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Implementation of the Federal Target Program
Nuclear and Radiation Safety in 2016—2030 (FTP
NRS-2) [1] prompts the need for an increased sup-
ply of clay materials for engineered safety barriers
(ESB) construction at final radioactive waste (RW)
disposal facilities: RW disposal facilities (RWDF)
and radiation hazardous facilities upgraded to en-
sure long-term safety (CF RHF) (term referred to as
conservation in Russia). In 2010, a research on the
development of dry finely dispersed clay material
for the construction of internal barriers during the
decommissioning of industrial uranium-graphite
reactors (PUGR) was launched. In 2015, PUGR EI-2
decommissioning at SCC site was completed in ac-
cordance with the entombment decommissioning
option [2]. These efforts provided a foundation for
the development of dry barrier mixtures for RWDF
and CF RHF EBS based on natural clays. However,
this project on clay material properties was focused

Radioactive Waste Ne 3 (12), 2020

on the barriers development considering only one
type of facilities assuming considerable thickness
and height of the barriers. These factors had a
positive effect on the self-compaction and sorp-
tion capacity of the barrier materials. These studies
also accounted for a shallow emplacement, in fact,
within a near-surface formation limiting the influ-
ence of hydrogeological factors. The main chal-
lenge needed to be addressed at that time was to
ensure the filling of voids having complex geom-
etry with a barrier material ensuring the absence of
any cavities. In this regard, the key focus was placed
on the following main characteristics of the mate-
rial: granulometric (microaggregate), mineral and
chemical composition, bulk density, moisture ca-
pacity, colloidality, water permeability of low-den-
sity materials at a low hydraulic gradient, cation
exchange capacity, and coefficients of radionuclide
sorption distribution.
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At present time, FTP NRS-2 specifies rele-
vant plans with the construction efforts already
launched to develop three near-surface RWDF
for RW Class 3 and 4 in the vicinity of Novouralsk
(the 1st section has been operating since 2015 [3]),
Ozersk and Seversk, underground research labora-
tory in the Nizhnekansk rock mass near Zhelezno-
gorsk and seven disposal facilities for PUGR, four of
which are near-surface DF located at SCC sites and
three DF are located in underground excavations at
MCC site. Due to the variety of facility types, the
number of factors and the range of physical and
chemical parameters potentially affecting the bar-
rier properties and the resistance of clay materials
to external influences has ramped up.

Each facility type is characterized with some spe-
cific design features, siting conditions and is de-
signed for various RW types with a specific radionu-
clide composition: all these factors should be also
taken into account during barrier material develop-
ment. Clay material resistance to degradation due
to external influences associated with microbiolog-
ical activity, radiolysis of pore and interlayer water
leading to changes in the oxidation-reduction and
acid-base characteristics of groundwater, as well as
interaction with other components of natural-en-
gineered system is viewed as a special research task
being considered extremely important in terms of
forecasting the long-term RWDF safety.

In addition to barrier material characteristics
studied earlier, it appeared necessary to study the
specific surface area, flow and deformation of dis-
persed materials in a dry state, deformation in a
water-saturated state, parameters of pressure fil-
tration under load, diffusion of components in
a pore solution of compacted materials with an
account taken of chemical and sorption interac-
tions, the tendency of materials to form colloid in
a water-saturated state, deformation of water-satu-
rated materials during cyclic freezing-thawing and
drying.

This paper focuses on the classification of natu-
ral clay and industrial clay materials being consid-
ered important for the development and operation
of safety barriers at radiation hazardous facilities,
mainly CF RHF and RW disposal facilities. It also
discusses methods, equipment and results of stud-
ies dealing with these characteristics relevant for
some of currently considered materials. The paper
elaborates on the available concepts dealing with
the ranges of these characteristics for barrier mate-
rials, as well as preliminary data on the composition
of materials that can be used in the development
of safety barriers taking into account their func-
tional characteristics and stability under physical
and chemical conditions suggesting the interaction

32

with a natural-engineered system, radiation expo-
sure and microbiological activity.

The problem discussed in this paper appears to
be of great relevance, since the design development
and installation of protective clay barriers at the
facilities already being at the construction stage
occurs in the absence of regulatory requirements
for the applied materials [4]. At the same time, EBS
safety demonstration is based on specific calcula-
tions dealing with the migration of radioactive con-
taminants [5, 6], for which barrier material proper-
ties are essential.

Types of clay raw materials
for barrier construction

Both natural clays and industrially processed
natural clay raw materials can be used as barrier
materials. Clay processing can be divided into the
following types: drying, grinding, enrichment, mix-
ing, modification, pressing. Drying is necessary
to produce dispersed materials, since the natu-
ral moisture content in natural clays accounts for
some 25—35 wt %. Depending on the mineral clay
composition its drying temperature can account for
some 150—400°C. Clay is grinded in vortex mills
which allows to address various issues. Firstly, to
separate coarse-clastic fractions (sand, gravel)
formed by non-clay minerals: quartz, feldspars,
plagioclases. Secondly, it provides raw material dis-
persion reducing granulometric (micro-aggregate)
content. High degree of grinding also causes me-
chanical activation of the product. Raw material
enrichment with fine fractions (dust, clay particles)
and, accordingly, with clay minerals is provided us-
ing gravity separation in flange separators. Mixing
is applied both to obtain clay materials with a poly-
mineral composition and clay-sand or clay-gravel
mixtures. In the first case, mixing is done at the ini-
tial stage of the processing cycle, in the second — at
the final stage in mixing drums. Modification (ac-
tivation) with soda, sodium phosphate and other
reagents is mainly applied to bentonite raw materi-
als to increase the colloidal capacity and moisture
capacity of clay powders, increasing the quality of
drilling fluids. Modification also affects sorption
properties and swelling capacity of bentonite ma-
terials. The final industrial processing product can
be both dispersed material and granular products
of various shapes and sizes and pressed products:
grains, granules, pellets, bricks, shaped products.

