
HAL Id: hal-04199407
https://insa-toulouse.hal.science/hal-04199407v1

Submitted on 1 Oct 2025

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

Distributed under a Creative Commons CC BY-NC 4.0 - Attribution - Non-commercial use - International
License

Model of water transfer in concrete and rock based on a single
state variable to consider simultaneous positive pressure and

drying boundary conditions
Aya Rima, Laurie Lacarrière, Alain Sellier, Ponleu Chhun, Minh-Ngoc Vu

To cite this version:
Aya Rima, Laurie Lacarrière, Alain Sellier, Ponleu Chhun, Minh-Ngoc Vu. Model of water transfer in concrete
and rock based on a single state variable to consider simultaneous positive pressure and drying boundary
conditions. Nuclear Engineering and Design, 2023, 413, pp.112499. ⟨10.1016/j.nucengdes.2023.112499⟩. ⟨hal-
04199407⟩

https://insa-toulouse.hal.science/hal-04199407v1
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr


Model of Water Transfer in Concrete and Rock1

based on a Single State Variable to Consider2

Simultaneous Positive Pressure and Drying3

Boundary Conditions4

Authors5

Aya Rima (1)∗, Laurie Lacarrière (1), Alain Sellier (1), Ponleu Chhun (1), Minh-Ngoc Vu (2)
6

7

(1) Université de Toulouse, UPS, INSA, LMDC (Laboratoire Matériaux et Durabilité des Constructions), 135,8

avenue de Rangueil, 31 077 Toulouse Cedex 04, France9

(2) Andra, 1-7 rue Jean Monnet, Chatenay Malabry, 92298, France10

11

Corresponding author12

E-mail address: rima@insa-toulouse.fr (Aya Rima)13

14

Keywords15

Water transfer, Drying, Saturation, Temperature, Concrete, Soil, Underground nuclear waste disposal.16

Abstract17

During their service life, concrete structures may be subjected to positive pressure and drying boundary18

conditions simultaneously. This phenomenon is likely to occur in civil engineering structures, such as tunnels19

for nuclear waste storage, dams, and piles, where the simultaneous phenomena of drying and saturation must20

be considered because of their strong e�ects on the short- and long-term behavior of the structure. The water21

transport model proposed in this paper predicts the mass transfer and water �eld in the material. It provides22

a continuous description of saturated and unsaturated media using liquid pressure as the only state variable23

and also considers the e�ects of temperature variations. A formulation for water transfer with a single state24

variable is presented, followed by an illustration of its numerical implementation and a procedure for the25

calibration of parameters. The model is compared with experimental and numerical results to validate its26

e�ciency. For this purpose, several applications dealing with drying and saturation phenomena are used. The27
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Nomenclature

φ Porosity (-)

pl Liquid pressure (Pa)

pg Gas pressure (Pa)

pv Vapor pressure (Pa)

pc Capillary pressure (Pa)

patm Atmospheric pressure (Pa)

ml Liquid mass (kg/m3)

mv Vapor mass (kg/m3)

ma Air mass (kg/m3)

wl Liquid mass �ux (kg/(m2.s))

wv Vapor mass �ux (kg/(m2.s))

wa Air mass �ux (kg/(m2.s))

~vl Liquid velocity (m/s)

~vv Vapor velocity (m/s)

Sl Liquid saturation (-)

RH Relative humidity (%)

ρl Fluid density (kg/m3)

ρref Reference �uid density (kg/m3)

kl Liquid permeability (m2)

kg Gas permeability (m2)

krl Relative liquid permeability (−)

krg Relative gas permeability (−)

ηl Liquid dynamic viscosity (Pa.s)

ηg Gas dynamic viscosity (Pa.s)

Mshr Van Genuchten constant (Pa)

mvgn Van Genuchten parameter (-)

nvgn Van Genuchten parameter (-)

q Exponent of relative permeability to liquid (-)

p Exponent of relative permeability to gas (-)

kw Liquid water bulk modulus (Pa)

T Temperature (K)

Tref Reference temperature (K)

θ Temperature (◦C)

λ thermal conductivity (W/(m.K)

λref Reference thermal conductivity (W/(m.K)

Cp Heat capacity J/(kg.K)

Cp ref Reference heat capacity J/(kg.K)

h Convection coe�cient (W/m2.◦C)

results obtained show the potential of the proposed water transfer model to evaluate the water transport in28

the material under study at di�erent temperatures by simulating a mock-up of nuclear power plant wall. It is29

�nally used to predict the re-saturation of an underground nuclear waste disposal structure.30

1 Introduction31

In civil engineering structures, it is essential to understand the behavior of construction materials from the32

time of placement through long-term use. The most commonly used construction material for buildings and33

structures is concrete, and water is an important factor a�ecting its characteristics and behavior due to its34

porosity. It is, therefore, necessary to understand the movement of moisture in concrete structures over time.35

In such structures, the in�uence of various phenomena on their behavior must be taken into account. One of36

these phenomena is the signi�cant condensation of vapor that occurs when the structure is rapidly exposed37
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to high temperatures, conditions that can be found in concrete walls of containment vessels in case of a se-38

vere accident (interior temperature rising to 200 ◦C in a matter of minutes). In some cases, the structure39

investigated may also be partially immersed in water (as in the case of dams, pile foundations, and deep40

underground nuclear waste repository). For this reason, the coexistence of saturated and unsaturated zones41

must be considered when studying water transfer in concrete structural elements.42

43

The phenomenon of water transport in porous media at high temperatures is a topic of considerable concern.44

The importance of coupled models involving heat transfer, liquid water �ow, and gaseous water �ow to de-45

scribe the short- and long-term behavior of concrete subjected to temperature rise has been emphasized by46

various researchers. Theoretically, Richards' formulation can be used to describe the motion of water in porous47

materials [Richards, 1931]. However, due to its non-linearity, large mass balance and convergence problems48

can be encountered. [Philip and De Vries, 1957] and [Luikov, 1975] were among the �rst authors to propose the49

pioneering models of coupled partial di�erential equations governing heat and moisture in a porous material.50

Based on these theoretical models, [Baºant and Thonguthai, 1978; Gong et al., 1991] proposed a mathe-51

matical model to describe the drying process of concrete. Recent work, derived from the model proposed by52

[Philip and De Vries, 1957], to study the transport of heat, water and salt can also be found [Zhang et al., 2023].53

54

Another water transfer model is proposed in [Baºant and Najjar, 1971]. It is based on solving a nonlinear55

di�usion equation. In that model, the water content is the state variable and the water di�usion coe�cient56

is calculated as a function of the water content. This approach has been used by several researchers, such as57

[Mensi et al., 1988]. Other works using the same concept but replacing water content by relative humidity58

degree of saturation can also be found in [Xi et al., 1994; Witasse et al., 2002; �milauer et al., 2019; Carette59

et al., 2020]. However, the hydric di�usion coe�cient includes the movements of both vapor and liquid water.60

Thus, it is di�cult to evaluate the importance of each phenomenon using only this coe�cient.61

62

More complex modeling of the water transport in the porous medium can be found in [Baroghel-Bouny et al.,63

