope observations [35], and
probably results from the casting procedure. Conversely, the
difference is very small in the case of HP materials, as a result of

the very small difference between vacuum saturated state and
“equilibrium’ state at RH=100% for these materials (as
illustrated for example in Section 5 by gamma-ray attenuation
measurements on B80-S, see Fig. 19). The lower value obtained
in the case of CP can be explained by the difficulty to prepare
homogeneous “big” samples with such porous hcps. The
““theoretical’” computation, also based on the assumption S;=1
at RH=100%, provides very similar values as does Eq. (2),
except in the case of CP, M25, B80-S and BH. The higher
“theoretical’’ values obtained in the case of CP and M25
(materials with very high W/C), compared to those measured by
desorption, hydrostatic weighing or gamma ray, are certainly
the result of bleeding, which yields a lower actual W/C in the
specimens than the theoretical one. The lower “theoretical”
values obtained in the case of B80-S and BH, compared to those
measured by desorption, hydrostatic weighing or gamma ray,
are maybe the result of the difficulty to assess an accurate value
of degree of hydration with this type of concretes.

4.4.6. C=S—H ““gel’’ porosity and capillary porosity

With the assumption (based upon the BJH pore size
distributions displayed in Section 4.4.2, see Fig. 6) that the
C-S—H ““gel”” pore volume can be roughly associated with
7, <5 nm (i.e. RH<76%), it is possible to deduce the C-S—-H
“gel”” porosity in the materials tested here, from the water

a) hcps and hydrated synthesised C,S
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Fig. 14. Bulk porosity accessible to water and porosity of the C—S—H ““gel”’,
deduced from the experimental water vapour desorption isotherms for the
various tested materials. Comparison with the porosity measured by hydrostatic
weighing, the porosity measured by gamma-ray attenuation and the “‘theoret-
ical”” porosity deduced from the mix-composition and the degree of hydration.
C—S—H “‘gel” porosity values, expressed in percentage per unit volume of hcp,
are also reported in the figure.
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Fig. 15. D isothermal drying test at RH.;=53.5% or 71.5% and at 7=21+1 °C
on mature samples in laboratory.

content at RH=76% provided by the experimental first
desorption isotherm. The results are reported in Fig. 14,
highlighting the C-S—H ‘‘gel’” porosity proportion (and
therefore the capillary porosity proportion) in the various
materials. A significant contribution to the total porosity is
recorded (from 45 to 95%), in particular in the case of HP
materials, which consequently display a very low capillary
porosity, as previously mentioned in this paper.

The values found here for most of the hcps and concretes,
ranging from 27.0 to 28.4%, are in agreement with the model
proposed by Powers and Brownyard [23], which states that,
whatever the W/C and the degree of hydration of the cement,
the C—S—H ““‘gel’” porosity of hcps has the intrinsic value of
28%. In addition, according to the results presented here, the
statement can be extended to concretes. Within this range, the
lowest value (27.0%) is found for concrete B8O-S and hcp CO
(W/C=0.395).

Nevertheless, exceptions are experimentally pointed out here:
particularly low values are found for concrete BH (23.5%) and
hep CH (18.0%), materials with very low W/C and which
incorporate SF. These results are in agreement with the BJH pore
size distributions of these materials (the pore radii are lower than
2 nm, see Section 4.4.2) and microscope observations, which
reveal that in these materials the C—S—H “‘gel”’ is mainly
constituted of dense (HD) products (see Section 4.4.3). In
addition, the values found here for these materials seem consistent
with the model proposed by Jennings et al., which states that the
porosity of HD C—S—H is 24% and the nanoporosity (porosity
internal to C—S—H globules) is 18%, as reported in [53,57,83]. It
is worth mentioning that such lower C—S—H “‘gel’’ porosity
values than the one accepted since Powers and Brownyard [23]
have to be taken into account in macroscopic models.

The capillary porosity values deduced from WVDIs (as bulk
porosity minus C—S—H “‘gel’’ porosity) can be compared to the
theoretical values calculated from empirical formulas proposed
in the literature. For example, by using the degrees of hydration
reported in Table 2 and the formulas proposed in [85] based on
the work of Powers and Brownyard [23], the values 26.0%,
15.0% and 4.2% are found for the normal heps CP, CN and CO
(25.9%, 14.2% and 3.5% are deduced from the WVDIs,
respectively). For CP and CN, the average of the water-filled
and total porosity capillary values is reported, whereas for CO
only the water-filled capillary porosity value has been taken into

account. Likewise, for the hydrated synthesised C5S, 16.8% has
been directly calculated from its theoretical composition (and by
considering the C—S—H as C,;SH,), against 16.7% deduced
from the WVDI. Therefore, a good agreement is pointed out
between calculated and experimental values.