Processing of raw materials implemented in lab-
oratories and large-scale production facilities can
proceed in different ways. Therefore, to validate the
composition and properties of the product, pilot
tests are performed and the quality of the product
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Figure 1. Production line for dispersed mixtures: GDE
enrichment unit at the top, bins with emptying systems
at the bottom

from all received batches is monitored. In the dry-
ing — grinding mode, grinding and drying equip-
ment (GDE) that was used in the production of bar-
rier mixture for PUGR EI-2 (Figure 1) has a capacity
of 1.8—2.6 t/hour (considering the feedstock). It
was used to test three feedstock materials: ben-
tonite from the 10th Khutor deposit (Khakassia),
kaolin from the Kampanovsk deposit (Krasnoyarsk
Territory) and a mixture of these clays with a mass
ratio of 30:70 (SKB). Based on 20 tests with each
one involving 1 ton of material, the distribution
of products between bins and bag filters (Figure 2)
associated with the categorization by particle size
distribution and bulk density was calculated.

A small amount of all tested materials was found
in bag filters having a fraction of less than 0.1 mm.
Crushed kaolin was evenly distributed between the
bins, which indicates its homogeneous fractional
composition. Bentonite was crushed unevenly: the
greater part (48 wt%) had a low bulk density and
a finer micro-aggregate composition and was col-
lected in bin No. 3. In case of clay mixture grinding,
the amount of bentonite in the products of joint
grinding increased starting from bin No. 1, where
it appeared to be less than in the initial mixture, to
bin No. 3, where its amount has increased.

Mineral composition accounts for the main
feature allowing scientific and applied categori-
zation of clay materials and clay raw materials
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Figure 2. Mass distribution of materials in bins (BO)
and bag filters (FR) in GDE tests under drying — grinding
categorization mode

indicating the main barrier properties of clays:
filtration, diffusion and sorption characteristics.
Basically, two types of clays form industrial de-
posits: bentonite clays (bentonites) mainly con-
sisting of montmorillonite and kaolin clays (ka-
olins) with a predominant content of kaolinite
in their mineral composition. The latter can also
include deposits of refractory and high-melting
clays, polymineral clays (containing illite, chlo-
rite, smectites), but with a predominance of ka-
olinite in the clay fraction.

The overwhelming majority of studies pub-
lished abroad over the past decade and focused on
clay barrier materials addresses swelling smectite
(montmorillonite) clays — bentonites. This is re-
flected in the content of reviews published, namely,
journal articles, chapters of monographs, techni-
cal reports [7—10]. It may seem that no alternative
to bentonite is available as a barrier material. This
conclusion is actively promoted in some scientific
and technical [11] and popular scientific [12] publi-
cations. However, this is not quite true. Firstly, for-
eign developments on the use of bentonites are fo-
cused on underground disposal of high-level waste
and spent nuclear fuel (SNF). This area is of high
relevance, but in terms of the required material
amounts it is not the largest, whereas, in terms of
practical implementation, it addresses a very dis-
tant perspective both in Russia and abroad. As for
the low- and intermediate-level waste, clay barrier
materials are either not used in foreign practice or
are applied in a mixture with cement, sand, gravel.
Moreover, often these are not even bentonites, but
locally-produced mostly kaolin or polymineral raw
materials [13]. In this respect, the above practice
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suggesting the development of protective barriers
at such facilities in Russia seems to be ahead of for-
eign experience, at least according to open sources.
Even the Russian adherents of bentonite materials
admit the validity of this remark [14].

Secondly, bentonite itself is a controversial mate-
rial. Bentonite clays actually possess some unique
properties, which in some conditions can be consid-
ered as their undeniable advantage, and in others —
as no less important disadvantage. Thus, the ability
of bentonites to swell when saturated with water is
a very useful property when it comes to the shrink-
age resistance of clay materials during capillary or
pressure saturation of barriers. However, excessive
swelling pressure can lead to additional loads on
the structural elements of RWDF and RW packaging
up to their deformation and destruction. The risks
associated with such scenario are partly offset by
high fluidity (low strength) of water-saturated ben-
tonite causing barrier material movement into free
cavities (spreading) resulting in a decreased matrix
density and, consequently, in a decreased swell-
ing pressure. Due to this, the barrier can become
thinner locally up to complete wedging out in some
areas, if external pressure is exerted on it by rocks,
RWDF structures, RW packages, etc. Such depletion
can result in much more dangerous consequences
than simply failure to fulfill the stabilization func-
tion, since it causes deterioration of the main func-
tional barrier characteristics: resistance to water
filtration and radionuclide migration.

In case of temperature increase and decrease in
the groundwater level, high moisture capacity of
bentonite clays along with water exchange and
temperature mode cyclicity can cause barrier mate-
rial drying accompanied by its shrinkage with the
formation of open contraction cracks. With tem-
perature inversion and a change in the water mode,
such cracks can turn into salvo filtration channels
until the bentonite swells again and the continu-
ity of the barrier is restored. An attempt was made
to simulate filtration under laboratory conditions
with cyclic temperature mode. However, due to
short duration of the experiments, the effect of
temperature fluctuations on bentonite permeabil-
ity still remained quite unclear [15]. Nevertheless,
this study showed the need of drawing particular
attention to this problem.

At negative temperatures, freezing of free pore
water in bentonite accompanied by an increase in
its volume and high crystallization pressure of ice,
can lead to an increase in the volume of the barrier,
which, after temperature inversion and ice melt-
ing, will cause the formation of cracks and parietal
fractures, ultimately resulting in salvo filtration as
shown in previous example. The likelihood of such
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an evolution is also admitted by foreign supporters
of bentonite. However, they expect that the tem-
perature in deep underground disposal facilities,
even in northern countries (Sweden, Finland), will
not fall below the critical value for bentonite pore
water (-6°C, [10]). However, this assumption was
not justified under the forecasts covering geochro-
nologically significant periods. According to paleo-
climatic reconstructions, 18,000—20,000 years ago
during the Sartan glaciation, the freezing depth of
rocks in the Krasnoyarsk region amounted to 600 m
[16].