1999; Gawin et al., 1999; Mainguy et al., 2001; Thiery et al., 2007; Pohl et al., 2021]. These models involve64

the interaction of three phases: liquid water, water vapor, and dry air. The main strength of these models is65

that they take account of all the important phenomena in porous media, such as vapor di�usion, liquid water66

�ow due to pressure gradients and capillary e�ects, evaporation/condensation phenomena, etc. However, in67

these models, the contribution of coupling between mechanisms is assumed to be weak.68

69

Most of the available numerical codes provide a quasi-multi-physical calculation in which three conservation70

3



equations are treated as coupled (liquid mass, vapor mass, and dry air mass). Consequently, three state vari-71

ables are treated simultaneously, which complicates the numerical implementation and the solving process in72

non-linear contexts.73

74

In the present work, the main objective is to reduce the number of conservation equations to be solved in75

order to obtain a single state variable formulation. This simpli�es the problem of calculating water pressure76

in concrete simultaneously subjected to positive and negative pressures at its boundary conditions. Such a77

transfer model is proposed and validated here. Special attention is paid to the ability of the model to provide78

continuity between saturated and unsaturated media through a single state variable. Section 2 describes the79

constitutive model and governing equation for water transfer. Section 3 details the numerical implementation80

and the coupling with the heat transfer calculation. The calibration methodology of the model parameters81

is presented in Section 4 and several numerical simulations are performed using the proposed water transfer82

model to calibrate, validate, and �nally to predict the long term re-saturation of an underground concrete83

structure. Finally,conclusions and perspectives are presented in Section 5.84

2 Constitutive Model85

2.1 Governing Equation for Water Mass Transfer86

Moisture migration mechanisms in porous media, such as concrete, are mainly controlled by the porosity of87

the material. In these materials, water movement can be in liquid, vaporous or gaseous form. The study88

and understanding of these transports require the coupling between the conservation equations of the di�erent89

phases present in the porous medium. Generally, the phases are constituted of the liquid phase and the90

gaseous phase. The liquid phase is formed by water and the gas phase includes water vapor and dry air. The91

conservation equations also involve the exchange of water between solids and liquids as well as the phenomena92

of vaporization and condensation. The system of conservation equations is expressed as follows:93



∂ml

∂t
= −div( ~wl) + S(v)→(l) + S(s)→(l)

∂mv

∂t
= −div( ~wv) − S(v)→(l)

∂ma

∂t
= −div( ~wa)

(1)

with mi the mass quantity per m3 of material, wi the mass �ux and i the index corresponding to liquid water94

(l), water vapor (v), or air (a). S(v)→(l) and S(s)→(l) are, respectively, the amount of mass exchanged by95
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vaporization/condensation and the amount of mass exchanged due to the phase change from solid to liquid96

(as, for example, in the case of hydration or dehydration).97

According to system (1), to solve the hydric transfer problem, three conservation equations of three state98

variables (ml, mv, ma) must be solved. However, in some conditions, it is possible to reduce the number of99

equations in order to simplify the model and reduce the computational cost. Two possible types of simpli�cation100

are to be found in the literature:101

� A �rst approach, used to model drying at room temperature, assumes that the gas pressure, pg, is in102

equilibrium with atmospheric pressure, patm (pg = patm) [Mainguy et al., 1999]. They assume that the103

gas in the pores always has time to be balanced with the outside. This assumption is only valid at room104

temperature and when the structure is thin. Otherwise, the gas vapor does not have time to evacuate and105

to re-equilibrate with the atmospheric pressure. In massive structures submitted to a rapid temperature106

rising, since heat transfer is faster than gaz permeability the water evaporates but its evacuation is not107

rapid enough to apply the [Mainguy et al., 1999] assumption.108

� A second approach, used to model water transfer during heating, considers that the gas consists only of109

vapor. Consequently, the gas pressure, pg, is equal to the vapor pressure, pv (pg = pv) [Bary et al., 2012;110

de Morais et al., 2009]. This approach assumes that the liquid water stored in the small pores supplies111

enough vapor to control the gas pressure.112

In the present paper, the materials are porous and initially partially desaturated (high initial relative humidity).113

These types of materials contain pores of di�erent sizes. At high initial relative humidity, it is assumed that114

the �ne pores are saturated with liquid water and the large pores are formed by a mix of vapor and dry air.115

When the temperature rises rapidly, the mix in the large pores is �rst evacuated. The large pores are then116

supplied with vapor by the inter-connected saturated small pores. At this stage, the small pores begin to117

desaturate. As time passes, they desaturate more and more and the porosity becomes controlled by the vapor118

pressure. This phenomenon makes it possible to simplify the problem and neglect the dry air amount initially119

present in large pores when compared with the amount of vapor coming from liquid of small pores evaporation.120

So, in this work the second approach is adopted and it is assumed that the contribution of dry air pressure,121

pa, can be negligible compared to the vapor pressure, pv. Consequently the gas pressure, pg, is assimilated to122

the vapor one. This assumption allows the air mass, ma, to be neglected. Thus, the third equation of system123

(1) can be eliminated and the two mass conservation equations of water in the liquid and gas phases can be124

added to create a single balance equation [Richards, 1931; Mainguy et al., 1999; Bary et al., 2008; Ranc et al.,125

2003].126
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Consequently, the single mass conservation equation is expressed in the following form:127

∂(ml +mv)

∂t
= −div( ~wl + ~wv) + S(s)→(l) (2)

The quantity of mass, mi, is given as a function of its density, ρi, water saturation, Sl, and porosity, φ by:128

ml = ρl φ Sl (3)

mv = ρv φ (1 − Sl) (4)

It is worth noting that, in this work, there is no chemical evolution leading to variation of the porosity over129

time. Thus, a constant porosity is expected in the material (φ = φ0).130

Assuming that the vapor behaves like an ideal gas, its density, ρv, can be expressed by the ideal gas equation131

(Equation 5), in which pv is the vapor pressure, Mv is the molar mass (0.018 kg/mol for water), R is the132

universal gas constant (8.314 J/mol.K), and T is the temperature.133

ρv =
pv Mv

R T
(5)

For each phase, the mass �ux ~wi is considered as the product of the density, ρi, and the transfer velocity, ~vi134

(Equation 6).135

~wi = ρi ∗ ~vi (6)

Both velocities ~vl and ~vv are assumed to be mainly controlled by the pressure gradient pi and are expressed136

by Darcy's law. On the other hand, the Klinkenberg coe�cient, Γ, is added to the expression of the vapor137

velocity ~vv in order to take account of the gas transfer relative to the molecular �ow [Klinkenberg, 1941]. The138

liquid and vapor velocities are expressed as follows:139

~vl = −kl
ηl
krl ~grad pl (7)

~vv = −kg
ηg

krg

(
1 +

Γ

pv

)
~grad pv (8)

with ki (i = l, g) the intrinsic permeability of concrete, ηi (i = l, g) the dynamic viscosity of liquid/gas, kri140

(i = l, g) the relative permeability of concrete to the liquid/gas, and Γ the Klinkenberg coe�cient.141
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2.2 Single State Variable Hydric Model in Saturated and Unsaturated Porous142

