OURNAL OF ENVIRONMENTAL ENGINEERING AND LANDSCAPE MANAGEMENT
ISSN 1648-6897 / elISSN 1822-4199

2014 Volume 22(03): 219-225
http://dx.doi.org/10.3846/16486897.2014.903186

= W%
\ : @
=
4, >
oy

GEOFILTRATION STUDIES OF CLAY AT THE FUTURE RADIOACTIVE
WASTE REPOSITORY FOR IGNALINA NUCLEAR POWER PLANT

Petras Klizas

Department of Hydrogeology and Engineering Geology, Faculty of Natural Sciences, Vilnius University,
M. K. Ciurlionio g. 21/27, 03101 Vilnius, Lithuania

Submitted 20 Dec. 2012; accepted 07 Mar. 2014

Abstract. Clay geofiltration studies became important in Lithuania when the clays began to be used as geofiltra-
tion barriers for waste disposal sites/repositories. The clay is planned to be used also in construction of the fu-
ture radioactive waste repository for the Ignalina Nuclear Power Plant. The results of investigation on Stabatiskeé
subformation till clay occurring at the base of the repository are given in the paper. The investigation has been
performed with the purpose to determine potential dependence of clay filtration coefficient values on the num-
ber of freeze-thaw cycles and duration of filtration. The filtration coefficient for the repository till clay has been
found to be greatly varying at the start of the filtration and during the experiment that lasted several days. This
confirms that, during the filtration, structural changeover of clay-forming aggregates takes place with pore space
volumes changing and affecting the filtration coeflicient values. The filtration parameters are even more affected
by freeze-thaw cycles and their number. When the clay thaw is finished the colmatation of fissure system is very
slow and incomplete.
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Introduction

Lately the demand in geofiltration investigations on clay
deposits have significantly increased in Lithuania. Being
impermeable to water clay is used for constructing various
barriers against percolation of hazardous waste, including
radioactive ones, in repositories and landfills of various
type and size. The EU laws contain strict geofiltration
requirements to be applied for the clay used for such bar-
riers. The hydroisolation capability of clay layers depends
on many interrelated factors and parameters: permeability,
porosity, microstructure peculiarities of pore space, moi-
sture, thickness of natural or artificial hydroisolation, clay
mineral composition, chemical composition of future lea-
chate, hydrodynamic load, potential impact of freeze etc.
However, the main indices affecting the efficiency of the
future geofiltration barrier are hydraulic conductivity and
clay layer thickness, which are regulated quantitatively.
In France, for instance, there is a complex concept called
‘passive safety barrier’ (Cassan 2005). Depending on a de-
gree of waste hazardousness, it defines the ratio between

the barrier hydroisolation thickness and the hydraulic
conductivity. Therefore, it is very important to have accu-
rate values of hydraulic conductivity determined, becau-
se formation of necessary thickness of permeable layer
is easier to be done. To select the type of clay satisfying
percolation requirements is more difficult, because these
characteristics are changing in time due to the above men-
tioned factors.

The percolation characteristics of Lithuanian clays
are not widely studied, since there was almost no such
demand. Another reason might be the fact that due to
the very low percolation, experimental laboratory inves-
tigations would be long-lasting, hence, time- and funds-
consuming. Our investigations have been performed on
order by a private company, therefore, the information
about sampling sites, depth etc., which is not important
methodologically for the present study, are not provided
in this paper. We shall analyse the dependence of clay ge-
ofiltration parameters on filtration duration, its stopping
and renewal, as well as number of freeze-thaw cycles.
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The abundance in scientific publications of late years
shows lively interest in clay geofiltration studies in diffe-
rent geological regions. For one of such investigations a
French expansive clay known as Fo-Ca, which is a natural
Ca-smectite coming from the Paris basin of Ypersian age,
was used. Permeability experiments were performed with
distilled water and several copper concentrations (10~ to
10" mol/l). The permeability of clay was found to increase
with copper concentration. Using the syringe oedometer,
permeability was 1.1E-12 m/s with distilled water, and
2.4E-12 m/s with the 0.1 mol/l copper solution (Jullien
et al. 2002). The Mont Terri rock laboratory in Switzer-
land studied compacted Opalinus Clay core samples from
200 m depth. Permeability and porosity was determined
to be a function of time at constant pressure (Jobmann,
Wilsnack 2010). In a few studies it was shown that com-
position and compression of clay are very important for its
hydraulic conductivity, permeability and filtration proper-
ties (Shafiee 2008; Ebina et al. 2004; Hamdi, Srasra 2008).

