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SUMMARY

In the planned Swiss repository for low- and intermediate-level radioactive waste, the
voids between the waste containers will be backfilled with a highly permeable mortar
(Nagra designation: mortar M1). As well as providing mechanical stability through filling
of voids and sorbing radionuclides, the mortar must divert gases formed in the reposi
tory as a result of corrosion into the neighbouring host rock. This will prevent damage
which could be caused by excess pressure on the repository structures. Water trans
port, which is coupled to gas transport, is also of interest. The former is responsible for
the migration of radionuclides.

Up till now, numerical simulations for a repository situation were carried out using
transport parameters determined for small samples in the laboratory. However, the
numerical simulations still had to be validated by a large-scale experiment. The inves
tigations presented here should close this gap.

Investigations into gas and water transport were carried out using a column (up to
5.4 m high) filled with backfill mortar. The column has a modular construction and can
be sealed at the top end with a material of defined permeability (plug or top plug). The
possibility to vary the material of the plug allows the influence of the more impermeable
cavern lining or possible gas escape vents in the cavern roof to be investigated. A gas
supply is connected to the bottom end and is used to simulate different gas generation
rates from the waste.

A total of 5 experiments were carried out in which the gas generation rate, the column
height and the permeability of the plug were varied. Before the start of the experiments,
the mortar in the column and the plug were saturated with water to approx. 95 0/0. In all
the experiments, an increase in pressure with time could be observed. The higher the
gas generation rate and the lower the permeability of the plug, the more quickly this
occurred. At the beginning, only water flow out of the top of the column was observed.
Only after the saturation of the mortar had dropped to approx. 80 % could gas be
detected flowing out of the column. This gas flow was not continuous but occurred in
pulsed intervals.

The experimental investigations were then numerically simulated and the results
compared with those from the experiments themselves. This demonstrated that, with
the transport parameters used up to now, the experiments could be simulated, some
times resulting in a very good correlation with the actual tests. Extensions to the
numerical model are suggested, which will allow simulation of phenomena not yet
implemented in the model.
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Im geplanten schweizerischen Endlager fur schwach- und mittelaktive Abtalle werden
die Zwischenraurne zwischen den Abfallcontainern mit einem hochpermeablen Mortel
(NAGRA Bezeichnung: Mortel 1) ausgefOIIt. Neben der mechanischen Stabilisierung
durch das VerfOllen der Hohlraurne und der Sorption von Radionukliden hat er die Auf
gabe, die im Endlager durch Korrosion entstehenden Gase in das umgebende Wirt
gestein abzuleiten. Dadurch konnen Schaden vermieden werden, die durch einen
alltalliqen Uberdruck an der Kavernenkonstruktion entstehen konnten, Neben dem
Gastransport ist der damit gekoppelte Wassertransport von Interesse, der fur den
Transport von Radionukliden verantwortlich ist.

Die bisher durchgefOhrten Modellierungen fur den Gas- und Wassertransport im End
lager basierten auf Transportparametern, die an kleinen Mortelproben im Labormass
stab ermittelt worden waren. Eine Validierung der numerischen Simulationen anhand

eines Experimentes in grossem Massstab fehlte jedoch bisher. Die hier vorgestellten
Untersuchungen sollen diese LOcke schliessen.

In einem experimentellen Teil werden anhand einer mit Verfullrnortel gefOllten Saule
(bis zu 5.4 m hoch) Untersuchungen zum Gas- und Wassertransport vorgenommen.
Die Saule ist modular aufgebaut und kann am oberen Ende mit einem Material defi
nierter Permeabilitat (Abschlusspfropfen) abgeschlossen werden. Mit diesem variablen

Abschluss kann der Einfluss des dichteren Kavernenausbaus oder alltalliqer Gas
auslassoffnunqen (Vents) im Kavernenfirst studiert werden. Am unteren Ende ist eine
Gaszufuhr angeschlossen, mit der definierte Gasproduktionsraten der Abtalle simuliert
werden konnen.

Es wurden insgesamt 5 Versuche durchgefOhrt, wobei die Gasgenerationsrate, die
Saulenhohe und die Perrneabilitat des Abschlusspfropfens variiert wurden. Der Mortel
in der Saute sowie der Abschlusspfropfen wurde vor Versuchsbeginn auf ca. 95 0/0

autqesattiqt. Es zeigte sich in alien Versuchen ein Druckanstieg mit der Zeit, der mit
zunehmender Gasgenerationsrate und abnehmender Perrneabilitat des Abschluss
pfropfens rascher erfolgte. Zu Versuchsbeginn wurde nur ein Wasserfluss aus der
Saute beobachtet. Erst nachdem die Sattiqunq des Mortels bis auf ca. 80 0/0

abgesunken war, wurde auch ein Gasfluss aus der Saule festgestellt. Der Gasfluss
erfolgte nicht kontinuierlich sondern in Intervallen pulsartig.

Im Anschluss wurden die durchgefOhrten experimentellen Untersuchungen numerisch
simuliert und die numerischen mit den experimentellen Resultaten verglichen. Es
zeigte sich, dass mit den bisher verwendeten Transportparametern die Versuche z.T.
in guter Ubereinstimmung simuliert werden konnen. Nachfolgend werden Erweiterun
gen des numerischen Modells vorgeschlagen, um Phanornene simulieren zu konnen,
die bisher im numerischen Modell nicht implementiert sind.
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Dans le projet suisse pour le stockage detinitit de dechets radioactifs de faible et

moyenne activite, les espaces entre les fOts de dechets seront remplis d'un mortier tres

permeable (<< mortier 1 » selon la designation de la Cedra), Ce mortier doit permettre,

en plus de la stabilisation mecanique due au remplissage des vides et de I'adsorption

des radioelernents, l'evacuation des gaz dus a la corrosion vers la roche encaissante.

Cela peut eviter des deqats a la construction de la caverne dus a une eventuelle

surpression. Le transport d'eau couple acelui du gaz est eqaiernent digne d'interet, car

il est le vecteur de transport des radioelements,

Les simulations numeriques eftectuees ace jour pour le transport de gaz et d'eau dans

un depot final sont basses sur des pararnetres de transport evalues en laboratoire sur

de petits echantillons de mortier. 11 manque encore une validation des simulations

numeriques basee sur une etude a plus grande echelle. Les investigations presentees

ici sont destlnees acombler cette lacune.

La partie experirnentale examine le transport de gaz et d'eau dans une colonne verti

cale pouvant atteindre 5.4 m de hauteur, remplie de mortier de colmatage. La colonne

est modulaire et peut se terminer dans la partie superieure par un materiau de per

rneabilite definie (bouchon terminal). Grace a cette terminaison modulable on peut

etudier I'influence de la roche encaissante moins permeable ou celle d'eventuelles

ouvertures pour la vidange du gaz au toit de la caverne. L'arrivee de gaz, avec un debit

reqlable, est connectee a t'extremite interieure de la colonne. On peut ainsi simuler la

production de gaz des dechets,

On a eftectue 5 essais en tout, en variant le debit de production de gaz, la hauteur de

la colonne et la permeabilite de la partie terminale. Le mortier dans la colonne et le

bouchon terminal ont ete satures d'eau a 95 % avant le debut de chaque essai. Tous

les essais ont revele une augmentation de pression au cours du temps, d'autant plus

rapide qu'etait forte la production de gaz et faible la permeabilite de la partie terminale.