Media143

In a porous medium, it is important to distinguish between a saturated and an unsaturated medium when144

studying the water mass transfer. Speci�cally, the vapor pressure existing in a partially saturated porous145

medium is not present in a saturated condition. Accordingly, only the liquid mass is taken into account in the146

moisture transfer equation when the medium is saturated. Moreover, the liquid pressure is based on the same147

physical phenomena in these two zones. In the saturated zones, the pressure is mainly driven by the bulk148

modulus of water while, in the unsaturated zones, the pressure is controlled by the water retention curves.149

Note that the mass exchange due to the phase change from solid to liquid S(s)→(l) is neglected in this study150

(hardened concrete and environmental conditions that do not lead to dehydration).151

2.2.1 Saturated Media152

As previously indicated, in the case of a saturated porous medium, the moisture transport is exclusively liquid153

and will depend only on the liquid pressure pl. This pressure is expressed as a function of the mass of liquid154

water entering the representative volume according to the following law:155

pl = kw

(
ml

ρl
− φ

)
(9)

where kw is the liquid water bulk modulus. Note that, in this work and for sake of simpli�cation, the solid156

is considered as undeformable. Also, as mentioned in Section 2.1, chemical evolution, which would result in157

a constant porosity in the material (∂φ∂t=0), is not included in this study. Thus, the conservation equation158

of the water mass in saturated condition (Equation 2), combined with liquid pressure equation (Equation 9)159

becomes:160

ρl
1

kw

∂pl
∂t

= div

(
kl
ηl
ρl ~grad pl

)
(10)

Note that the assumption of undeformable solid matrix is not strictly necessary, and can be replaced by the161

Biot poro-mechanical formulation in the case of coupling with continuum mechanics of porous solids [Coussy,162

2004].163

2.2.2 Unsaturated Media164

In partially saturated media, where the degree of saturation varies between 0 and 1, thermodynamic equilibrium165

such as described by the Kelvin-Laplace law and isothermal sorption curves, as well as Darcy's equation, are166
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applicable to the liquid and vapor phases. Assuming that the gas phase is composed of only vapor, the liquid167

and vapor transfers can be combined into a single model, as presented in Section 2.1. The following equilibrium168

equation is recalled from the governing equation (Equation 2). The �rst term represents the change in mass169

quantities of liquid and vapor and the second term is the mass �ow balance resulting from the transfer of170

liquid and vapor under gradients of pressures.171

∂

∂t

(
ρl φ Sl +

pvMv

RT
φ(1 − Sl)

)
= div

(
ρl
kl
ηl
krl ~grad pl +

pvMv

RT

kg
ηg
krg

(
1 +

Γ

pv

)
~grad pv

)
(11)

2.3 Choice of the State Variable172

In the context of the applicability of the hydric model developed here to structures, the co-existence of zones173

under a positive pressure and of unsaturated zones must be considered, as in the case of problems simulta-174

neously presenting a boundary condition of drying and another one in contact with a positive liquid pressure175

(dams, ventilated tunnel in a submerged area, etc.). The conservation equation of the partially unsaturated176

medium (Equation 11) is written in terms of three state variables (pl, pv, and Sl). Each of these three variables177

can then be chosen as the state variable, while the other two become internal variables and are expressed in178

terms of the chosen state variable.179

The vapor pressure, pv, and the degree of saturation, Sl, are de�ned respectively by thermodynamic equilib-180

rium, such as in the Kelvin-Laplace law, and water retention curves. These are useful while the material is in181

a partially saturated state, precluding transfer to the saturated condition (absence of vapor in the porosity).182

In the water transfer model proposed by [Bary et al., 2012], the negative pressure of the liquid, pl, is chosen183

as state variable of the problem and is expressed as a function of the capillary pressure. As a result, only par-184

tially saturated zones can be modeled and liquid over-pressure cannot be taken into account. This limitation185

is critical for our case study. This is the reason why an extension of the hydric model of [Bary et al., 2012]186

is proposed in this paper. This extended formulation has to be able to handle both drying and over-pressure187

conditions simultaneously. Therefore, in this work, the liquid pressure pl is selected as the state variable to188

capture the over-pressure of the liquid water. The main advantage of this choice is that the liquid pressure,189

pl, can vary from a positive value, when the medium is saturated, to a negative value, when it is not, thus190

ensuring continuity from one state to another.191

The governing equation for mass transfer in an unsaturated medium (Equation 11) becomes:192

[
ρl φ

∂Sl
∂pl

+
Mv

RT
φ
∂ (pv(1 − Sl))

∂pl

]
∂pl
∂t

= div

([
ρl
kl
ηl
krl +

pvMv

RT

kg
ηg
krg

(
1 +

Γ

pv

)
∂pv
∂pl

]
~grad pl

)
(12)

It can be seen that Equation 12 involves the vapor pressure, pv, and the degree of saturation, Sl, together with193
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their partial derivation with respect to the liquid pressure, pl. To formulate this equation with only the chosen194

state variable, pv and Sl must be written in terms of pl. The relation between pl and pv(T, Pl) is derived from195

the Kelvin-Laplace law. The degree of saturation Sl(T, Pl) is given as a function of the capillary pressure, pc,196

and the temperature, T , by an analytical expression deduced, for instance, from [Van Genuchten, 1980].197

2.3.1 Relationship between pv and pl198

For the purpose of writing Equation 12 for a partially saturated condition using only the state variable pl, it199

is feasible to replace pv by pl via the Kelvin-Laplace law.200

The capillary pressure, pc, is related to the vapor pressure, pv, and saturated vapor pressure, pvs, through the201

law of Kelvin-Laplace, by which gas pressure, pg, and liquid pressure, pl, are in equilibrium. Since the dry202

air mass is assumed to be negligible, the gas pressure, pg, can be replaced by pv. Thus, the equation for the203

capillary pressure has the following form:204

pc = pg − pl ≈ pv − pl = −ρl
RT

Mv
ln

(
pv
pvs

)
(13)

with Mv the molar mass of water, R the gas constant, and ρl the density of liquid water.205

It is impossible to invert the relation in Equation 13 analytically to obtain an expression for pv as a function of206

pl. This is because the solution of this equation depends on the Lambert W-function, which gives an in�nite207

series, so the analytical solution does not exist. To overcome this di�culty, it is important to �nd an analytical208

form for the internal variable pv as a function of pl. Since the capillary pressure, pc, is the di�erence between209

the vapor pressure, pv, and the liquid pressure, pl, its derivation can be written as follows:210

dpc = dpv − dpl (14)

At constant temperature and due to the equilibrium between liquid and gas, the variation of the chemical211

potential is given by [Barrett et al., 1951]:212

Vv,mol dpv = Vl,mol dpl (15)

Assuming that the molar volume of the liquid, Vl,mol, is not negligible compared to the molar volume of the213

vapor, Vv,mol, the derivation of the capillary pressure, pc, expression becomes:214

dpv −
Vv,mol
Vl,mol

dpv = dpc (16)
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By supposing that the vapor phase behaves as an ideal gas and by replacing Vl,mol and Vv,mol by their215

expressions, Equation 16 becomes:216

dpv −
ρlRT

Mv

dpv
pv

= dpc (17)

Since in an unsaturated medium, the vapor pressure can have a peak value equal to pvs, the integration of217

Equation 17 gives:218

∫ pv

pvs

dpv −
∫ pv

pvs

ρlRT

Mv

dpv
pv

=

∫ pc

0

dpc (18)

Consequently, the expression obtained has an exponential form that respects the Kelvin-Laplace law whatever219

the temperature (Equation 19).220

pv = pvs exp

(
Mv

ρlRT
(pl − pvs)

)
(19)
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Figure 1: Relation pv(T, pl) for di�erent temperatures.

