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Deep geological repositories for radioactive waste (DGR) and underground research laboratories (URL) preceding

them are being developed and constructed in most countries with developed nuclear power sector. International prac-
tices show that DGR and URL designs involve various types of excavations widely used to provide access to the target
depths: vertical and inclined shafts, their combinations, as well as spiral ramps. In world practice, inclined workings,
which include inclined shafts and spiral ramps, became widely used in the second half of the XX century at mining en-
terprises along with the development of mechanized mining methods for various types of rocks. The inclined workings
can be 6—8 times longer compared to vertical shafts, which inherently increases the cost of their excavation. However,
in certain cases, a longer inclined working and transportation along it by road transport provides such considerable

advantages that its construction turns out to be a much more feasible option compared to vertical shaft designs with

a cage hoist. The decision to excavate a spiral ramp or an inclined shaft can be made both at the DGR construction

and operational stage. In the decision-making, a fairly wide range of factors is commonly taken into account, including

economic efficiency, mining and geological conditions and the need to enhance the safety of individual production

processes. In particular, with regard to radioactive waste disposal facilities, an inclined working facilitates the system

of package delivery to the disposal depths reducing the risks and possible consequences of emergency situations and

incidents associated with equipment failures. At the URL stage, an inclined working facilitates and provides more

detailed rock mass characterization.

Keywords: radioactive waste, deep disposal facility, vertical shaft, spiral ramp, inclined shaft, underground research laboratory,
transportation of radioactive waste, URL excavations, radioactive waste disposal.

In world practice, construction of underground
research laboratories (URL) is viewed as an integral
first stage paving the way for the establishment of a
DGR. The tasks addressed by URL construction were
discussed in detail in a few publications [1]—[4] and
their functions that had been generally recognized
within the international expert community were

also set forth in a few Russian regulations [5], [6].

URL is considered as a site supporting rock mass

characterization activities, as well as research fo-
cused on the performance of structures constitut-
ing to the engineered safety barrier system (EBS)
and the evolution of barrier materials making up
the proposed DGR, development and testing of
methods proposed to excavate the underground
sections designed for radioactive waste (RW) dis-
posal [3]. URL research and relevant findings are
required for subsequent decision-making on the



feasibility and reliability of the proposed disposal
concept, as well as to demonstrate the adherence
to principles contributing to the long-term dispo-
sal safety to the expert community and the general
public. This is precisely the role of the URL being
established at the Yeniseiskiy site (Krasnoyarsk
Territory) that has been stated in the Strategy for
the Russian DGR Development [7].

DGR projects developed abroad are at various
stages of their life cycle and some of them have un-
dergone an inevitable evolutionary path with vari-
ous underground layouts and approaches to their
excavation that had been considered. Current sta-
tus of the Russian DGR project render it possible to
take advantage of the best international methods
and experience accumulated based on similar pro-
jects, in particular, to search for and compare the
layouts of underground structures, including the
types of access provided to the target depths with
an account taken of a few factors: how advanced,
up-to-date these approaches are and how opti-
mal they are viewed in terms of their safety; what
performance and economic efficiency levels might
be achieved in case of their practical implementa-
tion. In terms of rock characteristics, the designs
developed in Finland, Sweden and China, where
crystalline rocks are considered as host geologi-
cal environment, can be viewed as most similar to
those proposed under the Russian DGR designs [8].
Nevertheless, the DGR designs developed for other
host environments may also provide some valu-
able information when studying the diversity of the
above factors.

In 2017, a series of preprints was published sum-
marizing in sufficient detail the global DGR deve-
lopment practices [9],[10], as well as the experience
in the development and operation of URL [4]. Ac-
cording to the established international classifica-
tion system [3], URL are divided into site-specific
and generic. Site-specific URL are constructed in
mountain ranges recognized as potentially suitable
for waste disposal. Research in such laboratories
is mainly focused on gaining detailed information
about the structure of the rock massif that would
contribute to reliable long-term safety assessment
of RW disposal at a specific site, and the layout of
underground excavations itself is developed having
in mind the future prospects of their use as part of
the DGR.

URL of the second type, i.e., generic, are designed
to refine the research approaches, the designs pro-
posed for the RW disposal facilities and are con-
structed at sites that will not be used for waste dis-
posal (at least in the foreseeable future). These URL
are developed to address some general tasks: large-
scale experiments focused on safety-important

processes, comparison and development of EBS
construction methods, production operations as-
sociated with the management of RW packages, etc.

Recently, a third URL type has been identified —
area-specific, which combines the goals and objec-
tives of site-specific and generic URL and is distin-
guished by the fact that these URL are developed
within a potentially suitable rock massif (the area
proposed to build a DGR), but the ultimate decision
on the selection of a specific RW disposal site has
not been made yet. In the future, an area-specific
URL may become part of a disposal facility, but
this is not a mandatory condition — it’s still pos-
sible that a DGR is built on an adjacent/contiguous
site within the considered area. At the same time,
in terms of the underground structure layout and
the direct access provided to the target depths, the
approaches characteristic of site-specific URL are
still in place. This URL type owes its appearance
to the intensification of the Beishan project (PRC),
which is subject to the country's current restric-
tions on licensing and subsoil use for RW disposal
purposes [11].

Another feature according to which URL are com-
monly distinguished between themselves is whe-
ther they are sited in existing underground infra-
structure facilities (tunnels or excavations of mi-
ning enterprises) or in new purposely constructed
ones [2]. The first group features such laboratories
as Asse, Morsleben and Konrad in Germany, Bukov
and Josef in the Czech Republic, G-Tunnel in the
US and Tournemire in France. The second group in-
cludes: Beishan in China, Asp6 in Sweden, ONKALO
in Finland, KURT in the South Korea, Horonobe in
Japan and others, including the URL at the Yeni-
seiskiy site. Also, some of them, for example, Mont
Terri and Grimsel in Switzerland, were built paral-
lelly to already existing tunnels.

