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Materials with a cement matrix classically present early-age volume variations (shrinkage and/or swelling).
This intrinsic early-age behavior strongly influences the length of time the buildings and structures will last
because of the micro-cracking and cracking that results from it. One explanation for the macroscopic
shrinkage is the presence of pore pressure in the porous medium. In this study, fine modeling of the coupling
mechanism behind these internal strains is proposed. The chemical reaction associated with hydration is
considered as the main force behind the hydric and mechanical evolutions in an endogenous configuration.
Thus, the influence of chemical contraction, porosity, pore-size distribution and pore pressure are central to
the study in the light of the numerical and experimental results obtained. A self-leveling layer of mortar of
sulfo-aluminous concrete base was used.
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1. Introduction

With a view to answering the needs of society, for example in terms
of reducing CO2 emissions and saving energy, the use of strongly
aluminous-based cements is advantageous. For example, the rapid
hydration kinetics of these cements brings gains in productivity and
saves energy at the prefabrication stage. Similarly, obtaining these
cements at lower temperatures than those required for Portland
cements leads to lower CO2 emissions per ton of cement produced.
Moreover, the less important quantity of calcium inside raw materials
leads also to decrease CO2 emissions during industrial clinker making
process. Besides, concerningproblemsofmaterial durability, knowledge
of the early-age behavior of materials with a cement matrix is a major
stake in the development of these newbinders. Indeed, like allmaterials
with a cement matrix, they unfortunately show considerable early-age
volume variations. This can be due to shrinkage or swelling imposed by
hydration conditions and the thermic and hydric environment. The use
of sulfo-aluminous cement [1] in the making of self-leveling concrete
screeds seems to have a considerable advantage compared to the use of
Portland cements [2] concerning screeds curling and cracking problems.
The very nature of the hydrates formed is such that the pore-size
distribution includes pore families of higher radius than in Portland
cements and C–S–H gel. The reduction in the degree of saturation in the
porous networks inherent in hydration leads to the creation of menisci
which cause capillary pressure. The existence of pore pressure thus
leads to skeleton contraction and macroscopic shrinkage. From an
experimental point of view, it remains very difficult to isolate precisely
the cause and effect relationship between themacroscopic observations
and the material characteristics for the chemical, hydric, thermic and
mechanical mechanisms are closely linked. A finemodeling approach is
also needed as a complementary tool to experimentation for studying
the coupling aspects which influence the amplitude of volume
variations observed at an early age.

In this paper, the equations governing the chemical, hydric and
mechanical behavior of a porousmaterial at an early age are proposed.
The thermic aspect which certainly plays a role, will not be treated
here. The modeling parameters are identified using the results of the
measurement of the degree of hydration, the pore-size distribution
and loss mass of a drying screed. The capacity of the model is first
evaluated in an endogenous configuration, that is, without taking into
consideration the drying mechanism, by confronting the calculated
internal pore pressure and the pore pressure measured experimen-
tally. Then the analysis will be extended to the drying of a concrete
screed exposed to 50% relative humidity on its upper side. The
representativeness of the numerical approach will then be evaluated
globally from the mass loss. The main objective of this paper is not to
validate the proposed numerical model because it requiresmore work
which will be presented in subsequent publications. The aim is
essentially to show all the potential of the proposed modeling of the
pore-size distribution at an early age permitting to simulate the mass
transfer in material during the first hours or days after casting.
2. Modeling approach

2.1. Hydration reaction

In the case of sulfo-aluminous cement-based material, it will be
supposed that the two main chemical reactions of hydration of the
material are on one hand that associated with the formation of
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ettringite and gibbsite from yeelimite and gypsum and on the other
hand that associated with the formation of ettringite from yeelimite,
portlandite and gypsum according to the following stoichiometry:

C4A3 S̄ + 2CS̄H2 + 34H⇒C6AS̄3H32 + 2AH3 ð1Þ

C4A3 S̄ + 8CS̄H2 + 6CH + 74H⇒3C6AS̄3H32: ð2Þ

Portlandite comes from the hydration of Portland cement which is
introduced in the mixture in small quantities (Table 1). In our
approach, for the sake of simplicity, as chemical modeling of the
Portland hydration is not taking into account, portlandite is supposed
to be present in the mixture from the beginning.