2.3.2 Relation between Sl and pl221

The expression for the degree of saturation Sl as a function of RH is given experimentally by the water retention222

curves; the use of Kelvin's law then allows Sl and Pl to be related. The hysteresis between the sorption and223

desorption branches of these curves could be considered but, as the aim here is not to describe the problem224

of hysteresis, and for the sake of simpli�cation, hysteresis is not treated in this paper. Since the degree of225

saturation, Sl, depends strongly on the temperature, its in�uence must be included. An analytical expression,226
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derived from [Van Genuchten, 1980], is proposed (Equation 20).227

Sl =

[
1 +

(
pc

Mshr

)nvgn]−mvgn
(20)

with nvgn and mvgn the Van Genuchten exponents and Mshr a parameter that takes the in�uence of the228

temperature into account. These parameters are used to calibrate the numerical curves on the basis of exper-229

imental data for a range of temperatures. Regarding Mshr, an exponential form is proposed that depends on230

only two parameters: Mshr0 measured at a reference temperature (Tref = 20 °C) and Tkvgn calibrated to �t231

Mshr to the experimental results (Equation 21).232

Mshr(T ) = Mshr0 exp

(
− T − Tref
Tkvgn − Tref

)
(21)

Figure 2 illustrates the evolution of the degree of saturation Sl as a function of the liquid pressure pl using the233

analytical expression of Equation 20. For this �gure, the values of nvgn, mvgn, Mshr, and Tkvgn are taken to234

be 1.35, 0.26, 10 MPa, and 40 °C respectively. It can be seen that, for a given liquid pressure, pl, the degree235

of saturation Sl decreases with temperature increase. At high temperature and when pl is almost equal to 0,236

Sl presents a sharp slope for a small variation of pl and evolves strongly in this area.237

238
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Figure 2: Evolution of Sl (-) in function of pl (MPa) for di�erent temperatures.

Hence, using Equations 19 and 20, the conservation equation can be solved using pl as a continuous state239

variable for the partially saturated and saturated conditions.240
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2.4 Hydric Balance Equation241

As stated previously, the liquid pressure pl is chosen as the only state variable when solving hydric problems.242

The major strength of the proposed water transfer model is that it allows the transition from an unsaturated243

state to a saturated state and vice versa by providing continuity between the two.244

The hydric equilibrium equation used in the numerical study is presented in Equation 22.245

Cl
∂pl
∂t

= div(Kl
~grad pl) (22)

Only the coe�cients Cl and Kl of the equation depend on the pressure but, since the form of the equation246

supports both negative (unsaturated) and positive (saturated) pressures, the goal of having a single form of247

partial di�erential equation is achieved. Of course, when solving numerically by the �nite element method,248

the coe�cients of this equation will have to be continuously updated to the pressure level at each Gauss point,249

which will require an iterative process in case of implicit formulation. The expressions of theses coe�cients250

are summarized depending on the pressure value.251

2.4.1 Terms for the Unsaturated Case252

In a partially saturated medium, the two coe�cients Cl and Kl can be deduced by replacing Equations 19 and

20 in the mass conservation equation (Equation 2). They are given by:

Cl =

(
ρl −

pvMv

RT

)
mvgn nvgn
Mshr

φ

[
1 +

(
pc

Mshr

)nvgn]−mvgn−1( pc
Mshr

)nvgn−1
+
φ

ρl

(
Mv

RT

)2

(1 − Sl)pv (23)

253

Kl = ρl
kl
ηl
krl +

1

ρl

(
pvMv

RT

)2
kg
ηg
krg

(
1 +

Γ

pv

)
(24)

As shown in Equation 24, the mass permeability coe�cient, Kl, is the sum of two terms combining the di�erent254

phases of moisture transport. The �rst term is related to the Darcy transport of moisture in liquid form, while255

the second includes the di�usive transport of moisture in gaseous form. These two modes of moisture transfer256

are coupled and occur simultaneously in unsaturated conditions.257

258
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2.4.2 Terms for the Saturated Case259

For the saturated condition, and based on Equation 10, the coe�cients Cl and Kl become:260

Cl =
ρl
kw

(25)

Kl = ρl
kl
ηl

(26)

It can be seen from Figure 3 that the proposed hydric transfer model can manage both saturated and unsat-261

urated conditions by providing a continuous description and using only one state variable.262
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Figure 3: Continuous description of the hydric model for saturated-unsaturated media at 20°C and 60°C.

2.5 Evolution of Hydric Parameters263

Almost all the parameters involved in the previous equations depend on temperature or saturation. Although264

these dependencies are known for most terms, this section recalls their laws of evolution, and Table 1 summa-265

rizes the constants to be used for each of these terms.266

Relative Permeability267

In the partially saturated condition, it can be seen that the permeability coe�cient Kl (Equation 24) depends268

strongly on the liquid saturation of the material through the evolution of the relative permeability kri (i = l, g)269

as a function of the saturation degree, Sl. The relative permeabilities to liquid, krl, and gas, krg, are introduced270

to describe the macroscopic e�ect of the porous distribution and connectivity of the cement paste. The271

analytical expressions used to relate the relative permeability to the degree of saturation are those proposed272
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by [Van Genuchten, 1980]. They can be given by the following expressions:273

krg(Sl) = (1 − Sl)
p(1 − S

1
mvgn

l )2mvgn (−) (27)

274

krl(Sl) = Sql

[
1 − (1 − S

1
mvgn

l )mvgn
]2

(−) (28)

where p and q are �tting parameters controlling the isothermal sorption curve of concrete. It is usual in the275

literature to �nd a coe�cient q equal to 0.5 and p varying between 3.5 and 5.5. When the porous medium is276

saturated (Sl = 1), krl and krg become equal to 1 and 0, respectively. Conversely, when Sl tends to 0, the277

value of krl approaches 0 and krg becomes equal to 1.278

Dynamic Viscosity279

The dynamic viscosity of the liquid, ηl, and the dynamic viscosity of the vapor, ηg, employed in the hydric280

transfer equation for both the saturated and unsaturated conditions (Equation 24 and 26) are de�ned by281

analytical expressions based on experimental results. For ηl, an empirical expression is proposed in [Thomas282

and Sansom, 1995] depending on the temperature. Similarly, an expression for the dynamic viscosity of vapor,283

ηg, is provided in [Feraille-Fresnet, 2000]. The dynamic viscosity expressions are given as follows:284

ηl(T ) = κηl(T − TKη)ζη (Pa.s) (29)

285

ηg(T ) = κηg T (Pa.s) (30)

with κηl, TKη, ζη, and κηg equal to 0.6612 Pa.s/Kζη , 229 K, -1.562, and 3.85*10−5 Pa.s/K, respectively.286

