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Abstract

Recent re-saturation experiments show in detail the time-dependent development of the
water content distribution in bentonite, also considering exclusive re-saturation via water
vapour. The VAPMOD code that was developed ad hoc to simulate re-saturation via
water vapour showed - in comparison with the measurements of re-saturation using
liquid water - the strong relevance of the diffusion of water vapour in the pore space to
the re-saturation process. Although the dynamics of the re-saturation process had not
yet been satisfactorily modelled, the results still suggested that this process could be

reproduced with sufficient exactness by improved modelling of local re-saturation.

The present report therefore shows two different ways to approach this target. The first
way is to improve the very simple quantitative description of the hydration process in
order to achieve with it satisfactory modelling results of re-saturation via water vapour.
For this purpose analytical functions were developed from various different re-saturation
experiments with water vapour which can be used to indicate the hydration rate as a
function of the water content. However, the remaining discrepancies between improved
model and experiment show that apart from hydration, the other major process involved
in re-saturation — the transport of water within the pore space — may possibly not yet be
correctly described.

The second way shows that, assuming realistic simplifications, the balance equation that
is used in VAPMOD is consistent with the well-known empirical "diffusion law". An
example is used to show that the theoretically derived coefficient yields almost the same
value as one obtained empirically. Furthermore, it is also shown by means of another
example that contrary to past experience, re-saturation can also be modelled
successfully with this simplified balance equation if the inflowing water is under
increased hydraulic pressure. The new theoretical approach has thus even the potential

to eliminate the deficiencies of the empirical “diffusion law” for non-isothermal conditions.
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1 Introduction

Many concepts for repositories intended for the final storage of radioactive or chemotoxic
waste include bentonite barriers to protect the waste containers against a corrosive
attack of water and to impede a possible release of contaminants. The bentonite is
usually emplaced in the repository in dried and compacted form. The re-saturation
process needs to be considered as part of the long-term safety assessment of the

repository and has therefore been a subject of investigation for quite some time already.

Experiments initially concentrated on the water uptake of the bentonite and its evolution
over time. They yielded the empirical result that re-saturation can be well described
under laboratory conditions, i. e. at room temperature and under atmospheric pressure,
by a Fick's approach. Formally this approach is identical to Fick's Second Law on
diffusion processes, the associated coefficient has often misleadingly been referred to in

the literature as the "diffusion coefficient".

However, the empirical approach for the re-saturation could not be confirmed by
experiments in which pressure or temperature were increased or spatially variable [ 3 ].
Subsequently, coupled thermal-hydraulic-mechanical (THM) approaches were more
frequently used to model re-saturation. These approaches were based on the
assumption that liquid water will spread through the pore space of the bentonite and
made use of phenomenological similarities between the hydraulic processes during
saturation and the classic two-phase-flow theory. In themselves, they are, however, not
fully consistent[101],[111],[12].

More recent re-saturation experiments show in detail the time-dependent development of
the water content distribution in bentonite, also considering exclusive re-saturation via
water vapour. The VAPMOD code that was developed ad hoc to simulate re-saturation
via water vapour showed - in comparison with the measurements of re-saturation using
liquid water - the strong relevance of the diffusion of water vapour in the pore space to
the re-saturation process [ 13]. (In the following, the term "water" shall be used as a

synonym of "liquid water". If water vapour is meant, this shall be stated expressly.)

These results allow a physically completely different explanation of the re-saturation

process [ 14 ]. According to this explanation, water intrudes into the pore space of the



bentonite following the start of re-saturation and at the same time causes an expansion
of the interlamellar space — i. e. swelling in the intrusion area - due to the wetting of the
clay minerals. This swelling happens very quickly [ 20 ] and reduces the further flow of
water up to about the amount of water that evaporates at the interface between water
and pore atmosphere. The water vapour forming at the interface then diffuses further
through the pore space. As becomes clear in Fig. 1.1, on the one hand this causes liquid
water to intrude at a permanent rate into the bentonite, but on the other hand the
penetration depth of the liquid phase in the bentonite remains very limited. The
experiments of [ 13 ] indicate that under laboratory conditions the penetration depth is

only about 4 mm.

interlamellar space

pore
space

liquid water water vapour
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container

advection diffusion
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Fig. 1.1 Schematic diagram of water uptake in the pore space of the bentonite; taken
from[15].

Following this initial phase, the bentonite is further re-saturated by the transport of water
vapour through its pore space. The swelling process continues until a further expansion
of the clay particles is no longer possible for geometric reasons. Only when this process
is largely complete will the remaining pore space fill up with liquid water, which is sucked
into the bentonite by capillary forces.



In this conceptual model, re-saturation is described by only two processes:

— water vapour transport in the pore space

— hydration in the clay minerals

Water vapour diffusion transports the water into the bentonite body. The gradient in the
chemical potential of the mobile, vaporous water in the pore space and of the immobile,
hydrated water in the interlamellar space of the clay minerals effects a transfer of water
from the pore space into the interlamellar space. This involves swelling of the clay
particles, which reduces the porosity. The boundary of this model is formed by the
interface between the liquid phase and the air phase. As a boundary condition it is
assumed that the atmosphere in this location is saturated with water vapour. These

approaches are realised in the VAPMOD code.

It was possible to model the orders of magnitude of the water vapour content
distributions in bentonite samples from re-saturation experiments correctly with
VAPMOD. Although the dynamics of the re-saturation process had not yet been
satisfactorily modelled, the results still suggested that this process could be reproduced
with sufficient accuracy by improved modelling of local re-saturation [ 13]. A vapour
diffusion model checked in this way would enable to verify the plausibility of the
alternative conceptual model. The present report shows two different approaches to this

objective.

The first approach is to improve the very simple quantitative description of the hydration
process in order to achieve satisfactory modelling results of re-saturation via water

vapour. In this connection, there are two starting points for improvement:

— The approaches implemented in VAPMOD for hydration presuppose a linear
dependence between the hydration rate and the gradient between the chemical
potential of the water vapour in the pore space and the chemical potential of the
interlayer water. According to this, the proportionality factor between the potential
gradient and the hydration rate which is referred to here as the "reference hydration
rate" (RHR) remains constant. As all other coefficients in VAPMOD are well-known
parameters, the only thing that needs to be determined is the RHR. In parallel to the

model development, the RHR for unrestrictedly swelling samples at 100 %



atmospheric humidity in the pore space was therefore determined experimentally in [
13]. It turned out that the assumption of a constant coefficient only applies
approximately. Although the value used in the model calculations was in a plausible

order of magnitude, the RHR does in fact decrease with an increasing water content.