When it comes to URL development and their
subsequent construction, the method followed to
arrange access from the surface to the network of
underground drifts at target depths is viewed as an
important design concern. If laboratories are built
in existing facilities, no such decision is required,
since such access to the target depths is predeter-
mined by the designs of the predecessor facility. In
purpose-developed URL, various combinations of
excavations are used for these purposes (Table 1).

As can be seen from the above examples, vertical
shafts are integral to the complex of purpose-devel-
oped underground laboratories regardless of their
types and the host rocks. Although in most cases
they account for the main transport excavations, in
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Table 1. Options providing access to target depths in purpose-developed URL

Belgium HADES generic sedimentary (clay)
Germany Gorleben site-specific ~ sedimentary (salts)
Canada Whiteshell generic crystalline rocks
) Beishan area-specific crystalline rocks
China
BET generic crystalline rocks
SKOUth KURT generic crystalline rocks
orea
WIPP site-specific ~ sedimentary (salts)
USA
ci‘u\?SiSaBblfjlztSn(?aai:) site-specific  sedimentary (tuffs)
Finland ONKALO site-specific crystalline rocks
France Bure site-specific ~ sedimentary (clay)
Sweden Aspo generic crystalline rocks
Horonobe generic sedimentary
Japan . . : :
Mizunami generic crystalline rocks

vertical shafts operating
vertical shafts not operating 840
vertical shafts operating 240-420
i ran;ﬁa?Sd veilel under construction 550
inclined shaft decommissioned 250
vertical shafts under construction 90
vertical shafts DGR operation 655
vertlcalszr;?tslnclmed not operating 300
spiral ramp and vertical  undergoing the licensing 500
shafts process to start RW disposal
vertical shafts operating 500
spiral rarrsmﬁaaf?sd vertical operating 450
vertical shafts operating 250
vertical shafts not operating 500

some URL they are supplemented by inclined exca-
vations, i. e., spiral ramps and inclined shafts open-
ing to the surface that are intended for equipment

1 — alternative materials used for buffer production;

2 — experiment exploring plug and backfill installation;

3 — Minican project; 4 — pillar stability tests; 5 — demo test;

6 — Zedex experiment; 7 — canister retrieval; 8 — experiment with
heating elements (TBT-test); 9 — Lasgit; 10 — LTDE experiment;
11 — Colloid project; 12 — TRUE-1 experiment; 13 — Rex project;
14 — research exploring the chemical composition of pore water
in the rock matrix; 15 — study of two-phase groundwater flows;
16 — Microbe project; 17 — RNR experiment; 18 — Lot;

19 — prototype disposal facility; 20 — study of radionuclide reten-
tion processes; 21 — RNR experiment; 22 — horizontal orientation
of SNF packages

Fig. 1. Layout of underground excavations and research areas
in the underground section of the URF Aspé (Sweden) [13]

transportation, rock mass lifting to the surface via
self-propelled equipment and ventilation [12].

In Aspé6 [13] (Fig. 1), ONKALO [14] (Fig. 2) and
Beishan [15] (Fig. 3) URL, spiral ramps are used
as transport and research excavations. Fig. 4 also
shows the site of the BET (Beishan Exploration
Tunnel) research laboratory, where the transport
excavation stands for an inclined shaft. It should be
noted that at present, inclined shaft designs have
not been implemented in any of the currently ope-
rated purposely-developed URL and that either only
combinations of vertical shafts and spiral ramps or
only vertical shafts are used in the underground
structures.

The overview of inclined shaft application prac-
tices would’ve been incomplete if, in addition to
URL, we did not mention the geological disposal

Fig. 2. Layout of URL and DGR excavations in the ONKALO
facility (Finland) [14]



Fig. 3. Layout of excavations and research areas
in the Beishan URL (China) [15]

Fig. 4. Layout of excavations and research areas in Beishan
Exploration Tunnel (China) [15]

Fig. 5. Inclined shafts constituting
to the dry storage SNF facility in tuffs at a depth of 300 m,
the Yucca Mountain project (USA) [16]

facilities currently being at various stages of their
life cycles. Inclined shafts designed for RW pack-
age transportation can be found at such facilities
(Figs. 5—10) as Yucca Mountain in the US [16] (pro-
posed for the final disposal of high-level waste
(HLW) and spent nuclear fuel (SNF) and suspended
for political reasons), Bataapati in Hungary [17]
(low- and intermediate-level waste — LLW and ILW,
in operation), Forsmark in Sweden [18] (LLW and
ILW, permission has been granted to expand the
facility).

Fig. 6. Layout of underground excavations of the ILW and
LLW disposal facility in crystalline rocks at a depth of 250 m,
Bdtaapadti project (Hungary) [17]

Fig. 7. Layout of underground excavations of the disposal
facility for short-lived RW, as well as LLW and ILW
at a depth of up to 60 m, Forsmark [18]

Spiral ramp and inclined shaft designs are also
proposed for the planned HLW disposal facilities:
Nordlich Lagern in Switzerland [19], KRS in South
Korea [20], Cigeo in France [21], [22]. It is worth add-
ing that the latter facility will include part of the
Bure URL excavations, access to the target depths
of which is provided via vertical shafts.



