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The paper discusses the main properties of bentonite clays being considered as a component of safety barriers for 
radioactive waste isolation in geological repositories. It focuses on experimental and analytical studies providing 
basic information needed to select the most suitable material for the experiments that are to be carried out in the 
underground research laboratory and for the construction of the geological repository. The paper summarizes the 
required full-scale and supporting laboratory experiments that are to be implemented in the underground research 
laboratory being constructed in the Nizhnekanskiy massif (Krasnoyarsk Region). The proposed experiments were based 
on the requirements and basic properties of bentonite being considered as the engineered barrier for radioactive 
waste disposal. As a result of laboratory and full-scale experiments the information required to assess the repository’s 
evolution following its closure will be obtained. 
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To ensure the safety of high-level waste (HLW) 
and spent nuclear fuel (SNF) final isolation the op-
tion of its disposal in deep geological formations 
(clays, salts, crystalline rocks) has been considered 
by the majority of countries around the world  Pas-
sive multi-barrier systems designed to ensure the 
isolation of waste from the biosphere are viewed as 
an important component of the deep disposal fa-
cilities for RW (DDF RW)  Such systems commonly 
involve a natural geological barrier represented by 
the geological environment and a complex of ar-
tificial barriers (engineered safety barriers, EBS). 
Buffer material used to seal RW packages and 

underground excavation is considered as an EBS 
element  The overwhelming majority of currently 
developed concepts propose the use of bentonite 
or bentonite-based mixtures with other materials 
[1—4]. Tunnel backfill (bentonite/sand and ben-
tonite/crushed rock mixtures are considered in 
European DDF RW concepts [5]) the application of 
which is regulated by less stringent requirements is 
not considered in this paper  Buffer materials made 
of compacted (compressed) bentonite can be used 
in the repository as pellets similar to Swiss designs 
or blocks of various shapes, as considered in the 
disposal designs in Sweden, Finland, etc  [1, 6, 7] 
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The main requirements to the buffer material 
during HLW disposal are as follows: low permeabil-
ity; self-sealing capacity; high sorption capacity 
considering a number of radionuclides; long-term 
preservation of the required properties [1, 7—9]  
Among natural materials, only bentonite and ben-
tonite-like clays are characterized by a full set of 
required properties  Bentonite was selected as a 
buffer material under national HLW disposal pro-
grams in Sweden and Finland considering crystal-
line rocks (granite massifs) as a bedrock formation 

Containment of radionuclides within the DDF RW 
and retardation of their release into the environ-
ment is seen as the main protective function of EBS 
materials. Protective functions can be identified 
based on the available knowledge on EBS mate-
rial properties and their evolution in the long term  
Studies performed in underground research labora-
tories (URL) under conditions being as far as pos-
sible similar to the actual disposal ones can provide 
most reliable information on EBS material proper-
ties  This paper considers the main properties of the 
bentonite buffer as a part of the EBS system during 
HLW disposal and presents the envisaged full-scale 
and laboratory experiments 

Containment properties of bentonites 
and the criteria defining its application 
as an EBS component

RW disposal suggests a new quality application of 
bentonite and bentonite-based products consider-
ing it already as a “tailored construction material”, 
thus, the evaluation of its characteristics requires 
the development of new approaches and stan-
dards  Research teams from different countries are 

working on their own original concepts and stan-
dards, which, despite some significant similarities, 
nevertheless, are having their individual character-
istics which is explained by a number of economic, 
geological, geographical, engineering and other 
features 

Smectites, mainly montmorillonites (over 60—
70 %), are considered as the main rock constituent 
of bentonite clays  Quartz, feldspars, calcite, rarely 
pyrite and organic matters, as well as other clay 
minerals — kaolinite, illite, mixed-layer minerals, 
less often chlorite and vermiculite are found in it 
as impurities 

Isomorphic substitution of cations within oc-
tahedral and tetrahedral meshes of clay minerals 
results in a negative charge of the layer, which is 
compensated by interlayer cations and provides 
high sorption and waterproofing capacity of ben-
tonite clays (Figure 1)  Predominance of isomorphic 
substitutions in octahedral meshes and a sufficient 
layer charge ensures most favorable sorption and 
colloidal capacities of soils and rocks with a high 
montmorillonite content 

Based on the exchange cation composition in 
the montmorillonite interlayer complex, benton-
ite clays are subdivided into alkaline (sodium) and 
alkaline-earth (calcium-magnesium) types  Alka-
line bentonites are believed to have most favorable 
properties and are commonly applied in a few in-
dustrial sectors compared to alkaline-earth ben-
tonites, which is explained by a higher hydration 
potential of alkali metal ions, primarily sodium  
Thus, the free swelling capacity of Na-montmoril-
lonites is much higher compared to Ca-montmoril-
lonites  However, studies of compacted bentonites 
have shown that this effect is observed only at low 

a b

Figure 1. Schematic presentation of a montmorillonite particle with negative charge located at the layer surface (a) 
and the structure of a smectite layer (b)
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densities of the compacted bentonite (below 1 3—
1.5 g/cm3) being completely absent at high densi-
ties (more than 1.7 g/cm3) [7, 10] 

