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Abstract

Compacted air-dry bentonite is foreseen in many repository designs to be utilised as a
geotechnical barrier since its hydrophilic and thereby swelling properties let it appear to
be a material ideally suited for this purpose. The work reported here concentrates on

the re-saturation of a partially saturated (air-dry) bentonite.

Numerical simulation of this process is presently based on a thermo-hydro-
mechanically (THM) coupled approach. The underlying conceptual model, however, is
not entirely consistent with the processes on a micro-scale. Thus an alternative ap-
proach was developed at GRS that is more closely related to microstructural phenom-
ena and fits the requirements of a bentonite buffer in a repository as realistically as
possible. Based on balance equations that were especially derived for this purpose a
numerical code was developed for testing the theory. The code — now called VIPER —
was stepwise advanced from physically simple to the expected complex conditions in a

repository.

This report summarises the theory behind VIPER including the conceptual model, the
properties of bentonite relevant for the model, and the development of the related bal-
ance equations. Also described are the transfer of the mathematical model into a nu-
merical model and the steps taken to qualify the model for repository relevant condi-
tions including the latest effort to extend the applicability of the model to bentonite-sand
mixtures. However, since the development of VIPER is not yet finished some questions

still remain to be answered.
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1 Introduction

Multiple barriers are envisaged to prevent radionuclide escape from underground radi-
oactive waste repositories. If the geological barrier is a water bearing host rock like
granite the geotechnical barriers are of particular importance in order to protect the
waste canisters and the waste matrix against a corrosive attack of the water. Actually in
some countries compacted air-dry bentonite is foreseen in a number of repository de-
signs to be utilised as a geotechnical barrier since its hydrophilic and thereby swelling
properties let it appear to be a material ideally suited for this purpose. However, the
behaviour of bentonite during re-saturation is very complex and may be controlled by

hydraulic, mechanical and thermal processes.

As soon as water reaches the bentonite barrier the process of re-saturation begins.
The clay minerals take up water, swell and reduce the pore space and thereby the
permeability of the bentonite. Thus, water entering the bentonite is buffered to a certain
extent, and concurrently, further inflow is impeded effectively. In a fully saturated ben-
tonite the mobile water moves (a) very slowly due to the low permeability and (b) in

little quantities due to the small pore volume.

The work described in the present report was restricted to the re-saturation of a partial-
ly saturated (air-dry) bentonite. This period is rather short in comparison to the time
span for which the buffer is expected to be fully operational but understanding the in-
volved processes is nevertheless important for setting up initial conditions for the long-

term evolution of the buffer.

The first re-saturation experiments with regard to radioactive waste disposal were per-
formed in the early 1980’s and were focused on the time-dependent water uptake of
bentonite. It was found that water uptake under laboratory conditions, meaning room
temperature and atmospheric pressure, can be well described by a Fickian approach
(“diffusion law”) with a constant “diffusion coefficient”. The bandwidth of values found
for the empirical “diffusion coefficient” in laboratory tests with compacted MX-80 ben-
tonite is remarkably narrow and amounts to a little more than one order of magnitude
IKROO04al/.

But the empirical “diffusion” law could not be confirmed for experimental conditions
differing from laboratory conditions, especially from room temperature /BOR01/. New

approaches lead in the early 1990’s to the development of thermo-hydro-mechanically



(THM) coupled models. Initially developed to investigate the interdependencies of heat
transport, groundwater flow and mechanical effects in fractured rock, the necessity to
include a bentonite buffer for a complete description of the near-field turned out soon.
These models were therefore also used to describe the re-saturation of the bentonite
buffer as for instance in the DECOVALEX Il exercise /STEO1/. Based on the assump-
tion that liquid water migrates within the pore space of the bentonite, these approaches
made use of the similarities between the hydraulic phenomena during re-saturation and

the classical two-phase flow theory.

With the turn of the millennium an intensive theoretical review of the existing THM-
codes was performed at GRS. Comparing the conceptual model of the codes with the
microstructural phenomena in the re-saturating bentonite revealed that the THM-
approach to bentonite re-saturation was not entirely consistent with the processes on a
micro-scale /KRO03/, IKRO04c/.

Motivated by these findings as well as some supporting experimental evidence
IKROO04a/ it was decided to develop an alternative approach that is more closely relat-
ed to microstructural processes /KRO04b/. Here, the dominant water transport process
was not considered to be advection of liquid water as in the THM-models but diffusion
of water vapour where the lower density of vapour is compensated by a high migration

velocity.

A corresponding water balance equation was derived and it could be shown that this
balance equation could actually be transformed into the empirical “diffusion law”
IKROO05/ allowing for the first time to explain the “diffusion coefficient” as a product of

physically meaningful parameters.

Based on this balance equation the numerical code VAPMOD was developed that ini-
tially could only simulate re-saturation at room temperature and atmospheric pressure.
Later, the code was stepwise adapted to increasingly complex physical conditions. Es-
pecially the extension to non-isothermal re-saturation required much theoretical work
and many changes in the balance equation so that rewriting of the code lead eventually

to the code VIPER, which is presently used.

From the beginning on the purpose of the alternative model was to simulate the re-
saturation of a bentonite buffer in a repository as realistically as possible. Therefore it

made use of the fact that the volume into which the buffer material is emplaced is more



or less confined. This lead to a decoupling of the mechanical and the thermo-hydraulic
processes. In that respect the range of possible applications is certainly much more
restricted than that of a full THM-model. On the other hand, this restriction reduces the

computational effort significantly.

The present report summarises the theory behind VIPER including the conceptual
model, the properties of bentonite relevant for the model, and the development of the
related balance equations. Also described are the transfer of the mathematical model
into a numerical model and the steps taken to qualify the model for repository relevant
conditions with emphasis on the latest effort to extend the applicability of the model to
bentonite-sand mixtures. However, since the development of VIPER is not yet finished

some questions remain to be answered in the future.






2 Conceptual model underlying VIPER

2.1 Microstructure of bentonite

Bentonite consists mainly of montmorillonite, a clay mineral of the smectite group. The
typical composition of an MX-80 bentonite is: 65— 75 % montmorillonite, 10 — 14 %
quartz, 5-9 % feldspar, 3—5 % carbonate, 2—-4 % mica and chlorite as well as
1 — 3 % heavy minerals (e.g. /PUS99/)". Only the montmorillonite is participating in the
water uptake and swelling processes of the bentonite. In order to understand the phe-
nomenon of re-saturation it is therefore necessary to have a closer look at the montmo-

rillonite.

The clay minerals as indicated in Fig. 2.1 consist of stacks of negatively charged crys-
tal aluminosilicate layers, the so-called lamellae who have a lateral size of about 200
nm but a thickness of only 1 nm (e.g. /DRU05/). They are bonded by cations e.g. Na*,
Mg?*, Ca*" or K* which are located in the space between the lamellae. This space is
called the “interlayer” or the “interlamellar space”. Depending on the respective inter-
layer cation between three and twenty lamellae can be stacked on top of each other to
form a particle. Fig. 2.2 shows TEM pictures of these particles. Re-saturation is closely
related to hydration of the interlayer cations and will be described in detail in the next

section.

Natural bentonite is ground up by the production process, with an ensuing grain for-
mation. The grain size of industrially processed bentonite powder is between 0.1 and
2 mm e.g. /LIU02/, /PUS99/. Compacted bentonite can therefore be considered to be a
porous medium. Thus, in principle two types of volumes are to be distinguished: the
pore space between the clay grains and the intragranular space. Those two spaces are
often addressed as “macro- and micro-porosity”. Mercury intrusion porosimeter tests
with FEBEX bentonite by /LLO03/ showed two pronounced peaks in the pore size dis-
tributions as shown in Fig. 2.3. The maximum at 10 nm represents micro-porosity
which appears to be independent of the degree of compaction while the maximum rep-
resenting macro-porosity shifted from 40 ym at a dry density of 1500 kg/m® down to 10

pMm at a dry density of 1800 kg/m3.

" In case of bentonite-sand mixtures the percentages change according to the additional amount of quartz.
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Fig. 2.2 TEM/HRTEM pictures of montmorillonite/smectite particles;
from a) /LEEQS5/, b) /JINO4/, and c) /BAN99/
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2.2 Water uptake process

221 Swelling, water density, and mobility

After penetration of water into the interlamellar space the water molecules become
attached to the interlayer cations which means that the interlayer cations become hy-
drated. This widens the interlamellar space. Consequently, the particles either swell
under unconfined conditions or they exert a “swelling pressure” if swelling of the ben-
tonite body is impeded (e.g. /HEI90/). Under confined conditions swelling of the parti-
cles means that the increase of volume taken by the expanding clay particles reduces
the pore space accordingly. A basic concept for the volume changes during water up-
take is illustrated in Fig. 2.4.

The density of interlayer water can be determined by considerations on the microscopic
scale involving charge density and interlayer spacing or on the macroscopic scale
using water content and grain density of a fully saturated specimen. Several measure-
ments for deriving the density of the hydrated water in the interlayer have been report-
ed. A compilation of density values in /KRO04a/ based on microscale data shows that
the density of interlayer water can be expected to be in the same order as that of fresh
water. However, a significant uncertainty about this value can be seen from the calcu-
lated densities. Data cited from literature even extends the range to values between
700 kg/m?® and 1400 kg/m3.

solid mattel

interlayer

space pore space

water vapour
hydrated
water

Fig. 2.4 Volume changes in bentonite during water uptake on a macroscopic scale

In case of using macroscopic quantities to determine interlayer water density there also
exists an uncertainty concerning the correct value of the grain density. It could be

shown in /KRNOG6/ that the related measurements yield lower values using unpolar flu-
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ids like kerosene or benzene than those evaluated from measurements with water or
water solutions. Using the lower grain density value to determine interlayer water den-
sity results consequently in a misleading high value. Presently this question is still un-
der debate. However, recent molecular dynamics simulations suggest also adopting

fresh water density for the interlayer water /HEDQ9/.

Movement of water in the interlamellar space appears to be negligible. E.g. /PUS06/
ascribe a “very limited mobility” to hydrated water. However, there is experimental evi-
dence that diffusion of cations in the interlamellar space as well as self-diffusion of
interlamellar water can amount to significant proportions. According to /SKI06/ both
effects depend on the degree of saturation. Based on data from /POI87/, /POI89/, and
ICHA97/ the diffusion coefficient of Na-ions is given there as 110" m2/s for one hy-
drate layer, 1-10™'° m?/s for two layers and 2-10"° m?/s for three hydrate layers. In case
of self-diffusion it is suggested that the corresponding coefficient is close to the value
for free water self-diffusion at two or more hydrate layers. At one hydrate layer this val-
ue is supposed to decrease “by around one order of magnitude”. As discussed in detail
in Appendix B the water content representing the boundary between one and two hy-
drate layers in MX-80 bentonite can roughly be expected around 7.5 % and between

two and three layers around 18 %.

While diffusion of interlayer water is therefore taken into account in the later discussed
balance equations it was not yet considered in the older calculations presented in sec-
tion 6.1. (Most models presented there were also based on a simplified adsorption iso-

therm.)

222 Process velocity

Equilibrium conditions

The amount of water that is hydrated in the interlamellar space under equilibrium condi-
tions depends on the chemical potential of the pore water (e.g. /KAR86/). This relation
is empirical and can easily be determined since the potential depends mainly on the
relative humidity in the pore space. It can be either expressed by an isotherm in terms
of water content w vs. relative humidity 7, or as a retention curve in terms of suction s

vs. degree of saturation S.



For conversion between suction and relative humidity the Kelvin equation

Sz%ln(rh) (2.1)
s - suction [Pa]

T - temperature [K]

R - universal gas constant; R = 8.31 [J/(mol K)]

P, - density of liquid water; p,,= 1000 [kg/m?]

M., - molecular mass of water; M = 0.018 [kg/mol]

7, - relative humidity [-]

can be used. Conversion between water content and degree of saturation is given by

s=" (2.2)
Wtut

S - degree of saturation [-]

\ - water content [-]

Wior - maximum water content [-]

The maximum water content can be calculated from bentonite dry density and grain

density assuming that the pore space is completely water-filled.

Such isotherms or retention curves depend primarily on the type of interlayer cations
but also on temperature. An extensive discussion of isotherms for MX-80 bentonite is
given in Appendix A. An example for a retention curve and the equivalent isotherm for

a 50/50 mixture of Saskatchewan bentonite and sand is given in Fig. 2.5.

From the existence of these adsorption isotherms it can be concluded that water is
taken up by the clay particles regardless of the phase state of the water. Not only liquid
water but also water vapour can provide the means for hydration. The case of liquid
water in the pore space is covered by a value of 100 % relative humidity in the iso-

therm.

Furthermore, the isotherms show that water is not only present in the pore space in
vaporous form but also in hydrated form in the interlamellar space. Hydrated water has
a very high density in comparison to water vapour. An increase of the relative humidity
means therefore that a major amount of water has moved from the pore space into the

interlamellar space of the clay particles. The particles thus act as sinks for the vapor-

10



ous pore water, they immobilise it in the interlamellar space and swell at the same time,

thereby reducing the available pore space.

relative humidity [-]

1039 .02 .04 .06 | .08 170_3
retention curve g 0.25
i adsorption isotherm /

10 - 0.2

suction [MPa]
T T T T ‘ T T T 7T
o
o
water content [-]

10' | \
/><

0 5 10 15 20 25
water content [%]

©
N

] —

\
/

Fig. 2.5 Analytical retention curve (after /GUOO0G6/) and the equivalent isotherm

from applying equation ( 2.1 ) for Saskatchewan bentonite

Note that the term “water” shall be used here as synonym for “liquid water”. If water

vapour is meant, this shall be stated explicitly.

The effect of swelling constraints on the isotherm

Generally and most easily measured is the relation of relative humidity and water con-
tent in the bentonite using free swelling samples. The resulting isotherms for MX-80

bentonite are discussed in Appendix A.

However, application to the re-saturation of buffers in a repository implies that only a
confined space is available for the bentonite. If this space is completely filled with buffer
material virtually no volumetric expansion of the buffer is possible. Instead, an increas-
ing swelling pressure develops after contact with water. Geometrical considerations
based on grain and interlayer water density show that the water content of a bentonite
with a given dry density cannot exceed a certain end value (e.g. /KRO04a/). For exam-

ple, in case of MX-80 with a dry density of 1600 kg/m? this saturation water content wy,,

11



amounts to 26.5 % by mass. This poses a certain problem since the isotherm exceeds

this value by far at high relative humidities (q.v. Fig. A.4).

As an ad hoc solution to reconcile the isotherm data for free swelling bentonite with
confined conditions the isotherm is modified in VIPER by a third order polynomial. This
polynomial replaces the original isotherm data above the water content wg) of 80 % of
the saturation water content. It is constructed to match the water contents wgy and wy,,
with the slope of the original isotherm at wgy and a horizontal tangent at wy,, as depicted
in Fig. 2.6.

A physically better justified solution for such a modification can be adapted from a pro-
posal of /DUEQ7/ that refers to the retention curve. The suction sy s« corresponding to
the water content at full saturation w,,; can be read off the retention curve for free swell-
ing conditions. This suction value equals the swelling pressure p; ., at saturation. Since
suction ss.. s« and swelling pressure p; , are functions of wy, they depend ultimately

on a parameter such as bentonite dry density that characterises the initial state of ben-

tonite compaction.

|
]———— measured isotherm y 4
024 4 modified isotherm /
7
/
_ 022 /7
..QC: / =S " Wmax
£ 4
S 0.2 7
5 -~
: ~
0.18
L W, = 0.8 W
0.16 P
0.96 0.98 1

relative humidity [-]

Fig. 2.6 Ad hoc correction in VIPER of an isotherm for confined conditions
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The authors assume that the swelling pressure increases linearly with the water con-

tent from the initial value w,; up to the saturation value w_,, :

ni

W Wini

Py = —w  Pssat (23)
sat ni

D, - swelling pressure [Pa]

Ps st swelling pressure at saturation [Pa]

w - water content [-]

w,. - initial water content [-]

w,, - Wwater content at saturation [-]

The difference As in suction between the retention curves for free swelling and for con-

fined swelling corresponds to the swelling pressure p, developing with the water con-

tent in the range between w, . and w

ini sat

as indicated in Fig. 2.7:

As = p, (24)
As - correction of suction for confined conditions [Pa]
suction A
Retention curve for free swelling conditions
ps sat
Modification for confined conditions
Wini w.: ~ Water content w
Fig. 2.7 Modification of the retention curve for confined conditions after /DUEQ7/
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From equation ( 2.4 ) finally follows

ree con w—= Wim‘
Sf (W)_S f(w):f.pssat (25)
sat ini
s - suction according to free swelling conditions [Pa]
s - suction according to confined conditions [Pa]

This modification can also be applied to isotherms using Kelvin's law ( 2.1 ) to trans-

form equation ( 2.5) into

In(r; )= Infre ) = =i gy /ee 2.6
( h ) ( h ) Wsat _ Wim» ( h sat) ( )
rhf’ “ - relative humidity according to free swelling conditions [-]

rh"””f - relative humidity according to confined conditions [-]

- relative humidity at saturation according to free swelling conditions [-]

which finally reads

rhcnnf — rhfreg I"hﬁ;Zf ](“’mt“’xm] ( 27 )

Equation ( 2.7 ) means that an isotherm for free swelling conditions can be adapted to
confined conditions by modifying the relative humidity values. An example for MX-80
with a dry density of 1480 kg/m?® and an initial water content of 8 % is shown in Fig. 2.8.
Based on the MX-80 isotherm data presented in /KAH86/ these parameters result in a
water content of 23 % at saturation which relates to a relative humidity of 96 % under
free swelling conditions. The isotherm for free swelling conditions is depicted by black
squares connected by straight lines. The modified data is represented by red diamonds
that are connected by cubic splines as used in VIPER for smoothing the tabulated data.