In this paper we show similar functional relations-
hips for Grada subformation till clay from Stabatiskeé site
in Lithuania. In another study (Heister et al. 2005), the
material taken from the clay between the motorway and
railroad on the northeast of the harbour in Rodbyhavn,
owned by Dansk Bentonit, was examined and a new la-
boratory set-up for measurements of electrical, hydraulic
and osmotic fluxes in clays and clay-rich materials was es-
tablished. Researches performed in Italy on water vapour
permeability of clay bricks showed relationships between
a wide range of chemical and mineralogical compositions
and particle size distributions. The correlations of vapour
permeability, open and closed porosity, bulk density, mean
pore diameter, pore size selection and specific surface
were determined (Dondi et al. 2003). Soil air permeability
is one of the most important parameters which govern the
aeration in agricultural soils. The relationship between air
permeability, soil capacity parameters and vertical stress
was analysed by performing confined uniaxial compres-
sion tests and air permeability measurements on three
different French soils (Tang et al. 2011).

Permeability studies for frozen rocks are also often
performed in the regions where mean winter air tempe-
ratures are below zero (Al Houri et al. 2009; McCauley
et al. 2002). In France, the permeability of non-cohesive
rock mixtures of different grain-size has been studied.
The laboratory tests were performed by a permeameter
at varying negative temperatures and using different
permeants: water, different NaCl solutions, bentoni-
te and trapped decane mixture (Enssle et al. 2011). In
another research performed in Canada an infiltration of
snowmelt water under small depressions has been exa-
mined. These depressions stored most of the snowmelt
runoftf generated within their respective watersheds
(Hayashi et al. 2003). In a current work we analyse rock

permeability variations under the freeze and thaw im-
pact for the first time in Lithuania. The oedometric la-
boratory and field infiltration studies on suitability of
clay deposits from Saltiské, Pasaminé and Stabatigkée
sites for the Ignalina nuclear power plant radioactive
waste repository hydroisolation barrier were perfor-
med by using a double ring infiltrometer and injection
into a borehole method after V. Nasberg (Gadeikis et al.
2012). Possibilities of transport and accumulation in soil
of radionuclides and heavy metals were determined by
properties of clay (Jakimavic¢iaté-Maseliené et al. 2012;
Pundyté et al. 2011).

The main objective of our study was to determine fil-
trational parameters of the clay from the future radioacti-
ve waste repository at StabatiSké site. We aimed to deter-
mine how the filtration coefficient depends on the number
of freeze-thaw cycles, the colmatation after freezing and
the duration of filtration. Filtration coefficient is the main
parameter, which determines the spread of radioactive
nuclides in rocks of aeration zone and protects the below
laying groundwater from possible pollution.

1. Composition and structure of clayey rocks

Structural characteristics of clayey rocks are determined
by dispersed clay particles called micelles. The micelles in
clayey rocks are notable for an electric double layer for-
med at the boundary between the solid particle and the
liquid (water in clay). Structural diversity of clay mine-
rals and crystal-chemistry specificity of particle surfaces
at the microstructural level change the understanding of
clay pore space. These features of clay cause different per-
colation course, if compared to other dispersed systems
composed of similar particles with no interaction, such as
sand, for instance. Clay beds at the microstructural level
are notable for a higher degree of diversity and depend
on ratio of three basic clay minerals — kaolinite, muscovi-
te mica and sodic montmorillonite. The macrostructural
diversity of beds is caused by clastic inclusions, macropo-
res, lamination and fracturedness in highly lithified beds.
The macropores are typical of the clay beds in the aeration
zone, including those artificially formed as hydroisolation
barriers at the land surface. Pores and cracks are main fac-
tors determining permeability anisotropy of clay beds. A
characteristic feature of such macropores is their poten-
tial clogging (colmatation) during long period, therefore,
hydraulic conductivity of clay sample gradually decreases
during a long-term experiment. This process was obser-
ved by us during long-term permeability testing. During
percolation through clay pores ranging from 3 to 20 A,
the following processes also take place: cation exchange,
hydratation-dehydratation at the surface and inside of clay
minerals and sticking of particles into larger aggregates.
At the micro-aggregate level, when pores are within the
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range of 1-10 um, changes in pore and structure space
are observed in relatively homogenous samples and beds,
and this causes anisotropicity of water percolation in clay
(Oradovskaja 1983). During percolation, the structural
changeover of particles takes place, and this process is
more effective the more diverse is the initial structure. At
larger pressure gradients, flat particles of clay minerals
reorientate parallel to the water flow lines, and at lower
pressure gradients they do not move back to their initial
position. This effect is typical of high moisture and poro-
sity clay and loam.

