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Abstract

In this paper some aspects of equilibrium and transfer moisture properties of high-performance materials are presented and compared
with ordinary cement pastes and concretes. First, the equilibrium moisture properties of the hardened materials are described by means
of water vapour sorption isotherms, which illustrate the hysteretical behaviour of the materials. Experimental results of drying shrinkage
versus relative humidity (RH) are also reported here. These experimental data are in good agreement with the numerical results provided
by a thermodynamic modelling based on capillary stresses and hygromechanical couplings. In particular the linearity of the strains-RH
curve over a wide range is pointed out in both cases. Isothermal drying process at RH = 50% has experimentally and numerically been
studied. After identification of the intrinsic permeability of the materials from experimental weight losses, numerical moisture profiles
were compared with gamma-ray attenuation measurements. The influence of the initial moisture state of the materials that results from

self-desiccation in particular was pointed out on the evolution of the moisture profiles as a function of time. © 1999 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

In recent years, durability of cement-based materials has
becoming a key topic. Since these materials are porous,
their durability is basically determined by their ability to re-
sist the penetration of aggressive agents. Furthermore, since
every degradation mechanism involves water, the knowl-
edge of the moisture properties of the material is of prime
interest.

Moisture transfers occur during the whole lifetime of
concrete structures. In the simplest case, they occur through
the drying process of the material, when it is submitted to a
lower environmental relative humidity than its internal one.
This phenomenon affects the surface zone of many civil en-
gineering structures. Moreover, these processes are also of-
ten combined with other mass transport processes or with
chemical reactions that occur in nonsaturated conditions,
such as carbonation or penetration of chloride ions. All of
these facts point out the basic need to understand perfectly
and to be able to forecast moisture transfers and the drying
processin particular.

* Corresponding author. Tel.: +33-14-043-5132; fax: +33-14-043-5498.
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A change of the moisture state of the material induces
not only mass transfer, but also deformations. These defor-
mations, when restrained, can lead to damage and severe
cracking of the structure.

In addition to contributing to a better understanding of
the characterization of equilibrium and transfer moisture
properties, a particular aim of the study presented in this pa-
per was to highlight the similarities and the differences be-
tween the behaviour of high-performance materials and or-
dinary materials.

2. Materials

In the research reported in this paper, two cement pastes,
CO and CH, and two concretes, BO and BH, were studied.
The mix compositions of the different materials are given in
Table 1. The mixes CO and BO correspond to ordinary ma-
terials, while CH and BH, which were mixed with alow wa-
ter-to-cement ratio (W/C) and which contain silica fume
(SF) and superplasticizer (SP), are high-performance (HP)
materials. The materials were prepared with a type | normal
Portland cement. The mineral composition of this cement,
calculated by Bogue's formula from the chemical composi-
tion, is given in Table 2. This cement is rich in C;S
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Tablel
Composition of mixes (mass proportions)
Mix w/C Additives Aggregate/C Sand/gravel
CcO 0.34 - - -
CH 0.19 SF/C=0.10 and - -
SP/C =0.018
BO 0.48 - 5.48 0.62
BH 0.26 SF/C=0.10 and 455 0.51
SP/C =0.018

(57.28%), inducing high strength at early age. It has a low
C;A content (3.03%) inducing low water demand, which
gives agood workability despite the low W/C of the HP ma-
terials. The Blaine fineness of the cement is 342 n? - kg™
The silica fume is added as dry powder. Its SiO, content is
87% and its Brunauer, Emmet, Teller (BET) specific sur-
face area (measured by nitrogen adsorption) is 17.6 m? -
gL The superplasticizer is a formaldehyde-naphthalene
sulfonate copolymer. The concretes are prepared with lime-
stone aggregates (maximum size, 20 mm).

The 28-day compressive strength of the HP concrete BH
is 115.5 MPa. For the ordinary concrete BO, the value is
49.4 MPa.

3. Internal relative humidity

The internal relative humidity of a material is the rela-
tive humidity (RH) of the gaseous phase in equilibrium
with the interdtitial liquid phase in the pore network of the
material.

Cement hydration processes consume water molecules.
Thisinduces aliquid water content decrease in cementitious
materials while the microstructure is hardening and the pore
structure isrefining. Thereis development of gas/liquid me-
nisci in the pore network and depression in the pore water.
From a given degree of hydration of the cement and de-
pending on the initial water content, more generally on the
mix-parameters, the material exhibits self-desiccation (in-
ternal drying). This means that the material undergoes a de-
crease of itsinternal RH while hardening, when it is not in
contact with an external moisture source. Furthermore, it

Table 2

Mineral composition of the cement

Compound Content (%)
C;S 57.28

C,S 23.98

CA 3.03

C,AF 7.59
Gypsum 4.39
CaCO;, 1.84

Free CaO 0.53

Na,0 eq. 0.48

can be noticed that, in the case of HP materias (mixed with SF),
as aresult of their compactness, the core of samples can un-
dergo self-desiccation even if the samples are under wet ex-
ternal conditions[1,2].

The internal RH decrease can be measured continuously
in laboratory on hydrating samples protected from moisture
exchange with the surroundings and stored at constant tem-
perature (method first applied by Copeland and Bragg [3]).
Here, the measurement is made with samples immediately
enclosed into sealed cells upon casting. Each cell contains a
RH probe (a capacitive sensor with an accuracy of +1%
RH) previoudy calibrated with saturated salt solutions over
the whole RH range. Some values of internal RH, measured
continuously by RH probes at T = 21 = 0.5°C with the
mixes CO, CH, BO, and BH, are reported in Table 3 as a
function of the age of the materials.

