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2.6. Andra, France

2.6.1. Bentonite components in the repository concept

In Andra’s concept, a repository installation would consist of disposal cells (underground
caverns) excavated in a claystone (Callovo-Oxfordian) formation; these cells contain the waste
packages. The architecture envisioned by Andra includes disposal cells for various categories
of waste within specific repository zones.

An example of the layout of the cavern for ILLW waste can be found in Fig. 6. (Andra,
2005). The range of primary packages in terms of conditioning, geometry, and radiological
and chemical content in the ILLW waste category is highly diverse. The concern with
simplifying operating methods has led to the design of standardized disposal packages which
group together one to four primary packages in a parallelepipedial concrete container
weighing ~6 to 25 tons and measuring from 1.2 to 3 m. The disposal cells are sub-horizontal
tunnels limited in length to ~500 m for the useful part. The concrete drift liner gives the
engineered structure mechanical stability (Andra, 2005). In the reference concept, both ends
of the disposal cells are backfilled with the same type of crushed host rock and bentonite
mixture put in place in all repository galleries at closure.

e
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Fig. 6: ILLW disposal cell in the French disposal concept.

In the case of HLW, the disposal cells are micro-tunnels, around 1 m in diameter and up to
150 m in length (Fig. 7). To prevent the inflow of water to the waste during the thermal
phase, each primary package of vitrified waste is placed in a watertight overpack. This
overpack is made of non-alloy steel with an effective thickness of 55 mm, dimensioned very
conservatively to withstand corrosion for 1000 y (Andra, 2005). The French concept does
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not rely on a bentonite buffer surrounding the waste packages. However, bentonite plugs are
used to separate the disposal cells from the transfer drifts (Sellin & Leupin, 2013). These plugs
consist of blocks of bentonite embedded in a metallic sleeve or granular bentonite mixture. The
bentonite can optionally be mixed with sand or host rock.
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Fig. 7: HLW disposal cell in the French disposal concept.

The reference version of a seal at repository level (in the main galleries and possibly at the
entrance/bottom of some ILLW deposition cells) consists of a bentonite core in contact with the
host rock over only part of its length (parts of the concrete liner are maintained for mechanical
stability), kept in place by concrete plugs at both ends (Fig. 8). The bentonite core is a mix of
pellets and powder. The material is pure bentonite possibly mixed with sand or host rock. If
necessary, shotclay can be used to fill part of the “off-profiles” in the contact zone between host
rock and bentonite core.
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Fig. 8: Schematic representation of a reference design for a repository-level seal.
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The water content of the buffer material at
installation shall be at least 15 wt-%
Buffer: < 10" m/s
.. . . Buffer, -10
Limit advective transport in backdill Backfill: <10 m/s
the near-field ’ Closure: < 10® m/s for central tunnels, elsewhere
closure .
higher values may be allowed
Attenuate rock shear Buffer Unconfined compressive strength < 4 MPa at
movements/shear strength deformation rate of 0.8 %/min
ReS|sF transformations Buffer <100 °C
(requirement on temperature)
. o The buffer displacement should be limited to
Prevent canister sinking Buffer i .
maintain the target thicknesses
Limit pressure on canister and Buffer Swelling pressure
rock < 10 MPa
Other requirements. ..

8.4. SURAO, Czech Republic

SURAO did not define any quantitative performance measures either for the bentonite-based
engineered barrier system components or for a given period of repository evolution. The
primary requirement of bentonite is the retardation of radionuclides. Therefore, a sufficient
swelling pressure is needed to ensure self-healing of fractures caused by possible movement of
the rock, as well as low hydraulic conductivity and diffusivity to restrict the radionuclide
migration rate. Further, high sorption capacity, filtering property and chemical stability — in
particular from the viewpoint of colloid formation — provide transport retardation. In addition it
is required that the supporting functions of bentonite ensure confinement of radionuclides in the
disposal canisters. These include sufficient swelling pressure to ensure favorable properties, but
not so high as to pose an excess load for the disposal canister and surrounding rock. Low
hydraulic conductivity and diffusivity are required to restrict water contact with disposal
canisters and sufficient thermal conductivity to remove heat from disposal canisters. It is
required that bentonite generates mechanical protection and stabilization of disposal canisters in
the emplacement borehole. Moreover, bentonite should provide sufficient permeability for
gases, which are produced during the corrosion process (Vokal et al., 2010).
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8.5.