Au debut des essais, on n'a observe qu'un debit d'eau a la sortie de la colonne. Ce

n'est que lorsque la saturation en eau a baisse [usqu'a 80 % environ que I'on a

observe un flux de gaz a la sortie de la colonne. Ce flux de gaz n'etait pas continu,

mais intermittent, en pulsations.

Ensuite, les essais ont ete sirnules nurnerlquement et les resultats compares aux

observations. Les simulations basees sur les pararnetres de transport utilises jusqu'ici

restituent en bonne partie les observations. Pour terminer, on propose des extensions

du models nurnerique permettant de simuler des phenomenes qui n'ont pas encore ete

pris en compte dans celui-ci.
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Based on the protection objectives set out in the HSK R-21 Guideline, the release of

radionuclides from a sealed repository for radioactive waste, subsequent upon proces

ses and events reasonably expected to happen, shall at no time give rise to individual

doses which exceed 0.1 mSv/a. For this reason, underground caverns in rock forma

tions which have a minimum of tectonic activity and low hydraulic permeability are

chosen for repositories. Besides the cavern construction and the waste emplacement

concept, the neighbouring host rock itself has an important role to play in isolating ra

dioactive substances from the biosphere. In this respect, low-permeability rock forma

tions are the most favourable. Another factor to be considered in the safety analysis for

low- and intermediate-level waste disposal is the production of gases due to progres

sive chemical alteration of the materials emplaced in the repository. Hydrogen is

formed as a result of anaerobic corrosion of steel canisters (WIBORGH, HOGLUND &

PERS 1986; MOETSCH, ZUIDEMA & VAN DORP 1994). Furthermore, microbial

degradation of organic substances produces methane gas. Aluminium wastes and zinc

also produce elemental hydrogen in the cement-bound backfill mortar. Safety analyses

assume that, on the long term, 0.5 m3 gas will be produced annually (at STP) for every

cubic metre of waste in the repository.

The gases which form in the cavern cause the pressure in the cavern to increase and

must therefore be transported from there into the surrounding host rock and, finally,

through the rock formation. The resulting pressure differences lead to stresses which

must not exceed the tensile strengths of the materials used.

Special, highly permeable, cement-bound mortars for cavern backfilling were thus de

veloped by the Institute for Building Materials at the ETH Zurich (JACOBS, MAYER &

WITTMANN 1994; MAYER & WITTMANN 1995). Permeabilities and porosities were

examined in the laboratory for small samples around 10 cm in size. Simultaneously, in

order to simulate the gas and water transport in a repository, numerical simulations

were performed using TOUGH2 and the transport parameters obtained from the

laboratory tests (MAYER, JACOBS & WITTMANN 1994, SENGER et al. 1994).

However, these numerical simulations still remained to be validated by a large-scale

experiment. The investigations presented here are intended to rectify this situation.

The transport of gas and water was investigated in experiments using a column (up to

5.4 m high) filled with backfill mortar. The initial and boundary conditions were varied.

The experiments are then simulated numerically and the results compared with those

of the experiments themselves.

The report can basically be divided into two sections. In the first section, the experi

ments are presented, starting with the experiment configuration, followed by a charac

terisation of the materials investigated and the test procedures. Thereafter, a total of

five different experiments are described.



NAGRA NTB 98-03 2

The second section presents the numerical simulations, starting with the model
parameters used and including a simulation of the first test. A comparison of the ex
perimental and simulation results allows the model parameters to be refined and any
limitations noted. Finally, an extension to the numerical model is proposed.
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2 LABORATORY INVESTIGATIONS

2.1 Test configuration

2.1.1 General

NAG RA NTB 98-03

In the planned repository for low- and intermediate-level waste, mortar M1 will be used

to backfill voids between emplaced containers. If one considers the case of a gas

producing container in the repository, then the gas in mortar M1 would have to cover

distances up to 20 metres in order to reach the host rock via the cavern lining or

through a gas escape vent. The width of such flow channels for the gas is determined

by the spacing between the containers and is typically 20 - 30 cm. The test

configuration described in the following is designed to reproduce such transport

processes on the same scale.

Ideally, the experiments should be carried out in an instrumented reproduction of the

caverns. This is impossible for financial reasons and also because boundary conditions

and parameters can be varied only in a restricted way. A modular, one-dimensional

flow experiment with distances which are typical for a repository was therefore

conceived. The test set-up consists of four column elements, each 1347 mm long and

with an inner diameter of 274 mm. These elements are filled with mortar M1 and each

is equipped with two water saturation sensors and two pressure sensors. The elements

can be screwed together via a flange at each end, producing a maximum column

length of 5.4 m. An adjustable gas supply is connected at the bottom end of the

assembled column and is used to simulate different gas generation rates. A sample cell

is mounted at the top of the column. Materials with known permeability and porosity

can be emplaced in this cell and the influence of the gas vent or the host rock on gas

and water transport can then be simulated. Outflowing gas and water volumes are
measured at the cell exit.

2.1.2 Column elements

A column elements consists of a 1000 mm long weldless steel tube with a welded neck

flange on each side. The overall length is 1347 mm (Fig. 1). The inner diameter of the

tube is 274 mm and the wall thickness is 25 mm. Each steel tube is equipped with four

drillholes for connecting pressure and water saturation sensors. The steel used for the

tube is of grade St. 52.0 according to DIN 1629 and has a tensile strength of 500 to

650 N/mm 2
. The flanges are designed according to DIN 2638 for a nominal pressure of

160 bars.
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Fig. 1: Structure of a column element

The following factors were considered when selecting the dimensions for the wall
thickness of the tube: in conventional sample cells used for investigating transport
processes, the cylindrical surface of the sample is sealed using a rubber sleeve or a
synthetic resin. This ensures that transport does in fact occur through the sample and
not in a gap between the sample edge and the seal. The sealing requirements can be
formulated as follows: for a given driving force, the flow through the sample Qp must be
much larger than the flow through the gap Q s:

Qs« Qp

For a cylindrical sample with radius r, permeability k and gap width b, it follows that:

(1)

and:

2Jrrb 3 dp

121] dx

r 2 Jrk dp« ----
1] dx

(2)

b 3 « 6rk (3)
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If it is accepted that 0.1% of the flow will be through the gap, then the maximum

allowable gap width for a tube with an inner diameter of 0.275 m filled with mortar M1
(k::::; 10-10 m2

) will be 10 urn.