Presence of montmorillonite in clays is consid-
ered as an essential factor enabling their use as a 
buffer material (Table 1)  Presumably, most of the 
minor minerals contained in bentonites (quartz, 
feldspars, other clay minerals, etc ) will not pro-
duce any negative impact on the barrier material 
properties  However, studies have shown that the 
presence of gypsum, anhydrite, pyrite and organ-
ic matters can contribute to metal HLW container 
corrosion, favor the development of a potential-
ly aggressive environment for the concrete and 
promote gas generation [11, 12]  Based on long-
term experiments, the scientific community ad-
opted some criteria on the mineral composition 
of bentonite clays being considered suitable for 
EBS construction  However, these criteria are not 
universal and each criterion should be tailored to 
the conditions available at a particular repository 
site [7] 

Table 1. Restrictions on the contents of some 
components according to the requirements 

of the Swedish KBS-3 disposal concept (SKB) [13]

Design content, % wt Acceptable content, % wt

montmorillonite

80—85 75—90

sulfide

limited < 0.5

sulfur, including sulfide sulfur

limited < 1

organic carbon

limited < 1

Thus, Swedish repository concept considers ben-
tonite with a montmorillonite content of 80—85 % 
(with an acceptable variation in the range of 75—
90 %) as a material suitable for buffer fabrication  
The content of organic carbon should be less than 
1 %, of sulfides — not more than 0.5 %, whereas, the 
total sulfur content should be limited to 1 % of the 
total mass [13]  Bentonite is used to manufacture 
buffer blocks and disks with a density ranging from 
1.65 to 2.05 g/cm3 providing a swelling capacity of 
at least 2 MPa and a water conductivity coefficient 
of around 10–11—10–12 m/s (Table 1).

Finnish concept [14] considers both alkaline and 
alkaline-earth types of bentonites (Table 2) with 
bentonite from the Wyoming deposit (MX-80) in-
volved in a rather large number of the experiments 
and oftentimes considered as a reference material  

Table 2. Acceptance criteria for the bentonite clays 
used as an EBS component under the disposal concept 

adopted in Finland [14]

Na-bentonite Ca-bentonite

Water content (moisture content), %

≤ 13 ≤ 13

Swelling capacity, ml/2g

≥ 20 ≥ 15

Smectite content, %

≥ 75 ≥ 75

Total moisture capacity, %

≥ 250 ≥ 80

Cation-exchange capacity (CEC), mEq/100 g

≥ 70 ≥ 60

Water conductivity coefficient (assuming a matrix density of the 
rock of 1.75 g/cm3), m/s

≤ 10–12 ≤ 10–12

Swelling pressure, MPa

1 — 10 1 — 10

Thermal conductivity coefficient, W/m·K

1.0 1.0

Deposits of rather high-quality bentonites are 
available in the territory of the Russian Federa-
tion and the near abroad [15—17]  Table 3 presents 
the main characteristics of bentonites from large 
industrial deposits of the Russian Federation and 
its neighboring countries, the raw materials from 
which are available on the Russian market and 
which can be potentially used under the Russian 
disposal concept

The cation exchange capacity (CEC) indicators 
were calculated using two different methods: 
the adsorption of methylene blue dye (MB) being 
widely used in Russian practice and the adsorp-
tion of Cu (trien) complex, which is currently rec-
ognized by the scientific community as the most 
correct one in terms of evaluating bentonite CEC 
and, in particular, in case of alkaline-earth differ-
ences [18, 19] 

Compaction of bentonites and their 
physical and mechanical properties

A number of issues can be addressed through the 
application of materials manufactured from ben-
tonite clays and having an increased density, for 
example, it can promote the formation of necessary 
physical and mechanical properties of EBS materi-
als [7], help to control swelling pressure and perme-
ability  Moreover, the use of compacted materials 
ensures both the homogeneity of the constructed 
barriers and facilitates the transportation of their 
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elements to the intended locations [1]  It is impor-
tant to understand which parameters should be 
monitored during the selection of an appropriate 
compaction mode and which property indicators 
should be assumed as a quality assessment crite-
rion for the resulting material 

Desired matrix density, humidity and particle 
size distribution (particle size of the bentonite 
material) are viewed as the key parameters dur-
ing the selection of the compaction mode  Thus, 
swelling and permeability parameters of the bar-
rier material will depend on the matrix density, 
whereas, the strength of the compacted mate-
rial and the force applied to achieve the desired 
density will depend on the moisture content and 
the particle size distribution in the raw material  
It is important that the swelling pressure and the 
permeability would depend to a smallest extent 
possible on the matrix density: comparison of 
various bentonite property indicators reveals that 
the bentonites whose permeability and swelling 

pressure is least dependent on the matrix density 
are considered as more suitable for the fabrication 
of HLW containment ESB [7] 

Pressing is considered as the most effective com-
paction method for bentonites  Moreover, the re-
quired parameters cannot be achieved through the 
application of tamping considered as a standard 
compaction method [20], which is explained by 
the fact that sufficient exposure time and the ef-
forts required to achieve a uniform distribution of 
the pore fluid and to provide the development of 
transitional (point-like) and coagulation contacts 
between particles at a low humidity cannot be at-
tained in case of an impulse (shock) load impact 

Uniaxial compressive strength can be considered 
as a primary criterion for the quality assessment of 
compacted bentonite. As a first approximation, this 
parameter can help to assess how well the material 
can maintain its integrity during transportation, 
backfilling and repository operation. Studies have 
shown that the highest strength of compacted ben-
tonite from the Wyoming deposit can be achieved 
through the application of industrial grinding 
method with its grinding to an average size of 
0 25—1 mm [21], while an optimal fraction size of 
less than 0 1 mm is considered for bentonites from 
the 10th Khutor deposit which was demonstrated 
in a preliminary study 