Enresa, Spain

Safety function indicators, which are intended to quantitatively evaluate whether a repository
component fulfills its assigned safety functions, were not explicitly stated in Enresa (2000), with
the exception of the temperature limit in the bentonite (< 100 °C). No measures are specified for
a given period of repository evolution in the Enresa concept.

A qualitative description of these safety indicators is as follows:

Low hydraulic conductivity

An important safety function of the buffer is to limit transport of dissolved corroding
agents to the canister and potential radionuclide releases from the canister. The
hydraulic conductivity of the buffer should be low enough to make advective transport
negligible so that transport is then diffusion-controlled. The buffer homogeneity is
ensured partly by the fact that the buffer is made of a clay material that swells when
water-saturated.

Sorption of radionuclides

The sorption of radionuclides in the buffer may provide a significant limitation on the
transport of radionuclides from the canister.

Buffer density

Another safety function of the buffer is to mechanically isolate the canister from limited
shear displacements in the disposal drift walls. The buffer density has to be limited to
cope with rock shear movements.

The buffer should, on the other hand, be dense enough to prevent transport of colloids
through it.

Swelling pressure

The swelling pressure should be sufficient to avoid canister sinking in the disposal drift
that could result in a direct contact of the canister with the rock, hence short-circuiting
the buffer. In addition, the buffer homogeneity is ensured partly by the fact that the
buffer is made of a clay material that swells when water-saturated. A sufficient swelling
pressure is therefore also needed.

Swelling pressures that could contribute to total pressures that the canister cannot
withstand must be avoided.

Resist transformation

Temperatures (>100 °C) that could result in chemical alteration of the bentonite, by
transferring radiogenic heat from the waste package to the host rock, must be avoided.

Gas pressure

The build-up of excessive gas pressure in the near-field must be limited in order to
avoid undue impairment of the safety functions.
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8.6.
Tab

.5

Andra, France

Measures specified for bentonite-based EBS components of Andra’s concept.

Safety-relevant attributes

Application

Preferred values

Low hydraulic conductivity

X

< 10™ m/s at repository level,
< 10" m/s in the access

Chemical retention of radionuclides

Montmorillonite content

Content of organic carbon

Sulphide content

Total sulphur content

Sufficient density

Sufficient swelling pressure

>3-4 MPa

Sufficient gas transport capacity

Minimize microbial corrosion

Resist transformation (thermal requirements)

Suitable thermal conductivity

Limit advective transport in the near-field

Attenuate rock shear movements/shear
strength

Resist transformations
(requirement on temperature)

Prevent canister sinking

Limit pressure on canister and rock

Other requirements. ..

Length

Depends on type of seal

The performance measures are mostly linked to the safety function “Limit water flow in the

repository drifts*:

These specifications may evolve but are, for the moment, the “high level” specifications for the
bentonite core of the seals. Once a specific bentonite has been chosen, these “high level”
specifications will be reduced to more pragmatic ones, for example a minimum value for the
emplaced dry density and the water content in relation to the “density/permeability” and

e However, the function of the buffer material permeability is direct and the values have

been assessed during several performance exercises;

o For the swelling pressure, the function is indirect and linked to the recompression of the
EDZ, which in turn implies a low permeability after re-saturation. The value is
extrapolated from in-situ experiments (CDZ) with some uncertainty margins added,
linked, for example, to heterogeneity of emplaced density (feedback of FSS

demonstrator) and possible chemical evolution (numerical study);

e Concerning the length of the core, the value is linked partly to the expected “hydraulic
resistance” of the seal, and partly to technical constraints (i.e. the need to maintain part

of the concrete liner even where the core is emplaced, see Fig. 8 in section 2.6.1).

“density/swelling pressure” curve of this material.
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Andra has no specifications for radionuclide retention in the bentonite core, but some
specifications concerning the gas transport capacity may emerge in the future.

8.7. GRS, Germany

8.7.1. Performance measures specified for bentonite-based EBS components
e Low hydraulic conductivity

This requirement taken alone is considered a primary performance measure for all bentonite-
based EBS components to retard either solution inflow from the adjoining rock area during the
early phase after repository closure or the outflow of potentially contaminated solutions from
the repository thereafter.

e Chemical retention of radionuclides

This requirement taken alone is considered a primary performance measure only for buffer and
backfill, as well as for emplacement borehole seals (in the borehole emplacement concept).

o Sufficient density

This requirement taken alone is not considered a primary performance measure in any
bentonite-based EBS components. Instead, it is considered only as a secondary performance
measure which should provide for the fulfillment of the primary performance measure of low
hydraulic conductivity. Additionally, for the buffer it is considered a secondary performance
measure which should provide for the fulfillment of the primary performance measure of
minimizing microbial corrosion.

