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ABSTRACT

The present report summarizes the work car-
ried out by the University of Kiel on a part of
the Task B1 for the DECOVALEX 2015 project,
which compares and benchmarks numerical
models and complex coupled simulations of
radioactive waste disposal related processes.
Aim of Task B1 is to understand the Thermo-
Hydro-Mechanical (THM) processes taking
place in a disposal system of high level radio-
active waste (HLRW) in the early post closure
period, through the analysis of well controlled
in situ and laboratory experiments. The per-
formance of deep geological repositories of
HLRW is influenced by the utilized buffer
materials. In general, bentonite and sand ben-
tonite mixtures are planned to seal the area
around the canister, because of their thermal-
hydro-mechanical properties. This sealing
layer around the canisters experiences an ini-
tial drying due to the heat produced by HLRW
and a successive re-saturation with fluid from
the host rock. These complex thermal, hydrau-
lic and mechanical processes were investi-
gated in two laboratory column experiments
using firstly MX-80 clay pellets and secondly a
mixture of 35% bentonite and 65% sand.
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These experiments are part of PEBS project
and were performed in the CIEMAT laborato-
ries in Madrid.

In this study, we aim to 1) identify and under-
stand the most relevant processes taking place
in the buffer materials; 2) identify and quantify
the key physical parameters that determine the
material behavior under heating and hydrating
conditions. Therefore, a fully coupled and pro-
cess-oriented 2D numerical model was applied
to validate the experiments, simulate the heat
transport, multiphase flow and mechanical
effects from swelling and thermal expansion.
As both experiments were performed with a
similar experimental set-up, the thermal
parameters of the insulations and the heater
device were kept unchanged in the two mod-
els, while the parameters of the buffer material
were fitted during model calibration. A good
fit between the model results and the data was
achieved for temperature, relative humidity,
water intake and swelling pressure. The key
variables identified by the model are the per-
meability and relative permeability, the water
retention curve and the thermal conductivity of
the buffer materials.



Project goals

An important part of the performance and safety
assessment of disposal systems for radioactive
waste and spent nuclear fuel in deep geological
formations is to evaluate the impact on repository
performance of the coupled effects of mechanical
deformation, fluid and gas flow through the repos-
itory as well as thermal loading from the decaying
waste. In this context, the DECOVALEX project
(DEvelopment of COupled models and their VALI-
dation against Experiments; http://www.decova-
lex.org) is an international research and model
comparison collaboration, initiated in 1992, for
advancing the understanding and modeling of
coupled thermo-hydro-mechanical (THM) and
thermo-hydro-mechanical-chemical (THMC) pro-
cesses in geological systems. The project has been
conducted by research teams supported through a
large number of radioactive-waste-management
organizations and regulatory authorities working
on selected modeling test cases, followed by com-
parative assessment of model results. Currently,
modeling teams from ten international partner
organizations participate in the comparative evalu-
ation of five modeling tasks involving complex field
and/or laboratory experiments.

The work carried out by the University of Kiel in sup-
port of ENSI focuses on the numerical simulation of
two laboratory column experiments performed
within Task B1 of the DECOVALEX 2015 project and
the PEBS FP7 EU project (www.pebs-eu.de). The final
objective of Task B1 is the numerical simulation of
the HE-E in situ heating experiment performed in a
tunnel in the Mont Terry laboratory to improve the
understanding of the thermal evolution of the near
field around a high level waste (HLW) canister during
the early phase after emplacement [1] [2] [3]. The
experiment consists of two tunnel sections with
heaters, which represent the waste canisters. One
section is filled using pure MX80 bentonite pellets
while the other section is filled using a 35% MX-80
bentonite and 65% quartz sand mixture. This report
describes the numerical simulation of two well con-
trolled laboratory THM column experiments designed
to test the backfill materials and mimic the expected
field conditions of heating and hydration expected to
take place in the tunnel experiment HE-E.