The optimal moisture content of compaction for 
the bentonites from the Wyoming deposit was es-
timated to be equal to 17 % [21], whereas the stud-
ies of the bentonites from the 10th Khutor deposit 
showed that the optimal moisture content could 
amount to some 20 % 

Swelling
Swelling of bentonite material interacting with 

water is considered as a main property ensuring 
the containment function by filling the voids (self-
sealing) inside the installed barrier resulting in a 
homogeneous medium even if elements of a differ-
ent shape are used (blocks, pellets, granules, etc ) 
(Figure 2) 

Swelling pressure of compacted bentonite basi-
cally depends on the matrix density and bentonite 
characteristics themselves (particle size distribu-
tion, smectite content, layer charge and distribu-
tion, chemical composition of exchange cations)  
Permeability (water conductivity coefficient) quite 
strongly depends on the swelling pressure [7] 

Micromorphological characteristics of compact-
ed bentonites before and after wetting were studied 
revealing a number of changes in their microstruc-
ture  The microstructure of natural compacted clays 
before wetting involves microaggregates of elon-
gated leaf-shaped smectite clay particles  These are 

Table 3. The main composition and property indicators 
for natural bentonite clays from the industrial deposits 
of the Russian Federation and its neighboring countries

10th Khutor, 
Republic of 
Khakassia

Zyryansk 
deposit, Kurgan 
District, Russia

Tagansk (Dinosaur) 
deposit, Republic 

of Kazakhstan

Dash-Salahlinsk 
deposit, 

Azerbaijan

Smectite (montmorillonite) content, wt. %

73 74 73 74

Total charge of the montmorillonite layer

0.44 0.55 0.55 0.50

Tetrahedral charge, %

3.2 26.8 0.5 0.8

Prevalence of cis-/ trance- vacant octahedra

cis- cis-/trans- trans- cis-

Cation exchange capacity by the Trien method*, mEq/100 g

80.2 78.3 100.7 94.1

Cation exchange capacity by MB method*, mEq/100 g

36.8 27.3 81.6 80.2

Free swelling capacity, ml/2g

10 18 19 Not measured

Fe2O3 content, wt. %

4.1 8 6.7 5.8

Organic carbon (Corg) content, wt. %

<0.05 <0.05 <0.05 Not measured

Sulfur content, wt. %

0.11 0.07 0.04 <0.1

* methylene blue dye adsorption method (MB)
** method of Cu (rien)complex adsorption 
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aggregated forming larger structures (Figure 3a) 
ranging from 1 to 10 microns in their size with a 
thickness of 0 5—3 microns incorporating numer-
ous small interparticle endo-microaggregate and 
inter-microaggregate pores  After wetting, the size 
of microaggregates and the number of pores tend to 
decrease, which is explained by clay particle hydra-
tion upon sample saturation with water  Smectite 
particle and aggregate swelling cause a decrease in 
their average size and in their orientation degree 
with some pores being sealed resulting in a more 
homogenous microstructure (Figure 3b) [22, 23] 

Within the macro-volume, the observed changes 
in the microstructure caused by swelling result in a 

Figure 2. Demonstration of the compacted bentonite self-
sealing capacity upon its interaction with water.  
Photos were taken with a 10-minute interval

a b

Figure 3. Decreased porosity in compacted bentonite clays (10th Khutor) upon watering: a — moisture content of 11 %,  
b — moisture content of 45 %

Figure 4. Self-compaction of bentonite material having different fractional composition (based on [24] with additions)
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rather rapid averaging of the inhomogeneous ma-
terial, self-sealing of large pores at the boundaries 
of areas characterized by different densities and 
the development of an almost pore-free homoge-
neous system  Study [24] showed that 2 5 months-
long saturation of compacted bentonite pallets and 
powder results in a high-level homogenization of 
the barrier due to material swelling, which, in turn, 
can already provide the required containment ca-
pacity (Figure 4) 

Swelling pressure depends exponentially on the 
density, which should be considered when simulat-
ing the stress-strain state of the DDF RW bedrocks 
[25—27]  It should be borne in mind that changes 
in the chemical composition of the pore water, pro-
longed heat exposure in the vicinity of HLW con-
tainers (near field) and potential transformations 
of bentonite composition and structure resulting 
from metal container corrosion can affect swelling 
pressure indicators, and hence the waterproofing 
properties of the barrier 

Swelling pressure is viewed as a most impor-
tant bentonite buffer property indicator which 
should be high enough to provide necessary 
self-sealing capacity during closure, but should 
not exceed critical values, so as not to produce a 
destructive load on the container and the walls 
of the excavation  According to various sources, 
the swelling pressure should fall within a range 
of 0 2—15 MPa 

Water permeability
Low water permeability is seen as an essential 

property of bentonite clays providing containment, 
which can be basically provided through the use of 
compacted high-density bentonite materials pro-
posed under the vast majority of modern RW dis-
posal concepts 

The theory of filtration occurring in sediments 
with low-permeability, including bentonite-based 
engineered safety barriers, implies the presence of 
an advective water flow only if the initial pressure 
gradient is available 

