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Abstract: After decades of research, development and demonstration (RD&D), mature concepts for the geo-
logical disposal of long-lived and high-level radioactive waste exist and some are close to being implemented.
Underground research laboratories (URLs) have made an essential contribution to this progress. They enable in
situ characterization and testing of host rocks and the demonstration of technologies and component perfor-
mances at representative scales and under realistic geological conditions. They also offer a tool for training per-
sonnel and show aspects of the geological disposal concepts to stakeholders, including the public. In this paper
we will present the different types and roles of URLs and we will discuss how the RD&D role of URLs has
evolved and how it is likely to evolve in the near future.

For several decades, waste management organiza-
tions and research institutes worldwide have been
developing concepts for the geological disposal of
long-lived and high-level radioactive waste. Today,
scientifically and technically mature geological dis-
posal concepts exist and some countries have imple-
mented or are progressing towards implementing
these concepts.

Underground research laboratories (URLs) have
played an essential role in this progress. They
provide access to the geological environments con-
sidered for geological disposal. This allows charac-
terization of the host rock in situ, the performance
of tests under realistic geological conditions and
demonstration of the feasibility of constructing,
operating and closing underground repositories
(IAEA 2001; NEA 2013). As such, they have con-
tributed to an enhanced understanding of the key
processes affecting post-closure safety and to build-
ing confidence that geological disposal facilities can
provide a safe disposal solution for long-lived and
high-level radioactive wastes.

Types of URLs

Broadly speaking, two main types of URLs can be
distinguished: generic ones and site-specific ones

(NEA 2013). Generic URLs are constructed at sites
that are not planned to be used as the disposal site.
They are typically constructed at locations with geo-
logical conditions representative of the disposal con-
cept under consideration. They can contribute to
testing and demonstrating excavation techniques
and gaining understanding of the host rocks in
which they are excavated.

In Switzerland, two generic URLs are in opera-
tion: the Mont Terri Rock Laboratory in argillaceous
rocks and the Grimsel Test Site in crystalline rocks
(Fig. 1). Both sites are not considered as potential
disposal sites, but they do offer the possibility to
gain understanding about these host rock types and
run experiments at representative scales and under
realistic geological conditions.

Site-specific URLs are implemented at or near a
potential disposal site. Compared with generic URLs,
site-specific ones have the advantage that they operate
in the actual conditions that will apply to the disposal
facility. This can broaden the scope of research, devel-
opment and demonstration (RD&D) that can be done
in these facilities. Some restrictions may, however,
apply because the URL activities must not jeopardize
the safety of the future disposal facility.

The infrastructure of the site-specific URL can be
shared by the eventual disposal facility. This can
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include surface buildings, utilities (e.g. electricity,
water and communication), security infrastructure,
access roads to the site or access shafts to the under-
ground facility. This is the case for the WIPP facility
in NewMexico (USA), a geological disposal facility
for long-lived transuranic (intermediate level) radio-
active waste (Fig. 2). The site, underlain by a bedded
salt layer, was first chosen for further research in the
mid-1970s. In 1981 the construction of the facility
started and between 1984 and 1990 several large-
scale underground experiments were performed
(heated tests were performed for the benefit of a dif-
ferent salt site for heat-generating defence waste,
while some plugging and sealing tests were per-
formed for the WIPP mission). WIPP has been dis-
posing of transuranic waste since 1999. More
recently, a new phase of underground research is
underway at WIPP.

Site-specific URLs are sometimes intended as a
sort of ‘performance confirmation facility’. This
facility is then monitored for several years to verify
that its performance complies with what is assumed
in the safety case, which is the collection of argu-
ments and evidence demonstrating the safety of the
facility. The ONKALO® underground rock

characterization facility (URCF) in Finland is an
example of such a facility. It is part of the licensed
Olkiluoto geological disposal facility (GDF)
(Fig. 3). The ONKALO®URCF is excavated in crys-
talline rock and will become part of the access infra-
structure to the Olkiluoto GDF. ONKALO® has
been used to characterize the host rock, develop
rock construction and rock suitability classification
methods, and run several in situ experiments. A
test area has been constructed for a ‘trial run of
final disposal’ in 2023–24 to test the technology,
organization and procedures that will be used during
the disposal operations.