Theresults reported here, for cement pastes aswell asfor
concretes, are in very good agreement with the RH values
given in the literature. For example, RH = 75% was found
by Buil for a 50-day concrete containing silica fume and
WI/C = 0.26 [4]. For aconcrete with W/C = 0.44, the value
given by the author was RH = 97%. These values are to be
compared with RH = 76% obtained at the same age with
the concrete BH, and RH = 96.5% found for the concrete
BO. Persson [2] found RH = 80% at the age of 28 days and
RH = 76% at the age of 3 months (values read on the pub-
lished figures), for a concrete similar to BH. He found RH =
97% at the age of 28 days and RH =~ 95% at the age of 3
months for a concrete not very different from BO. For a ce-
ment paste with W/C = 0.2 and SF/(C + SF) = 0.08, Sell-
evold and Justnes found RH = 77% within 1 year [5]. The
value exhibited here for CH at the same age is RH = 80%.
The results from Wittmann reported by Buil [6] are RH = 99%
and RH = 94% for 28-day cement pastes with W/C of 0.4 and
0.3, respectively. The value of RH = 97% obtained here for
the cement paste CO (W/C = 0.34) within 28 days seems
therefore correct, given the differencesin the cement used.

The self-desiccation process depends on mix parameters.
For example, it depends on the cement (main influence of
the fineness, C;A content and alkali content [7,8]). Further-
more, it increases with the decrease of the efficient initial
water content (role of parameters like W/C, or effective wa-
ter-to-binder ratio W/[C + k - SF], or water-to-solid ratio,

Table3
Internal RH values measured continuously by RH probes at
T=21+05C

Internal RH (%)

Age (6] CH BO BH
28 days 97 88.5 97 775
50 days 96 84.5 96.5 76

2 months 96 83 96 75.5
3 months 95 815 95.5 74.5
6 months 93 80 95 72
1year 90.5 80 94 69

2 years 87 81 93 64
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etc.) and other parameters such as the cement being con-
stant.

In the case of classical materials (W/C = 0.5), self-desic-
cation remains low. Thus, RH = 95% is reached within 6
months and RH = 94% is reached within 1 year with BO.

HP materials mixed with SF exhibit intense self-desicca-
tion, and this self-desiccation process starts very early. The
RH decrease measured in CH and BH is particularly highin
the first 2 months. For example, the RH values reached in
the concrete BH are RH = 75.5% within 2 months, RH =
72% within 6 months, and RH = 69% within 1 year. In HP
materias, at a given age self-desiccation is increased both
by lowering W/C and by increasing SF/C. The role of each
of these parameters has been widely studied by Jensen and
Hansen [9,10] and also by other authors [2,8,11]. For al of
the mixes tested here and more particularly for the ordinary
materias, the experimenta results show that self-desicca
tion continues for several months.

For durability concerns of reinforced concrete, it is nec-
essary to mention that intense self-desiccation can favour
penetration of fluids from the environment through the pos-
sible cracks but also through the pore network (capillary
suction effect, for example). Areas of low internal RH make
water and ion penetration from the environment into the
material easier. These agents can be aggressive for concrete
or rebars (water containing chlorideions, for example). This
point is of importance towards the behaviour of concrete
structures exposed to marine environment or to deicing
salts. Nevertheless, only the surface layer of the structureis
concerned if there is no macrocracking and if intrinsic po-
rosity and permeability of the material are low (inducing
very slow transport processes), which is the case with most
HP concretes.

In addition, as a result of their intense self-desiccation
(which drivestheir internal RH to avalue close to the average
RH of alot of common environmental media) and their fine
pore structure (inducing low moisture diffusivity) [8,12,13],
HP materials are fairly insensitive to environmental hygral
variations over awide RH range, aswill be shown later.

4. Equilibrium moistur e properties of the
har dened materials

The basic tools for a good understanding, quantification,
and prediction of the hygral behaviour of hardened cementi-
tious materials are provided through water vapour desorp-
tion and adsorption isotherms (meaning “equilibrium mass
water content vs. RH” curves). These curves quantify the
water-solid interactions at the origin of mechanical and du-
rability properties and in particular of delayed strains
(shrinkage, creep) of the material. Thereis not alot of appli-
cable data on cement-based materials, in particular on HP
concretes, reported in the literature. Some of the first results
on hardened cement pastes (hcp) were published by Feld-
man in 1968 [14].

In order to obtain such curves, water vapour sorption ex-
periments were carried out at the constant temperature T =
23 = 0.1°C on thin specimens of the hardened materials
studied here.

4.1. Water vapour sorption experiments

Water vapour sorption experiments consist in putting
specimens of materials into sealed cells in which the RH is
controlled by saturated salt solutions, and in submitting the
specimens to step-by-step desorption and adsorption pro-
cesses. Each step lasts until moisture equilibrium is reached
inside the specimen. The specimens are here discs about 3
mm thick, to obtain moisture equilibrium reasonably
quickly, with a diameter of about 90 mm for the concretes,
and crushed ones (0.8 < d =< 1 mm) for the hcp. The slices
were wet-sawed from cylinders after curing without water
exchange. Given the long duration of both cement hydration
(and pozzolanic reaction) and water sorption processes, the
specimens were chosen to be 1 year old at the beginning of
the test. At thistime, very slow kinetics, due to lack of wa-
ter, space, or unhydrated cement, induce very limited evolu-
tion of the degree of hydration. The hydration (and poz-
zolanic) processes can therefore be assumed to be negligible
during the test. This is in agreement with the internal RH
values given in Table 3, showing small evolution of RH af-
ter 1 year. The mass water content (ratio of the mass of wa-
ter contained in a specimen to the mass of the dry specimen)
is determined by weighing.

Thelowest RH tested hereis RH = 3% (obtained by vir-
gin silica gel). The dry reference state used to calculate the
mass water contents is hence defined by the equilibrium
state obtained at RH = 3% and at T = 23 = 0.1°C. This
avoids submitting the specimens to any more or less well-
controlled drying process in different conditions from the
isothermal desorption process (as oven drying at high tem-
perature and in noncontrolled RH conditions, for example)
to reach a dry state. The test starts with a desorption pro-
cess, asin field conditions where structures undergo drying
from their virgin state.