o Sufficient swelling pressure

This requirement taken alone is considered a primary performance measure only for the buffer
and backfill after their saturation and before the drift support loses its stability. Thereafter, the
buffer (in the drift disposal concept) and backfill should take over the mechanical support of the
converging clay rock. In the borehole emplacement concept, the buffer should take over the
mechanical support of the converging clay rock after the outer liner loses its stability. In the
other bentonite-based EBS components, sufficient swelling pressure is considered only a
secondary performance measure which should provide for the fulfillment of the primary
performance measure of low hydraulic conductivity.

e Sufficient gas transport capacity

This requirement taken alone is considered a primary performance measure for the buffer and
for emplacement borehole seals (in the borehole emplacement concept) to avoid development of
increased gas pressures because of thermal expansion, metal corrosion and radiolysis, which
would otherwise cause fissuring of the clay-based barrier.

e Minimize microbial corrosion

This requirement taken alone is considered a primary performance measure for the buffer. For
this purpose, the density of the buffer in the saturated state should not fall below 2 g/cm3.

e Resist transformation

This requirement taken alone is considered a primary performance measure for the buffer. For
this purpose, the density of the buffer in the saturated state should not fall below 2 g/cm3.
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8.7.2. Performance measures specified for a given period of repository evolution

The buffer should retain its sorption capacity at least until the drift seals (between access drifts
and emplacement fields and main drifts) develop their full functionality. The buffer should also
possess sufficiently high permeability and sorption capacity for gases in the early phase after
repository closure. Further, the buffer should have a low hydraulic conductivity for solutions
after full saturation and reaching the maximum swelling pressure. In addition, the buffer should
remain thermally stable for at least several hundred years after repository closure. Additionally,
for the borehole emplacement concept, the buffer should provide mechanical stability of
boreholes and an abutment function for emplacement borehole seals for 50,000 years after
repository closure. Bentonite elements of drift seals, shaft seals, emplacement borehole seals
and exploration borehole seals should retain their stability during the projected functionality
period of 50,000 years. The swelling pressure of bentonite elements of shaft seals, emplacement
borehole seals and backfill should not exceed the minimum principal stress of the host rock. The
backfill should develop its functionality at the latest 50,000 years after repository closure and
remain stable thereafter. The backfill should have a low hydraulic conductivity for solutions
after full saturation and compaction.
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Q. Relevant periods in repository evolution concerning
heterogeneity

9.1. Nagra, Switzerland

9.1.1. Pre-emplacement phase

Proper production of the bentonite blocks and pellets, as well as dry storage of the material, is
required during the pre-excavation phase to minimize heterogeneities caused, for example, by
relative humidity differences between ambient air and bentonite material.

9.1.2. Emplacement phase

The bentonite buffer must have a sufficiently high density to generate a sufficient swelling
pressure, thus contributing to EDZ self-sealing under fully saturated conditions, providing
sufficient sorption capacity for radionuclide retention on canister breaching and a low enough
swelling pressure such that gas generated by canister corrosion can migrate through the buffer.
A homogeneous distribution of the bentonite pellets is needed to generate a sustained high
density.

9.1.3. Re-saturation phase with high thermal and hydraulic gradient (0 to 100
years after emplacement)

The bentonite backfill will saturate within about 50 to 100 years, although pore-water pressure
within the backfill will be low. Re-saturation heterogeneity in the form of irreversible damage
could occur if the re-saturation process is not radially-symmetric as expected. For HLW
canisters, the initial heat output is limited to 1,500 W, which will result in a temperature at the
canister interface with the backfill of about 130 °C within about ten years (Senger & Ewing,
2008). The temperature of the rock at the tunnel boundary will reach its maximum (about 70 °C)
after about 50 years. Gas generation due to corrosion of the steel used in tunnel support and the
canisters will begin, although most of the gas produced in the first hundred years should
dissolve and therefore not cause any irreversible heterogeneity in the buffer. The re-saturation
phase largely coincides with the observation phase of the pilot repository, which is thoroughly
monitored to identify any deviation from the expected evolution. Only the pilot repository will
be monitored.

9.1.4. After complete saturation of the near-field

Some of the canisters are expected to be locally breached after 10,000 years, therefore corrosion
and gas production will continue for tens of thousands of years. Thus, the pore-water pressure in
the bentonite will increase again slightly as the canister corrosion continues, until corrosion is
complete after about 60,000 years. Pore-water could contact the waste matrix and radionuclides
could diffuse through the saturated buffer and into the host rock. Depending on the chemical
forms and half-lives of the radionuclides, the transport distances into the rock will vary.

