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Introduction

1.1 Background and goals
Norway’s inventory of radioactive waste consists of high-level radioactive waste from the
research reactors in Halden and Kjeller. In addition, there will be low and intermediate level
waste from the planned decommissioning of the reactors and other nuclear facilities. Norway
has also low-level waste generated by e.g. the medical sector. Norwegian Nuclear
Decommissioning (NND) is developing a comprehensive strategy for management of all
classes of radioactive waste. Such a strategy could include the following facilities:




Landfill-type repository for non-radioactive decommissioning waste,
Intermediate depth repository for low- and intermediate level waste,
Deep geological mined repository (DGR) or deep borehole repository for highlevel waste.

Due to the low volume of high-level radioactive waste and the geological framework in Norway,
i.e. the very large area of crystalline rocks, the disposal of the radioactive waste in deep
boreholes is an option that is currently investigated more closely.
Concepts for the disposal of radioactive waste in deep boreholes have been developed in
several countries, such as Australia (Mallants et al. 2019), Korea (Lee et al. 2018, Yun & Kim
2013), Japan (Tokunaga 2013), Ukraine (Faybishenko 2015), the United Kingdom (UK Nirex
Ltd. 2004), the USA (Brady et al. 2017) (cf. Faybishenko et al. 2017). In analogy to a mined
repository, deep borehole disposal (DBD) uses a combination of engineered and natural
barriers to safely contain and isolate the radionuclides from people and the environment.
Based on these concepts, a procedure was developed taking into account the conditions in
Norway (Fischer et al. 2020). The evaluations showed that the waste could be disposed of in
a single borehole that is drilled from the surface to a depth of several kilometres. With the aim
of being able to dispose of the waste in one or several containment-effective rock zones (CRZ,
cf. Hagros et al. 2021, Fig. 6-14) and being able to adapt flexibly to the geological framework
conditions, directional drilling was recommended (cf. Beswick 2008, chapter 6) despite the
fact that there is still development work to be done for drilling large diameter boreholes.
Depending on the CRZs, one or more seal zones are also required in order to close potential
flow paths. As is customary when carrying out the closure of mine shafts, these seal zones
should be sealed according to the principle of redundancy and diversity. Accordingly, several
sealing materials with different modes of action are to be used. Some sealing materials require
the use of abutments. Storage volumes for solutions and gases may also be required. In
Norway, there are only a few sedimentary rocks of small thickness, so that in comparison with
previously published DBD concepts, only a short upper borehole zone could be taken into
account. This also leads to a small total borehole depth compared with a more “classic” DBD
concept. In summary, the work carried out so far, which is mainly described in Fischer et al.
(2020), illustrates that DBD is possible in Norway, although some development and research
work is still required.
As with other types of repositories, with the DBD it is necessary to close the pathways that
have been created. In order to be able to carry out this successfully, numerous sealing
concepts have already been developed. Examples of reference designs for seals of deep
disposal boreholes can be found in the reports by Arnold et al. (2011), Driscoll et al. (2015),
and Tokunaga (2013) (cf. Rosenzweig et al. 2019). As far as possible, they take into account
experiences of plugging or abandonment of oil and gas wells as well as geothermal boreholes.
Moreover, the findings from projects on the sealing of investigation or exploratory boreholes
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are also valuable (e.g. Jefferies et al. 2018) as well as the activities carried out for the sealing
of boreholes in mined repositories (Jobmann & Burlaka 2021). An introduction into this topic
is described as well in Fischer et al. (2020, section 4.2.13). The aim of this report is to increase
the level of detail of the sealing concept.
In the beginning, the basics for the sealing of engineered pathways and the properties of
crystalline rocks are described, because this information is important for the process of
planning. Aspects of rock mechanics have already been discussed in Hagros et al. (2021,
section 6.2.4) as well as the drillability and the mechanical stability of these rocks in Chapter
4 of this report.
A procedure and a system of functional proofs are chosen that are customary in the field of
civil engineering. This means that actions are compared with the resistance of the sealing
elements taking into account uncertainties resulting from measurement uncertainties of the
framework conditions in the borehole and of material properties. The resistance of a seal can
be impaired by reactions with solutions or gases. For this reason, the composition of the
solutions and gases to be expected is also discussed (cf. Hagros et al. 2021, section 6.2.6).
Details on hydrogeology and solute transport in deep boreholes were already included in
Hagros et al. (2021, section 6.2.5). In addition, as discussed previously in Hagros et al. (2021,
section 6.2.3), current knowledge of the temperatures and pressures are summarized that can
be expected in the borehole. The knowledge of temperature is important, for example, in order
to be able to evaluate the thermal stability of materials. Microbes can decompose organic
materials of a seal zone. The possibility of their occurrence is also be reported in Hagros et
al. (2021, section 6.2.2). This study does not elaborate on this topic but refers to the available
findings.
It must be assumed that the casing is not chemically stable in the long term. In addition, the
casing leads to an additional contact zone, which can act as a pathway along the borehole. In
a section dealing with the preparation of the borehole, the removal of the casing and its
cementation is therefore also dealt with. After that an overview of possible materials that could
be used in the seal zone is given. This overview describes the materials already mentioned in
the reference seal designs. Their suitability has been critically assessed by Bates et al. (2014).
Some of the materials were rated as unfavourable. For this reason, a wide range of potentially
possible sealing materials is presented.
Then sealing materials are selected and classified according to their function. Another topic is
the physical arrangement of the sealing elements in relation to one another. Moreover,
statements are made about the length of the individual elements of the seal zone.
Emplacement techniques are also described because it must be possible to construct the
sealing elements and thus the entire seal zone in accordance with quality requirements.
Finally, measures of quality assurance and quality control are discussed as well as the issue
of monitoring the borehole.