The kinetic hydration model proposed in this work is an extension
of that proposed in [3]. The reaction advance rates R and R′ are of the
power law type:

R = k C4A3 S̄
h iα

CS̄H2

h iβ
H½ �γ ð3Þ

R′ = k′ C4A3 S̄
h iα′

CS̄H2

h iβ′
CH½ �γ′ H½ �δ′: ð4Þ

Originality of this formulation lies in the ability to describe the
slowing or stopping of the hydration reaction by taking into account
the concentration of free water in the early-age material. Indeed,
several authors [4] showed in the case of Portland cement-based
material that the clinker minerals C3S, C2S and C3A have fundamen-
tally different sensitivities to relative humidity. C2S hydration is more
hampered by decreased relative humidity than C3S hydration, which
again is more hampered than C3A hydration. In the case of sulfo-
aluminous cement, in literature, there is no similar work about
hydration sensibility to relative humidity. In this work, the accuracy of
the proposed chemical model's sensibility to relative humidity is not
evaluated. To do that, further investigations are needed in order to
link the predicted hydration degree with the measured one for
different values of the water to binder cement ratio. The dependence
of the hydration kinetics on water concentration taken into account in
this approach is of course not really rigorous but has the advantage of
providing a given result permitting to generate the porous structure of
the material as presented in the following of this paper.

These advance rates define the relation between the product and
reagents concentrations because we can also write:

R = −
d C4A3 S̄
h i

dt
= −

d CS̄H2

h i
2dt

= − d H½ �
34dt

=
d C6AS̄3H32

h i
dt

=
d AH3½ �
2dt

ð5Þ

R′ = −
d C4A3 S̄
h i

dt
= −

d CS̄H2

h i
8dt

= −d CH½ �
6dt

= − d H½ �
74dt

=
d C6AS̄3H32

h i
3dt

:

ð6Þ

Characterizing the chemical behavior of the material in modeling
point of view consists in determining the parameters (k, α, β, γ) and
(k′, α′, β′, δ′, γ′) which are respectively in Eqs. (3) and (4). The speed
coefficient k or k′ depends on three characteristic moments used to
describe the progression of themechanisms of dissolution–nucleation.
Table 1
Composition mixtures.

Composition
[kg/m3]

Sulfoaluminate
cement

Portland
cement

Gypsum Mineral
filler

Water Fine
aggregate

Cement paste 569 65 380.5 254 634 0
Mortar 185 21 124 83 307 1376
In addition to the previous settings, the evolution of the speed coef-
ficientsmust follow a lawof the kind presented in Fig. 1. The number of
model parameters to be determined becomes thus 19: k1, k2, k3, θ1, θ2,
θ3, α, β, γ and k′1, k′2, k′3, θ′1, θ′2, θ′3, α′, β′, γ′, δ′. An inverse method (the
Kalman filter) technique is used based on the experimental measure-
ments of the concentrations evolutions of yeelimite and gypsum in
anhydride cement in the case of the hydration of a cement paste
(Table 1) with the help of the X-ray diffraction technique (DRX). The
degrees of yeelimite and gypsum consumption are then calculated
from the following relations:

ξyeelimite =
C4A3 S̄
h it=0− C4A3 S̄

h it
C4A3 S̄
h it=0 ð7Þ

ξgypsum =
CS̄H2

h it=0− CS̄H2

h it
CS̄H2

h it=0 : ð8Þ

Values of the chemical modeling parameters are given in Table 2.
The fitting of the hydration model was carried out relative to the
degree of yeelimite and gypsum consumption as depicted in Fig. 2.

2.2. Chemical shrinkage

Chemical shrinkage, also called «Le Chatelier's contraction» is the
consequence of the hydration reaction. Indeed, the sum of the
volumes of the reaction products is lower than the sum of the reagent
volumes. This difference can be estimated on the basis of the molar
volumes of the various chemical substances present, the values of
which (Table 3) come from the bibliography [5,6].

The evolution of chemical shrinkage through time can be
calculated from the advance rate of the hydration reaction and from
the molar contraction derived from the values in Table 3. Indeed,
molar contraction is equal to χchemical=161.4 cm3 per mole of
yeelimite consumed concerning the first chemical reaction and is
equal to χchemical′ =243.86 cm3 per mole of yeelimite consumed for
the second chemical reaction. The shrinkage kinetics can thus be
described according to the following equation relative to the reaction
advance rates R and R′ and the volume fraction of binder:

dVhydrat

dt
= − Rχchemical + R′χ′chemicalð Þ 1−

maggregate

ρaggregate

 !
: ð9Þ

maggregate is the aggregate mass per unit of volume of mortar (Table 1)
and ρaggregate=2600 kg m−3is the aggregate density.
Fig. 1. Evolution of the chemical velocity coefficient k versus time.



Table 2
Chemical modeling parameters.

k1 2.69e−015 k1′ 1.18e−016
k2 1.93e−013 k2′ 2.54e−016
k3 4.41e−014 k3′ 2.70e−016
θ1 48,843 s θ1′ 35,512.6 s
θ2 49,839.8 s θ2′ 45,899.4 s
θ3 93,580.8 s θ3′ 85,842.3 s
α 0.931 α′ 1.000
β 0.944 β′ 0.910
γ 1.398 γ′ 1.059

δ′ 1.123

Table 3
Molar volume given in [5,6].