9.2. SKB, Sweden

Heterogeneity is of high relevance in the initial state / EBS emplacement phase as well as in the
THM(C) transient period. The installed components will determine the final heterogeneity and
therefore the initial state needs to be verified. Additionally, the HM coupling is apparently very
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strong and the H transient will have an impact on the final heterogeneity. The assessment period
is only relevant under certain circumstances, for example during mass loss from erosion.

9.3. Posiva, Finland
Evolution of the repository can be described or conceptualized by the following phases:

o Initial state. For the buffer and backfill, the state of the system after the installation of
these barriers.

e Early evolution phase (up to ~10 000 years). The evolution of the system due to
prevailing and evolving conditions after the initial state. Addresses water uptake,
swelling and the thermal pulse from the decay heat of the fuel. Could be referred to as
the “THMC transient period”.

e Long-term evolution phase (after ~10 000 years). The period of the long-term safety
assessment, which begins after the system has evolved as predicted and reached the
state where the performance targets are met. The long-term evolution phase can be
divided into three distinct phases: temperate period up to the first glaciation, glacial
conditions and subsequent repetition of glacial cycles.

Bentonite density differences are considered to be at a maximum in the initial state or at the
beginning of the early evolution phase. The density differences are expected to homogenize to a
sufficient degree over the early evolution phase for the EBS to reach the performance target
criteria. External perturbations may introduce additional density differences during the long-
term evolution phase, but these are expected to be “self-healed” by the swelling of bentonite.

9.4.  SURAO, Czech Republic

The evolution of the SURAO repository is split into three periods. The installation period
consists of the installation of the buffer and backfill, the THM(C) transient period lasts up to
approximately 10,000 years and the long-term evolution period is defined as the period after
10,000 years. The bentonite density differences occurring during the installation period are
expected to homogenize during the THM(C) transient period to meet the safety functions.
Nevertheless, in the SURAO concept heterogeneity is relevant for the THM(C) transient period
and the assessment period of the repository evolution. For the initial state and during the
engineered barrier system emplacement, heterogeneity is not so important.

9.5. Enresa, Spain

ENRESA (2000) considered three main time periods of repository evolution, the first two being
transient periods with high temperature and hydraulic gradients:

¢ the bentonite buffer saturation period (about 100 years)
o the thermal period of <10,000 years, when canister failure takes place

e the “steady-state” period (after 10,000 years), when the temperature is almost uniform
in the repository and is approaching the ambient rock temperature

Heterogeneity is relevant in the initial state and the EBS emplacement and in the THM(C)
transient period.
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9.6. Andra, France

9.6.1. Operating period

Desaturation of the gallery walls depending on ventilation flux and the duration of the opening
period will lead to re-saturation heterogeneity after repository closure.

Emplacement of the seal core will involve a certain heterogeneity in the emplacement density,
especially in a vertical direction due to gravity and filling of off-profiles. Only on-site tested
pellets and powder mixtures will be used for the core to be certain that it fulfills the
requirements (i.e. dry density and water content).

9.6.2. THM(C) transient period

During the THM transient period, the re-saturation will be mainly radial in all the galleries.
Water arriving at the seal core will be a mixture of host rock and concrete water. The chemical
evolution of the seal core will locally affect the swelling pressure and the permeability.

In parallel, gas production due mainly to radiolysis and corrosion will cause an increase in the
gas pressure and impact on the re-saturation time of the seals. Although, in the current Cigéo
concept the gas is assumed to pass mainly through the EDZ around the core seal, some gas will
pass through the bentonite core and may generate some heterogeneity by creating local flow
paths.

9.6.3. Long term (after re-saturation of all repository components)

On the long term, a certain homogenization should occur in the core seal, due to rearrangement
of mechanical constraints in the core and its vicinity, leading to a reduction of local
heterogeneity in the permeability and swelling pressure. However, even if some heterogeneity
continues to be present in the core, the expected performance of the seal should be achieved due
to the specifications applied taking into account this heterogeneity in the dimensioning of the
core characteristics (mainly dry density).

Specified swelling pressure and permeability will be maintained due to host rock convergence
allowing only small longitudinal movement of the mechanical plug even though there is
concrete degradation (mechanical and chemical).