Fig. 8. Layout of underground excavations of Nordlich Ldgern,
a RW disposal facility in Switzerland [19]

A B

Fig. 9. Proposed conceptual designs of underground
excavations for the KRS spent nuclear fuel disposal facility
(Republic of Korea): A — URL stage; B — DGR stage [20]

Fig. 10. Inclined shafts constituting to the final disposal
facility for high-level and long-lived radioactive waste,
Cigeo project (France) [21], [22]
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ONKALO is the world's flagship HLW and SNF dis-
posal project (Fig. 2) run by the Finnish company
Posiva Oy, which has already been mentioned in
the list of site-specific URLs. Currently, the Radia-
tion and Nuclear Safety Authority (STUK) is review-
ing its operational license application for a DGR
to be sited in a crystalline rock massif at a depth
of up to 450 m; the ultimate licensing decision
was expected from the regulator before the end of
2024 [23]. A spiral ramp constituting to the complex
of its underground structures that has been exca-
vated by the drilling and blasting method (DBM) at
the URL development stage will be used to deliver
waste packages to the disposal excavations.

Inclined shafts and spiral ramps in the above-
mentioned designs with a slope of 6°—10° enable
the use of pneumatic-tire and automobile trans-
port to deliver various goods, including the RW. In
ONKALO and Beishan URLs, the spiral ramp angle
is about 6° [24], [25]. The slope and turning radii of
the spiral ramp were designed based on the envi-
saged type of transport, mining and geological con-
ditions and the proposed excavation method (drill-
ing and blasting, mechanical or combined).

A spiral ramp has an important advantage over an
inclined shaft when used in combination with ver-
tical shafts in URL and/or DGR: the portal section
of an inclined shaft requires an additional platform,
which can be quite remote in plan from the main
complex of the underground structures. The portal
of a spiral ramp can be located both within the ge-
neral construction area of the facility and outside.

In case of inclined shafts, the most progressive
excavation method is the blast-free driving with
a tunnel boring machine (TBM) [15], [26]: today
it can be used to excavate shafts in hard and very
hard rocks (Fig. 11), such as granites and gneisses.
In terms of underground construction, the impor-
tant advantages of this method can be summarized
as follows: high excavation rates, opportunities for
process automation and conveyor delivery of the
broken rock mass to the surface, excavation roof
support operations do not require the interruption
of mining operations, as well as a smaller man-
made impact on the massif compared to the DBM
method (Fig. 12) [27]. The disadvantages include
larger turning radius for spiral ramps, which is
due to the TBM length and the high cost of mining
equipment. TBM operations have been mastered
well and are used to construct underground infra-
structure facilities, in particular, railway and road
tunnels, mine excavations at mining enterprises,
for example, previously performed mining in tuffs
of the Yucca Mountain site [28] and the current ex-
cavation of a spiral ramp in granite formations of
the Beishan URL [29].



Fig. 11. Beishan tunnel boring machine No. 1 for tunneling
in crystalline rocks [29]

Fig. 12. Comparison of the man-made disturbance parameters
for rocks in the border zone of mine excavations driven
by the DBM (A) and TBM (B) methods [27]

A B

In terms of tasks addressed and the types of host
rocks, two URL, namely, ONKALO [30] and Beishan
[15] laboratories, seem to be most similar to the
one being built at the Yeniseiskiy site. Based on
these two cases, considered below is the evolution
of excavation layouts providing access to the target
depths and the approaches to their development.

Early ONKALO design layouts did not include any
inclined excavations as part of the disposal com-
plex [24]. At the DGR stage, it was planned to use
either a vertical or an inclined shaft for RW trans-
portation (Fig. 13A, B). The decision to build a spi-
ral ramp as part of the ONKALO URL facilities was
made by Posiva Oy in 2002 [31] based on a study
performed to compare various possible options. A
total of 9 different combinations of underground
excavations was considered to provide access to the
target depth. Options providing for a single exca-
vation in the complex of underground structures
(vertical or inclined shaft) were excluded since they
were not able to provide adequate safety at the ope-
rational stage and adequate RW disposal rate [32].
Almost at the same time, the Swedish company SKB
was elaborating various DGR layouts at the Oskar-
shamn and Osthammar sites, which also included
an analysis of advantages that could’ve been pro-
vided by a spiral ramp [33].

The following options have been ultimately com-
pared between themselves: two vertical shafts; ver-
tical and inclined shafts; a spiral ramp and vertical
shafts. For both the URL and DGR stages, prefe-
rence was given to the latter option (Fig. 2 and 13B),
i.e., a combination of vertical shafts and a spiral
ramp [14].

An important factor that influenced the choice
of this combination for the ONKALO facility was
the availability of completed package designs and
relevant disposal methods, as well as a system of

C

Fig. 13. Conceptual ideas showing the appearance of the ONKALO DGR (Finland), including the final one [24], [30]:
A—1992,B — 1996, C — present



natural and engineered safety barriers. Based on
them, one was able to specify such parameters of
the spiral ramp excavations as the cross-section
and angle of inclination, which could be also done
based on the weight and size parameters of con-
tainers and motor transport (Fig. 14).

Fig. 14. Prototype of a machine designed for RW container
transportation along a spiral ramp in the ONKALO DGR [34]

Given the mining and geological conditions in-
herent in the ONKALO site, the time that took the
construction of the URL with a spiral ramp turned
out to be comparable to the construction time
in case of a vertical shaft design option — about
6—6.5 years taking into account that 25% of the
time was allocated for the preliminary rock mass
strengthening operations [35].

Similar to the evolution of the ONKALO designs,
no spiral ramp has been provided for in the initial
Beishan URL designs (Fig. 15A). Fig. 15B, C show its
early designs, which were supposed to be driven via
DBM [36]. Following a series of studies focused on
the mining and geological parameters of the massif
and a feasibility study, it was decided to excavate
a spiral ramp by the mechanized method (Fig. 15E,
D) providing access to a depth of 560 m from the
surface (Fig. 3).

