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The paper discusses a DGR concept providing for heat-generating radioactive waste (RW) disposal in relatively thin-
walled steel containers with a copper coating in packages of compacted bentonite blocks installed into horizontal
drifts. The study assumes that this DGR layout should provide safe disposal of historical RW Class 1 with relatively
low activity and heat generation levels. The proposed concept imposes appropriate restrictions on the bentonite buf-
fer,among which the paper quantitatively considers the thickness varying depending on the residual RW heat release,
the minimum dry density, as well as the content and type of montmorillonite. For further assessment purposes, the
paper proposes to consider bentonite blocks made of compacted bentonite from Russian deposits with a predominant
content of sodium montmorillonite characterized with minimum required dry density. The authors also proposed to fill
the gaps between RW packages made of compacted bentonite and drifts with pellets. Such bentonite pellets should

have maximum achievable dry density and a predominant content of calcium montmorillonite.
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Introduction

At present time, scientific research is run to dem-
onstrate the feasibility of deep geological (DGR)
and some alternative concepts proposed for radio-
active waste (RW) Class 1 and 2 disposal. In particu-
lar, studies performed in line with an adopted strat-
egy are focused on the crystalline rock massif at
the Yeniseiskiy site (Krasnoyarsk Territory) [1], [2]-
Thus, previously approved design options [3] are
being evaluated considering possible trends for
their further adjustment (see, for example, [4]—[7]).
This paper also evaluates possible design solutions
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and the required properties of engineered barrier
materials under the so-called “horizontal” concept,
i.e., when the waste containers with RW Class 1
(RW-1) are disposed of in several tiers into hori-
zontal drifts with buffer blocks made of compacted
bentonite (CB). This practice is most widely consid-
ered under Canadian DGR designs for spent nuclear
fuel (SNF) from CANDU reactors (Figure 1 [8]), but
is also discussed in Russia [6], [7].

The aspects discussed below support the appli-
cation of this concept under Russian DGR designs.
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Figure 1. Concept proposed for SNF from CANDU reactors
providing its disposal in horizontal drifts [8]

Firstly, recent estimates showed that the activity
and heat release from vitrified historical high-level
waste (VHLW) inventory stored at the PA Mayak
site [9] turned out to be much lower than the ex-
pected levels provided for under the DGR designs
developed for the Yeniseiskiy site [3]. Secondly, the
maturity level of methods providing the applica-
tion of protective copper coatings to disposal steel
containers [10] has grown considerably and they
are being mastered in Russia [11]. Therefore, lighter
container designs that may considerably facilitate
RW management operations at the transportation
and disposal stages can be now considered as an
alternative to the existing ones. For example, to
manage a relatively light container and a package
with relatively low activity waste either a forklift
with radiation protection designs securing the op-
erator can be used or relevant requirements can be
lowered down similar to the weight, size and lift-
ing characteristics of remote equipment designed
to move the packages, to install the buffer mate-
rial and to backfill the DGR excavations. Given the
latter aspect, one may consider the horizontal dis-
posal concept as a possible alternative to the bore-
hole one with horizontal drifts alone used for RW
disposal purposes. Thus, DGR designs proposed
for the Yeniseiskiy site provide for two-tier RW
disposal in 54 horizontal drifts covering an area of
approximately 300 x 700 m; 14 drifts were set aside
for historical RW-1 considered as a priority waste
stream for disposal.

The study evaluates the prospects of this concept
application under the DGR designs developed for
the Yeniseiskiy site and outlines further needs as
regards EBS design optimization.

Open drums made of 4-mm-thick carbon steel
with an outer diameter of 0.575 m and a capacity of
0.2 m3 are used at PA Mayak as a primary packaging
for VHLW subject to priority disposal in the DGR.
Their overall height accounts for 1 m. At the stor-
age stage, drums are grouped by 3 pcs. into steel
cases [12].

The paper [13] discussing the requirements appli-
cable to RW-1 packages intended for deep geologi-
cal disposal states that the container shell should be
able to provide a mechanical compressive strength
of at least 10 MPa and remain tightly sealed for a
period of at least 1,000 years. [14] presents the ap-
proaches applied to calculate the shell thickness of
a steel container intended for RW-1 disposal in a
CB buffer. Based on these approaches, to withstand
an isostatic load of 10 MPa, the thickness of a car-
bon steel container shell (excluding the corrosion
allowance) should be not less than 27 mm, whereas
its flat lid should be not less than 70 mm thick.