Underground research laboratories may be pur-
pose built or may use existing underground facilities,
like a tunnel or an abandoned mine. Making use of
existing facilities can reduce the overall costs of
the URL programme and can benefit from already
available geological data and operating experience.
The Mont Terri Rock Laboratory uses an existing
security gallery of a motorway tunnel as its access
route. In the Tournemire URL (France) an old rail-
way tunnel excavated in a clay formation was con-
verted into a URL (Fig. 4). Several other URLs
have used mines, such as Project Salt Vault (USA),

Fig. 1. (a) The Mont Terri Rock Laboratory and (b) the Grimsel Test Site are two generic underground research
laboratories (URLs) that have been part of the Swiss research, development and demonstration programme for the
geological disposal of radioactive waste. Source: (a) courtesy of Swisstopo; (b) courtesy of NAGRA.

Fig. 2. The WIPP facility was first a URL but was later extended to become a waste disposal facility for long-lived
intermediate-level waste. Source: courtesy of the US Department of Environment.
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Stripa (Sweden), Kolar (India), Tono and Kamaishi
mines (Japan), Asse (Germany) and the Josef
Underground Research Centre (Czech Republic).

Existing underground facilities have the disad-
vantage that the site is already disturbed. This
makes it difficult or even impossible to establish
the original baseline conditions. Converting existing
underground infrastructure into a URL is therefore
mainly used for generic URLs. There are, however,
exceptions. The Konrad mine in Germany was
used until the 1970s for mining iron ore (Fig. 5).
After the iron mining stopped, RD&D was done in
the mine to evaluate the possibility of using it for

the disposal of low- and intermediate-level radioac-
tive waste. Following on the positive outcomes of
the research, a licence application was submitted to
convert the mine into a disposal facility. In 2007,
the licence was obtained and disposal operations
are expected to start in 2027.

Figure 6 shows the locations and types of 33
URLs worldwide: 24 generic and nine site-specific
URLs. Eighteen are in or attached to an existing
underground facility while 15 are built at a site
without developed underground infrastructure,
such as an existing mine or tunnel. Sixteen are con-
structed in crystalline rocks, six in evaporites, five in

Fig. 3. The ONKALO® underground rock characterization facility (URCF) is a part of the access infrastructure to the
current research facility and future disposal galleries. Source: POSIVA.

Fig. 4. The Tournemire URL uses an old railway tunnel excavated in clay. Source: modified from Matray et al.
(2007), courtesy of IRSN.
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argillaceous rocks and six in other rock types, like
volcanic tuff or sedimentary rocks other than argilla-
ceous rocks.

The roles of URLs

URLs have played an important role in developing
the scientific and technical basis for the geological
disposal of long-lived and high-level radioactive
waste (Delay et al. 2014; Blechschmidt and Vomvo-
ris 2017). Their role, however, stretches beyond a
purely scientific and technical one. They offer a use-
ful tool to train personnel and to inform stakeholders
about geological disposal.

The primary duties performed at a URL include:

(1) in situ characterization;
(2) performance testing;
(3) technology development, demonstration and

optimization;
(4) creating organizational readiness for the geo-

logical disposal project;
(5) training and professional development;
(6) stakeholder involvement; and
(7) international collaboration.

URL activities often serve several of these purposes.
For example, an experiment to test the in situ behav-
iour of bentonite will aim to expand the scientific
knowledge on bentonite and sealing systems.

Fig. 5. The Konrad repository is an extension of an old iron mine. Source: BGE.

Fig. 6. Locations and types of 33 URLs worldwide. Source: courtesy of the International Atomic Energy Agency.
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However, the experiment installation itself can dem-
onstrate that the sealing systems can be built. It can
be used to train personnel and show the public how
repositories can be sealed. Furthermore, different
international partners may benefit from collaborating
on the experiment.

Waste management organizations and research
institutes are not the only parties involved in URL
activities. Regulatory authorities can also engage in
URL RD&D to build their capabilities. The Tourne-
mire URL is operated by IRSN, the French national
public expert in nuclear and radiological risks. The
Belgian, French, German and Swiss nuclear regula-
tors (FANC, IRSN, BASE and ENSI) are partners
in the activities done in the Mont Terri Rock Labora-
tory, as well as research organizations like ETH
Zürich, PSI and the Helmholtz Centre.