In the HE-E experiment, after the emplacement of
the canister, the buffer material is heated while in
the later stages the circulation of water coming
from the Opalinus clay host rock will saturate the

buffer. Therefore, also in the laboratory experi-
ments, these processes are reproduced and the
experiments are divided into 1) a heating phase
and 2) a heating and hydration phase. A heater
positioned at the bottom of the columns applied
heat. The heating phase is characterized by a step-
wise increase of the temperature at the heater
plate from 100°C to 140°C, which is the expected
maximum temperature reached in the area sur-
rounding the canister [4]. The resaturation with
water is reproduced using a hydration line posi-
tioned at the top of the cells, which allows the
injection of water having composition similar to
the pore water in the Opalinus Clay formation.
Our work aimed: 1) to identify the most relevant
processes in the buffer materials and 2) to quantify
the key physical parameters determining the mate-
rial behavior under heating and hydrating condi-
tions. These aims were pursued by developing a
fully coupled 2D numerical model of the experi-
ments, simulation of heat transport, multiphase
flow and mechanical effects from swelling and
thermal expansion and by subsequent parameter
identification. The modelling results contribute to
provide reliable quantitative parameters for the
two buffer materials, which can then be applied
for the in-situ field-scale HE-E experiment.

Work carried out and
results obtained

The experimental set-up is described in detail in
[4] and [5], here only a short summary is provided
to better understand the modelling work. The
materials tested in the column experiments, and
parameterized using numerical simulations in this
study, are the same as those used as buffer in the
two sections of the HE-E field experiment [4] [5].
The bentonite filling one column was in the form
of granulate (pellets), while the sand-bentonite
mixture is constituted of 65% quartz sand (diam-
eter ranging from 0.5 to 1.8 mm) and 35%
Na-bentonite GELCLAY WH2 [4]. The internal
diameter of the column is around 7 cm and its
height 50 cm. In both columns, the heating sys-
tem consists of two steel plates (316L stainless
steel) inserted at the bottom of the cell with a
resistance sandwiched between the plates (Fig.
1b and c). The lower plate is insulated, while the
upper one is treated with a conductive paste to
better transmit the heat to the filling material. The
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power provided to the resistance is adjusted to
match the desired temperature on the upper
heater plate. The top of the filling material is
closed by a porous stone and by a plug, which is
connected to a cooling system (Fig. 1a) that main-
tains the temperature on the upper part at the
laboratory temperature, while during the hydra-
tion phase it allows the infiltration of a sodium-
rich solution at laboratory temperature. The col-
umn of Exp-B is equipped with a load cell between
the hydration piece and the upper plate with the
aim of measuring the swelling pressure during the
test.

The cells are instrumented with temperature, rela-
tive humidity, water intake and (only for B-Exp)
axial load cell. Temperature (T) and relative humid-
ity (RH) were measured at Sensor1, Sensor2 and
Sensor3 (placed inside the filling material at 10, 22
and 40 cm from the heater plate as shown in Fig.
1a, b and ¢), while temperature was additionally
monitored inside the insulation (Teflon) and on the
top of the heater plate (Fig. 1a—c). The heater
power supplied was measured during the experi-
ments and adjusted to maintain the desired heater
temperature. Water intake was measured through
the weight loss of the water deposits (Fig. 1a). For
Exp-B, where high swelling of the material was
expected, the axial pressure generated during the
hydration phase was recorded at the load cell at
the top of the column (Fig. 1b).

Once RH and T were stable (stabilization phase of
the experiment where no power was supplied to
the heater), the heating phase of the experiments
started and these parameters were constantly
monitored until the end of the experiments. Ini-
tially, the power supplied to the heater allowed
reaching a temperature of 100°C at the top of the
heater plate in both cells (until 3524 h in Exp-B and
2498 h in Exp-SB). Successively, the power sup-
plied was increased in order to reach a tempera-
ture of 140°C maintained until the end of the

experiments.