The modification becomes significant only for high relative humidities values.

Note that the modification after /DUEO07/ has been implemented in VIPER at a late de-
velopment stage so that modelling results presented in this report are mainly based on

preliminary methods of corrections.
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Fig. 2.8 Example of an isotherm for MX-80 at confined conditions

Kinetics

Hydration and dehydration are time-dependent processes because they are related to
the migration of water molecules between pore space and interlamellar space. This
migration process occurring if the system is not in equilibrium involves therefore certain

kinetics.

An early conceptual model addressing this problem by considering hydration as a sink
for the pore water has been proposed by /GEN93/. It was developed and incorporated
in CODE_BRIGHT in order to explain the temporal swelling behaviour of argillaceous
rock. In this model liquid water is drawn from the pore space into the interlayer space
by the difference between capillary pressure in the pores and a “microstructural” suc-
tion of the clay minerals which depends on the water content. However, vapour is not

considered with regard to hydration.

Another approach for this effect has been proposed by /KRO04a/. Here, the flow rate of
water between the pore space and the interlamellar space, called “hydration rate” fur-
ther on, is assumed to depend on the differences of the chemical potential of pore wa-
ter and hydrated water. The case of liquid water in the pore space is here included as a

special case of water vapour at a relative humidity of 100 %.
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The question about the ratio of the process velocities of vapour transport and hydration
was first raised in /BUH04/. A parameter variation based on data from /KROO04a/
showed only little sensitivity of the results to the hydration velocity. Further systematic
investigations by /KRO06/ confirmed these observations by defining a realistic range of
admissible hydration parameters and comparing the results of the model with kinetics
to the results of a model with instantaneous hydration. It was thus concluded that hy-
dration is a much faster process than vapour diffusion. Locally, an equilibrium of humid-
ity and hydrated water develops very quickly so that the simplifying assumption of in-

stantaneous hydration with respect to vaporous pore water appears to be justified.

Remark: In case of liquid pore water with a density that is several thousand times high-
er than that of water vapour the supply of water molecules at the particle surfaces is
accordingly higher. This fact indicates an even higher hydration rate for liquid water
than that for vaporous water. It thus has to be concluded further that liquid water can-
not remain in the pore space for significant periods of time unless interlamellar swelling

is at least locally completed.

223 Re-saturation stages

The conceptual model for isothermal re-saturation of pre-compacted confined bentonite
underlying VIPER was firstly formulated in /KROO04b/. It divides the process into three
stages that are described in the following in more detail. The illustrating figures for the
three stages are exemplarily based on a characteristic experiment in which bentonite
was compacted in a steel cylinder (providing confined conditions) and brought into con-

tact with water at the open face side of the cylinder as shown in Fig. 2.9.

steel cylinder Initial conditions

— air-dry bentonite
— homogeneous density

— confined conditions

Fig. 2.9 Initial conditions of an exemplary re-saturation situation
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The first stage or pre-stage begins with the first contact of water with the bentonite. In
a rather short period of time water is sucked into the pore space rather fast, mainly by
capillary forces. With the liquid water present in the pore space hydration kicks in. The
reduction of pore space caused by the swelling of the minerals is accompanied by a
dramatic reduction of permeability. Since uptake of liquid water by clay minerals is a
fast process, too (e.g. /PUS03/), only very little water penetrates into the bentonite be-
fore any further water inflow is hindered very effectively due to the low permeability.
This view is supported by the experimental evidence of /KRO04a/ which shows exclu-
sively for the immediate vicinity of the inlet an unproportionally high water content and
a particularly low dry density indicating a local and comparatively high swelling. The

end of stage 1 is illustrated in Fig. 2.10.

steel cylinder Stage 1 (pre-stage)

— two-phase water flow

— water uptake by clay particles
— swelling in the contact area

— narrow water-filled low perme-

ability zone

Fig. 2.10 End of stage 1 in an exemplary re-saturation situation

Parallel to the uptake of liquid water evaporation takes place in the pore space at the
interface of the fluid and the gas phase. This becomes significant when the influx of
liquid water is low after the end of stage 1 because progress of the water/air-interface
in the pore space is slowed down even further by this process. A rough estimation of
the flux densities at the end of the stage 1 shows that the supply of liquid water through
the narrow, already saturated zone equals the following vapour flow further into the
bentonite /KROO04a/. Thus the saturation with liquid water is temporarily limited to the
wetted bentonite surface. The measurements of /PUS02/ indicate that the pre-stage of
capillary water uptake takes times in the order of minutes rather than hours or even

days.

The second stage or main stage is a stage in which no two-phase flow occurs at all.
All the water entering during stage 2 evaporates at the established interface between
liquid water and air. Water transport further into the bentonite takes places only by

means of vapour diffusion in the gas phase and of interlayer water diffusion. The low
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density of the vapour is here compensated by the high process velocity of the gas dif-
fusion. The varying vapour density during stage 2 is indicated by different shades of
light blue in Fig. 2.11.

During the main stage the vapour flux at the water/air-interface decreases as the gradi-
ent of the relative humidity decreases. Concurrently the water vapour increases the
amount of hydrated water next to the interface. This reduces the suction and thus the
liquid water flow through the thin saturated zone at the inlet. It is therefore quite proba-
ble that the water/air-interface moves very little for quite some time.

steel cylinder stage 2 (main stage)

YO O — water flow and evaporation rate
are more or less equal, so

— no movement of the water front

— vapour diffusion and interlayer

water diffusion are main water

transport processes

Fig. 2.11 Stage 2 in an exemplary re-saturation situation

In the third stage or final stage two-phase flow commences again when the vapour
flux eventually drops below the likewise decreasing liquid water flux because of the
decreasing vapour density gradient. But by then the suction forces are also reduced
considerably due to re-saturation via water vapour. Additionally, the permeability would
be very low in the third stage of re-saturation. The significance of this stage is not quite

clear at the moment. It is illustrated by Fig. 2.12.

steel cylinder Stage 3 (final stage)

— no further swelling possible
— remaining suction draws water

in

Fig. 2.12 Stage 3 in an exemplary re-saturation situation
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Note that this model is consistent with a statement in /JINC99/ where it is indicated that
water movement in the pore space at low water contents is dominated by vapour
transport while transport of liquid water is predominant at high water content. Unfortu-
nately, the primary literature is in Japanese so the background of this remark could not
be checked.

As mentioned at the outset of this subsection this conceptual model covers re-
saturation at isothermal conditions. The processes described basically also hold for
non-isothermal conditions but several properties of water and clay particles are tem-
perature-dependent as discussed in detail in section 4.6. The effect of varied tempera-
ture on the water content distribution may be rather complex. Especially the effect of
temporary local increase of relative humidity as a consequence of a temperature in-

crease (g.v. Appendix G) can change the re-saturation dynamics significantly.

2.3 Condensation

Condensation of water denotes the transition from gaseous water vapour to liquid wa-
ter. This process depends on temperature and pressure. It occurs if the vapour be-
comes supersaturated meaning that the partial pressure of the vapour p, exceeds the

vapour saturation pressure p, . :

Dy 2 Posu (2.8)
D, - vapour partial pressure [Pa]
P, - Vapour saturation pressure [Pa]

Partial pressure relates to partial density by the ideal gas law:

14
S 2 (2.9)
Py RT

DOy - vapour partial density [kg/m?]

The saturation vapour pressure depends on temperature but not on pressure. This re-
lation was mathematically formulated in /IAP97/ and is depicted in Fig. 2.13. At con-
stant pressure partial vapour pressure can exceed saturation pressure either by in-

creasing the vapour mass locally or by decreasing temperature.
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o
&)

vapour saturation pressure [MPa]

0 50 100 150 200
temperature [°C]

Fig. 2.13 Vapour saturation pressure of pure water; after /IAP97/

Re-saturation of a bentonite buffer being located between a heat-generating waste
canister and the host rock generally means that heat and water enter the buffer at op-
posite sides. In this situation water transport is not necessarily directed towards the
heater /KRO08a/. As a consequence of heating hydrated water in the clay is set free
causing vapour flow in the direction of the temperature gradient as illustrated in
Fig. 2.14.

solids

pore space

canister

Fig. 2.14 Flow and transport processes in a re-saturating buffer located at a heat-

generating canister
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Since the saturation vapour pressure is directly proportional to temperature the situa-
tion could occur that vapour migrating to the cool side of the buffer exceeds saturation
pressure and condensates there. During swelling, though, the fast local equilibrium
between vapour and hydrated water prevents the pore atmosphere from reaching va-

pour saturation.

In the theoretical framework described above a relative humidity of 100 % is related to
a state where bentonite under confined conditions cannot swell anymore (stage 3 of
the re-saturation; see section 2.2.3). In this stage the clay particles cannot adsorb addi-
tional water. However, vapour diffusion can still continue as long as a gas-filled pore

space remains.

Prerequisite condition for vapour diffusion is of course a density gradient. Over a free
water surface vapour in the pore atmosphere is saturated. In case of constant tempera-
ture vapour saturation pressure is also constant and thus the density gradient equals
zero. In case of spatially varying temperature, though, the temperature-dependent va-
pour saturation pressure provides a density gradient. Consequently, vapour transport
as well as condensation along this gradient occur until the whole pore space is filled

with water.
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3 Re-saturation stage 1: quantitative description

The first stage in which the liquid water penetrates effectively into the bentonite is ra-

ther short as mentioned above. The considerations given in Appendix C lead to

— assumption 3.1:  During the first stage a thin, homogeneously water-saturated
zone develops until equilibrium is reached between water flow
through the swollen bentonite and evaporation into the free

pore space (see Fig. 3.1).

bentonite-water water-air
contact interface clay
: ; grains

i

- water

st A vapour

r— 5 y ) .

i

water Uptake evapdration

advection of Wa%r vapour diffusion

Fig. 3.1 Conditions and processes around the bentonite-water contact zone

Water-uptake experiments have been performed at atmospheric pressure and with a
solution as found at the Swedish island Aspd. Those indicate that the interface be-
tween water and air reached a depth of approx. 4 mm under these conditions
/IKROO04a/. Recent anion diffusion experiments with different electrolyte solutions sug-
gest the same effect with a depth of approx. 2 mm /GLA11/.

For the end of the pre-stage
— assumption 3.2:  Water transport in the thin saturated zone between the benton-

ite-water contact and the water-air interface is dominated by

advective flow.
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is adopted. In this case a constant pressure gradient prevails in the pore water. This
gradient maintains an advective flux that corresponds to the evaporation rate at the
water-air interface. The gradient is not influenced by the hydraulic pressure at the ben-
tonite-water contact since the evaporation rate is independent of this hydraulic pres-

sure.

From this it follows that the penetration depth of the water-filled zone increases with
increasing hydraulic pressure at the bentonite-water contact. Darcy’s law allows to
quantify this relation:

g:—q)‘u v = const. (3.1)
Ax k

- hydraulic pressure [Pa]
- penetration depth [m]
porosity [-]

- viscosity [Pa s]

- permeability [m?]

<*EGE*@

- velocity [m/s]
Equation ( 3.1) yields a linear relationship between applied hydraulic pressure and
penetration depth. Using the value of 4 mm at atmospheric pressure as a reference

proved to be successful as shown in /KRO06/ and /KRO08a/.

Note that all assumptions are compiled in Appendix F.
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4 Re-saturation stage 2: balance equation for vapour flow

4.1 General balance equation

The most general starting point for the derivation of a balance equation is the definition

of a time-dependent state variable Z(#)in a moving domain B(1):

Z(0)= [z(xt)av (4.1)
B(t)

Z(t) - extensive state variable in B(t) with the dimension <dim> [<dim>]

B@) - time-dependent 3D-domain [m?]

z(t) - density of Z [<dim>/m?]

Allowing for a flux J of quantity Z across the moving surface of B and including a
source r of quantity Z within B Reynolds’ transport theorem yields for a fixed domain G
(e.g. IGARS87/):

j[%w(vzu)—r}w:o (4.2)
Lot

G - fixed domain [m?3]

v - flow velocity [m/s]

J - non-advective across the surface of G [<dim>/(m? s)]

r - sink/source of Z in G [<dim>/(m?3 s)]
4.2 Double-continuum approach

The general balance equation ( 4.2 ) can apparently be used to describe mass conser-
vation of water in the bentonite. In doing so, discrimination between vapour in the pore
space and hydrated water in the interlamellar space appears to be advantageous. It
allows to distinguish clearly between relative humidity in the pore space and water con-
tent, which are both easily measured as indicators of the actual status of re-saturation.
The price to pay for this separation is that the two resulting continua have to be cou-

pled.
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This method of coupling two continua was already suggested in 1963 to describe flow
in a fracture system and in the porous matrix simultaneously /WARG3/. Fig. 4.1 illus-
trates the principle for a typical two-dimensional re-saturation situation. One continuum
represents the pore space in which vapour diffusion takes place; the other continuum
comprises the interlamellar space accommodating interlayer water. The coupling pro-

cess is hydration which provides exchange of water between the two continua.

vapour diffusion

> ] \ Q —
B pore space
—== —— hydration
' e interlayer

interlayer water diffusion

Fig. 4.1 Double-continuum approach for re-saturating bentonite

4.3 Balance equation for vapour in the pore space

In the domain describing the pore space of the bentonite Z represents the mass m, of

water vapour in the pore space. Also adopting

— assumption 4.1:  Diffusion of water vapour in air can be described as a binary
diffusion process.

— assumption 4.2:  Advection of water vapour does not occur.

— assumption 4.3:  Fick’s second law is valid.

— assumption 4.4:  Diffusion is isotropic.

— assumption 4.5: Apparent diffusion is impeded due to tortuosity of the pore
space.

— assumption 4.6: The local amount of water vapour can change due to hydration

or condensation.
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enables to specify the quantities in equation ( 4.2 ):

z=0p,
v=0
(4.3)
J=-®D, -Vp,
r= rhyd + rcond
@ - porosity [-]
DOy - vapour partial density [kg/m?]
T - tortuosity [-]
Dy, - coefficient of the binary gas diffusion [m?/s]
rmwa - Sink/source for vapour mass due to hydration [kg/(m? s)]
¥ ond sink/source for vapour mass due to condensation [kg/(m? s)]
Thus equation ( 4.2 ) is transformed into:
oD
J{%_V(CDTDm 'vpv)_rhyd_rcondj|dV:O (44 )
G

Based on assumption 4.1 the diffusion coefficient D, can be written after /VAR96/ as:

D, = Dm()@(ﬂ]e (4.5)
p. \ T,

p - pressure [Pa]

D,, - reference value for the binary diffusion coefficient [m?/s]

P,o - reference gas pressure [Pa]

T, - reference temperature [K]

0 - empirical exponent [-]

Certain continuity conditions assured — for details see e.g. /GAR87/ — the integral form

(4.4) of the balance equation can also be written as a partial differential equation:

a((z;;o")—V((DTDm-va)—l"hyd—}lond:O (46)
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4.4 Balance equation for the water in the interlamellar space

Analogously to the procedure in the previous section state variable Z can be chosen to
represent the mass of water m,, in the interlamellar space of the clay minerals. Addi-

tionally applying

— assumption 4.7: Interlayer water can only migrate by a Fickian diffusive process.

yields the balance equation

| [%ﬂ ~ V()0 Dypa - V(@ 00, ) ayd} dV =0 (4.7)
G

P, - density of the interlayer water [kg/m?]

(I)hyd - fraction of volume taken by interlamellar water [-]

T,q - tortuosity of the interlamellar space [m?/s]

D,, - diffusion coefficient of the interlamellar water [m?/s]

EM - sink/source for interlamellar water due to hydration [kg/(m? s)]

Introducing

— assumption 4.8: Density of interlayer water is independent of the state of hydra-

tion.

simplifies equation (4.7 ) to

oD,
ot

P _V(Thyd P Dhyd 'V(Dhyd)_ Viva = 0 (48)

Based on
— assumption 4.9:  Constant-volume conditions apply.