Notation Molar volume [cm3 mol−1]

Yeelimite C4A3S ̄ 234.00
Gypsum CS̄H2 74.20
Water H 18.00
Ettringite C6AS̄3H32 705.00
Gibbsite AH3 64.00
Portlandite CH 33.21

Fig. 3. Measured and calculated comparison of the chemical shrinkage (mortar).
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The comparison between the measured chemical shrinkage
kinetics on mortar (Table 1) and that predicted by modeling is
shown in Fig. 3. On the basis of the theoretical values ofmolar volumes
and the aggregate volume fraction, this result seems to confirm that
the chemical shrinkage of thematerial responsible for creating internal
voids seems to be well correlated with the degree of hydration.

2.3. Porosity

Theporosity corresponds by definition to the volume fraction of the
empty spaces in the porous network. The total porosity ϕ evolution
kinetics is linked to the water consumed by hydration and the
chemical contraction of the products of the reaction. Macroscopically,
the porosity evolution speed can be expressed in the following form:

dϕ
dt

= Rχchemical + R′χ′chemical−Rχhydration−R′χ′hydration
� �

1− ms

ρaggregate

 !
:

ð10Þ

The initial total porosity is given by the volume of initial water
in the blend: ϕ0 = m0

water
ρwater

and by the air entrained which is estimated
to ϕair=3%.

The terms χhydration and χhydration′ correspond to the volumes of
water chemically bound by the degree of reaction advance. They are
calculated from both the stoichiometry of the chemical reactions and
the molar volume of the water, here:

χhydration = 34⁎18 = 612cm3mol−1 ð11Þ

χhydration′ = 74⁎18 = 1332cm3mol−1
: ð12Þ
Fig. 2. Results of the modeling fitting in terms of yeelimite and gypsum consumptions
(cement paste).
Fig. 4 presents the evolution of the porosity calculated with the
preceding equations. Similarly, the porosity in mortar specimen kept
in endogenous configuration measured by mercury intrusion por-
osimetry after 19 h, 24 h and 14 days is given. The prediction of
porosity is of good quality. Besides, this modeling of porosity
evolution kinetics has the advantage that it can decompose into two
essential sources making the porous area inside the cement-based
material. Proposition is to consider that a first component of the total
porosity is linked to the space area of the inner hydrates products, the
finer porosity ϕchemical, which is supposed in our approach to be the
result of the chemical contraction of hydrates, and a cruder form of
porosity ϕcapillary which is induced by water not chemically bound and
which subsists in the material.
Fig. 4. Calculated and measured porosity comparison (mortar).



Fig. 5. Evolution of volume fractions versus the degree of hydration in the binder
(mortar).

Fig. 6. Simplified scheme of the porosity.

Fig. 7. Typical cumulated pore-size distribution curve.
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Thus the following decomposition is obtained:

ϕchemical = 1−
maggregate

ρaggregate

 !
∫ Rχchemical + R′χ′chemicalð Þdt ð13Þ

ϕcapillary = ϕair +
m0

water

ρwater
− 1−

maggregate

ρaggregate

 !
∫ Rχhydration + R′χ′hydration
� �

dt:

ð14Þ

Fig. 5 shows evolutions of the calculated volume fraction of
anhydres, hydrates, free water and porosity in the case of endogenous
configuration versus the degree of hydration ξyeelimite. The volume
fraction of the solid phase increases with the increasing degree of
hydration. Self-desiccation is put in light by the increasing difference
between the total binder and the (solid phase+free water) volume
fraction. The initial difference is linked to the air entrained ϕair.

2.4. Pore-size distribution modeling

In a non saturated situation and for a given relative humidity h, the
meniscus of radius Rm constitutes the frontier between the volume
fraction (Vporosity−Vliquid) of the porous network occupied by the gas
phase and the volume fraction Vliquid saturated with liquid water. The
corresponding capillary pressure pc is linked to the radius Rm of the
meniscus himself linked to relative humidity h following the Kelvin
Laplace equation:

pc =
2γ
Rm

cos θð Þ = −ρℓ
RT
Mν

ln hð Þ ð15Þ

where the water surface tension γ=0.0728 N m−1, the water contact
angle θ=0°, the constant of perfect gas R=8.314 J mol−1 K, the
water density ρℓ=1000 kg m−3, the molar mass of vapour Mv=
0.01802 kg mol−1 and the absolute temperature T=293.15 K are
well-known and are remembered in [7].