1.2 Interactions with the development of borehole canister
Two parallel interacting development projects took place with respect to advancing the
borehole disposal concept for NND. These two projects were Canister Design (report draft
was submitted to NND in June 2021) and Borehole Sealing (this report). The interactions are
summarised in the following.
Input from the Canister Design project to the Sealing project:
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Geometry: canister design from “inside to outside”, CSD-V (Colis Standard de
Déchets Vitrifies – vitrified waste from reprocessing) canister with the largest
diameter (430 mm), plus 5 mm annular space, results in 440 mm inner
diameter, the assumed wall thickness of 80 mm results in 600 mm outer
diameter of the canister, the inner length of the canister is defined by 3900
mm (3700 for longest spent fuel (SF) element and 200 mm for welding and
transition), a second, smaller canister (length 3200 mm) is possible, too, for
optimisation of the remaining free area for smaller SF elements
Borehole diameter: the canister diameter of 600 mm plus an annular space of
50 mm (assumption result in an inner borehole diameter of 700 mm
Size of the disposal area: the described geometry results in 88 canisters for
the disposal without reprocessing, the expected disposal length is
approximately 460 m (including one metre distance between canisters), in
case of reprocessing the number of canisters and the disposal length
reduces.

Input from the Borehole Sealing project to the Canister Design project:




Casing: the borehole will almost certainly have casing in the disposal area,
different possibilities are given, the most realistic scenario is the following:
o Casing the entire borehole
o Disposal in a cased borehole
o If necessary, place a cap above the last canister
o Investigate possibility to remove all remaining casing at the sealing
location or at least mill out sections of tubing
Stacking: The canisters are exposed to high weight load from the stacked
canisters above. To accommodate the worst case it is assumed that the
canisters are stacked without backfilling on top of each other. The weight of a
single canister is assumed to 4600 kg plus 1500 kg from the waste (3 times
CSD-V), the stacking of the 88 canisters does not result in a breakdown of the
bottom canister.

1.3 Structure of the report
The report provides a short summary of the current deep borehole disposal concept for
Norway in Chapter 2. This is followed by an overview of borehole sealing concepts in various
engineering applications in Chapter 3. Chapter 4 provides important information as the basis
for the sealing of deep borehole in Norwegian context, with emphasis of geosciences.
Sealing and closure of a deep borehole includes several steps and decision points. These are
visualised in Figure 1-1. The same figure is reproduced in Chapter 9 Summary and
Conclusion.
Chapters 5 and 6 provide the main content of this technical report. The borehole needs to be
prepared before the actual sealing. This is described in Chapter 5 and visualised with green
boxes in Figure 1-1. For example box “Cut and pull” is described in Section 5.2.1.
Chapter 6 describes the sealing materials that are potentially usable to seal the deep borehole
in the National Facility. Pros and cons for each material are explained. In addition to sealing
materials, physical plugs are introduced. The chapter also includes an overview of different
options for how to geometrically position the sealing elements in the borehole (“positioning”).
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All these aspects are contained in “Detailed seal design”, the yellow box in Figure 1-1. Lastly,
various seal emplacement methods are described in the chapter, blue boxes in the figure.
The final closure of the deep borehole includes backfilling parts of the borehole in between
seals, and then the upper part of the borehole from the sealing zone to the surface. This is
explained in Chapter 7.
Chapter 8 emphasises the importance of the quality control measures in the preparation and
during the construction of the seals.
Chapter 9 summarises the report.