The decisions to use spiral ramps in the ONKALO
and Beishan facilities were mainly driven the fol-
lowing key arguments:

- at the URL stage, a spiral ramp was supposed to
provide additional more complete data on the
host rock massif and the adjacent areas [15], [37],

A B

C
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[38]. It also appears to be much easier to charac-
terize them at the construction stage, since ad-
ditional study of the massif during vertical shaft
construction interrupts the mining cycles [39],
which, in turn, leads to a forced reduction in the
research time;
compared to vertical shaft designs, a spiral ramp
or an inclined shaft provide wider opportunities
in terms of waste package transport designs and
their diversity, in particular, assuming the uncer-
tainties in the parameters of transport and mining
equipment [15], [32], and allows for remote auto-
mated control over the RW delivery processes;

the main transport excavations of the URL can

be used at the DGR stage as part of underground

structures constituting to the disposal complex.

In the decision-making on the method proposed
to sink an inclined shaft or a spiral ramp, it is also
necessary to take into account possible negative
aspects that may affect technical and economic
indicators at the construction stage and some in-
dividual elements of the operational DGR safety,
such as:

- greater amount of mining operations compared to

the vertical shaft sinking option and, therefore, in-

creased man-made disturbance of the rock mass;
penetration of water-bearing areas by extended
excavations (Fig. 16) is supposed to require more

efforts to avoid water inflows [32];

- risk of possible emergency situations during RW
transportation, i.e., ignition of vehicle compo-
nents (tires), fuels and lubricants, vehicle break-
down on they way down the inclined shaft (brake
failure, etc.) [40];

- the cost of spiral ramp excavation is higher com-
pared to the vertical shaft sinking cost.

The following considerations can be cited as re-
marks and counterarguments to the negative as-
pects listed above:

- increased man-made disturbance of the massif
during mining operations may affect the long-
term DGR safety, which is relevant for all possible
methods, including TBM, and should be compen-
sated via some specific EBS designs to be imple-
mented during the development of the inclined
shaft or a spiral ramp, as well as via the selection

D E

Fig. 15. Proposed layouts for the underground facilities of the Beishan URL (PRC), including the final one [36]



of most effective backfilling materials at the DGR

closure stage;

- the presence of groundwater flows doesn’t seem

to be an obstacle when it comes to DGR construc-

tion, which has been also confirmed by the Fin-
nish and Swedish DGR designs. Cracks, including
water channels, are eliminated via injection rock

hardening [35], [41], [42];

the use of inclined excavations and, in particular,

spiral ramps enables remote automated control

over the RW delivery processes, and also facilitates
the designs developed to eliminate possible emer-
gency situations. The risks of accidents and inci-
dents during RW container transportation along
an inclined ramp and a vertical shaft (for example,
its ignition, hangup of the cage and/or breakage of
its rope, damage caused to the packaging due to
its fall to a depth of about 500 m) shall be evaluat-
ed both considering their classification as design
and beyond-design basis accidents and the corre-
sponding consequences, including the possibility

of their elimination [43];

- the sinking costs in case of an inclined shaft or a
spiral ramp may exceed those of vertical mining
based on the same method (for example, drill-
ing and blasting), as mentioned earlier, due to its
greater length. However, a comparison of the spi-
ral ramp sinking costs and the initial conclusions
on the economic efficiency of DBM or TBM meth-
ods can be made based on a comparative feasibi-
lity study. At the same time, the total estimated
DGR cost as a whole should also include the costs
associated with the risks of emergency situations
and incidents during RW package transportation,
including the cost expected from the elimination
of their consequences.

As an interim result, it is worth emphasizing that
despite the established trends in the construction
of the main excavations for various URL types and
DGR no specific recommendations have been pro-
vided by international expert organizations on the
use of inclined shafts or spiral ramps. Nevertheless,
RW package transportation along inclined excava-
tions seems a more preferable option considering
the Best Available Techniques [47], [48].

Fig. 16. Aquifer zones exposed by the ONKALO URL
excavation complex [35]

Excavations of the URL being developed at the
Yeniseiskiy site are planned to be used as part of
the future DGR. According to the proposed designs,
at the first stage of its construction, access to the
target depths will be provided via vertical shafts.
Basic DGR design option provides for RW package
transportation to the target depths (absolute eleva-
tion of +5 and —70 m) in a cage along a vertical ac-
cess shaft equipped with a mine hoist. At present
time, its sinking has been postponed to subsequent
stages of the project. This decision was made, in
particular, due to the existing uncertainties asso-
ciated with the RW disposal flowcharts proposed
for the Yeniseiskiy site [44], [45], container designs
and the parameters of the EBS system [46]. These
uncertainties have a direct impact on the choice
of engineering designs supporting the delivery of
RW packages to the target depth intervals, and also
shape the parameters and the requirements for the
equipment to be used in the main transport exca-
vations. At the same time, taking into account the
international experience in the construction of
such facilities, development of alternative design
options for access shafts remains a relevant is-
sue for the current stage of the project providing
greater variability both in terms of mass and size
parameters of the equipment transported into un-
derground excavations and more in-depth geologi-
cal exploration of the selected massif.

Based on the evaluated global URL construction
practices overviewed in this article, the following
can be attributed to alternative options as regards
the arrangement of vertical access shafts integrally
to the DGR to be constructed at the Yeniseiskiy site:

1) a spiral ramp with a portal section at the URL/
DGR construction site;

2) an inclined shaft with its portal section located
outside the URL/DGR construction site.

In case of Option 1, the portal section and the spi-
ral ramp itself can be constructed within an existing
licensed subsoil area. Moreover, the existing design
layout of surface structures and infrastructure at
the construction site can be preserved. According
to preliminary estimates, a spiral ramp, similarly
to inclined shafts, can be excavated via DBM or a
mechanized method combined with TBM. A spiral
ramp, also seen as a source of input data on the
rock mass parameters, can be viewed as a promising
type of an inclined excavation, also considering the
case when it is routed as a spiral extending around
a rock unit considered promising for RW disposal.