Liquid Density287

In a porous material such as concrete, the presence of water is a critical factor in water transfer. As a288

consequence of thermal expansion, the density of the liquid decreases as the temperature increases. In this289

work, the expression for the liquid density, ρl, proposed by [Raznjevic and Podhorsky, 1970] and based on290

experimental data, is used (Equation 31).291

ρl = ρK + ρT

[
1 −

(
θ

θK

) 1
ζl

]ζl
(kg/m3) (31)
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where ρK , ρT , θK and ζl are equal to 314.4 kg/m3, 685.6 kg/m3, 374.14 ◦C and 0.55, respectively.292

Saturated Vapor Pressure293

The saturated vapor pressure, pvs, depends only on temperature. It increases with temperature. The model294

used to estimate the evolution of pvs with temperature is the one suggested by [Bary et al., 2012] and is based295

on the Arrhenius equation [Arrhenius, 1900].296

pvs(T ) = patm exp

[
Ea
R

(
1

Tb
− 1

T

)]
(Pa) (32)

where Ea is the activation energy and is given as 40500 J/mol. Tb is the boiling temperature of the substance297

at patm. For water, it is equal to 100◦C.298

Klinkenberg Coe�cient299

The Klinkenberg coe�cient, Γ, used to express the vapor velocity in Equation 8, varies with the degree of300

saturation Sl. A signi�cant decrease in this value occurs as the degree of saturation increases. A linear form301

of Γ is provided in [Kameche et al., 2014].302

Γ(Sl) = Γ0 (1 − Sl) (Pa) (33)

with Γ0 equal to 3.12*105 Pa.303

2.6 Table of Constants304

The set of constant values used in the model equations is summarized in Table 1.305
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Table 1: Constants used in the model.
Symbol Value Unit

Mv 0.018 kg/mol

R 8.314 J/mol.K
kw 2.22 GPa

patm 105 Pa

κηl 0.6612 Pa.s/Kζη

TKη 229 K

ζη -1.562 -
κηg 3.85e−8 Pa.s/K

ρK 314.4 kg/m3

ρT 685.6 kg/m3

θK 374.14 ◦C

Ea 40500 J/mol

Γ0 3.12e5 -

3 Numerical Implementation (Thermo-Hydric model)306

When the behavior of moisture transport is described in a porous material such as concrete, the temperature307

evolution must be taken into account. For this purpose, the coupling between temperature and moisture needs308

to be considered and a thermo-hydric model is required. For the thermal equation, the temperature, T , can309

be kept as a classical state variable used to solve the heat balance equation. However, for the water transfer,310

the case is much more complicated. The two governing equations for the thermal and water problem are:311

CT (T )
∂T

∂t
= div(λ(T ) ~grad T ) (34)

Cl(pl, T )
∂pl
∂t

= div(Kl(pl, T ) ~grad pl) (35)

where λ(T ) is the thermal conductivity and CT (T ) is the thermal capacity given by the amount of heat required312

to change the temperature. It is also given by the product of the material's density ρ and the heat capacity,313

cp, (CT = ρ.cp).314

In this type of chained formulation, the e�ect of water on the heat �ows is approximated by a capacity and315

a conductivity that are phenomenologically dependent on T . In reality, the speci�c capacity and the thermal316

conductivity of a heat transfer problem should be a function of water content but, as with concrete the317

amount of energy involved in the phase changes of water is relatively small with respect to the heat stored in318

the solid, variations in the coe�cients of the heat equation remain small from one concrete to another. For319

this reason, expressions of capacitance and thermal conductivity as functions of temperature can be used, e.g.320

that proposed in [Eurocode2, 2004] for the �re design of structures.321
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Thus, in the present case, for the sake of simpli�cation and because our objective is to reduce the problem322

of mass transfer and not that of the strong coupling with heat, the chained formulation is implemented. The323

main advantage is in the fact that the thermal problem is solved �rst, then the liquid pressure problem is324

tackled using the calculated temperature. Numerically, the thermo-hydric model equations are solved by the325

�nite element method (FEM) using the Cast3M code [CEA, 2016]. The procedure for the hydric resolution326

is summarized in Figure 4. As mentioned previously, the state variables for the thermal problem and the327

hydric problem are temperature, T , and liquid pressure, pl, respectively. Since the capacity, Cl, and the mass328

permeability, Kl, of the governing water equation depend on the temperature, T , and liquid pressure, pl, they329

are updated at each iteration. Therefore, an implicit calculation is performed.330

Loop on time step (t)

Calculation of Cl, Kl

Loop on the number of iterations (i)

Update of Cl, Kl

Resolution of the hydric problem
(state variable: pl)

hydric residu < δ

Convergence
Save pt,il for time t

yes

no

i=
i+
1

t=
t+

1;
i=
1

Figure 4: Scheme representing the hydric model resolution.
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4 Calibration Methodology for Parameters Used in Unsaturated Prob-331

lem332

As the hydric model presented above depends on several parameters, a calibration step, based on experimental333

results, is required. This section deals with the identi�cation and calibration of the di�erent parameters of334

the proposed hydric transfer model. The calibration process uses an inverse analysis, a detailed explanation of335

which is provided to clarify the calibration methodology. The concrete used in this study is a classical clinker336

based one.337

4.1 Desorption Isotherm Fitting338

The desorption isotherm for concrete is approximated using the Van Genuchten expression (Equation 20). This339

is achieved by calibrating the parameters mvgn, nvgn, Mshr until the experimental isotherm of the concrete is340

obtained. As our goal is not to treat the problem of isotherm hysteresis, the hysteresis loop is not considered,341

and only the desorption branch is �tted. It can be seen from Figure 5 that the curves obtained from Van342

Genuchten's relation agree with the experimental points given in [Poyet, 2009; Ranaivomanana, 2010; Chen343

et al., 2012] for di�erent temperatures. The parameters mvgn, nvgn, and Mshr0 are set to 0.35, 1.1 and 13344

MPa, respectively.345
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Figure 5: In�uence of temperature on isothermal desorption curves (solid line: Equation 20, points: experi-
mental results).

4.2 Identi�cation of the Relative Permeabilities346

Once the �tting parameters of the Van Genuchten expression have been found, the parameters p and q con-347

trolling the relative gas/liquid permeability are identi�ed (Equations 27 and 28). The identi�cation is based348
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on experimental studies found in the literature. Unlike for gas permeability, few experimental investigations349

on the liquid water permeability of partially saturated cement paste are available because of measurement350

di�culties. Figure 6 illustrates the experimental results (points) of the relative permeability of gas [Monlouis-351

Bonnaire et al., 2004] and liquid [Kameche et al., 2014] at 20°C. In the present work, the values of q and p are352

set to 0.5 and 4.5 according to the curves obtained with the numerical relative permeability models (Figure 6).353

Because there are not enough experimental points to calibrate the relative liquid permeability, krl, particular354

attention is paid only to the relative gas permeability, krg, and an inverse analysis of the following examples355

is performed to identify this parameter.356
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Figure 6: Relative gas/liquid water permeability versus degree of saturation.