In situ site characterization

Characterizing a geological environment that is sev-
eral hundred metres deep can to some extent be done
by drilling boreholes from the surface. Core samples
can be obtained and tested in the laboratory and geo-
physical tools can be run down the borehole. How-
ever, these methods have their limitations. They
only provide data over a relatively small scale and
some laboratory measurements, such as porosity
and diffusivity, are known to be subject to error
owing to sample disturbance effects.

URLs have allowed detailed measurements of the
thermo-hydromechanical, chemical and biological
characteristics of the geological environment at
larger scales and with more accuracy. The data are
derived at larger and more realistic scales compared
with laboratory or borehole measurements (IAEA
2023). They can reveal heterogeneities that would
be difficult to determine based on surface investiga-
tions. This can result in a better understanding of lith-
ological variations and geological structures such as
fractures or faults.

The focus of the geoscientific research differs
depending on the specific properties of the different
host rocks. POSIVA used a niche in the ONKALO®

URCF to characterize deformation zones and
hydraulically active features in the crystalline bed-
rock (Fig. 7). Rock volumes with these less favour-
able features will be avoided for the disposal of
spent fuel canisters. POSIVA therefore developed a
rock suitability classification system: a method to
locate rock volumes suitable for disposal (POSIVA
2012). The site characterization work in the
ONKALO® URCF has enabled the development
and testing of this rock suitability classification sys-
tem. POSIVA also investigated various properties of
the host rock in ONKALO®, such as the retention
and sorption of radionuclides, thermal conductivity,
the excavation damaged zone, rock mechanical
properties, groundwater flow and geochemical
processes.

The value of a site-specific URL for in situ char-
acterization is obvious. However, in situ characteri-
zation in a generic URL can also be valuable. It
can provide insight into the fundamental behaviour
of host rock types and improve our ability to assess
coupled processes. It can help to validate the numer-
ical models used to predict this behaviour. To exam-
ine the coupled thermo-hydromechanical behaviour
of Boom Clay at a representative scale, a large
scale heater test, called the ‘PRACLAY Heater
Test’, was set up in the HADES URL (Van Marcke
et al. 2013; Fig. 8). The interface between a 30 m
long gallery section and the clay will be heated for
at least 10 years to a temperature of 80°C.

Finally, a particular aspect of in situ characteriza-
tion is the characterization of the excavation dis-
turbed zone (EDZ). Obviously, characterizing the
excavation disturbed zone requires an excavation.
Many URL experiments have been conducted to
enhance our understanding of the EDZ. Under-
ground research laboratory excavation has also
allowed the optimization of excavation methods to
minimize the EDZ. Experiments in the Whiteshell
URL in Canada helped to improve the excavation
geometries in a high-stress environment, which min-
imized the excavation damage in the crystalline rock
(Chandler 2003).

Performance testing

The in situ characterization performed in a URL con-
tributes to the scientific basis underpinning the geo-
logical disposal concept. However, the scientific and
technical R&D done in a URL goes further than only
characterizing the host rock. The URL provides the
opportunity for large-scale testing of the perfor-
mance of the host rock, waste canisters, backfill,
seals and other components or materials under real-
istic geological conditions.

The corrosion rates of metals like stainless steel,
carbon steel and copper have been measured in
URLs. The Korea Atomic Energy Research Institute

Fig. 7. Geological mapping data of fractures and
lithological contacts in a niche in the ONKALO®

URCF. Source: POSIVA.
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(KAERI) studied the corrosion of copper by con-
ducting a long-term corrosion test in the KAERI
Underground Research Tunnel (Fig. 9). Samples of
these materials were placed in test chambers that
were directly supplied with fresh underground
water (KAERI 2016).

In Japan a full-scale engineered barrier system
(EBS) was installed in the Horonobe URL to evalu-
ate the EBS performance and technical feasibility
(Fujita et al. 2014) (Fig. 9). The EBS consisted of
a vertical deposition borehole drilled from a horizon-
tal gallery. A carbon steel overpack was placed in the
borehole and the void between the overpack and
borehole wall was filled with pre-compacted

bentonite blocks. The whole setup was extensively
instrumented to monitor the EBS evolution.