Figure 1-1. Workflow for sealing of a deep disposal borehole in National Facility.
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Deep borehole disposal concept

2.1 Overview
Disposal of high-level waste in a deep borehole in Norway has been described in Fischer et
al. (2020). The concept is summarised here with emphasis on topics related to the sealing of
the borehole. The concept is illustrated in Figure 2-1.
Due to the small amount of high-level waste in Norway, deep borehole disposal is a possible
alternative to a mined repository. With this concept, deep boreholes are drilled into crystalline
rocks from the surface. After completion of waste disposal in the lower section, the upper
section of the borehole is sealed with a long-term barrier system. The safety case for such a
concept would place great emphasis on the great depth of burial, which shall ensure that the
waste remains isolated from the accessible environment.
The deep borehole repository is designed for the disposal of radioactive waste in deep
geological formations. It consists of a single borehole in which the waste packages are
disposed. For the concept description, the depth of a borehole was chosen to be 3500 metres,
of which the lowest 500 metres are used for disposal of the waste packages. Seal and backfill
zones are above the disposal section.
For the construction phase, a surface area of about 150x150 metres is required for the drilling
equipment, the drilling rig itself and other supporting facilities. It also includes area for the
transportation and material storage. Once the construction (drilling and casing of the borehole)
is completed, the surface area is converted for disposal operation. The same surface space
area is assumed for the disposal operations. After the disposal operation, all the equipment
will be dismantled, and the borehole sealed and plugged up to the surface.
After completion of all operational steps, the surface structures and buildings are dismantled
and only the long-term monitoring equipment will stay in place.
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Figure 2-1 Deep borehole disposal concept design for Norway (Fischer et al., 2020).

With increasing distance of the radioactive waste from the surface, it can be assumed that the
transport times of potentially mobilized radionuclides to relevant areas of the biosphere will
increase. This is particularly the case when increased salinities and thus densities of the
groundwater slow down the transport velocity and, with increasing depth, flow paths, such as
cracks, decrease. The emplacement of the waste packages, however, requires the creation
of cavities that have to be closed after the emplacement process. This is generally easier
when the cavities have only a small cross-sectional area, as is the case with the use of drilling
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techniques. These facts and the extensive global experience in the drilling of deep boreholes
and the development of concepts for borehole disposal in mined repositories led to the
development of deep borehole disposal (DBD) concepts.
In a very general sense, a multi-barrier approach is chosen in the case of mined repositories
and DBD projects. Especially for smaller waste volumes, the borehole disposal concept seems
more suitable. In the DBD concept, containment and isolation of the radionuclides is achieved
by a zonal isolation of the waste in combination with engineered and natural barriers. Zonal
isolation means, that no fluids or gas in one zone can mix with fluids or gas in another zone.
Additionally to the zonal isolation, the deep borehole disposal concept used the natural with
depth increasing density (salinity) to isolate the radionuclides from the environment. The basic
concept of this natural behaviour is shown in Figure 2-2.

Figure 2-2 Conceptual Model for Deep Borehole Disposal after Kang (2010)

This aspect can be added to the geological barrier function but shows how different aspects
of the concept provide additional potential to safely isolate the radionuclides. Basically, three
general aspects secure the safe and long-term disposal of the radioactive waste:
1. Zonal safety function by drilling of one of several boreholes into deep geological
formations to provide a local separation of the waste and the living environment.
2. The geological barrier provided by the geological formations around the disposal
zone in the borehole.
3. Fit for purpose waste canisters acting as an engineered safety function.
The special designed sealing of the borehole, as a second engineered barrier, will minimize
the migration of radionuclides to the surface through the borehole.
Geological repositories always need to be adapted to the local geology, therefore a basic
understanding of the Norwegian subsurface is necessary. Norway has three different
geological areas: the crystalline basement, also known as the Precambrian basement, the
mountain belt of the Caledonides and the Oslo Rift. The different conditions already provide
basic information for the borehole length. Based on studies, the Oslo Rift zone is not suitable
for a deep borehole repository. The northern and southern parts of the country, however, are
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more suitable, but certain aspects need to be considered here as well. While in the southern
regions the geology is favourable, the northern regions are more complex but not unusable.
In the south, the crystalline basement is only overlaid by a small sedimentary cover, which
makes the backfill zone almost unnecessary. Due to this, the borehole depth can be reduced
significantly.
In the north, however, the geology is not that favourable. To have the disposal zone in the
crystalline basement, a deeper borehole is required. Above the target geological formations,
drilling through faults and nappes of the Caledonides is required. From drilling operations in
these regions and subsurface investigations, it is known that varying stresses can be found in
this region, which need to be taken into account in the borehole design.