5. Analysis of moisture profiles under laboratory and
in-situ drying conditions

5.1. Background and contents of the study

External drying takes place in concrete when the material is
submitted to a lower environmental RH than its internal one. This
process affects the surface zone of many engineering structures. In
order to confirm the findings deduced from the WVSIs and to
investigate their consequences on actual long-term external
drying behaviour of concrete, moisture profiles have been
measured by gamma-ray attenuation in cores drilled out from
various concrete structures exposed to natural weathering
conditions. Likewise, the evolution of the moisture profile as a
function of time has been monitored in mature samples of normal
and HP materials submitted to 1-D isothermal drying experiments
in well-defined laboratory conditions (see Fig. 15).

5.2. Experiments

5.2.1. Investigations carried out under in-situ conditions

@75%150-mm cores have been drilled out from RC test
specimens (concretes M25 and M75-FS) exposed for 4 years to
two types of natural environments [37,38]:

® a urban environment (Melun, France): the average temper-
ature (within a year) is about 11.6 °C and the average RH is
77-80% (it ranges from 40 to 95%). The structural elements
are not sheltered from rain. Core sampling was performed in
early summer on the side oriented southwest,

® aroad and cold environment (Maurienne, French Alps): the
structural elements are installed along the road. They are
exposed to freezing and thawing cycles and to the spraying
of deicing salts. On this site, the minimum (resp. maximum)
temperature (within a year) is about 3 °C (resp. 33 °C) and
the average temperature (within a year) ranges from 7.5 to
8.8 °C. The concrete elements are covered by snow about
30 days a year.
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Fig. 16. Simplified scheme of the gamma-ray attenuation measurement system.
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Fig. 17. Gamma-ray moisture (expressed as degree of liquid water saturation Sy)
profiles of various concretes, measured in cores drilled out from structures in
various natural environments. Comparison with results obtained on concrete
B80-S, after 1-year exposure to RH=53.5% in laboratory (after water curing and
vacuum saturation).

In addition, @75 % 115-mm cores have been drilled out from
the deck of the Ré Island Bridge (concrete B60-FS) at the age of
14 years [39]. The average temperature (within a year) is about
13.5 °C on this site and the average RH (within a year) ranges
from 76 to 79%.

5.2.2. 1-D isothermal drying experiments carried out under
laboratory conditions

After casting in laboratory and wet sawing, samples of
concretes M25 (2110 x 100 mm) and B80-S (110 %70 mm),
and of heps CO and CN (@70 x 100 mm) have been submitted to
1-D isothermal external drying at RH=253.5% (and also at RH=
71.5% in the case of M25) and at 7=21+1 °C. Some samples of
hep CO were prepared with 1.5 or 3% NaCl per unit mass of
cement. In order to avoid any influence of self-desiccation
during the external drying process, the samples were water cured
for several months before exposure to drying. In addition, in
order to insure 1-D drying, the cylindrical samples were sealed
by two superposed self-adhesive aluminium foil sheets, except
the two opposite plane sides, before submitting them to drying
(see Fig. 15).

a) Concrete M25 (W/C=0.84) - Samples submitted to RH =

53.5%, to RH = 71.5% and to vacuum saturation in laboratory
(after water curing), and core from Melun exposure site - Com-
parison with HPC M75-FS from Melun (W/C=0.38 ; SF/C=0.08)

70 ]
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5.2.3. Gamma-ray attenuation measurements

Gamma-ray attenuation measurements are based on the
attenuation by a material of the gamma-photons emitted by a
radioactive source. The bulk mass density p of the material (in
kg m™?) can be calculated from the parameters directly assessed
from gamma-ray measurements: the number N, of emitted
photons in free air (in impulses/s) and the number N of photons
recorded after crossing a thickness x (in m) of the material (see
Fig. 16), according to Beer—Lambert law (see Eq. (3)) [33,38]:

p=om(3) (3)

where u is the mass absorption coefficient of the material at
the actual moisture state (in m* kg~ ') associated with the energy
of the radioactive source used (here Cesium 137).