Model set-up

The main thermal-hydraulic processes expected to
occur in the Exp-B and Exp-SB during the test are:
a) heating of the buffer material, lateral heat trans-
port through the insulation material and hydration
of the buffer material by water infiltration from the
top of the column during the hydration phase.
Only for Exp-B mechanical effects due to the swell-
ing pressure are considered. A complete formula-
tion of the balance equations, constitutive models
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and equilibrium restrictions used can be found in
[9]. To analyze the coupled THM processes, a
porous medium approach with the three phases
solid, liquid and gas is used. Simulations are per-
formed using the scientific open source code
OpenGeoSys [6] [7] [8].

A 2D radially symmetric model (OpenGeosys) was
set up for the bentonite column (Bastian Graupner)
and it was extended for the sand-bentonite mix-
ture (Elisabetta Ballarini) (Fig. 2). The model
accounts for the different materials used in the
experiment (Fig. 1b and c) i.e., bentonite and sand-
bentonite mixture, Teflon, insulation foam, insula-
tion wool, isover, stainless steel shells in case of the
Exp-B and the upper and lower heater devices.

As initial conditions (IC), a suction value of 109
MPa (RH of around 45 %) was applied to the ben-
tonite in the Exp-B case. For the Exp-SB column,
suction is 106 MPa initially (RH of 46 %), which is
reduced in the upper 7.5 cm to an initial suction of
9 MPa (RH of 93%) to account for the accidental
opening of the hydration line during the stabiliza-
tion phase. The initial gas pressure was assumed at
the atmospheric pressure of 1 bar. The laboratory
temperature of 21.5°C was set as initial tempera-

Figure 1:

(a) Full experimental
set-up for Exp-B
(modified from [4]); (b)
simplification of the
Exp-B showing the
different materials, the
points of measurement
and the changes in the
insulation;

(c) simplification of the
Exp-SB showing the
different materials, the
points of measurement
and the changes in the
insulation.

Figure 2:

Model set-up for
Exp-B, including the
boundary conditions of
laboratory temperature
and the heater power
supplied.



Table 1:

Thermal parameters
assigned to the
insulations and heater
device.

Table 2:
THM parameters of the
filling materials.

Material Thermal Conductivity Heat capacity
[W K" m] [ kg K]

Teflon 0.25 960.0
Insulation wool 0.10 1220.0
Insulation foam 0.25 1400.0

Isover 0.10 1000.0

Upper heater device (steel) 52.50 440.0

Lower heater device (insulated) 2.00 440.0

Steel reinforcement (only Exp-B) 52.50 440.0

ture of the whole model domain. Initial saturation
is 22% for the Exp-B and 11% for the Exp-SB,
according to the available measurements. It is also
assumed that there is no initial stress build-up
inside the model.

Boundary conditions (BC) are graphically reported
in Fig. 2 for the Exp-B case. Except for the mechan-
ical BC, the set-up is the same for the Exp-SB. A
no-flow boundary was assigned at the contacts
between the filling material, the Teflon and the
upper part of the heater device, as the insulation
and the steel are hydraulically impermeable. Prior
to the hydration phase, no flow was also applied at
the upper boundary of the column.

The temperature boundary conditions were
assigned directly to the upper and lateral boundar-
ies using the measured laboratory temperature
over time. The changes in the insulation set-up
during the course of the experiment were repro-
duced in the models by including the added insula-
tion materials and by shifting the boundary condi-
tion for the laboratory temperature accordingly.
Neumann boundary condition were assigned to
represent the heating plate by specifying the heat-
ing power supplied during the experiment (Fig. 2).
Using a heating power controlled boundary condi-
tion instead of a specified temperature boundary
condition allows for a better estimation of the ther-

MX-80 bentonite

mal properties of the filling material. In difference to
[9], we did not apply a heat reduction factor to
match the measured temperatures, but we could
match the measured heater temperature by calibra-
tion of the thermal conductivity of the insulation
and the heater device materials. Due to the geo-
metrically detailed model set-up, model outputs can
be obtained at the same positions as the location of
the sensors and the cell load in the experimental
set-up, which allows for a valid comparison.