A few factors may contribute to steel container
degradation, namely, of its copper coating, includ-
ing sulfide concentration in groundwater, sulfate-
reducing bacteria and their vital activity, certain
bentonite buffer parameters, the surface dose rate,
etc. Although, current stage of research provides
no opportunities for a fully-fledged analysis that
would cover all factors responsible for copper coat-
ing corrosion under the Yeniseiskiy site’s disposal
conditions, the latest findings look quite optimis-
tic. For example, even under most conservative as-
sumptions, copper coating corrosion in the Cana-
dian rock massif is not expected to exceed 1.2 mm
over a 1-million-year time period, whereas assum-
ing some realistic parameters it was estimated at a
level of 270 um [15].

Given the above, further assessments of contain-
er designs intended for VHLW drum emplacement
considered a wall thickness of 5 cm with the upper
5 mm constituting to a copper coating'. The result-
ing container diameter of 70 cm basically suggests
that available infrastructure may be used to handle
the RW packages directly at the PA Mayak site [16].

The adopted container thickness should also ac-
count for asymmetric loads produced by bentonite
swelling and have sufficient rigidity to maintain in-
tegrity under shear loads caused by rock displace-
ments triggered by seismic impacts (see section 2.2.

! The Canadian concept considers a copper coating thickness of
3 mm Cu sufficient for a steel container [8]. It was also adopted
based on a requirement stating that the dose rate on its surface
should not exceed 1 Gy/h [14].
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Maximum dry density of compacted bentonite
blocks). These processes deserve appropriate nu-
merical evaluation under further studies.

Temperature of bentonite material interacting
with the waste container was considered first as a
criterion that would affect the DGR layout given a
horizontal disposal concept. It was believed that the
maximum temperature should not exceed! 100 °C.
Heat release expected from the RW-1 at the time
of its disposal was taken into account [9] with the
characteristic thermal conductivity and heat ca-
pacity of non-water-saturated bentonite assumed
as being equal to 0.96 W/(m-K) and 1,150 J/(kgK),
respectively. Figure 1 presents the proposed waste
container layout. According to conservative (with
no account taken of waste disposal dynamics and
bentonite saturation with water) estimates, the
distance between the axes of adjacent containers
with three VHLW drums in each amounted? to ap-
proximately 1.5 m, with two drums — to about 1 m.
Since the pre-disposal stage provides for HLW con-
tainer in-situ packaging into a CB layer with blocks
of various shapes given the adopted assumptions,
the planned dimensions and weight of the result-
ing packages would amount to 1.5x1.5x4 .5 m and
22t in case if 3 drums were supposed to be em-
placed into a single container and 1.5x1.5x3.5 m
and about 18 t if 2 drums were provided for in the
designs. Figure 2 presents a VHLW disposal layout
assuming two drums placed into a single container.

Container designs suggesting that two drums are
emplaced into a single package seem to be more
advantageous since a commercial forklift, for ex-
ample, a diesel forklift TCM FD230-2 with a lifting
capacity of 23 tons (Lx W xH=7,990 x 3,060 x 3,580)
can be used for its transportation purposes [17]. Its
capacity is enough to install some radiation protec-
tion to secure the operator. Preliminary estimates
in the MicroShield v.9.05 software showed that
a 15 cm-thick shielding made of “heavy” (high in
lead) glass installed between the package and the

! This criterion taken by analogy from concepts proposed abroad
should be considered as quite conservative and, perhaps, can be
increased by 10—20 °C with no decrease in the DGR safety.

2 The indicated spacing between the container axes were calcu-
lated assuming that the minimum thickness of the buffer should
be 40 cm and the distance between the axes of adjacent excava-
tions should account for approximately 15 m. Relevant explana-
tions on the selected parameters are given below, but, similarly
to many other cases, they were taken only for preliminary esti-
mates and deserve further optimization.

b

Figure 2. RW-1 package layout proposed under the horizontal
disposal concept: a) cross-section and longitudinal section
of a drift; b) container with VHLW drums
(dimensions are given in meters)

forklift operator would reduce the dose rate at the
operator’s workplace to about 13 uSv/h, which cor-
responds approximately to the OSPORB-99/2010
standard [18] set forth for temporary premises
intended for A group personnel (12 pSv/h given
850 working hours per year).