A gap occurs between the mortar and the wall of the tube either if the mortar shrinks

inside the tube, this can however be ruled out with the more or less water-saturated

conditions, or if the tube widens due to a pressure increase in the interior of the tube. It

can be seen from the formula for pressure vessels that the gap width b is a function of

the pressure difference between the tube interior and the atmosphere, the

dimensioning of the tube and the E-Modulus of the steel:

r
M

d

b
= E

r
(4)

The selected tube wall thickness d of 25 mm and an assumed operating pressure of

maximum 10 bars results in an increase of 3.5 urn in the tube radius. It can thus be

ensured without additional sealing measures that side effects will not occur to a

measurable extent.

fitting
/ porous sample:

~h=60'0150
••• ....••••.•• ~.. ••.. glued in a steel tube

k-0S9S---J
Fig. 2:

2.1.3

Assembled sample cell

Sample cell and column end

The sample cell mounted at the upper end of the column basically consists of a bottom

plate, a steel tube into which the sample is glued and a lid (Fig. 2). The bottom plate

consists of a blind flange into which a hole (0 = 150 mm) is drilled. The steel tube has

an inner diameter of 150 mm, a wall thickness of 10 mm and a height of 65 mm. A

groove is turned into both faces of the tube to allow sealing with an O-ring. The lid has

a hose fitting and eight screws for fastening the steel tube onto the bottom plate. There

is also a sample cell at the bottom end of the column, but this is used only for

connecting the gas supply during the experiments or connecting a water reservoir for

preconditioning. The steel tube in this cell is empty.
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2.1.4

2.1.4.1

Measuring equipment and data acquisition

Pressure

Two types of pressure sensor, which display the measured pressure relative to ambient
pressure, were used for the column elements. One has a maximum permissible
pressure of 20 bars and the other 100 bars. An absolute pressure gauge was used for
measuring atmospheric pressure and a relative pressure gauge (0 - 70 mbar) was used
for the gas separator.

2.1.4.2 Gas generation rate

For simulation of a gas source, a commercially available nitrogen bottle with a mass
flow regulator was used to establish a constant gas flux. The type used (Brooks)
consists of a flowmeter which measures the mass flow using a thermal process, a
control valve and an electronic control unit. The gas generation rate can be set
between 0 and 3 ml (normal) by applying a constant voltage (0 - 5 V).

2.1.4.3 Water saturation

The structure of the sensor (0 = 250 mm, h = 30 mm) is similar to that of a plate
capacitor, except that the electrodes are made of wire mesh with a mesh size of 1 mm.
This is to prevent any interference with the transport processes to be investigated.

To produce the electrodes, circular discs (0 = 250 mm) were cut from the wire mesh
and an insulated copper wire soldered on at the edge. A 12 mm thick layer of
mortar M1 was then introduced into a cylindrical casing and covered with an electrode.
A further 6 mm thick mortar layer was then covered with a second electrode and the
remainder of the mortar was then placed on top of this. The sensors were removed
after one day and stored under water.

In preliminary experiments, the electrical properties of the sensors were checked and a
suitable method identified for measuring water saturation. For this purpose, it was
necessary to be able to set different levels of water saturation in the probes. In view of
the fact that the later experiments were to be carried under fully saturated conditions
from the beginning, the probes were initially stored under water. Conditioning the
probes at saturation levels below 100% proved problematic. As soon as the probe was
removed completely from the water, an uncontrollable volume of water ran out of the
probe because of the low capillary forces of the coarse-grained mortar. To avoid this,
the probes were placed in the water in such a way that a segment protruded from the
water (Fig. 3) and the rest of the probe remained under water. The saturation of the
probe is given by the ratio of the wetted volume of the probe to the total volume. In a
preliminary experiment, the capillary rise of water in mortar M1 was measured to be
approx. 1 cm.
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s = ~ ( Jr-arccos(r~h)) + r~h Sin(arccof~h)) (5)

An LCZ-meter (Hewlett Packard) was used to determine capacities, inductivities,
complex AC resistance and the phase angle for different frequencies. The capacity
could not be measured using this method at the high water saturations since the

meshes of the probes were practically short-circuited by the conductive pore solution. A

suitable method proved to be to determine the ohmic resistance R from the complex

resistance Z and the phase angle e for a frequency of 1 kHz.

R = Zcos6 (6)

h

~
~

/).y~"""==--''---''----I--""''''''""-+---+~~._+-----L-_

Fig. 3: Arrangement of a water saturation sensor in a water bath for measuring the
calibration curve

LCZ
Meter

sensor) .

./ dry

cable

saturated
"

Fig. 4: Equivalent circuit diagram for water saturation sensor consisting of three
resistances



NAGRA NTB 98-03 8

From the equivalent circuit diagramm (Fig. 4) for the water saturation sensor, it follows,
that the total measured resistance is:

+
Rdrry R sat

Rdry + R sat

(7)

Assuming that the resistance Rsat is inversely proportional to the saturation of the probe
(Rsat = RdS) and that the resistance Rdry is inversely proportional to (1 - S)
(Rdry = R1/(1 - S)), it follows together with equation 7 that:

s = (8)

The two parameters Ra and R1 were determined by regression. By way of an example,
Fig. 5 shows the calibration curve (continuous line) for water saturation sensor 5
together with the resistances determined by regression. As was the case for sensor 5,
it was established for all other sensors that R1 « Ra. Equation 8 can be simplified by
considering limiting values.

s = (9)

The dashed line in the diagram shows that equation 9 is appropriate, particularly for
high water saturations.

The resistance Ra is dependent on both the structure of the sensors (surface area and
spacing of electrodes) and the composition of the pore solution in mortar M1. When
setting up the initial conditions for the experiments, the column was always filled with
tap water, which meant that the composition of the pore solution, and thus also Ra, was
always changing. The resistance Ra was determined from the minimum of the
measured resistances during the experiment by subtracting the cable resistance. It
should be noted that the same cables were used for the test phase and for the actual
experiment. In order to rule out any influence due to different cable lengths, all sensors
were connected to the measuring instrumentation with an 8 m long cable. The
resistance of a cable Rcab is 0.721 n. Since Ra and the measured resistances of the
water saturation sensors are dependent on temperature, the temperature dependence
of the resistances was measured (Tab. 1). The resistance of the cable Rcab increases
with increasing temperature, while the resistance of the pore solution Ra decreases.
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Fig. 5: Calibration curve for sensor 5

Table 1: Temperature dependence of resistances of water saturation sensors at
20°C

Mo
[%/oK]

RoAt

cable 0.4 ± 0.1

pore solution - 1.0 ± 0.3

2.1.4.4 Reference sensors for water saturation

The fact that the calibration curves for the individual sensors give a very good

representation of the measurement points at high saturations should not be allowed to

obscure the fact that, in the saturation range above 0.5, the sensors react to large

changes in water saturation with only relatively small changes in resistance. During the

main experiments, which partly continued over a period of several weeks, unavoidable

temperature fluctuations and changes in the composition of the pore fluid led to

changes in the measured resistance. For this reason, after the first experiment

(autoclaved aerated concrete [aac] as vent material, gas generation rate 1.5 ml/min)



NAGRA NTB 98-03 10

the measuring equipment was expanded and comparative measurements were carried
out in parallel using 3 further sensors placed in a water-filled bath.