4.3 Identi�cation of the Intrinsic Permeability357

Following the determination of the parameters de�ning the desorption curve and the variation of the relative358

permeability, the intrinsic permeability of gas kg and liquid kl must be identi�ed. These two parameters can359

be obtained from a drying test. An inverse analysis is necessary for this purpose. The results obtained using360

the model proposed in this paper are compared with the experimental results reported by [Granger, 1995] and361

the numerical results found with Mensi's water transfer model of [Mensi et al., 1988].362

The example studies the mass loss due to drying in a cylindrical concrete specimen of 16 cm in diameter.363

A 3-D calculation is performed since the hydric model is currently only implemented in a 3-D version in the364

Cast3M code. The parameters kg and kl are de�ned in such a way that the simulation of the mass loss can365

match, as precisely as possible, the experimental evolution [Granger, 1995] and the evolution obtained with366

Mensi's model [Mensi et al., 1988], on the one hand, and the moisture pro�les on the other hand. In order to367

simplify the problem and reduce the number of elements in the mesh, a quarter of the sample is modeled. The368
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dimensions and the �nite element mesh are shown in Figure 7.369

370

Figure 7: Geometrical characteristics and mesh of the cylindrical concrete sample (XZ plane) (dimensions in
m).

In terms of hydric boundary conditions, the initial mass of liquid water in the concrete cylinder was 117.2371

kg/m3. The sample is subjected to drying at 47.5 % relative humidity for 2 years, which corresponds to an372

equivalent liquid mass of 52.6 kg/m3. Since the liquid pressure, pl, is the state variable chosen in the hydric373

transfer model, the initial equivalent liquid pressure in the concrete and that imposed externally at each time374

step are presented in Figure 8. The liquid pressure gradient existing between the environment (outside) and375

the concrete (inside) causes the drying by movement of the water in the sample. Note that the test was376

performed at room temperature.

Figure 8: Hydric boundary conditions.
377

The di�erent parameters used in this simulation are listed in Table 2.378

379

It is necessary to reproduce the drying velocity and the global mass loss of the concrete correctly over time.380

Di�erent values are assigned to the two intrinsic permeabilities kg and kl until the experimental pro�le given381
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Table 2: Parameters for concrete.
Symbol Value Unit

φ 0.12 -
Mshr0 13 MPa
mvgn 0.35 -
nvgn 1.1 -
q 0.5 -
p 4.5 -
T 293 K
T0 293 K

Tkvgn 313 K

in [Granger, 1995] and the ones obtained numerically using the hydric model [Mensi et al., 1988] are found. As382

shown in Figure 9, for kg equal to 1.5e-17 m2 and kl equal to 2.7e-21 m2, the proposed water transfer model383

can reproduce the liquid mass loss over time. In addition, the drying rate is well calculated.384

385
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Figure 9: Global liquid mass loss (%) as a function of time (day).

An additional step is required to verify that the parameters have been correctly determined. During the drying386

process, the evolution of the liquid mass from the outer surface to the core of the sample is studied for di�erent387

drying times. Figure 10 demonstrates that the proposed water transfer model is able to reproduce the liquid388

mass pro�le obtained experimentally by [Granger, 1995] and numerically by Mensi's model [Mensi et al., 1988]389

at di�erent drying times. The liquid mass �elds obtained for di�erent time steps are shown in Figure 11.390

Thus, the hydric model using the liquid pressure pl as a state variable and following the proposed calibration391

procedure is able to reproduce the experimental points correctly.392

393
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Figure 10: liquid mass in kg/m3 as a function of radius in a 16 cm diameter specimen after (a) 3 days (b) 28
days (c) 460 days of drying at 50 % RH.

(a) (b) (c)

Figure 11: liquid mass �eld ml (a) 3 days (b) 28 days (c) 460 days.

4.4 Validation of the Water Transfer Model in Temperature394

After a detailed description of the calibration procedure used to assess the parameters used for the unsaturated395

problem at ambient temperature, this section aims to validate the capacity of the proposed hydric model to396

work in temperature, with a weakly coupled thermal transfer model.397

4.4.1 Presentation of the Thermo-Hydric Test: the MAQBETH Mock-up398

The application presented is used as a validation study of the proposed water transfer model. The simulated399

results are compared in detail with the experimental and numerical results found in [Bary et al., 2012] and400

carried out on the MAQBETH structure. This model uses a reinforced concrete hollow cylinder. The inner401

and outer diameters are 100 and 220 cm, respectively. The hollow concrete cylinder is 300 cm high. The402

cylinder is placed on a 60 mm thick wooden plate and its top part has a 200 mm thick insulation layer and an403
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additional wooden layer that is 30 mm thick. The geometrical characteristics of the hollow concrete cylinder404

and the schematic description of the experimental conditions are presented in Figure 12.405

406

(a) (b)

Figure 12: Geometrical characteristics of the hollow concrete cylinder (MAQBETH mock-up) (a) 3D view (b)
boundary conditions (dimensions are in cm).

Numerically, a slice of the hollow cylinder is studied. This option is selected to reduce the number of �nite407

elements used in the mesh and, thus, to speed up the calculation (see Figure 13-a).408

For the thermal boundary conditions, there is a heating source in the internal area of the structure, which409

imposes the temperature change, as shown in Figure 13-b. The heating source inside the hollow cylinder causes410

a large temperature gradient in the concrete. To correctly model this gradient and converge the calculation,411

a �ne mesh is applied near the two vertical sides of the cylinder. No gradient is applied in the height of the412

cylinder since a thermal insulator is present and zero �ow is assumed (see Figure 13-a).413

Regarding the hydric boundary conditions, a constant vapor pressure, pv, is imposed on the inner and outer414

sides of the structure. This pressure was set at 2500 Pa. Since the state variable of the hydric model is415

the liquid pressure, pl, the Kelvin-Laplace law is used to convert it to equivalent liquid pressure. Thus, the416

imposed liquid pressure, pl, is expressed according to the vapor to ensure a constant vapor pressure pv equal417

to 2500 Pa at each time step. The thermal and hydric boundary conditions applied to the 3-D model are418

presented in Figure 13.419

The heat and water transfer boundary conditions and parameters are summarized in Tables 4 and 3, respec-420

tively.421
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Figure 13: (a) Boundary conditions applied to the 3-D model (b) Thermal loading history on the inner surface.

4.4.2 Numerical Results422

The experimental data (points) [Ranc et al., 2003] and numerical pro�les (lines) of the radial temperature at423

di�erent times are presented in Figure 14. The dashed lines refer to the numerical results obtained in [Bary424

et al., 2012] and the solid lines correspond to our calculation. The distance varies between 0 and 0.6 m. These425

values represent the thickness of the hollow cylinder with 0 as the inner surface and 0.6 as the outer surface. It426

can be seen that the numerical curves are close to the experimental data. A slight deviation can be observed427

between the results obtained here and those given experimentally or found with the numerical model of [Bary428

et al., 2012]. This may be due to the approximation of the thermal conductivity in the material. Despite429

this deviation, the results are acceptable and the model can be used to provide a good representation of the430

temperature inside the material at each time step of the water mass transfer model.431