4.2. Experimental water vapour desor ption and
adsorption isotherms

Water vapour desorption and adsorption isotherms ob-
tained from the experiments previoudly described at T = 23 =
0.1°C and for different desorption-adsorption paths are
givenin Fig. 1 for the hcp CO and CH and in Fig. 2 for the
concretes BO and BH. Each plot of the curvesisthe average
of experimental values obtained from at least three spec-
imens.

The results show a considerable hysteresis, extending
over the whole RH range. More particularly, desorption-
adsorption cycles performed in different hygral ranges scan
the hysteretical behaviour of the materials. Inside the area
bounded by the complete desorption (from RH = 100%)
and adsorption (from RH = 3%) curves, the cycles per-



1228 V. Baroghel-Bouny et al. / Cement and Concrete Research 29 (1999) 1225-1238

N
£

)
N

n Co |1}

(%

N
o
sl

—_ .
H~ OO
Lol sl

12-_
10-_
8-
6
4]
2]
0 L DL N L BN BN BN BN L

0 10 20 30 40 50 60 70 80 90 100

Relative Humidity (%)

Mass Water Content

24
22-—l ] n
201 ['CH
18
16 -
14
12
10
8_
6]
4
2
OTF T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100

Relative Humidity (%)

(%)

Mass Water Content

Fig. 1. Water vapour desorption and adsorption isotherms of the hcp CO and CH.

formed illustrate the influence of the hygral path (history)
on the measured water content. In particular, the curves ob-
tained in the high RH range are useful for explaining the be-
haviour of concrete structures in alot of common environ-
ments. For example, in France and neighbouring countries,
structures are submitted to daily and season variations
where the average conditions are usually RH = 70%.

The influence of mix parameters on the equilibrium
moisture properties quantified by the isotherms can also be
analysed. For example, the peculiarities of the hygral be-
haviour of HP materials in the range 50 < RH < 90% are
pointed out. It can be seen that alow W/C and the use of SF,
inducing a very narrow pore network [12,13], modifies the
moisture properties of the hardened materia. In the high RH
range, much lower water contents are measured than for or-
dinary materias. For cycles running between RH = 50%
and RH = 90%, the curves of HP materials show very small
water content variations. Such materias are fairly insensi-
tive to environmental moisture variations in this wide RH
range. These results are of interest to people concerned with
the mechanical behaviour and the durability of HP materials.

Another important point is that with a given cement, be-
low agiven RH, theisotherms are identical whatever the mix,
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when the water contents are calculated by mass of dry hep
contained in the mix, as shown in Fig. 3. It can be seen that in
the range where RH = 44%, the water content measured (and
consequently the pore volume and its distribution) is greatly
influenced by the mix parameters. On the other hand, for RH <
44%, the isotherms obtained for the different mixes remain
very close, illustrating that in this range (r, < 20 A), moisture
equilibrium takes place in a pore structure (internal to C-S-H
gel) that is not influenced by the mix parameters[12,13]. This
allows identification of the range where calcium silicate hy-
drates C-S-H, the microcrystallized and microporous gel con-
stituting the bulk solid matrix of cement-based systems, are
identical no matter what the mix is.

The analysis of water vapour desorption and adsorption
isotherms allows characterization of the nanostructure of
hardened materials and therefore of the C-S-H hydrates not
accessible by some other technique such as mercury intru-
sion [8,12,13]. Therefore, these curves constitute essential
parameters of developing a model of this nanostructure.

Moreover, water vapour desorption isotherms are a key
parameter in the modelling of drying process or drying
shrinkage [15,16]. Thiswill be shown in the following parts
of this paper through thermodynamics-based macroscopic
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Fig. 2. Water vapour desorption and adsorption isotherms of the concretes BO and BH.
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Fig. 3. Water vapour desorption and adsorption isotherms of the hardened materials (water contents are cal culated by mass of “dry” hcp contained in the mix).

modelling, where these data, once trandlated into capillary
curve, stand as state equation.

5. Drying shrinkage of the har dened materials

Water removal from the pore structure of hardened mate-
rials induces deformations (drying shrinkage). The relation-
ship between RH and this volume change has been well
established for a long time. It was first formulated mathe-
matically by Powers [17,18]. However, athough drying
shrinkage of hcp has been extensively studied for severa
years and athough a lot of models have been proposed in
the last ten years [16,19-25], this property does not yet
seem to be well understood and remains difficult to predict.

Since Powers, three magjor mechanisms have been pro-
posed to explain the experimenta behaviour of hcp: capil-
lary stress (in pores where menisci are formed due to loss of
water), surface free energy (which depends on the amount
of adsorbed water [26]), and digjoining pressure (devel oped
in anarrow place where adsorption is hindered [26-28]). In
addition, Feldman and Sereda have shown the importance
of the movement of interlayer water in C-S-H on drying-
wetting deformations [29]. However, how each of these ba-
sic mechanisms is involved in the global process and what
are the combined effects of the different mechanisms over
the entire RH range are not well known at the present time.

5.1. Experimental study

In order to experimentally assess one-dimensional drying
shrinkage of the hardened materials studied here, diameter-
length change is measured as a function of RH during the
water vapour desorption experiments described earlier. The
specimens are similar 1-year-old dlices as previously de-
scribed in this section. The diameter-length of the discs is
measured by means of dial gauges that have an accuracy of
1 um. A gauge is put on each disc at the beginning of the
test and is not displaced for the duration of the experiment.