The Rp radius pores concerned by this meniscus are then
determined by the thickness δ of the layer of water adsorbed as
depicted in Fig. 6 following the equation:

Rp = Rm + δ: ð16Þ

The volume fraction of water adsorbed Vadsorbed on the surfaces of
the porous network occupied by the gaseous phase is taken into
account in the volumic result byway of the relation proposed by Bentz
et al. [8] linking the thickness of water δ adsorbed in nm to the given
relative humidity h:

δ hð Þ = 0:395−0:189 ln − ln hð Þð Þ: ð17Þ

The degree of saturation Sℓ can thus be determined:

Sℓ =
Vliquid + Vadsorbed

Vporosity
: ð18Þ

The values of Vliquid and Vporosity are determined on the cumulated
pore-size distribution curve, for a given pore radius Rp as indicated in
Fig. 7. The cumulated pore-size distribution curve may be obtained
experimentally by mercury intrusion porosimetry measurement tech-
nique. The volume fraction ofwater adsorbed Vadsorbed is evaluated from
the following expression:

Vadsorbed = ∫∞
Rp

πr2−π r−δð Þ2
h i

dl = ∫∞
Rp

1− 1− δ
r

� �2� �
dV

d logr
d log r

ð19Þ

where we assume a geometrical structure of the porous network
which is approximated with a successive piling up of cylindrical tubes
of diminishing radius as schematized in Fig. 6. The fact that lower-
radius pores can open onto higher radius pores is not considered.

Knowing the degree of saturation versus capillary pressure
relationship for a given relative humidity h, the treatment of the
whole cumulated pore-size distribution curve thus leads to deter-
mining the capillary pressure curve pc (Sℓ).

At an early age, the idea is to describe the pore-size distribution
curve V= f(Rp, ξyeelimite) which depends then on the degree of
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hydration ξyeelimite with amathematical function in order to provide pc
(Sℓ, ξ) curves. Aswe can observe clearly that the pore-size distribution
is generally broken down into two major pore families (Fig. 8a), the
first proposal in this work is to consider that the volume fraction of the
pores family in the range around radius equal 10−2 μm is equal to the
porosity defined previously as fine porosity with Vchemical

1 (r=∞,
ξyeelimite)=ϕchemical (Fig. 8b). The second proposal is to consider that
the volume fraction of the larger pores family is the volume fraction of
water not consumed by hydration, supposed to constitute the macro-
porosity which is separated into two components with Vcapillary

2 (r=∞,
ξyeelimite)=(1−ω)ϕcapillary and Vcapillary

3 (r=∞,ξyeelimite)=ωϕcapillary

where ω is a weighting scalar (Fig. 8b). Then, volume fraction of
the total porosity Vporosity(r, ξyeelimite) can be considered as a com-
bination of these components of porositywith the help of this equation
(Fig. 8b):

Vporosity r; ξyeelimite

� �
= ϕchemicalH

1
chemical + 1−ωð ÞϕcapillaryH

2
capillary

+ ωϕcapillaryH
3
capillary: ð20Þ

ϕchemical andϕcapillary depend only on the hydration degree ξyeelimite.Hj
i

functions define the shape of the pore-size distribution and depend on
both the hydration degree ξyeelimite and on the radius pore r concerned
by the meniscus.

The shape of the cumulated pore-size distribution modeling
depends on the choice of the mathematical expression Hj

i. This is
Fig. 8. Incremental a) and cumulated b) pore-size distributions modeling.
such that the derived function of Hj
i corresponds to the following

Gaussian curve Gj
i:

Gi
j rð Þ = dHi

j

dr
rð Þ = 1

σ i
j

ffiffiffiffiffiffi
2π

p exp
log rð Þ− log rij

� �� �2
2σ i2

j

0
B@

1
CA: ð21Þ

The parameters rj
i and σj

i are identified so that the major pore
families coincide with the main families of pores obtained experi-
mentally. They must be dependent on the degree of hydration
ξyeelimite and fitting of the incremental pore size needs to have linear
relationships versus ξyeelimite as:

rij ξyeelimite

� �
= aij 1−bijξyeelimite

� �
ð22Þ

σ i
j ξyeelimite

� �
= cij 1−dijξyeelimite

� �
: ð23Þ

The fitting of the modeling pore-size distribution with the
experimental one for 3 time lapses (Fig. 9) leads to determine
parameters ω, aji, bji, cji and dj

i which are given in Table 4. A global
evolution kinetics of the cumulated pore-size distribution curve is also
obtained through time. A plot of it is given in Fig. 10.

The capillary pressure curve pc (Sℓ) is classically determined from
the desorption isothermwhich translates thewatermass sample loses
in the drying process. There are nevertheless several experimental
disadvantages. On the one hand, each point on the curve is obtained
when the core of the sample is in hydric balancewith its environment,
which takes a long time. On the other hand, within the framework of
research on early-age behavior, the curve for each level of hydration
must be known, which is experimentally impossible. The formulation
of this pore-size distribution model thus enables capillary pressure
curves to be generated according to the hydration of the material. The
exploitation of the previously presented pore-size distribution model
gives the capillary pressure curves pc (Sℓ, ξyeelimite) shown in Fig. 11.