The thermal parameters used in the numerical
model are reported in Table 1. The same set of
parameters for the insulation set-up was used to
simulate both column experiments. The values are
derived from literature and they were adjusted
within a reasonable range in order to fit the tem-
perature measured on the heater plate and inside
the Teflon (Fig. 1b and ¢).

Buffer material properties

The MX-80 bentonite has long been investigated
as buffer material for deep geological radioactive
waste disposal, therefore a higher number of mea-
surements is available while less information can
be found for the sand-bentonite mixture. THM
parameters are listed in Tab. 2 and the applied
saturation dependent parameters are explained
below.

Sand-bentonite

Porosity [-] 0.444 0.463
Tortuosity [-] 0.8 0.8
Permeability [m?] 2.0*10%° 1.2%1078
Density [g/cm?] 1530 1450
Poisson coefficient 0.35 Not included
Youngs modulus 18*10° Not included
Thermal expansion [K™] 1.0*10° Not included
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Thermal conductivity

[10] and [11] found that the thermal conductivity
of the used bentonite strongly depends on the
degree of water saturation (as also pointed out by
[12] and [13]) while its temperature dependence is
negligibly small. For the MX-80, a modified rela-
tion from [14] for the saturation dependency of
thermal conductivity, which fits the available mea-
surements, was used here (Fig. 3a). Only a limited
number of measurements of thermal conductivity
are available for the sand-bentonite mixture [11]
[4]. Additionally, they are only available for low
levels of saturation (Fig. 4a). The thermal conduc-
tivity relation used here for the sand-bentonite
mixture has higher values (about 0.45 W K-' m™") at
low saturations, as compared to the measurements
of about 0.3 W K" m™ at dry conditions. This
higher value is necessary to fit the temperature
measured at the sensors. Nevertheless, studies
from [15] and [16] indicate that thermal conductiv-
ity on the order of 1.2 W m™ K are possible for a
material of the same density and sand content.
Also, the higher thermal conductivity of the sand is
the reason why the mixture has been considered as
a possible buffer instead of pure bentonite.

Water retention curve

Different relations exist to describe the water reten-
tion curve (WRC) of a soil. In our numerical model
we used the Van Genuchten relation [17] to match
the available suction-saturation measurements. For
the MX-80 bentonite, the proposed relation was
developed by fitting the van Genuchten relation to
the measurements performed at a temperature of
21.5°C by [18] (Fig. 3b), which are similar to those
presented by [19]. The van Genuchten parameters
that characterize this curve are a cut-off at 3.0*10+"
Pa, a=1/P,=1*107 Pa'and N = 0.237, with P, the
entry pressure. For the sand-bentonite mixture the
measurements performed by [11] are available only
at low saturations. The WRC used in the model (Fig.
4b) was informally provided by J. Rutqgvist (Law-
rence Berkeley National Laboratory) and was modi-
fied to include the few available measurements.
The van Genuchten parameters that characterize
this curve are a cut-off at 1.0*10*° Pa, a = 1/P, =
2.1*10%Pa’ and A = 0.29.