— It was furthermore presupposed that a swelling constraint plays no role for the RHR
in connection with re-saturation via water vapour. This has not been demonstrated
so far. An evaluation of re-saturation experiments from [ 19] indicates that the
hydration rate at constrained swelling depends on the dry density or the degree of
precompaction of the bentonite studied. New information provided by [ 13 ] from the
re-saturation experiments with constricted, compacted bentonite in steel cylinders

points in the same direction.

The second approach is to show that, assuming realistic simplifications, the balance
equation used in VAPMOD is consistent with the well-known empirical "diffusion law".
The balance equation can formally be transformed into Fick's Second Law, with the only
remaining coefficient then being quantifiable by known physical parameters. An example
is used to show that the theoretically derived coefficient yields almost the same value as
one obtained empirically. Furthermore, it is also shown by means of another example
that contrary to past experience, re-saturation can also be modelled successfully with
this simplified balance equation if the inflowing water is under increased hydraulic

pressure.



2 General form of the balance equation

The balance equation for the water in the bentonite is set up in [ 13] under the
assumption that the water is present either as vapour in the pore space or as hydrated
water in the interlamellar space. The diffusion of vapour in the pore space then depends
on the vapour partial density p, in the pore space and is described by the differential

equation (2.1):

olp, @ . (2.1)
%— div(z®D-grad p,) =T,

o - vapour partial density in the pore space [kg/m3]

@ - porosity [-]

N
1

tortuosity [-]

D - coefficient of binary gas diffusion [m2/s]
rp - source/sink for the vapour in the pore space [kg/(m? s)]
t - time|[s]

In this context, the sink rp represents the hydration-induced flow of water from the pore
space into the interlamellar spaces of the clay minerals. The density of the hydrated
water corresponds to about the density of liquid water [ 13 ]. Owing to the big density
differences between the vapour in the pore space and the interlayer water, the
proportion of water vapour in the water content of the bentonite can therefore be
neglected. Thus the water content of the bentonite corresponds with very good
approximation to the amount of water stored in the interlamellar space. Hydration
changes the amount of water in the interlamellar spaces of the clay minerals according

to

ow (2.2)

pd - dry density of the bentonite [kg/m?3]
W - water content [-]

rs - source/sink for the hydrated water [kg/(m? s)]



As sources and sinks with reversed signs are the same in equations ( 2.1 ) and ( 2.2),

the two equations can be summarised as follows:

2.3
a(/{jSVtCD)Jde%—div(ﬂDD@lrfﬂd p,)=0 -

In equation ( 2.3 ), w and p, are independent variables. A second equation is therefore
needed. This may be an equation to quantify the hydration rate. The hydration rate is the
specific amount of water that transfers into the interlamellar spaces of the clay minerals
per time unit. With the help of the Kelvin equation for the chemical potential, this rate

ensues according to [ 13 ] as follows:

M _fi—a Ryt with 1, =2 (24)
ot My Theg(W) Peat

m - specific hydration rate [1/s]

a - proportionality factor [s/m?]

R - universal gas constant [J/(mol K)]

T - temperature [K]

My -  molecular weight [kg/mol]

r, - relative humidity [-]

lheg-  relative humidity in the thermodynamic equilibrium [-]

Osat - vapour saturation partial density [kg/m?3]

The relative humidity in the thermodynamic equilibrium ry ¢q(W) is provided by an

adsorption isotherm®.

Equations ( 2.3 ) and ( 2.4 ) are solved in VAPMOD under the following two
assumptions. First, a linear relation is assumed between the difference of the chemical
potential and the hydration rate. This leads to a constant proportionality factor a so that

the constant variables in equation ( 2.4 ) can be summarised to form the reference

hydration rate M :

! This has to be taken into account when applying the equation to problems involving variable temperature.



o RT (2.5)

Second, in the case of the thermodynamic equilibrium, adsorption isotherms establish a
relation between the water content and the relative humidity in the pore space, for the
MX-80e. g.[17],[ 9 ]- These adsorption isotherms can be well approximated by a linear
approach, except in the range of very high relative humidity levels (95 % - 100 %):

(2.6)

W= r-h Wmax

Wmax - fictitious final water content at r,=100 % [-]

Such an approach is therefore assumed in VAPMOD.



3 Model comprising re-saturation kinetics

3.1 Determination of the reference hydration rate

Starting point for the determination of the reference hydration rate are the measurements
of the water content of bentonite samples in a defined water vapour atmosphere as a
function of time. From these data, the hydration rate ensues according to equation ( 2.4)

as derivative with respect to time. With the help of equation ( 2.5) it is then possible to

determine the reference hydration rate m, as a function of the humidity and the water

content?.
Two ways offer themselves for determining the hydration rate M . The first, faster one
was followed in [ 13]. Two neighbouring data points i and i+1 each were used to

calculate the momentary hydration rate as quotient

m;i ti+1+tij:\l\li+l_\l\li (31)
2 ti-¢-l_ti

Since the water content is a function of time, it is also possible to present the hydration
rate as a function of the water content, which is advantageous with a view to using it in
VAPMOD.

This method gives a first impression of the order of magnitude of the hydration rate and
its dependence on the water content. However, it also holds uncertainties. Owing to the
difference quotient, the inaccuracies in the data points lead to large margins of deviation
in the derivative upon the approximation of the differential quotient. In addition, there are
also negative gradients in connection with the pointwise evaluation which naturally
cannot be contained in the graphic representation. Furthermore, a high density of data is
required in connection with the large gradient at the beginning of the observation period.

% The available re-saturation experiments have so far only been carried out at saturated-vapour pressure. Therefore the
re-saturation behaviour determined at full vapour saturation has to be extrapolated to situations with lower humidity. The
reliability of this approach remains to be verified.



These difficulties can be bypassed by pursuing the second way, which involves looking

for an analytic function for w(t) by means of a data fit. The derivative of this function with

respect to time then provides a continuous function for the sought-after mass flow M . In
the following, the functions determined pointwise as well as the analytically determined

functions are presented.