It should be noted that these estimates provide
only some preliminary data on the radiation char-
acteristics of waste packages and do not account for
the dose rate increase observed when the operator
approaches a RW package stack and should be clari-
fied at further research stages. Remote lifting de-
vices are used in case if the radiation safety cannot
be provided at the operator’s workplace: containers
are moved in additional packaging, as, for example,
provided in [8].

In crystalline rocks, a CB buffer? is responsible for
the following basic safety functions (SF) [19]:
- to protect the RW packaging against the effects
produced by hazardous events and processes

> A buffer is an engineered barrier surrounding a RW container
and filling the gaps between the container and the rock.



Disposal of Radioactive Waste

(including hydraulic, mechanical, chemical and
microbiological) that may jeopardize its SF, i.e.,
containment of radioactive substances;

- to limit and delay the release of radionuclides in
case of RW package failure;

- to provide and maintain favorable mechani-
cal, geochemical and hydrogeological conditions
specified for the RW packages.

In turn, the basic SF form a basis for a multi-level
system of requirements and quantitative safety in-
dicators that should be developed under the DGR
designs. Development of a fully-fledged system will
be discussed in further papers; whereas, this article
mentions only few of them that may be used to es-
timate the buffer parameters under the preliminary
safety assessments of the horizontal DGR concept,
namely its composition and density.

The estimated minimum bentonite density and
the associated swelling pressure and water perme-
ability depend on a few factors; the basic ones are:
mechanical strength at the stage of CB handling in
the DGR, erosion compensation at the buffer satu-
ration stage, prevention of RW container subsidence
and displacements, inadmissibility of radionuclide
transport with colloids, suppression of microbial
vital activity and prevention of chemical releases
from the outside that may considerably acceler-
ate container corrosion. The maximum bentonite
density can be calculated based on a compromise
between its barrier properties, container strength,
i. e., its resistance to mechanical loads associated
with the swelling pressure produced by bentonite
(P), and the minimum required ductility to prevent
container failure under the loads expected due to
host rock (HR) block displacements.

Under further illustrative assessments, the bar-
rier properties of bentonites were assumed to be
governed by the dry density (matrix density) of
montmorillonite contained in it, which, given the
nature of the predominant exchangeable cations
(Ca or Na), are called Ca-montmorillonite and
Na-montmorillonite (Ca-MM and Na-MM). The
CB swelling pressure can be measured in the cells
of a constant volume, as given in [22]. Bentonite
from the 10* Khutor deposit, Republic of Khakassia
(10X) and Tagansk deposit, Republic of Kazakhstan
(T) were considered in the study as potentially suit-
able DGR buffer materials. Both bentonites contain
approximately 70 % of montmorillonite (MM), with
Ca-MM predominating in the 10X material and Na-
MM — in the T one. To a first approximation, one
may assume identical dry densities for MM and
other bentonite components. Figure 3 presents the
swelling pressure and their exponential approxi-
mation from the dry MM density measured in the
10X and T bentonites and model groundwater from
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Figure 3. Swelling pressures and their approximation
depending on the dry montmorillonite density (water
mineralization level is similar to the one expected
at the Yeniseiskiy site) obtained from the experiments

the Yeniseiskiy site, as well as given water miner-
alization level of 0.1 M (NaCl) based on data from
[20] and [21].

The graphs demonstrate the accuracy of earlier
assumptions. It should be noted that the approxi-
mations from [21] were obtained from a larger
number of points, in a wider range of densities and
are considered more reliable.

Dry MM density was considered specifically to
extrapolate the findings from similar studies to
the unknown parameters of Russian bentonites.
Further studies will be focused on 10X, T benton-
ites and a mixture of 10X with kaolin clay KK in a
weight ratio of 30:70 (wt.) — B30KK70.

2.1.1. Swelling pressure

Quite simple assumptions underlie the minimum
swelling pressure selected for bentonite: first of all,
it and other bentonite characteristics associated
with it should provide the predominance of con-
taminant transport by diffusion over the advective
one, make up for buffer erosion at the saturation
stage and prevent microbial activity and colloid
transport through the buffer.