Permeability and relative permeabilities

The permeability of both materials was determined
by fitting the water intake measured during the
Exp-B and Exp-SB experiments. Permeability was
considered isotropic and not dependent on
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changes in porosity. A value of 2.0%102° m? was
assigned to the MX-80 bentonite, while a value of
1.2*10'® m? was provided to the sand-bentonite
mixture. The relative permeability for water (Kr
water) and gas (Kr gas) is dependent on water
saturation and the relation used is similar for both
the MX-80 and the sand-bentonite mixture. In Fig.
4c only the relation for the mixture is exemplarily
reported. These relations have been used to match
the relative humidity behavior at the three sensors.
A high relative permeability of the water phase is
necessary in order to reach the high relative humid-
ity recorded during the hydration phase. Therefore,
the used relations show a small permeability at low
saturations, but increase strongly when the satura-
tion is approximately 0.35 for the Exp-SB (compare
Fig. 4c) and at 0.7 for the Exp-B (not shown). As
pointed out in [20] and [21] the relative permeabil-
ity functions for a material showing a significant
bi- or multi-modal pore distribution may deviate
significantly from the Van Genuchten-Mualem or
Brooks-Corey relations. This effect may lead to
increased water flow compared to unimodal pore
distributions. The materials investigated both show
a bimodal pore distribution, as reported in [22] and
[18]. The pore space consists of the pore space in
the bentonite pellets as well as the large pores
between these pellets. For such a material, water
flow will be comparably rapid in the larger pore
spaces, leading to fast water transport during the
imbibition process [21].

Swelling pressure

The dependency of swelling of the MX-80 benton-
ite on the increasing saturation was investigated by
[23]. The relation used in the numerical model for
the Exp-B is shown in Fig. 3c. It deviates from the
available measurements by using higher swelling
pressures as compared to the measurements at
low to intermediate saturations, in order to better
fit the axial load pressure measured at the top of
the column during the Exp-B.

Results

The following fitting procedure was derived includ-
ing the outcomes of the sensitivity analysis con-
ducted and used for parameter estimation for the
two column experiments. However, due to the
high number of parameters for the experimental
set-up, results cannot be shown in this report.
First, the thermal parameters of the insulation
materials and the cell were obtained by calibration
to the temperature measurements at the heater



Figure 3 (top):
Relations used for the
numerical simulation of
Exp-B (black lines)
together with the
available measurements
for a bentonite
material of similar
characteristics. (a)
Thermal conductivity
versus saturation; (b)
water retention curve;
(c) swelling pressure
versus saturation.

Figure 4 (below):
Relations used for the
numerical simulation of
Exp-SB (black lines)
together with the
available measurements
for the tested sand-
bentonite mixtures.

(a) Thermal
conductivity versus
saturation; (b) water
retention curve;

(c) relative permeability
(water and gas) versus
saturation.

plate and inside the Teflon insulation. This was
performed for the Exp-B column, and the param-
eters thus obtained where then transferred to the
Exp-SB column, as here the same materials were
used. The provided measured temperature varia-
tion inside the Teflon [5] is only an average over
the last 6000 h of the experiment, therefore its
variation is not available and cannot be compared
with the model results. The simulated and mea-
sured temperatures inside the Teflon are reported
in [5]. The numerical results are always slightly
lower than the measured temperatures, with a
higher discrepancy for Sensor-Teflon2 of around
4°C in Exp-B. For Exp-SB, differences in Sensor-
Teflon1 is less than 1°C, Sensor-Teflon3 about 3°C
while sensor-Teflon2 shows a difference of around
4 °C. This is considered a good fit, compared to
the total temperature span of 20—140°C used in
these experiments. Second, the thermal conduc-
tivity of the filling materials was determined by
fitting to the temperature measurements at Sen-
sors1 through Sensor3. In the third step, the
hydraulic behavior of the two columns, i.e. the
water intake during the hydration phase and the
relative humidity data, was fitted by varying the
hydraulic permeability and the relative permeabil-
ity functions for the two materials. As this causes
varying degrees of saturation, a variation in the
hydraulic properties makes a reassessment of the
determined thermal conductivity necessary, so an
iterative approach has to be used. For the Exp-B
column, as a last step the axial load was simulated.