The abundance of scientific publications on various
clay studies, especially on geofiltration, shows the signifi-
cance of these rocks and their practical usefulness in sol-
ving environmental problems.

2. Methods and materials studied

The goal of the present study is to assess the variations of
clay permeability properties: (1) during a long-term per-
colation; (2) repetition of percolation stopping and rene-
wal cycles; (3) during sample freeze and thaw. The Gruda
subformation till clay (gIIIgr) at the projected Stabatiské
waste repository site has been chosen for detailed investi-
gations. Macroelement oxides and mineralogical compo-
sition of examined clay were determined in the laboratory
of Center for Physical Sciences and Technology. Avera-
ge percentage of macroelement oxides in clay fraction is
as follows: Na,O - 0.7%; MgO - 2.9%; A1203 - 10.8%;
Si0, - 59.9%; K,0 - 3.7%; CaO - 8.1%; TiO, - 0.5% and
Fe,O, - 10.6%. The average percentage of clay minerals in
clay fraction and deposits (in parenthesis) is as follows:
illite — 83.3 (15.3)%, kaolinite — 15.8 (2.8)% and chlori-
te — 0.9 (0.2)%. The following physical properties have
been determined as well: natural moisture content — 12%;
natural density - 2.25 Mg/m’; hydraulic conductivity ob-
tained by oedometric measurements at 0.1 and 0.2 MPa
load is, respectively, 2.3E-11 m/s and 7.1E-11 m/s. The
clay analysed in this study was taken from the same place
as one used in publication of Gadeikis et al. (2012). La-
boratory permeability testing has been performed with
non-compacted clay of natural structure. A scheme of the
permeameter used is given in Figure 1.

This type infiltrometer is applied for filtering per-
formed according to a non-stationary scheme. Maximum
piezometric head is up to 35 cm, sample height is 4 cm,
cross-section area is 40 cm?% and initial of maximum hy-
draulic gradient is 8,75.

Hydraulic conductivity is calculated by the formula:

2.3AL
Ko 2L

STlogﬂ
H,

where: A is piezometer cross-section area; L is sample

height; S is filtration ring cross-section area; T is filtering
time, and H, and H, are hydraulic heads.

Starting the geofiltration investigations, first of all,
we have assessed the variations in hydraulic conductivity
depending on duration of filtering. Then an attempt was
made to determine the filtering process during its stopping
and renewal. The second cycle of experiments dealt with
the impact of freezing on clay hydraulic conductivity, as
well as the assessment of the role of the freeze and thaw
cycles. All the filterings have been performed according to
a non-stationary scheme.

Of late years, the alternation of periods with negati-
ve and positive air temperatures in Lithuania is frequent-
ly observed, therefore, it is important to assess the effect
of these phenomena on clay permeability properties. The
clay hydroisolation barriers formed for the near-surface
waste repositories of various types are not thick. Their up-
per part, as a rule, freezes in winter and thaws in spring.
During all the laboratory experiments, measurements of
water evaporation, air temperature and humidity have
been done, with the purpose to eliminate the influence
of these factors on hydraulic conductivity values determi-
ned. The PV infiltrometer has an open orifice for filtrate
outflow as the piezometric tubes used with open-ended
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Fig. 1. A scheme of PV infiltrometer (permeameter): 1 - clay
sample; 2- filtering chamber ring; 3 — a case; 4 — three-way
faucet (tap); 5 - valve; 6 — two-way faucet (tap) for filling the
infiltrometer with water; 7 — a case cover; 8 — thermometer;
9 — water level scale in piezometer; 10 - sliding marker; 11 -
piezometers; 12 — a container for water; 13 - filtrate outflow
orifice
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top. Therefore it is very important to have data on eva-
poration intensity, especially for long-term measurements
and at very low filtrate debits at low hydrodynamic head
gradients. The longest filtering lasted 430 hours, and mi-
nimum hydrodynamic head gradients reached just some
tenths of a digit one. The clay sample was frozen together
with a filtration chamber ring in a freezer at a stable -7 °C
temperature for 5 days. According to the data from Ute-
na Meteorological Station, which belongs to the network
of Lithuanian Hydrometeorological Service, the avera-
ge minimal temperature of January and February, in the
time period from 1971 until 2000, was -7.1 and -7.3 °C
respectively (www.meteo.lt). There is no meteorological
station in Visaginas, therefore Utenos Meteorological
Station, which is the closest one to Visaginas, was cho-
sen. The freezer, which was used for experiments, could
be regulated with the accuracy of one degree of Celsius,
thus -7 °C was used. By observing the freezing of the clay
sample it was determined that after 5 days a stable system
of cracks forms Figure 4 B, which does not change while
freezing longer.