The latter two requirements (with a margin for
conservatism) are met at a swelling pressure of over
2 MPa (see, for example, [23]—[25]), which corre-
sponds to MM densities of 1...1.1 g /cm?® in the dry
state (Figure 3). However, one should also account
for the gaps between the CB and the excavation
walls filled with pellets having much lower bulk
density than the CB layer. The maximum (bulk)
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pellet density in a dry state depends on the cur-
rently unavailable void space backfilling methods.
Under current illustrative estimates, the dry bulk
density of the pellet layer was assumed as equal to
1.2 g/cm® (or p,,, ,=1.2:0.7=0.84 g/cm* — MM for
bentonites of 10X and T type). Given the ratio of
volumes filled with blocks/segments, the CB (with
no account taken of the container volume) and pel-
let ratio would be equal to approximately 0.71:0.29,
whereas the MM dry density in blocks (p,,,, ,, &/cm®)
can be calculated based on the below relation:

0,71 p,y,»+0,29-0,84=1...1,1 [g/em?}. (1)

Thus, effective dry density according to Ca-MM
1.1 g/cm’ can be achieved at p,,,, , equal to 1.21 g/cm?
(given a 10X bentonite density of 1.21/0.7=1.73 g/cm3),
whereas if taken according to Na-MM 1 g/cm® it
should be equal to 1.07 g/cm? (given T bentonite
density of 1.07/0.7=1.53 g/cm?®). For a barrier mate-
rial made from a mixture of 10X and T bentonites,
the minimum dry density was estimated as falling
into a range of 1.53—1.73 g/cm3.

In case of B30KK70, which is a bentonite (B) and
kaolin clay (KK) mixture with MM content ranging
from 0.3-:70% (10X)+0.7-15% (KK)~32% (recalcu-
lated based on MM concentrations) and up to 36 %
(direct measurement in [26]), the block density
according to Ca-MM estimated as being equal to
1.21g/cm?® should correspond to a mixture density,
i.e., 1.21/(0.36...0.32)=3.36...3.78 g/cm3. However,
this value appears to be higher than the particle den-
sity of minerals contained in the clay material and
the technical performance of methods involved in
compacted block production. Production methods
mastered to date provide the fabrication of benton-
ite blocks with characteristic dimensions of about a
meter and a dry density of up to 1.7...1.8 g/cm3, as
well as cylindrical prototypes of up to ~10 ¢cm and
a dry density of up to 2.0 ...2.1 g/cm3. Higher dry

density levels would require a compaction pressure
of over 150 MPa [27], [28].

Kaolin-bentonite mixtures were not considered
further in this paper due to difficulties expected in
achieving the required density.

The diffusion mechanism standing behind the
contaminant transport through bentonite buffer
is governed by the following condition (see, for ex-
ample, [29]):

Pe <1, (2)

e

where Pe is the Peclet number; K is the permeabil-
ity coefficient for bentonite; i is the hydraulic pres-
sure gradient; L is the buffer thickness; D, is the ef-
fective diffusion coefficient. The above condition is
hard to meet even in case of 10X pellets with a dry
density of about 1 g/cm?, a buffer layer thickness
L=0.2 m, permeability coefficient K= 10-!! m/s [30],
effective diffusion coefficient D ,~107'°...10""" m/s
and i~0.05, Pe~1072...103<< 1, i. e., there’s a large
margin for the diffusive transport condition to be
met.

2.1.2. Mechanical buffer erosion
at the saturation stage

Erosion and channeling may evolve along with
buffer material saturation with water, especially
at early stages upon excavation closure. Macropar-
ticles of the material may get washed out along the
way resulting in lower buffer density (Figure 4).

In crystalline rocks, excavations tend to get sat-
urated basically through several large fractures
intersecting the excavations. Depending on the
inflow rate, water from the fracture would either
manage to get absorbed by the buffer or flow fur-
ther contributing to channel formation. Partial wa-
ter absorption and buffer swelling is expected to re-
sult in bentonite gel formation at the channel walls
contributing to more intensive material particle

Figure 4. Characteristic channels and cavities formed in bentonite at the early stage of its saturation with water [32]
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leaching. Over time, along with further bentonite
saturation and swelling, buffer material leaching
becomes less intense [31]—[33]. This process de-
pends on numerous factors that are too difficult to
consider comprehensively at the current stage of
research. Thus, an empirical approach is used. For
example, [34] calculates the eroded bentonite mass
considering an excavation area intersected by a
fracture, m, based on the water volume that passed
though it, V , and the average bentonite concentra-
tion in it, cs:

mg=cV,", 3)

where n=0.65...1 is an empirical coefficient. V , as
a first approximation, depends on the volume of
voids present in the buffer backfill (pore volume
in blocks and pellets was not taken into account),
which is associated with the gaps between ben-
tonite blocks, containers and the excavation walls
backfilled with pellets. Assuming a dry bulk pellet
density of 1.2 g/cm?® and their structure formed by
compacted bentonite with a density of 1.7 g/cm?,
one may easily calculate the gap volume, which
would account for about 30% of the volume back-
filled with pellets.

