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RÉSUMÉ. Ce papier présente le modèle utilisé pour simuler le séchage de l’argile de Boom. Une campagne expérimentale a été
menée à bien [PRI 16] et ses résultats sont utilisés afin de valider le modèle utilisé. La première partie de ce papier est donc
consacrée à un bref rappel de la campagne expérimentale. Ensuite, les différentes équations et paramètres du modèle utilisé
sont détaillés. Finalement, des simulations numériques sont effectuées et permettent de mettre en exergue la capacité dudit
modèle à représenter précisément le comportement observé expérimentalement.

ABSTRACT. This paper presents a thermo-hydro-mechanical model for simulating the drying behavior of Boom Clay. The ex-
perimental campaign conducted by Prime et al [PRI 16] is briefly presented since it will be used to validate the model. Then,
the different sub-models are introduced and finally, numerical simulations were performed to illustrate the capability of the
proposed model to reproduce the observed behavior.
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1. Introduction

Nuclear power plants are an efficient way of producing energy but they are also generating long-lived high
activity radioactive wastes. Therefore, a problem remains : what to do with the nuclear waste ?

They are hazardous to both environment and human health and, thus, need to be isolated from the biosphere
until their radioactivity decays enough to not pose a threat. For that reason, they are subjected to very restrictive
regulations by national agencies (In Belgium, isolation procedure are based on a waste classification established by
ONDRAF (Organisme National des Déchets Radioactifs et des matières Fissiles enrichies) in collaboration with
the European Commission has established [Bel 13]). The scientific community is thus faced with the task of finding
technical solutions to respect those regulations. The long term management of high activity waste is internationally
studied and the envisioned solution is deep geological storage [NEA 08]. The geological layer needs to have a very
low permeability [IEA 03] to seal the wastes safely and permanently so that it should never pose a threat to the
environment.

1.1. Concept of the deep geological storage

The waste isolation is guaranteed by the combination of engineered and natural barriers referred to as the multi-
barrier principle. The solution chosen for the engineered barrier in Belgium, is presented Figure 1 [CRA 09] :

Figure 1. Multi-barriers principle

The super-containers are placed within galleries over 200m deep . These galleries are then backfilled with a
granular material (a mix of sand and bentonite is considered) which is used to prevent any collapse of the gallery,
provide a good enough geochemical environment and present a thermal conductivity high enough to allow the heat
transfer.

1.2. Scope of the study

Within that framework, in Belgium, Boom Clay is considered [BER 07] as an host formation for deep geologi-
cal storage. It presents very low water conductivity and a high radionucleides retention capacity. Those properties
make it a good candidate for nuclear waste storage. An Underground Research Facility (URF) has been built in the
north of the country, near Mol, to study the feasability of deep geological disposal.

Given the importance of insuring good sealing conditions for nuclear waste storage, the potential host rock
- Boom Clay - response to the many stresses induced by the excavation of the galleries and the storage of high
activity waste is thoroughly studied. Specifically, its drying behavior is still relatively unexplored and a good un-
derstanding of the coupled thermo-hydro-mechanical processes occurring between the host rock and the ventilation
air is required to go a step further toward a better management of our nuclear wastes. Indeed, the ventilation needed
to allow for people circulation during the construction and operation phase could induce a desaturation of the host
rock. That dessication can, in turn, lead to cracking and thus to the loss of the sealing properties.

1.3. Introduction to the drying kinetics

To be able to study the drying behavior of Boom Clay, one need to understand how to analyze the porous
medium - atmosphere interaction. These interactions have long been studied through experiments using either
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saline solutions or convective dryers. The latter allow to reproduce natural drying conditions and the analysis of
the results gives us a better understanding of the multi-physics processes occurring at the porous medium surface.
This analysis is made in the framework of the boundary layer model (see section 3.1).

The drying kinetics of samples can be analyzed based on weight measurements during the drying process.
Three curves can be used to study the drying kinetics : the mass loss evolution with the drying time (Figure 2), the
drying rate evolution with time (Figure 3) and the drying rate evolution with water content (Figure 4). The latter is
constructed based on the formers and is called Krischer’s curve.