The scatter of the measured values in the reference sensors allows an error estimate
to be made for the sensors in the column elements.

2.1.4.5 Gas and water flow

A gas separator was used to determine the volumes of gas and water exiting from the
upper sample cell. A gas separator basically consists of a sealed container with both
an inlet and an outlet on its underside. On the upper side of the container there is a
ventilation valve which is opened only for filling the container with water. Gas entering
the water-filled separator through the inlet at the bottom rises to the top and collects
below the container lid and a volume of water corresponding to the gas volume is then
displaced through the outlet. The gas volume can be then registered, for example with
a calibrated scale using the height of the water column. The water volume entering the
gas separator passes through without influencing the height of the water column. The
outflowing water volume, which corresponds to the sum of the inflowing gas and water
volumes, is measured using a calibrated container or a balance.

In the present arrangement (Fig. 6), the gas separator is designed for two measuring
ranges. Range 1 (valve a closed) can measure a maximum volume of 1000 ml, while
range 2 (valve a open) is designed for a maximum volume of 10'000 ml. Instead of a
calibrated scale, the gas volume in the separator is measured using a pressure sensor.

The measured pressure difference L1P to ambient pressure corresponds to the
hydrostatic pressure of the water column with height h. The gas pressure in the
separator is thus reduced by L1P compared with the ambient pressure Pu• The gas
volume Vgn at STP (To = 273.15K, Po = 101325 Pa) can then be calculated using the
state equation for an ideal gas:

(10)

where the gas volume Vg is determined from the volume of the container Vo, the
pressure difference L1P and a proportionality constant a.

(11 )



two-way
stop cock __

\

plexiglas
cylinder

water

h

hole

11 NAGRA NTB 98-03
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Fig. 6: Gas separator and balance for determining gas and water volumes exiting
from the column

Table 2: Calibration constants used to determine the gas volume from pressure LlP

measuring range v; [ml] ex [ml/Pa] absolute error [ml]

1 1'300 0.1576 10

2 10'950 1.5867 50
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The gas volume under normal conditions can thus be obtained:

(12)

The proportionality constant ex was determined for each measurement range. Table 2
summarises the results of calibrating both ranges of the gas separator.

2.1.4.6 Temperature

The air temperature and the temperature at the column elements and the gas
separator were measured using thermoelements (Cu - Ni). Temperature-induced
changes in the resistance of the water saturation sensors could partly be corrected
using the measured temperature profile.

2.1.4.7 Data acquisition

The following sensors and parameters were covered using a multipoint measuring unit
UGR60 (Hottinger):

• pressure sensors at the column

• pressure sensor of the gas separator

• pressure sensor for measuring ambient absolute pressure

• analogue output signal of the mass flowmeter

• temperature sensors

The water saturation sensors are connected to an LCZ meter HP 4276A (Hewlett
Packard) using a channel converter HP 3488A of the same company. A PM400 Mettler
balance is connected to the PC via a serial interface (RS232). The remainder of the
measuring equipment communicates with the PC via an HP-IS (IEEE) interface. A
customised Turbo Pascal program is used for periodic measurement and storage of
data. Fig. 7 gives an overview of the data acquisition system for a test configuration
with two column elements.
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2.2 Characterisation of investigated materials

2.2.1 Mortar M1

Earlier investigations by JACOBS, MAYER & WITTMANN (1994) showed that the
properties of mortar M1 are dependent on its processing. In this respect, the key
parameter is the bulk (apparent) density of the mortar. The porosity and permeability of
the mortar can be calculated from this parameter.

The mean fresh mortar density was calculated (Tab. 3) from the mortar mass required
for filling the column and the volume of the column. The mortar fillings for the individual
column elements have an average density of 1827 kq/rn", with individual values
deviating by less than 1%.

For the interpretation and evaluation of the later gas and water transport investigations,
it is necessary to know the total porosity of the mortar. A direct measurement of this
was not made, however, because complete drying of the entire column at a
temperature of 105°C was not feasible and it was essential to avoid potential damage
to the structure via the drying process. For each column element, the average porosity
was determined from the known linear relationship between bulk density Pb and
porosity E of the M1 mortar mixture (MAYER & WITTMANN 1995).

E = - O.0316Pb + 84.7

The average porosity is thus approx. 27%.

(13)

A further possibility for measuring porosity exists if the true density ps and the bulk
density Pb of the mortar are known:

e = 1- Pb
Ps

(14)

whereby the true density of the mortar can be calculated from the true densities of its
components. It must however be borne in mind that, following hydration of the cement,
60 ern" of pores per kg of cement are generated due to chemical shrinking. For Ps the
following therefore applies:
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p, = ~ mass proportions of components .
.£..-----==----=------~------=----- - volume of voids

true densities of components

I mass proportions of components
=---------=-----==---------=---------=---------

I mass proportions' I specific volumes - volume of voids

1+ 0.4 + 5.33
= = 2520 kg / m 3

1 0.4 5.33
-- +-- + -- - 0.00006
3140 1000 2650

(15)

With the bulk density of 1827 kq/rn", an average porosity of 27% is obtained. The

results obtained using the two independent methods agree within the range of

measuring accuracy. Reference was also made to measurements carried out by

MAYER & WITTMANN (1995) for determining the permeability of mortar M1. For a bulk

density of 1830 kg/m3 the permeability was found to be (4±3) 10-10 m2
.

To summarise, it can be said that the transport properties of the mortar fillings in the

individual column elements do not differ within the range of measuring accuracy.

Table 3: Composition of mortar M1

component mass proportion true density Ps addition for 1 batch

[kg/m 3] [kg]

Sulfacem 1.0 3140 12.1

water 0.4 1000 4.95

quartz sand 2-3 mm 5.33 2650 65.65
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Table 4: Properties of mortar M1 in the column elements

element 1 2 3 4 average

Pb kg/m3 1834±13 1819±13 1836±13 1818±13 1827±13

£ °10 n.b. n.b. 27±1 n.b. n.b.

E 1) °10 n.b. n.b. 27±1 n.b. n.b.

e 2) °10 n.b. n.b. 27±1 n.b. n.b.

1) ace. to MAYER & WITTMANN 1995

2.2.2 Autoclaved aerated concrete (aac)

2) derived from true and bulk densities

Aac (previously termed gas concrete) is produced industrially using an autoclave.
Aluminium powder is added to a mixture of lime, cement, fine sand and water; in an
alkaline milieu this releases hydrogen gas and pores are formed. The type of concrete
used here has a porosity of 70°10 and a permeability of 1.4.10-15 m",

2.2.3 Sandstone

The lime-bonded sandstone used here comes from Ostermundingen (BE) and bears
the designation "grey Molasse from Ostermundingen". By controlled manufacturing
permeability and porosity can be varied within wide limits, (JACOBS, MAYER &

WITTMANN 1992). The sandstone has a total porosity of 18°10 and a permeability of
5.10-16 m2

.