Microstructure of the pore space developed fol-
lowing compacted bentonite sample hydration was 
studied  It was found that the available active pore 
space, where the filtration can occur, will be mini-
mal or absent [28]  The size of the developed pores 
depends on the swelling pressure, which, in turn, 
depends on the structural features of montmoril-
lonite and the solution composition 

To ensure the long-term safety of RW disposal 
the buffer water conductivity coefficient should 
fall within the range between 10–11—10–12 m/s de-
pending on the repository concept and the waste 
type 

Thermal conductivity

The heat generated by HLW or SNF containers 
due to the radioactive decay should be dissipated 
to limit the maximum temperature in the near-
field ensuring safe operation of the repository. 
Temperature in the bentonite buffer will reach its 
peak during the first 50 — 100 years after DDF RW 
closure, when the residual heat release coming 
from the waste is still high and the bentonite is 
not completely saturated and swollen [27]  Stud-
ies performed under laboratory conditions and 
the full-scale experiments that can be exempli-
fied by the FEBEX (Full Scale Engineered Barriers 
Experiment) project showed that the thermal con-
ductivity of bentonite decreases significantly at a 
moisture content level below 50 % and remains al-
most constant at a moisture content level ranging 
from 50 to 100 % [29—31]  Thus, it’s clear that at 
a moisture content of at least 50 %, bentonite will 
be characterized by most favorable properties that 
can evolve under repository conditions when the 
temperature in the vicinity of a waste container 
drops below 100 °C  However, the lithostatic pres-
sure available at the depth has not been accounted 
for in the above studies, therefore, the criteria for 
the temperature level may be revised 

Radiation resistance
Most likely, the bentonite buffer will not be ex-

posed to α- and β-radiation until radionuclide re-
lease beyond the confining container occurs. Expo-
sure of γ-radiation emitted by the waste can cause 
structure changes in montmorillonite potentially 
leading to a decrease in its content in bentonite 
and, consequently, to a decrease in its swelling 
capacity and its ability to maintain low water per-
meability  Studies have shown that montmorillon-
ite amorphization occurs when the absorbed dose 
reaches 30 GGy [33]  At the same time, under deep 
repository conditions, bentonite will be exposed to 
a total radiation dose that is assumed to produce 
no noticeable changes on montmorillonite content 
and its properties [34] 

Biological resistance
Bentonite buffer and host rocks, as any other 

natural material, feature some amounts of sulfate-
reducing bacteria producing sulfides. Their number 
depends on the type of bacteria and nutrient con-
tent in the groundwater  Degradation of EBS struc-
ture may trigger nutrient inflow, for example, with 
cement additives (such as superplasticizers), or-
ganic components from rock pore water and other 
term sources potentially causing increased bacte-
rial growth 
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Microbiological activity can be limited by reduc-
ing nutrient diffusion and increasing the swelling 
pressure, which is achieved by increasing the ben-
tonite material density  A more detailed discussion 
of microbiological influences and corresponding 
full-scale experiments is presented in [35] 

Bentonite transformations 
under repository conditions

In addition to the identification of main benton-
ite buffer property indicators, knowledge on their 
potential transformations under the influence of 
various factors during their operation as part of 
the repository barrier materials seems to be es-
sential  Increased temperature in the vicinity of 
RW packages is seen as one of these factors  Differ-
ent estimates show that the bentonite buffer will 
be exposed to a temperature ranging from 80 to 
140 °С. Full-scale experiments performed in Äspö 
URL (ABM project — Alternative Buffer Materials) 
involving a mockup iron canister with HLW simu-
lator showed that under the influence of elevated 
temperatures (140 °C), clusters of trioctahedral 

smectite (saponite) are developed along with a 
slight decrease in cation exchange capacity and 
swelling pressure [7]  Under the PR (Prototype Re-
pository) experiment involving RW canisters made 
of copper and being exposed to a temperature of no 
more than 85 °С, no changes in the composition of 
bentonite clays at the canister boundary were re-
corded  Thus, the authors [7] suggested that copper 
can be considered a much more suitable material 
for waste canister fabrication 

It is a common knowledge that smectite group of 
minerals can undergo various transformations un-
der the influence of several factors acting together, 
such as high temperature, pressure, physical and 
chemical interaction with the components of pore 
fluid. In addition to saponite formation mentioned 
above, montmorillonite can transform into illite, 
thus, causing the swelling montmorillonite trans-
formation into non-swellable illite  Experiments 
[36, 37] show that given the expected groundwa-
ter composition in clay formations, 80 % illitiza-
tion of smectite layers can be expected only at a 
temperature of 150 °C after 100,000 years  More-
over, this process is assumed to be even longer at 

Figure 5. Results of thermogravimetric analysis for (a) cis-vacant (Trebiya deposit) and (b) trans-vacant (Tagansk deposit) 
montmorillonites. The insets show the orientation models of OH-groups within the octahedral mesh according to cis- (1) 

and trans-motif (2)
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lower temperatures  Potassium concentration in 
such rocks was assumed being equal to 200 ppm  
At the same time, at potassium concentration of 
2,000 ppm (150 °C), 50 % illitization of smectite lay-
ers occurs much faster (3,500 years)  However, such 
groundwater chemistry is considered typical only 
for hydrothermal solutions and is not expected in 
crystalline bedrock along with the evolution of the 
geological setup  Experiments showed that condi-
tions prompting significant montmorillonite illiti-
zation would not evolve under repository conditions 