Equilibrium values of the deformations are calculated by
taking as reference the diameter-length measured at RH =
90.4% for each RH step along the desorption process until
RH = 12% or RH = 3%, depending on the progress of the
experiment. RH = 90.4% appears to be amore relevant ref-
erence than RH = 100%, particularly because it is very dif-
ficulty to obtain accurate experimental values at RH =
100% given the great influence of temperature and the pos-
sible occurrence of sudden and massive water condensation.

The values of one-dimensional drying shrinkage (mean
values of experimental data measured on the same set of
three specimens) vs. RH, obtained by desorptionat T = 23 +
0.1°C on the hardened materials and calculated by taking
the diameter-length ¢ RH = 90.4% as reference, are re-
ported in Fig. 4 for the four mixes CO, CH, BO, and BH. It
has to be noted that due to the small deformations of the
concretes and the capability of the gauges, it was difficult to
obtain a good accuracy in the measures for the concretes,
especialy below RH = 53.5%.

Shrinkage strains measurements on thin specimens for
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Fig. 4. One-dimensiona drying shrinkage of the hardened materials (cal cu-
lated by taking the diameter-length at RH = 90.4% as reference).
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small RH steps has severa advantages. Firdt, it is possible to
obtain equilibrium vaues at a given RH within a reasonable
time. Second, the conditions of thistest are very closeto stress-
free shrinkage and therefore to the real free deformation of the
materia a a given RH. This rea free deformation is greater
than the deformation measured on samples exhibiting surface
cracking (as aresult of high moisture gradients due to the large
dimensions of the samples or to the width of the imposed RH
steps) and which depends on the structure geometry.

Fig. 4 shows that drying shrinkage of HP materials is
dlightly lower than drying shrinkage of ordinary materials at
the same RH. The former is about 70% of the latter, when
the reference is taken at RH = 90.4%. However, this result
is due to a different behaviour restricted to the high RH
range. Thus, if deformations are calculated by taking the di-
ameter-length at RH = 12% as reference, it can be seen, for
example for the hcp CO and CH, that drying shrinkage vs.
RH is roughly identical for the two hcp, at least for RH <
80.1% (see Fig. 5). Thisis consistent with the fact that CO
and CH contain similar C-S-H hydrate amounts [8,12,13].
In effect, when RH decreases below RH = 76%, pores with
r, =50 A are empty. This means that from this stage, C-S-H
pores, either internal or external, will be involved in mois-
ture equilibrium and therefore in deformations.

Figs. 4 and 5 indicate that there is arange where a linear
relation exists between RH and drying shrinkage. More pre-
cisely, it can be seen in Fig. 5 that for the two hcp the rela-
tionislinear from RH = 100% up to at least RH = 53.5%.
Such alinear relation between RH and shrinkage strains has
aso been pointed out in the case of autogenous (self-desic-
cation) shrinkage with the same four mixes [30].

5.2. Theoretical study

In this section, the theoretical modelling of drying
shrinkage in nonsaturated porous medium is described. This
macro-level modelling is based on the theory of nonlinear
poroelasticity proposed by Coussy [31,32]. The aim is to
understand and predict the hygromechanical couplings and
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Fig. 5. One-dimensiona drying shrinkage vs. RH, obtained by desorption
a T = 23 £ 0.1°C on the hcp CO and CH, and calculated by taking the
diameter-length at RH = 12% as reference.

their effects with a minimum of material parameters that
have a clear physical significance and that are accessible by
well-defined experiments.

5.2.1. Description of the thermomechanical approach:
macroscopic state equations

A thermomechanical description of porous media is
used, which considers the material as a polyphasic contin-
uum composed of an incompressible solid skeleton and a
connected porous space partially saturated by incompress-
ible liquid water (1) and an ideal mixture of water vapour (V)
and dry air (a), and where liquid-gas phase changes occur.
The processes are assumed to be isothermal here. The two
principles of thermodynamics are applied to the elementary
volume described, which is an open system because it ex-
changes fluid matter with the outside.

When assuming both isothermal and poroelastic evolu-
tions, and according to the porous version of the traditional
Clausius-Duhem inequality [31,32], the macroscopic state
eguations of the porous medium are defined from the strain
tensor (€) of the skeleton and the total mass variation (m) of
fluid (i) due to transport and phase change, which are con-
sidered as the state variables of the medium [see Eq. (1)]:

_ow v

% 97 om
where W is the global free energy of a unit volume of the
porous medium and is assumed to be a thermodynamic po-
tential, depending on the strain tensor € and on the mass
variation m. The state equations relate the state variables
previously defined to their associated state variables.
Hence, as in traditional thermomechanics, the total stress
tensor o is the state variable associated with the strain ten-
sor €. Representative of porous media, the other equation
shows that the macroscopic free enthalpy g; per unit of mass
of fluid i is the state variable associated with the corre-
sponding mass variation m.

Thanks to the identification with its microscopic tradi-
tional definition, g; can be replaced by the partial pressure p,
of fluid i, experimentally and physically more convenient
(dg; = dpi/p;, where p; isthe density of fluid i).

D

5.2.2. Nonlinear elastic constitutive law

To account for significant variations of interstitial pres-
sures occurring in nonsaturated porous media, a nonlinear
elastic congtitutive law is derived from Eq. (1). This congtitu-
tive law is written as a matricia relation between increments
of stresses and pressures on the one hand, and increments of
strains and mass variations on the other hand, asin Eq. (2):

{do} _| c (—bl\/l)t{ de } @
dp; -bM M | [dm/(p))

In thisrelation stands a symmetric matrix C, correspond-
ing to the undrained (dm = 0) elastic relation between me-
chanical stress and strain. Ancther symmetric matrix M =
(M), called matrix of Biot's moduli, quantifies the mutual
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influence between mass variations my divided by the respec-
tive density p; and partial pressures p;. The hygromechanical
coupling, between mechanical state variables and state vari-
ables of interstitial fluids, is taken into account through the
vector of Biot’'s coefficientsb = (by).