Most intense buffer erosion would be prompted
by a water-conducting fracture intersecting the ex-
cavation vertically. The volume of material that can
be eroded from an excavation by a water flow can
be roughly calculated based on [35]. Studies showed
that under DGR conditions the flow within a per-
meable object would be concentrated in its volume
adjacent to the fracture with a width accounting
for ~ 10 % of its maximum characteristic size. In our
case, a permeable “object” can be understood as
the characteristic length of an excavation between
large water-conducting fractures intersecting it. For
illustrative purposes, one may assume, for example,
that the water inflow into a 300 m long excavation
is driven by four large water-conducting fractures;
the size of the “object” accounts for 300/4=75 m;
the length of the eroded excavation volume (where
the flow from the fracture is concentrated) accounts
for 7.5 m. In accordance with the accepted geometry
of the excavation (Figure 2), the empty space vol-
ume in the under-roof gap between the blocks and
the excavation at a length of 75 m would be equal
to some 80 m>. Given the gaps left during CB and
container installation, this volume may be added by
10 m® and one may assume a V, of 90 m®.

According to medium-scale laboratory experi-
ments [31], early in the backfill erosion process the
cs peaked to 20 g/L and then dropped to a relatively
constant level of 2 g/L.. The average cs level should
be calculated based on a convolution of time de-
pendent flows causing erosion and concentrations.
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Nevertheless, under preliminary assessments, the
average cs was taken equal! to 3 g/l. The leached
bentonite mass ms amounted to 3-90,000=270 kg.
The total bentonite mass that constituted to the
backfill within the leached excavation section of
7.5 m would amount to approximately 141.2 tons
assuming its dry density of 1.7 g/cm3, whereas the
portion of leached bentonite (before its complete
saturation) would amount to about 0.2 %, i. e., ap-
pears to be quite negligible.

2.1.3. Micro-erosion of bentonite

At the early buffer saturation stage, erosion is
prompted by the separation of relatively large
bentonite particles (aggregates) by high-pressure
groundwater (GW) flows: this mechanism can be
conventionally called macro-erosion. If the satu-
rated bentonite has a free boundary, for example, at
the interface with a water-conducting fracture, its
swelling causes gel formation (area of coupled par-
ticles), which, under certain conditions, can expand
further and turn into a colloidal particle solution
that can be carried away by a GW flow. This mecha-
nism can be conditionally called micro-erosion.

Under ideal conditions, CB swelling in an exca-
vation would be limited by its walls, which, in fact,
contributes to swelling pressure buildup. However,
in case of some fractures crossing the excavation,
expansion and penetration of bentonite into them
would decrease its density in the excavation and
deteriorate the barrier properties. In terms of its
extent, this process is governed by numerous pa-
rameters, but in case of GW with low mineralization
level and the predominance of monovalent sodium
ions in montmorillonite, bentonite is expected to
swell freely for quite a long time. The boundary lay-
er of bentonite at its interface with the GW is first
transformed into a viscous gel, which, along with
its further expansion and density decrease, turns
into a colloidal particle solution that can be carried
away by GW flow far beyond the excavation. In case
of high (over ~20% (mass)) content of Ca-MM in
the MM or GW mineralization of over? 4 mM, this
process won’t evolve — the gel formed at the ben-
tonite-GW interface would remain stable enough
to prevent further erosion [47].

In terms of microerosion, the flow rate of GW
interacting with the bentonite surface is seen as a
crucial parameter. The GW rate in the excavation

! Findings from the Scandinavian experiments should be extrapo-
lated to the Russian case with caution, since cs depends strongly
on the groundwater mineralization level, which is most likely
expected to be much lower in the Russian massif.

2 According to [48], GW mineralization level at the Yeniseiskiy site
accounts for approximately 3.2 mM NaCL
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damaged zone is evaluated below assuming the
considered concept.