2.2 Borehole canister
The IAEA terminology differentiates between waste packages and containers as follows: a
waste package is the product of conditioning that includes the waste form and any container
prepared in accordance with requirements for handling, transport, storage and disposal (IAEA
Safety Glossary, 2018). Therefore, the container is basically a part of the waste package. The
radioactive waste is placed into containers, in this case the canisters, which are then disposed
in the borehole.
For disposing high-level waste in deep boreholes in Norway, a specific canister was designed,
as earlier mentioned in Section 1.2. The canister design is presented in (Herold et al. 2021),
and in Figure 2-3.
The canister was designed to capture all potential high-level waste types in Norway. Thus,
dimensions are defined by the maximal length and diameter of the different spent nuclear fuel
assemblies or high-level waste packages. The minimum inner diameter is about 440 mm to fit
in a CSD-V (reprocessed waste) cask. The wall thickness is 80 mm, resulting in an outer
diameter of 0.6 metres. The length of the usable inside area is 3.7 metres.
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Figure 2-3. Half cut of the canister loaded with three CSD-V casks and including dimensions.
(Herold et al. 2021)

2.3 Casing design and borehole completion
For the borehole disposal, one aspect that affects the sealing design is the casing. Casing
options were discussed briefly in Fischer et al (2020), mainly focusing on the fully cased
borehole. For the sealing of the borehole, other options such as open hole completion might
be more feasible. This concept describes a completion option where parts of the hole, usually
the bottomhole part, are left uncased. Another aspect that needs to be considered is what will
happen to the casing after the waste canisters are disposed into the borehole. The two options
here are leaving the casing in the hole or removing the casing. These are discussed later in
the report.
Table 2-1 provides an overview of the different borehole completion options. Additionally to
this, Figure 2-4 gives a graphical idea of the different options. Aspects such as how the casing
can be removed from the borehole or the cementation of the casing have not been discussed
in the previous work. Those are described later in this report, Chapter 5 Preparation of the
borehole.
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Each situation is different in terms of its location, geological setting, borehole construction,
dimensions, risks, and, very importantly, intended site after use. Therefore, the most
appropriate closure procedure will vary from site to site (EAUK 2012).

Remove casing above the disposal
zone
Leave casing in the
hole
Remove casing
above the
disposal zone
Leave casing in the hole

Open hole completion in the disposal zone

Conventional casing design

Table 2-1 Different casing design options.
Description

Beneficial aspects

Challenging aspects

- Conventional casing design
- No cementation of the upper
borehole casing
- Only disposal casing cemented
in place
- Cut casing above disposal zone
after disposal operation
- Plug and seal the borehole

- Stable borehole conditions
during the whole operation
- Direct bond between formation
and sealing material above
disposal zone
- Less potential flow paths to
surface along the casing walls

- Casing cutting operation
required

- Conventional casing design
- Plug and seal the borehole after
disposal with casing in the hole

- Stable borehole conditions
during whole operation
- No additional work in the hole
after disposal

- Potential flow path to
surface along the casing
strings

- No casing in the disposal zone
- Upper casing strings for
stabilization during disposal
- Removal of the casing after
disposal operation
- Plug and seal the borehole

- Reduction of borehole
diameter in the disposal zone
- Direct bond between the
sealing material and formation in
the sealing zone
- No material other than the
waste canisters left in the hole
- Reduction of borehole
diameter in the disposal zone
- Less potential flow paths to
surface along the casing walls

- Reduced borehole stability
in the disposal zone during
the whole operation

- No casing in the disposal zone
- Plug and seal the borehole after
disposal operation

- Reduced borehole stability
in the disposal zone during
the whole operation
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Figure 2-4 Graphical illustration of different casing design options.

A topic that is important when it comes to the sealing of the borehole and therefore for the
preparatory work required prior to the sealing installation is the borehole completion. The
completion of the borehole includes measures taken to optimize production of hydrocarbons
from the well in case of oil and gas wells. In general the completion consists mainly of the
casing pipes and the cement. For deep borehole disposal, the completion of the borehole
consists of adding of the casing and the cementation. However, these are not necessarily
installed in the borehole. As described above, different borehole completion options are
considered. Open hole completion, cased hole completion and a combination of both of these
will require different preparation measures prior to the installation of the seals.