9.7. GRS, Germany

The saturation of the buffer and backfill is estimated to take several hundred to two thousand
years after repository closure. The saturation of the bentonite elements of drift seals is estimated
to take up to 5 000 years. It is estimated that, at the latest after 50 000 years, the influence of the
repository on the host rock will become negligible and the natural conditions in the host rock
will be re-established. However, the German repository concept has not yet advanced to a stage
where consideration is given to the topic of heterogeneity.
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10.  Expectations of the Beacon project

10.1. Nagra, Switzerland
Nagra expects answers to the following questions about safety assessment:

e What phenomena and processes are expected in backfilled repository sections that could be
detrimental to safety and that are caused by a heterogeneous backfill?

o What degree of backfill/buffer homogeneity is needed to ensure long-term safety?

o If heterogeneities are detrimental to long-term safety, how can these be limited or avoided?

10.2. SKB, Sweden

As an outcome of the Beacon project, SKB expect a general consensus that the modelling tools
available are appropriate for purpose.

10.3.  Posiva, Finland

The most valuable output from Beacon would be material models that are accurate enough to be
used as a tool for design and engineering purposes, i.e. to assess behavior and performance of
the bentonite-based EBS both on the short- and long-term under variable design and
environmental conditions. Benchmarking and comparison of different bentonite material models
would help engineers to choose the best predictive tools for their applications under variable
circumstances.

The second — and maybe more realistic — goal for Beacon would be to facilitate the further
development of bentonite material models. Different modelling approaches practiced by
different groups may reveal promising new directions for future research and provide clues as to
where further effort could be invested or indicate dead-ends to be avoided.

10.4. SURAO, Czech Republic

SURAO expects from the Beacon project a mathematical model of EBS density evolution with
time, as well as verification of mathematical models used in the Czech Republic.

10.5. Enresa, Spain

Modelling results using CODE_BRIGHT concerning the hydration process and the final state of
the bentonite barrier in the EB experiment (Mont Terri URL) were in reasonable agreement with
the actual findings after dismantling. The real data obtained in this experiment (and other recent
dismantling operations such as FEBEX) provide a sound basis for better formulation of the
numerical models; reducing their uncertainties and providing more clear criteria to be
conservatively applied in the design and performance assessment of bentonite engineered
barriers.

10.6. Andra, France

Andra expects from the Beacon project a consolidation of the currently available elements
showing that, if preparation of the sealing material (e.g., pellets, powder) and emplacement
method are performed appropriately, the remaining residual heterogeneity is not problematic for
safety cases and seal cores can be represented in the safety assessment by a well-chosen

D1.1 — Bentonite Mechanical Evolution - State-of-the-Art Report
Dissemination level: PU
Date of issue: 30/01/2018



BEACON

Bentonite Mechanical Evolution

homogeneous material evolving under two-phase flow assumptions with possible parameter
changes with time due to interactions of other phenomena.

10.7. GRS, Germany

Since the German repository concept in clay rock is not so far developed at present, detailed
performance assessment or safety analysis calculations have not been performed up to now.
Consequently, the results of Beacon, in terms of (hydro-) mechanical evolution and
homogenization of bentonite materials, can provide direct input for the further concept planning.
Moreover, model development and validation will be a great help for future PA modelling.
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11. Conclusions

The assessment of the long-term safety of a geological repository must rely on a robust model
of the spatial and temporal distribution of the safety-relevant properties of bentonite. Thus,
developing predictive capabilities for the mechanical behavior of bentonite buffers, seals and
backfills are a common need for all radioactive waste management programs that use bentonite
in one or more engineered barrier system (EBS) components. The “Beacon” (Bentonite
Mechanical Evolution) project will address key technical issues that must be tackled to support
the implementation of planned geological disposal projects for high-level radioactive wastes
across the EU. The overall objective of the project is to evaluate the performance of an
inhomogeneous bentonite barrier.

To safely contain the waste and to comply with overriding safety principles, the key
requirements for a buffer material in the case of high-level waste disposal independent of the
host rock are: (1) a low hydraulic permeability/conductivity; (2) a self-sealing ability; and (3)
durability of properties in the very long-term. The bentonite buffer is required to maintain a
large diversity of safety functions, which can only be fulfilled once the bentonite saturates and
swells, tightly closing the construction gaps between the bentonite components and the drift
wall or the canister wall on the one hand and between the bentonite components themselves on
the other.