3. Results and analyses

The clay sample before the first filtering was saturated with
distilled water in the filtering chamber. The PV infiltrome-
ter allows filtering by forming percolation flows from top
to the bottom and vice versa (Fig. 1). For saturation, as
well as all filterings, the upward flow of water has been ap-
plied. This enabled to saturate the clay sample of the initial
15% natural humidity by creating a unit hydraulic head.
Water level in piezometer coincided with the top of the
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Fig. 2. Hydraulic conductivity of clay versus the filtering
duration during the first filtering term
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Fig. 3. Hydraulic conductivity of the same clay sample versus
the filtering time at the renewal of the experiment after two
weeks

sample. The course of the first filtering showed the incre-
ase in hydraulic conductivity during 194 hours of filtering
and the decrease in head gradient from 8.75 to 3.5 (Fig. 2).
Further, the hydraulic conductivity values decreased near-
ly linearly as far as the stopping of filtering after 430 hours
with a decrease in head gradient to 1.2 (Fig. 2).

Such a course of filtering can be explained by in-
complete saturation of a sample, although the process of
saturation lasted 48 hours. This is confirmed by the incre-
ase in mass of the sample from 335 g to 338 g measured
after the saturation and filtering. The second part of the
filtering course, i.e. the decrease in hydraulic conductivity,
can be explained by changes in clay pore spaces caused by
structural changeovers in clay minerals and their aggrega-
tes. The second reason of this phenomenon can be explai-
ned so: due to a decrease in head gradient with time, a
lower content of bound water in clay moves together with
percolating flow and turns into an immobile phase. There-
fore, as the head values decrease, the filtering debit decli-
nes unproportionally, as well as the hydraulic conductivity.

After the first filtering was over, the clay sample re-
mained in the gauge in distilled water. The second filtering
was renewed after two weeks. The results obtained are pre-
sented in Figure 3. The initial stage of filtering again shows
increase in conductivity values, as in the first filtering, fol-
lowed by stabilisation. The difference from the first case is
that there was no increase in sample mass, and a change
in hydraulic conductivity appeared earlier than in the first
case. This can be explained by further structural changes
in clay pore spaces during the filtering. The structural
changes in the clay sample being in water for two weeks
confirmed the fact that after the first filtering the hydraulic
conductivity value was 3.1E-8 cm/s, and it grew to 3.9E-
8 cm/s at its renewal after two weeks.

Such a change of hydraulic conductivity values with
time can be explained by the changes in pore spaces ta-
king place not only during filtering, but also when the
sample is swelling in water, i.e. the aggregates of clay par-
ticles changeover structurally. This conclusion is confir-
med by other authors, which obtained similar results. In
France, the Callovo-Oxfordian clay formations consisting
of the muscovite mica (Comptoir de Mineraux et Matieres
premieres) are essentially composed of SiO, and sodium
montmorillonite in bentonite (Oene, France). The analysis
of this by Scattering Electron Microscopy showed that the
structure of pore space changed if compared low humidity
samples to those after swelling 24 h in water (Mammar
et al. 2001). After the second filtering was stopped, the
clay sample was taken out from the infiltrometer together
with the filtering chamber ring and placed into a freezer
with constant temperature 7 °C below freezing point. Af-
ter 5 days, the sample was taken out. The picture of the
sample after the freezing is given in Figure 4, where freeze
cracks are well seen.
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C

Fig. 4. Picture of the sample with the filtering chamber ring: A - after first freezing; B - after second freezing;

C - after second filtration; D - after third freezing

Weighing the sample after the freeze showed a de-
crease in its mass by 2 g. This confirms that, during free-
zing, water partly migrates from the sample towards the
freeze zone at the walls of the freezer. The frozen sample
was put outright into the infiltrometer to begin filtering.
The initial results of this filtering are given in Figure 5.
The data obtained show the course of thawing at the start
of the filtering, i.e. cyclic acceleration and deceleration.
The hydraulic conductivity values obtained ranged from
5E-6 cm/s to 3.5E-5 sm/s, thus, being higher by two orders
of magnitude than before the freezing.