Krischer’s curve is used because it gives more clear and complete indications about the drying kinetics of
materials [LÉO 02b]. On this curve, three periods can be observed [IDS 74] :

– I : Preheating Period
– II : Constant Rate Period (CRP)
– III : Falling Rate Period (FRP)
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Figure 2. Mass loss with time
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Figure 3. Drying rate evolution with time
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Figure 4. Krischer’s curve
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Figure 5. Temperature evolution with time
Krischer’s curve is studied in parallel with the evolution of the temperature with time (Figure 5). This is the

behavior observed in the case where the drying air temperature is significantly higher than the sample initial
temperature [GER 10]. This was also measured experimentally by Musielak and Jacek [MUS 07].

Preheating period

It is very short and corresponds to an increase in drying rate. The temperature at the surface of the sample also
increases from its initial value to the temperature of the wet bulb [GER 10].

Constant Rate Period (CRP)

The CRP appears at the beginning of the drying process. It is characterized by a constant drying rate. The
heat supply is completely used for the evaporation of the liquid water at the surface of the sample and thus, the
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temperature remains constant and equal to the temperature of the wet bulb. The evaporation occurs in a saturated
boundary layer. The vapor and the heat transfers are only influenced by the external conditions, i.e. the drying
temperature or the air velocity [NAD 95]. This period will last until the sample is no longer saturated and internal
transfers start to influence the drying rate.

Falling Rate Period (FRP)

It is characterized by an increase in the dried body temperature from the wet bulb temperature to the drying
fluid temperature. The drying rate decreases because of the decrease in permeability with the desaturation of the
medium.

1.4. Layout of the paper

This paper aims at explaining clearly the drying behavior of Boom clay. To do so, an experimental campaign
was conducted [PRI 16]. Its protocol and results will be briefly presented in section 2. However, this paper will
put emphasis on the numerical modeling of the problem. It will be shown in section 5 that the suggested model is
capable of closely reproducing the behavior observed experimentally. This paper is closed by section 6 with a few
final remarks.

2. Experimental campaign

Convective drying tests were performed on Boom Clay samples. The experiments are briefly described from the
samples preparation to the data acquisition and the obtained results. More details about experiments are available
in Prime et al [PRI 16].

2.1. Studied material

Boom Clay is a rock formation located beneath the Mol-Dessel nuclear zone (north-east of Belgium). It is
interesting because of its properties making it one of the formation potentially suitable for deep geological nuclear
waste disposal [OND 01].

It has been the subject of numerous experimental studies since more than 30 years, such as Bernier et al
[BER 07], Chen et al [CHE 11], Dehandschutter et al[DEH 05], Horseman et al [HOR 87],etc. They were mainly
aimed at characterizing the geological and geotechnical properties of Boom Clay to better understand its thermo-
hydro-mechanical behavior. Based on the results obtained by those studies in the last decades, Boom Clay is consi-
dered as a plastic clay, moderately over-consolidated. Wemaere et al and Blümling et al [WEM 08, BLÜ 07] have
shown that Boom Clay presents a strong anisotropy induced by the clay structure (horizontal bedding with alter-
nance of clayey and silt materials) . The thermo-hydro-mechanical properties of Boom Clay are well documented
already and a good compilation of it can be found in the work of Dizier [DIZ 11].

2.2. Samples preparation

Several cylindrical samples were water drilled from the cores received from the Mol laboratory. Those samples
were of around 35 mm of diameter and 35 mm of height. The drilling was made so that the bedding direction
would be parallel to the cylinder axis to allow for a faster saturation process. Other smaller samples were taken
from the core sample to determine the water retention curve of the material.

The samples were then placed into a triaxial cell to saturate them under in situ conditions. Since the saturation
is a time consuming process, it was necessary to optimize the use of the saturated samples to perform as many
drying tests as possible for repeatability reasons. The saturated samples were, thus, divided into smaller cylinders
of respective height of 5, 10 and 15 mm. Those smaller cylinders were then cut in four quarters from which a 15
mm diameter cylinder is extracted.

Those samples are weighed and dipped into a warm paraffin bath and then into a colder one. The warm bath
was necessary to ensure good adherence between paraffin and samples and the colder one to get a paraffin layer
thick enough to ensure efficient sealing. The finished products were stored into a desiccator saturated with water.
The whole process was done as quickly as possible and the samples were carried in a desiccator partly filled with
water to prevent any drying.
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2.3. Drying test

The test were made using a micro convective dryer designed in the Laboratory of Chemical Engineering of the
University of Liège [LEO 02a]). It is suited for drying light samples using a convective air flow with controlled
temperature and velocity. Twelves small samples were tested. They were named using the following method : the
sample height in millimeters followed by the sample number (example : 5-1 for the first 5 mm height sample).