2.3 Test procedure

2.3.1 Filling the column elements with mortar M1 and instrumentation

A column element is erected on a poling board covered with plastic foil. The faces of
the flanges are protected with adhesive band.

Mortar M1 was produced in a paddle mixer with a 70 I volume. Two batches were
produced for filling a column element with a void volume of 79.4 I. The mortar is infilled
in layers approx. 10 cm thick. After each layer is introduced, it is compacted by hand
using a tamper. When the level of the side drillholes was reached, the connection for
the pressure sensor was screwed in. The cable leading to the centre of the tube was
then covered with a layer of mortar a few mm thick. A water saturation sensor was
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placed on this and the electric cables led out through the other opening (Fig. 8). The
gap remaining between the sensor and the tube wall was also filled with mortar M1.

The inner wall of the tube in the vicinity of the water saturation sensors was covered

with a layer of epoxy resin in order to prevent any electrical contact of the sensor mesh

with the tube wall.

pressure
sensor

mortar M1

water
saturation
sensor

Fig. 8:

2.3.2

Filled element with pressure- and water sensors

Assembly of the columns

Columns consisting of 2 and 4 elements were used in the experiments. The first step
was to assemble the lower sample cell (without sample) and mount a column element

on it. The 16 screws and nuts (size M39) used for this were tightened using a hydraulic

torque key. Gas-impermeable flat packing (inner diameter 275 , outer diameter
350 mm) was used between the sample cell and column element and between the
column elements.

2.3.3 Setting up initial conditions

Before each experiment, the column was first ventilated and the relative pressure
transducer of the column elements set to zero. The column was then filled with tap
water. The outlet from the upper sample cell (without sample) was then connected to a

vacuum pump and the column evacuated for approximately 3 hours. Finally, the lower
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column connection was connected to a water reservoir. Because of the underpressure

in the column, water was slowly sucked into the column until it was full. Filling of one

column element took around 30 minutes. The water inlet was then closed and the

empty steel tube of the upper sample cell replaced by one with a glued-in sample (aac

or sandstone).

2.3.4 Overview of test conditions

Table 5: Properties of the materials used in the column elements

material porosity [%] permeability [m 2]

mortar M1 27 4.10-10

aac 70 1.4.10-15

sandstone 18 5.10-16

Table 6: Parameters of the different experiments

test plug material column height flow rate

aac sandstone 2.7 m 5.4 m 1.5 ml/min 3 ml/min

A x x x

B x x x

C x x x

D x x x

E x x x

2.4 Results

2.4.1 Experiment A: 2 column elements, aac, gas generation rate 1.5 ml/min

In the first experiment, aac was used as plug and the gas generation rate was set at

1.5 ml/min. Fig. 9a shows the pressure registered by the four sensors on the column. In

contrast to the other experiments, the column was filled in this experiment by
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connecting it directly to a water tap. The initial pressure in the column is therefore
increased. All sensors show the same type of pressure increase. The pressure
differences between the individual sensors is caused by the hydrostatic pressure of the
water column. With a vertical spacing of the sensors of 68 cm, the pressure difference
is 0.068 bars. Pressure fluctuations were observed in all sensors after approximately
180 hours.

Fig. 9b shows the gas and water fluxes flowing out of the column. At the beginning of
the experiment only water flows out of the column. Gas flow is observed after
175 hours, together with a simultaneous decrease in water flow. Gas flow is not
continuous but in pulses with an interval of about 10 hours.

Fig. 9c shows the total introduced gas volume (under STP), as well as the water and
gas volumes flowing out of the upper sample cell as a function of time.

Fig. 9d shows the saturation of the installed water saturation sensors as a function of
time. At the beginning of the experiment, the sensors (with the exception of sensor 1)
show a saturation of 90 to 95%. The saturation in all the sensors then increases as the
air bubbles enclosed in the sensors become compressed with the increase in pressure.
Apart from sensor 1, the water saturation then decreases first in sensor 2, then in
sensor 3 and finally in sensor 4. It can be concluded from the time shift in the decrease
in water saturation that a gas front is moving slowly through the mortar, pushing the
displaced water before it. At the point when the gas exits from the upper sample cell,
the sensors show a saturation of approximately 80%.
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2.4.2 Experiment B: 2 column elements, aac, gas generation rate 3 ml/min

In the second experiment, the gas generation rate was doubled. Fig. 10a shows the
pressure registered by the four sensors on the column. All sensors show the same
form of pressure increase but, as expected, the pressure rises more rapidly than in the
first experiment. After around 270 hours, a pressure of 2 bars is reached in the lowest
sensor; this then decreases slightly and reaches 2 bars again after 430 hours. After
this, the pressure drops slightly up to the end of the experiment after 770 hours. As for
the first experiment, at the beginning only water flows out of the column (Fig. 10b
shows only the first 200 hours of the experiment). After 64 hours, the first gas outflow is
observed, with the water flow decreasing at the same time. Because the computer
used for data acquisition crashed, measured data are lacking between the s" and
24th hours after starting measurements. The gas supply was not affected by this
problem. Fig. 10c shows the overall balance for the total duration of the experiment.
Corresponding with the drop in pressure after around 250 hours (Fig. 10a), the curve
for the outflowing gas rises more sharply than that for the inflowing gas.

Fig. 10d shows the saturation of the installed water saturation sensors as a function of
time in the first 100 hours of the experiment. At the beginning of the experiment, all the
sensors show a saturation of approximately 97%. The water saturation then shows a
slight increase as the air bubbles in the sensors are compressed by the rising
pressure. Saturation decreases first in sensor 1, then, in order, in sensors 2, 3 and 4.
At the time when the gas exits from the upper sample cell after 64 hours, the sensors
show a saturation between 78 and 92%.
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2.4.3 Experiment C: 2 column elements, sandstone, gas generation rate
3 ml/min

In this experiment, a sandstone sample was installed in the upper cell; this has a lower
permeability than the aac. At the beginning of the experiment, the pressure rises
sharply in the column (Fig. 11 a), reaching a pressure of 2 bars after only 10 hours.
After 100 hours, the pressure in the column is 13.5 bars; this drops for a short time,
reaching a maximum of 16 bars after 135 hours. After this the pressure drops sharply,
reaching a value of 9.5 bars after 340 hours. It then rises again, reaching a value of
12 bars at the end of the experiment, after 880 hours.