2.4 Emplacement of the waste
After the construction and completion of the borehole, the emplacement of the waste canisters
is carried out. Contrary to the completion of the borehole and, to a limited extent, the drilling,
the emplacement will barely affect the sealing of the borehole.
Five different possibilities to emplace the waste canisters are (Arnold et al. 2013; Beswick et
al. 2014; Gibb 2015):
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Free fall
Wireline
Use of drill pipe/drill string
Use of coiled tubing systems
Conveyance liner

The pros and cons of these emplacement techniques were discussed in Fischer et al (2020).
In summary basically there are two feasible options for the emplacement of the canisters in
the borehole, the wireline technique and the use of drill pipes.
The wireline option shows more potential and calculations, as well as practical work has been
carried out previously by the BGE Technology for BSK3 containers. Different studies (see
Bollingerfehr & Filbert, 2007; Bollingerfehr et al. 2009; Filbert et al., 2010) have described this
technique in more detail. With some additional research and development work, an adaptation
to a deeper borehole is most likely possible.
A more time consuming but controlled and suitable option is the use of drill pipes. In this case
the rig, used for drilling, can be left at the location and used for the emplacement operation as
well. The feasibility is also given when emplacing larger containers. However, demonstration
attempts have not yet been carried out. On the other hand, there are existing containers, such
as the BSK container, that are currently designed for the emplacement using wireline
techniques. Still, the coupling needs to be adapted for the use of drill strings.
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General information about the sealing of boreholes

The borehole for disposal of high-level waste is physically divided into several sections. In
optimal geological conditions, a borehole is divided into three sections. From the deepest point
upward, these are the disposal zone, the seal zone and the upper zone (backfill zone).
The waste canisters are located in the lower section (currently the disposal zone is expected
be at around 3000 metres depth), which is referred to as the disposal zone. General
geoscientific information indicates that fractures are also to be expected in this zone. In
addition, it cannot be ruled out that the drilling of the borehole and the subsequent stress
redistribution will cause some fracturing in rock adjacent to the hole (cf. Sahara et al. 2017).
Accordingly, sealing measures must be carried out to support containment, which is primarily
provided by a containment-effective rock zone (CRZ) around the borehole.
The seal zone, which contains the main sealing elements, is located above the disposal zone.
Its main task is to interrupt possible flow paths from the disposal zone to the upper zone. In
other words, no radionuclides can move, or the movement is extremely slow, along the
borehole towards the surface. The function of a seal zone also results in special requirements
for the long-term durability of the materials used to seal this zone. Corrosion processes that
impair the properties of a seal should be ruled out or at least prevented as far as possible.
This includes the removal of the casing, as it is described in numerous publications on DBD.
Due to the task or function of the seal zone, the upper zone, which extends to the surface,
must be taken into account whether this section is above or below the groundwater level. The
guidelines and specifications that apply to conventional boreholes, such as water, gas or
geothermal boreholes, must therefore be considered for the abandonment or closure of the
upper zone of the deep disposal borehole.
In the case of less favourable geological conditions, however, it may be necessary to subdivide
these three borehole sections further, i.e. subsections are defined. In addition, it is possible
that disposal and seal zones alternate. This case is likely if several CRZs have to be used for
the disposal of the radioactive waste.
A deep borehole can be compared with a shaft, as in a mine or in mined repository. In this
case too, sections of different functions are defined and positioned according to the geology.
The main difference is the larger diameter of the shaft. A great benefit for the sealing of the
borehole can be gained from the state of knowledge of the sealing of deep mine shafts.
Sealing of a deep borehole repository is similar to the sealing and backfilling of a mined
repository. The geometry, volume and techniques vary. But the basic goal is to close the
manmade paths from the disposed waste canisters to the surface.