Occurrence of heterogeneity in the repositories could impact the safety functions of bentonite
components. Therefore, it needs to be determined to what extent this could affect the safety case
of the repositories. Heterogeneity can occur in the initial material, through the emplacement or
the re-saturation phase as well as on the long term after re-saturation of all repository
components. The heterogeneities in the initial state, i.e. after installation of the EBS, are mainly
due to density differences. Inhomogeneous saturation and swelling of bentonite could cause
irreversible damage, while gas generation through corrosion of the steel used in tunnel support
and of the canisters increases gas pressure and may keep pathways open. The role of
uncertainties related to these bentonite heterogeneities is addressed in most repository concepts
using a deterministic approach, defined with a preferred density value. There are several natural
properties of bentonite that may impact the degree of homogenization. Most waste management
organizations consider water content, original exchangeable cations, bulk density, swelling
pressure and hydraulic conductivity as relevant natural properties for the bentonite regarding
heterogeneity, while organic carbon or thermal conductivity seem to be incidental to the
homogenization process.

All participating waste management organizations agree that the most valuable output from
Beacon would be material models that are accurate enough to be used as a tool for design and
engineering purposes, i.e. to assess the behavior and performance of the bentonite-based EBS
both on the short- and long-term under variable design and environmental conditions. It is
expected that, if preparation of the sealing material (e.g. pellets) and emplacement method are
performed properly, heterogeneity will not be problematic for safety cases and that the buffer
material can be represented in the safety assessment by a well-chosen homogeneous material.
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A Appendix A — Questionnaire
Dear participants of the Beacon project,

This questionnaire was prepared to capture in how far non-homogeneous material property distributions
have been taken into account in the different safety cases. The information collected from the
questionnaire will help understanding to frame the state-of-the-art regarding the conceptualization of
heterogeneous material property distribution and its impact on the long-term safety of radioactive waste
repositories.

If you have any questions, please do not hesitate to contact us:

Cornelia Wigger — Nagra, Switzerland
Olivier Leupin
cornelia.wigger@nagra.ch
olivier.leupin@nagra.ch

We would like to ask you to return the completed questionnaire to: cornelia.wigger@nagra.ch
Deadline is: 31 October 2017.
We would like to thank you in advance for your participation.

Yours sincerely,
Cornelia Wigger

* X
: "; This project has received funding from the Euratom research and training
programme 2014-2018 under grant agreement No 745942,

* 4k
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Contact Information of Responder

Waste Management Organization
Name
Email

Deputy contact

Role of bentonite in the repository concept

What components are bentonite-based in your repository? (e.g., seals, buffer, ...)

What are the specific safety functions of the bentonite in these components? (e.g., hydraulic
barrier, stabilization , ...)

What type of emplacement do you foresee in your repository? (e.g., blocks, granular, sand,
bentonite)

Key references on bentonite related research

What are the key references on bentonite related research of your organization (incl. mechanical
properties/processes)? (approx. 5 references)

Heterogeneity occurrence in the repository

What kind of heterogeneity is expected in your repository concept?

Role of uncertainties related to the heterogeneity of bentonite

How do you address heterogeneity?

a) Deterministic approach (upper lower limit, mean values)
b) Probabilistic assessments accounting for spatial/temporal distributions

Which type of heterogeneities do you consider in your assessments?

a) Material properties (spatial variability)

b) Initial conditions (spatial variability)

¢) Boundary conditions (variability in space and time)

d) Source terms/perturbations (variability in space and time)
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Bentonite modelling

What type of model do you use to simulate bentonite evolution in performance assessment?
a) Level of details needed (representation scale, geometry...)
b) Level of coupling (THMgas-C)
€) Main characteristics of the models used (double structure...)
d) Main numerical model used

What type of model do you use to simulate bentonite evolution in safety assessment?
a) Level of details needed (representation scale, geometry...)
b) Level of coupling (THMgas-C)
€) Main characteristics of the models used (double structure...)
d) Main numerical model used

Natural properties of your reference bentonite:

Which natural properties are required for the bentonite regarding heterogeneity?

relevant irrelevant Comments

Mineralogy
Organic Carbon

CEC (cation exchange capacity)

Original exchangeable cations

Water content
Gas content

Pore water composition

Grain size distribution

Grain density

Bulk density

Swelling pressure

Hydraulic conductivity

Pore water pressure
pH
Thermal conductivity

Pore clogging
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Performance measures

Do you have performance measures specified for:

a) bentonite based EBS components? (specify in the table below)

Preferred

safety-relevant attributes Application
values

accepted variation

Low hydraulic conductivity

Chemical retention of radionuclides

Montmorillonite content

Content of organic carbon

Sulphide content

Total Sulphur content

Sufficient density

Sufficient swelling pressure

Sufficient gas transport capacity

Minimize microbial corrosion

Resist transformation (thermal
requirements)

Suitable thermal conductivity

Limit advective transport in the near field

Damp rock shear movements/shear strength

Resist transformations
(requirement on temperature)

Prevent canister sinking

Limit pressure on canister and rock

Other requirements. ..

b) agiven period of repository evolution

Relevant periods in repository evolution

Give a short description of the repository evolution focusing on the relevant periods.