The paraffin on the top surface was removed to dry them from the top surface only. They were submitted to
a convective air flow with a velocity of 0.8 m/s, a temperature of 25o C and with a relative humidity of around
3.5%. The air flow was kept as parallel as possible to the drying surface to reproduce as closely as possible in situ
conditions. Those conditions are quite harsh and lead to intense drying.

3. Thermo-hydraulic model

Figure 6. Water transfer mechanism

Boom Clay is considered to be an unsaturated porous medium with a solid phase, a liquid and gas phase as
shown at Figure 6. Within that medium, the liquid water transfers are governed by Darcy’s equation and vapor
diffusion is controlled by Fick’s law. Evaporation at the surface of the medium and heat transfer are calculated
using the boundary layer model.

3.1. Vapor and heat exchange

The results are analyzed based on the assumption of the existence of a boundary layer all around the sample
where the mass and heat transfers are assumed to take place [KOW 12]. The water flow, q̄, from the materials to the
surroundings is assumed to be proportional to the difference between the vapor density of the drying fluid, ρv,air
[kg/m3], and at the surface of the sample, ρv,surf [kg/m3], [GER 08, LÉO 05]. The proportionality coefficient is
a mass transfer coefficient, α [m/s], characterizing the surface transfer properties. The water flow is expressed as :

q̄ = α(ρv,surf − ρv,air) (1)

The heat flux ,f̄ , from the boundary to the drying air is expressed as :

f̄ = Lq̄ − β(Tair − Tsurf ) (2)

where Tair [o C] is the temperature of the drying air, Tsurf [o C] is the temperature at the surface of the sample,
β is a heat transfer coefficient and L is water evaporation latent heat (2500 kJ/kg).

Based on the drying kinetics, it is possible to determine the transfer coefficients (Eq. 1 and Eq. 2). The value of
the drying rate during the CRP is directly linked to capacity of the drying air to evaporate the water at the surface
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of the porous medium and is thus linked to the value of the mass transfer coefficient. Hence, to determine the value
of the transfer coefficient, the value of the drying rate during the CRP is used. Same can be said of the heat transfer,
the drying rate used is the one during the CRP and during that period, the temperature corresponds to the wet bulb
temperature which can be analytically determined. So no measurements of the temperature are actually required
and only knowing the drying rate is sufficient to determine the heat transfer coefficient. The mean mass and heat
transfer coefficients are around respectively 0.048 [m/s] and 53.5 [W/m/K] with a standard deviation inferior to
10% for all the samples tested.

3.2. Internal transfers

The clay is an unsaturated porous medium, partly saturated by liquid water and gas (air + vapor). The water
mass balance equation is based on Richard’s equation :

∂(ρwnSr,w)

∂t
+ div(ρwfw)︸ ︷︷ ︸

Liquid Water

+
∂(ρvnSr,g)

∂t
+ div(iv + ρvfg)︸ ︷︷ ︸

Water Vapor

= Q (3)

where ρw [kg/m3] and ρv [kg/m3] are respectively the water and the vapor densities, n [−] is the porosity, Sr,w

[−] and Sr,g [−] are respectively the water and the gas saturation degrees in volume, t [s] the time, Q [kg/s] is the
injected flux, f

w
[m/s] and f

g
[m/s] are the water and gas phase respective macroscopic velocity and iv [kg/m2s]

is the non-advective flux of water vapor.

Liquid water flow

Liquid water macroscopic velocity is given by the generalization of Darcy’s law :

fw = −
krel(Sr,w)k

sat

µw
(∇pw + gρw∇z) (4)

in which, krel [−] is the relative permeability, k
sat

[m2] the intrinsic saturated permeability, pw [kPa] the water
pressure, g [m/s2] the gravity acceleration, µw [kg/m/s] the water viscosity and z [m] is the upwards vertical spa-
tial coordinates. The relative permeability krel can be determined based on degree of saturation and the formulation
proposed by van Genuchten :

krel =
√
Sr,w(1− (1− Sr,w

1
mvG )

mvG

)
2

(5)

where mvG [−] is a model parameter. The retention curve links the water saturation as a function of the capillary
pressure. The formulation proposed by van Genuchten [VAN 80] is used in our model :

Sr,w = Sres + (Ssat − Sres)(1 + (
pc
αvG

)
nvG

)
−mvG

(6)

in which nvG [−],mvG [−] are model parameters,αvG [kPa] is a model parameter related to the air entry pressure,
Sres [−] is the residual water saturation, Ssat [−] is the maximal water saturation and pc [kPa] is the capillary
pressure.