The second option provides for much more com-
prehensive initial efforts required to address rele-
vant organizational issues, in particular: to expand



the licensed subsoil area since the portal part of the
shaft will be moved beyond the existing construc-
tion site boundaries. In terms of potential contri-
bution to gaining more data on the rock unit, an
inclined shaft seems less attractive, since it will not
allow a detailed study of the subsoil areas associ-
ated with the rock unit considered promising for

RW disposal.

Due to the above reasons, option 1, i.e., spiral
ramp sinking, seems to be the most promising in
accordance with the global trends in URL and DGR
construction in crystalline rock massifs. For these
purposes, both the DBM and a mechanized TBM
method can be applied. Preliminary feasibility es-
timates as regards spiral ramp sinking and relevant
costs, including TBM application in inclined shaft
sinking, can be obtained based on a feasibility study.
The length of the spiral ramp will depend on:

- the shaft sinking method (DBM or TBM);

- the permissible slope;

- position of the portal part of the ramp on the con-
struction site and the one of the sections provid-
ing its connection with the drifts;

- type of transport equipment used in the under-
ground structures at the construction and opera-
tional stages;

- cross-section of the excavation and its parameters;

- the use of this excavation as part of a ventila-
tion system in the underground section of the
facility.

In conclusion, let’s once more briefly summarize
the main prerequisites and advantages of inclined
(spiral) ramp designs for the URL/DGR proposed at
the Yeniseiskiy site:

. greater variety, compared to a vertical shaft, in
terms of options providing RW package delivery to
target depth intervals, including the parameters
of transport and process equipment, which will be
specified at the URL operation stage;

- less restrictions on the dimensions and weight of
containers, packages and tubes, which may help
in making the final decision on their designs and
layouts proposed for the disposal of various RW
types;

- independence from vertical lifting restrictions
(rock removal, delivery of materials and equip-
ment), which will provide greater autonomy for
various work divisions within the URL and DGR at
the stages of their construction, development and
operation;

- at the URL stage, an inclined shaft may provide
additional mining and geological data on the host
rock mass and adjacent territories [37] since it al-
lows for their simpler and more accessible cha-
racterization, as well as the development of engi-
neering DGR designs [15];
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- automated coordination of the RW delivery pro-
cesses, including the use of remotely controlled
equipment.

1. Mayer S. J., Van Marcke P., Jung H. et al. Impor-
tant roles of underground research laboratories for
the geological disposal of radioactive wastes: an in-
ternational perspective / Geological Disposal of Ra-
dioactive Waste in Deep Clay Formations: 40 Years
of RD&D in the Belgian URL HADES / Eds. X. L. Li
et al. — London, Geological Society of London Publ.,
2023. Pp. 297—309. DOI: 10.1144/SP536-2022-97.

2. Blechschmidt I., Vomvoris S. Relevance of under-
ground rock laboratories for deep geological reposi-
tory programs / Geological repository systems for
safe disposal of spent nuclear fuels and radioactive
waste. Eds. M. Apted, J. Ahn. Duxford, Woodhead
Publishing Publ., 2017. Pp. 113—142.

3. Underground research laboratories (URL): Ra-
dioactive Waste Management: NEA/RWM/R(2013)2.
Paris, Nuclear Energy Agency, Organisation for Eco-
nomic Co-operation and Development Publ., 2013.
52 p.

4. Tsebakovskaya N. S., Utkin S. S., Pron I. A., Ko-
novalov V. Yu. Zarubezhnyye proyekty zakhoroneniya
OYAT i RAO. Chast' III. Zarubezhnyy opyt sozdaniya
i ekspluatatsii podzemnykh issledovatel'skikh labora-
toriy [International SNF and RW disposal projects.
Part III. International experience in the develop-
ment and operation of underground research labo-
ratories]. Preprint No. IBRAE-2017-12. Moscow, Nu-
clear Safety Institute of RAS Publ., 2017. 34 p.

5. NP-100-17. Trebovaniya k sostavu i soderzhaniyu
otcheta po obosnovaniyu bezopasnosti punktov zak-
horoneniya radioaktivnykh otkhodov. Federal nyye
normy i pravila v oblasti ispol'’zovaniya atomnoy en-
ergii [Requirements for the composition and con-
tent of safety analysis reports for radioactive waste
disposal facilities: Federal Norms and Rules in the
Field of Atomic Energy Use]. Approved by Rostech-
nadzor’s Order No. 218 of June 23, 2017. Moscow,
FBU “Nauchno-tekhnicheskiy tsentr po yadernoy i
radiatsionnoy bezopasnosti” Publ., 2017.

6. RB-003-21. Otsenka dolgovremennoy bezopasnosti
punktov glubinnogo zakhoroneniya radioaktivnykh ot-
khodov. Rukovodstvo po bezopasnosti pri ispol'zovanii
atomnoy energii [Long-Term Safety Assessment of
Deep Disposal Facilities for Radioactive Waste:
Safety Guide for Atomic Energy Use]. Approved by
Rostechnadzor’s Order No. 101 of March 19, 2021.
Moscow, FBU “Nauchno-tekhnicheskiy tsentr po
yadernoy i radiatsionnoy bezopasnosti” Publ., 2021.

7. Kryukov O. V. Strategiya sozdaniya punkta glu-
binnogo zakhoroneniya RAO [Strategy for the

9



development of RW deep disposal facility]. Radio-
aktivnye otkhody — Radioactive Waste, 2018, no. 3 (4),
pp. 114—120.

8. Zakhoroneniye RAO na uchastke Yeniseyskiy v
Krasnoyarskom kraye: istoriya vybora ploshchadki i
sovremennoye sostoyaniye issledovaniy [Radioactive
waste disposal at the Yeniseiskiy site in Krasnoyarsk
Krai: site selection milestones and current research].
Edited by B. T. Kochkin, I. I. Linge. Moscow, Nauka
Publ., 2024. 368 p.