All of the tangent moduli appearing in Eq. (2) are consid-
ered and must be identified as functions of the state variables
€, m, m, and m,. However, thanksto the postul ated existence
of a unique potential W, they are linked by the Maxwell’s
symmetric relations on partial derivatives[33]. In addition to
the Maxwell’s relations, some microscopic assumptions are
made (solid and liquid incompressibility, dry air and water
vapour considered asideal gases) in order to smplify the de-
pendence of the moduli on the state variables.

Finaly, the isotropic macroscopic constitutive law can
be written in the mplified form shown in Eq. (3) and Eq. (4):

do = K0d8+bl(pc)dp0_dpg (3)

d
dp, = M|y (po)de + =] @

where ¢ = tro/3 is the average stress, € is the volumetric
strain, M is the capillary modulus, p, is the total pressure of
the gas mixture, p, = py, — Py isthe capillary pressure, and p,
isthe (constant) liquid water density. K, isthe drained (dp. =
dp, = 0) bulk modulus, defined as shown in Eq. (5):

_ E
T 3(1-2v)

where E isthe Y oung's modulus and v is the Poisson’ sratio
(in drained conditions).

As shown by Eg. (3), the whole model is entirely deter-
mined as soon as the relation between by and p, is known.
According to Eq. (4), the knowledge of such arelation can
be obtained via the experimental measurement of the capil-
lary pressure (p,) as afunction of € and the liquid mass vari-
ation (m). It isalso important to stress that, due to the exist-
ence of a unique potential (W), the same coupling function
b, = b/(p.) appears both in the mechanical equation [Eq. (3)]
and in the hygral relation [Eq. (4)].

Ko ®)

5.3. Smplifying assumptions and final determination
of the model

5.3.1. The capillary curve as state equation

After al of these previous theoretical considerations, and
thanks to the assumptions made (particularly the assump-
tion of liquid and solid incompressihility), the only missing
information is the determination of the capillary pressure
(po) as afunction of the state variables € and m. This state
equation, which isaconstitutive law replacing in the macro-
scopic formulation the microscopic equilibrium of the capil-
lary menisci, isintroduced into the modelling as experimen-
tal data. In order to fit more easily the experimental data, it
is convenient to use the liquid water saturation § instead of
m in the expression of the capillary pressure. The liquid wa-
ter saturation (S) is defined by Eq. (6):

_a
S—(p (6)

where ¢ isthetotal porosity and ¢, isthe volumetric content
of liquid water. So that p, can finaly be considered as a
function of the volumetric strain € and the liquid water satu-
ration § [see Eq. (7)]:

Pc = Pc(€.S) (7
With the additional hypothesis[30] of Eq. (8):
b =§ )

and thanks to Eq. (4) expressed with § instead of m, it can
be shown that p. becomes independent of the volumetric
strain € and is only determined by the liquid saturation S, as
seenin Eq. (9):

Pe = P(S) 9)

The state equation [Eq. (9)] also called capillary curve,
which is a more restrictive version of the previous state
equation [Eqg. (7)], is in good agreement with the experi-
mental measurements, giving the evolution of the capillary
pressure with the liquid saturation as an exhaustive informa-
tion (on a monotone drying path).

5.3.2. Determination of the model through water vapour
desorption isotherms

The liquid saturation § can be calculated from the mass
water content w of the material, by using the relation shown
in Eq. (10):

_ WP
S = n (10)
where p; is the apparent density of the material. Moreover,
the Kelvin's equation expressing the liquid-vapour equilib-
rium in atmospheric conditions py = pym gives the relation
between p. and the relative humidity (h) [see Eq. (11)]:

pRT
p. = — M In h (11)

\

where Risthe gas constant and M, is the molar mass of water.
Therefore, the capillary curve [Eq. (9)] can be deduced from
experimental water vapour desorption isotherm. And, asiit is
shown in Fig. 6 it is possible to deduce agenera determination
of the whole model from a single specific experiment. Any re-
lation between date variables obtained from water vapour des-
orption experimentsisin fact linked to the particular conditions
of the experiments (constant tota gas pressure, no siress).
However, due to Eq. (9), the experimental data can be consid-
ered as genera congtitutive law, valid every time and in every
case, when expressed in terms of arelation between p. and S.

When introducing in Eqg. (3) the boundary conditions of
the experiment (p; = Pxm NO Stress) and when combining
this equation with the identification equation [EQ. (8)], Eq.
(12) is obtained:

Kode = —Sdp, 12)



1232 V. Baroghel-Bouny et al. / Cement and Concrete Research 29 (1999) 1225-1238

h experimental water vapour w
desorption isotherm

Kelvin's
equation

general law

pe Po=po(d)

B S

Fig. 6. Genera determination of the whole model from a single specific
experience.

which expresses that capillary tension induces compressive
stress of the solid skeleton. When combining Eq. (12) with
Kelvin's equation [Eq. (11)], the constitutive law reads as
Eqg. (13):

PIRT §

de = o pdh (13)

Therefore drying shrinkage strains can be calculated from
the measure of the water vapour desorption isotherm and of
the bulk modulus of the material. Since the deformations are
isotropic, the one-dimensional drying shrinkage can be de-
duced from Eq. (13) asdey = de/3.

5.4. Prediction of one-dimensional drying shrinkage of hcp:
Comparison with experiments

In Fig. 7, the predicted drying shrinkage given by the
modelling previously described is plotted vs. RH and is
compared with the experimental equilibrium values of dry-
ing shrinkage observed for the hcp CO and CH (as ex-
plained earlier). The Young's modulus was 17 GPa for CO
and 21 GPafor CH. The Poisson’s ratio was assumed to be
v = 0.25. Such comparison has aready been performed by
Carmeliet on cellulose cement composite [34].