Thus, identification of criteria being responsible 
for bentonite stability is believed to be as much im-
portant as the study of its key characteristics  Stud-
ies of bentonites from various deposits in Russia 
and the near abroad have shown that the nature of 
vacant position distribution within the octahedral 
mesh of the montmorillonite structure should be 
considered as a main parameter affecting the sta-
bility of smectite structure and its properties  It was 
shown [38, 39] that cis-vacant smectites are more 
stable than the trans-vacant ones (Figure 5) 

Papers [40, 41] dealing with the dehydroxylation 
of 2 : 1 layered silicate, primarily mica and smec-
tites, suggest that octahedra can be oriented in two 
different ways so that OH-groups are arranged as 
shown in Figure 5 (1, 2)  If OH-groups are locat-
ed relatively close to each other according to the 
trans-motive, less energy is required to break the 
bonds, and, thus, the dehydroxylation temperature 
is less than 500 °С (falling in the range between 
450—500 °С). If OH-groups are located farther apart, 
more energy is required to break the bonds, and the 
dehydroxylation temperature is above 500 °С (fall-
ing in the range between 550—650 °С). It can be ex-
pected that the same structural criterion appears to 
be significant in model transformations of benton-
ites under conditions similar to the repository ones 
and in this case can be used as a stability criterion 
for bentonite clays and considered in relevant mod-
els of EBS short-term and long-term evolution 

Laboratory and full-scale experiments planned 
in the underground research laboratory

Under current repository concept, the EBS system 
is viewed a multicomponent structure  It should be 
emphasized that to evaluate the stability of EBS 
material composition, structure and properties un-
der the influence of various factors, experiments 
are required to be conducted under conditions be-
ing as far as possible similar to the actual disposal 
ones. Thus, the influence of the entire set of factors 
can be evaluated, since, most likely, this system will 
have an emergent nature 

ERLIK URL (Exploratory Rock Laboratory In 
Krasnoyarsk region) developed in the Nizhnekan-
skiy rock mass [9] is planned to hold a number of 
full-scale experiments to study the main processes 
expected in EBS materials: the effects of tempera-
ture, chemical composition of pore water, pressure, 
processes at EBS boundaries (corrosion and erosion 
of barrier materials) 

A large number of experiments have already been 
conducted in URLs operated abroad: their findings 
can be used to simulate the evolution of the Rus-
sian repository  However, far from all of them can 
be applied directly due to the existing differences 
in the repository siting conditions  Discussed below 
is a range of laboratory, medium- and fully-scale 
experiments developed to study the properties of 
bentonite materials and relevant processes 

Full-scale URL experiments 
Several series of full-scale experiments are 

planned to be implemented in the URL to assess the 
safety of the developed disposal facility designs and 
to study barrier material evolution, including those 
shown in Figure 6:

a) study of EBS material evolution under reposi-
tory conditions, including relevant research of their 
thermal evolution, interaction of EBS materials, in-
teraction of swelling materials constituting to the 

Figure 6. Design layout of installations proposed for the full-scale experiments:
a – study of EBS material evolution under repository conditions, b – study of gas generation and migration through EBS 

materials and host rocks

а	 b
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tunnel backfill and concrete plugs, evolution of 
tunnel backfill material properties;

b) study of gas generation and migration through 
EBS materials and host rocks, including gas gen-
eration caused by metal container corrosion, po-
tential loss of integrity by the bentonite buffer, gas 
migration 

It seems worth to take a closer look at the experi-
ment investigating the processes occurring at the 
interface between compacted bentonites and metal 
elements of a canister  This experiment was devel-
oped to characterize bentonite buffer stability and 
to trace the processes of its erosion and properties 
evolution 

The following results are expected to be achieved 
during the experiment:
 • to evaluate the behavior of the bentonite barrier 
at its interface with a metal canister under a ther-
mal impact and in presence of model pore water 
(swelling, thermal stability, transformations at 
the interface);

 • to evaluate the evolution of bentonite buffer 
manufactured from a material provided for under 
the design concept based on the main parameters 
(swelling pressure, thermal stability, physical, me-
chanical and filtration properties);

 • to study the evolution of materials at the in-
terface between bentonite — metal, bentonite — 
backfill material between the walls of the excava-
tion (bentonite pellets, thixotropic slip, etc );

 • to identify potentially promising alternative ma-
terials: bentonites from different deposits, clay 
mixtures of different composition, bentonite pal-
lets fabricated from the material produced at dif-
ferent deposits, materials based on bentonite and 
rock mixtures;

 • to evaluate EBS material corrosion rates — metal 
canister, bentonite, concrete, thixotropic slip, 
alternative buffer materials under repository 
conditions;

 • to identify some particular aspects of processes 
occurring at the interfaces between various EBS 
materials 
The experiments involve the use of a mockup 

installation instead of a real canister character-
ized with a similar structure  If some changes are 
introduced to the canister designs, appropriate ad-
justments should be introduced to the experimen-
tal setup developed to investigate bentonite buffer 
thermal evolution (Figure 7) 