In what periods of the repository evolution is heterogeneity relevant?
a) Initial state / EBS emplacement
b) THM(C) transient period

c) Assessment period
d) Other...

Expectations of the Beacon project

What outcome do you expect from the beacon project regarding the repository design/safety
case?
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B Appendix B — Individual comments about relevant natural
properties of bentonite regarding heterogeneity

Nagra, Switzerland

Tab. 6: Required natural properties for the bentonite regarding heterogeneity.
Properties Nagra, Switzerland
relevant | irrelevant | Comments
Mineralogy X
: Organic carbon occurrence is only relevant for

Organic carbon X | : .
ow- and intermediate-level waste.

CEC (cation exchange capacity) X

Original exchangeable cations | x Ori_gin_al excha}ngeable cations are_relevant QUe to
their different impacts on the swelling behavior.

Water content X
The simulations reveal that the contribution of the
tunnel installations to the total gas generation rates
is not negligible, resulting in peak pressures at
2,000 years when the tunnel installations are
completely corroded. However, it should be noted
that the material for tunnel installations can be

Gas content X reduced if needed (see discussion in Chapter 5).
After 2,000 years, a distinct pressure drop is
observed, followed by a more gentle increase until
complete corrosion of the canisters. The pressure
increase during late times accounts for the slow,
but long-lasting, corrosion of the steel containers
and ends after around 60,000 years.

Pore-water composition X
A specific mixing cycle was designed to obtain a

Grain size distribution X grain size distribution close to a ‘Fuller
distribution’.

Grain density X

Bulk density X

Swelling pressure X

Hydraulic conductivity X
Reactivation of existing or creation of new water-
conducting pathways would affect the safety

Pore-water pressure X functions: (i) retention of radionuclides in the
near-field and geosphere, and (ii) attenuated
release of radionuclides to the environment.

pH X

Thermal conductivity X

Pore clogging X Pore clogging_ is_ relevant, in particular at the
cement-bentonite interface.
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SKB, Sweden

Tab. 7: Required natural properties for the bentonite regarding heterogeneity.

Properties SKB, Sweden

relevant irrelevant Comments

Mineralogy X Not important for
a given material

Organic carbon X

CEC (cation exchange capacity) Not important for
a given material

Original exchangeable cations X

Water content X

Gas content x) Is a function of
water content

Pore-water composition X

Grain size distribution x) unclear

Grain density X Not important for
a given material

Bulk density X

Swelling pressure X

Hydraulic conductivity X

Pore-water pressure X

pH x) Possibly,  under
some
circumstances

Thermal conductivity X

Pore clogging X
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Posiva, Finland

Tab. 8:

Required natural properties for the bentonite regarding heterogeneity. The

following points are considered as potential factors affecting homogenization of
bentonite, i.e. persisting density differences. The rationale or hypothesis is given in

the “comments” field.

Properties

Posiva, Finland

relevant irrelevant

Comments

Mineralogy

X

Properties of bentonite are defined by
mineralogical composition and
structure/composition of
montmorillonite

Organic carbon

Excluded due to other requirements
(microbial activity)

CEC (cation exchange capacity)

Related to montmorillonite layer
charge property and, thus, to swelling
properties

Original exchangeable cations

Effect on early evolution, initial

mechanical properties

Water content

Effect on stress state
pressure) and porosity

(swelling

Gas content

Gas development and
(especially water vapor
effect on stress state

transport
transport),

Pore-water composition

Effect on swelling pressure, possibly
mechanical properties and water
transport

Grain size distribution

Effect on pore size (distribution) and
mechanical properties

Grain density

“Effective montmorillonite dry
density” (EMDD) is  usually
considered instead. Effect on swelling
pressure

Bulk density

Dry density, EMDD and grain density
are considered more relevant

Swelling pressure

Homogenization of density differences
is mainly driven by this property

Hydraulic conductivity

Effect on system evolution

Pore-water pressure

Understood here as positive pressure
(not suction), therefore considered not
relevant in  homogenization  of
bentonite that occurs probably mainly
in unsaturated conditions

pH

Effect on mineral solubility and
montmorillonite edge charge

Thermal conductivity

Effect on water transport (vapor) and
water content distribution

Pore clogging

Relevant only if processes such as
cementation are considered here
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SURAO, Czech Republic