3.1.1 Water content as a function of time

Fig. 3.1 shows the time history of the water content in the experiments of [ 13 ] with
freely swelling samples. These consisted of bentonite powder as well as of compacted
bentonite discs with a dry density of about 1500 kg/m3. The double-logarithmic
representation shows a certain variation in the measuring results. Still, it can be clearly
seen that the re-saturation speed slows down above a water content of about 20 %. At
microstructure level, a water content of 20 % in MX-80 corresponds to the re-saturation

up to a bimolecular layer of water molecules in the interlamellar spaces of the clay

minerals [ 9].
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Fig. 3.1 Water content as a function of time at freely swelling samples according to
[13].
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The piecewise linear distribution in the graph of the analytic function can be described by

exponential functions of the type

w(t)=b-t* (3.2)
Here, the distribution parameters ensue as
b= ‘t’V_a (3.3)
for any point i through which the curve is to run and as
a:Ioqu—Iong (34)
logt, —logt,

for the two points p and g which characterise the gradient of the straight line on a double
logarithmic scale. The analytic curves plotted in Fig. 3.1 ensue from the parameters
a=0.5981, b =0.0001215 for w < 0.20 and
a=0.2759, b =0.006551 for w > 0.20.

The time history of the water content in connection with the re-saturation of MX-80 is
qualitatively confirmed by the measurements in [ 9] and [ 19]. In [ 9 ], data were
acquired across a wide spectrum of water content for three different test bodies of
different degrees of pre-compaction and different sizes. When evaluated in the same
way, it turns out that the piecewise constant water uptake is the same in all samples.
The transition between the linear sections, however, lies at a slightly lower water
content. The re-saturation speed, too, is apparently lower. It is unclear what the dry
densities of the samples were. According to the experiment description, the bentonite
was filled into small bowls and "pressed on slightly". In the associated illustration,

however, the dry densities are given as 1350 kg/m® and 1770 kg/m3.
As was already the case in the tests in [ 13 ], there is no discernible dependence on the

degree of compaction of the samples. However, Fig. 3.2 shows clearly lower values for
the slightly larger test body. The reason for this is not clear. Still, this result would be

11



consistent with a certain swelling constraint of the samples, as shown in the following in

the example from [ 19 ].
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. ~ ] sample height 1 cm, p,=1350/1700 kg/m3; from [9] -
analytical functions:
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sample height 3 cm, p,=1350 kg/m3; from [9]
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Fig. 3.2 Time-dependent water content according to [ 9 ].

The re-saturation tests described in [ 19] were also carried out with samples with
varying degrees of compaction, but fully constrained from swelling. The results shown in
Fig. 3.3 show clearly that in this case the water uptake depends on the degree of

compaction.

Data density in this example is low. Only one measuring point each for the slightly and
the strongly compacted sample lies below the water content level of 20 %. These points
again are clearly off the trend of the remaining data points. Here, it is assumed ad hoc
that in this case, too, the water uptake velocity is higher at low saturation levels than at
higher saturation levels. Under the condition that the average hydration rate at low water
content corresponds to about the velocity given in Fig. 3.2 for this area, the plotted
straight interrupted lines shown in Fig. 3.3 ensue. Here, too, the hydration rate would
change accordingly at about 20 %. However, as the plotted straight interrupted line

sections have not been validated, they are not considered any further in the following.

12
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Fig. 3.3 Time-dependent water content according to [ 19 ].

In [ 13 ], experiments with vapour and swelling-constrained samples were carried out
with the aim to establish the spatial and time-dependent development of the water
content upon re-saturation. The samples had an initial dry density of pq = 1500 kg/mé.
These experiments can also be used for describing the re-saturation dynamics of a
swelling-constrained sample. For this purpose it is assumed by approximation that the
relative humidity in the area of the bentonite bordering immediately on the vapour
reservoir is 100 %. The average water content in the about 3-mm-strong edge zone of
the test bodies is shown in Fig. 3.4 as a function of time. The two sections with different
re-saturation velocities do not differ as clearly here as in the previous examples, but a
transition is also discernible in this case, lying again at a water content level of about
20 %. Using the respective parameters a and b, the analytical curves ensue as follows:

a=0.1232, b=0.03146 forw < 0.20 and

a=0.05201, b =0.09177 forw > 0.20

13
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Fig. 3.4 Time-dependent water content of swelling-constrained samples according to
[13].

In summary it can be stated that the time history of the water content cannot apparently
be described with a simple analytic function. The results furthermore point at the so-far
neglected circumstance that the re-saturation velocity of swelling-constrained samples
may depend on the degree of compaction. In this case it would have to be analysed

what causes this dependence.

3.1.2 Hydration rate as a function of the water content

Using ( 3.2) once more, the derivative of ( 3.2 ) with respect to time provides the

following analytic function for the hydration rate:

it = ab(ﬂj(l_i] (3.5)

b

14



As the function w(t) is not mathematically smooth at the kink, there is a discontinuity in
the derivative, as shown in Fig. 3.5. This is unlikely to correspond to the actual

conditions but is rather a rough approximation to a fast transition.

A comparison with the pointwise evaluation shows that the inaccuracies in the
approximation of the derivative by difference quotients especially above w = 20 % lead
to an over-estimation of the hydration rate. Still, both evaluation methods clearly show an

influence of the degree of compaction on the water-content-dependent hydration rate.
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constrained swelling; p,=1500 kg/m3; from [13]
L] constrained swelling; p,=1800 kg/m3; from [19]
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Fig. 3.5 Hydration rate as a function of the water content in samples according to
[9],[19]and [ 13].

What is striking is the good agreement of the swelling-constrained samples from [ 19 ]
with a dry density of 1800 kg/m?3 and those from [ 13 ] with a dry density of 1500 kg/m3. It
may be that the term "dry density” is used differently in the two sources. While dry
density in [ 13 ] refers to material that was dried at 105 °C for 24 hours, this parameter is
not explained any further in [ 19 ]. In the literature it is, however, not unusual to apply the
notion of dry density to air-dry bentonites that already have a water content of 8 % to

10 %. In this case, the dry density given in [ 19 ] as 1800 kg/m? would correspond to a

15



density of about 1650 kg/m? following oven-drying at 105 °C. This would explain the

close proximity of the data for the hydration rate.