— assumption 4.10: The sum of the volumes of pore space and interlayer water is

constant.
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the fraction of volume taken by interlamellar water @, , can be related to the porosi-

ty @ by
D), =0, - (4.9)
®, - porosity of the dry bentonite [-]

The porosity of the dry bentonite can easily be determined using the grain density of

the bentonite p, (e.g. /KRO04a/):

D, =1-L¢ (4.10)
Ps

yo¥ - dry density of the bentonite [kg/m?]

yoa - density of the solid matter in the bentonite [kg/m?]

Additionally, defining the water content as

w=—* (4.11)
mg

w - water content of the bentonite [-]

m, - mass of the interlayer water [kg]

m - dry mass of the bentonite [kg]

allows to relate porosity @ to the water content w:

D=, Ly (4.12)
P

Combining equations ( 4.9 ) and ( 4.12 ) yields

®,, =L (4.13)

P,

Thus, equation ( 4.8 ) can be transformed into:

ow _
_t_pd V(Thya’ Dy, 'VW)_rhyd =0 (4.14)

pa’ 6
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Note that the density of the interlayer water is at least as high as the density of fresh
water and thus several orders of magnitude higher than the partial density of the water

vapour in the pore space. This allows safely for

— assumption 4.11: The local mass of water vapour is negligible compared with the

local mass of hydrated water.

This assumption leads to the conclusion that a water content measured during stage 2

of re-saturation reflects the entire mass of interlamellar water for all practical purposes.

4.5 Combining balance equations

451 Coupling

The two balance equations ( 4.6 ) and ( 4.14 ) describe water transport in two different

continua that are coupled by exchange terms, formally the source terms 7, ,or 7, ,,

respectively. In /KRO04a/ an exchange term was suggested that introduced the kinet-
ics of hydration into the resulting balance equations?. Following this approach two in-
dependent variables — the partial vapour density in the pore space and the water con-
tent in the interlamellar space — remained to be calculated. As mentioned earlier, how-
ever, the hydration kinetics appear to play a minor role in the re-saturation process

which leads to

— assumption 4.12: Hydration occurs instantaneously. Thus, water content is al-

ways in equilibrium with the relative humidity in the pore space.

Since water is either present in the pore space as vapour or in the interlamellar space
as hydrated water the process of hydration/dehydration decreases water in one contin-

uum and adds the same amount of water in the other continuum:

Viva = _thd (4.15)

2 This approach led eventually to the code VAPMOD, the isothermal predecessor of VIPER.
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Equations ( 4.6 ) and ( 4.14 ) can thus be added in such a way that the sink/source

terms r,,, and r,,, cancel out:

a(qa)tpv)_V(q)TDm .va)+pd68_‘;}_pdv(rhyd Dhyd 'VW)_rcond =0 ( 4.16 )

Applying the product rule to the first time derivative in equation ( 4.16 ) and inserting

equation ( 4.12 ) in the time derivative of the porosity @ yields:

oF d(l_&J%_v(®TDm V)= V(e Dy V)1 =0 (417)
P,

4.5.2 Simplification of the term for binary gas diffusion

The first diffusion term in equation ( 4.17 ) contains not only the coefficient of molecular
diffusion acccording to FICK’s law but also porosity and tortuosity. During re-saturation
porosity as well as tortuosity decrease and are thus functions of the water content.
However, concurrently decreasing are the pore channel diameters. Since they are al-
ready quite small in the compacted air-dry state molecular diffusion may change to

Knudsen diffusion during the re-saturation.

Molecular diffusion changes to Knudsen diffusion if the mean free pathway of the dif-
fusing molecules reaches the order of the pore diameter. The mean free pathway of
water molecules in air amounts to approximately 100 nm at room temperature and at-
mospheric pressure, e.g. /KRO04a/. Only at pore diameters greater than 1 um the in-
fluence of Knudsen diffusion disappears (/MAS89/, cited in /[HEL97/). The major part of
the pore channels in compacted MX-80 bentonite has a diameter of less than 1 um
(/JJOH99/; /PUS99/; /PUSO03/). In the light of these considerations the incidence of
Knudsen diffusion appears to be quite probable. This compensates the decreasing of

tortuosity and porosity and leads to

— assumption 4.13: The product of porosity, tortuosity and molecular diffusion coef-
ficient is called the apparent diffusion coefficient D,. Under iso-

thermal conditions is D, constant.
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According to assumption 4.13 the macroscopic diffusion coefficient reads

D, =®,7,D, (4.18)
D, - macroscopic diffusion coefficient [m?/s]
Dy - initial porosity [-]
) - initial tortuosity [-]
where

— assumption 4.14: The apparent diffusion coefficient D, changes with temperature

and pressure proportionately to the molecular diffusion coeffi-
cient.

also applies.

4.5.3 Simplification of the term for interlamellar water diffusion

The variable D, , in (4.14 ) can be specified to be the self-diffusion coefficient D’ fol-

lowing

— assumption 4.15: Interlamellar water migrates diffusively at rates corresponding

to the process of self-diffusion.

According to the Einstein relation for diffusion due to Brownian motion the diffusion

coefficient is directly proportional to the absolute temperature:

D= p kT (4.19)
D - diffusion coefficient [m?#/s]
K, - particle mobility [m/(N"s)]
ky - Boltzmann constant [J/K]

The pathway of migrating interlamellar water is established by a series of clay particles

in the direction of migration. The orientation of each of these particles usually differs
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from the orientation of the respective neighbours thus constituting a tortuosity of the

interlamellar pathway. Based on

— assumption 4.16: Change of particle orientation during re-saturation has negligi-
ble influence on the pathway tortuosity for the interlamellar wa-

ter.

tortuosity of the interlamellar space can be treated as a constant. The apparent diffu-

sion coefficient for the interlamellar water, defined here as
D; =7,,D’ (4.20)

D; - makroscopic diffusion coefficient of the interlamellar water [m?/s]

is therefore only dependent on temperature (because of D'(T)).

Thus equation ( 4.17 ) can be written as

(D%-i_pd 1_& a_‘/V_v(l)a'vlov)_loalv(l)c:'VM})_}/‘cond:0 (421 )
ot p, ) Ot
454 Substituting of the water content in the balance equation

The two variables in balance equation ( 4.21 ) — the vapour partial density p, and the
water content w — are not independent. Because of assumption 4.12 isotherms for the

bentonite can be used to eliminate one of the two variables in equation ( 4.21 ).

As mentioned earlier, isotherms relate water content to relative humidity under equilib-
rium conditions and — as the term tells — at constant temperature. Isotherms for MX-80
bentonite are discussed in detail in Appendix A. However, isotherms change shapes

depending on the temperature thus leading to the relation

w=f(r,.7) (422)

r - relative humidity [-]
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This relation will still be called “isotherm” in the following even if it includes a tempera-

ture dependency. Furthermore, it is presumed that the following assumption holds:

— assumption 4.17: The adsorption isotherm depends only on temperature. Influ-
ence of pressure, adsorption-/desorption-hysteresis®, and tem-

perature-induced mineral alterations are negligible.

Relative humidity can be expressed by the ratio of the vapour partial density p, and the

vapour saturation partial density o, -

o)
h VaT = - .
o T)= (423)

Py sat - vapour saturation partial density [kg/m?]

So relative humidity is basically a function of the vapour partial density and tempera-

ture:

rn,=8(p,T) (4.24)

With the help of equation ( D.1) in Appendix D the storage term in equation

(4.21) can be written as

op p, |ow
DL p 1= |2
ot pd( j&t

w

[cp+pd{1— pVJa—WL]% (4.25)

pw a}/'h pv sat at

, |ow oT Clow 1 0P, OT
ofim (s e,
p, Jor\p,..J oI ot

The diffusion coefficients in equation ( 4.21 ) are subject to a spatial differential opera-
tor. This requires some more attention since these coefficients are dependent on tem-
perature and can therefore vary in space. For the sake of simplicity and since no sound

approach for a possible anisotropy of the diffusion coefficients exists

® This is of course a working hypothesis. /IMOO52/ and /KAR86/ show clearly a certain hysteresis in the
adsorption/desorption data that is neglected here for the sake of simplicity.
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— assumption 4.18: Only homogeneous diffusion is considered.

is taken to be valid. According to assumption 4.2 (pressure gradients are negligible),
the dependency of the binary gas diffusion coefficient on pressure can also be
neglected. Product rule applied to the referring diffusion term leads to two terms in
which the gradient of the diffusion coefficient can be further transformed into a gradient

of temperature:

D
V(D,-Vp,)=D,Ap, +VD, -Vp,=D,Ap, + ‘ZT‘I VT-Vp, (4.26)

The same consideration applied to the term for interlamellar diffusion yields

D!
V(D! -Vw)=D!Aw+VD' -Vw=D'Aw+ 68Ta VT -Vw (4.27)

Substituting the derivatives of the water content in equation ( 4.27 ) according to equa-
tions (D.5)and ( D.8) leads to

P
V(a_wj . vav_%ﬂv]*
arh Py sar (,0 v sat ) or

or, 0 d 4.28
" _[V{(LMJ]'VT_(LMAT ( )

D’ a v sat
y Pagp Jow 1 Vo, +| QW Py P |Gy
or o, (p,., F or
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Thus (4.21 ) can be written as

mpd(l_m]@_w L |,
pw arh pvsat at

ow oT ow 1 0p,, 0T
s |1 PR p 1B |2 — P
Py )0 Py ) OT Ot

0
\V/ a_W . 1 va_ pv pvsat VT
a’/'h pv sat pv sat aT

1 )] 1 (4.29)
V| —||'Vp, +——Ap,
pvsa pvsat
- paD, +Sﬂ e
7] op,, 0
h _ V ,OV pv.sat VT— pv pvsat AT
pv sat aT pv sat aT

+|V 8_w -VT+a—WAT
oT oT

' 0
-p, oD, VT.- a_Wvaﬂ_ 8_w_6_w Py Prsa vVTit-r,,=0
aT 8rh pvsat aT arh pvxat aT

By eliminating the water content as a primary variable in the balance equation the tem-

perature has been introduced instead.

Note: While assumption 4.2 allows to dispense with all possible pressure derivatives in
the present approach there are nevertheless secondary variables like the binary gas
diffusion coefficent that depend directly on the pressure. A complete compilation of all
parameters required for the balance equation ( 4.29 ) including their dependencies — on

primary as well as on secondary variables — can be found in section 4.6.

455 General approach for a temperature-dependent isotherm

In the non-isothermal balance equation ( 4.29 ) for water residing in the pore space as
well as in the interlamellar space the information of the temperature-dependent iso-
therm is condensed in the various expressions containing derivatives of the water con-

tent. The only approach for the temperature-dependent isotherm found in the literature
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has been suggested in /KRO08/. Laboratory measurements indicate that water content
at equilibrium decreases with increasing temperature especially in the range of 70 %
relative humidity /GAIO05/. The mathematical description of the temperature-dependent
isotherm is therefore split into a product of a reference isotherm w, (,,1;) (referring
to the reference temperature 7;,) and a material-specific deviation factor g(7,,7,7;) to

introduce the temperature dependency:

w(r,, T)=w,, (13, T;) - g(r,,T,T,) (4.30)
\ - equilibrium water content at variable temperature [-]

wiso - equilibrium water content at reference temperature [-]

g - material-specific deviation factor [-]

Both terms, w;,, as well as g, are dependent on relative humidity.

4.5.6 Simplification of the storage term

The first possible simplification becomes apparent by looking at the bracket in the first

term of equation ( 4.29 ). Apparently valid is*

P <1 (4.31)
pw

A second simplification becomes evident after rewriting the storage term as

o+ Lo | g Mooy, OE 1|00, (432)
pvsat arl arh at

Laboratory data from /GAIO5/ indicates that the water content changes less than 20 %
in the temperature range between 25 °C and 98 °C. The deviation factor is thus rather
close to 1. The partial derivative of water content with respect to relative humidity
amounts approximately to 0.05 up to 0.35 depending on the shape of the reference

isotherm.

* In /KROO5/ it was just assumed that the time derivative of the porosity times vapour partial density can be
neglected in comparison to the other terms. This is now justified by the fact that the ratio p,/p,, is much
less than 1.
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Thus porosity can be neglected in the storage term:

ow,
® << Ll g(, 1) Lise (4.33)
or,

Simplifying and rearranging balance equation ( 4.29 ) finally yields

awl%

‘ arh pvsat at

[, avler
Paor [

+ {— D,-p,D, g—WL}ApV

h v sat

_6Da VT
oT
" ow)] 1 5 i oo w1 [P

-p.D, |V = —_pdD;_W VI— ||~ VT2

8rh pvsat arh pvsat aT arh IDVSat

op, . 0
_pda_w 1 Py sar 6_T+pdD; \vJ (3_w 1 Py sar VT (4.34)
or, \p,..J oI ot or, )J\\p,.. ] OT

0 ' 0
oyl L Pl gy, Dagpw 1P grl,
0 ip”m ’ oT oT or, \p,..J ©oT

h

op,,

+ pdD:l @ 1 pVAClt
arh pvmt aT

ow oD' ow
+1—p.D'| V| ||~ oy YL yr
{ Pa [ (8Tﬂ Paor 8T}
ow
+3—p, D' —}AT
{ pd aaT}

—r. . =0

cond ~

AT

Note: In the course of deducing the balance equation ( 4.34 ) the storage term of the
balance equation ( 4.4 ) for vapour transport in the pore space vanished as a conse-
quence of several simplifying assumptions. Apparently, the steady-state solution for the
momentary diffusion problem (including sinks and sources accounting for moisture re-

distribution) suffices to describe the re-saturation via water vapour.
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4.5.7 Isothermal balance equation

In case of isothermal conditions temperature gradients vanish and the saturation va-
pour partial density p, ., is constant. Condensation cannot occur. The related isother-

mal balance equation reduces then to:

ow 1 0p, , Ow Or, , 1 ow
Pam A (Da +p,D, or, op ]Apv PaD, V[ ath Vo, (4.35)

v v sat

Equation ( 4.35) is equivalent to the much simpler formulation presented in /KRO05/

where

— assumption 4.19: The isotherm of MX-80 bentonite at 25 °C can be approximated

by a linear function up to a relative humidity of 95 %.

was introduced based on the work of /MOO52/. This assumption lead to the relation
Wiso = Werh ( 436 )

w, - fictitious water content at 100 % relative humidity [-]

For the isothermal problem formulated in /KRO05/ which did not consider interlayer

water diffusion thus follows

%:We and D;:O (437)

Ty
where w, is a constant. Inserting into the balance equation ( 4.35) yields

0
p_d Wgﬂ_DaApVZO (438)
pVSd[ at

which is consistent with the result of the much less complex deduction presented in
/KROO5/.
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4.6 Coupling of the parameters in the balance equation

Solving balance equation ( 4.34 ) requires the calculation of several secondary varia-

bles. Fig. 4.2 illustrates the dependency of these secondary variables on the three pri-

mary variables vapour density, temperature, and pressure. Where possible the related

conditional equations are listed in Tab. 4.1.

vapour partial density p,

saturation vapour pressure

saturation vapour density p, s

Y

Y

porosity @

relative humidity 7, pressure p
Y Y Y
deviation factor g(r, T) reference equilibrium molecular interlayer water
' water content w;, diffusion coef- | | diffusion
ficient D,, coefficient D',
Y Y Y
water content w apparent apparent
diffusion interlayer water
coefficient D, diffusion
coefficient D',

Fig. 4.2 Dependency of secondary variables (white boxes) from the primary varia-
bles (coloured boxes); based on /KRO08a/
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Tab. 4.1 Compilation of conditional equations

quantity unit equation
;a;tju)ratlon vapour pressure [Pa] calculated after /IAP97/
;atu(r;\t)lon vapour density [kg/m?] | calculated after /IAP97/
Vv sat’ S
partial derivative 0p, ,./0T(T) [-] calculated numerically
. - __P
relative humidity ».(o., o, sar) [-] r, = 0 (4.39)
v sat
first approximation:
isotherm at reference tempera- W, =W, I, (4.40)

[_] iso e

alternatively data given in tabulated form
as an analytical function using splines

ture wis,(r,, Tp)

product of temperature term and humidity
term; present proposal:

deviation factor g(r, 7) [] g(r,, T) = [1 _ (1 —7, )]0,8

(4.41)
(T —25)/(98 —25)0,6
water content w (wi, ) [] w=w, g,T) (4.42)
partial derivative ow/or(r;, T) [-1° calculated numerically
partial derivative ow/oT (7, T) [-] calculated numerically
porosity &(w) [-] o=1-LL_Pd,, (4.43)
pS pVV
4
molecular diffusion coefficient Peo [ T
m?/s D,=D, — 4.44
Do, T) [m/s] " (T] (4.44)
macroscopic diffusion coeffi-
ot D l;’m) m#s] | D, =®,z,D, (4.45)
g;rt;glﬁ(;n;;twe [-] calculated numerically
0.5-4-10"" m?/s 1 hydrate layer

coefficient of interlayer water ) D' =
diffusion D'(p,T) [m?/s] 10-10"" m¥»s  2hydratelayers

(4.46)
macroscopic coefficient of in- , ,

P [m?/s] D,=17,,D (4.47)

terlayer water diffusion D, (D")

partial derivative _
oD’ 10T (p,T) [-] calculated numerically

® This derivative is easily transformed into 0W/apv using equation (D.4 ).
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4.7 Numerical solution

471 Introductory remarks

Balance equation ( 4.34 ) which is formulated in 3D will be restricted to one dimension
in the following and then be solved approximately by the Finite Element Method. The
primary variables are represented by piecewise linear functions in space and time. An
explicit solution scheme with the collocation point on the old time level is developed in
the following sections in terms of algebraic equations for each node of a discretised

solution domain.