2.5. Theoretical evolution of pore pressure

On the basis of the theory of porous environments of Coussy [9],
the coupling relation between themechanical behavior and the hydric
state of the material is obtained from the equivalent pore pressure
π. This coupling is defined by the constraints and is written in the
following form:

dσ + bdπ = Kdε ð24Þ

where σ is the macroscopic constraint and ɛ is the mechanical defor-
mation. K is the compressibility modulus and b is Biot's coefficient.

The diminution of the degree of saturation Sℓ leads to the creation
of menisci in the porous network which mark the frontier between
liquid and gaseous phases in the fluid. In agreement with Coussy et al.
[10], the existence of these menisci leads to a balance of surface forces
thus:

π = p⁎−U ð25Þ

where p⁎ is the average pressure in the fluid and U is the sum of all the
surface energies between liquid and gas, liquid and solid and gas and
solid. The total pressure or average pressure of amixture of ideal gases
is equal to the sum of the partial pressures of the individual gases in
the mixture as stated by Dalton's law and is written as follows:

p⁎ = Sℓpℓ + 1−Sℓð Þpg: ð26Þ



Fig. 9. Calculated and measured pore-size distribution.
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Table 4
Pore-size modeling parameters.

ω 3/5

achemical
1 0.015 μm

bchemical
1 0.4

cchemical
1 0.0016 μm
dchemical
1 0.0

acapillary
2 0.050 μm

bcapillary
2 0.4

ccapillary
2 0.0006 μm
dcapillary
2 0.0

acapillary
3 0.500 μm

bcapillary
3 0.4

ccapillary
3 0.0003 μm
dcapillary
3 0.25

Fig. 10. Global cumulated pore-size distribution modeling.
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The sum of surface energies is defined by the area under the
capillary pressure curve pc (Sℓ):

U Sℓð Þ = ∫
1

Sℓ

pc Sℓð ÞdSℓ: ð27Þ
Fig. 11. Calculated pc (Sℓ , ξyeelimite) curves with the increase of the degree of saturation.
Thus, the equivalent pore pressure differential is written:

dπ = −Sℓdpc + dpg: ð28Þ

Supposing that any gas pressure gradient is rapidly cancelled, the
evolution of the equivalent pore pressure is exclusively linked to the
capillary pressure and degree of saturation. According to Eq. (24), the
effective pore pressure can be defined as follows:

dpeff = −bSℓdpc: ð29Þ

For the past century, as that has been summarized comprehen-
sively in [11], many researchers have investigated for the right
definition of the Biot's coefficient. Recently, Vlahinic et al. [11]
proposed a new definition of this coefficient which essentially needs
the experimental characterization of the bulk modulus of the solid
constituent ks. Because these investigations in the case of sulfo-
aluminous cement-based material are not yet available in literature, a
more classical method was used. Biot's coefficient b can be
determined by a homogenization method as presented in [12]
where the porosity is included in the solid matrix composed of
binder and sand. It can be shown in this case that Biot's coefficient is
independent of the compressibility modulus of the solid ks and the
homogenized modulus of compressibility K=khom. We have:

b = 1− khom
ks

=
ϕ

1−αs 1−ϕð Þ ð30Þ

with

αs =
3ks

3ks + 4μs
ð31Þ

ks =
Es

3 1−2νsð Þ ð32Þ

μs =
Es

2 1 + νsð Þ : ð33Þ

It can be shown without difficulty that Biot's coefficient is finally
independent of the elasticity modulus Es of the solid composing the
skeleton. Here, Poisson's coefficient νS of the solid was taken as
constant and equal to 0.2. Then, Biot's coefficient simply depends on
porosity ϕ.

Before the setting process begins, the existence of capillary
pressure cannot be considered since the skeleton and the porous
network are not yet constructed. In modeling terms, the consequence
is that the integration of Eq. (29) enabling the evolution kinetics of
effective pore pressure to be obtained must be carried out with the
percolation point as its lower limit. The percolation point can be
deduced at the beginning of setting which separates the moment
when the material passes from a fluid-plastic to a solid state with the
help of the Vicat apparatus. The measured initial setting time is for the
studied mortar around 4 h corresponding to a degree of hydration
equal to 10%. The evolution kinetics of calculated capillary pressure
and calculated effective pore pressure according to the degree
of hydration are shown in Fig. 12 in the case of endogenous
configuration.