The fact that the water uptake rate in the experiments of [ 9] does not depend on the
degree of compaction initially speaks on the one hand for an experiment with
unconstrained swelling. On the other hand, the systematically lower rate in connection
with samples of greater height indicates a certain constraint. This constraint would also
explain the overall lower uptake rates in the experiments in [ 9] compared with the
results in [ 13]. Additionally, the data points (and curves) in [ 9] and the swelling-
constrained samples according to [ 19 ] are also very close at dry densities of 1500
kg/m3 and 1200 kg/m3, respectively. If one assumes once more that in [ 19 ] the term
"dry density" is actually used to describe the air-dry bentonite, the density ensuing after
oven-drying the samples would be 1363 kg/m3 and 1090 kg/m3, respectively. At these
density values, any major swelling constraint will only occur at a higher water content
due to the high porosity levels. The data in [ 9] as well as the data for the low- and
medium-compacted bentonite in [ 19 ] are therefore consistent with a slight swelling

constraint.

3.1.3 Reference hydration rate as a function of the water content

The application of equations ( 2.5) and ( 2.6 ) in equation ( 2.4 ) yields a conditional

equation for the reference hydration rate:

= for rp=1 (3.6)

ref

At Wnax=0.32, the data points and curves in Fig. 3.5 result in the associated reference

hydration rates given in Fig. 3.6.

For a water content below 16 % to 20 %, the assumption of the linearity between
potential difference and hydration rate and thus the assumption of a constant reference
hydration rate is apparently approximately correct. Here, the RHR lies between 107 1/s
and 10° 1/s.

16



In the case of the non-swelling-constrained samples in [ 13 ] (data points and curves
shown in red) and the samples in [ 9 ] (data points and curves shown in green), the RHR
is approximately constant even for higher water contents, albeit at a slightly lower level
(between about 7-107 1/s and 7-10®). The values for the low- and medium-compacted
samples in [ 19 ] (data points and curves shown in light and medium blue) lie in between
at about 2-107 1/s.
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Fig. 3.6 Reference hydration rates as functions of the water content in samples in
[ 9] [ 19 ] and [ 13]; square symbol: measurement, line: calculation;
colour-coding:

sample height 1 cm, p,=1350/1700 kg/m?; from [9]
sample height 3 cm, p,=1350 kg/m3; from [9]

free swelling; from [13]

constrained swelling; p,=1500 kg/m3; from [13]
constrained swelling; p,=1800 kg/m3; from [19]
constrained swelling; p,=1500 kg/m3; from [19]
constrained swelling; p,=1200 kg/m3; from [19]

In contrast, the RHRs of the highly compacted sample in [ 19 ] (data points and curves
shown in dark blue) as well as of the swelling-constrained sample in [ 13 ] (data points
and curves shown in orange) deviate clearly from the other results. Nevertheless, they

lie closely together, as was already the case with the hydration rate in Fig. 3.5. An
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increase of the water content by a few percent causes the RHR to drop by one and a
half orders of magnitude from 3-10°® 1/s to 8:10™° 1/s.

3.2 Comparison of modelling and measuring results

3.2.1 Constant reference hydration rate

In [ 13 ], a re-saturation experiment is described involving water vapour and full swelling
constraint. It provides the time history of the water content distribution in a 10-cm-long
cylindrical MX-80 bentonite body. This experiment was modelled with VAPMOD using a
constant reference hydration rate of 10”7 1/s. The comparison of measured data and
modelling results is shown in Fig. 3.7. This revealed first that the re-saturation at the
inflow boundary in the model initially takes place too slowly but later on too fast. Second,
the full-scale value at the inflow boundary of the model is apparently too high. The
representation of the water content at the inflow boundary - i. e. approximately at
maximum vapour saturation - in Fig. 3.8 indicates a full-scale value of approx. w = 24 %.
This corresponds to a final porosity of about 14 %. An improvement of the model in [ 13 ]

has to take these circumstances into account.

5 days
10 days
11 days
21 days
21 days
55 days
56 days
90 days
91 days
118 days
120 days
183 days

0.3

0.25

0.2

water content [-]

0.15

L L L L

0.1

distance from the inlet [cm]

Fig. 3.7 Measured data and modelling results in [ 13 ] concerning re-saturation

via vapour; square symbol: measurement, line: calculation.
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Fig. 3.8 Time-dependent water content at the inflow boundary in [ 13 ].

3.2.2 Calibrated reference hydration rate

The strong changeability of the RHR with the water content that can be seen in Fig. 3.6
could explain why the model with constant RHR used so far cannot simulate the re-
saturation experiment in [ 13 ] to complete satisfaction. However, there have been no

investigations yet as to what effects this changeability can cause.

Still, the simulation of a special experiment is nevertheless possible if one calibrates the
hydration rate with the data of this experiment instead of considering all physical
processes that influence the hydration rate. In this case, less physical understanding is
required for the modelling. Although the calibrated data will then no longer be
transferable, the reliability of the model assumptions can be verified up to a certain
degree.

In order to simulate the re-saturation experiment with water vapour of [ 13], the
analytical functions adapted to the data are inserted for the RHR in equation ( 2.4 ).
Here, the same parameters are used that have already also been the basis for Fig. 3.4 in

Ch. 3.1.1. Since the hydration rates are calibrated with the measured data at the inflow
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boundary, measured and modelled data at this point have to be in agreement. The
results of the improved model in Fig. 3.9 show that compared with the experimental
results, this is actually so. For the first three weeks, the measuring points are modelled
well even in the further course of the curves, although the model curves show a turning
point from the start. However, the modelled curves for later points in time remain behind

the measured results at a distance of more than 3 cm from the inflow boundary.

0.3 - —— bdays
1 —— 10days
11 days [
| 21 days
0.25 - 21 days |
1 —— bb5days |

1 56 days |
1= " ga 90 days |
—— 91days |

———— 118days |
m | — 120days |
—— 183 days

water content [-]

distance from the inlet [cm]

Fig. 3.9 Results with calibrated hydration rates;

square symbol: measurement, line: calculation.