The effect of condensation is presently realised in a heuristic way. The calculated va-
pour partial density p, is compared to the saturation density p, ;.. If p, is greater than
O sae the referring excess mass of vaporous water is assumed to accumulate in the

remaining pore space until this space is completely filled with water. This procedure
substitutes a direct treatment of the sink/source term for condensation in balance equa-

tion (4.34 ). The sink/source term is therefor not considered in the following anymore.

4.7.2 1-D geometry

Approximation

In order to ascribe a discrete value of a variable to a node location and a time level the
following conventions are introduced: subscript refers to location, superscript to time
level. Subscript “0” means the node itself, subscripts “-“ and “+” the neighbouring nodes
to the left and to the right. If the subscript refers to elements “-“ means the left and “+”
the right element. Superscript “+” stands for the next time level where the values of the

variables are unknown, superscript “-” for the present level with known values. For sim-

plification the subscript “v” in the symbol p, for the vapour partial density is omitted.

In order to bring equation ( 4.34 ) into a manageable form it is rewritten as

0 oT
flﬁ_/t) +f25+f3Ap+f4-Vp+f5p+f6VT+f7AT:O (4.48)
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with the abbreviations

ow 1
h=pPi5 ——
arh pvsat
ow
fr=p, oT
, Ow
f‘3:_Da— dDa_—
67"}, pvsat
oD
———4VT—p,D!
f4 aT d~a

=)

I

8W 1 6pv sat aT

=Py —+p,D
f; pd arh pvsat aT at pd
0
+pdD,a_Wv Py sat VT
rh pvsat aT
' op, .
+pd aDa VTa_W 1 pvsat
or o, (p, V or
0
+pdD,a_W 1 Py sar AT
arh pvsat 8T
ow oD! ow
=—p D'|V|— |- aT—
Jo=—Pq a|: (GTH Pa oT or
, Ow
f7_ pd aaT

1
pv sat
D!
oT

VT

(4.49)

Note that temperature T is an independent variable in equation ( 4.34 ). In case that

vapour transport and heat transport are assumed to be decoupled the transient tem-

perature field has to be calculated first and used as input in vapour transport simula-

tions.

The factors f; to f; are calculated at node 0. The differential operators in equation

(4.34 ) are approximated by:

ou _ug —u,
ot At

(4.50)



u, —u_

2Ax

Vu =~

u, —2u, +u_
M

The approximating algebraic equation at node i is thus written as

=Ty
_ At g At

. +J§TLz (PI—zP&+Pi)+ﬁ;£7(TI—TJXPI—p_’)
Po =Po ——
+ /5Py +f6$(TJ —T-')+f7§(TJ 2Ty +T7)

.51
7 (4.51)

This equation could also be derived from approximating the original partial differential
equation by a standard Galerkin-procedure. A deviation is allowed for the time derivate,
though, because this term would introduce the necessity to include values from neigh-
bour nodes on the new time level /KRO91/. As a result all equations would have to be
solved simultaneously which would have increased the programming effort considera-
bly. Instead, the time derivative is “concentrated” at one node which involves certain
numerical disadvantages e.g. /DAU85/, but which also leads to an explicit solution

scheme.

Boundary conditions

In case of a Dirichlet boundary condition a specific value is assigned to a node. The

equation referring to that node is not to be solved.

In case of a Neumann boundary condition, however, the referring equation must be
solved. Here however, only the special case of a no-flow boundary is discussed. At the
left boundary — where numbering starts — boundary node i has no left neighbour i-1.

The central differences Vu are therefore replaced by forward differences:

Vit Tt (452)
Ax

The divergence Au on a no-flow boundary must be zero. For that purpose the node
next to the boundary is mirrored to provide an additional fictitious node outside the so-

lution domain as shown in Fig. 4.3.
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v

Ax Ax

Fig. 4.3 Numerical treatment of a closed boundary

If this fictitious node has the same value as the first inner node the resulting tangent

slope on the boundary can be assumed to be zero. From these considerations follows:

Auzz("”T_zuo) (453)

The approximating algebraic equation for the node at the left boundary is thus written

as

T —T- 1 [V
p§=pg—£ fz%—fggim—%)—ﬂg(ﬂ -7 s - p5) (4.54)

/ T R e (S D SR (Y

The referring formulations for the right boundary ensue analogously.

4.7.3 2-D axisymmetric geometry

Approximation

Flow and transport processes in a plane of axisymmetric geometry can be approximat-
ed by a one-dimensional model in cylindrical coordinates. However, it is much easier to
retain Cartesian coordinates and increase the cross-section area A4 with increasing
distance from the symmetry axis. In this case the cross-section 4 of each element is

chosen to be equal to the fictitious surface of a cylinder with height “1” and radius r if »
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is the distance between cylinder axis and centre of the element (see Fig. 4.4). In a to-

rus with the inner radius 7,the cross-section A4, of an arbitrary element m can be cal-

culated from the element length Ar using

A, =27 +2(m+1)-1)Arz (4.55)
A, - cross-section of an arbitrary element m [m?]

r - radius [m]

7, - inner radius (7, = 0for a cylinder) [m]

Ar - element length [m]

m - element number (numbering beginning with 0) [-]

For setting up an appropriate balance equation, the option to use element-wise con-
stant cross-sections that vary from element to element requires to start over again with
equation ( 4.2 ) before the transition from integral equation to differential equation has

been carried out. At this point it has to be considered that

dV = A(r)dr (4.56)

applies in the integral equation. A value of A(r, ) is then assigned to each element m .

A(r+Ar/2)

Fig. 4.4 Simplification of a 2D-axisymmetric problem to a 1D-element grid
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The resulting Finite Element equations are somewhat more complicated because the
element equations are now multiplied by A(r,)and thus weighed differently when it is
assembled to the stiffness matrix for the whole domain. Therefore the process of deriv-
ing the algebraic node equations from the assembled element equations was repeated.
Any term F' that is just evaluated at the local node 0 is simply multiplied by the cross-

section which is assumed to be the mean value of the cross-section areas of the

neighbouring elements:

A(r)F =2 ;A- F, (4.57)

Note the different meaning of subscripts and “+” if used in combination with the
cross-section area A . Here, the subscripts refer to the neighbouring elements rather

than the neighbouring nodes.

A little bit more complicated are the expressions for terms including first and second
order spatial derivatives of the vapour partial density because they require data from

the neighbouring nodes:

Ap.—(4,-4)p, -4 p
AI" V ~. +/7+ + 0
(r)Vp~=, A
(4.58)

Ap, —(A +4 )p, +A p_
A(I”)Apz +p+ ( +Ar2—)p0 _,0_
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The factors f; to f,read then as

fop W L Ad
1 pdarh pvsat 2
owA, +4
fz—Pda—T 2
,ow 1
f;:_Da_pdDa_—
8rh pvsat
fo== 29T = p,0; | 9| 2| |
aT arh pvsat

, Ow 1
—pP.D, —{V{—H —p
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apv sat aT
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8rh % v sat

+D’6—WV[ !

o,
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+
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arh 1% v sat
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ow| A +A4
=-p D LT
f7 { pd aaT} 2

ki

arh P v sat
apv sat

oD!
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oD!

‘“or

1 apv sat
oT
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oT

wa_W}
oT

ow

1

oy

aVh pv sat

{V( 6wﬂ
o,

0

pv sat ) . VT

(0, f oT

VT

2

1
pvsat

A +A4

ap v sat

oT

VT

A +4

(4.59)

Using approximations ( 4.57 ) and ( 4.58 ) as well as the conventions ( 4.59 ) the ap-

proximating algebraic equation at node i is written as

TJ—TJ 1

74_ JR—
/2 ~ e
At 1

= - 4+ _—
Po = Po 7 f44Ar2

+ fops +f6i(T; —T:)+f7i(T; 2Ty +T7)

(A+p+‘ - (A+ + A )pg + A,pf)

(-1 4, p; ~ (4, 4. )pg - 4.p7) (4.60)
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Boundary conditions

As discussed in the previous section special formulations have to be used for the
boundary node equations. Considering different cross-section areas in different ele-

ments the equations ( 4.58 ) read:

PPy
Vpr—/——4
P Ar +
(4.61)
o) -
Apz (p+ pO)A

The approximating algebraic equation for the node at the left boundary is thus written

as
T -T- 1 i . ]
fz%ﬁ“fap(fhﬁh —(4, + 4 )p; +A7,07)
A VA
Py =ps = + i AT =Ty N - py) (4.62)
fi Ar
) 1 Vo
+ s +]’6E(T+ T )+f7p(T+ —2Ty +T7)

The referring formulation for the right boundary ensues analogously.

4.7.4 Time step limiting criteria
Equation ( 4.60 ) can be rearranged to

. Jiyr. Ssnpids jo 0T _ Jfoyp_ /o
at+f]VTVp+flAp+flp i flvr fIAT (4.63)

in order to correspond to a standard advection-diffusion transport equation

% +v-Ve —DA¢ +gc=gc (4.64)
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Yo corresponds to concentration ¢,
AVT corresponds to velocity v,

1
—? corresponds to the diffusion coefficient D,

1
(4.65)

% corresponds to the source term for the fluid ¢ , and

1

corresponds to the source term for the solute gc¢'

For the standard advection-diffusion equation there exist two stability conditions that

provide upper boundaries for the time step (e.g. /KIN87/), namely

A
the Courant-number Cr= VEI <1, and
(4.66)

AtS

— 1
the Neumann-criterion Ne=D-—<—,
Ax® 2

The maximum allowable time step thus is the minor of the minima for both criteria

which in turn result from the maximum of v and D, respectively. According to equa-
tion ( 4.65 ) the Courant criterion is only applicable in situations with a transient tem-
perature field. Experience with some non-isothermal simulations indicates that the
Courant criterion provides excessively high values for the time step even for high tem-
perature changes. It thus appears that it is sufficient to use the Neumann-criterion only.
However, experience has also shown that the increase of the time step should never-
theless be limited in order to avoid numerical problems. In VIPER a new time step

length is limited to a value of 1.5 times the length of the previous time step.
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5 Re-saturation stage 3: balance equation for unsaturated

flow

5.1 Introductory remark

Stage 3 of re-saturation is presently only partially considered in the model. While the
possible effect of condensation is implemented in the latest VIPER version water mi-
gration due to two-phase flow theory is not yet realised. But the underlying theory will

nevertheless also be described below.

5.2 Condensation

As explained in subsection 2.3 condensation can only occur during stage 3. The

amount of water accrued from condensation can be expressed by means of the water

content. For this purpose the water content w, at the end of stage 2 (end of swelling)

and the water content for an additionally completely water-filled pore space w,

wr are

required (for derivation of the formulae see e.g. /KRO04a/):

(5.1)

w - water content at the end of stage 2 (end of swelling) [-]

porosity at the end of stage 2 (end of swelling) [-]

min

w,, - water content with a completely water-filled pore space [-]

The amount of condensated water can then be expressed as an excess water content

w, over the water content w, :
W, <W,+w, <w,, (5.2)

w, - water content related to liquid water in the pore space [-]
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The increase of water content in the bentonite can be calculated evaluating the storage

term in equation ( 4.34 ):

9 w 1 dp, ow

P,
a e p

n v sat

/i

o Pia (5.3)

For sufficiently small time steps the increase of water content can be approximated by

Aw=%At (5.4)
ot

In the numerical model this can be done after solving the algebraic equation system.

The criterion for condensation is then simply given by

(0; = p,0)> 0 (5.5)

and the amount of condensated water is expressed by

Aw, =w +Aw—w, (5.6)

In the numerical model the excess mass of vapour in a finite volume J after a time step

of the length At is calculated according to

mwc :(pv_pvsat)q)Vf' If (pv_pvsat)>0 (57)
m,. - mass of condensated vapour [kg]
Vf - local finite Volume; e.g. a Finite Element patch [m?]

5.3 Balance equation for water based on two-phase flow theory

The conditions of the final stage — characterised by a state without further swelling —
may evolve locally first. Thus porosity is already rather low and vapour transport does

not significantly contribute to further water uptake anymore. Instead

— assumption 5.1:  Re-saturation in the third stage is dominated by two-phase flow.
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is taken to be valid. The general form of the balance equations for multi-phase flow is

given by /HEL97/ as

j{a(cp S, p,)

ot

G

+A(pavu)—paqa}dG=0 (5.8)

In differential form and introducing compressibility ( 5.8 ) becomes

Dp, agta + P, a%?+®5a %%“M{pgva}—p&qa =0 (59)
P, - density of the a-phase [kg/m?]

S, - saturation of the a-phase [-]

P, - pressure of the a-phase [Pa]

v, - velocity vector for the a-phase [m/s]

q, - sink/source of the a-phase [kg/(kg s)]

From here on the general balance equation ( 5.9 ) will be used to describe only move-

ment of the water:

assumption 5.2:

Gas flow is neglected.

The index w is used instead of the general index «, and the specific properties of water

will be considered in order to simplify ( 5.9 ) referring to the following points:

assumption 5.3:
assumption 5.4:
assumption 5.5:

assumption 5.6:

Compressibility of water can be neglected.
Thermal strain of water can be neglected.
Porosity is constant.

Sources are not to be taken into account.
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These assumptions are mathematically expressed by

p,, =const.,

%:0, apw:O,and

P, or (5.10)
® = const.
q,=0

which leads to

cpaSuAvW:o (5.11)
ot

Inserting the generalised Darcy’s law

kra

Vo =—""K:(Vp, - p,8) (5.12)
Hy

k,, - relative permeability of the a-phase [-]

u, - viscosity of the a-phase [Pa s]

K - tensor of the absolute permeability [m?]

g - vector of the gravitational acceleration [m/s?]

in equation ( 5.11 ) respecting

— assumption 5.7:  The influence of gravity can be neglected.

yields

k,,
cD@SW—A( mK.vaJ:() (5.13)
ot H,,

Water pressure can be expressed by air pressure and capillary pressure as

Py =Py~ P (5.14)
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P, - air pressure [Pa]

D. - capillary pressure [Pa]
Considering assumption 4.2 of constant air pressure leads to
Vp,=-Vp. (5.15)

Additionally introducing a capillary pressure-saturation relation yields

k.
0B i a ﬂK-%vsw -0 (5.16 )
M, 08,

In this form balance equation ( 5.16 ) represents a diffusion equation with a variable

coefficient:
By AD-vs,)=0 with D(s,.7)="nEK 2D (5.17)
ot u,(T) © 85,
D - “diffusion coefficient” [m?#/s]
5.4 Equations of state
5.4.1 Capillary pressure-saturation relation

The isothermal capillary pressure-saturation relation - also called “retention curve” —
and its derivative with respect to saturation are often following the approach of Brooks
and Corey /BROG64/

— - dpc _ 1 u 1+l
p.=py(s,)+  and Kw——pd;(sw)( 2 (5.18)
Py - entry pressure [Pa]
A - pore size distribution index [-]
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The parameter A characterises the variability of pore sizes. For a material with uniform
pore size A =0 is valid. For classic two-phase flow applications in porous media Ais in
the range of 0.2 <A1 <3 /HEL97/.

Also often used is the approach of van Genuchten /VGN80/

1 1
P. =pco[(Sw)i —1}" and %Lp - [(Sw)i—l}" (s, )yl (519)
S mn

w

P., - scaling parameter [Pa]

m,n - parameters [-]

where m is usually set to

m=1-1 (5.20)

n

Temperature dependency of the capillary pressure is introduced via the surface tension
at the water-air interface. The relation between capillary pressure in a cylindrical tube

with the radius r and the surface tension reads

p =22 (5.21)
r

oz - surface tension [N/m]

r - radius of the capillary [m]

and after /IAP94/ surface tension at the water-air interface can be calculated as

o(7)=0.2358 '*°(1-0.625 7) with 7=1- ! (5.22)
647.096
T - temperature [K]
In the non-isothermal case capillary pressure has thus to be corrected by:

a(T)

P(T) = p(Ty)——5 (5.23)
o(T;)

1, - reference temperature [K]
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5.4.2 Relative permeability-saturation relation

For the relative permeability-saturation relation of /BRO64/

2432

ko = (Sw) 4 (5.24)

and of /VGN80/

2

k =S 1—[1-5[} (5.25)

the same parameter values are to be used as for the referring capillary pressure-

saturation relation.