A very close agreement is obtained, in particular for CH,
between calculated and experimental data in the range where
RH = 44%, and both curves are linear in this range. In the
range where RH < 44%, the calculated values diverge from
the experimental ones. Mechanisms other than capillary
stresses become probably prominent in this range, like surface
free energy [26]. When RH < 44%, poreswith r, = 20 A are
emptied (see earlier explanation). Thewater liquid phaseisdis-
connected and an important part of the specific surface areais
indeed covered with an adsorbed water layer. Therefore, a
mode! based on capillary effects is probably not the most suit-
able in the low RH range. The drying shrinkage results there-
fore point out again the two ranges, above and below RH =
44%, previoudy found through the sorption isotherms. More-
over, the calculated values confirm aso the similar values ex-
perimentally obtained on the hcp CO and CH.

6. Drying processin the hardened materials

Isothermal drying occurs in concrete when the materid is
submitted to a lower environmental RH than its internal RH.

0
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Fig. 7. Comparison between observed and predicted one-dimensional dry-
ing shrinkage of the hep.

This thermodynamic imbalance entails a diffusion of the wa
ter vapour through the air contained in the sample. An evapo-
ration of the liquid water occurs simultaneously within the
sample in order to maintain the liquid-vapour (isothermal)
equilibrium. Consequently, the liquid water pressure does not
remain constant and a liquid water movement also occurs
within the sample. Furthermore, the total pressure of the gas
phase (water vapour + dry air) does not remain constant due
to the combination of the diffusion process and the evapora
tion. The process ends when the baance between external
and internal RH and gas pressure is restored.

Moisture transport is a very dow process in the very fine
pore network of cementitious materias. The time required to
reach moisture equilibrium in a sample depends on the thick-
ness of the sample and on the RH step. Moisture equilibrium
state can be reached after afew months and up to more than 1
year for the few mm thick specimens described earlier, depend-
ing on the RH range. It is generaly accepted that the macro-
scopic moisture transport in isotherma conditions can be
described in cement-based materials using a nonlinear diffu-
sion-type equation, where the coefficient, caled moaisture dif-
fusivity, includes al of the mechanismsrelated to liquid or gas
flow. Neverthdless, it is difficult on the basis of such a global
coefficient only to clear what are the different processes in-
volved, given the complex interaction of liquid and vapour
phases in the pore system, and to determine what are the key
parameters in these processes. Furthermore, the measured
moisture diffusivity depends greatly on the method used [35].
It is therefore still necessary to come back to the basic laws in
order to better understand the drying process and to point out
the key parametersthat one must experimentally assess.

6.1. Experimental moisture content distributionin
drying samples

Samples (16 X 10 cm) of the four mixes were submit-
ted to dryingat RH = 50 = 5% and T = 20 = 1°C. The
materials were 2 years old at the beginning of the test to
avoid self-desiccation influence on the drying process. The
samples were sawed from cylinders (previously protected
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Fig. 8. Moisture content distribution in drying samples of the hcp, determined by gamma-ray measurements.

from moisture exchange) and wrapped in two superposed
aluminium foil sheets prior to the drying process (except the
two symmetrical plane surfaces) to perform one-dimen-
sional drying test. Gamma-ray attenuation measurements
were performed on the drying samples to determine their
moisture content distribution (profile).

The moisture content distribution in the samples and its
evolution as afunction of drying timeis given vs. the height
of the samplesin Fig. 8 for the hcp and in Fig. 9 for the con-
cretes. The results highlight a very different behaviour in
these drying conditions (RH = 50 = 5% and T = 20 *
1°C) for ordinary and HP materials. The moisture content
distributions obtained for CO and BO show gradients shift-
ing as afunction of drying time. The moisture content distri-
butions obtained for CH and BH show practically no evolu-
tion, even after 1 year of drying.

This difference is due first to the fact that ordinary and HP

materials are in a very different moisture state at the initia
time of this drying experiment. The test begins after 2 years
of storage without moisture exchange with the environment.
Therefore, at the initia time of the test, the self-desiccation
process has induced an internal RH value of 93% for BO,
87% for CO, 81% for CH, and 64% for BH (Table 3). When
the materials are submitted to RH = 50 =+ 5%, the prevailing
moisture gradient between core and cover of the sample is
very smal in HP materials compared to ordinary samples.
The moisture flow is hence respectively reduced.

Moreover, the moisture diffusivity of the materials de-
creases with RH in the range involved in this test [8,13,35].
The RH range involved, for example, for BO is 93-50% and
for BH is 64-50%. Hence, there is a zone (corresponding to
RH > 64%) along the drying process where the moisture
diffusivity will be higher for BO than for BH and where the
drying kinetics will consequently be faster.
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Fig. 9. Moisture content distribution in drying samples of the hardened concretes, determined by gamma-ray measurements.
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Furthermore, the capillary pore structure involved in the
drying test described here isfiner in the HP mixes[8,12,13].
Thisisan other cause of slowing the drying kinetics.

6.2. Modelling of isothermal drying process and
identification of material properties

In this section a model is proposed that accounts for the
isothermal drying process as previously depicted and con-
stitutes a further development of previous work [31,32,36].
The deformation of the solid skeleton does not influence
significantly the drying process and is not considered in
what follows.

6.2.1. Governing equations of isothermal drying
The mass balance equations for I, v, and a read, respec-
tively [see Eq. (14)]:

SF"t(cmso = —div(eSpV) — 1
Eﬁwmu—a»:-nwwu—amwn+mﬂv (14)
|

g%«w41—80):—uwum1—somyg

In Eq. (14), & = &S and by = $(1 — §) represent the ra-
tios of the material volume occupied respectively by thelig-
uid | and the gas g. Furthermore , _, denotes the rate of
mass of liquid water changing into vapour per unit of over-
al material volume. Finally, v; isthe velocity of fluid .