Anisotropic intrinsic permeability

The advective flow of water depends on the anisotropy of the material considered. This is taken into account
by introducing an anisotropic intrinsic permeability tensor. However, most materials present limited forms of ani-
sotropy and stratified materials require only two parameters for the description of the water flow and in the case of
vertical layering, only vertical and horizontal hydraulic permeability are needed.

Vapor diffusion

The water vapor flow is assumed to follow a Fick’s diffusion law in a tortuous medium. The vapor diffusion is
linked to gradient of vapor density :

iv = −DatmτvnSr,v∇(ρv) (7)

where Datm [m2/s] molecular diffusion coefficient and τv [−] is the tortuosity. Vapor is assumed to be in
equilibrium with liquid water.
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3.3. Heat diffusion

To be able to simulate the temperature evolution within the medium, we use the classic governing energy
balance equation :

ṠT + div(VT )−Q = 0 (8)

where ṠT is the heat storage, VT is the heat flux and Q is the heat production term. In the derived balance equation
8, the heat storage term can be expressed as follows :

ST = nSw,rρwcp,w(T−T0)+nSaρacp,a(T−T0)+(1−n)ρscp,s(T−T0)+nSr,gρvcp,v(T−T0)+nSr,gρvL (9)

in which, cp,w, cp,a, cp,s are respectively the water, the air and the solid specific heats [J/kgK], ρw, ρa, ρs
are respectively the water, the air and the solid densities [kg/m3]. The heat flux consists of a conduction term
proportional to the thermal conductivity of the porous medium and a convective term related to the heat transported
by fluid flows :

VT = −Γ∇T + cp,wρwfw(T − T0) + cp,aρafg(T − T0) + cv,a(ρvfg + iv)(T − T0) + (ρvfg + iv)L (10)

where Γ [W/mK] is the porous medium thermal conductivity, T0 is the initial temperature and T is the temperature.

4. Mechanical model

Given the anisotropy of the material studied, the mechanical model chosen is an orthotropic elastic model.
Elasticity is allowed since after elasto-plastic simulations, no plasticity was observed in the range of stresses
reached during the drying test.

Bishop’s effective stress has been chosen to describe the stress-strain relation because it directly incorporates
the effect of the suction. It is expressed as :

σ
′

ij = σij − pgδij + Sr,w(pg − pw)δij (11)

where σ
′

ij [kPa]is the effective stress tensor, σij [kPa] is the total stress tensor, Sr,w [−] is the water saturation
and δij is Kronecker’s tensor. pg and pw denote respectively gas and water pressure [kPa].

The strain is related to the effective stress through the following relation :

σ
′

ij = De
ijklεij (12)

where σ
′

ij is the elastic stress tensor and εij is the elastic strain and De
ijkl is Hooke’s tensor.

5. Experimental and Numerical Results

From the recurrent weighing of the samples, the drying kinetics can be determined. The shrinkage profile and
evolution is obtained using the evolution of the cross sections surface measured with the microtomography. For
the sake of simplicity, only the results exploited in this paper are presented. The results presented below are those
obtained for sample 5-1 which was arbitrarily chosen. This is acceptable because as seen in Prime et al [PRI 16]
there is very little dispersion in the results from one sample to another and their behavior is very similar. All other
results and more detailed analysis are available in Prime et al [PRI 16].

At the same time, the model introduced in section 3 - 4 is used to represent the drying behavior of the Boom
clay samples dryed during the experimental campaign.