5.4.3 Viscosity

Water viscosity can be calculated from the formulations of /IAP03/ as a function of
temperature and pressure. Note that the influence of pressure on water viscosity is
negligible according to /ADA02/ or /KRO08b/.

5.5 Numerical solution

Due to extensive formal similarity of equation ( 5.17 ) with the corresponding terms in
equation ( 4.34 ) here the process of deriving the approximating algebraic node equa-
tions is described more shortly. A comparison with equation ( 4.60 ) using the same
index conventions as in section 4 yields

A
R e

w0 w0 sz

Dy(4,8, —(4, +4)s,, +45,) (5.26)

+~ w4

for an inner node and a comparison with equation ( 4.62 ) for the node at the left hand
side

At

Sup =Sy + 205 D4, (5.0 -5..) (5.27)

w0
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The Neumann stability criterion is the only applicable criterion here and it applies anal-
ogously to (4.66 ):
~ At 1

Ne:DszsE (5.28)
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6 Confidence building for the vapour diffusion model

6.1 Qualification of the vapour flow concept

Right from the start it was planned to test the alternative conceptual model step by step
against uptake tests with physically increasing complexity, beginning with the most
simple conditions, until the model was shown to be viable even for the expected reposi-
tory conditions. This procedure was foreseen to ensure that important effects previous-
ly not considered could clearly be identified and incorporated into the model. In this

section only the qualification of the vapour flow concept (stage 2) is described.

In the early stage of the vapour diffusion model development — with hydration dynamics
still included — just one parameter describing the hydration dynamics had to be derived
from experiments. All others were already provided by standard textbooks. However,
after supplying the numerical model with realistic values for this parameter first generic
calculations lead to surprising conclusions. It became clear that hydration is a very fast
process in comparison to vapour diffusion in the pore space. Thus, when hydration
dynamics were dropped in favour of instantaneous hydration the previously derived
balance equation of the new conceptual model could be transformed into the well-
known empirical “diffusion law” as discussed in detail in /KROO05/. This transformation
allows to quantify the empirical “diffusion coefficient” using exclusively physically mean-
ingful parameters. In an example that is given in /KRO05/, too, a “diffusion coefficient”
is calculated by these means which differs from the calibrated value only by a factor
less than 3. Therefore, the validation procedure was continued on the basis of this sim-

plified balance equation.

Having demonstrated a good correspondence between the vapour diffusion model and
experimental results for laboratory conditions as shown exemplarily in Fig. 6.1, water
uptake under an increased hydraulic pressure was tackled in the next step. Here, the
new model produced results that agreed sufficiently with the referring laboratory exper-
iment — as shown in Fig. 6.2 /KRO06/ — after correcting the thickness of the water satu-

rated zone according to the hydraulic pressure at the water contact.
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When modelling the isothermal tests proved to be successful, temperature dependen-
cies were incorporated in this equation. The development of a new code called VIPER
(Vapour transport In Partially saturated bentonite as Engineered barrier for Reposito-
ries) based on the theory described in section 4 was begun to model non-isothermal re-
saturation. A laboratory test with a heat up-phase in a closed system and a second
phase with an additional liquid water uptake /VILO5/ provided the basis for this exer-
cise. In the first phase only moisture redistribution due to temperature changes took
place in the air-dry bentonite. This phase of the test was used to check the validity of
the non-isothermal vapour flow approach. The measurements of the second phase
were used to investigate the non-isothermal water uptake. The results are shown in
Fig. 6.3. Even the complex curve for relative humidity at the heated side of the speci-
men — drawn in red — was reproduced. In the framework of the vapour diffusion model
the shape of this curve can be explained by a local and temporary increase of vapour
in the pore space due to the heating as explained in detail in Appendix G and subse-
quent vapour transport proportional to the developing density gradient. In the end the
alternative conceptual model in the non-isothermal form proved to be valid even under
repository conditions /KRO08/.

a) 06 | O measured data

1 == model calculation

b) O measured data

= model calculation

0.55 =

\%
\L %
\
|

0.5 o

relative humidity [-]
™
relative humidity [-]

[T

hUS

T
0 0.5 1.5 25 50 100 150 200 250
time [d] time [d]

Fig. 6.3 Measured and calculated relative humidity at three different locations in a
non-isothermal experiment with a) no water inflow and b) with water inflow
at increased pressure; from /KRO08/
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6.2 Application to an isothermal in-situ experiment with a bentonite-sand

mixture

6.2.1 Description of the ITT-experiment

A 50:50 mixture of Saskatchewan bentonite and sand was emplaced and compacted to
a dry density of 1730 kg/m?® in a vertical cylindrical borehole in the Canadian under-
ground rock laboratory (URL) /GUOOQ6/. The resulting bentonite-sand body was con-
fined by a massive concrete plug on top as indicated in Fig. 6.4 a). The compacted
buffer material had a height of 2 m, a radius of 0.62 m, and an initial water content of
~17.5 % by weight. After emplacement and instrumentation, the so-called “isothermal
test” (ITT) was left undisturbed and monitored for six and half years during which pore

water was taken up from the adjoining granite host rock.
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Fig. 6.4 Location of the psychrometric sensors IBX<number>;
a) from /GUO06/, b) from /AKE08/

Twenty-four thermocouple psychrometers — labeled IBX<number> — were installed in

the bentonite-sand buffer to measure the suction (moisture content) during the course
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of the experiment. The locations of 16 psychrometers are shown in graph a) of Fig. 6.4
and additional 8 psychrometers in a different cross-section are shown in graph b). The
sensors were arranged in four levels. The vertical distance of each of these levels to
the concrete plug is given in Tab. 6.1. Radial distances of the sensors from the cylinder
axis were 20 cm, 40 cm and 55 cm, respectively.

Tab. 6.1 Position of the psychrometric sensors; the different shades of blue depict
different height levels; from /GUOO06/

horizontal distance | vertical distance
sensor | from the axis [cm to the plug [m
IBX1
IBX 2
IBX 3
IBX 4
IBX 5
IBX 6
IBX 7
IBX 8
IBX 9
IBX 10
IBX 11
IBX 12
IBX 13
IBX 14
IBX 15
IBX 16
IBX 17
IBX 18
IBX 19
IBX 20
IBX 21
IBX 22
IBX 23 55 1.85
IBX 24 40 1.85

The transient data acquired by the installed instrumentation was supplemented by an
extensive post-test investigation of the buffer material. A thorough sampling to deter-
mine water content and density of the bentonite-sand buffer was conducted by /DIX00/.
Up to 107 moisture content samples and 33 density samples were taken at each of
eight elevations (layers A through H). Locations of the samples in each layer are shown
in Fig. 6.5. The distance between each sampling layer averaged about 0.25 m as
shown in Tab. 6.2.
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Fig. 6.5 Location of the numbered samples at each layer; from /GUOO06/

Tab. 6.2  Vertical layer distance to the top surface of the bentonite-sand buffer

Layer designation Depth of moisture content samples below
the top of the bentonite-sand buffer [m]
A 0.05
B 0.31
C 0.61
D 0.81
E 1.07
F 1.31
G 1.62
H 1.81
6.2.2 Measured data

Transient sensor data

In Fig. 6.6 the results of the transient measurements are shown. In order to allow a
clear interpretation of the measurements the sensors are divided into three groups ac-
cording to their distance from the borehole axis (20 cm, 40 cm and 55 cm, respective-
ly). The height of the sensors is indicated analogously to Tab. 6.1 by the degree of sat-
uration of the colour blue in the lines. The darker the blue the higher the location, so
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there are 4 shades of blue altogether. Obviously curious curves are dashed. The re-
sults are given in terms of water content over time using the analytical retention curve
given in /GUO06/°

log s =1.983—0.074w (6.1)

to convert the published suction data to water content data. Assuming a homogeneous
bentonite-sand mixture, and an evenly distributed water supply all over the buffer-rock
contact planes, a monotonously increasing water content can be expected. Axial sym-
metry of the re-saturation process over the whole buffer follows from the cylindrical
geometry. Water movement would be approximately horizontal in the direction of the
borehole axis in the upper part of the buffer but would have also a significant vertical
component in the lower part. However, what can be observed in Fig. 6.6 a) and b) is a
significant decrease of water content at the lowest sensors (IBX23/24) and at some of
the sensors above the lowest ones (IBX13/15/19/20) beginning at times between 400
and 1500 days.

For no apparent reason the data from IBX08 at 40 cm distance from the axis shows the
same characteristic sharp increase after approximately 300 days as IBX01 and IBX10
at 55 cm distance. Data from sensor IBX09, though, which is located next to IBX08 and

at 55 cm distance does not yield this behavior.

Also curious is an apparent correlation between IBX3 and IBX19 during the period be-
tween 1000 and 1100 days as shown in Fig. 6.6 a). Water content at IBX3 decreases in
the same way and by the same amount as the water content at IBX19 increases. How-
ever, the significance of this observation is unclear since IBX3 and IBX19 lie on differ-

ent sides of the axis and on different levels according to Fig. 6.4.

A rather quick initial response to the water supply at the buffer-rock contact can be ob-
served in Fig. 6.6 a). The subsequent steady increase over the whole test period is

remarkable. The significance of this increase is unclear.

®seew>11% in Fig. 2.5
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At 40 cm distance from the borehole axis there is very little variation in the water con-
tent for about one year as shown in Fig. 6.6 b). Afterwards, an increase can clearly be
seen. This increase is apparently slower in the upper region of the buffer than in the
lower region. Fig. 6.6 c) shows a similar development but with a steady period of about

1200 days until the water content increases.

A reason for the annual disturbances recorded by the majority of the sensors at

1000 days and later is not known.

Conclusions referring to transient data from End-of-test (EOT) data

The extensive sampling after the test provides a three-dimensional impression of the
water distribution in the buffer at the end of re-saturation. In Fig. 6.7 a sketch of a
cross-section through the compacted buffer material indicates the height of the 8 post-
test sample layers as well as the referring water content distributions for each layer.
For reference, the positions of the sensors are given as well. Cross-section, sample
layers and sensor positions are drawn to scale. A small ring-shaped area between the
outermost sensors and the buffer-rock interface is left white due to the lack of infor-

mation in that region.

According to Fig. 6.7 layer F is the lowest layer that is in trend with the layers above
indicating a more or less horizontal water movement during re-saturation. Layer G is

clearly influenced by upward water flow.

The psychrometric sensors at the second lowest level are located between layers F
and G. It is therefore not clear if these sensors can be assigned to the zone with hori-
zontal water flow or to the zone with three-dimensional water flow. In other words, the
influence of the upward flow component on the measured water content at this level is
not clear. However, the water content data provided by those sensors as shown in
Fig. 6.6 b) and c) show consistently higher values than those of the upper levels. The
corresponding data in Fig. 6.6. a) even shows a long decrease period as mentioned

above.
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Fig. 6.7 Horizontal cross-sections showing the water content at EOT at all tested
elevations; included is a principle sketch (on scale) of the buffer including
heights of the samples and the position of the sensors
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Moreover, the data from post-test buffer density measurements as plotted in Fig. 6.8
show that even level F may have been influenced by upward flow. The comparatively
low density as in layers F to H indicates swelling and consequently higher water con-
tents than in the layers above. The measurements of IBX13 through IBX24 appear
therefore not relevant for a two-dimensional axisymmetric analysis of the re-saturation
process. For reasons given above also data from IBX08 is not included. The remaining
water content curves which form the basis for the comparison between experimental

and model results are given in Fig. 6.9 a) to c).
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Fig. 6.8 End-of-test distribution of buffer density in the ITT; from /DIX06/

The water content distributions for layers A to F at the end of the test are shown in
Fig. 6.9 d). The colour coding is analogous to the previous graphs. The height of the
samples relates directly to the colour saturation and thereby suggests that up to a dis-
tance of approximately 40 cm from the axis, the data from the upper levels tends to be

lower than the data from the lower levels.
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6.2.3 Model description

Geometry, initial and boundary conditions

The model of the ITT-Test was based on a 2D-axisymmetric disc with a diameter of
1.26 m representing a horizontal cross-section through the bentonite in the borehole.
The initial water content was set to 17.9 %, final water content as assigned to the right
boundary to 21.2 % (c.f. Fig. 6.10). Temperature was assumed to be 25 °C corre-

sponding to a depth of 800 m.

—_—
water content [-]

063 radial distance [m]

Fig. 6.10 Initial water content distribution in the model

Interlayer water diffusion

As mentioned above, the value of the interlayer water diffusion coefficient depends on
the amount of hydration layers that are adsorbed at the interlamellar cations. At least
one threshold level exists at the number of 2 hydrate layers above which a considera-

bly greater diffusion coefficient can be assumed than for lower ones.

For MX-80, that resembles the Saskatchewan bentonite which was used in the ITT, this
threshold is related to a water content of about 17.5 % with respect to the dry bentonite
mass (see Appendix B). However, in a bentonite-sand mixture the clay content is obvi-
ously lower than in pure bentonite so that less water is sufficient to reach the same
degree of hydration in the individual clay particles. This means that the threshold value
of 17.5 % valid for the bentonite was already exceeded by far by the initial water con-
tent of the bentonite-sand mixture in the ITT. A constant high value was thus assigned
to the coefficient of interlayer water diffusion in the model. Note: This is the first appli-

cation of VIPER using the option of interlayer water diffusion.
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Parameters

Most parameters of the model are defined as in Tab. 4.1. Supplemental data is given in

Tab. 6.3. An adsorption isotherm/retention curve according to Fig. 2.5 was also used.

Tab. 6.3  Material parameters required by the model

quantity value

initial buffer density [kg/m?3] 2017
mean grain density [kg/m?] 2710
tortuosity of the pore space [-] 0.5
coeff. of interlamellar water diffusion [m?%/s] 107
tortuosity of the interlamellar space [-] 0.2
temperature [°C] 25

6.2.4 Modelling results

The results of the model are compared to the measurements in terms of the transient
water content at distances from the cylinder axis of 55 cm, 40 cm, and 20 cm, respec-
tively, as well as the end-of-test distribution of the water content. Fig. 6.11 a) shows the
comparison with the sensors closest to the host rock. The calculated water content
curve compares well to the data of the sensor IBX01 and at least qualitatively well with

the sensors at lower levels considering the spreading of the data curves.

The agreement is particularly good in case of the comparison at 40 cm distance as
shown in Fig. 6.11 b). The calculated water contents are everywhere close to the
measured data. Moreover, the model not only reproduces a turning point in the course

of the curve but also the time at which it occurs.

At 20 cm distance the calculated water content curve begins to rise too early in com-
parison to the measurements and then the rise is slower in the model (see
Fig. 6.11 c)). As can be deduced from the end-of-test distributions in Fig. 6.11 d), the
model yields a water transport to the axis of the cylindrical bentonite body which is to
low. Apart from that observation, the agreement between measurements and model

appears to be very well.
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6.3 Application to a non-isothermal in-situ experiment

6.3.1 Description of the CRT-experiment

In the Swedish Asp6 Hard Rock Laboratory (HRL) a vertical deposition hole was bored
with a depth of 8.55 metres and a diameter of 1.76 metres for the Canister Retrieval
Test (CRT). At the perimeter of the hole 16 filter mats with a width of 10 cm were in-
stalled with uniform spacing, 0.15 m from the bottom of the hole up to 6.25 m height.
Ring-shaped as well as cylindrical bentonite blocks were placed in the hole to encase a
heater with the dimensions of a KBS-3 canister. As buffer material MX-80 was chosen.
The outside diameter of the canister was 1,050 mm. An inner gap of 1 cm remained
between heater and the bentonite rings. The volume between the bentonite blocks and
the borehole wall was filled with bentonite pellets. The complete test set-up is shown in
Fig. 6.12.
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Retaining concrete plug

Steel cone —_ A
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9 Rock anchors / ' \ \\Instrumemed block:
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Fig. 6.12 Sketch of the Canister Retrieval Test; from /KRIO7/

At the beginning of the test water was pumped into the pellet-filled gap by means of

four water supply tubes that were installed before pellet filling and were withdrawn with
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the raising of the water table. There were indications that the water had not only been
filled voids between the pellets but also the inner gap between heater and the bentonite
rings. After direct filling-up water was supplied artificially via the filter mats to ensure

saturation conditions at the outside of the compacted bentonite.

Then heating was started. Initially the temperature amounted to 17 °C. A maximum
temperature of 100 °C on the surface of the canister was aimed at for the Canister Re-
trieval Test. During the test the power for the heater was stepwise changed several

times according to Tab. 6.4. After 679 days also hydraulic pressure was increased.