5.3. Experimental results under in-situ conditions — compar-
ison with laboratory results

The moisture (degree of liquid water saturation) profiles,
obtained by gamma-ray attenuation measurements on cores
drilled out from the RC test specimens (concretes M25 and
M75-FS) after 4-year exposure on Melun and Maurienne sites
and from the Ré Island Bridge (concrete B60-FS) after 14 years,
are presented in Fig. 17. They are compared in this figure to the
profile obtained on the laboratory sample B80-S, after 1-year
exposure to RH=53.5% in laboratory (after water curing and
vacuum saturation) (see Section 5.4).

The natural drying (more exactly the daily and seasonal
drying-wetting cycles) of concrete, which starts from the surface
zone exposed to the environmental conditions, as well as the
resulting microstructural characteristics and their gradient vs. the
depth, explain the reduction in the degree of saturation recorded
within the surface zone whose thickness depends on the mixture.
The experimental results highlight very different profiles for
HPCs compared to the low-grade concrete M25, even under the
same environmental conditions (see Fig. 17). HPCs, such as for

b) Concrete B80-S (W/C=0.35 ; SSF/C=0.08) - Sample
submitted to vacuum saturation, to RH = 100% and to RH =
53.5% in laboratory (after water curing)
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Fig. 18. Gamma-ray moisture (expressed as mass water content) profiles under laboratory conditions at 7=21+1 °C and comparison with results obtained in natural
environments. The water contents are expressed in percentage per unit mass of ““dry” hcp contained in the materials.
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example concretes M75-FS (porosity accessible to water
measured on cores equal to 8.4%), B60-FS (porosity 10.8%) or
B80-S, are weakly sensitive to the environmental conditions. As a
matter of fact, at a given depth, the degrees of liquid water
saturation of the various concretes measured in various natural
environments (and in laboratory) and at various ages are very
similar (see Fig. 17). These concretes keep in the course of time a
very high degree of saturation, within the surface and the inner
zones (0.80—0.85 within the surface zone and 0.95—1 within the
inner zone) (see Fig. 17). These findings can be mainly attributed
to the peculiar shape of the WVSIs, which are rather flat within a
broad RH range from RH=100%, as previously detailed (see
Figs. 1b, 3 and 4), in Section 4.3).

According to the gamma-ray results (see Fig. 18a), after 4-year
exposure in the Melun site, the water content in the low-grade
concrete M25 test specimen is about 40% (by unit mass of “‘dry”’
hep) inits inner zone, and 12% at 5 mm from the surface. Note that
his last value matches the value obtained in laboratory at the
surface of the sample exposed to RH=53.5% (see Fig. 18a and
Section 5.4). For the HPC M75-FS in the same conditions, the
respective values are 15.5% and 12% (see Fig. 18a). The
associated internal RHs of M25 and M75-FS can be calculated
from these in-situ gamma-ray water contents and from the WVDIs
provided in Fig. 3b by assuming that M75-FS has a similar WVDI
as B80-S. The deduced internal RHs are 92% (inner zone) and
54% (surface zone) for M25, and 75% and 55%, respectively, for
M75-FS. It can be deduced from these results that:

e the internal RH calculated from gamma-ray measurement
and WVDI within the surface zone of drilled cores of
concretes M25 and M75-FS is consistent with the environ-
mental conditions (by assuming that the microstructural
changes induced by any early-age drying are negligible), as
the external RH was around 55% at the time of drilling,

® self-desiccation yielded RH ~75—-80% within the inner zone
of'the HPC, since this zone does not seem affected by external
drying. This experimental value is in agreement with the
literature [7,8,30]. In addition, measurements in laboratory at
T=21+1 °C by RH-probes provided an average internal RH
value of 82% on the same type of concretes in sealed

a) Concrete B80-S - Various drying times at RH = 53.5%

433

conditions. This highlights that strong self-desiccation is
compatible with a high degree of liquid water saturation (as a
result of the very fine pore network of HPCs). Note moreover
that the same RH-probe measurements in laboratory provided
an average internal RH value of 95% for M25. This value
seems consistent with the one measured in situ in the inner
zone of the test specimen M25 (92%).

All of these results illustrate the excellent agreement between
laboratory (water vapour and drying tests) and in-situ data.