Three key processes are responsible for the re-
sulting excavation damaged zone (EDZ): the redis-
tribution of existing stresses, their displacements
in the excavations (ZSP) and shock wave pressure
during drilling and blasting operations (EDZ, ).
It’s not always possible to specify the damage in-
duced by an individual mechanism. According
to [42], the characteristic size of an EDZ, the per-
meability coefficient in which grows by 2—3 or-
ders of magnitude along the excavation axis (but
decreases by about 5 times in the radial direction),
can reach 1.5 m for a standard borehole excavated
by the drilling and blasting method. [43] overviews
the characteristic EDZ parameters from European,
Canadian and Japanese studies. At the DBO stage,
the depth of EDZ_,  propagation amounts to sev-
eral tens of centimeters: usually about 30 cm on
the sides and in the roof and approximately 80 cm
at the bottom of the excavation. The permeability
coefficient decreases with depth averaging about
10—10 m/s. However, in rocks with large tectonic
or heat-induced stresses in the vicinity of HLW
containers, the EDZ  permeability coefficient may
reach 10-°m/s and propagate to a depth of about
20 cm due to rock spalling observed along the walls.
To a large extent, these parameters would depend
on the excavations, namely, on their orientation
relative to the axes of the main stresses (the most
favorable case assumes their orientation along the
greatest stress axis). In case of any “distortions” in
the excavation orientations, the EDZ . may grow in
a quite considerable way.

Thus, in terms of its transport properties, EDZ
would be considerably affected by rock spalling
processes evolving on the excavation walls. In [44],
a basic permeability coefficient! of 10-® m?/s was
assumed for an EDZ with a porosity of 2 %; variant
calculations assumed its increase to 10-° m?/s.

Under further illustrative estimates, the EDZ
depth was assumed as being equal to 0.5 m; poros-
ity — 3%; permeability coefficient — 2-10-% m/s.

Increased GW flow rate, f, in the EDZ compared
to the undisturbed rock can be roughly estimated
based on data from [45] providing a solution for a
two-dimensional problem. If the characteristic size
of an increased permeability zone (IPZ) with a per-
meability coefficient K, is equal to b and the lon-
gitudinal (along the GW flow) and the undisturbed
rock permeability coefficients are assumed as a and
K ., respectively, then:

! Permeability T is related to the permeability coefficient K as
T=K-d, where d is the thickness of the rock layer with the perme-
ability coefficient K.

f=M,where a:& and B:g. 4)
B +a Kout b

If the excavation length a is assumed as equal
to 300 m and the EDZ depth b=0.5 m, then $=600.
The permeability coefficient characteristic of the
undisturbed rocks at the Yeniseiskiy site (K )
assuming some moderate requirements for ac-
ceptance criteria amounts to 107°...10~ m/s [46]
and K, =2-10®* m/s, a=20 ...200. Thus, f may vary
within a range of 19...150. This estimate can only
be considered approximate, but it seems clear that
given realistic data on the permeability of IPZ and
rock and the excavation geometry, the flow rate
in it is expected to grow by 1—2 orders of magni-
tude with the flow rates in the undisturbed rock of
~10 m/year [46].

Quantitative calculations of Na-bentonite ero-
sion rate are quite complex, may be implemented
solely based on appropriate numerical methods
and still remain a subject of ongoing research
(see, for example, [49]). However, based on avail-
able conservative estimates of Na-MM erosion in
a fracture with the GW rate corresponding to the
one expected in the IPZ at the Yeniseiskiy site (i. e.,
over 100 m/year), one was able to calculate the
value for an excavation with its dimensions similar
to the considered ones, which amounted to about
200 g/year [50]. Even though no account was given
to the frictional forces acting on the crack surfaces,
inert contaminants found in bentonite and contrib-
uting to protective layer formation during its partial
erosion, etc., the use of eroded bentonite on the ex-
cavation periphery is still considered problematic.
For example, given earlier assumptions, estimates
focused on bentonite erosion at the saturation
stage (about 140 tons in the eroded area) showed
that such a loss rate would result in about 20 tons
of bentonite washed out over 100,000 years. There
by, its density would turn out to be insufficient to
perform its barrier functions, namely, those related
to the swelling pressure (see section 2.1.1. Swelling
pressure).