All'in all, the new model yields clearly better results than the model with a constant RHR.
At the same time, however, it shows up gaps in the understanding of the re-saturation
process. It is still unclear why the water content in the model's far side of the inflow
boundary remains behind the measurements. It appears that either the vapour transport

in the pore space or the hydration process is not sufficiently described.
In [ 13 ] the possibility has already been indicated that the effect of the Knudsen diffusion

could cause an increased water transport due to the narrowing pore channels. As this

effect is mainly expected in the area of advanced re-saturation in proximity to the inflow
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boundary, the area further removed from the inflow boundary would therefore be
subjected to a higher water supply, which would speed up hydration there.

It has so far not been investigated either whether the correlation between RHR and
water content, which is presently only known for relative humidities of about rp~1, applies
in the same way to lower humidities. Should this not be the case, then this could also be

an explanation of the deviation of the model results from the experiment.

3.3 Conclusions

The evaluation of various experiments on the re-saturation of bentonite via water vapour
yields no clear function for water uptake as a function of time. Thus it is also not possible
to derive a clear function for the hydration rate as a function of the water content. The
compaction of the samples has no influence on water uptake in the case of the freely
swelling samples [ 13 ]. However, it appears that any constraint to swelling reduces the

hydration rate considerably. The cause of this phenomenon remains to be clarified.

The modelling of re-saturation via vapour with calibrated hydration rates leads to a better
agreement of the experiment and modelling results than using the theoretical ad-hoc
approaches [ 13]. The fact that the modelling results are nevertheless not satisfactory
raises some questions with regard to the two essential effects in connection with the

isothermal re-saturation of bentonite via water vapour:

— Vapour transport in the pore space
e How strong is the influence of Knudsen diffusion on vapour transport?

« How can Knudsen diffusion be described in the model?

— Hydration
* What influence does the precompaction of the bentonite have on the hydration
rate at constrained swelling? What effects play a role in this context?
* How high are the hydration rates in an only partially saturated vapour atmo-

sphere?

Until these questions are answered, the VAPMOD code will not be able to predict

accurately the dynamics of re-saturation via vapour. This means that at the current state
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of development, the question of what part vapour diffusion plays in re-saturation when a
bentonite is in contact with liquid water cannot be answered conclusively. Still, the very
simple approaches in VAPMOD are already capable of roughly approximating the actual

conditions.
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4 Model with equilibrium hydration

In the preceding chapter, the phenomenon of bentonite re-saturation via water vapour
was analysed to show the dominance of water vapour transport over the transport of
liquid water. For the same purpose, the following will deal with re-saturation as a result of
a contact with liquid water. These analyses are based on the re-saturation experiments

with liquid water in [ 13 ].

4.1 Process velocities

The starting point of the considerations are model calculations made with VAPMOD in
which the reference hydration rate and therefore the ratio of the process velocities of
vapour transport and hydration are varied [ 1 ]. In the range of realistic RHRs, the results
are little sensitive to a variation of the RHR. Also, the admissible time step becomes
smaller the more the RHR increases. These two observations suggest that the dynamics
of re-saturation via water vapour are governed more by the water vapour supply than by
the hydration rate. In other words, hydration would be a much faster developing process
than vapour diffusion, so that locally an equilibrium of humidity and hydrated water would

establish itself very quickly.

The same conclusion can be derived from an evaluation of the model calculations with
VAPMOD that simulate the re-saturation experiments with liquid water in [ 13 ]. Fig. 4.1

shows the comparison of the water content distributions of the measurement and the

simulation. In the model, an RHR of M = 107 1/s was used. The initial re-saturation with
liquid water, which sets in temporarily at the start of the re-saturation process as a result
of the capillary forces, is taken into account by moving the inflow boundary in the model
4 mm towards the centre of the area.

Apart from the water content, which after all mainly represents the hydrated interlayer
water, VAPMOD also provides the equilibrium water content belonging to the humidity.
According to ( 2.4 ), the ratio between the theoretical equilibrium water content and the
prevailing water content is a measure for the difference of the chemical potentials of pore
water and interlayer water. At a ratio of 1, the two potentials are equal, and a local,

thermodynamic equilibrium prevails.
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Fig. 4.1 Uptake of liquid water and results of modelling with VAPMOD.

Fig. 4.2 shows the prevailing water content and the equilibrium water content together

for the model with M =107 1/s. The values of the corresponding water content
distributions differ from the start by no more than 40 %, and with progressing re-
saturation this difference quickly becomes smaller. However, as can be seen from the

compilation of RHRs in Fig. 3.6, at the beginning of re-saturation the RHR might also

have had a value of M= 10°1/s. In this case, the approximation to the state of
equilibrium would be far advanced from the start, as Fig. 4.3 shows in analogy to Fig.
4.2.
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4.2 Simplified balance equation

The results of the sensitivity analysis in [ 1 ] as well as the direct evaluation of VAPMOD
modelling results appear to justify a simplification of the balance equations derived in
Section 2 under the assumption of equilibrium hydration. This means that in the
mathematical model, an instantaneous equilibrium between the amount of hydrated
water and the vapour partial pressure is assumed by approximation. Via equation ( 2.6 )
one then arrives at a linear-proportional relationship between water content and vapour

partial pressure

W = Ninax. (4.1)

with which one independent variable in balance equation ( 2.3 ) can be eliminated:

8(’;@) + LV %Py _ G- D - grad p,) = 0 (4.2)
pVSat

In equation ( 4.2 ) the changeability of the porosity with time also has to be considered.
Compared with the time derivative of the vapour partial pressure, however, this
contribution is low and can be neglected [ 13]. Against this background it is also
assumed that the dependence of the tortuosity as well as of the porosity on the water
content can also be neglected for the further considerations. Although porosity as well as
tortuosity may possibly decrease with progressing re-saturation, this is fronted by a
possible simultaneously developing transition from free diffusion of the vapour in the
pore space to Knudsen diffusion. Formally, this results in an increase of the diffusion
coefficient.® Insofar, the product of porosity, tortuosity and the coefficient of the binary

gas diffusion during re-saturation is assumed to be constant.