Low permeability of water-saturated compacted
bentonite (below 107°—10-% m?), which is envis-
aged by the Swedish KBS-3 concept [8, 9], prevents
not only the filtration of underground water, but
also the one of gases that can be produced due to
corrosion, microbiological activity and radioac-
tive exposure. Paradoxically at the same time, gas
permeability in the KBS-3 concept is stated under
mandatory requirements for the bentonite barrier.
Gas generation (primarily hydrogen) during water
radiolysis in the bentonite barrier body can cause
increased pressure on the barrier up to levels ex-
ceeding its strength characteristics resulting in its
destruction.

High sorption capacity of bentonite with respect
to many radionuclides, which is seen as one of its
main advantages over other barrier materials, can
also produce some negative effects since bentonite
tend to form colloids and suspended particles. Un-
der certain conditions, stability of such particles in
solutions (groundwater) can be quite high: in this
case they start carrying the absorbed radionuclides
acting as a “vehicle”. Colloidal and suspended par-
ticles have increased mobility resulting in advec-
tive migration of radionuclides with filtering frac-
tured or stratal groundwater.

This effect was demonstrated experimentally,
namely, in the study of solutions by dynamic light
scattering method using a particle size analyzer
Photocor Compact-S manufactured by JSC Photocor
(Moscow) (Figure 3). It was shown that during mod-
el groundwater interaction with the Khakass ben-
tonite at a temperature of 25 °C, the colloidal parti-
cles in the solution were unstable. Average value of
the scattering intensity being proportional to the
particle concentration accounted for 25 thousand
imp./s, which only doubled the values for distilled
water (10—12 thousand imp./s). In the presence of
aluminophosphate model glass with RW simula-
tors being similar in their elemental composition
to the glass produced by FSUE PA Mayak, stable
300 nm particles were formed in the leach. More-
over, the scattering intensity exceeded by 50 times
the values suggested for solutions available in the
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‘Solution

Peak| Area, | Mean
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2 0025 1184 0204
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T T T
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let8
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2 0006 1409 3854
3 0933 3349 1072
4 0027 2576 7327
5 0031 9.1x10° 4.4x10°
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T TS =
le+t+s letB
Intensity Distrib (nm)

Total intensity —
580,000 imp./sec.

Figure 3. Particle size distribution in solutions following the interaction of model groundwater with Khakass bentonite without
(above) and in the presence (below) of aluminophosphate glass at a temperature of 25 °C according to dynamic light scattering data

glass-free system. Elemental composition of leach-
ates was evaluated based on inductively coupled
plasma mass spectrometry: it was shown that these
were aluminosilicate particles with an increased
content of rare earth elements, i.e. clay colloidal
particles with radionuclide imitators sorbed on
them, the so-called pseudocolloids.

Third, in terms of resistance to physical and chem-
ical external impacts, bentonites are significantly in-
ferior to kaolin clays due to the ratio between ther-
modynamic characteristics of montmorillonite and
kaolinite. As regards the resistance to microbiologi-
cal impacts, it seems reasonable to expect the same
ratio due to bentonite saturation with components
serving as “nutrients” for bacteria (non-silicate iron,
sulfur, phosphorus, organic compounds).

All of the above examples indicate that for multi-
factor systems a trade-off approach is usually needed
to be applied in engineering solutions. Given the un-
certainties in the evolution of events occurring in a
complex multi-parameter system, application of only
one raw material type for barrier material production,
namely bentonite, notwithstanding the unique indi-
vidual properties it possesses, can result in some neg-
ative consequences. To prevent such consequences
and ensure the disposal safety, a system of engineered
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barriers should be developed specifically for each fa-
cility using barrier materials of different composition
balanced in their characteristics taking into account
the design features of a particular facility, siting con-
ditions and radioactive waste composition.

Main characteristics of clay barrier materials

There are two types of requirements for clay bar-
rier materials. The first one can be designated as
engineering requirements mainly associated with
mechanical characteristics of materials governing
the engineering flowchart for barrier fabrication
and their mechanical stability. For bulk materials,
this accounts for high fluidity needed to fill the cav-
ities having complex geometry and self-compaction
ability in a dry state, which, among other things,
stabilizes the backfilling. As the barrier materials
are saturated with water due to hydraulic pressure
or capillary suction, the deformation (compression)
characteristics of materials in a water-saturated
state, including swelling, start to play into mechan-
ical stability. However, the strength parameters are
viewed as most important characteristics of bar-
rier mechanical stability, especially in a water-sat-
urated state. In case of unconsolidated plastically
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deformable materials, these are the angle of inter-
nal friction (¢) and specific adhesion (c) according
to Mohr — Coulomb failure criterion:

=P -tgo +c,

where 1 is the shear stress (pressure), P stands for
the effective normal stress (pressure). The fluidity
function (ff) mentioned above can be presented as
follows:

ff = ctgo.

The second type of requirements can be denoted as
functional: these are relevant to anti-filtration and
anti-migration properties of barrier materials due
to low water permeability, low diffusion of radionu-
clides in pore solution when filtration is absent, high
sorption capacity, low desorption of radionuclides
when physical and chemical parameters alter, chem-
ical and radionuclide composition of the pore solu-
tion. Moreover, there is a number of requirements
affecting the state of barriers during operation, par-
ticularly at the early stage, when various radiation
effects are sizable. These include the requirements
for thermophysical properties: thermal conductivity
and heat capacity of dry and water-saturated mate-
rials considered important for barriers surrounding
the packages with heat-generating RW.