After the renewal of filtering of completely thawed
sample, as fixed according to water temperature course in
filtering chamber, the changes in hydraulic conductivity
are presented in Fig. 6. The filtering course shows a rather
intense deceleration of percolation and stabilisation of hy-
draulic conductivity. This reveals a strong effect of cracks
formed during freezing and rather rapid colmatation of
the freeze crack system.

As the filtering after the first freezing is over, the sam-
ple was frozen once more under the identical temperature
regime. A picture of the sample after the second freezing
shows even more obvious freeze cracks, although the
crack system looks alike as after the first freezing (Fig. 7).
This indicates that the cracks clogged during filtering ope-
ned again and got wider and sharper. The filtering course
is very similar, but the stabilisation goes much slower and
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Fig. 5. Variations of clay hydraulic conductivity in time when
the filtering and the thawing takes place at the same time in
filtering chamber
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longer, thus confirming the conclusion that the cracks are
wider, therefore, hydraulic conductivity values are higher.

The course of filtering after the stopping and renewal
is identical to that before the freezing as the results given
in Figure 8 indicate.

As the second filtering was completed, the sample
was frozen for the third time. After five days of freeze the
vertical cracks were wider but their scheme remained the
same. Additional system of horizontal cracks was formed.
Therefore, the sample began crumbling and falling from
the filtering ring. Clay lamina began to peel off. Vertical
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Fig. 7. Variations of hydraulic conductivity during the second
filtering stage after the second freeze-thaw cycle
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Fig. 8. Variations of hydraulic conductivity in time during the
third stage of filtering after the second freeze-thaw cycle
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Fig. 9. Time variations in intensity of evaporation directly from
the water surface in open-ended hydraulic head piezometer,

as recalculated into the hydraulic conductivity corresponding
to the evaporation intensity

and horizontal cracks joined in the sample over all its
height, and the sample crumbled.

Performing the filtration at the laboratory, especially
in winter, when the air humidity reached 35-45%, it was
necessary to assess the effect of evaporation on the hy-
draulic head and filtrate debit. Therefore, these characte-
ristics were measured in parallel. The water evaporation
volumes and their variations with time, when the water
level in piezometer was descending, enabled to assess how
this could affect the determined hydraulic conductivity
values. The time variations in the hydraulic head and debit
values were recalculated into the hydraulic conductivity, if
solely the evaporation took place. The results obtained are
given in Fig. 9. It is obvious that it would be important,
if the conductivity values during the experiments were at
3-4 orders of magnitude lower than the minimum values
determined by us.

Conclusions

1. For the first time in Lithuania experimental rese-
arch analysing the effect of the number and duration of
freeze-thaw cycles on filtrational parameters of clay was
performed. Gruda subformation till clay (gIllgr), taken
from the projected Stabatiské waste repository site, was
used in these experiments.

2. The generalisation of all the investigation results
obtained for this type of clay allows us to formulate several
methodological conclusions. The variation in hydraulic con-
ductivity for clay of this type can range from 9.0E-7 to 3.0E-
8 cm/s. Its higher values are observed at the start of the filte-
ring. Later, during the experiment, they are decreasing. The
repeated experiment with the same sample after some time
shows some rise in conductivity values at its start with furt-
her possible stabilisation. Therefore, the hydraulic conducti-
vity of clay determined by short-term infiltration studies will
be imprecise and unsuitable for long-term prognostication.

3. The effect of clay freeze-thaw cycles on the hydraulic
conductivity is not very high. During thawing of the test
sample, the hydraulic conductivity ranges from 3.5E-6 to
5.0E-7 cm/s. The fully frozen clay sample is found to con-
tain a newly formed vertical and horizontal crack system
that raise the hydraulic conductivity in several times. The
colmatation of crack system also takes place during the fil-
tering. The hydraulic conductivity values decreasing with
time confirm this, although they remain significantly higher
than they were before the freezing. The second freeze-thaw
cycle forms very similar system of cracks, but the same
cracks are wider than before. The hydraulic conductivity
grows further followed by even more slower colmatation
causing a rise in clay filtering capacity (permeability).

4. The third freeze-thaw cycle destroyed our sample.
Therefore, we could not perform filtering because the crack
system formed had broken the structural monolithicness of
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the sample and probably even more improved the filtering
capacity (permeability) of clay. As the sample was not fully
thawed, it was visually observed how water began percola-
te via the well seen frozen clay crack system. This filtering
cycle was very unstable in time, and only after the sample
thawed completely a slow colmatation of cracks began, but
the hydraulic conductivity values remained higher than
they were before the freezing of the sample.
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