In the first 135 hours, neither gas nor water flow out of the sandstone sample is
observed (Fig. 11 b). At time t = 135 hours, there is a sudden increase in water flow
from the sample, which occurs simultaneously with a drop in pressure (Fig. 1a). The
sudden onset of water flow is probably due to damage (microcrack) to the sandstone
sample caused by the high pressure. The first gas flow from the sample is observed
after 480 hours. Fig. 11c shows the overall volume balance. As for the previous
experiments, the water saturation (Fig. 11 d) in the sensors drops in time steps, starting
with the lowest sensor. At the time of gas outflow, the saturation in the column is
between 70 and 85%.
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2.4.4 Experiment D: 4 column elements, aac, gas generation rate 3 ml/min

Prior to this experiment, the existing column was extended by two further elements to a
total height of 5.4 m. Fig. 12 shows the overall results. Fig. 12a shows the pressure,
which reaches a maximum of 3.1 bars in the uppermost sensor after approx.
1000 hours and then drops up to the end of the experiment (after 2000 hours) to a
value of 2.4 bars. Fig. 12b shows the gas and water flows. Gas breakthrough occurs
after 275 hours. After around 60 hours, the gas flow drops briefly to zero, at which point
the gas bottle was changed. Following this, the gas flow showed slight fluctuations.
Fig. 12c shows the overall balance and Fig. 12d shows the saturations of the individual
sensors.

The individual values shown are mean values over a timespan of 5 hours. Especially at
the beginning of the experiments large fluctuations were observed which are related to

changes in the chemical composition of the porewater as the experiment was started
immediately after filling the column with tap water. The advancing of the gasfront is
marked by strong changes in saturation (marked by arrows).
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2.4.5 Experiment E: 4 column elements, sandstone, gas generation rate
3 ml/min

As expected, in the last experiment using a sandstone sample, a stronger increase in
pressure was observed. At the end of the experiment, after more than 1000 hours, the
pressure had risen to more than 10 bars (Fig. 13a). At the beginning of the experiment,
water flow from the column initially rose rapidly to a value of 0.5 ml/min and then slowly
decreased (Fig. 13b). The first gas outflow from the column was observed after
950 hours. The water saturation at the end of the experiment was approximately
75 - 90% (Fig. 13d).



NAGRA NTB 98-03 32

o
o

~~
~

r-'

~

/'
~

r

12

10

8

4

2

200 400 600

t[h]

800 1000

M1,
partially
saturated

12001000800600

t [h)

400200

Igas inflow I

. . .1 . I., .. . .. .
I .• 'I I Of " T .

Iwater outflow I r gas outflow~r:i

Ir J
--r I I ~ r I 'I TIllIll.

3.5

4 .5

5.0

1.0

1.5

0.5

0.0

o

4.0

3.0
'2
'Eg2.5

c 2.0

Fig. 13: Experiment E: 4 column elements, sandstone, gas generation rate 3 ml/min
(different time scales !)



33 NAGRA NTB 98-03

12001000800600400200

1/

/
~V

~~

/
v

/
./

v

/'
/~ Iwater out I

I~
I

~o
o

80000

20000

40000

60000

100000

120000

160000

180000

140000

200000

1000800600

t[h]

400200

0.5 -\---'---'----J..-----jf--..l...-....L..---'---+--'-_'---'--+----'----'---'-_!---'----'-----'--+----'_.L.....-....L-...j

o

0.6 +-- ----4-----j---- - +---------j-----+-- - ---j

1.0
N2 , water

-7

0.9

10

7
4

0.8
5,6

::!: M1,
en partially

saturated
0.7

Fig. 13 cont. : Experiment E: 4 column elements, sandstone, gas generation rate
3 ml/min (different time scales !)



NAG RA NTB 98-03

2.5 Overview and analysis

34

A further analysis was performed because of the relative inaccuracy water saturation

sensors. Using the ideal gas law, a relationship was established which allows the initial

saturation to be determined from the pressure increase rate in the column and the

water flow out of the column at the beginning of the experiment. For the column with a

gas volume Vsg and a pressure Ps, connected to a gas source with generation

rate dn/dt, the following applies:

(16)

If PoV/RT is equal to dn/dt, with Po being the normal pressure and V the gas generation

rate at STP (here 1 ml/min), then it follows for Vsgthat:

dVPV __sp
o dt S

=
d~5

dt

(17)

Together with the total pore volume of the column Vs, it follows for the initial

satu ration So that:

(18)

Experiment A is used here as an example. If the first 2 hours of the experiment are

taken for analysis purposes, this results in a gas volume of 2.02 I. Together with total

pore volume of the mortar in the two column elements (= 2xO.27x79.4 I), this results in

an initial saturation So of 95.3%. The water volume Vbt which is displaced from the

column up till the time when gas flow starts can be used to calculate the average

saturation Sbt at which gas flow through mortar M1 can occur:

(19)

In the case of experiment A, this Fig. is 81.1%.

The results of the experiments are summarised in Table 7. The initial saturation for the

individual experiments varied between 90 and 99%. The resulting saturations at gas
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breakthrough are between 77 and 84%. There is no recognisable relationship between
initial saturation and saturation at gas breakthrough, nor is there any direct relationship
with the gas production rate.

Table 7: Overview of experimental results

experiment A B C D E

no of elements 2 2 2 4 4

gasflow q [ml/min] 1.5 3 3 3 3

plug material aac aac sandstone aac sandstone

saturation So [%] 95.2±0.4 89.7±0.4 98.0±0.1 97.2±0.2 99.1±0.1

gas break-through

saturation s, [%] 81.0±0.8 80.9±0.8 84.1±0.6 77.4±0.9 80.1±0.7

time tbt [h] 170 64 480 275 950

pressure Pbt [bar] 0.8±0.1 1.1±0.1 10.5±0.1 1.4±0.1 9.5±0.1

max. pressure

saturation at Pmax [%] n.b. 74.1±1.0 n.b. 72.4±1.0 n.b.

max. pressure [bar] n.b. 2.0±0.1 n.b. 3.6±0.1 n.b.

Pmax
1)

time t(Pmax) [h] n.b. 260 n.b. 1200 n.b.

end of experiment

saturation Sfin [%] 80.4±0.9 76.6±1.0 82.9±0.8 70.3±1.0 80.0±0.7

time tfin [h] 210 770 740 2070 2
) 1020

1) pressure in uppermost sensor 2) after 1600 h no more water outflow out of column

There is potentially a link with the material used in the sample cell and the number of
column elements (i.e. the length of the column). If the results for two column elements
are compared with those for four column elements, then for the experiment with
sandstone gas breakthrough always occurs with the highest water saturation. Using
sandstone also produces the highest pressures in the column.



NAG RA NTB 98-03 36

3 NUMERICAL MODELLING

The following section begins by presenting the model parameters for the simulations

with TOUGH2 (PRUESS 1991). This is followed by a description of the simulation of

experiment A and a comparison with the experimental results. The reasons for any

discrepancies are discussed and the model parameters are adjusted as far as possible.

3.1 Model Parameters

3.1.1 Mesh with Finite Volume

The flow geometry in the column experiments was realised using a one-dimensional

mesh of finite volume. The mortar M1 in a column element is discretised into 50

elements, with each element representing a 2.7 cm thick layer. The hole in the blind

flange of the sample lid - between the mortar M1 and the top plug - is realised as one

element. The 6 cm long top plug is modelled with 10 elements. The column outlet is

modelled with one element whose volume is selected to be very large (1050 rrr') in order

to guarantee the boundary condition of constant pressure.