Main characteristics governing engineering
properties of clay barrier materials and their per-
formance are as follows:

- granulometric,mineral and chemical composition;
- bulk density, moisture content, colloidity, mois-
ture capacity, specific surface (physical properties);
- flow characteristics and deformation of dispersed
materials in a dry state (mechanical properties);
formation and migration of clay colloids (colloidal
properties);
- physical and chemical stability during the interac-
tion with natural and technogenic systems (evolu-
tionary properties);
permeability and deformation in a water-satu-
rated state under load, capillary suction, swelling
pressure (compression-filtration properties);
- cation exchange capacity, radionuclide sorption
distribution coefficients, sorption capacity (sorp-
tion properties);
diffusion of radionuclides in pore solution (diffu-
sion properties).
This article is focused only on the main character-
istics governing the engineering properties of bar-
rier materials indicated in the first five paragraphs.

Granulometric, mineral and chemical composition

Granulometric and micro-aggregate composition
is viewed as an important characteristic influenc-
ing the engineering properties of clay materials:
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fluidity, bulk density, self-compacting, as well as re-
flecting the amount of clastic (non-clay) fractions
governing material performance. Despite its ap-
parent simplicity, as in fact we are dealing with the
evaluation of particle sizes or aggregate sizes, its
results oftentimes depend on the evaluation meth-
od. Of various evaluation methods, the standard
ones (GOST 12536-2014 Soils. Laboratory Methods
for the Evaluation of Granulometric (Grain) and
Microaggregate Composition) are the most routine
ones: sieve (particle size exceeding 0.05 mm) and
sedimentation (0.001—0.1 mm). The latter one was
expanded as regards the range of identified mini-
mum dimensions (up to 0.01 pm) and automated
using centrifugation with photometric or X-ray
registration. Laser diffraction is considered as the
most versatile standardized method allowing to
evaluate the particle sizes (small-angle or static
light scattering). GOST R 8.777-2011 Disperse
Composition of Aerosols and Suspensions. Particle
Size Identification by Laser Radiation Diffraction
specifies the required range of 0.2—1000 um for
this method. Smaller particles (0.001—5 pm), but
only those present in liquid media, can be analyzed
by dynamic light scattering method.

A huge number of methods is available to iden-
tify mineral composition being a characteristic
governing all properties of clay materials [17, 18].
In many cases, sample preparation process sig-
nificantly affects the representativeness of the es-
timated results. Mineral analysis methods are not
supported by GOSTs. X-ray diffraction quantitative
phase analysis can be assumed as a basic method.
This mature method has a high degree of automa-
tion both as regards the measurement procedure
and the result interpretation [19, 20]. Despite in-
sufficient locality when it comes to evaluating in-
dividual clay mineral crystals, X-ray microanalysis
using energy dispersive spectrometers fitted with
scanning electron microscopes is considered as
a highly effective method that can be applied to
specify mineral composition of clays and elemental
composition of clay minerals [21]. Total elemental
composition can be evaluated using any suitable
spectral method with X-ray fluorescence analysis
being considered as most sensitive and accurate in
this regard also allowing to identify the content of
impurities. However, during bulk chemical analysis,
it’s also important to keep in sight of organic clay
components.

Bulk density, moisture, moisture capacity, colloidality,
specific surface area (physical properties)

Appropriate requirements regulate the identifica-
tion of the majority of physical characteristics, for
example, GOST 28177-89 Forming Bentonite Clays.
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General specifications. Nevertheless, some par-
ticular aspects related to their measurement and
interpretation should be clarified. Not as strange
as it sounds with respect to physical quantities, in
case of clay materials there is an element of uncer-
tainty when it comes to their assessment according
to GOST standards. The bulk density depends on
the way in which the measuring container is filled.
Maximum water absorption which is identified as a
measure of moisture capacity "by eye" according to
meniscus mobility seems to be very subjective.

The objectivity of estimates associated with
physical characteristics largely depends on the
laboratory equipment provided for their measure-
ment. The better the measurement method is jus-
tified and the more accurate the measuring equip-
ment is used, the more objective the result is. A
case in point is the method used to determine the
specific surface area of materials by low-tempera-
ture nitrogen adsorption suggesting the adsorption
curve processing according to the Brunauer — Em-
mett — Teller (BET) equation which is specified in
GOST 23401-90 Metal Powders. Catalysts and Car-
riers. Specific Surface Evaluation. This method is
widely used to evaluate clay materials. To identify
the bulk density, more objective estimates (as those
proposed according to GOST 9758-2012 Porous In-
organic Fillers for Construction Work. Test Meth-
ods) can be obtained using the curves showing the
dependency between material densities and the ap-
plied loads derived based on evaluations performed

Flow Function Graph

using flow analyzer and compression instruments
presented below.

Flow characteristics and deformation of dispersed
materials (mechanical properties)

Flow and compaction characteristics of dry dis-
persed materials are essential when it comes to clay
barrier installation by backfilling method, especial-
ly in cases when the cavities subject to backfilling
have a complex geometry (a case in point is the
construction of an internal barrier at PUGR EI-2).
The flow parameters and their measurement meth-
ods are not standardized, but physically they cor-
respond to shear tests performed to determine the
strength parameters of the Mohr — Coulomb equa-
tion: angle of internal friction and specific cohe-
sion. Therefore, relevant estimations can be guided
by GOST 12248-2010 requirements Interstate Stan-
dard. Soils. Laboratory Methods for Strength and
Deformability Characteristics.