Calibration results Exp-B

Results of the calibrated numerical model for the
Exp-B column are shown in Fig. 5, where the numer-
ical model results are compared to the temperature,
relative humidity, water intake and axial load mea-
surements. The critical parameter for fitting the
amount of water intake is the hydraulic permeability,
which requires a hydraulic permeability of k =
2.0*10%° m? (Fig. 5 ¢). In a second step, the relative
permeability functions were adjusted in order to fit
the relative humidity measurements at the three sen-
sors. A relation similar to the one shown in Fig. 4cis
used, except that the Kr of water increases at 70%
saturation. The relative humidity evolution for all the
sensors can thus be reproduced with good accuracy
by the numerical model simulations (Fig. 5a). Devia-
tions occur for the increase in relative humidity at
Sensor3 after starting the hydration, which is more
pronounced in the measurements, as well as for
Sensor1, where relative humidity rises faster in the
model than in the experiment (Fig. 5a). The value
before hydration and at steady state, i.e. after about
10000 h, are well matched for all sensors.
Temperature at the heater plate is well reproduced
by the model for the heating phase, both before and
after changes in the insulation set-up with maximum
difference of around 5°C. During the hydration
phase, the simulated heater temperature is 5 to
10°C higher than the measured one. This small devi-
ation is probably caused by an underestimation of
the saturation of the bentonite close to the heater,
which results in a lower thermal conductivity that
affects also the simulated temperature at Sensor3
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(Fig. 5b). The overall good match obtained for the
temperature evolution indicates that the heat losses
calculated laterally through the insulation and
through the heater device are correctly approxi-
mated with the set of thermal conductivities of the
insulation and steel materials and for the used ther-
mal conductivity relation used (Fig. 4a). Fluctuations
of the sensor temperatures due to fluctuations in the
laboratory temperature are also reproduced satisfac-
torily, showing that the overall heat balance of the
Exp-B column is accurate. The simulation model can
also reproduce the trend of the measured axial load
for the heating phase. Due to the small changes in
water saturation during that phase, changes in axial
load are mainly due to thermal expansion of the
bentonite pellets. The good fit during the heating
phase thus shows that the used thermal expansion
of 1.0%10° K" is correct (Fig. 5d). The simulated axial
load during the hydration phase, however, does not
reproduce the right time behavior. While the axial
load at the end of the experiment is correctly simu-
lated, the simulated rise in axial load is much slower
than the measured one, and probably the long term
behavior would not be captured correctly (Fig. 5d).
This discrepancy is probably due to the linear elastic
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model used to simulate the swelling effects and also
indicates that a different and more appropriate
swelling-saturation relation than the one reported in
Fig. 3c may be necessary.

Calibration results Exp-SB

For calibration of the Exp-SB sand-bentonite col-
umn experiment, the effects of the accidental
opening of the hydration line during the stabiliza-
tion phase had to be included. Therefore, the initial
saturation was increased in the upper 7.5 cm of
the column from 46% to 93%. Only by consider-
ing this effect, the relative humidity evolution at
Sensor1 and Sensor2 at the beginning of the heat-
ing phase can be reproduced (Fig. 6a). The thermal
conductivity relation reported in Fig. 4a allows for
a good fit of the measured temperatures at the
Sensors and at the heater. A thermal conductivity
of 0.45 W K' m™ at dry conditions (Fig. 4a) is
required to fit the sensors temperatures during the
heating phase, when water saturation is low at
about 10-15% (Fig. 6d). The appropriateness of
the thermal conductivity relation used (Fig. 4a) for
high saturations is also confirmed by the good fit
of temperatures at the heater and the sensors

Figure 5:
Simulation results
compared to

the available
measurements for
Exp-B. (a) Relative
humidity,

(b) temperature,

(c) water uptake and
(d) axial load at the
top of the cell. All
results are shown
versus time.



Figure 6:

Numerical results for
Exp-SB compared to
the available
measurements.

(a) Relative humidity,
(b) temperature, and
(c) water intake since
the beginning of the
hydration phase

during the hydration phase at steady state condi-
tions. Only at Sensor2 temperature is underesti-
mated by about 5°C.