The transport of liquid water and that of the gas are as-
sumed to be governed by Darcy’slaw, whichreads (i = | or
g) for an isotropic porous medium [see Eq. (15)]:

oV = —%kn(S)grad P, (15)

In Eq. (15), K is the permeability of the porous materia,
which is an intrinsic property of the material independent of
the saturating phases. m; and k(S) are, respectively, the dy-
namic viscosity and the relative permeability associated with
fluid i. Assuming that the gasis an ideal mixture, its pressure
Py isthe sum of the pressures of its constituents p; = p, + Pa.
When Eq. (15) applies to the gas phase, v, is the molar aver-
aged velocity of its condtituents, reading vy = Cv, + CyV,,
where C; isthe molar ratio of constituent j = a or v, and reads
C; = p/py, since the gas phase is assumed to be an idea mix-
ture. The choice of the averaged molar velocity rather than

Table4
Total porosity and apparent density of the hardened materials

Mix

BO BH CO CH
Total porosity ¢ (%) 12.2 8.2 30.3 204

Apparent density ps (kg - m~3) 2285 2385 1717 2086

Table5
Best parameters of Eq. (20) for each mix
Mix
BO BH CO CH
a(MPa) 18.6237 46.9364 37.5479 96.2837
b(-) 2.2748 2.0601 2.1684 1.9540

the massive one relies on thermodynamic considerations
[31,37] and has a so been adopted el sewhere [38].

Finally the relative diffusion process of water vapour and
dry air phases relative to the gaseous mixture are assumed
to be governed by Fick’s law, which reads (j = a or v) as
seen in Eq. (16):

Dya(T)
Pg(vj—Vg) = —F(S) C gradc; (16)
Pg®|
with Eq. (17)
_ DT[ﬂ%
Dva(T) = 0-217patm|j|-_0|:| (17)

Fick's law as formulated by Eq. (16) agrees with the mi-
croscopic expression, which can be directly derived from the
kinetic theory of gases [39]. Furthermore Eq. (16) accounts
explicitly for the inversely proportional dependence of the
relative flow of congtituent j to the total gas pressure p,. This
dependence comes from the expression adopted for the diffu-
sion coefficient D,o(T)/p, of the water vapour in the air given
by de Vries and Kruger [40] (with D,,/pyincm? s7%, TinK,
Ty, = 273 K, and py,, = 101325 Pa). In addition, the factor
F(S) accounts simultaneoudly for the tortuosity effects and
the reduction of space offered to gas diffusion [41].

Eq. (14) to Eqg. (16) have to be completed by the state
equations. The water vapour and the dry air are assumed to
be ideal gases, while the liquid pressure is governed by the
capillary curve already introduced in this paper. Therefore
the state equations read as shown in Eq. (18):

piM; = RTp; and  py—p; = pe(S) (18)

where M; is the molar mass of constituent j. Finally, assum-
ing that the liquid water and its vapour remain permanently
in local thermodynamic equilibrium, the rate of evaporation
is governed by the equality of their Gibbs potentials at each
time. When differentiated, this equality leads to the well
known isothermal Clapeyron’slaw [see Eq. (19)]:

dp,_dp_ (19)
pv pl
Table6

Intrinsic permesability obtained by fitting numerical weight loss on
experimental results

Mix
BO BH CcO CH
Intrinsic permeability K (m?) 3-100%* 51002 1:10% 03-10%
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Fig. 10. Capillary pressure vs. liquid water saturation.

6.2.2. Identification of material properties

As indicated previously, the capillary curve can be de-
duced from the experimental water vapour desorption iso-
therm by using Eg. (10) and Eqg. (11). Using the correspond-
ing data given elsewhere [8,12,13] for the mixes CO, CH,
BO, and BH (recalled in Table 4), one obtains some experi-
mental plots of the capillary curves as given in Fig. 10.

A good fit of the capillary curve is obtained through
Eqg. (20):

p(S) = a(§°-1)

The best fits for parameters a and b involved in Eq. (20)
are given in Table 5. The corresponding functions are re-
ported in Fig. 10 and can be compared with the experimen-
tal data. In looking for the best fit, the experimental data
corresponding to the lowest capillary pressures (corre-

1-1/b (20)

1.0
o 0.8 + gas CO
z /
% 06 + water CH
o
E gas CH /' \
L
: 04 |
2
£
=
é 02 | water CO
0.0

0.0 0.2 0.4 0.6 0.8

Liquid water saturation (-)

sponding to the highest RH) have not been accounted due to
their weak reliability.

The relative permeabilities to water [42] and to gas [43]
are approached using Mualem’s model with b = 1/m, which
reads as Eq. (21) and Eq. (22):

ka(S) = JS(A-(1-8™™’
ko(S) = JI-5(2-5"M" 22)

Using these expressions and the values given in Table 5 for
parameter b, the relative permeabilities to water and gas for
the different analysed materials are represented in Fig. 11.
Finally, the expression of the resistance factor F(S) in-
volved in Fick’s law [Eqg. (16)] is the one given by Milling-
ton [44, see Eq. (23)]:
4/3 10/3

F(S) = 97 *(1-S)” = ¢"°(1-9)

(21)

(23)
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gas BH
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Fig. 11. Relative permesabilities to water and to gas.
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6.3. Isothermal drying process. comparison between
modelling and experiments

6.3.1. Numerical resolution

The system of Eq. (14) to Eq. (19) has been numerically
solved using the finite volume method [45]. The finite vol-
ume method is well suited here since the discrete form of
the mass balance laws [Eq. (14)] is strictly satisfied. The
four unknown variables in the adopted discretization
scheme are the liquid water saturation S, the water vapour
pressure p,, the dry air pressure p,, and the rate of liquid
mass evaporation (., ). An implicit approximation of the
normal derivative ensuring the best stability of the scheme
is used. The resulting nonlinear system is solved through a
standard Newton-Raphson method. See earlier work [37]
for further information.