3.1 Basics of sealing of engineered pathways
For the effectiveness of a seal, basically three phases are important and need to be
addressed:




Construction phase (for the DBD, the drilling phase),
Sealing phase – the phase in which the sealing is installed into the borehole,
Post-closure phase.
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Emplacement of borehole canisters (operational phase of the repository) takes place between
construction and sealing phases.. This phase has only of minor interest. It does not directly
impact the sealing (or the rock formation and sealing elements). Disposal zone will be below
the sealing zone.
These three phases are strongly related to the actions and operations carried out within. In
the construction phase, borehole measurements, see section 5.4 for example, are taken to
provide a basis for an effective sealing of the borehole later on during the project. In the sealing
phase, the seal elements, as a key barrier, are installed.
The excavation damaged zone (EDZ), or, as Jackson et al. (2014) states, borehole damage
zone (BDZ), must be removed as far as possible prior to the construction of seals, despite the
fact that this work step creates a damaged zone, which is technically determined. In addition,
interactions occur between the sealing materials and the host rock, which can damage the
host rock and the sealing elements. These interactions are particularly pronounced when
using materials that heat up during curing. Curing leads to a volume expansion and the
subsequent cooling results in a volume contraction and the occurrence of tensile stresses. If
the stresses exceed the strength of the relevant materials, cracking develops. Due to the high
strength of crystalline rocks, cracks in the sealing material are to be expected. During the
volume expansion, a bond between the sealing material and formation is created, during the
relaxation, this bond will partially break, which will result in the mentioned cracks.
Theoretically, crack formation could also be possible during the time span of volume
expansion, but this can be excluded due to the very low thermally induced stresses compared
with the influence of the rock and its strength. Figure 3-1 is intended to illustrate the
development of the thermally induced stresses over time on the basis of a cement-based
material. Here the temperature development during the curing process of the material can be
seen (top left). Once a temperature peak is reached, the material cools down over time to the
surrounding temperature, which may be below the initial temperature of the material. It is
important to differentiate between radial and axial acting stresses, as well as the compressive
stresses caused by the material expansion during the curing and temperature development
and tensile stresses during the cooling (see Figure 3-1 bottom two graphs).
The basic procedure is that a requirement for the integral permeability is specified for seals
regardless of whether constructed in shafts, drifts or boreholes. In addition, a period of time is
specified for how long this integral permeability is to be ensured. It is an integral permeability,
because the tightness of the rock formation, the damaged zone near the rock surface, the
contact zones of sealing materials and the rock and the tightness of the sealing materials must
be taken into account. In general, the permeability of the seal is designed to be close (or
slightly lower) to the permeability of the surrounding rock mass. Moreover, when using coarsegrained sealing materials, such as concrete, an edge zone and a core must also be
distinguished.
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Figure 3-1 Temperature and stress curve during curing of a cement-based material in the case
of hindered deformation (modified Figure 2 from IZB 2020). A distinction is made between the
radial and axial stresses. Five time periods can be defined for radial stresses and four time
periods for axial stresses.

Thermally induces stresses due to the generation of hydration heat can usually be neglected
for boreholes with standard diameters. The reason is the low ratio between the volume of the
sealing material and the contact area through which the heat flows. Consequently,
temperature changes are negligible. In the case of larger borehole diameter as planned for
the disposal of high-level radioactive waste in Norway, however, this aspect must be taken
into account. It is assumed that it can be demonstrated that this influence is negligible. This
proof can be provided by calculation or by means of full-scale tests.
Another aspect that is of great importance for boreholes in rock with increased temperature is
the cooling of the borehole until it is closed or the canisters are emplaced. A temperature fall
occurs, for example, by flushing the borehole and installing the casing. A review of flush fluids
(drilling fluids) is given by Clayton et al. (2012) and Finger & Blankenship (2010). Tarasovs &
Ghassemi (2012), for example, dealt with the resulting stress and the subsequent possible
crack formation.
In the course of chemical reactions of cement based building materials, the total volume of the
substances involved in the reaction decreases. This effect has been extensively investigated
and is known as chemical shrinkage, which is caused by the hydration reaction of the cement.
When a building material hardens, a crystal structure is built up, so that the decrease in volume
is lower compared with chemical shrinkage and is referred to as autogenous shrinkage. This
process also leads to tensile stresses and can therefore initiate crack formation. Lyomov et al.
(1998) also point out the decrease in pressure on the rock as a result of the shrinkage of the
cementation and the resulting possibility of leakages. Figure 3-2 shows measurements for the
development of the temperature and the degree of shrinkage of a well cement slurry. For this
reason, there is always a desire to use swellable materials, characterized by a volume
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expansion during curing as sealing material. This effect can occur when crystals grow together
in such a way that the crystal structure is pushed apart.

Figure 3-2 Total shrinkage of a well cement slurry according to Lyomov et al. (1998, Fig. 2).