3.1.2 Transport Parameters, Boundary and Initial Conditions

In addition to the permeabilities and porosities in section 2.2, the relative permeabilities

and capillary pressure as a function of degree of saturation are additional material

parameters which are necessary for simulating two-phase transport processes.
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experiment mortar M1 aac sandstone

e [- ] 0.27 0.7 0.18

k [m2
] 4.10-10 8.10-16 0.18

model reI. permeability linear Corey Corey

Sri [-] 0.3 0.3 0.3

Srg [-] 0.3 0.2 0.2

model capillary pressure Narasimhan Narasimhan Narasimhan

Po [bar] 0.005 0.054 0.63

S/O [- ] 0.3 0.45 0.0

1/77 [-] 2.0 2.2 0.95

3.1.2.1 Relative Permeabilities

The relative permeability of the gaseous and liquid phases of the mortar M1, krg and krl
respectively, can be described using the following linear function (MAYER, JACOBS &

WITTMANN 1994):

iSI - Sri
k = 1_ S : SI> Sri

rl rl

o :SI:::;Sri

(20)

Neither aac nor sandstone have been investigated in detail. They are described using

the conventional COREY model (COREY 1954):

(21)
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3.1.2.2 Capillary Pressure

The capillary pressure curve for mortar M1 (JACOBS, MAYER & WITTMANN 1994)
was parameterised with a model from Narasimhan (PRUESS 1987):

P =1- Po( 1- S, )(1/"): SI < I
cap Si - Sw

o :Si =1

(22)

The capillary pressure curves for aac and sandstone were derived from the pore size
distribution - determined by mercury porosimetry - and were also parameterised with
the Narasimhan model. The parameters used for two-phase transport are shown in
Table 6.

Table 9: Initial and boundary conditions for the tests

Experiment, A B C D E

Gas prod. rate q [ml/min] 1.5 3.0 3.0 3.0 3.0

Mortar M1 So [ -] 0.95 0.90 0.98 0.97 0.99

Po [bar] 1.20 0.96 0.96 0.96 0.96

Plug So [-] 0.95

Po [bar] 0.96

Edge S [-] 0.0

P [bar] 0.96

3.1.2.3 Initial and Boundary Conditions

The initial and boundary conditions are the same as those for the previous experiments
and can be found in Table 7. By way of simplification, isothermal boundary conditions
are assumed (T =293°K). The maximum ±3°K fluctuations in ambient air temperature
observed in the experiment throughout the day can be ignored.
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3.2 Numerical Simulation of Experiment A

NAGRA NTB 98-03

The left-hand graphs in Fig. 14 show the results of simulating experiment A and the
right-hand graphs show the experimental results. Discrepancies between the two are
discussed in the next section.

A pressure increase with time in the column was observed (Fig. 14a). The pressure
difference between the individual sensors remains constant. Following gas
breakthrough, the pressure in the column drops. Water flow out of the column
increases with time until, after 225 hours, it drops dramatically and, after 250 hours,
practically ceases (Fig. 14b). At the same time, gas starts to flow from the column. The
simulated water saturation of the sensors can be seen in Fig. 14c. A slight increase in
saturation is observed at the beginning of the test. After approx. 30 hours the
saturation in sensor 1 drops to 0.7, followed by sensors 2 and 3 and, finally, after
200 hours, sensor 4.

3.3 Comparison between Simulation and Experiment

The simulated pressure increase also takes the same form, although it increases more
slowly than in the experiment where higher pressures are achieved. In particular, the
sharp fall in pressure after the gas breakthrough seen in the simulation is not observed
in the experiment, where the pressure continued to increase still further.
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In the simulation, the flow of water out of the column before gas breakthrough is of the
same order of magnitude as that seen in the experiment. However, in the experiment, a
maximum is reached after approx. 25 hours while, in the simulation, the water flow
continues to increase for 225 hours. Whereas gas breakthrough occurs after around
240 hours in the simulation, in the experiment it occurs after only 170 hours. The
pulsed gas breakthroughs seen in the experiment are not present in the simulation.

In the simulation, the water saturation in the individual sensors drops to a value of 0.7
while, in the experiment, a value of 0.8 is reached.

3.4 Adjustment of Transport Parameters

3.4.1 Introduction

The comparison between experiment and simulation in the previous section shows that
the most important features can be reproduced correctly in qualitiative terms; in
quantitative terms, however, there are still considerable differences. The reasons for
these discrepancies can be found almost exclusively in the numerical modelling.
Assuming that the initial and boundary conditions for the modelling are correct, and
disregarding straightforward numerical errors, reasons for the discrepancies could be:

• The transport parameters (permeability, relative permeability, capillary pressure)
are incorrect. If this is the case, then adjusting these parameters will reduce the
discrepancy between simulation and experiment. As well as "trial and error",
inverse analysis can be carried out, for example with ITOUGH (FINSTERLE 1993).
Due to the large number of possible transport parameters, both cases require that
a careful pre-selection of relevant parameters be made.

• The transport model is incorrect. In this case, modifying the transport parameters
will not improve the correlation between simulation and experiment. There is likely
to be a danger that "unreasonable" adjustment of the transport parameters will
result in physical effects being overlooked.

The connection between the simulation results and the transport parameters should be
examined first. This analysis will provide possibilities for adjusting transport parameters
and will draw attention to experimental effects which could not be simulated by the
current TOUGH2 model. Further procedure includes adjusting some of the transport
parameters and comparing the simulation results again with the experiment.
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3.4.2

3.4.2.1

In What Way are the Simulation Results Dependent on the Transport
Parameters?

Water Saturation in Mortar M1 as a Function of Time

In the simulations under discussion here, the residual gas saturation Srg of mortar M1 is

of significance. The value of 0.3 assumed here means that no mobile gas phase exists

with a water saturation of more than 0.7 (= 1 - 0.3). This stipulation is met at the

beginning of each experiment. The gas will first accumulate in a mortar layer directly at

the gas inlet. As soon as the water saturation here reaches 0.7 then the gas phase in

this layer mobilises and can enter the next mortar layer, where it will again accumulate

until the formation of a mobile gas phase, etc. The gas injected into the bottom of the

column cannot rise up in the form of small bubbles through the column, which is filled

with more or less water-saturated mortar M1. Instead, it forms a front with a water

saturation of S, = 1 - Srg (0.7 here), which migrates upwards through the mortar. The

speed with which the front progresses depends on how quickly the water can be

expelled from the column.

3.4.2.2 Water Saturation in the Mortar M1 at Gas Breakthrough

In the simulations, the water saturation Sbt, of the mortar M1 at gas breakthrough

depends only on the residual gas saturation Srg:

Sbt = 1 - Srg

This is independent of column height and of the end-plug used.

(23)

3.4.2.3 Maximum Water Flow from the Column

As soon as the gas breakthrough point is reached, no more liquid is expelled from the

mortar. With the model assumptions made, a further desaturation of the mortar M1

could only occur as a result of removal of water vapour in the saturated gas phase.