432

As the state variable of the hydric transfer model presented is the liquid pressure, pl, the evolution of its radial433

pro�les must be studied. As a result of the temperature variation in the inner zone of the hollow cylinder due434

to thermal loading, the imposed liquid pressure, pl, on the boundaries will also vary, maintaining a constant435

vapor pressure, pv, of 2500 Pa. Figure 15 shows that the liquid pressure, pl, at the inner surface of the436

cylinder decreases as the temperature increases. This decrease leads to a progressive diminution of pl in the437

radial direction of the structure.438

439

Moreover, the example also supplies the vapor pressure evolution. Figure 16 gives the pro�les of pv as a440

function of the hollow cylinder thickness. At the beginning of the temperature increase within the MAQBETH441

structure, the peak of the vapor pressure is located close to the inner surface. This can be explained by the442
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Table 3: Thermo-hydro boundary conditions and parameters for MAQBETH concrete.
Symbol Value Unit

φ 0.1 -
RH 97 %
Tint f(t) ◦C
Text 20 ◦C
Tref 20 ◦C

ρref 2408 kg/m3

λref 2.1 W/(m.K)

cp ref 913 J/(kg.K)

h 10 W/(m2.◦C)
pl0 -5.5 MPa
pl,ext -17 MPa

pl,int,0 -17 MPa

Mshr0 13 MPa
mvgn 0.35 -
nvgn 1.1 -
q 0.5 -
p 4.5 -
kl 1*10−23 m2

kg 2.7*10−18 m2

Table 4: Thermal parameter functions used in the simulations.
Symbol Expression Unit

ρ ρref ∗
(
1 − 3.25e−3(T − Tref )0.5

)
kg/m3

λ λref ∗
(
1 − 3.26e−3(T − Tref )

)
W/(m.K)

cp cp ref ∗
(
1 − 6.65e−4(T − Tref )

)
J/(kg.K)
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Figure 14: Comparison of radial temperature pro�les at di�erent times (hours) between experimental measure-
ments (points), the numerical model of [Bary et al., 2012] (dashed lines) and the numerical model proposed
here (solid lines).

25



0 0.1 0.2 0.3 0.4 0.5 0.6

−1

−0.5

0
·109

Distance (m)

p
l
(P
a
)

25.1h
41.7h
55.7h
111.1h
194.6h
277.8h

Figure 15: Pro�les of liquid pressure pl as a function of the radial distance from the inner surface at di�erent
times (hours).

evaporation of liquid water induced by an incoming heat �ow than is faster than the outgoing vapor �ow.443

As can be seen, the model gives the value of the peak found experimentally. The simulations become more444

consistent with the experimental data as the temperature increases. Over time, the peak of pv decreases and445

moves towards the outside of the concrete cylinder, because the vapor escapes more easily to the center of446

the cylinder than to the outside, due to the slow desaturation of the outer zone. The curves obtained using447

the model proposed in this paper are close to those obtained with the numerical hydric model of [Bary et al.,448

2012].449
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Figure 16: Comparison of radial total gas pressure pro�les at di�erent times (hours) obtained by the ex-
perimental measurements (points) and the numerical model of [Bary et al., 2012] (dashed lines) with vapor
pressure pro�les obtained by the numerical model proposed here (solid lines).

The vapor pressure �eld along the thickness of the cylinder is displayed in Figure 17. As can be seen, and450
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as interpreted from the curves in Figure 16, the maximum vapor pressure is initially situated near the inner451

surface of the cylinder. Over time, the zone of maximum vapor pressure moves toward the outside surface of452

the cylinder, causing a decrease in the highest value of pv.453

(a) (b) (c)

Figure 17: Vapor pressure pv �eld (a) 55.7h (b) 111.1h (c) 194.6h.

This case of study shows that a simpli�ed water transfer model based only on the liquid pressure is able454

to model a multi-physics thermo-hydric problem.455

456

4.5 Application to a Case Study Involving Both Positive and Negative Liquid457

Pressures at the Boundaries458

In this last subsection, the ability of the hydric transfer model to handle complex hydric conditions is examined.459

This study deals with the modeling of water transfer in a tunnel similar to the ones usable to store radioactive460

wastes. It aims to determine the evolution of the liquid pressure, pl, in the drying and re-saturation phases of461

the tunnel. In addition, the re-saturation time of the soil and its return to the initial state is calculated based462

on adequate numerical modeling. This research is essential to improve knowledge of the short and long-term463

thermo-hydro-mechanical behavior of radioactive waste storage tunnels.464

4.5.1 Geometry and Boundary Conditions465

The geometry and material properties of nuclear waste storage structures proposed by the French Agency for466

Nuclear Waste Management (Andra) are used in this example. They are composed of multiple tunnels located467

500 m below the ground surface. The tunnels are surrounded by Callovo Oxfordian (COX) soil. In the tunnel468

construction, a hole of 5.05 m radius is excavated at a depth of 500 m. Following the excavation, two layers of469

concrete are placed. The �rst layer of concrete represents a 0.2 m thick compressible material to absorb the470

displacements due to soil convergence. The second layer forms the principal part of the tunnel. It consists of a471

concrete layer 8.7m in internal diameter and 0.5m thick. As a result of the excavation in the soil, two elliptical472

excavation disturbed zones (EDZ) develop around the tunnel. These two zones can signi�cantly in�uence the473
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phenomenon of soil saturation and de-saturation because of their high permeability. Thus, three soil layers474

with di�erent water transfer parameters are modeled in the simulation. The dimensions of the tunnel and475

EDZ are shown in Figure 18-a. The vertical liquid pressure soil boundary conditions are positive. They are476

imposed far enough from the tunnel to have no in�uence on the kinetics of water transfers. Vertically, two477

planes of symmetry are modeled by a null �ow.478

479

The calculation is composed of two phases. First, after placing of the concrete, a drying phase is considered480

(ventilation). A relative humidity, RH, of 50 %, corresponding to a liquid pressure of -95 MPa, is imposed on481

the internal surface of the tunnel. Then, after 100 years, the tunnel is closed and the phase of re-saturation482

of the underground structure begins (no more ventilation). A three-dimensional analysis is performed using483

CAST3M. As shown in Figure 18-b, only half of the underground structure is investigated thanks to the verti-484

cal symmetry of the geometry. A ground width of 25 m is considered in the simulation. This value corresponds485

to half the distance between two parallel tunnels. The �nite element mesh and water boundary conditions are486

given in Figure 18-b.487

488

(a) (b)

Figure 18: (a) Geometrical characteristics, (b) mesh and boundary conditions of the tunnel.

The parameters of the hydric model for the concrete and the damaged/undamaged soil were provided by Andra.489

The permeability parameters are within the ranges de�ned by [Gatmiri et al., 2011]. They are summarized in490
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Table 5.491

This application focuses only on the moisture transfer and not on the mechanical load applied by the soil. It492

is not a poro-mechanical model. This means that the solid is assumed to be undeformable, which can lead to493

a poor estimation of the real re-saturation kinetics. As explained in the conclusion, the coupling of this water494

mass transfer model with a thermo-mechanical model of soil and concrete is the next step of our research495

project. Also, for the sake of simpli�cation, a constant temperature, T , of 20◦C is maintained throughout the496

simulation, which should not be the case in reality. The numerical results of this �rst prediction must therefore497

be seen more as proof that the model is indeed capable of simultaneously taking both positive and negative498

pressure boundary conditions into account, rather than as a realistic prediction.