2.6. Degree of saturation

The deformable skeleton [9] is made up of the solid matrix and the
connected porous space filled by fluids which are liquid water
(indexed l), water vapour (indexed v) and dry air (indexed a). The
displacement of the fluids being considered relative to the skeleton,
the elementary volume studied consequently does not contain the
same quantity of fluid after skeleton deformation. This is why the



Fig. 12. Pore and capillary pressure evolutions in endogenous configuration (mortar).
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initial elementary volume is considered as an open system which
exchanges with the outside, a mass (midΩ) of phase i composing
the fluid. The principle of mass conservation for each phase is thus
expressed as follows:

dml

dt
= div wlð Þ− dml→v

dt
−

dmlξ

dt
ð34Þ

dmv

dt
= div wvð Þ + dml→v

dt
ð35Þ

dma

dt
= div wað Þ ð36Þ

where wi is the fluid mass relative flux associated with phase i, and
(ml→v dtdΩ) represents the mass of liquid water which is trans-
formed into water vapour in the elementary volume studied.

The mass mi is linked to the porosity ϕ, the degree of water
saturation Sℓ and the density ρi of the phase i, according to the
following expressions:

mℓ = ϕρℓSℓ ð37Þ

mv = ϕρv 1−Sℓð Þ ð38Þ

ma = ϕρa 1−Sℓð Þ: ð39Þ

Themass of hydratedwatermlξ is linked to the advancement of the
hydration reactions according to:

dmlξ

dt
= − 34R + 74R′ð ÞMH 1−

maggregate

ρaggregate

 !
ð40Þ

where MH=18 g mol−1 is the mass molar of water.
Supposing that the transport mechanisms are perfectly dissociat-

ed, the liquid phase movement can be described by Darcy's law
according to the expression of the flow:

wℓ = −ρℓ
k
ηℓ

krℓ Sℓð Þgrad pℓð Þ ð41Þ

where k is the intrinsic permeability, krℓ is the permeability relative to
water and ηℓ is the dynamic viscosity of the water.
The transport of the water vapour through the dry air can be
described both by Darcy's law and Fick's law. The water vapour flow
can be written as follows:

wv = −ρv
k
ηg

krv Sℓð Þgrad pg
� �

−f ϕ; Sℓð ÞDva Tð Þ
pgCv

grad Cvð Þ ð42Þ

where
Dva Tð Þ
pg

is the diffusion coefficient of water vapour or dry air in

wet air (cm2 s−1), f(ϕ, Sℓ) is the resistance factor accounting for both
the tortuosity effect and the reduction of space offered to the diffusion
of gaseous constituents, and Cv is the molar density of water vapour.

If the conservation of the mass of liquid water and water vapour is
considered, the following equation is obtained:

d ϕρlSl + ϕρv 1−Slð Þð Þ
dt

−div wl + wvð Þ = −
dmℓξ

dt
: ð43Þ

A numerical studywas carried out byMainguy [13] in which all the
means of transport mentioned before (liquid water and water vapour
convection, and diffusion of vapour in air) are considered. In the case
of materials with a cement matrix with an intrinsic permeability close
to 10−18 m2, the low dynamic viscosity value of a gas compared to the
dynamic viscosity of a liquid enables water vapour transport in a
convective form to be left aside considering the relatively long time
scale required for drying. Besides, the numerical results also show
that, contrary to the constant gas pressure hypothesis too often
advanced, the gas phase can be subjected to very high excess pressure.
However, the homogeneity of vapour concentration being rapidly
observed in a material of low permeability, this enables the Fickean
transfer of water vapour to be left aside. Lastly, considering that the
density of water vapour is much lower than that of liquid water, the
Eq. (43) can be simplified and re-written in the following form:

d ϕρlSlð Þ
dt

−div wlð Þ = dmℓξ

dt
: ð44Þ

The incompressibility ofwater, the capillary definition (pc=pg−pℓ)
and the Eqs. (41) and (44) lead to the following relation:

ϕ
dSl
dt

−div
k
ηl

krl Slð Þgrad pcð Þ
� �

=
1
ρl

dmℓξ

dt
−Sℓ

dϕ
dt

: ð45Þ

3. Measuring pore pressure

The test developed consists in measuring from the pouring stage
the variations in pore pressure in the material in endogenous
configuration during hydration. The measurements are carried out
thanks to a set-up similar to that used to measure interstitial pressure
in floors [14–16]. A fine ceramic porous stone is plunged into the fresh
material. It ensures the continuity between the water in the material
and the water in the sensor chamber. The perfect saturation of the
ceramic stone by deaerated water is an essential condition for the
correct functioning of the tensiometer [17].