® This transition takes place when the mean free path length of the diffused molecules lies in the order of magnitude of the
pore diameter. The mean free path length of water molecules in air is approx. 100 nm (e. g. [ 13]). According to [ 16 ]
(cited in [ 6 1), the Knudsen diffusion is without relevance only at a pore diameter above 1 um. However, a large proportion
of the pore channels in compacted MX-80 bentonite has a diameter of less than 1 um [8],[19], [ 21 ]. These indications
make the occurrence of Knudsen diffusion appear likely.
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With this simplification and due to a restriction to only one dimension, equation ( 4.2 )
has the following form:

2
(I)+pdwmax apv_rq)Da/zvzo (4-3)
pvsat at 8X

The first bracket term in equation ( 4.3 ) can be considered as a retardation

coefficient Ry:

R, = @ + Palnax (4.4)
Psat

Rg - retardation coefficient [-]

and eventually transforms equation ( 4.3 ) into the form

2
apv_Dtha/ZV:O with Dth:T(I)R (45)
ot OX Rd
Din - diffusion coefficient of the simplified balance equation [m?/s]

This equation corresponds formally to the empirical "diffusion law", a Fick's approach

with constant coefficient:

ow o'w 0 (4.6)
EEr
Demp - empirical "diffusion coefficient" [m?/s]

It has been known of this empirical "diffusion law" for some time that the time-dependent
water uptake is described well under laboratory conditions. The range of the values for
the empirical "diffusion coefficient" Demp that were derived from laboratory experiments
with MX-80 bentonite is remarkably narrow, amounting to hardly more than one order of
magnitude [ 2], [9], [ 4], [ 7], [ 18]: 1-10"° m2/s < Demp < 3-10° m2/s. However, the
empirical "diffusion law" was not confirmed for experimental conditions that deviated

from the laboratory conditions, in particular at deviation from room temperature [ 3 ].
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The independent variables in the two corresponding equations ( 4.5) and ( 4.6) —
vapour partial pressure in the newly developed balance equation and water content in
the empirical "diffusion law" — differ according to equation ( 4.1 ) only by one constant
factor. By the physically justified approach for the transport of water in the pore space,
one therefore arrives at qualitatively the same description of re-saturation as by the

evaluation of the experiments involving liquid water.

4.3 Determination of the "diffusion coefficient"

4.3.1 Determination by data adjustment

The balance equation ( 4.5) and the empirical "diffusion law" ( 4.6 ) differ only in the
quantity of the coefficient of the spatial derivative, i. e. in the quantity of the "diffusion
coefficient". For a comparison of the coefficients Demp and Dy, the example of the re-
saturation experiment with liquid water in [ 13 ] is used again as it yields not only the
already frequently analysed water uptake rates but also the far less well known time-
dependent water content distribution within the bentonite.

Since according to [ 5 ] analytical solutions exist for equations ( 4.5) and ( 4.6 ) — this is
described in detail in [ 12 ] — it suffices to evaluate the solution for discrete points in
space and time. The water uptake rates can be modelled very well with a coefficient of
Demp = 3.5:10™° m2/s, as shown in Fig. 4.4. The value lies within the spectrum of the
experimentally determined empirical "diffusion coefficient" (cf. Ch. 4.2) and confirms

once again the reproducibility of the empirical "diffusion law".

With the empirical "diffusion law" it is also possible to calculate the associated time-
dependent water content distributions. Fig. 4.5 shows the distributions ensuing from
Demp = 3.5-:10° m?/s in comparison with the measuring results. The good agreement of
measurement and model calculation confirms with even more clarity than [ 2 ] that the
empirical "diffusion law" can describe not only the water uptake but also the dynamics of
the water content distribution inside the bentonite. What is decisive in this case,
however, is that owing to the formal similarities of the equations this agreement applies
in the same way to the balance equation ( 4.5 ) which explains the water transport in the

pore space exclusively by vapour diffusion.
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Fig. 4.5 Water content distributions: measured data [ 13 ] and "diffusion law".

29



4.3.2 Determination by calculation

The parameters required for the estimation of the coefficient Dy, in the balance equation
(4.5) are summarised in Tab. 4.1. These data yield the value Dy, = 1.3-10™"° m?/s, which
is only slightly lower than the empirical "diffusion coefficient" of Demp = 3.5-107'° m2/s
obtained for the same experiment. The coefficient Dy, also lies within the range of the
experimentally determined empirical "diffusion coefficients". The "diffusion coefficient"
which so far could only be determined empirically can therefore also be obtained
theoretically with the help of the re-saturation model based on vapour transport.

Tab. 4.1 Parameters for the estimation of the diffusion coefficient Dth.
Parameter Value Dimension
Porosity @ 03] -

Dry density pg 1500 | kg/m?
Fictitious maximum water saturation Wnax 032 |-
Saturation vapour partial density py s 0.0165 | kg/m?
Tortuosity 7 05|-
Coefficient of binary gas diffusion D * 2.42.10° | m?s

4.4 Verification of the VAPMOD code

In the VAPMOD code, hydration kinetics are implemented such that the porosity
decreases with an increasing water content, while tortuosity and the diffusion coefficient
remain constant. In contrast, the simplification of the balance equation ( 4.3 ) described
in Ch. 4.2 leads to the product of porosity, tortuosity and diffusion coefficient being
constant when equilibrium hydration is assumed in the modelling. The value of the
diffusion coefficient thus increases with decreasing porosity. This feature was
implemented in VAPMOD by way of trial. With the thus modified VAPMOD code several

* according to [ 22 ] (cited in [ 6 ]) for a temperature of 20°C.
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calculations were repeated that had already been performed with the analytical solutions
for the empirical "diffusion law" and thus for the simplified balance equation.

There was no noteworthy deviation of the results of the modified VAPMOD models from
the results obtained with the simplified balance equation. This is a verification of the
VAPMOD code as it means that comparison with an analytical solution is possible.

Furthermore, the results also confirm the assumption of fast hydration.
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5 Increased hydraulic water pressure

51 Test case

Reliable statements about the behaviour of bentonite as sealing and backfill material in a
repository on the basis of the alternative conceptual model will only be possible once it
has been demonstrated that the approaches are also useful for repository conditions. It
also has to be possible to simulate re-saturation under increased hydraulic pressure
levels as well as under non-isothermal conditions. The aspect of "re-saturation under
increased hydraulic pressure levels" was analysed as part of the work related to the
current EBS Task Force of SKB and UPC.