Tab. 6.4  Heater power protocol; from /KRIO7/

Day Heater power [kW]
0 0
1 0.7
18 1.7
110 2.6
375 0
376 2.6
494 0
501 2.6
684 2.1
1134 1.6
1596 1.15
1811 0

6.3.2 Data relevant for the model

The modelling exercise concentrates on the water uptake in the horizontal mid height
of the experiment (see Fig. 6.13 a)). A disc of the buffer was modeled assuming rota-
tional symmetry. It encompasses

— (A) the inner gap (0.01 m width)

— (B) the ring shaped bentonite block (0.285 m width)

— (C) the outer gap filled with bentonite pellets (0.055 m width)

as indicated in Fig. 6.13 b).
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Fig. 6.13 Location of the model domain (a) and dimensions (b) ; from /KRI07/

The highly compacted bentonite ring had an initial dry density of 1782 kg/m?® and an
initial water content of 17.1 %. While the bulk density of an individual pellet was approx.
1970 — 2110 kg/m?® the bulk dry density amounted only to 1001 kg/m® accounting also
for the void space between the pellets. Initial water content of the pellets was 10 %.

Grain density of the buffer material was assumed to be 2780 kg/m®.

Several sensors were installed at mid height to measure the temperature development.
The location of the sensors is given graphically in Fig. 6.14 and numerically in Tab. 6.5.
The resulting time-dependent temperature distributions for the first 43 days are shown
in Fig. 6.15. For modelling purposes an analytical function was derived to describe the
temperature development in time and space. This function is also shown in Fig. 6.15. A
comparison with the measurements of the sensors W119T, W120T and W121T that
were in very good agreement with the other temperature sensors are depicted in
Fig. 6.16. Colours indicate the radial distance: red — 585 mm, green — 685 mm, and

blue — 785 mm.
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820

Fig. 6.14 Location of the temperature sensors at mid height

Tab. 6.5 Location of temperature sensors

sensor | height/ring | direction | radial distance
P12 mid height | a =200° 525
T111 R5 A 635
T112 R5 A 735
T121 R5 D 685
W119T [ R5 D 585
W120T | R5 D 685
W121T [ R5 D 785
TR121 [ R5 a=280° 875
TR125 | R5 a=170° 875
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Fig. 6.15 Spatial distributions of temperature; data and analytical approximation
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Fig. 6.16 Temporal development of temperature; data and analytical approximation

Two different types of sensors based on different principles for measuring relative hu-
midity were used. Depending on the underlying method they showed reasonable accu-
racy either below 95 % humidity or above 96 % humidity. Fig. 6.17 shows the meas-
ured humidity data where the two different sensor types are differentiated by open and
closed symbols. Both were used for the comparison with the simulation data and both
were located at a radial distance of 585 mm (orange symbols), 685 mm (green sym-

bols), and of 785 mm (blue symbols).

78



1
g 0.9
5 i i
= i i
>
e i L
(0]
= ] L
©
© 0.8 sensor W119T -
§ — ~ sensor W120T |-
1 sensor W121T |
| sensor W122
| sensor W123 |
sensor W124
0.7 ‘ T T T T
0 100 200 300 400

time [d]

Fig. 6.17 Temporal development of relative humidity; colour coding (see text)

6.3.3 Model description

Geometry

The planar model domain at mid height is assumed to be axisymmetric so that a one-

dimensional model with a varying cross-section could be used.

Initial and boundary conditions

While the initial conditions for earlier models could be explained in a rather straight-
forward manner according to the considerations in section 3 (stage 1 of re-saturation)
the experimental set-up for the CRT is a more complex since at the inner as well as at

the outer side of the compacted bentonite was a gap.

The inner gap next to the heater became water filled rather quickly. It is assumed here
that clay particles at the surface of the bentonite ring also swelled quickly when in con-
tact with the water. They used up water from the gap and increased their volume.
Eventually, the outer layer of clay particles broke off, thus widened the gap and formed
a suspension with the water. This process repeated layer after layer until all mobile

water was used up and hydrated in the clay particles. In the end the gap had vanished
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and next to the heater was a zone of highly saturated bentonite with a comparatively

low dry density. This development is illustrated in Fig. 6.18.

The length x representing the depth of the bentonite affected by the gap water as indi-
cated in Fig. 6.18 can be estimated assuming a mean dry density p; in this zone. From
pa= 1200 kg/m? follows x = 2.0 cm. However, for the actual model calculations a modi-

fication was used: the initially water saturated zone in the model had a depth of only
7 mm but it was supplemented by an adjacent transition zone over 2.0 cm with a linear

decrease of the water content from 24.7 % down to the initial value of 17.1 %.

Obviously, a no-flow boundary condition was appropriate here.

heater gap bentonite ring « clay particle

|

initial state

|

water-filled gap

o: & bentonite suspension
0%
P"":m*"m"""m" initial condition for VIPER

Fig. 6.18 Conceptual model for initial and boundary conditions at the heated side

In case of the pellet-filled annulus at the outer side of the bentonite ring it is assumed
that water began to enter the bentonite ring while the pellets swelled and formed a
more or less homogeneous water-saturated bentonite. The former pellets then imped-
ed water inflow from the filter mats. Due to a hydrostatic pressure of 1.5 bars in the
filter mats a zone of completely water saturated bentonite of approx. 1 cm thickness is

assumed. Pore water beyond that zone migrated further into the ring.

The affected part of the ring swelled into the pellet-filled space until the mobile water
was used up. As at the inner gap a zone of high water content but dry pores and a ra-

ther low bentonite density is expected. A first estimation of the depth of this zone pro-
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vided a value of 2.0 cm. Best results of the model calculations, however, were
achieved with a value of 6.5 cm with an adjacent transition of linearly decreasing water

content over 2.0 cm.

The initial development at the outer gap is illustrated in Fig. 6.19. The initial water con-

tent distribution used in the model is depicted in Fig. 6.20. The inflow boundary was

accordingly set at a radial distance of 0.865 m.
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Fig. 6.19 Conceptual model for initial and boundary conditions at the cool side

One result of the extensive post-test investigations was that the dry density of the ben-
tonite rings was fairly equally distributed as shown in Fig. 6.21. For modelling purposes

a constant dry density of 1617 kg/m?® was assumed.
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Fig. 6.20 Initial conditions

Adsorption isotherm

From the discussion of adsorption isotherms in Appendix A a natural choice would be
to use the highly resolved curve provided by /KAH86/. However, the relative humidity at
the initial water content of 17.1 % in the curve from /KAH86/ amounts to approx. 86 %
while the measured data indicates a value of approx. 72 %. Much better fitting in this
respect is the adsorption path measured by /DUE04/ with an initial water content of
17.5 %. For water contents below 17.5 % the desorption path beginning at 17.5 % also
reported by /DUEOQ4/ was supplemented. The isotherm used in the model is depicted in
Fig. 6.22. It is based on the data from /DUEO4/, modified according to /DUEQ7/ (see
section 2.2.1), and the data points are connected with cubic splines. For reference the
data from /KAH86/ and /DUEO4/ is also plotted. Note that this was the first model in
which the modification after /DUEQ7/ was applied.
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Fig. 6.21 Radial dry density distribution in two bentonite rings; from /KRI07/
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Fig. 6.22 Isotherm used in the model as well as data from /KAH86/ and /DUE04/

6.3.4 Modelling results

The two types of sensors used in the CRT to monitor the transient water content pro-
vided data either in terms of relative humidity or in terms of suction. Hydraulic model
results can therefore be checked against both quantities. Fig. 6.23 shows a comparison

of measured and calculated hydraulic data in both respects.

The results of the model are compared to the measurements at radial distances of
585 mm, 685 mm, and 785 mm. The calculated relative humidity curves (as well as the
suction curves) compare well to the data of the sensors at the cool side (r = 785 mm)
and the sensors in the middle of the bentonite ring (r = 685 mm). Absolute values as
well as curvature and inflection points are also well met. A little bit farther off are the
results for the sensors at the heated side (r = 585 mm) due to a certain phase shift.

However, all curves reproduce the trend of the development quite good.

84



100

suction [MPa]

I T B e e e - 40

relative humidity [-]

[ R R R R
I
N
o

time [d]

rel. humidity: rh-sensor at 585 mm
rel. humidity: rh-sensor at 685 mm
rel. humidity: rh-sensor at 785 mm
rel. humidity: s-sensor at 585 mm
rel. humidity: s-sensor at 685 mm
rel. humidity: s-sensor at 785 mm
rel. humidity: model at 585 mm
rel. humidity: model at 685 mm
rel. humidity: model at 785 mm
suction: rh-sensor at 585 mm
suction: rh-sensor at 685 mm
suction: rh-sensor at 785 mm
suction: s-sensor at 585 mm
suction: s-sensor at 685 mm
suction: s-sensor at 785 mm
suction: model at 585 mm
suction: model at 685 mm
suction: model at 785 mm

[ e

Fig. 6.23 Measured and calculated relative humidity/suction

The quality of the results is remarkable considering that the vapour density distribution
in combination with temperature controls not only vapour diffusion but also the diffusion
of interlayer water. The gradient of the water content which is assumed to be the driv-
ing force for the interlayer water diffusion relates in a complex manner to the vapour
density distribution. This complexity is illustrated by Fig. 6.24 showing plots of the key
quantities as spatial distributions at four points in time (t =0, t =10d, t = 110 d,
t = 650 d):
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— independent variables
e vapour density p,
o temperature T

— secondary variables

e vapour saturation pressure p, s (0y, T)
o relative humidity 7 (oy sar)

e water content w (r;,)

Not explicitly shown here are the adsorption isotherm (Fig. 6.22) and the relation of

vapour pressure and temperature (Fig. 2.13).

The development of the water content in Fig. 6.24 shows that the initially highly satu-
rated zone at the heater dries. The water content next to the heater drops even below
the initial value of the non-wetted part of the bentonite rings. Concurrently, vapour den-
sity rises here leading to vapour diffusion away from the heater. The effect of conden-
sation can be seen in Fig. 2.13 as an increase of the water content above the value
represented by the dashed line. This line depicts the state of maximum content of inter-
layer water without any water in the pore space. Note: This is the first application of

VIPER using the option of condensation.

At the cool side of the buffer more and more water is taken up. The related increase of
water content reaches the heated zone eventually but not the boundary at the heater.
At the same time the vapour density does not only rise at the heater but also remains
to be elevated. A vapour flux away from the heater is thus maintained without changing

the water content accordingly.

After starting the experiment the initially high water content at the boundaries begins to
level out at both sides of the buffer (heated and cool side). While the water content
drops down at the heater a high water content spreads out from the cool side due to
the continuous water supply until a dynamic equilibrium is reached. Apparently, a coun-

ter-flow system is then established in which
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— interlayer water migrates in the direction of the gradient of the water content i. e.
towards the heater,

— interlayer water dehydrates at the heater providing a source for vapour in the pore
space, and

— vapour is then transported in the direction of the gradient of the vapour density i. e.

away from the heater.

These dynamics of the model explain the characteristic initial peak of relative humidity
close to the heater at approx. 30 days along with the second increase after approx.
80 days (see Fig. 6.23). Spreading of water from the inner gap is responsible for the
peak and the second increase of water content is caused by the uptake from the cool

side.

However, these dynamics also explain the high sensitivity of the system to parameter
variations as observed during modelling. Considering additionally the simplifying ad-
hoc assumptions concerning the development after water filling at the inner gap and in

the pellet-filled outer gap the match of model and measurements is satisfying.
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7 Summary and Outlook

An approach has been developed for the re-saturation of compacted bentonite under
confined and non-isothermal conditions. These conditions meet the situation of a re-
saturating bentonite buffer in a repository for radioactive waste. Theoretical considera-
tions at a microscopic scale of observation have lead to a straight-forward conceptual
model in which the processes in a microscopic scale are entirely consistent with an
averaged macroscopic description. Only basic physical data and relations are required
which leaves very little room for calibration of uncertain parameters. The sound back-
ground of the model in combination with the fact that the model apparently works even
for bentonite re-saturation under repository conditions strongly indicates the validity of

the model.

For the specific applications considered here a further advantage over the usual THM-
model is the fact that the assumption of negligible deformations in the buffer allows to
discard mechanical considerations. In combination with the computationally less de-
manding mathematical description of water transport in the buffer very little computa-

tional power is required in comparison.

Of course some open questions remain and thus several possible directions for further
developments. To begin with, the complexity of the underlying conceptual model as
well as the accuracy of the material data was increased during the development of
VIPER. Interlayer water diffusion and condensation was introduced, the linear approx-
imation for the adsorption isotherm was replaced by better resolved laboratory data,
and the corrections of the isotherm for confined conditions were refined. While earlier
qualification exercises still provide a certain evidence for the validity of the model they
should now be repeated using the latest model version to ensure that former conclu-

sions still hold true for the approach.

The water content in bentonite-sand mixtures with reference to the montmorillonite con-
tent is generally very high in comparison to pure bentonite. Therefore the relevance of
processes in an advanced state of re-saturation is much higher for bentonite-sand mix-
tures than for pure compacted bentonite. In the light of the latest findings about diffu-
sion of interlayer water the significance of two-phase flow in a state when the influence
of vapour diffusion becomes insignificant is not quite clear. As a matter of fact even the

conditions at the end of a re-saturation propagating against a temperature gradient
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could not be shown unambiguously by the related experiments. This question is subject

of presently ongoing experimental investigations at GRS.

In the past only little attention has been paid to the hysteretic property of the water re-
tention curve or the adsorption isotherm, respectively. As step in this direction the work
of /DUEO4/ can be seen where adsorption isotherms were introduced as a function of
the initial water content. Seeing also the results of /MOO52/ it could concluded that the
adsorption isotherm has indeed to be modified according to the wetting and drying his-
tory of the investigated bentonite. Hysteresis may also have a significant influence on
the re-saturation dynamics in situations where the water content is not monotonously

increasing as is typically the case under non-isothermal conditions.

Up to now the main reason for developing the code VIPER was testing the vapour dif-
fusion theory. In that respect a one-dimensional numerical model simulating only the
hydraulic processes is sufficient. This applies also for the non-isothermal models be-
cause up to now temperature data for the non-isothermal models could be taken from
measurements. But for predictions under non-isothermal conditions the means of simu-
lating heat transport must be provided since hydraulic processes are obviously influ-
enced by temperature. A tentative balance equation for heat is derived in Appendix E.
The question whether a full coupling between hydraulic and thermal processes is re-

quired is still open and thus has to be further investigated.

Since the focus of the investigations with VIPER lay on hydraulic processes it has also
not been the intention to calculate swelling pressures. However, if displacements under
confined conditions are little it should be possible to compute swelling pressures from a
correctly calculated local water content. Investigations along these lines could prove to

be worthwhile.

The approximation of an axial symmetric model domain using elements with constant
cross-sections that vary from element to element is possible but not entirely satisfying.

A 2D- and ultimately even 3D-version of VIPER will be required in the long run.
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A Appendix: Comparison of different isotherms for MX-80

A1 Published data

A1.2 Description of the sources

Isotherms for clay or MX-80 bentonite, respectively, under unconfined conditions were

measured by /MOO52/, /KAH86/, /WADO04/, /DUEQ04/ and /GAIOQS/. These authors were

interested in different aspects of the sorption isotherms of the bentonite:

—  /MOO52/: comparison of different types of montmorillonite; hysteresis of several
adsorption-desorption cycles.

— /KAHB86/: comparison of two types of bentonite (Na- and Ca-bentonite); high reso-
lution for adsorption and desorption isotherm.

— /WADO4/: testing of a new measuring method for isotherms using cellulose fibres
and bentonite.

— /DUEO4/: dependence of the isotherms for MX-80 on constraining test conditions.

— /GAI05/: dependence of the adsorption isotherm on temperature.

The following discussion concentrates on the isotherms for sodium bentonite. In case
of the data from /MOO52/ it has to be acknowledged that pure montmorillonite was
investigated instead of bentonite which requires an appropriate adjustment (see section
A.2.1). Two saturation-desaturation cycles were applied to sodium montmorillonite.
Some additional conclusions about the nature of hysteresis in the isotherms can be
drawn from the test with three cycles on natural montmorillonite (see section A.1.3).
/KAH86/ made measurements during just one such cycle but with a remarkably high
resolution of the curves. These data were confirmed by the measurements of /WADO04/
who became aware of a delay of equilibrium at high relative humidities. A more detailed
investigation including additional effects like the influence of the initial water content
(0 % < wi; < 27 %) was performed by /DUEO4/. /GAIOS/ addressed the dependency of
the adsorption isotherm on temperature covering a temperature range between 25 °C

and 99 °C, again with high resolution. Hysteresis, however, was not investigated.
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A1.2 Adsorption

In Fig. A.1 the data referring to adsorption is compiled. In case of the data from
/IMOO52/ only the data for the first adsorption path is shown. The data points measured
by /DUEO4/ for isotherms starting at a point between adsorption and desorption iso-

therm are given as open symbols to avoid confusion.