Tab. 9: Required natural properties for the bentonite regarding heterogeneity.
Properties SURAO, Czech Republic
relevant irrelevant Comments
Mineralogy X
Organic carbon X
CEC (cation exchange capacity) X Related to
mineralogy
Original exchangeable cations X
Water content
Gas content X
Pore-water composition
Grain size distribution x)
Grain density X
Bulk density X
Swelling pressure X Related to
mineralogy
Hydraulic conductivity X

Pore-water pressure

pH

Thermal conductivity

X | X| X| X

Pore clogging
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Enresa, Spain

Tab. 10: Required natural properties for the bentonite regarding heterogeneity.

Properties

Enresa, Spain

relevant

irrelevant

Mineralogy

X

Organic carbon

CEC (cation exchange capacity)

Original exchangeable cations

Water content

Gas content

Pore-water composition

Grain size distribution

Grain density

Bulk density

Swelling pressure

Hydraulic conductivity

X| X | X| X[ X[ X]| X| X

Pore-water pressure

pH

Thermal conductivity

Pore clogging
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Andra, France

Tab. 11: Required natural properties for the bentonite regarding heterogeneity.

Properties

Andra, France

relevant

irrelevant

Mineralogy

X

Organic carbon

CEC (cation exchange capacity)

Original exchangeable cations

Water content

Gas content

Pore-water composition

Grain size distribution

Grain density

Bulk density

Swelling pressure

Hydraulic conductivity

Pore-water pressure

pH

X| X| X| X[ X[ X]| X| X| X| X| X

Thermal conductivity

Pore clogging
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GRS, Germany

Tab. 12:

Required natural properties for the bentonite regarding heterogeneity.

Properties

GRS, Germany

relevant | irrelevant

Comments

Mineralogy

X

Mineralogy variation may lead to a variation of
bulk density, porosity, permeability, and
chemical composition on micro- and
mesoscale because of aggregation and
presence of accessory minerals. It influences
THMC properties and can be directly
measured.

Organic carbon

Organic carbon variation may lead to a
variation of bulk density, porosity,
permeability and chemical composition on
micro- and mesoscale because of uneven
distribution over the bentonite bulk and
clogging. It influences THMC properties and
can be directly measured.

CEC (cation exchange capacity)

CEC has no direct influence on THM
properties. The influence of C properties
strongly depends on the identity of solute and
is as such not an independent bentonite
property.

Specific surface area might be a better choice
for consideration of heterogeneity.

Original exchangeable cations

Original exchangeable cations influence the
stacking of individual clay mineral sheets and
may influence the variation of bulk density,
porosity, permeability, and chemical
composition on micro- and mesoscale.

Water content

Only the in-situ water content of bentonite
after emplacement, which depends on its
localization with respect to the heat-producing
waste, is of relevance.

The water content of bentonite before
emplacement is irrelevant.

Gas content

Content of adsorbed gas in clays is negligible
when compared with other adsorbents
available in the system and hence is irrelevant.

Pore-water composition

Pore-water composition can lead to a variation
of directly measurable THMC properties only
in conjunction with a variation of mineralogy.
No relevance of this property taken alone is
recognized.

Grain size distribution

No relevance of this property taken alone is
recognized.

Grain density

No relevance of this property taken alone is
recognized.

Bulk density

Bulk density can be considered a direct
measure of heterogeneity.

Swelling pressure

A variation of swelling pressure is a
consequence of variations in mineralogy, bulk
density, water content, and pore-water
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composition. No relevance of this property
taken alone is recognized.

Hydraulic conductivity

A variation of hydraulic conductivity is a
consequence of variations in mineralogy, bulk
density, and pore water compaosition. No
relevance of this property taken alone is
recognized.

Pore-water pressure

A variation of pore-water pressure can be a
consequence of variations in mineralogy and
bulk density. No relevance of this property
taken alone is recognized.

pH

A variation of pH is a consequence of
variations in mineralogy, water content, and
pore-water composition. No relevance of this
property taken alone is recognized.

Thermal conductivity

A variation of thermal conductivity is a
consequence of variations in mineralogy and
bulk density. No relevance of this property
taken alone is recognized.

Pore clogging

Pore clogging can be a consequence of
variations in mineralogy, organic carbon, and
bulk density. No relevance of this property
taken alone is recognized.
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