The dry flow and compaction of particulate clay
materials can be measured with powder flow ana-
lyzers such as the Brookfield PFTTM (Figure 4) at
axial loads of up to 25 kPa for flow and 100 kPa for
compaction. The diagram presenting the function
for the measured flow shows the lines separating
the areas intended for qualitative material charac-
terization: ff>10 — free flowing, 4<ff<10 — easy
flowing, 2<ff<4 — viscous, 1< ff <2 — very viscous,
ff <1 — not fluid. Dispersed materials designed for
backfilling should be easy and free flowing. From

Brookfield Enginearing Labs

[ i} an
¥
75 =
i ] Sammmp
A ey # Data Set 21
65 g B Data Set 42
| g JX o //C’ #
5 / / L2
§ / L A
B o+ ] W
£ . 2
. / Pk / g
° -
H 7
g
3
5

10 12 “ 1 18 e
Major Principal Consolidating Stress (kPa)

Figure 4. Brookfield PFTTM Dry Powder Flow Analyzer, blade cover for flow tests and measurement results for bentonite
and kaolin mixtures with the following kaolin content: No. 1—50, No. 2—75, No. 3 — 85 wt.%
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those presented in Figure 4, this requirement is met
only by mixture No. 3 consisting of kaolin (85 wt. %)
and bentonite (15 wt. %).

Compression devices can be used to determine
clay material deformation parameters in a dry state
at a higher axial load. The load that these axial load-
ing devices can provide is much higher than that
of the flow analyzer and can be up to 50 kN, which
corresponds to a pressure of 12.5 MPa acting on a
sample of 40 cm? in a standard odometer, and even
more. These values more than overlap the range of
self-compaction loads. Therefore, the data obtained
from such devices can be used not only to simulate
compaction during barrier design development, but
also to calculate the compression parameters dur-
ing its operation under water saturation.

Formation and migration of clay
colloids (colloidal properties)

Interaction of clay materials with water and aque-
ous solutions may result in the formation of clay
particles of a colloidal size (less than 1 micron) even
if external or flow-through filtration of the liquid
through the safety barrier causing clay material
erosion and suffusion is absent. Just similar to mac-
roparticles of clay minerals, colloids actively sorb
radionuclides on their surfaces resulting in pseu-
do-colloidal forms. Being characterized with high
strength of radionuclide capture and mobility (mo-
bility), the pseudocolloids themselves are charac-
terized by low sorption capacity to rocks which en-
hances their migration in the natural environment.

Stability of colloidal particles in aqueous solu-
tions, and hence their concentration and the ac-
tivity of the radionuclides sorbed on them depend
on the physical and chemical conditions of the
environment. A case in point is a dependence for
bentonite colloids provided above (Figure 3). Thus,
experimental study of clay colloids is mainly fo-
cused on their stability in groundwater given the
presence of structural materials and rocks under
RWDF conditions. A number of factors are known
that contribute to the coagulation of clay colloidal
particles: an increase in the temperature and ionic
strength of a solution (addition of an electrolyte),
sharp decrease or increase in pH, presence of mag-
nesium, calcium, iron in the solution, effects of
various types of radiation. In turn, stability of clay
colloids is promoted by organic (high-molecular)
compounds and phosphate ions.

The number and size of colloidal particles in
aqueous solutions can be measured by the microfil-
tration and dynamic light scattering (photon corre-
lation spectroscopy) methods. The former one en-
ables chemical and radiometric analyzes of filtrates
and filters allowing to determine the composition
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of colloidal particles and the distribution of radio-
nuclides between colloids and the solution. This
method was used to study the migration of urani-
um colloids in groundwater of Streltsovsk ore field
deposits [22]. Dynamic light scattering method al-
lows to determine the diffusion coefficient of par-
ticles based on the relaxation time of fluctuations
in the intensity of scattered light arising as a result
of the Brownian motion of dispersed particles. The
particle size (hydrodynamic radius, r) is calculated
based on the Stokes — Einstein equation relating it
to the diffusion coefficient (D) and dynamic viscos-
ity of the liquid (n):

D=(k,T)/(6mn1),

where k; is the Boltzmann constant, T'is the absolute
temperature. The particle size of bentonite colloids
for the case given above accounts for 330%110 nm.
This size corresponds to the diffusion coefficient of
particles in water (6+2)-10° cm?/s at a room tem-
perature, which is four orders of magnitude lower
than the water self-diffusion coefficient identified
based on tests for tritium under same conditions
(2.4:10°° cm¥/s). Therefore, one can hardly expect
quantitative diffusion of clay colloidal particles of
this size even in water saturated macro-fractures of
rocks, especially in their pore solution and in com-
pacted clay materials.

Convective transfer (advection) of clay colloids by
groundwater filtering along cracks is another mat-
ter since the sedimentation rate (v) of a solid par-
ticle in a stationary liquid can be calculated based
on the Stokes equation:

287 (p, —p,)
v = - =&
M

where p_and p, are the densities of solid and liquid
phases, g is the gravitational constant.

For the above-mentioned bentonite colloids
with r=330 nm, the sedimentation rate in water
at room temperature amounts to 3-10~" m/s. Thus,
an ascending groundwater flow moving at a higher
speed can carry such colloidal particles to the sur-
face. Hydrogeological conditions within the Yeni-
sei section of the Nizhnekansk rock mass referring
to the depths envisaged for the construction of a
deep RWDF for RW Class 1 and 2 are susceptible
of rocks with filtration coefficients (K) amount-
ing to 104—10?m/day [16]. Extended fractured
zones considered as main filtration channels are
characterized with maximum K values. Porosity of
rocks (¢) in such zones does not exceed 0.005. Max-
imum head gradient (AH/L) that can be expected
within the groundwater discharge area accounts
for 0.4 km/4 km=0.1. Given matrix porosity, the
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equation for the filtration coefficient allows to esti-
mate the average groundwater flow rate:

v=K:(AH/L)/e.

For an average Kf value of 10 m/day, the flow rate
will be approximately equal to 2-10-7 m/s, which is
comparable to the sedimentation rate of bentonite
colloids. This means that even such relatively large
radionuclide pseudo-colloids can be transported
by fractured groundwater and together with them
discharged onto the surface causing biosphere
contamination.

Researchers are extremely concerned with radio-
nuclides transport by clay colloids: both experi-
menters [23] and theorists developing mathemati-
cal models of colloidal transport. Among the latter,
a significant contribution was made by Russian sci-
entists [24]. However, to validate the reliability of
the results, all models require reliable parameters
that can be derived from experiments. In addition,
numerical models must be verified based on cor-
rectly performed model experiments. Therefore,
particular focus should be placed on the experi-
mental data, including those concerning sorption
distribution of radionuclides between the solution
and clay colloids.