5.4. Experimental results under laboratory (drying) conditions

Significant discrepancies between normal and HP materials
are also found in the case of 1-D drying under same laboratory
conditions, after sealed or water curing. For example (see
Fig. 18b), after 1-year drying at RH=53.5% (after 1-year water
curing and vacuum saturation), even at 5 mm from the surface
zone, the gamma-ray water contents in HPC B80-S are far from
“equilibrium’’ state (the lowest value measured is 19%, see
Fig. 18b, against 11% provided by the WVDI of the material at
RH=53.5%, see Fig. 3b). A flat profile along with a high degree
of saturation are observed, very similar to those obtained at short
drying times (see Fig. 19a). Nearly no evolution is recorded from
a few-day to 6-month drying. Similar results were found in [15]
for CH and BH after sealed curing. Moreover, similar degrees of
saturation are measured as under natural conditions (see Fig. 17).
Furthermore, the gamma-ray data point out only a slight
difference between vacuum-saturated state and “equilibrium”
state at RH=100% in the case of this material. Conversely, for
more porous concretes, a significant shift of the profile is ob-
served as a function of the drying time. After 2.5-year exposure,
the gamma-ray water contents obtained within the surface zone of
M25 samples submitted to 1-D drying at RH=71.5% (22% by
unit mass of “dry’” hep) or RH=53.5% (11.25%) in laboratory
(after 1-year water curing) (see Fig. 18a) match the “‘equilibrium’’
values provided by the WVDI of the material (21% and 11.5%, at
the respective RHs, see Fig. 3b). Note that a negligible difference
is recorded between the profiles at 2 and 2.5 years (see Fig. 19b),
confirming thereby a state close to equilibrium. See also the
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Fig. 19. Gamma-ray moisture (expressed as degree of liquid water saturation S)) profiles of samples submitted to RH=53.5% (M25 and B80-S) and to RH=71.5%

(M25) in laboratory at 7=21+1 °C (after water curing).
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results for CO and BO after sealed curing in [15]. In addition, the
results exhibit a low degree of saturation (see Fig. 19b), as a result
of the high porosity of this material. Very large differences are
observed between the water content profiles measured at vacuum-
saturated state and after 2.5-year exposure at RH=53.5% (or at
RH=71.5%) (see Fig. 18a). Moreover, a flat profile is observed,
but only in the long term and as a result of an efficient drying,
which yields a state close to equilibrium within the whole sample
(17% by unit mass of ““dry’’ hcp is recorded after 2.5-year
exposure at RH=53.5% within the inner zone, see Fig. 18a).
Same conclusions can be drawn in laboratory as those previously
deduced from the study carried out under natural conditions
(where external and internal drying are concomitant). HPCs are
weakly affected by environmental variations within a broad RH
range, as a main result of the peculiar shape of their WVSIs,
which induces in particular a very small moisture content gradient
(driving force) between surface and inner zones at the starting
time of the drying process/experiment. When the sample has been
stored in sealed conditions prior to the drying test, the strong self-
desiccation may emphasize this phenomenon [14].

Fig. 20 displays the moisture profiles obtained on laboratory
samples of hcps CO (mixed with or without NaCl) and CN,
submitted to 1-D isothermal external drying at RH=53.5% after
water curing. After 6-year drying, the hygral state is not far from
“equilibrium” at RH=53.5% for CO and CN, and the gamma-ray
results confirm the “equilibrium” water content values derived
from the WVDIs at this RH (= 9%, see Fig. 8a). In addition, the
gamma-ray results confirm the fact that the “equilibrium” values
are nearly the same at this RH for the heps CO and CN (RH range
where the WVDIs are similar, see Fig. 8a), even if the profiles at
higher moisture states were significantly different (RH range
where the isotherms are very dependent of W/C, see Fig. 8). For
example, 27% is found by gamma-ray at saturated state and 26%
is measured by sorption at RH=100% for CN, against 19% and
18%, respectively for CO.

Moreover, Fig. 20 illustrates that the influence of the initial
presence of NaCl is not negligible: higher water contents (and
degrees of saturation) are observed for CO mixed with 3% NaCl
than for CO. More precisely, within the high RH range the W/C
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Fig. 20. Gamma-ray moisture (expressed as mass water content) profiles of
samples of hcps CO (W/C=0.35, with and without 3% NaCl per unit mass of
cement) and CN (W/C=0.45) submitted to RH=53.5% in laboratory at 7=21+
1 °C (after water curing), and comparison with concrete M25. The water contents
are expressed in percentage per unit mass of ““dry” hep contained in the materials.

effect appears clearly prominent, but not within the mid RH range.
Consequently, the “‘coupling’” moisture-NaCl (or water-ions) has
to be taken into account in the modelling of moisture transport,
even for materials with low W/C (and thus weakly permeable),
when salts (from seawater or deicing salts) are initially present.