Drying kinetics

The mass evolution with time is presented at Figure 7 and shows that the dry state is reached after a bit more
than 20h with intense drying during the first 2 or 3 hours of the test. The drying rate can be calculated based on the
mass loss and the evaporation surface :

q = − 1

S

dm

dt
(13)
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where m [g] and S [m2] are respectively the measured mass and cross section of the sample.
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Figure 7. Comparison of experimental and nume-
rical mass loss for sample 5-1
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Figure 8. Comparison of experimental and nume-
rical drying rate evolution with time for sample 5-1

Since clay undergoes shrinkage during the drying, the actualized surface is used to compute the drying rate.
This surface is obtained through the microtomography measurement. The evolution of the drying rate with time
and Krischer’s curve can thus be expressed as shown respectively at Figure 8 and Figure 9. The rough curves
exhibit heavy fluctuations which are due to the small time step between two weighing during which mass may not
vary enough. Consequently, the curves have been smoothed with Lanczos filter [LAN 88].
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Figure 9. Comparison of experimental and nume-
rical Krisher’s curve for sample 5-1
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Figure 10. Numerical variation of the temperature
with time at the drying surface

Contrary to the theoretical curve, there is little to no CRP observable. This is due to Boom clay very low water
permeability which is "slowing down" the water trying to reach the surface of the sample. Thus the drying rate is
limited by the capacity of the water to reach the evaporating surface rather than by the capacity of the drying fluid
to evaporate the water at the surface of the sample. Internal transfers are limiting the drying from the beginning
of the drying test. The variation in the slope of the drying rate in linked to the desaturation of the sample and
the decrease in permeability coming with it as explained in section 1.3. Moreover, the water contents seems to be
continuous showing no significant moisture loss occurs during the scanning.

Figure 7, Figure 8 and Figure 9 all show good fitting of the experimental results confirming the ability of
the suggested model to represent the drying behavior of porous unsaturated material. Specifically, the model is
able to represent the behavior of very low permeability materials despite the numerical problems inherent to the
calculation of water flows in low permeability materials.

Temperature

Since the temperature of the sample was not recorded during the drying test, no validation of the experimental
results is possible. Nonetheless, the numerical results are presented at Figure 10. The temperature decreases from
its initial value of 17oC (temperature of the room) to a minimum around 8oC. This is logical since the drying air
temperature -(25oC)- is not very high and therefore, the heat provided by the drying air is not sufficient to enable
the evaporation on its own. Heat from the porous medium is thus used and the temperature of the sample decreases
until it reaches the temperature of the wet bulb. No constant value period is observed since we do not have any
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CRP. When the drying rate decreases, the evaporation process is less intense and the heat supply is more than the
quantity needed for the evaporation and so the temperature of the sample increases until it reaches the temperature
of the drying air.

Shrinkage

Using the micro-tomography, images of the cross section of the sample are obtained. The analysis of those
images returns the surface of the sample cross section. The ratio between this value and the initial surface of
that same cross section gives the relative shrinkage. On Figure 11, most of the shrinkage takes place at the very
beginning of the drying (around 2/3 of the final strain has developed after 1 hour). Numerical result on Figure 11
is a little less accurate at the beginning but the final shrinkage of the sample is very similar in both cases.
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Figure 11. Comparison of experimental and nume-
rical shrinkage profile with time
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Figure 12 shows the final shrinkage in the direction parallel and normal to the bedding direction of all the
samples tested. The dotted lines are the mean values and the plain lines the numerical results. As can be seen, the
numerical shrinkage is very close to the experimental in both direction which was made possible using an ortho-
tropic mechanical law. A ratio E�

E⊥
= 2 is used which is in accordance with studies on the transverse anisotropy

of overconsolidated clay [GAR 73] and this range of value was already used for Boom clay in the work of Dizier
[DIZ 11].

6. Conclusion

This paper has presented the formulation of a thermo-hydro-mechanical model for the study and analysis of
the drying behavior of Boom clay samples. The main focus of this study was to validate the capacity of the model
to closely reproduce experimental behavior. First, the experimental campaign used as validation was introduced
[PRI 16]. Then, the different sub-model were thoroughly presented. The hydraulic model is based on Richard’s
equation for water flow in unsaturated soils using van Genuchten’s formulation to determine the saturation degree
and relative permeability. The thermal model is a classical energy balance equation. The mechanical model is an
orthotropic elastic model expressed in Bishop’s effective stress.

Finally, numerical simulations were conducted in order to show the performance of the proposed model. The
simulation results showed that the model is capable of closely reproducing the observed behavior.

Going forward, there are still a few improvements that could be brought into the proposed model. One of them
is to consider the cracking that may occur during the drying process and its effect on the drying kinetics. Since
Boom clay presents a clear bedding, if cracking occurs, it will be alongside the bedding planes being a "weakness"
in the medium structure. To represent that behavior, a suggested lead is to use interface finite elements to reproduce
crack propagation and use experimental data to validate it.
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