The experiment is to be performed in a separate 
well with its location being extremely remote from 
other research excavations  It involves a mockup 
metal HLW canister — a heater and a framing ma-
terial made of a selected metal fitted inside a sys-
tem of compacted bentonite rings  To reduce the 

experiment time, two heaters and two systems of 
bentonite rings of different composition (from dif-
ferent deposits), as well as potential alternative 
buffer materials are to be engaged  A gap between 
the two heaters not being subject to heating will be 
provided: it could be used to install materials in-
tended for RW class 2 disposal — buffer materials, 
concrete, etc  in keeping with the developed reposi-
tory designs  Heating temperature should be speci-
fied based on the calculated one considering the 
heat output from HLW canisters provided for by the 
repository designs (a temperature of 130—150 °C 
was adopted under similar experiments conducted 
in Switzerland and Sweden)  Water will be supplied 
by pumping equipment 

Ring blocks of buffer material are placed around 
the mockup canister  To obtain most reliable re-
sults, blocks of the same composition are installed 
in 3—5-fold repetition  Reference materials can be 
placed with fewer repetitions, the most promising 
materials — with more repetitions  Several repeti-
tions may involve materials of various EBS compo-
nents proposed for tunnel backfilling purposes: 
concrete, thixotropic slip, bentonite pellets and, 
possibly, other promising materials 

The experiment is expected to last 5—7 years 
with the upper heater and the blocks surrounding 
it expected to be removed after 3 years already, en-
abling to obtain preliminary results until project 
completion  The gaps between the walls of the well 
and the blocks will be backfilled with sand. Ground 
or model water will be injected into this gap being 
quickly distributed along the sandy layer ensuring 
uniform bentonite swelling 

To ensure optimal properties (swelling pressure, 
shear resistance, etc ), the type of bentonite buffer 
and alternative materials, property indicators and 
compaction parameters will be specified at the pre-
liminary stage of the laboratory research  Available 
international experience and preliminary studies 
on the compaction of Russian bentonites show 
that compaction of bentonites with the desired and 
required properties cannot be achieved given the 
technical specification for compaction laid down in 
the engineering documentation (moisture content 
of 6 %), thus, requiring some additional computa-
tional and experimental studies 

Technical specifications for compaction (mois-
ture content, fractional composition, etc ) should 
be developed for each potential bentonite buf-
fer material, since their provisions depend on the 
composition and structure of the initial clay raw 
material 

Real time implementation of the full-scale exper-
iment will provide indicators of evolving bentonite 
temperature and moisture content  Temperature 
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and moisture content sensors will be installed at 
different distances from the heating element, as 
shown in Figure 7a, the specific layout will depend 
on the thickness of the bentonite buffer  Experi-
ment time will be shortened by reducing the thick-
ness of the bentonite rings  Ring thickness of 12 cm 
is currently considered under the Russian disposal 
concept, whereas the international practice evi-
dences that in this case appropriate safety level will 
not be attained and the ring fabrication process will 
be too complex given the manufacturing tolerance 
of 5 cm  Two mock-ups with 10 and 30 cm thick 
compacted bentonite rings are planned to be tested  
Under all existing repository concepts suggesting 
RW disposal in crystalline rocks, the thickness of 

the bentonite buffer is assumed to fall within the 
range of 35—40 cm with some designs providing for 
a 60 cm thick buffer 
Studying the evolution of tunnel backfill properties 

Engineering repository documentation cur-
rently suggests that the tunnels will be backfilled 
with a cement-based material after the wells with 
HLW are sealed and the packages with RW class 2 
are installed. Alternative tunnel and shaft backfill-
ing options suggest the potential use of clay com-
pacted material or clay-based mixtures  In this case, 
the tunnels will be backfilled with pre-compacted 
bentonite blocks (under Swedish disposal concept) 
or compacted pellets (under the designs adopted 
in Finland) following HLW canisters emplacement 

Figure 7. Layout of a full-scale experiment under the ThermoEvolution project:
a — layout of blocks and heater in the well, b — enlarged fragment accounting for mutual arrangement of EBS materials 

and the heater, c — assumed layout of sensors inside the blocks of compacted bentonite material
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into vertical boreholes  Remaining gaps between 
the blocks and the borehole walls will be backfilled 
with bentonite granules or pellets  An experiment 
is proposed to study the processes resulting from 
the interaction of swellable tunnel backfilling ma-
terials and concrete plugs to evaluate the applica-
bility of this method along with the evaluation of 
tunnel backfill material evolution and the elabora-
tion of relevant engineering solutions 

The experiment will be also focused on the swell-
ing of tunnel backfill material — blocks made of 
compacted bentonite/alternative materials, mix-
tures of bentonite sand, etc , as well as on the ef-
fects produced by backfill materials on the concrete 
and other repository materials, the impact of pore 
water on backfill tunnel material interactions and 
etc 
Experiment on gas generation 
and migration through EBS materials

Another type of experiments suggests the evalu-
ation of gas generation, its migration through EBS 
materials, primarily high-density bentonites  Gas 
releases, for example, due to steel canister cor-
rosion, microbiological impacts, destruction of 
calcite contained in bentonite, as well as bedrock 
heating in the vicinity of HLW canisters, can po-
tentially affect the buffer quality  Furthermore, gas 
penetration channels may be developed within the 
buffer  If the gas is not able to pass through the 
buffer, the pressure will increase potentially caus-
ing mechanical damage to other barrier elements  
In addition, the gas can dry the bentonite buffer  
Findings of this experiment will help to identify po-
tential factors associated with gas generation and 
its impact on possible structural montmorillonite 
transformations 