Stability during the interaction with natural and
technogenic systems (evolutionary properties),
experimental and numerical simulation

Designs of clay protective barriers shall consider
that over long-term operation under the impacts
produced by external environment and RW, struc-
ture, composition and, consequently, properties of
barrier materials may evolve. Such influence as-
sociated with RW and structural materials of the
RWDF (technosphere) may manifest itself as radio-
active exposure, heat load, chemical impacts; as for
external environment (geosphere) these factors in-
volve physical (temperature and water cut fluctua-
tions), chemical and mechanical (tectonic) impacts.
All these long-term processes prompt the evolution
of the natural-technogenic RWDF system in gener-
al and of its individual components, including clay
barriers.

RW-induced radiation impacts produced on clay
materials are viewed as an integral feature specific
to all facilities being under consideration. Structure
of main clay minerals can be characterized as radia-
tionally stable (when exposed to low- and medium-
energy particles, amorphization of the structure
is not observed up to an absorbed dose of 10° Gy
[25]), whereas radiolysis of water contained in the
pore space and the interlayer of smectite miner-
als, is already manifested at minimum absorbed
doses. Radiolysis of pore and interlayer water not
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only results in hydrogen generation [26], which in
itself is of concern for RWDF design development,
but also affects the parameters of montmorillonite
crystal structure: along hydrogen generation basal
distances tend to get bigger. Still, a clear picture of
potential impacts produced on functional charac-
teristics of bentonite materials is missing. To date,
this matter appears to be of a key concern when it
comes to the application of clay materials for RWDF
safety barrier construction.

Temperature effects (RW and the environment)
and changes in the water saturation of clay ma-
terials (both due to temperature fluctuations and
changes in the flow mode) should be considered
together, since they are interrelated. Provisions of
GOST 30491-2012 Mixtures of Organic Minerals
and Soils Reinforced with Organic Binders for Road
and Airfield Construction are applied with respect
to artificial soils. According to above GOST, soil
frost resistance depends on the number of freeze-
thaw cycles leading to a limited change in the axial
compression strength of the considered samples.
For barrier clay materials, compressive strength
characteristics are not considered essential. There-
fore, this standard falls short of fully conforming
to the task associated with the characterization of
barrier clays, but some methodological techniques
can be borrowed from it. GOST 12248-2010 dis-
cusses a method that can be used to study linear
and volumetric shrinkage of soils due to their dry-
ing. This method cannot be considered as a generic
one but can be nevertheless used to assess the qual-
ity of barrier clay materials. However, some of the
requirements provided in this GOST, for example,
those concerning the absence of cracks in dried
samples, are not seen as realistic in case of consid-
erably swelling clays. All these facts indicate that
existing techniques should be adapted to their spe-
cific application in case of such particular materials
as clays and their mixtures.

Chemical interaction of clay materials with the
external environment can be studied experimen-
tally, nevertheless, having certain limitations. Thus,
trends in the evolution of chemical composition
and pH of solutions being in contact with clay
samples can still be established under laboratory
conditions, whereas changes in the clay minerals
themselves over the actual time available during
the experiments are practically invisible given not
excessively high temperatures and not excessively
aggressive nature of the simulated environment
[27]. Even ultra-long field [28] and laboratory [29]
model experiments do not allow making unambig-
uous conclusions about the clay materials evolu-
tion, namely in terms of their mineral composition.
In this case, numerical thermodynamic modeling
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allowing to predict the outcomes of even very slow
processes that cannot be detected by experimen-
tal methods within the actually available time can
help in addressing this issue providing long-term
forecasts covering a timeframe of tens and hun-
dreds of thousands of years [30].

Conclusion

Various industrially mined types of clays can be
used as natural mineral raw materials for the pro-
duction of clay barrier materials: bentonite, kaolin,
their mixtures, as well as locally produced poly-
mineral raw materials. Industrial processing of clay
raw materials (drying, grinding, enrichment, mix-
ing, modification, compaction) can change its min-
eral composition. This must be taken into account
in the decision making on the selection of certain
processing methods.

To validate the feasibility of clay materials ap-
plication in the construction of safety barriers at
radiation hazardous facilities, their characteristics
influencing the engineering properties should be
investigated: mineral and particle size distribu-
tion; moisture, bulk density for dispersed or ma-
trix density for molded materials; deformation and
strength parameters of material in a dry state; spe-
cific surface area and ability of the material to form
colloidal particles, as well as their migration and
sorption properties with respect to radionuclides.

To ensure that the clay barriers can maintain
their initial properties over the entire timeframe
while radiation risks remain in place, it is neces-
sary to demonstrate the required level of physical,
chemical, radiation and microbiological stability
of the barrier materials in the natural and techno-
genic environment under RW disposal conditions
(RWDF or CF RHF).

Acknowledgments

The study was supported by the Ministry of
Science and Higher Education of the Russian
Federation.

References

1. Federal'naya tselevaya programma «Obespech-
eniye yadernoy i radiatsionnoy bezopasnosti na
2016—2020 gody i na period do 2030 goda [Federal
Target Program Nuclear and Radiation Safety in
2016—2030]. — URL: http: //ftsp-yarb2030.rf/about/
overview/ (accessed on June 17, 2020).

2. Pavlyuk A. O., Kotlyarevskiy S. G., Bespala E. V.
et al. Opyt vyvoda iz ekspluatatsii promyshlen-
nogo uran-grafitovogo reaktora EI-2 AO «ODTS

40

UGR» [Experience from the Decommissioning of a
Production Uranium-Graphite Reactor EI-2 at JSC
PDC UGR Site]. Radioactivity and Radioactive Ele-
ments in the Human Environment: Proceedings of
the V International Conference, September 13—16,
2016, Tomsk. Tomsk: TPU Publishing House, 2016.