It was found that a re-saturation experiment that was chosen as a test case and
performed by CIEMAT [ 23 ] and which is still underway was suitable for this purpose. In
this experiment — as in the experiments in [ 13 ] — a bentonite test body is put in a
cylindrical hollow steel form (diameter 7 cm, length 40 cm) and re-saturated from one of
the two ends with liquid water. The test body in the CIEMAT experiment is slightly
bigger, and FEBEX bentonite is used instead of the MX-80 variety. Still, the principle of
one-dimensional re-saturation of compacted bentonite is the same as in [ 13 ]. Both
experiments develop isothermally. The main difference consists of the fact that in the
CIEMAT experiment the inflowing water is subjected to a pressure of 1.2 MPa.
Temperature and relative humidity are constantly measured in three different locations
inside the test body. The total amount of water absorbed is monitored, too, although
these data are referred to as being "not totally reliable” [ 23 ].

5.2 Conceptual model under increased hydraulic pressure

As it proved to be possible to describe successfully the re-saturation experiments under
laboratory conditions with the help of the empirical "diffusion law", the thought initially
prevailed during the mid-1980s that the re-saturation process was driven by the gradient
of the water content [ 2]. However, this notion was not confirmed for experimental
conditions as encountered in a repository, i. e. for increased hydraulic pressure levels or
higher temperatures. The alternative conceptual model shows how re-saturation under
increased pressure and the empirical "diffusion law" can still be compatible.
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What is decisive in this connection is the short initial phase in which the liquid water
penetrates effectively into the bentonite. At atmospheric pressure, the interface between
water and air reaches a penetration depth of approx. 4 mm [ 13 ] until an equilibrium sets
in between the advective flow though the swollen bentonite and the vapour transport in
the free pore space. According to the conceptual model, the penetration depth of the
interface between air and water should in contrast increase at heightened hydraulic
pressure. Otherwise, though, nothing changes compared with re-saturation under
laboratory conditions. It therefore remains to be clarified where exactly the interface is in
the CIEMAT experiment.

If one assumes as an ideal that the pressure gradient in the edge zone saturated with

water is constant, the flow resistance increases linear to the penetration depth:

ap = DA%, (5.1)
k

p - hydraulic pressure [Pa]

D - porosity [-]

n - viscosity [Pa s]

k - permeability [m?]

vV oo- velocity [m/s]

If the penetration depth for water at atmospheric pressure lies at 4 mm, a twelve-fold
water pressure will therefore result in a penetration depth of 48 mm. This value is in fact

confirmed if one looks at the humidity data of the experiment.

Fig. 5.1 shows the measured relative humidity as a function of the distance from the
inflow boundary. The different humidity values measured at a certain time are linked by
straight lines and show that the curvilinearity of the humidity distribution apparently
decreases with time. According to the model representation, the position of the interface
is expected at the point where humidity reaches the value of saturation. This point is
approximated in Fig. 5.1 by linear extrapolation of the data of the two sensors closest to
the inflow boundary up to a value of ry=1. Since the curvilinearity of the humidity
distribution decreases with time, the accuracy of this extrapolation increases with the
modelling time. The point of intersection of the extrapolated lines with the saturation level
converges after some time at about 5 cm, being in good agreement with the earlier
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estimated value of 48 mm and thus providing a good indication of the position of the

interface.
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Fig.5.1 Relative humidity as a function of the distance from the inflow boundary, and

extrapolation of the values for the CIEMAT experiment.

The assumption is that the penetration of the liquid water phase takes place
instantaneously. As a result of these considerations, the length of the bentonite test body
in the vapour transport model is shortened by 5 cm compared to the length used in the

experiment.

5.3 Modelling with VAPMOD

Re-saturation with consideration of the hydration kinetics is modelled with VAPMOD.
The parameters that were used are summarised in Tab. 5.1. The coefficient for the
binary gas diffusion of water vapour depends on pressure and temperature and was

calculated according to [ 22 ]:
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D= Dop_(’[Loj@ (52)
p\T

D - coefficient of binary gas diffusion [m2/s]

T - temperature [K]

O - constant fit parameter [-]

(superscript index 0 indicates reference conditions)

Tab.5.1 Parameters for the simulation of the CIEMAT experiment with VAPMOD.
Parameter Value Source
Initial density of the bentonite 1650 kg/m3 | [ 23]
Final porosity 11 % | (assumption)
Particle density 2700 kg/m3 | [ 23 ]
Tortuosity 0.4 | (assumption)
Initial water content 13.7% | [ 23]
Final water content 24.3 % | (derived from [ 23 ])
Reference hydration rate 10°® 1/s | (estimated, cf. Ch. 3.1.3)
Temperature 21°C | [23]
Molar mass of the water 18.016 g/mol
Vapour saturation partial pressure 2230 Pa
Atmospheric pressure 101325 Pa
Binary gas diffusion coefficient 2.13-10° m?/s | (according to [ 22 ])

The results of the re-saturation experiment of CIEMAT are given in the form of relative
humidities. VAPMOD provides the resulting humidities in the pore space, too, thus
allowing a direct comparison of the results of measurement and model calculation, as

shown in Fig. 5.2.

Although the diffusion-like character of the re-saturation process is simulated by the
VAPMOD model, it is not possible to reproduce the measured data to a satisfactory
degree. It appears that re-saturation does not take place fast enough in the model. As
according to Ch. 4.1 the limiting factor is vapour transport, the reason could be that
vapour transport is not adequately described. It has already been suggested in [ 13 ] that

taking Knudsen diffusion into account may be a possible improvement.
Furthermore, gas pressure is assumed to be constant in the model. If, however, the

inflow side is gas-tight due to the complete wetting with water, the gas pressure

increases with the swelling of the clay minerals and with the corresponding reduction of
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the pore space. According to equation ( 5.2 ), the diffusion coefficient increases in this
connection with progressing re-saturation, which would qualitatively also occur in

addition if Knudsen diffusion were considered.
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Fig. 5.2 Relative humidity; values measured and calculated with VAPMOD;

square symbol: measurement, line: calculation.

5.4 Simplified balance equation

The data that are needed for the calculation of the CIEMAT experiment with the
simplified balance equation are summarised in Tab. 5.2. The results are shown as local
distributions (Fig. 5.3), breakthrough curves (Fig. 5.4) and as time-dependent water

uptake (Fig. 5.5) distributions.