04 ! ! -
adsorption after [KAR86] =
adsorption after [GAIO5] =
i adsorpt.(1) natural montmorillonite after [MOO52]
adsorpt.(1) sodium montmorillonite after [MOO52] %
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adsorption jarl_8 after [DUE04]
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Fig. A.1 Data for the first adsorption path for sodium bentonite/montmorillonite

First observations from the data in Fig. A.1 are:

— The data points of /KAH86/, /WADO04/, [DUE04/ and /GAIO5/ lie closely together. A
characteristic piecewise curvature can be seen in the highly resolved data of
/KAHB86/ (red squares) and of /GAIO5/ (blue squares) (see also Fig. A.7). However,
the sections of constant curvature in these two tests are not congruent.

— The data of natural and processed montmorillonite /MOO52/ lie close to each oth-
er, too. Both isotherms appear to be parallel over a wide range of relative humidi-
ties.

— Generally, the increase of water content is disproportionately high at high relative
humidities, especially in the range of relative humidities above 90 %.

— The data point representing the initial water content appears to be missing for the
test with w;,; = 27 % in /DUEO4/.
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The effect of hysteresis on the adsorption isotherm can be seen in Fig. A.2. First and
second adsorption path of the natural montmorillonite show a significant difference. In
the range between 20 % and 90 % relative humidity the isotherm for the second ad-
sorption path seems to be shifted upwards. For the sodium montmorillonite this ap-
pears not to be the case. Moreover, the data for the second and third adsorption path
and the data for both adsorption paths of the sodium montmorillonite form a consistent
pattern. A certain scatter in the lower humidity range is attributed to the third adsorption
path of the natural montmorillonite and the second adsorption path of the sodium
montmorillonite where the preceding desorption was stopped at a humidity of 10 % and

not at complete desiccation.
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Fig. A.2 First and second adsorption path

A1.3 Desorption

The data from /MOO52/ for desorption comprises up to three adsorption-desorption
cycles for natural as well as for sodium montmorillonite. The data points from any de-
sorption path appear to be very closely related as shown in Fig. A.3. All other sources

provide data from only one cycle.
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Fig. A.3

A close matching can be observed, too, in the data from /KAR86/ and /WADOQ4/ for
bentonite. The data from /MOO52/, /KAR86/ and /WADO04/ show a characteristic
piecewise curvature of the desorption isotherms similar to that which has been seen for
the adsorption isotherms. The data points from /DUEOQ4/ are too scarce to confirm this
trend. They match the data from /KAR86/ and /WADO4/ for the measurements with an
initial water content below 20 %. In case of higher initial water content the desorption

isotherms from /DUEOQ4/ deviate considerably in the range above 50 % relative humidi-

ty.

A.2

A.21

The definition of the water content w as the ratio between the mass of interlamellar

0.2 0.4 0.6

relative humidity [-]

Desorption path

Consistency of the data

Content of montmorillonite

water m  and the mass of solids in the bentonite m_
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shows that isotherms w, (rh) for pure montmorillonite are easily converted into iso-

therms for bentonites wb(rh) provided that the clay in both cases is of the same type
and that there is no impact of the residual material. In case of pure clay the mass of

water is related to the clay mass m_ while in case of bentonite the mass of the acces-

sory minerals 11, also contributes to the solid mass. For a specific clay content x; —

expressed here as a mass fraction

x?: ¢ (A2)

follows conversion between the water content w_and the water content w_as

W, = X)W, (A3)

c

The water content in the isotherm for pure clay w, (rh) can thus simply be scaled ac-

cordingly in order to derive the appropriate isotherm w, (rh) for any bentonite based on

the same type of clay

w, (1) = X, w. (1) (A4)

Apparently, this scaling method applies also to the case of bentonite-sand mixtures

which differ from pure bentonite only in terms of the specific clay content.

A.2.2 Initial water content

The definition of the dry state of a bentonite is somewhat arbitrary since the bonding
forces between the water molecules and the cations are rather strong at low water con-
tents. Thus a certain amount of water which is very difficult to assess always remains in

a specimen after any drying procedure.

This phenomenon becomes a particular problem here because test results are com-
pared that are based on different drying methods. According to the authors the speci-
men of /IMOOS52/ were dried in a vacuum equivalent to drying in air at 140 °C. A similar

method was applied by /GAIO05/ where the author specifies the vacuum to a pressure of
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10° millimetres of mercury while /DUEO4/ dried the samples for 24 hours at 105 °C.

The drying procedures applied in the other experiments cited here are not reported.

From these uncertainties and differences in the drying methods it follows apparently
that a common origin of the isotherms in a comparative plot cannot exactly be deter-
mined. The consequences of the uncertainty in the definition of the dry state are dis-

cussed in the following.

An isotherm consists of data points reflecting the water content of a sample in equilibri-
um with the ambient relative humidity. The water content is usually derived from the
mass difference between the sample in equilibrium and the same sample after drying.
Weighing the dried sample provides the solid mass m_, weighing the partially saturated

sample provides the sum of solid and water mass m, :

m, =m, +m, (A5)
The mass of water m_ taken up can be then calculated from
mw:mb_ms (AG)

The same test under the same conditions but using different methods of drying would
yield the same mass m, but different values for m_. The differing values between two

tests will be identified as mf and mfl further on. To quantify the difference

m”:(l+a)-m] (A7)

with constant a is assumed. The ratio of the resulting two water contents w’and w”

reads then
mfff m, —(1+a)-m!
W_III: msil _ (1+a)-nlaf _ 1 mb—(l+a)1-m; _ 1 [l_i]j (A8)
woom, m, —m, (1+a) m, —m, (l+a) w
m! !
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and finally

1
wh=2"___4 (A.9)
l+a 1+a

The effective difference of two drying methods expressed by the constant @ is reflect-
ed by a scaling of the initial isotherm (Index I) in w-direction by a factor of 1/(1+ a) and
by translating it by a value of —a/(1+ a), also in w-direction. Scaling, however, has a

negligible effect in the range of @ considered here.

A3 Comparison of scaled data

A.3.1 Adsorption

In the following the curves from /MOO52/ are scaled down to a clay content of 75 % — a
value reported for MX-80 in /KAH86/ — in order to make the data comparable. Fig. A.4

shows the compilation analogous to Fig. A.1 after scaling.

Up to a relative humidity of 80 % the curves agree quite well with each other with the

following exceptions:

— The data for sodium montmorillonite provided by /MOO52/ is less curved in com-
parison to the more curvilinear sections of the other isotherms (q.v. Fig. A.2). It
matches the other curves for humidities up to 10 % and above 90 % rather well but
exceeds the trend line of the other curves by up to 3 % water content in the medi-
um range (q.v. Fig. A.5).

— The same applies to a lesser extend to the data for natural montmorillonite from
/IMOO52/ (q.v. Fig. A.5).

— Data from /DUEOQ4/ deviates generally in cases where the initial water content was
above zero. The starting points of these curves lie between the bounding curves
for adsorption and desorption and thus show too high water contents (q.v.
Fig. A.6).

— Even the adsorption isotherm from /DUEO4/ that starts with a completely dry sam-
ple deviates from the rest of the curves for humidities above 90 %. This is ex-
plained by the author with the extremely long test duration in this humidity range

which appeared necessary to reach equilibrium (q.v. Fig. A.6).
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Fig. A.6  First adsorption path scaled to a clay content of 75 %;

data points of /DUE04/ connected for better recognition

Discarding the data from /MOO52/ and taking only those isotherms from /DUEOQ4/ that
cover the total range of relative humidity leads to Fig. A.7. To facilitate drawing of some
conclusions from the detailed isotherms from /KAH86/ and /GAIQ5/ the data points are

connected to a line in this figure.

Fig. A.7 shows clearly that the characteristic course of the curve from /KAH86/ can also
be seen in the data from /GAIO5/. But in the range between 20 % and 80 % relative
humidity they appear to be shifted against each other by a value of 0.1 in 7;-direction.
An explanation for this phenomenon could not be found. Nevertheless, the data from
both sources do not differ very much from each other. And they are confirmed nicely by
the measurements of /DUEO4/ and /WADO4/ which are just too scarce to confirm also

the characteristic curvature of the two other isotherms.

The absolute uncertainty of all measured data in the range below 60 % relative humidi-
ty is never in excess of 1 % water content. In the range between 60 % and 80 % the
data appears to be somewhat more scattered. Above 80 % relative humidity the data
converges again except for the data from /DUEQO4/ which is systematically higher for

reasons given above. Thus the highest uncertainties are found in the range above ap-
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prox. 80 % water content which is unfortunately the relevant range for bentonite re-

saturation under in-situ conditions.
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Fig. A.7 First adsorption path scaled to a clay content of 75 %; different view with-
out data from /MOQO52/ and only selected isotherms from /DUEO4/ (see
text)

A.3.2 Desorption

Using the same scaling as for the adsorption isotherms all desorption isotherms are
congruent below 50 % relative humidity. Above that value all data is still in excellent
agreement with each other except for the data from /DUEQ4/ which deviates consider-
ably from the other data. All isotherms with sufficient resolution — meaning all except
those from /DUEQ4/ — show a particular piecewise curvature of the desorption iso-
therm: the first section covering the humidity range up to 45 %, the second one be-
tween 45 % and 93 % and a third section above 93 % relative humidity. This result is in
agreement with the conclusion of /MOQO52/ that the desorption path can be much better

reproduced than the adsorption path.
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Fig. A.8  Desorption path scaled to a clay content of 75 %

A4 Conclusions

The data for the adsorption isotherm for MX-80 bentonite is consistently showing an
exponential-shape increase of water content with the relative humidity up to 90 % hu-
midity followed by a disproportionately high further increase. A systematic substructure
in the run of this curve as indicated by the rather detailed measurements from /KAH86/
could not be confirmed either due to scarcity of the data or due to a substantially differ-

ent distribution of such substructures as in the data from /GAIO05/.

The investigations of /DUEO4/ indicate that the water contents measured by the other
authors could be too low due to the apparently long time required to reach equilibrium,
especially in the humidity range above 85 %. The required time can easily lie in the
order of 1 — 2 months. This means the data from /DUEQ04/ are a better representation of
the isotherm. However, it also questions the assumption of instantaneous equilibrium
between water content and relative humidity (or suction) that is usually implicitly ap-
plied for modelling bentonite re-saturation. This assumption is apparently only justified
in cases where a calculated change of the water content takes considerably more time
than equilibration of water content and relative humidity. Otherwise the water uptake

kinetics have to be taken into account as has been pointed out by /HAS05/ with respect
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to the capillary pressure-saturation relation in the framework of conventional two-phase

flow.

In contrast the data for the desorption isotherm agree very well with each other with the
exception of the data from /DUE04/ which exceed the data of all other authors. A rea-
son for these deviations could not be found. Otherwise three sections in the desorption
isotherm could be identified with a characteristic curvature confirming the existence of
substructures in the course of the desorption isotherm. Note that the measurements of
/DUEO4/ indicate that a period of time of less than 10 hours is required for equilibration
along the desorption path. All in all there is much less uncertainty in the data for the

desorption path than for the adsorption path.
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B Appendix: Hydrate layers and related water content

A method ascribed to Dubinin and Radushkevich to identify the water contents correlat-
ing with the completion of hydrate layers of the interlamellar cations is described in
/KARS86/. It is based on adsorption isotherms and requires a rather high resolution in
terms of data points. Data for MX-80 that appears to comply with this requirement are

taken from Appendix A and is plotted in Fig. B.1.
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Fig. B.1 Adsorption isotherms for MX-80 with high resolution in terms of data points

Using isotherm data plotted as log (w) over (log r,)* — see Fig. B.2 — the adsorption
energy which is characteristic for each level of adsorption can be calculated from the
slope of the resulting curve. From the fact that this curve is roughly composed of sev-
eral linear sections — see Fig. B.3 to B.5 with comparatively small connecting transition
sections it can be concluded that

— a hydration layer has to be completed at almost all cations before the next layer is

formed and that
— a value of the water content characteristic for the transition to the next hydration

layer can be identified.
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Fig. B.2 Isotherm data in different scaling for deriving adsorption energy
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Fig. B.3 Isotherm data for deriving adsorption energy showing linear sections
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Fig. B.5 Isotherm data highlighting the 4™ energy level

The locations of the intersections are depicted in Fig. B.6. According to the interpreta-
tion given in /KAR86/ the filling of the hexagonal openings is completed at 1 % to 2 %,
the first hydrate layer is completed at 6 % to 9.5 % and the second layer at 16 % to
18 %. As shown in Fig. B.7 these values correspond nicely with the changes in the
trend of the adsorption isotherm from /KAR86/ except for some data from /GAIO5/. A
reason for these deviations could not be found.
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C Appendix: Saturation with liquid water during stage 1

CcA1 Two-phase flow effects on the microscopic level

Water distribution at the end of stage 1 of the re-saturation is the result of several pro-
cesses that interact in a rather complex manner. However, during the first seconds the
migration of water inside the bentonite is assumed to resemble a two-phase flow before
hydration and accompanying swelling changes pore space and flow patterns signifi-

cantly /PUS03/. These first moments are looked at more closely in the following.

In the classical two-phase flow theory water is assumed to move in a bundle of pipe-
like capillaries with different radii. The uptake velocity in such a capillary depends on
the product of permeability and the pressure gradient as shown in equation ( 5.12).

The influence of gravity can be neglected here:

ve—-Vp (C1)
U

In the absence of an applied hydraulic pressure the pressure gradient depends only on
the capillary pressure. Regarding capillary flow as a one-dimensional process without

sinks and sources equation ( C.1 ) can be simplified to

va kel (C.2)
H Ax

and if only excess pressure p over atmospheric pressure is considered even simplified

to

(C.3)

However, while permeability is directly proportional to the capillary radius, capillary
pressure is inversely proportional. It is therefore not obvious if water is moving faster in

wide or in thin capillaries.
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In order to decide this question Hagen-Poiseuille’s law for pipe flow

0="""vp (C4)

is transformed to get an expression for the permeability in terms of Darcy’s law using

O=Av and A=rr’ (C5)

which leads to

Vp (C6)

so that the relation

r
= C.
k 2 (C.7)

is derived for the problem at hand. Capillary pressure on the other hand is a function of

the surface tension as described in equation ( 5.21)

20
p.=— (C.8)

7

Inserting equations ( B.7 ) and ( B.8 ) into (B.3 ) yields

VR ———7r (C.9)

and finally reveals that instant velocity of a water column of the length Ax is higher in

large capillaries than in thin ones. Water is thus taken up faster in the large capillaries.

C.2 Adding hydration dynamics

After the first few seconds water uptake is not only controlled by two-phase flow in the
pore space but also by hydration of pore water in the interlamellar space of the parti-

cles. Parallel to migrating in the flow channels between the grains water is also attract-
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ed to the surface of the clay particles and is ultimately drawn into the clay particles
where it hydrates at the interlamellar cations. This additional process takes a short time
and the hydration rate — an expression that is used here synonymously for the mass
flux between pore space and interlamellar space — is proportional to the difference of
the chemical potential of pore water and hydrated water. This difference decreases
with the locally increasing amount of hydrated water meaning that the uptake rate and

the concurrent swelling rate decrease with time.

Two effects impede the uptake of water increasingly. First, the confinement of the
swelling bentonite constricts the pore channels and thus reduces the permeability. Se-
cond, while the driving capillary forces at the front end of the water column in a flow
channel persist to be constant, the flow resistance increases with the length of this wa-

ter column leading to a decrease of flow velocity with time.

If the progress of water has been slowed down sufficiently a third effect becomes no-
ticeable. Water evaporates all the time at the interface between water and air and is
subsequently transported further into the pore atmosphere by vapour diffusion. This
effect causes a little but steady mass flux of water leaving the water column. Migration
of the water-air interface comes therefore to an end when liquid water flow in the flow
channel equals the diffusive vapour flux at the interface. For a single flow channel the

combined effects of two-phase flow and beginning hydration are illustrated in Fig. C.1.
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Fig. C.1 Evolution of water uptake in a single flow channel during stage 1
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C.3 Expanding to a channel network

As explained in the previous section, if an air-dry bentonite comes into contact with
water the water in wider channels moves faster than that in narrower channels. This
process is illustrated by Fig.s C.2 a) and b). Wetting of the clay grains, hydration and
subsequent swelling begins in the large channels. The swelling not only reduces the
channel diameter by taking up water but also affects the neighbouring dry channels by
applying swelling pressure locally. It can be expected that this effect acts locally and
proportional to the diameter of the channels still filled with air. Wider channels are more
easily squeezed than smaller ones due to a higher resistance to compaction in more
densely packed regions. The highest variations can thus be expected in the widest

channels.

Wherever wide water bearing flow channels intersect narrower air-filled channels the

latter start to take up water from there on, too. The bulk volume containing the narrow

water-filled channels thus more or less coincides with the bulk volume containing large

water-filled channels. At the end of stage 1 it can therefore be expected

— that channel sizes in the water-filled region of the channel network are equalised to
a certain extent, and

— that a completely water saturated, narrow zone at the bentonite-water contact is
followed by air-dry bentonite without much of a transition in between.