3.2 Sealing of boreholes in mined repositories
The sealing of boreholes in mined repositories or underground nuclear waste storage facilities
is similar to sealing operations in mines or deep boreholes. Prior to the operation itself,
extensive preparation and planning activities are required. Typically, the most important
question is, what requirements must the sealing of the borehole meet. For the disposal of
radioactive waste the long-term containment of the disposed material is most important, and
any boreholes or their sealing within or near the disposal or storage facility in question is not
allowed to undermine the containment and isolation. For this, a tight closure of the boreholes
is favourable. The previously discussed aspects (see section 3.1) are often relevant for the
sealing of boreholes in mined repositories as well. Differences to the sealing of mined shafts
or deep boreholes in the hydrocarbon industry can mainly be found in the dimensions of the
borehole. While boreholes in the hydrocarbon industry have a depth of up to several
thousands of metres, the investigation boreholes in mined repositories do not extend to more
than 1000 metres in most cases. Field cases in the Gorleben mine have dealt with borehole
lengths of just below 100 metres up to slightly more than 500 metres. One aspect that makes
boreholes in mined repositories special is the inclination of the boreholes. While shaft and
deep boreholes are constructed vertically or at least for the most part of it in most cases, mines
often accommodate horizontal or slightly tilted, in some cases more inclined boreholes.
The sealing material depends, as in all cases, strongly on the geology. However, other aspects
such as the behaviour of the material and its potential interaction with the other engineered
barriers in the repository plays a role. In general, the flow properties and the processability of
the material before it hardens are of interest. Engelhardt et al. (2019) discuss different sealing
material properties in more detail.
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The exploration borehole 700-2 in the Asse II mine has successfully been sealed recently.
Prior to the operation, the requirements and circumstances had been clarified. This included
gathering of information about the formation, as well as the length and volume of the borehole.
The borehole had a diameter of 98 mm and a volume of 1,9 m³. Even though similar boreholes
have been sealed successfully before in Gorleben, adaptations of the circumstances had to
be made. Since the sealing material was mixed on the surface, a relatively long transportation
time had to be considered. The original material, the ETO-I, had to be adapted to suit the
requirements. For the filling of the borehole itself, a tube was inserted to the end of the
borehole. Prior to actual filling material, the borehole was rinsed to remove any unwanted
material out of the borehole. Through tubes, as it can be seen in Figure 3-3, the filling material
has been pumped into the borehole. Once about a third of the calculated material has been
pumped into the borehole, the tube has been pulled slowly out of hole. During the pulling of
the tube, it had to be secured that the end of the tube is in the suspension. Pumping has only
been stopped, when the density of the material, which was coming out of the borehole had
the required value. After this the borehole has been closed up and the sealing material was
left for the hardening. More detailed information about the whole operation can be found in the
referred paper (Engelhardt et al., 2019).

Figure 3-3 Backfilling site on the 700 m level in the Asse II mine (Engelhardt et al., 2019).

Another successful sealing operation of boreholes was in the Äspö URL, Sweden, in 2010.
These boreholes had, with 300 mm, a larger diameter than the one discussed before. Also the
boreholes were moderately dipping. After a non-successful experiment prior to the actual
sealing, the sealing method was adjusted to meet the requirements. A combination of concrete
plugs for sections in which significant water inflows (up to 30 L/min) have been discovered
and pre-compacted plugs of smectite-rich clay for the dry rock zone has been used. The
matured clay plugs will have a density of 2000 kg/m³ and a hydraulic conductivity of less than
10-12 m/s. In conclusion this provided an excellent sealing of all parts of the boreholes deeper
than about 1…2 metres below the tunnel floor. (Pusch & Ramqvist, 2011)
As these two examples show, there are different options to seal comparably small and short
boreholes. In deeper boreholes, more different formation layers might be penetrated and
therefore more aspects need to be considered. Still, the experiences from successful sealing
operations in mined repositories can be used and upscaled to sealing deep boreholes.
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3.3 Sealing in hydrocarbon drilling
In hydrocarbon drilling, casings are installed in the borehole in most cases. Prior to the
installation of a seal, these casings need to be removed from the borehole. Some options to
do so are discussed later in section 5.2 of this report. As Dusseault and Jackson (2014) state,
the casing is cut and removed to allow the plugs to be installed with a direct connection to the
formation. This will isolate different zones and inhibit any development of pathways along the
casing.
In many countries there are strict requirements regarding the sealing of oil and hydrocarbon
wells. These differentiate from country to country, therefore it is not possible to define a generic
procedure. In Norway the NORSOK Plugging Standard provides information about sealing
specifications for hydrocarbon wells. NORSOK has evolved into a systems approach, and is
today considered one of the most rigorous standards worldwide, and is used by many outside
Norway. (Aadnøy & Dusseault, 2020)
Still, the most common concern during drilling and sealing operations is dealing with leakages
along the wellbore. Therefore, it can be concluded that this is the most important section to
deal with in hydrocarbon drilling and sealing operations. This conclusion can be adapted to
the sealing of deep boreholes used for radioactive waste disposal.