These RD&D activities have identified the main
processes or features relevant to the release and
migration of radionuclides in the EBS and host
rock. This enabled development of the models used
for the long-term safety assessment of the GDF.
Radionuclide migration experiments have been con-
ducted in which radioactive tracers were injected
into the host rock and their migration was monitored
over the following years. An example is the ‘Colloid
Formation and Migration’ project carried out at the
Grimsel Test Site (Schäfer et al. 2009; Fig. 10).
Radionuclides and colloids are injected into an

Fig. 8. Installation of the heating system for the PRACLAY Heater Test in the HADES URL. Source: courtesy of
ESV Euridice.

Fig. 9. (a) Test chambers in the KAERI Underground Research Tunnel facility measuring the corrosion of copper
and (b) placement of instrumentation in a buffer of pre-compacted bentonite blocks as part of the engineered barrier
system test in the Horonobe URL. Source: (a) courtesy of KAERI and (b) courtesy of JAEA.
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advective flow in the host rock and their flow is
monitored.

Technology development, demonstration and
optimization

The URLs have offered the opportunity to develop,
test, demonstrate and optimize the technologies
needed for geological disposal, such as shaft and
underground gallery construction, waste handling
and emplacement, backfilling and sealing opera-
tions. The construction history of the HADES URL
is an excellent example illustrating how the URL
allowed the development and optimization of the
technology to construct shafts and galleries in a plas-
tic clay formation (Bastiaens and Bernier 2006).

The equipment and methods to emplace canisters
and compacted bentonite blocks were tested in the
Äspö Hard Rock Laboratory (SKB 2015) (Fig. 11).
This also allowed SKB to develop and test quality
assurance procedures for these operations.

In the ONKALO® URCF, the demonstration of
prototype disposal concepts is planned as part of

the GDF programme at Olkiluoto. It is likely that
similar prototype demonstrators will be performed
in other URLs as part of the GDF programme. How-
ever, as the HADES and Äspö URLs demonstrate,
these types of experiments do not necessarily need
to be done in site-specific URLs. The knowledge
about the technologies developed and tested in
generic URLs can sometimes be transferred to
other sites with similar geologies.

The underground experiments require the use of a
wide variety of instruments. This means that a lot of
expertise has been gained over the years in instru-
menting components of the geological disposal con-
cept (Mayer et al. 2012). This expertise will support
the development of monitoring plans for geological
disposal.

Creating organizational readiness for the
geological disposal project

Another benefit of constructing and operating a URL
is gaining experience in certain aspects of planning
and realizing a GDF project. Like a GDF, a URL

Fig. 10. The Colloid Formation and Migration project at the Grimsel Test Site, setup for the long-term in
situ experiment. Source: courtesy of NAGRA.

Fig. 11. (a) Tests in the Äspö Hard Rock Laboratory to demonstrate the deposition of a dummy canister and (b) the
installation of bentonite backfill blocks. Source: courtesy of SKB.
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needs to be sited. This can require a site selection
process, site characterization, stakeholder involve-
ment and adherence to applicable legal and regu-
latory requirements. Once a site is selected, the
necessary permits and licences need to be
obtained.

China has started constructing a URL in crystal-
line rocks (Wang et al. 2018). The URL is located
in the NW of the country, in the Beishan area
(Fig. 12). The site selection process started in 1985
with a nationwide screening and the selection of
the ultimate site is the outcome of 33 years of inves-
tigations. The URL site itself was characterized
extensively using geological mapping, geophysical
surveys, borehole drilling, hydraulic testing and in
situ stress determinations.

Underground research laboratory programmes
also extend over decades and they require solid
project management. Human resources need to be
managed to guarantee organizational continuity
and knowledge management, which are crucial to

preserve records and knowledge over the timespan
during which URLs are operational. The manage-
ment expertise gained from operating a URL will
be come in handy when embarking on a geological
disposal project.

The same applies to ensuring operational safety.
Underground research laboratories need to be oper-
ated in a safe way. Safety risks are related to working
in an underground and confined environment, the
use of heavy machinery and loads, and fire and
dust hazards. Based on the recommendations of a
fire safety study conducted in the HADES URL in
2016, two fireproof doors were installed in the facil-
ity in 2020. Such regular evaluations and continuous
improvements of the safety infrastructure are essen-
tial to develop a safety culture within the whole orga-
nization operating the URL. Such a safety culture
will also be needed for the geological disposal pro-
ject. The URL therefore offers an excellent tool to
pro-actively develop and promote this culture in
advance.