This situation is illustrated by Fig. C.2 c).

bentonite at initial water content

[ ] free pore space
I water-filled reduced pore space

additional bentonite volume due to swelling.

Fig. C.2 Re-saturation of the flow channel network in a bentonite; a) air-dry condi-
tion, b) intermediate water distribution, c) water distribution at the end of

stage 1
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D Appendix: Derivatives of the water content

During the development of the balance equation ( 4.34 ) several derivatives of the wa-
ter content and the relative humidity with respect to time as well as to space are re-
quired. An unspecified independent variable u, representing either time or space, is
introduced here to acquire a generally valid formulation for the different derivatives.
Note that the simple partial derivative with respect to u can be replaced by the gradient

operator in case of more than one spatial coordinate.

First order derivative of w with respect to u

In the light of relation ( 4.22 ) applies

(D.1)

ou \or, ou OT ou

According to equation ( 4.23 ) the first order derivative of r, with respect to u can be

written as

, _ on, op, , 0, OT

(D.2)
ou o0Op, ou OT ou
which leads to
ow_ow ai%.,.%@_T +%6_T (D.3)
ou or,|0p, ou OT ou| OT Ou
From equation ( 4.23 ) follows directly
o _ 1
aIDV pvsat and %:_ pv ap"sat ( D4 )

aT pv sat aT

This allows a formulation alternative to equation ( D.3 ):

ow_ow 1 apv{aw ow p, 0P, |OT

AL L - == — D.5
ou or, p,,, Ou oT or, 1 pth 0T |ou ( )
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Note: Inserting equation ( D.4 ) introduces a term that depends directly on the vapour

partial density p, .

Second order derivative of w with respect to u

The second order derivative of w with respect to u can be derived from applying the

first order derivative to w twice:

o’w 0 [ owar, 8_w8_T
ou’  ou or, Ou 6T Ou

5 ) (D.6)
O ow ai 6w5‘rh+ i(@_wj 6_T+6_W8T
ou ﬁrh ou or, ou” |ou\oT)|ou OT ou’
The second order derivative of r;, is apparently also required:
0'r, _ o (én dp, , on T
ou’ ou\dp, ou OT ou
[ a(an Y], Lo o, [0 (Grh) or o, &7
| ou\0p, )| ou  Op, ou’ ou\oT )|ou oT ou’
ol 1)|ee., 1 @0 (57)
au pvsat au pvsat a :

_ i ,OV apvsat 8_T pv apv sat a T
oul(p,, ) or J|ou (p,,f oF ou
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Inserting of equation ( D.7 ) into equation ( D.6 ) finally yields

or,

| ofow 1 op,  p P dT
oulon, )| P 0u (p,.,f OT ou

of 1 ], 1 &
ow Gu pvsat au pvsat auz

o’w o (ow|or, 0p, or, 0T | owoT
ou’  ou

ou op, ou T ou | OT ou

apvsat azT

arh _ i ,OV apv sat a_T ,0,,
au pv sat aT

o (ow)|oT owo*T
=] —= || —+—
ou\oT )| ou OT ou*
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E Appendix: Balance equation for heat transport

E.1 Balance equation for heat transport

In principle, there are three mechanisms for the transport of thermal energy:
— heat conduction,
— convection, and

— thermal radiation.

However, thermal radiation does not play a role in the context of fluid flow in porous
media. On a microscopic level of observation heat flow occurs in the solid particles as

well as in the interlayer water according to the referring thermal properties.

— assumption E.1: Heat flow in gaseous phases can be neglected.

Separate balance equations for heat in the water as well as in the solid material can

therefore be written as

j{dq)a—éa) +A(<I)aQavu+CDaJQa)—rQa dG =0 (E1)

ot

Qa - heat density of a [J/Im?]

@ - volumetric fraction of « of the bulk volume [-]

Jy - heat flow density [J/(m? s)]

1o, - heatsourcein o [J/(m3s)]

a - index for interlayer water (0{ - hyd) or solid (a - S)

— assumption E.2:  Neither interlayer water nor solids are transported by advection.

Assumption E.2 allows to drop the advective term in equation ( E.1 ). Adding equations

(E.1) gives

A(q)hdethd +CDSJQA_ )_ o _FQS =0(dG=0 ( E.2 )

hyd

Ia(®hdeh)rd+q)st) n
! ot
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It is much more convenient to express heat density Qa and heat flow density JQa by the
directly measurable temperature T'. Equation ( E.2 ) contains heat density only as a
subject to derivatives and differences of the heat density can be related to differences

of temperature (e.g. /FLU61/) by

50 =, poT (E3)
c, - specific heat capacity [J/(kg K)]

P - material density [kg/m?]

T - temperature [K]

For heat conduction in solid matter and immobile fluids Fourier's law applies which is

formally identical with Fick’s law of diffusion:

— assumption E.3: In the case of heat conduction heat flow density — defined as

heat per area and second — can be computed by Fourier’s law:
Jo = -AVT (E.4)
A - thermal conductivity [J/(m K s)]

Inserting ( E.3 ) and ( E.4) in the general balance equation ( E.2 ) results in

o, ¢, .o T +Dc pT
J ( hyd ™ phyd h}fda;yd s pshs s) A(q) i /Ihydv ]-wh y q)S ﬂvav)
G (E.5)

G| — —
o hyd "o s

=0

— assumption E.4: Hydrated water and solid particles are always in local thermal

equilibrium:

T,,=T. =T (E6)
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From assumption E.4 follows that it is not necessary to distinguish between heat

sources in solids and in interlayer water:

"o =T, T 1o, (E7)

While the volume fraction taken by the solid particles is related to dry and grain density
(9.v. equation ( 4.10)) and thus is a constant the volume fraction of the interlayer water

is a function of the water content (q.v. equation ( 4.13 )). However, provided that

— assumption E.5;: Thermal conduction is a much faster process than water

transport in clay.

holds, it follows that the initial water content in the clay persists until the heat front has
crossed the clay. In other words, before significant changes in the water content can
happen the temperature profile in the clay is already more or less at steady-state. This
reduces the influence of the time-dependent water content on the storage term com-

pared to the diffusion term during this period.

If changes in the temperature distribution are very slow the shape of the distribution
can be influenced by the distribution of thermal diffusivity. A maximum ratio of 2 be-
tween thermal conductivity of dry and saturated clay does not distort the temperature

results intolerably, though, leading to

— assumption E.6:  volumetric fraction of the interlayer water and thermal conduc-

tivity are assumed to adopt a typical but constant value.

Balance equation ( E.5) is therefore further transformed by equations ( 4.13 ), (E.6),
and (E.7 ) into

oT

[ {((I)hydcphyd Proa + D, P, )5 M@, 4,0 +®ANT)- rg} dG (Es8)

G

=0
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Without the source term equation ( E.8 ) represents another diffusion equation:

oT

—+Alx-VT)=0
ot ( ) with = q)hydﬂ’hyd +q)sﬂ’s ( E.9 )
thydehydphyd +chcpsps
K - thermal diffusivity [m?/s]
E.2 Numerical solution

Balance equation ( E.9) is formally identical with equation ( 5.17 ) which has already
been discussed in section 5. The resulting approximating equations for the inner nodes
and the left node as well as the Neumann stability criterion are therefore analogue to
equations ( 5.26 ) to ( 5.28 ):

T =TO'+%K5(A+T;—(A++A_)TO‘+A_T_') (E.10)

for an inner node and a comparison with equation ( 4.62 ) for the node at the left

I =Ty +2 A (1) (E11)

The Neumann stability criterion is the only applicable criterion here and it applies anal-

ogously to equation ( 4.66 ):

NezK%S% (E.12)
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F.1

F.2

Appendix: Compilation of model assumptions

Re-saturation stage 1

assumption 3.1:

assumption 3.2:

During the first stage a thin, homogeneously water-saturated
zone develops until equilibrium is reached between water flow
through the swollen bentonite and evaporation into the free
pore space (see Fig. 3.1).

Water transport in the thin saturated zone between the benton-
ite-water contact and the water-air interface is dominated by

advective flow.

Re-saturation stage 2

assumption 4.1:
assumption 4.2:
assumption 4.3:
assumption 4.4:
assumption 4.5:

assumption 4.6:

assumption 4.7:

assumption 4.8:

assumption 4.9:

assumption 4.10:

assumption 4.11:

assumption 4.12:

Diffusion of water vapour in air can be described as a binary
diffusion process.

Advection of water vapour does not occur.

Fick’s second law is valid.

Diffusion is isotropic.

Apparent diffusion is impeded due to tortuosity of the pore
space.

The local amount of water vapour can change due to hydration
or condensation.

Interlayer water can only migrate by a Fickian diffusive process.
Density of interlayer water is independent of the state of hydra-
tion.

Constant-volume conditions apply.

The sum of the volumes of pore space and interlayer water is
constant.

The local mass of water vapour is negligible compared with the
local mass of hydrated water.

Hydration occurs instantaneously. Thus, water content is al-

ways in equilibrium with the relative humidity in the pore space.
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F.3

F.4

assumption 4.13:

assumption 4.14:

assumption 4.15:

assumption 4.16:

assumption 4.17:

assumption 4.18:

assumption 4.19:

The product of porosity, tortuosity and molecular diffusion coef-
ficient is called the apparent diffusion coefficient D,. Under iso-
thermal conditions is D, constant.

The apparent diffusion coefficient D, changes with temperature
and pressure proportionately to the molecular diffusion coeffi-
cient.

Interlamellar water migrates diffusively at rates corresponding
to self-diffusion.

Change of particle orientation during re-saturation has negligi-
ble influence on the pathway tortuosity for the interlamellar wa-
ter.

The adsorption isotherm depends only on temperature. Influ-
ence of pressure, adsorption-/desorption-hysteresis, and tem-
perature-induced mineral alterations are negligible.

Only homogeneous diffusion is considered.

The isotherm of MX-80 bentonite at 25 °C can be approximated

by a linear function up to a relative humidity of 95 %.

Re-saturation stage 3

assumption 5.1:
assumption 5.2:
assumption 5.3:
assumption 5.4:
assumption 5.5;
assumption 5.6:

assumption 5.7:

Re-saturation in the third stage is dominated by two-phase flow.
Gas flow is neglected.

Compressibility of water can be neglected.

Thermal strain of water can be neglected.

Porosity is constant.

Sources are not to be taken into account.

The influence of gravity can be neglected.

Balance equation for heat transport

assumption E.1:
assumption E.2:

assumption E.3:

Heat flow in gaseous phases can be neglected.
Neither interlayer water nor solids are transported by advection.
In the case of heat conduction heat flow density — defined as

heat per area and second — can be computed by Fourier’s law:
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— assumption E.4: Hydrated water and solid particles are always in local thermal
equilibrium:

— assumption E.5: Thermal conduction is a much faster process than water
transport in clay.

— assumption E.6:  volumetric fraction of the interlayer water and thermal conduc-

tivity are assumed to adopt a typical but constant value.
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G Appendix: Local effect of heating on relative humidity

The effect of heating on the relative humidity in the pore atmosphere can most clearly
be derived from the behavior of partially saturated bentonite in a closed system. This
behavior can in principle be transferred to the problem of the local response to heating
in a bentonite buffer especially since instantaneous hydration is already assumed any-

way.

The following considerations are based on isotherms for bentonite which basically rep-
resent the equilibrium between the relative humidity in the pore space and the water
content. Note that relative humidity represents a measure for the amount of water in
the pore space while the water content represents a measure for the amount of inter-

lamellar water.

From /GAIOS/ it is known that heating causes a certain lowering of the isotherms. In
Fig. G.1 a principle sketch is given for two isotherms, the one in blue for a temperature
Ty and the one in red for a temperature 7; which is assumed to be higher than 7). Equi-
librium at T} is characterized by the relative humidity 7, y and the related water content
wy (blue circle in Fig. G.1). Heating the bentonite up to temperature T; shifts the blue

isotherm to the position of the red isotherm.

A

water content

(interlayer water)

Wo " T T T T T

Wyt

relative humbidity

Yho r,,; (pore water)

Fig. G.1 Local equilibria at different temperatures in a closed system
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If the interlamellar water were unaffected by the heating it would remain at wy so that
the new equilibrium would be represented by the orange circle in Fig. G.1. However,
this would not be consistent with the corresponding increase of relative humidity. An
increase of relative humidity can only be achieved by an increase of water vapour in
the pore atmosphere even more so since the temperature is also increased. In a closed
system this additional water vapour can only come from the interlamellar water by de-
hydration. The increase of relative humidity therefore reduces the water content to a
certain extent and means that the new equilibrium is reached a little left from the posi-
tion of the orange circle. The orange circle thus provides an upper boundary for the

relative humidity at 7.

If on the other hand relative humidity were unaffected by the heating water content
would be decreased as indicated by the purple circle which again is not possible. Low-
ering the water content sets interlamellar water free thereby increasing the vapour den-
sity and thus relative humidity. The new equilibrium is therefore reached right from the
position of the purple circle. The purple circle thus provides a lower boundary for the
relative humidity at 7. It thus follows generally that changing from one state of equilib-
rium to another state of equilibrium at a higher temperature causes the water content to

decrease and the relative humidity to increase.

From the fact that the density of interlamellar water is several orders of magnitude
higher than that of water vapour it follows that little changes in water content are suffi-
cient to change relative humidity considerably. This in turn means that during heating
the water content changes only little in comparison to the relative humidity. The equilib-
rium at 7, represented by the red circle is therefore much closer located to the orange

than to the purple circle.
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Symbols and notations

Symbols

A cross-section area [m?]

B() time-dependent volume [m?]

D diffusion coefficient [m?¥s]

Dy, reference value for the binary gas diffusion coefficient [m?/s]
D,, coefficient of binary gas diffusion [m?/s]

D, macroscopic diffusion coefficient [m?#/s]

D; macroscopic diffusion coefficient of the interlamellar water [m?/s]
D, diffusion coefficient of the interlamellar water [m?/s]
G fixed domain volume [m?3]

J non-advective across the surface of G [<dim>/(m? s)]
K tensor of the absolute permeability [m?]

M, molecular mass of water; M = 0.018 [kg/mol]

R universal gas constant; R = 8.31 [J/(mol K)]

S degree of saturation [-]

T temperature [K]

Ty reference temperature [K]

v, local finite Volume [m?]

Z(t) extensive state variable in B(z) with the dimension <dim> [<dim>]
c, specific heat capacity [J/(kg K)]

g material-specific deviation factor [-]

g vector of the gravitational acceleration [m/s?]

k permeability [m?]

k., relative permeability of the a-phase [-]

ky Boltzmann constant [J/K]

m element number [-]

My, mass of the interlayer water [kg]

m,, mass of condensated vapour [kg]

My dry mass of the bentonite [kg]

P pressure [Pa]

P, swelling pressure [Pa]

P, air pressure [Pa]

D. capillary pressure [Pa]
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P sat

Pa
Pq

entry pressure [Pa]

scaling_parameter [Pa]

vapour partial pressure [Pa]

vapour saturation pressure [Pa]

sink/source of the a-phase [kg/(kg s)]

sink/source of Zin G [<dim>/(m? s)]

sink/source for vapour mass due to condensation [kg/(m? s)]
sink/source for vapour mass due to hydration [kg/(m? s)]
sink/source for interlamellar water due to hydration [kg/(m? s)]
relative humidity [-]

relative humidity according to free swelling conditions [-]
relative humidity at saturation according to free swelling conditions [-]
relative humidity according to confined conditions [-]
suction [Pa]

suction according to free swelling conditions [Pa]

suction according to confined conditions [Pa]

velocity [m/s]

water content of the bentonite [-]

equilibrium water content at reference temperature [-]
water content at the end of stage 2 (end of swelling) [-]
water content with a completely water-filled pore space [-]
water content related to liquid water in the pore space [-]
density of Z [<dim>/m?3]

empirical exponent [-]

thermal diffusivity [m?/s]

pore size distribution index [-]

thermal conductivity [J/(m K s)] (Appendix E only)
viscosity [Pa s]

particle mobility [m/(N-s)]

material density [kg/m?]

density of liquid water; p,, = 1000 [kg/m?]

vapour partial density [kg/m?]

vapour saturation partial density [kg/m?]

density of the interlayer water [kg/m?]

dry density of the bentonite [kg/m?]

density of the solid matter in the bentonite [kg/m?]
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o surface tension [N/m]

4 tortuosity [-]

Thya tortuosity of the interlamellar space [m?/s]
(1 initial tortuosity [-]

Y porosity [-]

®,, fraction of volume taken by interlamellar water [-]
D, porosity of the dry bentonite [-]
@, initial porosity [-]

porosity at the end of stage 2 (end of swelling) [-]

Indices

o denoting the a—phase
X+/Xo/X. variable x left of/at/right of the node

xIx variable x on the new/old time level
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