The drying process and the geometry of the samples of
CO, CH, BO, and BH simulated here are described previ-
oudy. Theinitial state has to be specified through the initial
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Table7
Intrinsic permeability obtained with Katz-Thompson model

Mix

Cco CH
Intrinsic permeability K (m?) 3102 2:10%

value of the (atmospheric) gas pressure and that of the inter-
nal RH of the 2-year-old materials (see Table 3). These two
initial conditions allow computation of initial water vapour
and dry air pressure. Lastly, the liquid water saturation at
the beginning of the drying process can be calculated from
the Kelvin' s equation at atmospheric pressure [Eq. (11)]. Fi-
nally, the boundary conditions consist in imposing RH =
50% and a gas pressure equal to the constant atmospheric
pressure at the boundary of the samples.

6.3.2. Identification of the intrinsic permeability:
discussion of the results

The last materia property remaining to be specified is the
key parameter represented by the intrinsic permeability K.
This parameter isidentified by comparing the relative weight
loss of the sample versus time predicted by the model and the
one experimentally recorded. This comparison consistsin de-
termining the vaue of K, which leads to the best account of
the observed data. The values obtained for the different hcp
and concretes are summarized in Table 6. The experimental
and the predicted relative weight losses are presented in Fig.
12. Note that the relevance of the proposed modelling can be
appreciated a posteriori through its accuracy to represent alot
of experimental plots, provided the identification of a single
material property, the intrinsic permeability K.

Note aso the good agreement in order of magnitude of the
permeability of the hcp CO and CH predicted by the pro-
posed model (Table 6) and its evaluation by using the Katz-
Thompson model [46] as performed previoudly [8] (Table 7).

The numerical calculations have shown that, contrary to
usua assumptions, the gas pressure does not remain con-

127 days
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Height (mm)

Fig. 13. Liquid water saturation profiles at different times in the hardened concretes.



V. Baroghel-Bouny et al. / Cement and Concrete Research 29 (1999) 1225-1238 1237

BO
0.5 .

0 da
0.0 Y
0.5

128 days

356 days

Relative Density Variation (%)

0 10 20 30 40 50 60 70 80 90 100

Height (mm)

BH
0.5
~
é 0.0 0 day
= .
€ .05 359 days
5 62d
§ 10 7 days ays 127 days
£
2 -15
a
o 20
2
S
= 25
L
&~
-3.0

0 10 20 30 40 50 60 70 80 90 100
Height (mm)

Fig. 14. Liquid water saturation profiles at different times in the hcp.

stant during drying. An overpressure arises on the border
layer of the sample and progresses towards its centre astime
passes. Due to the low value of the intrinsic permeability,
this overpressure takes a very long time to vanish. Finaly
the profiles presented in Figs. 13 and 14 show the relative
density variations predicted by the model for the various
tested materials during the drying process a8 RH = 50%.
These are very similar to results obtained experimentally
through gammaray attenuation measurements (Figs. 8 and
9). These results confirm the determining influence of the
initial RH gradient between the boundary and the core of
the sample, as suggested by the experimental results. Thus,
the small gradients prevailing inside the HP materials in-
duce reduced transfers and flat profiles.

In conclusion, it can be said that once the porosity, capil-
lary curve, and intrinsic permeability (from experiment or,
for example, by means of the Katz-Thompson model) are
determined, one has a predicting model. This tool can be
used to quantify the hygral state of a porous material along
its drying process. In particular, this model is able to pro-
vide weight loss and moisture content profiles.

7. Conclusions

Water vapour sorption isotherms characterize the equi-
librium moisture properties of hardened materials. The ex-
perimental curves obtained on ordinary and high-perfor-
mance hcp and concretes have pointed out the range where
the curves are identical whatever the mix (RH < 44%). In
the high RH range, the influence of mix parameters be-
comes obvious. A different behaviour is observed for HP
materials when the RH varies in this range. More exactly,
between RH = 50% and RH = 90%, very small evolutions
of the mass water content are registered for these materials.

Moreover, the water vapour desorption isotherm, once
trandlated into capillary curve, appears as state equation in
the thermodynamics-based modelling of drying process or
of its consequences such as drying shrinkage.

As shown in this paper, to predict one-dimensional dry-
ing shrinkage of cementitious materials as afunction of RH,
only their water vapour desorption isotherm and their bulk
modulus need to be experimentally determined. The model-
ling based on capillary stresses, proposed here, seemsto be
quite suitable at least for engineering purposes, given the
close agreement obtained in the range RH = 44% between
predicted and observed values for the two hcp tested.

The other key parameter involved in moisture transfer pro-
cesses, and more generaly in every transport process, isthein-
trindc permesbility of the material. Once the porosity, capillary
curve, and intrinsc permeability of the materia are deter-
mined, the model presented here is able to predict the hygra
dtate of a porous material dong its isotherma drying process.
Thus, the moisture profiles calculated for the different hard-
ened materials studied agree very well with the profiles ob-
tained experimentally by gammaray attenuation measure-
ments (evolution of the moisture content and its gradient as a
function of time). The results show a very different behaviour
between ordinary and HP materias. The specific behaviour of
HP materials results mainly from their strong self-desiccation
that has induced a low internal RH within the samples before
the beginning of the drying process at RH = 50%. Thus, the
RH difference (gradient) between the core and the surface of
the sample, and therefore the hygral potential, is smaller in the
HP materids compared to ordinary materials. The moisture
transfers are therefore reduced in BH and CH, as indicated by
the smaller weight losses and the profiles (little evolution of the
water content inside the material).
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