Tab. 5.2 Parameters for the simulation of the CIEMAT experiment with the
simplified balance equation

Parameter Value Source
"Diffusion coefficient" 6-10"° m?/s | (Data fit)
Initial density of the bentonite 1650 kg/m3 | [ 23 ]
Particle density 2700 kg/m3 | [ 23]
Water density 1000 kg/m3

Initial water content 13.7% | [ 23]
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The calculated humidity distributions apply very well to large parts of the experiment. In

the first months, however, the deviations are still quite large. One reason for this may be

that an expanded transition zone with variable water content distribution may have

formed during the first minutes of water injection since narrow pore channels will close

faster than wide pores. In this case, the water in the transition area would first have to

relocate before forming a constant flow of water and thus a uniform water front.

In the representation of the breakthrough curves, the initial deviations have a lesser

weight so that the agreement of experiment and model appears even slightly better than

with the spatial distributions. In all, agreement is not quite as convincing as in the case of

the experiments with constant pressure (cf. Fig. 4.5).
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breakthrough curves.
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The water uptake data indicate a possible explanation as they show irregularities that

are difficult to interpret. Following an initial fast water uptake, the water uptake curve

runs qualitatively like the calculated distribution for about 5 days. Here, the calculated

values are as expected lower than the measured values as the initial water uptake is not

taken into account in the model.

After that, however, there is for a limited time an unexplained further increase in the

water uptake rate. Such phases of increased water uptake occur repeatedly during the

course of the experiment, as the sectional graphs in Fig. 5.5 show. As the experiment is

still continuing, the cause of this strange behaviour cannot yet be clarified.
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Fig. 5.5 Water uptake from measurements and simplified balance equation;

representation showing different time periods.

As a result of geometrical considerations, the initial pore volume is calculated at
406 cm3. Even though re-saturation has not finished, a water uptake of 469 cm? has
already been measured. It may therefore be that a leakage in the experiment set-up is

responsible for this irregular distribution of the measured data.
It is self-evident to assume that the quality of the measured data has suffered from this

effect. Under these circumstances the agreement of modelling results and measured

data — shown in Fig. 5.3 and Fig. 5.4 - appears satisfactory.
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6 Summary and outlook

Even though the kinetics of the water uptake of bentonite from the gaseous water phase
is an essential point in the modelling of re-saturation, only little has so far been known
about it. Analytical functions were therefore developed from various different re-
saturation experiments with water vapour which can be used to indicate the hydration
rate as a function of the water content. The evaluation shows that with freely swelling
pores, the hydration rate does not depend on the degree of compaction. If swelling is
constrained, however, the hydration rate is reduced considerably. It is as yet unresolved
what causes this effect and how it can be quantified.

Therefore, by way of trial, a water-content-dependent hydration rate was derived on the
basis of the data of a re-saturation experiment involving water vapour in which the
hydration rate decreases with increasing water content. Subsequently, the same
experiment was simulated on the basis of this hydration rate. Modelling re-saturation via
water vapour is still not satisfactory even with the help of the calibrated hydration rate.
Compared with the theoretically derived hydration rates, however, the calibrated function
yields a better reproduction of the measured values. Naturally, there is good agreement
of measurement and model in the locations from where the data for the calibration
originate. However, the discrepancies increasing with growing distance show that apart
from hydration, the other major process involved in re-saturation — the transport of water

within the pore space — may possibly not yet be covered correctly.

Thus the modelling of bentonite re-saturation with consideration of the hydration kinetics
still has two gaps. First, the influence of the degree of compaction on the hydration rate
has to be taken into account. Second, the question of a comprehensive description of
water transport within the pore space has to be solved. However, it also turned out that
the hydration rate is very high compared with the transport velocity of the water in the

pore space. Hydration kinetics play therefore no major role in this process.

A conceptual model also exists for the re-saturation of compacted bentonites with liquid
water. This model explains the re-saturation within the bentonite body mainly by vapour
transport in the pore space and by hydration. By realistic simplifications, but especially
by the assumption of instantaneous hydration, it is possible to transform the

corresponding balance equation for the water formally into the well-known empirical
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"diffusion law". It has been known of this empirical "law" for some time that it describes
the re-saturation of bentonite under laboratory conditions well, with regard to water
uptake rates as well as time-dependent water content distributions. So far, however, it
has only been possible to calculate the empirical "diffusion coefficient” experimentally.
Now this coefficient can be calculated with the help of the alternative approach — which
rests on physical processes — from already well-known parameters, without having to
rely on calibration parameters. In an example considered in this study, this coefficient

lies within the very narrow limits that were found for the empirical "diffusion coefficient".

As a result, one can derive two things:

— The formal agreement of the empirical findings and the physically justified model
corroborates once more the assumption that re-saturation in a bentonite that is in
contact with liquid water is mainly governed not by a liquid flow but by vapour

diffusion within the pore space.

— Up to now, the empirical "diffusion law" has not proved adequate for experimental
conditions that deviate from laboratory conditions, especially from room temperature.
The new theoretical approach could eliminate this deficiency by using a physically
justified "diffusion coefficient” provided that the assumption of approximately
instantaneous hydration also applies to increased temperatures and pressures.

A first step in the direction of a demonstration of the applicability of this simple
conceptual model to situations relevant to a repository was the modelling of isothermal
re-saturation experiments with liquid water under increased pressure. In this context it
was possible to reproduce the experimental results well with the help of the "diffusion
law" or the simplified balance equation for water vapour. What was decisive for the
success was that the alternative conceptual re-saturation model is based on an initial

condition that is different from earlier modelling attempts.

It thus only remains to verify the approaches with regard to non-isothermal conditions.
(With a view to obtaining the highest possible reliability of the results, this work should be
preceded by an investigation of re-saturation under increased constant temperatures
before turning to non-isothermal conditions.) Should the approach with approximately

instantaneous hydration also be confirmed under these conditions, it would also be
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applicable under repository conditions. Compared with the established coupled THM
models, this would simplify the description of re-saturation a great deal. Upon modelling
the hydraulic processes, the numerical efforts as well as the efforts concerning the
determination of parameters would be much less than with a two-phase-flow approach.

A structure-mechanical calculation would be unnecessary.

However, as long as the effective water transport process has not been explained
unequivocally, the question remains to be answered whether the use of the two-phase-
flow approach in the hydraulic part of the established coupled thermal-hydraulic-
mechanical (THM) models is appropriate. If not, this would put the applicability of these
models to physically new issues into question. It therefore appears urgently necessary to

clarify the physical basics of bentonite re-saturation.
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