Since air contains a maximum of 17 g of water per m3 at 20°C, with the gas flows used

here of maximum 3 ml/min it is not possible to simulate a measurable desaturation.

3.4.2.4 Flow and Pressure

The driving force for the flow of gas and water through the column is the gas pressure

generated within the column. The gas and water flow experience a pressure drop in
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both the mortar M1 and in the end-plug. Since the permeability of the mortar M1 is
several orders of magnitude higher than that of the end-plug, the pressure drop in the
mortar due to the flow of water and gas can be ignored. Besides the gas generation
rate, only the permeability of the end-plug can determine the development of pressure
within the column.

Before gas breakthrough initially only water is expelled from the column through the
end-plug. Flow and pressure are determined by the hydraulic permeability of the
saturated end-plug (absolute permeability).

The simulated increase in pressure within the column must also result in a
corresponding increase in the flow of water with time out of the column. A drop in water
flow with increasing pressure, as observed in the experiment, can only be explained by
a progressive decrease in the permeability of the end-plug. Such effects have already
been observed in permeability measurements on cement-bound materials (JACOBS,
MAYER & WITTMANN 1992). Suspended particles which block up the pores could be
one possible explanation for this. In principle, a simulation of these effects is possible,
but has not yet been included in the currently available version of TOUGH2.

In the simulation, the water flow drops sharply immediately before gas breakthrough. At
this point no more water is expelled from the mortar M1 and the gas front now moves
through the end-plug. Here, too, the water must be expelled before the gas phase can
become mobile.

After the gas breakthrough only gas flows out of the column in the simulation. The
pressure development within the column is now determined from the effective gas
permeability of the end-plug which, in turn, depends upon the degree of water
saturation of the plug.

3.4.3 Simulations with Adjusted Transport Parameters

This section presents simulations in which specific individual transport parameters
have been adjusted to achieve better agreement with the experiment. It was not
necessary to perform intensive inverse modelling since the fundamental dependence of
the results on the transport parameters had already been noted.

3.4.3.1 Experiment A

Firstly, the residual gas saturation Srg, of mortar M1 and the permeability of the end
plug were used in an attempt to achieve a better correlation before gas breakthrough.

The first step was to reduce the residual gas saturation of the mortar M1 to a value of
Srg = 0.2. The corresponding simulation can be seen in Fig. 15. The saturation in the
individual sensors (Fig. 15c) now drops to a value of S = 0.8, which agrees well with
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the experiment. Since the gas front now moves more quickly through the mortar M1,
the gas breakthrough in the simulation occurs sooner, after approx. 150 hours.

A further simulation, in which the permeability of the end-plug is also reduced
(k = 5.10-16

) , can be seen in Fig. 16. This results in higher pressure being reached in
the column (Fig. 16a), which corresponds better with the experiment. Water flow before
gas breakthrough is also decreased (Fig. 16b), which causes the gas breakthrough to
occur after around 170 hours, similarly to the experiment.

In order to achieve a better correlation after gas breakthrough, the effective gas
permeability of the end-plug has to be reduced. This can be accomplished by
increasing the capillary pressure, as a result of which the end-plug will desaturate less.
Fig. 17 shows the results of a simulation with increased capillary pressure of the aac
(Po =2 bar, 1/7] =1). Although this gives a better agreement with the experiment, it
must be pointed out here that this modified value for capillary pressure is far removed
from the base case (Po = 0.054 bar). A further possibility for achieving a better
agreement is described in section 3.4.5. Water flow after gas breakthrough can also be
explained with this approach.
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3.4.3.2 Experiment B

For simulating experiment B, the adjusted model parameters from the previous section
are used together with the corresponding boundary conditions for experiment B. The
gas breakthrough now occurs after around 100 hours, somewhat later than in the
experiment (Fig. 18b). In the simulation, the pressure continues to increase after gas
breakthrough, reaching a value of 2 bars which agrees well with the experiment.

3.4.3.3 Experiment C

After 135 hours of this test (p. 19), excessively high pressure damaged the sandstone.
As a result of this, the flow of water out of the column increased erratically. Splitting the
entire simulation into two parts would allow TOUGH2 to accommodate such effects. In
the first part, up to 135 hours, the sandstone would have a low permeability and, in the
second, a higher. However , since neither the time of failure nor the increase in
permeability of sandstone a priori is known (or can be simulated), no simulation was
carried out. Reference should be made here to test E, carried out with the damaged
sandstone plug from this experiment.

3.4.3.4 Test E

Finally, test E was modelled with 4 column elements and sandstone as the end-plug.
The modified transport parameters for mortar M1 are used with a residual gas
saturation of 0.2. The permeability of the sandstone is taken from test C: after
200 hours of this test (the sandstone is already damaged, see experiment C), approx.
0.3 ml/min of water flows from the column. For a pressure gradient of 11 bar/6 cm, this
corresponds to a permeability of k = 1.6.10-17 m2

•

The simulation and corresponding experiment can be seen in Fig. 19.

3.4.4 Which Effects Cannot be Simulated?

• Time-dependent permeability
There are no plans to model time-dependent permeability, as has been mentioned
already.

• vveterseturetion of mortar M1 at gas breakthrough
The different water saturations at gas breakthrough observed in the experiments
cannot be simulated.
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• Oscillating pressure, gas and water flow after gas breakthrough
Neither the water flow after gas breakthrough, nor the observed oscillations in
pressure and the resulting pulsed escape of gas out of the column can be
simulated by this model. These effects can possibly be explained by the inevitable
presence of isolated gas bubbles due to the incomplete initial saturation So of the
column in all experiments.
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3.4.5 Proposal for an Extension to the Model

NAGRA NTB 98-03

In the transport model used up till now, it was assumed that the entire gas phase
mobilised at a gas saturation above 8 rg• This assumption is indeed correct if there is
complete water saturation at the beginning of the experiment. The gas penetrating into
the mortar then forms a continuous transport channel.

In our case, a few gas bubbles are already distributed throughout the mortar M1 at the
beginning of the experiment. The gas entering the mortar M1 forms a gas pathway
which does not necessarily meet up with an existing gas bubble. As well as the gas
transport pathways, isolated "passive" gas bubbles can thus exist (Fig. 20).

Such isolated gas bubbles act as air cushions which contract as the external pressure
increases. Conversely, if the external pressure falls, they will expand. If the pressure in
the mortar falls - as will be the case e.g. after gas breakthrough - the expansion of
these enclosed gas bubbles will cause liquid to be forced back into the transport
channel, causing the flow of water to resume. However, due to the higher viscosity of
the liquid, more energy will be required. The pressure in the system will thus increase
again and, as the gas bubbles compress again, the liquid will once more be expelled
from the transport channel.

The whole process now starts from the beginning again since the gas phase is mobile
once more and the pressure falls. This results in an alternation between gas and water
flow and corresponding pressure oscillation.

Implementation of the model taking into account these enclosed air bubbles could not
be carried out as part of this work.
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