Fig. 12. Preliminary design of the Beishan URL with one access ramp, three shafts and experimental tunnels. Source:
courtesy of BRIUG.
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Training and professional development

Apart from training staff in project management and
instilling a safety culture, URLs can provide oppor-
tunities for the professional development of scien-
tists and engineers. The scientific and technical
basis for geological disposal requires a broad and
unique set of skills and expertise. Underground
research laboratories can assist in attracting the
right professionals and offer them an environment
where they can familiarize themselves with the sci-
ence and technology that will come into play in a
GDF programme.

In 2007 the Czech Technical University in
Prague converted a tunnel in an abandoned gold
mine into the ‘Josef Underground Research Centre’
(Fig. 13). The main purpose of the research centre
is to teach students in the fields of geotechnics and
geology (Vasicek and Svoboda 2009). It gives stu-
dent the opportunity to take measurements and con-
duct experiment in an in situ environment. Students
are also encouraged to participate in the various
research projects that are ongoing in the Josef
URL. The URL increases the attractiveness of the
geotechnical and geological courses offered by
Czech Technical University and it provides students
with practical experience.

Stakeholder involvement

A geological disposal project is not only a scientific
or technological endeavour. Perhaps the biggest
challenge is gaining political and social acceptance
for the project (IAEA 2022). It is therefore essential
for the success of the project that stakeholders are

involved. Underground research laboratories can
play a major role in this process.

By encouraging the public, other scientists and
decision-makers to visit the URL, they can see for
themselves the RD&D that is being done. They can
experience the level of isolation provided by the
overburden and meet with the scientists and engi-
neers involved, ask their questions and raise any con-
cerns that theymay have. This can build a confidence
in the GDF programme that no amount of reports
can achieve.

Most URLs currently in operation have a public
affairs programme as part of their URL activities.
The Äspö Hard Rock Laboratory has a ramp access
along which tour buses transport groups of visitors
to the underground facility. At the surface there is
also an exhibition building with explanations about
geological disposal and the work done at the URL
(Fig. 14). The surface buildings are purposely
designed to look more like a local farm than an
underground mine or industrial buildings.

International collaboration

Opening a URL to international collaboration brings
together qualified personnel from multiple countries
and leads to a broader knowledge base. It also pro-
motes the exchange of ideas and the the dissemina-
tion of research results to a wider community. This
openness to external experts and the alignment of
the RD&D with what is happening internationally
can contribute to the confidence of stakeholders in
the programme. Conducting experiments together
with international partners also helps to share some

Fig. 13. Students during the analysis of mine waters in the Josef Gallery. Source: courtesy of the Centre of
Experimental Geotechnics, Czech Technical University in Prague.
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costs and can help avoid the duplication of expensive
RD&D activities.

The Mont Terri Rock Laboratory is operated by
the Federal Office of Topography Swisstopo (namely
the Swiss Geological Survey), but international part-
ners can use the facility to conduct experiments or
participate in experiments conducted by others
(Fig. 15). Currently, 22 partners from Canada, the
USA, the UK, Europe, Switzerland and Japan are
conducting research in the laboratory. Opalinus
Clay is being investigated as a potential host rock
for radioactive waste disposal. For a decade, research
activities have expanded to assess if the clay can func-
tion as a cap rock for the geological storage of CO2.

The future role of URLs

The roles URLs have played in geological disposal
programmes have evolved over time (MacKinnon
2015). In the early days of URL development,

30–40 years ago, there was uncertainty around the
technical feasibility of constructing large reposito-
ries in the host rocks being considered. By construct-
ing a URL, the feasibility could be tested and
excavation equipment and methods could be devel-
oped (Fig. 16). Another main priority of the first
URLs was to examine the host rocks in situ and
enhance the understanding of the key processes
affecting post-closure safety.

Today, mature geological disposal concepts exist
and there is confidence that these concepts are safe
and effective. Underground research laboratory
activities therefore focus more on increasing confi-
dence by large-scale demonstration experiments,
optimizing the equipment and techniques for specific
site conditions, developing data for validating
numerical modelling capacity and reducing uncer-
tainties in the safety case.