Table 5: Hydric parameters provided by ANDRA.
Parameter Concrete EDZ1 EDZ2 Soil

φ (-) 0.135 0.18 0.18 0.18
kl (m2) 9.59e−18 9.59e−17 9.59e−19 9.59e−21

kg (m2) 1.5e−17 9.59e−14 9.59e−16 9.59e−20

Mshr0 (MPa) 19.6 17.7 17.7 17.7
mvgn (-) 0.33 0.34 0.34 0.34
nvgn (-) 1.5 1.52 1.52 1.52

499

4.5.2 Interpretation of Results500

Stage 1: 0-100 years (ventilation)501

Initially, since the excavation disturbs the soil, the liquid pressure, pl, in the damaged zone (EDZ) becomes502

negligible. Furthermore, during the placement of the two concrete layers, the liquid pressure, pl, within the503

tunnel is assumed to be zero. This assumption is based on the massive nature of the concrete structure, which504

makes it possible to assume an initial liquid pressure close to zero in the concrete and the EDZ.505

Figure 19 represents the evolution of the liquid pressure �eld in the tunnel and soil at the time of concrete506

placement, after 10 years, and after 100 years of ventilation. As can be seen, at 100 years, a desaturation of507

the concrete and soil occurs. It is caused by the 50% relative humidity applied in the ventilation area (corre-508

sponding to a liquid pressure equal to -95 MPa). The pressure di�erence between the center of the excavation509

and the tunnel/soil structure attracts the water contained in the pores to the external surface of the tunnel.510

This water will evaporate, desaturating the concrete and the EDZ. This phenomenon causes a decrease in the511

pressure of the liquid inside the underground structure.512

513

Figure 20 provides a quantitative analysis of the evolution of liquid pressure over time in concrete and soil514

along line AB in Figure 18-b.515
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(a) (b) (c)

Figure 19: Variation of the liquid pressure pl �eld in and around the tunnel after (a) excavation and concrete
placement (b) 10 years (c) 100 years.

In one year, the desaturation a�ects the concrete tunnel and the two EDZ caused by the excavation. It then516

propagates slowly toward the undamaged soil. As time passes, the underground structure gradually dries.517

However, because of the high permeability of EDZ1, the liquid pressure in this zone varies rapidly and a518

negligible liquid pressure gradient is observed. This gradient grows in zone EDZ2 and the undamaged soil.519

After 100 years, the concrete is almost in moisture equilibrium with the ventilated area.520
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Figure 20: Evolution of the liquid pressure, pl, along the horizontal line AB (phase 1: ventilation).

Stage 2: After 100 years, Re-saturation522

After 100 years, the ventilation is stopped and the re-saturation phase of the underground structure begins.523

The initial boundary condition of 50 % relative humidity in the tunnel is replaced by a zero �ow condition.524

Consequently, an increase occurs in liquid pressures in the concrete and soil. Figure 21 shows the liquid525
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pressure evolution in the tunnel and surrounding soil for di�erent periods. The time required for the pressure526

to become positive (end of re-saturation) in the tunnel is reached at 7143 years. Thereafter, the liquid pressure527

continues to progress positively until equilibrium with natural water pressure is reached. The time at which528

the pressure becomes almost uniform is around 18000 years.529
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Figure 21: Evolution of the liquid pressure, pl, along the horizontal line AB (phase 2: re-saturation).

The variation of liquid pressure, pl, over time is illustrated in Figure 22. Only the positive part of pl is shown530

in order to visualize the re-saturation process of the underground structure clearly.531

(a) (b) (c) (d)

Figure 22: Variation of the liquid pressure, pl, in and around the tunnel after (a) 100 years (b) 200 years (c)
1500 years (d) 18000 years.

This last application shows that this water mass transfer model, using only liquid water pressure as a532

state variable, is able to capture the continuous displacement of the boundary between the drying zones with533

negative pressures and the saturated zones with positive liquid water pressure.534
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5 Conclusions and Perspectives535

This paper proposes a simpli�ed hydric transfer model with the liquid pressure of water as single state variable.536

The formulation of this model is based on two main assumptions :537

� Vapor pressure remains large compared to dry air pressure. This assumption stays realistic as long538

as the porous medium is not too dry. This means that the porous material has an initial degree of539

saturation high enough to consider that its �ne pores are saturated with liquid water and that they540

constitute the major part of the porosity, thus supplying a large quantity of vapour during the transient541

problem. A means of verifying this assumption is to compute the error that occurs after the calculation542

is completed. The maximum mass transfer error can be de�ned as the ratio between the mass �ow543

of dry air and the mass �ow of water in its two phases, liquid and vapor. The validity of this �rst544

assumption is demonstrated by comparing it with the experimental results of two drying problems: one545

a small specimen of concrete drying to 47.5 %RH at 20°C (Granger tests), and another one at higher546

temperatures, up to 200°C (MAQBETH mock-up).547

� Vapor and liquid pressures of water are related by a thermodynamic law assuming that the speci�c548

volume of vapor is non-negligible compared to the speci�c volume of water. This assumption is not a549

simpli�cation, but a better description of the physics.550

The resulting water conservation law is derived from macroscopic laws permitting the expression of vapor551

pressure and degree of saturation as functions of liquid pressure (such as the Kelvin-Laplace law and sorp-552

tion/desorption curves). The main interest of this model is to provide a continuous description of water trans-553

port in saturated (positive liquid pressure) and unsaturated (negative liquid pressure) media, which allows554

boundary conditions of drying and boundary conditions of positive pressure to be considered simultaneously555

in the same problem. This is done without resorting to a coupled mass transfer problem of dry air, vapor and556

liquid. This simpli�cation enables a rapid implementation based on a simple thermal non-linear analogy (as557

illustrated in the tunnel case study). Moreover, as shown in our second case of study, this model is able to558

consider transfer at high temperatures. Three other assumptions are used in this paper. They are not strictly559

necessary but are made for the sake of simpli�cation:560

� First, the solid skeleton of porous media is assumed to be undeformable to avoid a full poro-mechanical561

formulation. However, this context is not mandatory: if the deformation of the solid was considered to562

compute the hydro-mechanical behavior of a partially saturated structure, the bene�t of this model could563

be kept, leading to a "displacement-liquid pressure" formulation (with 4 state variables in 3D, namely564

the displacement (u, v, w) and the liquid pressure Pl), saving the cost of calculating the vapor pressure,565
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pv, and the gas pressure, pa.566

� Second, the heat transfer equation has been decoupled from the mass transfer equation, again for sim-567

plicity. However here again, the simpli�cation is not mandatory because, as with poro-mechanics, the568

fully coupled formulation of this model with the heat transfer equation would save the calculation cost569

of the same two state variables (Pv and Pa).570

� Third, the hysteresis of the water retention curves is neglected. To consider this aspect, the present571

model should be coupled with a hysteresis model capable of changing the slope of the retention curve572

according to the sign of the liquid mass variation. This is a possible perspective for development.573

One of the main perspectives of (and reasons for) of this work is to couple this water transfer model to the574

mechanical behavior of the porous media by considering, on the one hand, the deformability of the solid575

skeleton and, on the other hand, the possible variation of permeability induced by mechanical nonlinearities,576

such as plasticity and nonlocal damage.577
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