9. Tsebakovskaya N. S., Linge I. 1., Utkin S. S., Pron I. A.
Zarubezhnyye proyekty zakhoroneniya OYAT i RAO.
Chast' I. Aktual'noye sostoyaniye proyektov sozdaniya
punktov glubinnogo geologicheskogo zakhoroneniya v
yevropeyskikh stranakh [International SNF and RW
disposal projects. Part I. State-of-art in the develop-
ment of deep geological disposal facilities in Euro-
pean countries]. Preprint No. IBRAE-2017-03. Mos-
cow, Nuclear Safety Institute of RAS Publ., 2017. 35 p.
10. Tsebakovskaya N. S., Utkin S. S., Konovalov V. Yu.
Zarubezhnyye proyekty zakhoroneniya OYAT i RAO.
Chast' I1. Aktual'noye sostoyaniye proyektov sozdaniya
punktov glubinnogo geologicheskogo zakhoroneniya v
SSHA, Kanade i stranakh Aziatskogo regiona [Interna-
tional SNF and RW disposal projects. Part II. State-
of-art in the development of deep geological dispos-
al facilities in the U.S., Canada and Asian countries].
Preprint No. IBRAE-2017-04. Moscow: Nuclear Safe-
ty Institute of RAS Publ., 2017. 41 p.

11. Wang J., Chen L., Su R., Zhao X. The Beishan un-
derground research laboratory for geological dispos-
al of high-level radioactive waste in China: Planning,
site selection, site characterization and in situ tests.
Journal of Rock Mechanics and Geotechnical Engineer-
ing, 2018, vol. 10, no. 3, pp. 411—435. DOI: 10.1016/j.
jrmge.2018.03.002.

12. STO SRO-P 60542948 00034-2019. Normy tekh-
nologicheskogo proyektirovaniya gornodobyvayush-
chikh predpriyatiy s podzemnym sposobom razrabotki
[Standards for the design development of mining
enterprises with underground mining]. Approved by
protocol No. 16/09-2019 on September 5, 2019. Mos-
cow, Soyuzatomproekt Publ., 2019.

13. Aspo Hard Rock Laboratory: Annual Report 2018:
SKB TR-19-10. Solna, Svensk Karnbridnslehantering
AB Publ., 2019. 88 p.

14. Design basis (DB): POSIVA 2021-08. Safety case
for the operating licence application. Eurajoki, Po-
siva Oy, 2021.

15. Wang J., Chen L., Su R., Zhao X. The Beishan un-
derground research laboratory for geological dispos-
al of high-level radioactive waste in China: Planning,
site selection, site characterization and in situ tests.
Journal of Rock Mechanics and Geotechnical Engineer-
ing, 2018, vol. 10, no. 3, pp. 411—435. DOI: 10.1016/j.
jrmge.2018.03.002.

10

16. Yucca Mountain: The most studied real estate on
the planet: Report to the Chairman Senator James
M. Inhofe. Washington, U.S. Senate Committee on
Environment and Public Works, Majority staff Publ.,
2006. 25 p.

17. Dedk F., Kovacs L., Vasarhelyi B. Geotechni-
cal rock mass documentation in the Bataapati ra-
dioactive waste repository. Central European Geol-
0gy, 2014, vol. 57, no. 2, pp. 197—211. DOI: 10.1556/
CEuGeol.57.2014.2.5.

18. Post-closure safety for SFR, the final repository
for short-lived radioactive waste at Forsmark. Han-
dling of future human actions, PSAR version: SKB
TR-23-08. Solna, Svensk Karnbrinslehantering AB
Publ., 2023. 84 p.

19. Sachplan geologische Tiefenlager Etappe 3
Vorschldge zur Konkretisierung der Oberflachenin-
frastruktur der geologischen Tiefenlager: Teil 1. Ein-
fiihrung und GrundlagenArbeitsbericht: NAB 19-08.
Wettingen, Switzerland, Nationale Genossenschaft
fiir die Lagerung radioaktiver Abfille Publ., 2019. 35 p.
20. Lee J., Cho D., Choi H., Choi J. Concept of a Korean
reference disposal system for spent fuels. Journal of
Nuclear Science and Technology, 2007, vol. 44, no. 12,
pp. 1565—1573. DOI: 10.1080/18811248.2007.9711407.
21. Zghondi J., Armand G., Kerner L. et al. Compres-
sible linings solutions: A multi-scale mechanical
and technical demonstration up to a full 6m diame-
ter surface loading “accelerator” device. Expanding
Underground — Knowledge and Passion to Make a
Positive Impact on the World: World Tunnel Con-
gress 2023 (Athens, Greece, 12—18 May, 2023). Lon-
don, CRC Press Publ., 2023.

22. Gaudry C., Ouffroukh H., Moscone L., Taherza-
deh R. Constrains, design and construction meth-
ods of the Cigéo five deep shafts. Tunnels and Un-
derground Cities. Engineering and Innovation Meet
Archaeology, Architecture and Art: World Tunnel
Congress 2019 (Naples, Italy, 3—9 May 2019. London,
CRC Press Publ., 2020.

23. Holt E., Jalonen T. Recent Advances from Fin-
land’s R&D, Supporting Final Operation of the
Deep Geological Repository. WM2024 Conference
(March 10—14, 2024). Phoenix, 2024. P. 24356.

24. Autio].,Saanio T., Tolppanen P. et al. Assessment
of alternative disposal concepts: POSIVA-96-12.
Helsinki, Posiva Oy Publ., 1996. 93 p.

25. Ma H., Wang J., Man K. et al. Excavation of un-
derground research laboratory ramp in granite us-
ing tunnel boring machine: Feasibility study. Jour-
nal of Rock Mechanics and Geotechnical Engineering,
2020, vol. 12, no. 6, pp. 1201—1213. DOI: 10.1016/j.
jrmge.2020.09.002.