What will be the role of URLs once geological
disposal facilities are being operated? Today, there
is only one geological disposal facility for long-lived

Fig. 14. The Äspö Hard Rock Laboratory surface buildings contain an exhibition building and are designed to blend
into the surroundings. Source: courtesy of SKB.

Fig. 15. Most URLs, such as (a) Mont Terri Rock Laboratory and (b) Whiteshell URL, have been used to conduct
experiments together with international partners. Source: (a) courtesy of Swisstopo and (b) courtesy of AECL.
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waste in operation: the WIPP facility in the USA.
This means that we can only speculate, but it can
be foreseen that URLs can still play an important
role in the geological disposal programme.

We can expect to see pilot facilities being con-
structed as part of the repository. These facilities
will be used to test and demonstrate at a representa-
tive scale and in similar conditions the equipment
andmethods that will be used for waste emplacement
and repository closure. These pilot tests can also be
set up to monitor the performance of the host rock
or the EBS components. This monitoring may not
be possible or desirable in the actual repository,
especially when using intrusive means that could
cause the monitoring tools to compromise or disrupt
the repository. The ONKALO® URCF fulfils such a
role for the Finnish GDF (Fig. 17).

The URL may also be used during disposal facil-
ity operation to test facility closure and to train per-
sonnel. This can even be useful after repository
closure if, for example, the retrieval of the waste is
considered. Testing and developing ways for doing
this can be done in the URL.

Furthermore, the need to inform and engage with
stakeholders and the public in particular will remain.
As explained, URLs offer an excellent environment
to show and explain what geological disposal is
about and why this can offer a suitable and safe sol-
ution for the long-term management of radioactive
waste.

Over recent decades several URLs have been
constructed and several have already been closed.
Will we see new URLs being constructed in the fol-
lowing years or decades from countries that are at the
start of their geological disposal programme?

NORWM, the National Operator for Radioactive
Waste Management in the Russian Federation, plans
to create a URL in the Nizhnekanskiy granitoid mas-
sif (Middle Siberia) (Fig. 18). The URL will be used
to characterize the rock massif, optimize the EBS,
work out how the radioactive waste management
operations can be done and demonstrate operational
safety. The URL will consist of three vertical shafts
and a total of 5000 m of galleries excavated at a
depth of between 450 and 525 m. The construction
of the surface facilities has already started and the

Fig. 16. (a) Manual excavation of the first gallery of the HADES URL in 1984 and (b) sinking of the shaft of the
Gorleben URL in 1986. Source: (a) courtesy of ESV EURIDICE and (b) courtesy of BGE.

Fig. 17. POSIVA has used the ONKALO® URCF to test their Buffer Installation Device: (a) prototype of the device
and (b) drawing of the device in action in the ONKALO® URCF. Source: POSIVA.
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excavation of the underground facilities is expected
to start in 2022.

In Germany, the so-called ‘Site Selection Act’
requires that BGE, the implementer of a deep geolog-
ical repository (DGR) for high level waste, bases its
recommendation for a site on the underground explo-
ration of at least two distinct sites. The corresponding
site-specific data and the site-specific design form the
basis for the safety analyses, which are reviewed
against the legal requirements and criteria and
which will inform the government’s siting decision.

Also in the Republic of Korea, a URL is one of
the legal requirements for implementing a DGR.
The URL has to demonstrate the suitability of the
site and the feasibility and long-term performance
of a disposal system. The Korea Radioactive Waste
Agency (KORAD) is therefore expected to develop
a site-specific URL in future.

The need for generic URLs is more specific to
each national context. Our general understanding
of the science and technology underlying geological
disposal is well developed today and countries
increasingly have the option to explore opportunities
for international collaboration in existing URLs.
Nevertheless, developing a generic URL provides
value to a range of objectives, such as for compe-
tence development, stakeholder involvement and as
a visible focal point for the national DGR pro-
gramme. These may be particularly important if the
site selection process of the national DGR pro-
gramme does not seem to be making progress. In
such a context, the visibility that a generic URL
gives to the national DGR programme may allow
maintainance of the momentum needed for pro-
gramme development.
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