P. 508-512.

3. Pron I. A., Konovalov V. Yu. Opyt ekspluatacii
pripoverhnostnogo punkta zahoroneniya radioak-
tivnyh othodov 3 i 4 klassov [The The Near-Surface
Disposal Facilities of Radioactive Waste: Operation-
al Experience]. Radioaktivnye othody — Radioactive
Waste, 2018, no. 4 (5), pp. 8—14. (In Russian).

4. Linge I.1., Ivanov A.Y., Kazakov K. S. O sistem-
nyh merah po rasshireniyu primeneniya glinyanyh
materialov na ob"ektah atomnoj otrasli [On Com-
prehensive Approach to Use Clay Materials as Nucle-
ar Facilities Safety Barriers]. Radioaktivnye othody —
Radioactive Waste, 2018, no.4(5), pp.33—41
(In Russian).

5. Pavlyuk A.O., Kotlyarevskiy S. G., Bespala E. V.
et al. Modelirovaniye protsessa migratsii dolgozhi-
vushchikh radionuklidov iz grafitovykh radioak-
tivnykh otkhodov [Modeling the Migration of Long-
Lived Radionuclides from Graphite Radioactive
Waste]. Bulletin of the Tomsk Polytechnic University.
Inzhiniring georesursov — Georesource Engineering.
2017, Vol. 328, no. 4, pp. 75—84. (In Russian).

6. Talitskaya A.V., Zakharova E. V., Andryushchen-
ko N.D., Bochkarev V. V. Otsenka dolgovremennoy
bezopasnosti ob"yekta okonchatel'noy izolyatsii ra-
dioaktivnykh otkhodov, sozdavayemogo pri vyvode
iz ekspluatatsii promyshlennogo uran-grafitovogo
reaktora [Long-Term Safety Assessment of a Final
Radioactive Waste Disposal Facility Established
During the Decommissioning of a Production Ura-
nium-Graphite Reactor]. Yadernaya i radiatsionnaya
bezopasnost' — Nuclear and radiation safety. 2017.
No. 2 (84). — URL: https://nrs-journal.ru/upload/
iblock/44b/long-term_safety assessment.pdf (acces-
sed on June 17, 2020).

7. Delage P., Cui Y.]., Tang A. M. Clays in radioactive
waste disposal. Journal of Rock Mechanics and Geo-
technical Engineering. 2010, no. 2 (2), pp. 111—123.
8. Dohrmanna R., Kaufholda S., Lundqvist B. The
Role of Clays for Safe Storage of Nuclear Waste.
Handbook of Clay Science. 2013, Vol. 5, Chapter 5.4,
pp. 677—710.

9. Characterization of swelling clays as components
of the engineered barriers system for geological re-
positories. — IAEA-TECDOC-1718. Vienna: IAEA,
2013.102 p.

10. Sellin P., Leupin O. X. The use of clay as an en-
gineered barrier in radioactive-waste management —
a review. Clays and Clay Minerals. 2013, V. 61, no 6,
pp. 477—498.

Radioactive Waste Ne 3 (12), 2020



Use of Clay Materials

in the Construction of Protective Barriers at Radiation Hazardous Facilities

11. Krupskaya V. V., Biryukov D. V., Belousov P. E.,
Lekhov V. A., Romanchuk A. Yu., Kalmykov S. N.
Primenenie prirodnyh glinistyh materialov dlya
povysheniya urovnya yadernoj i radiacionnoj bezo-
pasnosti ob"ektov yadernogo naslediya [The use of
natural clay materials to increase the nuclear and
radiation safety level of nuclear legacy facilities].
Radioaktivnye othody — Radioactive Waste, 2018,
no. 2 (3), pp. 30—43. (In Russian).

12. Tlyina O. A. Bentonitovaya glina — bezal'terna-
tivnyy sposob sozdaniya inzhenernykh bar'yerov
bezopasnosti [Bentonite clay — Single Option for En-
gineered Safety Barrier Fabrication]. Atomnaya ener-
giya — Atomic Energy 2.0 2018. — URL: http://www.
atomic-energy.ru/interviews/2018/11/27/90760 (ac-
cessed on June 17, 2020).

13. Tsebakovskaya N. S., Utkin S. S., Kapyrin 1. V. et
al. Obzor zarubezhnykh praktik zakhoroneniya OYAT
i RAO [Overview of International Spent Nuclear Fuel
and Radioactive Waste Disposal Practices]. Edited by
Linge L.I. and Polyakov Yu. D. — Moscow: Publishing
house "Komtekhprint", 2015. 208 p.

14. Ilina O. A., Krupskaya V. V., Vinokurov S. E.,
Kalmykov S. N. Sovremennoe sostoyanie v razrabot-
kah i ispol'zovanii glinistyh materialov v kachestve
inzhenernyh bar'erov bezopasnosti na ob"ektah kon-
servacii i zahoroneniya RAO v Rossii [State-of-Art in
the Development and Use of Clay Materials as En-
gineered Safety Barriers at Radioactive Waste Con-
servation and Disposal Facilities in Russia]. Radio-
aktivnye othody — Radioactive Waste, 2019, no. 4 (9),
pp. 71—84. DOI: 10.25283/2587-9707-2019-4-71-84.
(In Russian).

15. Zihms S. G., Harrington J. F. Thermal cycling:
impact on bentonite permeability. Mineralogical
Magazine. 2015, V. 79, no. 6, pp. 1543—1550.

16. Kochkin B.T., Malkovskiy V.I., Yudintsev S.V.
Nauchnyye osnovy otsenki bezopasnosti geologiches-
koy izolyatsii dolgozhivushchikh radioaktivnykh otk-
hodov (Yeniseyskiy proyekt) [Scientific Basis for the
Safety Assessment of Long-Lived Radioactive Waste
Geological Disposal (Yeniseiskiy project)]. Moscow,
IGEM RAN Publ., 2017. 384 p.