The sample is poured up to 5 cm thick into a recipient 6 cm in
height and 8 cm in diameter (Fig. 13). Distilled and deaerated water is
then used to fill the whole glass device: the lower part of the pressure
sensor, the capillary tube and the porous ceramic stone. The saturated
ceramic stone, 2 cm long, is then immerged directly in the sample. It is
systematically placed at the same depth in the material: 1.5 cm from
the bottom of the mold and 1.5 cm from the surface.

Lastly, oil is poured 1 cm thick on the surface of the sample so that
the material is in perfectly endogenous condition.

Before setting begins, that is, when the material is still fluid
and shows no rigidity, hydration of the material leads to a fall in
volumewhich is relative to the chemical contraction. The water in the



Fig. 13. Experimental pore pressure measuring device.
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sensor tank compensates for this created volume. A slight depression
is then measured between 4 and 12.5 h (Fig. 14). Then when setting
has begun, that is, when the porous structure is formed, the
depression measured by the sensor is also due to the cavitation
mechanism in the material, hence the sudden increase in depression
between 12.5 and 16 h. Finally, when the desaturation kinetics is
stabilized because the hydration reaction is practically over, the de-
pression is also stabilized.

Fig. 14 presents also the comparison between the measured
depression evolution and that calculated relative to time. The close
correspondence until 0.06 MPa between experiment and calculation
hints at interesting horizons in predicting shrinkage at an early age in
materials with a cement matrix. But a difference occurs nevertheless
after this level of pressure. An experimental reasonmay be behind this
discrepancy. Indeed, the saturated ceramic stone supplies certainly
water inside the material on a distance of a magnitude equivalent to
the size of the sensor, which leads to underestimate the theoretical
local depression. In reality, that means that the material situated near
the ceramic stone is not in perfectly endogenous condition but is in
Fig. 14. Evolution kinetics of effective pore pressure in endogenous configuration
(mortar).
drained condition. As already presented in [14–16], this technique is
accuracy for detecting only the beginning of self-desiccation. But
nevertheless, this relatively good adequacy demonstrates that the
definition of the equivalent pore pressure is reliable unlike the direct
comparison between measured pore pressure and capillary pressure
which is equal to 0.4 MPa when hydration is completed (Fig. 12).

4. Measuring mass loss in drying configuration

From the mechanisms presented above, it is now opportune to
estimate the influence of drying on the hydration of porous material.
The considerable drop in the degree of saturation in zones close to the
exchange surface can have non negligible consequences on the
evolution of porosity and porous distribution. Besides, lower values
for the degree of saturation than in an endogenous situation is
synonymous with greater pore pressure in the material.

For this estimation, self-leveling screed 3 cm thick subjected to
50% ambient humidity is considered (Fig. 15). More particularly, it is
supposed that the drying of the upper face of the porous environment
begins as soon as the environment exists, that is, as soon as setting
begins. The screed is furthermore considered to have been poured
into an impermeable mold, which implies that the flow of water on
the lower face and sides is non-existent.

In the Eq. (45), values of the intrinsic permeability k and of the
permeability relative to water krℓ are unknown. It is proposed in
literature that the relative water permeability could be described by
the Mualem's model [18]:

krℓ =
ffiffiffiffiffiffi
Sℓ

p
1− 1−S

1
m

� �mh i2
: ð46Þ

Concerning the intrinsic permeability k, experimental results given
in [19] exhibit data showing a linear relation between the intrinsic
permeability or gas permeability and the total porosity. It is evident
that permeability doesn't depend only on porosity but also on
tortuosity, specific surface, pore-size distribution and connectivity of
pores. But for simplicity, we consider in this work a linear relation
between intrinsic permeability k and porosity ϕ:

k = aϕ + b: ð47Þ



Fig. 15. Experimental scheme of screed subjected to drying.
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The hydric flow on the surface of hydric exchange is taken to be
proportional to the degree of saturation differential between the
boundary layer and the inside of the material:

wℓ = β Sℓ−Sextℓ

� �
: ð48Þ

The degree of saturation Sℓext in the boundary layer is calculated
through the curve:

pc Sextℓ ; ξyeelimite

� �
= −ρℓ

RT
Mv

ln hext
� �

ð49Þ

where the relative humidity hext outside the screed is equal to 50% and
the degree of hydration ξyeelimite in the boundary layer is given with
the chemical modeling previously presented.

With a view to estimating the impact of the hydric transfer on the
development of the material structure, parameters a, b and β are
chosen in order to have the best modeling prediction of the loss in
water mass (Fig. 16) of the screed. Parameters are given in Table 5. A
slight difference still exists and can be induced by the effect of
temperature which accelerates the drying mechanism. Elevation of
temperature comes from the heat of hydration. Experimental
investigations have shown that the temperature elevation at half-
Fig. 16. Measured and calculated screed water mass loss comparison (mortar).