The maximum bentonite density mainly de-
pends on a balance maintained between the con-
tainer strength and the plastic buffer deformation
contributing to container integrity in case of shear
rock displacement that may occur along the planes
of a fracture crossing the excavation and driven by
seismic impacts. The loads acting on the buffer-
container system are closely related to the rock ac-
ceptance criteria, which are seen as a compromise
between the desire to excavate the DGR boreholes
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in most durable and intact rocks and using the min-
ing allotment capacity to the fullest extent possible.
Apparently, this concept may be approved for the
Yeniseiskiy site only based on some positive feed-
back from the field studies of rocks constituting to
the target disposal horizon preceded by shaft ex-
cavation efforts. As a first approximation, one may
consider the design option adopted by the Finnish
company Posiva Oy, i. e., a container surrounded
by a bentonite buffer should remain intact under a
shear rock displacement of 5 cm at a rate of 1 m/s
[36], [37].

Quantitative requirements to the buffer-con-
tainer system may be established only consider-
ing some specific container and buffer design op-
tions. RW packages proposed under the considered
concept are much inferior to the Scandinavian
designs (a cast iron @949 insert for SNF assem-
blies in a 5-cm-thick copper shell) in terms of
their strength and rigidity [38]. To make up for the
lower container strength and rigidity assumed un-
der the former concept, buffer thickness and/or its
plasticity should be much higher than in the Finn-
ish one (350 mm of bentonite with a Na-MM con-
tent of (75—90) % and a dry block density of about
1.7 g/cm? [39]). To some extent, this requirement is
satisfied by the integral thickness of the bentonite
blocks and the pellet layer (see Figure 2).

To reduce the CB density (to make the blocks suf-
ficiently “loose”), one should consider the mini-
mum swelling pressure criterion (see 2.1.1. Swelling
pressure) and the mechanical strength of saturated
bentonite, which is supposed to keep the contain-
ers in a given position.

In this regard, the use of 10X-based CB (Ca-MM
relatively low in smectite) under this concept may
turn out to be problematic due to its much lower
ductility compared to Na-bentonites.

To evaluate an alternative concept proposed for
RW-1 disposal at the Yeniseiskiy site, i.e., horizon-
tal disposal layout with copper coated containers
installed into CB blocks, a few design options dif-
fering in container and package wall thickness were
considered. A forklift may be used under a design
option providing for two VHLW drums emplace-
ment into a single container. Further design opti-
mization is possible, for example, CB thickness can
be reduced given an increase in the container wall
thickness, CB and DB size may be reduced assum-
ing less rigid requirements to buffer heating. How-
ever, such an optimization would require an inte-
grated approach and, in particular, due account of
the long-term radiation safety of the DGR. Remote

package handling methods would contribute to
greater buffer and container thickness (its weight
and size characteristics are not limited by the fork-
lift’s lifting parameters) with three VHLW drums
emplaced into a single container nevertheless ren-
dering the package handling process much more
difficult and increasing the final disposal costs.

Relatively thin-walled container along with a thin
copper coating would contribute to more ridged re-
quirements for RW-1 package integrity. This study
explores buffer parameters, namely, its swelling
pressure, susceptibility to erosion, resistance to
shear loads that were reduced to the content and
type of montmorillonite and the dry density of
bentonite. Despite the preliminary and evaluative
nature of this study, we believe that several fairly
important conclusions can be drawn on its basis.

For example, the use of 10X bentonite based on
Ca-MM as a buffer under the considered disposal
concept should provide for a quite high minimum
required CB dry density (>1.7 g/cm?®), which, from
an engineering perspective, may turn to be barely
attainable. On the other hand, a high-density buf-
fer with a low plasticity may cause some problems
associated with container resistance to shear rock
loads driven by seismic impacts.

Exclusive use of Na-MM under the considered
concept seems to be quite unlikely due to its ten-
dency to mechanical erosion and transformation
into Ca-MM driven by high intensity GW flows in
EDZ evolving around the excavations.

Further optimization of the bentonite buffer and
its composition would require some additional re-
search to explore the factors that have not been
considered in the present study (temperature and
chemical resistance, possible negative impacts on
adjacent safety barriers, flow characteristics rel-
evant for the long-term DGR safety, etc.). Current
findings suggest that bentonite with a predominant
Na-MM content and a minimum required dry den-
sity (about 1.6 g/cm3) would better suit as the main
buffer material (CB blocks surrounding the con-
tainer) with the gaps between the excavation walls
and the blocks filled with Ca-MM bentonite pellets
characterized with the maximum achievable dry
density. It is believed that this design option may
provide sufficiently high density and plasticity of
the buffer and its adequately long-term chemical
resistance.
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