Furthermore, these laboratory results highlight again the
perfect consistence between the (equilibrium) desorption and
gamma-ray (profile) data obtained respectively on 1- to 3-mm
and 70- to 100-mm thick specimens.

6. Concluding remarks

Various results are presented in this paper as regards the
analysis of the drying-wetting process and its relation to pore
structure. In particular, the influence of W/C has been
investigated on moisture properties (and microstructural
characteristics) for a broad range of normal and HP hardened
cement pastes and concretes. A database, which includes results
from both laboratory and in-situ exposure, is available. Its
practical interest is obvious, in particular to improve durability
of RC structures (e.g. optimization of concrete mixtures, curing
procedures and structural design). Likewise, the results are
useful for further researches upon the analysis and the
modelling of transport/degradation processes and associated
deformations, on a physical basis.

Water vapour desorption-adsorption isotherms (WVSIs) can
be regarded as the “hygro-structural” identity card of the material.
Therefore, they appear as essential tools for durability evaluation
and prediction and can thus be included in a foolkit for durability
evaluation, within the framework of a performance-based
durability approach [84]. These data not only provide equilibrium
moisture properties but also allow a pore structure analysis in the
mesopore range and the assessment of the C—S—H ““gel’” porosity
and amount (description of the nanostructure). Such parameters
are hardly accessible by most of the other usual techniques. This
highlights the specific interest of WVSIs for high-tech concretes
such as HPCs or ultra-high-performance fiber-reinforced con-
cretes. In addition to the parameters quantified in this paper, other
characteristics, such as the energy state of the pore water and the
fractal dimension of the C—S—H “‘gel”’, can be assessed [33]. In
this paper, it has been found that the presence of aggregates does
not influence WVSIs. Moreover, the analysis of the desorption—
adsorption hysteresis has shown that no ““permanent’” irreversible
process occurred during the water vapour sorption processes.
Furthermore, the WVSIs can be partitioned in different ranges,
which are influenced or not by W/C. A unique partition of WDSIs
has been pointed out, valid for every material tested, from
hydrated synthesised C3S to HPC extracted from real bridge.
Likewise, a master curve has been exhibited as regards the
average adsorbed water layer thickness vs. RH, for RH < 63.2%.
In addition, the peculiarities of HP materials as regards hygral
behaviour and microstructure have been highlighted:

® within the high RH range, significant lower water contents are
measured than for normal materials, and large RH changes
induce only slight variations of water content, as a result of the
very small pore volume involved in the wetting-drying process,
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e these materials exhibit a significantly higher degree of liquid
water saturation within the whole RH range, compared to
normal materials,

e the C—S—H ““gel’’ seems mainly constituted of dense (HD or
inner-like) products.

The database and the ““intrinsic’’ properties pointed out here
(e.g. master curves) can easily be used to predict the behaviour
of any (not tested) normal or HP concrete mixture designed for a
structure. For example, average WVSIs along with standard
deviation could be computed by means of analytical or
numerical methods and could then be included as input data
in transport/degradation predictive models, without performing
any additional sorption experiment, which would be very time
consuming and therefore not appropriate to the field timescale.
Likewise, “critical” isotherms as regards given actual environ-
ments/degradations of structures could be defined upon a
probabilistic approach [17].

The in-situ internal RH has been assessed from WVDI and
gamma-ray moisture profile on drilled cores, exhibiting that a
high degree of saturation is compatible with a strong self-
desiccation for HPCs, as a result of their very fine pore structure.
In addition, the very similar moisture profiles and the high
degrees of liquid water saturation recorded by gamma-ray in
these materials, whatever the mixture, the age and the
environmental (laboratory or in-situ) conditions, confirm that
HPCs are weakly affected by weathering conditions, except
maybe within a very thin zone at the vicinity of the exposed
surface (depth <5 mm). This will be an advantage as regards
durability, under the condition of an appropriate (external or
internal) curing procedure.

At last, a perfect consistence has been pointed out in this
paper between the water contents provided, on the one hand, by
desorption experiments on 1- to 3-mm thick specimens
(granules or slices), and on the other hand, by gamma-ray
attenuation measurements on 70- to 150-mm thick cylinders
tested in laboratory or in natural weathering conditions.
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