26. Gavrilova A. Yu., Mikhailov K. D. Obzor konstruktsiy
prokhodcheskikh shchitovykh kompleksov [Overview
of tunneling shield complexes and their designs].



Teoriya i praktika prioritetnykh nauchnykh issledo-
vaniy: sbornik nauchnykh trudov po materialam VII
mezhdunarodnoy nauchno-prakticheskoy konferentsii
[Theory and practice of priority scientific research: col-
lection of scientific papers based on the proceedings
of the VII international scientific and practical confer-
ence] (Smolensk, May 27, 2019). 2019. Pp. 79—85.

27. Siren T. Excavation damage zones, fracture me-
chanics simulation and in situ strength of migmatit-
ic gneiss and pegmatitic granite at the nuclear waste
disposal site in Olkiluoto, Western Finland: Doctoral
dissertations 187/2015. Aalto, Aalto University, De-
partment of Civil and Environmental Engineering
Publ., 2015. 41 p.

28. Voegele M. D. The Yucca Mountain license appli-
cation / Geological repository systems for safe dis-
posal of spent nuclear fuels and radioactive waste.
Eds. M. Apted, ]J. Ahn. Duxford, Woodhead Publish-
ing Publ., 2017. Pp. 163—193.

29. Wang J., Chen L., Su R. et al. Lab and field ex-
perimental infrastructures / Thermo-Hydro-Me-
chanical-Chemical (THMC) Processes in Bentonite
Barrier Systems. Eds. H. Shao et al. Cham, Swit-
zerland: Springer Nature Publ., 2024. Pp. 5—39.
DOI: 10.1007/978-3-031-53204-7 2.

30. Vehmas J., Rentto A., Luukkanen J. et al. The Fin-
nish solution to final disposal of spent nuclear
fuel / The Future of Radioactive Waste Governance:
Lessons from Europe. Eds. M. Arentsen, R. van Est.
Wiesbaden, Springer Publ., 2023. Pp. 287—317.
DOI: 10.1007/978-3-658-40496-3 11.

31. Ryhdnen V. Posiva’s Site Investigations Pro-
gramme / MRS Online Proceedings Library (OPL):
Vol. 807: Scientific basis for nuclear waste manage-
ment XXVII (15—19.06.2003, Kalmar, Sweden). Cam-
bridge University Press Publ., 2003. DOI: 10.1557/
PROC-807-3.

32. Dikds T., Ikonen A., Niiranen S., Hansen J. Going
underground in Finland: design of Onkalo in prog-
ress / WM’03 Conference (February 23—27, 2003).
Tucson, 2003.

33. Backblom G., Christiansson R., Hedin A. et al.
Utredning rorande tilltradesviagar till djupforvarets
deponeringsomraden: Schakt eller ramp?: R-03-11.
Stockholm, Svensk Kédrnbranslehantering AB Publ.,
2003. 96 p.

34. Wendelin T., Suikki M. Preliminary design for
spent fuel canister handling systems in a canister
transfer and installation vehicle: Working Report
2008-38. Eurajoki, Posiva Oy Publ., 2008. 64 p.

35. Hatakka L., Salminen N., Tirinen ]. Developing of
shaft grouting methods during the construction of
ONKALOQ Research facility at Olkiluoto: Working Re-
port 2018-03. Eurajoki, Posiva Oy Publ., 2018. 104 p.
36. Feng R. URL design & BIM application-Construc-
tion of URL for geological disposal of HLW in China /

Construction Methods for Underground
RW Disposal Facilities: Analysis of International Experience

IAEA Workshop on Planning and Implementing
Construction of Underground Research Facilities
and Deep Geological Repositories (08—12.07.2024,
Beishan, China).

37. ONKALO Underground Characterisation and Re-
search Programme (UCRP): POSIVA 2003—03. Olkil-
uoto, Posiva Oy Publ., 2003. 142 p.

38. Saksa P., Anttila P., Riekkola R., Hautojarvi A.
Strategy for construction and investigation plan-
ning: Working Report 2003—28. Olkiluoto, Posiva
Oy Publ., 2003. 126 p.

39. Gupalo V. S., Kazakov K. S., Konovalov V. Yu., De-
min A. V. O sinkhronizatsii meropriyatiy programmy
issledovaniy massiva s prokhodcheskimi rabotami
pri sozdanii podzemnoy issledovatel'skoy laboratorii
v Nizhnekanskom massive [Synchronization of Rock
Mass Exploration Program and Heading Operations
in Creation of Underground Research Laboratory in
the Nizhnekansk Massif]. Gornyy zhurnal — Mining
Journal, 2020, no. 3 (2272), pp. 72—78.

40. Peiffer F., Fass T., Weber S. Analyse betrieblicher
Erfahrungen und ihrer Bedeutung fiir das Anlagen-
konzept undden Betrieb eines Endlagers fiir war-
meentwickelnde radioaktive Abfille: Abschlussb-
ericht zum Vorhaben 3608R02612: GRS-A-3613.
Braunschweig, Gesellschaft fiir Anlagen- und Reak-
torsicherheit GRS Publ., 2011. 280 p.

41. Zaslavsky Yu. Z., Lopukhin B. A., Druzhko E. B.,
Kachan I. V. In"yektsionnoye uprochneniye gornykh
porod [Injection strengthening of rocks]. Moscow,
Nedra Publ., 1984. 175 p.

42. Kuzmin E. V. Uprochneniye gornykh porod pri
podzemnoy dobyche rud [Strengthening of rocks dur-
ing underground ore mining]. Moscow, Nedra Publ.,
1991. 253 p.