17. Sokolova T.A., Dronova T.Ya., Tolpeshta I.I.
Glinistyye mineraly v pochvakh: Uchebnoye posobiye
[Clay Minerals in Soils: Textbook]. Tula, Grif and K
Publ., 2005. 336 p.

18. A Handbook of Determinative Methods in Clay
Mineralogy. Ed. M.]. Wilson — Glasgow, Blackie &
Son Ltd., 1987. 308 p.

19. Drits V. A., Sakharov B. A. Rentgenostrukturnyy
analiz smeshanosloynykh mineralov [X-Ray Structural
Analysis of Mixed-Layer Minerals]. Moscow, Nauka,
1976. 256 p.

Radioactive Waste Ne 3 (12), 2020

20. Crystal structures of clay minerals and their X-ray
identification. Ed. G.W. Brindlay, G. Brown. — London,
1980. 495 p.

21. Osipov V. 1., Sokolov V. N. Gliny i ikh svoystva.
Sostav, stroyeniye i formirovaniye svoystv [Clays and
their Properties. Composition, Structure and Prop-
erty Formation]. Moscow, GEOS Publ., 2013. 578 p.
22. Malkovskiy V. 1., Petrov V. A., Dikov Yu. P., Alek-
sandrova E. V., Bychkova Ya. V., Mokhov A.V., Shu-
lik L.S. Analiz kolloidnykh form perenosa urana
podzemnymi vodami na U-Mo mestorozhdeni-
yakh Strel'tsovskogo rudnogo polya (Vostochnoye
Zabaykal'ye) [Analysis of Colloidal Forms Associ-
ated with Uranium Transport by Groundwater at the
U - Mo Deposits of the Streltsovsk Ore Field (Eastern
Transbaikal)] Dokl. 2014, Vol. 454, no. 1, pp. 81—83.
23. Alonso U., Missana T., Patelli A., Rigato V. Ben-
tonite colloid diffusion through the host rock of a
deep geological repository. Physics and Chemistry of
the Earth, 2007, Vol. 32, pp. 469—476.

24. Malkovsky V. Theoretical Analysis of Colloid-fa-
cilitated Transport of Radionuclides by Groundwater.
Actinide Nanoparticle Research. Eds.: S. N. Kalmykov
and M. A. Denecke. — Berlin: Springer-Verlag, 2011,
pp. 195—243.

25. Allard T., Balan E., Calas G. Radiation Effects on
Clay Minerals. Handbook of Clay Science. 2013, Vol. 5,
Chapter 4, pp. 127—138.

26. Fourdrin C., Aarrachi H., Latrille C. et al. Water
Radiolysis in Exchanged-Montmorillonites: The H,
Production Mechanisms. Environmental Science &
Technology, 2013, Vol. 47, pp. 9530—9537.

27. Martynov K. V., Zakharova E. V. Vzaimodejst-
vie podzemnoj vody's bar'erny'm bentonitom i
fosfatny'm steklom, soderzhashhim imitatory” RAO
[Interaction of Underground Water With the Barrier
Bentonite and Phosphate Glass Containing Simu-
lators of Radioactive Waste]. Voprosy radiacionnoj
bezopasnosti — Journal of Radiation Safety Issues,
2019, no. 3, pp. 23—39.

28. Dixon D., Chandler N., Graham J., Gray M. N.
Two large-scale sealing tests conducted at Atomic
Energy of Canada’s underground research labo-
ratory: the buffer—container experiment and the
isothermal test. Can. Geotech. J., 2002, vol. 39,
pp. 503—518.

29. Ferndndez A. M., Villar M. V. Geochemical be-
haviour of a bentonite barrier in the laboratory after
up to 8 years of heating and hydration. Applied Geo-
chemistry, 2010, Vol. 25, pp. 809—824.

30. Gaucherl E. C., Blanc P., Matray J.-M., Mi-
chau N. Modeling diffusion of an alkaline plume in
a clay barrier. Applied Geochemistry, 2004, Vol. 19,
pp. 1505—1515.

1



Disposal of Radioactive Waste

Information about the authors

Martynov Konstantin Valentinovich, Ph.D., leading researcher, Frumkin Institute of Physical Chemistry
and Electrochemistry, Russian Academy of Sciences (31, Leninsky prosp., Moscow, 119071, Russia), e-mail:
markOs@mail.ru.

Zakharova Elena Vasilievna, Ph.D., head of laboratory, Frumkin Institute of Physical Chemistry and Elec-
trochemistry, Russian Academy of Sciences (31, Leninsky prosp., Moscow, 119071, Russia), e-mail: zakha-
rova@ipc.rssi.ru.

Dorofeev Aleksander Nikolaevich, PhD, Head of the Project Office on the Development of a Unified Ra-
dioactive Waste Management System, State Corporation “Rosatom” (24, Bolshaya Ordynka St., Moscow,
119017, Russia), e-mail: ANDorofeev@rosatom.ru.

Zubkov Andrey Aleksandrovich, PhD, Head of laboratory, Joint stock company “Siberian Chemical Com-
bine” (1, Kurchatov st., Seversk, Tomsk Region, 636039, Russia), e-mail: SHK@seversk.tomsknet.ru.

Prishchep Alexander Alexandrovich, Development Director, SIVER LLC (2D Field St., Berezovka, Ber-
ezovsky District, Krasnoyarsk Territory, 662521, Russia), e-mail: aa.prischep@gmail.com.

Bibliographic description
Martynov K. V., Zakharova E. V., Dorofeev A. N., Zubkov A. A., Prishchep A. A. Use of Clay Materi-

als in the Construction of Protective Barriers at Radiation Hazardous Facilities. Radioactive Waste, 2020,
no. 3 (12), pp. 39—53. (In Russian). DOI: 10.25283/2587-9707-2020-3-39-53.

42 Radioactive Waste Ne 3 (12), 2020