Experiment layout is similar to the ThermoEvolu-
tion one  The only difference is that for each partic-
ular buffer material an individual layout should be 
arranged  Heaters are placed inside the buffer sam-
ples  The experiments would last some 5—10 years  
Gas and temperature sensors are fitted within the 
blocks and the surrounding rock  During the exper-
iment, gas samples will be collected continuously 
with their composition being analyzed 

To evaluate the rate of gas migration and discon-
tinuities in the bentonite buffer, a separate experi-
ment can be arranged: the gas will be pumped into 
a mockup container using pumping equipment 

Full-scale experiments are mainly focused on:
 • metal container corrosion driven impacts of gas 
on bentonite buffer properties;

 • formation of possible gas migration pathways in 
bentonite buffer;

 • risks of damage in case of too low gas permeability 
of the buffer;

 • consequences of potential bentonite buffer dehy-
dration prompted by gas generation;

 • impacts of gas generation on the properties of al-
ternative buffer materials, involving the study of 
relevant mechanisms and their comparison 

Laboratory experiments focused on EBS 
material interactions in the repository

Laboratory experiments are seen as an important 
stage of full-scale URL research  Studies focused 
on the interactions occurring at the boundaries of 
barrier materials are planned  Samples of canis-
ter materials (steel, copper, etc ) and various clay 
materials — bentonites and alternative composite 
mixtures (Figure 8) were chosen to study the inter-
actions  The experiments are supposed to be car-
ried out under aerobic and anaerobic conditions to 
evaluate the effect of microbial activity on the rate 
and nature of EBS material corrosion  

The experiment will investigate the transforma-
tions occurring at the boundary of barrier mate-
rials: interactions between bentonite and metal 
canister (using different materials), interactions 
between bentonite and concrete, the impacts pro-
duced by pore water, temperature and microbial ac-
tivity on the rate and nature of transformations in 
the contact locations of the materials 
Evaluation of swelling pressure, water 
conductivity and diffusion coefficients

Swelling pressure indicators, water conductiv-
ity, diffusion and gas permeability coefficients are 

Figure 8. Layout of laboratory experiments to study 
the interactions at the interface between bentonite  

and HLW/SNF canister metal material
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considered as key characteristics affecting the con-
tainment properties of the bentonite barrier 

Swelling pressure of compacted bentonite sam-
ples is measured in a rigid chamber of a known vol-
ume, the internal dimensions of which correspond 
to the size of the sample  The pressure developed 
in the chamber due to sample wetting is measured 
using a strain gauge 

Measurements of bentonite and bentonite-based 
material permeabilities appear to be rather a dif-
ficult task since a visco-plastic filtration mode can 
evolve in the sample pores  Therefore, water con-
ductivity coefficients of bentonite-based EBS ma-
terials can be correctly measured under laboratory 
conditions only if real hydraulic gradients being 
considered common for the selected repository site 
are simulated   Such a setup involves large time and 
labor costs, since one experiment can last several 
months  Filtration experiments involving large-
scale hydraulic gradients can be considered as an 
option of a worst-case scenario  The method used 
to identify water conductivity coefficients is based 
directly on solution seepage through a sample fol-
lowed by relevant measurements of the liquid vol-
ume filtered over time.

The permeability experiment can be carried out 
using a triaxial compression device  In this case, 
comprehensive isotropic compression of the ben-
tonite sample evolves which is required to simulate 
the pressure developed within the rock mass and 
prevent near-wall filtration. Since such research 
involves long-lasting experiments and correct re-
sults can be obtained only based on a series of 
samples, the use of such a device seems to be quite 
unpromising 

Water conductivity coefficient can be also iden-
tified indirectly using data from a consolidation 
experiment. The theory of filtration consolidation 
suggests that the dynamics of soil deformation un-
der load is related to the outflow rate of the pore 
solution given complete water saturation [42] 

Thus, to assess the key properties of bentonite 
buffers over a foreseeable time period, as well as the 
opportunities for obtaining a representative num-
ber of experiments, various research groups usually 
specifically develop such equipment on their own 
[43—49]  Experimental installations are based on 
similar key points, but differ in terms of the imple-
mented structural and engineering solutions 

Basically, an installation designed to measure 
swelling pressure indicators, water conductivity 
and diffusion coefficients features a cylindrical body 
with one sidewall being used as a fixed foundation 
and penetrated by holes for solution injection/re-
moval and a forcer at the upper sidewall (Figure 9)  
The studied samples have a diameter of 30 mm with 

their thickness ranging from 5 to 15 mm suggesting 
an increment of 5 mm 

Swelling pressure is measured via uniform soak-
ing of a test sample from the lower side-wall inside 
a limited volume chamber, which provides more 
correct data on the swelling pressure indicators  
Water conductivity coefficients are measured after 
the completion of the swelling pressure experi-
ment. Following the completion of the filtration 
experiment, diffusion coefficients of neutral and 
absorbed elements, active porosities and sorption 
parameters can be evaluated using different combi-
nations of diffusion experiment layouts described 
in literature 

Figures 10 and 11 present the dependences of fil-
tration coefficients and swelling pressures depend-
ing on the matrix density of the compacted benton-
ites from the 10th Khutor deposit. Filtration coeffi-
cients at a matrix density range of 1.46—1.82 g/cm3 
vary from 5 34·10–13 to 2 06·10–14 m/s. The obtained 
data on the filtration coefficients are characterized 
with an exponential approximation of the follow-
ing type ln (y) = – 0 00903 x – 14 778 with a determi-
nation coefficient R2 = 0 93  Assuming dry density 
of the compacted samples of 1.44—1.82 g/cm3, the 
swelling pressures ranged from 0 52 to 9 39 MPa and 
could be finely described by an exponential depen-
dence of the following type: ln (y) = 0 0064 x – 9 403 
with a determination coefficient R2 = 0 95 