43, Mashinostroyeniye yadernoy tekhniki, kn. 1: Mash-
inostroyeniye [Mechanical engineering of nuclear
equipment, book 1: Mechanical engineering].
Vol. 4—25 /Ed. E. O. Adamov, V. I. Solonin, K. S. Kole-
snikov. Moscow, Mashinostroyeniye Publ., 2005.
959 p.

44, Bogatov S. A. Zakhoronenie osteklovannykh VAO
v vertikal nykh skvazhinakh s tsementnoi zakladkoi —
plyusy i minusy s tochki zreniya obespecheniya dol-
govremennoi bezopasnosti PGZRO [HLW Disposal of
in Verticale Deposition Holes with Cement Backfill —
Pro and Contra with Regard to Long Term Safety of
Geological Disposal Facility]. Radioaktivnye otkhody —
Radioactive Waste, 2018, no 1 (2), pp. 21—33.

45. Bogatov S. A., Kryuchkov D. V., Pavlov D. I., Sy-
chenko D. V. Analiz razlichnykh kontseptsii zak-
horoneniya RAO klassa 1 v kristallicheskikh poro-
dakh [Analysis of Various Concepts for RW. Class 1
Disposal in Crystalline Rocks]. Radioaktivnye otk-
hody — Radioactive Waste, 2020, no. 3 (12), pp. 66—77.
DOI: 10.25283/2587-9707-2020-3-66-77.

11



46. Bogatov S. A., Drobyishevskiy N. I., Krupska- 47. Costing methods and funding schemes for ra-
ya V. V., Zakusin S. V., Lekhov V. A. Predvaritel nye ot- dioactive waste disposal programmes: IAEA Nuclear
senkiparametrovinzhenernykhbar'erovvkontseptsii ~ Energy Series No. NW-T-1.25. Vienna, International
PGZRO s gorizontal nym razmeshcheniem upakovok  Atomic Energy Agency Publ., 2020.

s RAO v konteinerakh s mednym pokrytiem [Prelimi- 48. Optimisation of geological disposal of radioac-
nary Assessment of Engineered Barrier Parameters  tive waste: national and international guidance and
under DGR Concept with Horizontal Orientation of  questions for further discussion: Radioactive Waste
RW Packages in Copper Coated Containers]. Radio- Management: NEA No. 6836. — Paris, Nuclear Ener-
aktivnye otkhody — Radioactive Waste, 2023, no. 3 (24), gy Agency, Organisation for Economic Co-operation
pp. 77—91. DOI: 10.25283/2587-9707-2023-3-77-91.  and Development Publ., 2010. 28 p.

Deryabin Sergey Alexandrovich, Acting General Director, National Operator for Radioactive Waste man-
agement FSUE (49A, bld. 2, Pyatnitskaya st., Moscow, 119017, Russia), e-mail: SADerjabin@norao.ru.

Utkin Sergey Sergeevich, Doctor of Engineering Sciences, Deputy Director for Information and Analytical
Support of Complex Problems of Nuclear and Radiation Safety, Nuclear Safety Institute of the Russian
Academy of Sciences (52, Bolshaya Tulskaya st., Moscow, 115191, Russia), e-mail: uss@ibrae.ac.ru.

Shevtsova Elena Vladimirovna, PhD, Head of Licensing and Permitting Activities Department, National
Operator for Radioactive Waste management FSUE (49A, bld. 2, Pyatnitskaya st., Moscow, 119017, Russia),
e-mail: EVShevtsova@norao.ru.

Kazakov Konstantin Sergeevich, PhD, Deputy chief of Laboratory, Nuclear Safety Institute of the Russian
Academy of Sciences (52, Bolshaya Tulskaya st., Moscow, 115191, Russia), e-mail: kks@ibrae.ac.ru.

Kuzmin Evgeny Viktorovich, Professor, Doctor of Engineering Sciences, Expert of technical policy and
science department, National Operator for Radioactive Waste management FSUE (49A, bld. 2, Pyatnits-
kaya st., Moscow, 119017, Russia), e-mail: EVKuzmin@norao.ru.

Barinov Alexander Sergeevich, PhD, Senior Researcher, Nuclear Safety Institute of the Russian Academy
of Sciences (52, Bolshaya Tulskaya st., Moscow, 115191, Russia), e-mail: barinov@ibrae.ac.ru.

Demin Anatoly Viktorovich, Chief expert, Nuclear Safety Institute of the Russian Academy of Sciences (52,
Bolshaya Tulskaya st., Moscow, 115191, Russia), e-mail: demin@ibrae.ac.ru.

Svitelman Valentina Semenovna, PhD, Research associate, Nuclear Safety Institute of the Russian Acad-
emy of Sciences (52, Bolshaya Tulskaya st., Moscow, 115191, Russia), e-mail: svitelman@ibrae.ac.ru.

Ozersky Dmitry Andreevich, PhD, Head of the Krasnoyarsk branch, Nuclear Safety Institute of the Russian
Academy of Sciences (52, Bolshaya Tulskaya st., Moscow, 115191, Russia), e-mail: oda@ibrae.ac.ru.

Bamborin Mikhail Yurievich, PhD, Chief of the technical policy and science department, National Opera-
tor for Radioactive Waste management FSUE (49A, bld. 2, Pyatnitskaya st., Moscow, 119017, Russia), e-
mail: MYBamborin@norao.ru.

Deryabin S. A., Utkin S. S., Shevtsova E. V., Kazakov K. S., Kuzmin E. V., Barinov A. S., Demin A. V., Svitel-
man V. S., Ozersky D. A., Bamborin M. Yu. Construction methods for underground RW disposal facilities:
analysis of international experience. Radioactive Waste, 2025, no. 1 (30), pp. 57—72. DOI: 10.25283/2587-
9707-2025-1-57-72. (In Russian).

12