Table 5
Intrinsic permeability, permeability relative to water and hydric flow law parameters.

m 0.49
a 580

3 10−19

b − 113
3 10−19

β 10−8
way through the thickness is higher in the case of endogenous
configuration (5 °C) than in drying configuration (2 °C).

The simulation results presented in Fig. 17 show that the hydration
value close to the exchange surface is slightly lower than that situated
in the core of the screed. After 14 days, the yeelimite is only 95%
hydrated while close to the intrados, it is almost 100% hydrated.
Unlike Portland cement [4], the influence of the degree of saturation
on hydration seems less marked but this observation is based solely
on modeling results and requires experimental verification. The
influence of drying is nevertheless clearly visible in Fig. 18 where the
degree of saturation through time and in relation to the geometrical
position in the thickness of the screed is shown. A few hours after
setting begins (12 h), the degree of saturation falls to about 40% on the
outer layer while throughout a considerable part of the thickness, the
porous environment remains 80% saturated.

The existence of two mechanisms leading to the desaturation of
porous networks can be clearly observed in Fig. 18. The first, which is
relative to the hydration of the material, is visible in the intrados,
while the second, which is linked to the drying process, is visible
throughout the total thickness of the screed later in time. The
consequences concerning the evolution kinetics of total porosity are
similar to what has been identified concerning the degree of
hydration of the material. The surface layer of the screed presents
after 14 days a relatively higher porosity of about 21.5% and a porosity
of 21% throughout the rest of the thickness of the screed as shown in
Fig. 19. The difference is more pronounced at an early age but remains
nevertheless small. It can thus be deduced that the thickness of the
surface layer in which the drying interacts with the hydration of the
material is about 5 mm, with the rest not being affected. This
numerical result is in accordance with the weak influence of drying
on porosity experimentally observed. The porosity measured by
mercury intrusion porosimetry reveals almost no noticeable differ-
ence whatever the position of the mortar sample studied in the
Fig. 17. Evolution in the degree of hydration in the thickness of the screed.



Fig. 18. Evolution in the degree of saturation in the thickness of the screed versus time.
Fig. 20. (RH) at half-way through the thickness versus time.
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thickness of the screed. Nevertheless, with a view to validating the
representativity of the hydric transfer model, the relative humidities
decreasing at half-way through the thickness (Fig. 20) given by the
model and that measured with Rotronic hygroclip2 SC05 probe are
compared. Modeling overestimates the value of the measured (RH).
This result seems to put in fault condition the developed modeling.
But further works are necessary to check if the humidity measure-
ment with a probe of diameter of several mm is representative of
moisture actually present in pores with diameters less than 1000
times. Another aspect cited in [7] is not considered in this work and
also not clearly observed in terms of (RH) measurement. An initial
(RH) drop can be attributed to dissolved salts in the pore fluid.

Knowing the characteristics of the porous structure and the degree
of saturation throughout the thickness of the screed relative to time
enables the distribution of the effective pore pressure in the material
to be calculated. The evolution of the effective pore pressure in the
thickness through time is shown in Fig. 21. It can be observed that it
evolves from a value of a few hundredths of MPa (0.1 MPa) in an
endogenous configuration to a few MPa in a drying situation
(2.5 MPa). Supposing that the material is only elastic from the start
of the setting process, after 14 days, the elasticity module being of the
order of 10 GPa, that leads to a shrinkage deformation of 250 μ. The
values measured are generally higher than this. In fact, the material is
certainly viscoplastic and in this case the history of both pore pressure
and elastic modulus since the setting began must be integrated to
obtain shrinkage.
Fig. 19. Evolution in the porosity in the thickness of the screed.
5. Conclusions

Knowledge of early-age behavior of materials with a cement
matrix is an important factor for the improvement of their durability.
Indeed, the dimensional variations they are subjected to can cause
high constraints in the first days leading to cracking. With a view to
understanding in more detail the certain mechanisms responsible for
shrinkage deformation, a modeling tool has been presented and
calibrated both in endogenous configuration and in a drying situation.
It is based on a description of the hydration reaction and on a
modeling of the porous distribution fromwhich the evolution kinetics
of capillary pressure relative to the degree of saturation is constructed.
Several calculated values such as chemical shrinkage, effective pore
pressure (endogenous), relative humidity (during drying) and mass
loss have been compared to measured values. The quality of the
results obtained proves the potential of this numerical approach in
characterizing in a general way the material levers responsible for
early-age volumic variations. Thermic behavior must be taken into
account in the analysis, but that poses no major problem for the
mechanisms to be modeled, as only the thermic characteristics need
to be identified. The extension of the experiments used in this work to
the measurement of temperatures is one of the perspectives.
Similarly, the consequences of effective pore pressure on macroscopic
deformations will be studied.
Fig. 21. Evolution in effective pore pressure in the thickness of the screed versus time.
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