These preliminary experiments have demonstrat-
ed that in the studied density range, such charac-
teristics of bentonites from the 10th Khutor deposit 
as water permeability and swelling pressure upon 

Figure 9. Layout of a pilot installation for compacted 
bentonite sample manufacturing and swelling pressure, 

water conductivity and diffusion coefficient measurements: 
1 — forcer, 2 — foundation, 3 — body, 4 — thrust plate, 

5 — bolts, 6 — sample chamber, 7a, b — lower inlet and outlet, 
8a, b — upper inlet and outlet, 9 — strain gauge,  

10 — sealing rings, 11 — porous metal filter
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their contact with distilled water primarily de-
pended on the compacted sample matrix density  It 
was also shown that in case of smectite content of 
about 70 %, its ion-exchange complex composition 
did not produce any significant impact and could be 
balanced by adjusting the density [7] 

Laboratory experiments focused on gas generation 
and migration through EBS materials

Intense gas generation can cause breaches in the 
bentonite buffer [50]  Laboratory experiments will 
enable a more advance design of the full-scale ex-
periments described above 

Laboratory experiments focused on the potential 
impacts of gas migration on the compacted ben-
tonite properties will involve the above-described 
or similar installation and will be performed under 
aerobic and anaerobic conditions 

To investigate gas generation under repository 
conditions, gas generation driven by thermal de-
composition of calcite contained in bentonites and 
constituting to the material filling the cracks avail-
able in the crystalline rock mass should be studied  
Similar activities involving core samples and se-
lected bentonite materials will help to evaluate the 
gas generation nature and rates under conditions 
being similar to the repository ones 

Desorption of CO2 previously absorbed by clay 
minerals is considered as an important issue asso-
ciated with gas generation evaluation  Studies show 
that at a temperature of 45—50 °C and a pressure of 
less than 20 MPa, clay minerals can adsorb substanc-
es on the particle surface and inside the interlayer 
space at rate of up to 1 mmol/g CO2 (corresponding to 
10 % of the CaCO3 mass in clay) [51]  Gas desorption 
occurs in a staged manner being caused by dehydra-
tion (70—200 °C) and dehydroxylation (550—650 °C)  
It was shown [39, 52] that at temperatures of up to 
100 °C the amount of desorbed CO2 amounts to 23 % 
with similar values amounting to 42 % within a tem-
perature range of 140—200 °C  CO2 desorption from 
the surface of bentonite particles is mainly affected 
by its density and structural features of montmoril-
lonite [52], thus, demonstrating the need of imple-
menting relevant experiments on CO2 sorption and 
desorption. Experiments focused on the influence of 
microbial activity and discussed in detail in [35] are 
considered as a particularly important component in 
the assessment of gas generation processes 

Conclusion

Numerous researches have shown that bentonite 
can be considered as almost an ideal containment 
material of natural occurrence and therefore was 
selected as an EBS component in all concepts pro-
viding for repository siting in crystalline bedrock 

It was found that the content of montmorillon-
ite should be high enough to maintain the required 
swelling pressure, to ensure sufficiently low perme-
ability and the required strength  At the same time 
the content of adverse impurity components (py-
rite, calcite, organic matter, etc ) should be kept as 

Figure 11. Dependence of swelling pressures on the matrix 
density of compacted bentonite samples from the 10th Khutor 

deposit (based on the experiments performed by the 
geological faculty of the Moscow State University named after 
M. V. Lomonosov). Dashed line shows the approximation result

Figure 10. Dependence of water conductivity coefficients on 
the matrix density of compacted bentonite samples from the 
10th Khutor deposit (based on the experiments performed by 
the geological faculty of the Moscow State University named 
after M. V. Lomonosov). Dashed line shows the approximation 

result
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low as possible  It should be noted that to date, the 
scientific community has not reached any consen-
sus on the potential negative impact of impurities 
in the entire range of operating conditions and de-
tailed studies are required to be performed under a 
setup being similar to the repository one 

Characteristics and density of the selected refer-
ence bentonite may vary under different national 
disposal concepts, but the density of dry mate-
rial (matrix density) usually falls in the range of 
1.45—1.75 g/cm3 given a homogenous buffer being 
installed into HLW/SNF disposal cell.

Compacted (compressed) bentonite elements 
should be installed around HLW containers ensur-
ing the required EBS containment properties in the 
near- and long-term perspective 

Clay buffer material containment properties are 
characterized by the following key indicators: swell-
ing pressure, heat resistance, water conductivity and 
diffusion coefficients, structural resistance to changes 
in external conditions  Numerous studies have shown 
that the sorption capacity of bentonites is sufficiently 
high to ensure the fixation of various radionuclides 
and heavy metals contained in the waste 

To demonstrate the near-term and long-term dis-
posal safety, experiments focused on the behavior 
of EBS materials shall be implemented both under 
full-scale and laboratory conditions being to the 
extent possible similar to the actual conditions of 
repository operation 

The experiments will help to provide the required 
knowledge on the processes occurring in the EBS 
materials and to simulate the near-term and long-
term evolution of the disposal system 
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