Permeability was fitted using the measured water
intake. As shown in Fig. 5c, the value of k =
1.2*10"® m? used does not allow to reproduce
the total water intake measured during the exper-
iment, which is about 900g. However, at the end
of the experiment the Exp-SB column was disman-
tled and the material weighted to determine the
water intake. This measure yielded a water intake
of only 700 g, which corresponds to the kink in the
measured water intake at about 5000h. The slow
linear increase in water intake after 5000h is con-
sidered as evaporation loss of the column (Dr. Villar,
personal communication) therefore the simulation
results were calibrated to the water intake of 700g.
This interpretation is also strengthened by the avail-
able pore space, as determined by the porosity,
which is not large enough to take up 900g of
water. The relative permeability relations were then
adjusted to reproduce the relative humidity at the
sensors using the relation shown in Fig. 4c. The
relations were adapted to reproduce the fast and
sharp increase in relative humidity at the beginning
of the hydration phase, when all sensors show a
relative humidity of 100% (Fig. 6a) corresponding
to a water saturation higher than about 0.5.

International Cooperation

This study was funded by ENSI as part of the
DECOVALEX project, which has provided techni-
cal support for this study. The experimental data
were provided by the partners (CIEMAT, Madrid)
of the PEBS project, funded by the European
Atomic Energy Community's Seventh Framework
Programme (FP7/2007-2011) under grant agree-
ment n° 249681.

Assessment 2015 and
Perspectives for 2016

The good fit obtained between the experimental
measurements and the numerical results indicates
that the developed model succeeded in including
the most relevant processes influencing the behav-
ior of the sealing materials around the canister in
the early post-closure phase of a HLRW in a deep
geological repository. Also, the fact that it is possi-
ble to reproduce both experiments using one set of
thermal parameters for the buffer material and the
insulations provides confidence in the estimation of
the relevant parameters and relations for the ben-
tonite and sand-bentonite mixture investigated in
the laboratory experiments. Compared to other
modelling work from the DECOVALEX project (e.g.
[9]), no heat power reduction factor was required
to fit the temperature at the heater plate and thus
the heat balance is upheld. The developed models
can simultaneously fit the thermal and hydraulic
effects and, especially at steady state conditions,
the fit for both models is satisfactory. The calibra-
tion of the developed models could be achieved
only by conducting a sensitivity analysis, which
determined the most sensitive parameters for the
heat and multiphase flow processes. While for the
MX-80 bentonite a wide set of measurements
(water retention curve, thermal conductivity) are
available, thus confirming the correctness of the
calibrated parameters, higher uncertainties are
associated to the values derived for the sand-ben-
tonite mixture. Additional experimental work char-
acterizing these materials would help to constrain
the estimated parameters and their temperature
dependence. The materials investigated both show
a bimodal pore distribution, as reported in [22] and
[18]. The pore space consists of the pore space in
the bentonite pellets as well as the large pores
between these pellets. For such a material, water
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flow will be comparably rapid in the larger pore
spaces, leading to fast water transport during the
imbibition process [21]. Only by including these
effects the fast infiltration of water observed in the
experiments can be simulated in the numerical
model. While the thermal and hydraulic behavior of
the sealing materials is reproduced well by the pre-
sented model, further work is required to accu-
rately reproduce the mechanical behavior of the
MX-80 bentonite. The purely elastic model com-
bined with thermally induced strain and swelling
induced stress does not allow for a satisfactory fit
to the measured loads. More complex mechanical
material models for the behavior of the bentonite
materials have to be employed in order to more
accurately represent the induced loads.

Publications

In preparation (for Applied Clay Science): Ballarini E.,
Graupner B., Bauer S. Thermal-hydraulic-mechanical
behavior of bentonite and sand-bentonite materials
as seal for a nuclear waste repository: Numerical
simulation of column experiments.

Abstract and Presentation at the AGU Fall meeting
2015: Ballarini E., Graupner B., Bauer S. Thermal-
hydraulic behavior of unsaturated bentonite and
sand-bentonite material as seal for nuclear waste
repository: numerical simulation of column experi-
ments.
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