3.4 Sealing BOSS concept
The BOSS concept (IAEA, 2011) as one of the most developed borehole disposal concept,
provides general information regarding the closure of the borehole after the emplacement of
the disposal packages. The described concept consists of three basic steps:




Removal of the casing,
Installation of an anti-intrusion plate, and
Sealing of the borehole.

For the following sealing measurements, a direct contact to the formation is required, therefore
as a first step, the casing needs to be removed. Either the hole casing above the disposal
zone or at least the top 30 metres need to be removed from the borehole. Depending on the
casing type and completion measures, this can be done by either unscrewing and pulling the
casing or cutting and pulling the casing. When it comes to the required forces to pull the casing
the geology once again plays an important role. In unstable formations, material might have
loosened up and might have lodged in the annulus, this results in greater required force to pull
the casing.
The second sealing aspect considered for the sealing in the BOSS concept is the anti-intrusion
plate. This will redirect any drill bit, which hit the plate, into the surrounding formation. This is
a safety measure to avoid any disturbance by future drilling operations in the area. More
detailed information about the dimension is provided in the associated document. Below the
plate the remaining casing is backfilled with grout. The plate itself is placed and fitted on top
of the cut casing.
The borehole sealing measures are kept relatively simple. Once the anti-intrusion plate is
installed, the remaining borehole is backfilled with the grout as it was filled into the remaining
casing below the plate. Only the first few meters below the ground are backfilled with soil.
Important during all of the work and sealing measures during the closure of the BOSS facility
is to keep track of the work and prepare a report which includes all information. Here the
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amount and properties of the different backfilling materials need to be documented. Also, the
material and depth of the anti-intrusion plate has to be documented. In some regions and
countries the authorities require the implementation of institutional control measures at the
repository site. These measures are either active or passive. Active control measures are for
example monitoring of the surrounding environment for leaks of radioactivity or a fence and
permanent guard around the sealed facility. Passive control actions are for example
restrictions on land ownership, the presence of warning markers. In case of borehole disposal,
backfilling with natural soil can be seen as a passive control measure, since this makes it more
difficult to find the exact borehole position. (IAEA, 2011)
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Sealing design basis

The properties of the rock mass are of crucial importance for the design of borehole sealing.
Thus, the extent of the development of fractures (breakouts) as well as the borehole damage
zone (BDZ) are dependent on the strength, especially the tensile strength of the rock
formation. A preparation of a high-quality surface, which is the contact area with the sealing
elements, is a prerequisite for the long-term performance of the seal. This also depends on
the strength and, accordingly, the mineralogical composition of the rock. The materials present
in the borehole and in the area of the seal have different coefficients of thermal expansion,
which influences thermal stresses. As a result, knowledge of thermal parameters such as
thermal conductivity and heat capacity is required for the planning and construction of intact
seals. This chapter is intended to provide information on relevant properties. Initially, a
classification of the wide spectrum of crystalline rocks is given, taking into account the
geological situation in Norway.
In a second part of this chapter, the temperature and pressure conditions in a deep disposal
borehole are discussed. According to the state of knowledge described so far, fractures have
to be expected in crystalline rock at large depths, however, the number of hydraulically
relevant fractures will generally decrease with increasing depth. These facts, which affect the
entire rock complex, are extremely important for determining the position of seals in the
borehole and their design.
Another important aspect is the chemical environment around the sealing. This is summarized
in Section 4.4, which gives information on the deep groundwater of crystalline rocks.
Information on the properties of crystalline rocks, insofar as they are relevant for the disposal
of radioactive waste, can also be found in Laverov et al. (2011).

4.1 Overview of the rock types in Norway
A brief overview of the geological conditions in Norway was given by Fischer et al. (2020,
section 2). Accordingly, three main geological areas can be distinguished: The Precambrian
basement, the Oslo Rift Zone, and the Caledonides. Disposal of radioactive waste in deep
boreholes is excluded in the area of the Oslo Rift Zone. In the Precambrian basement and in
the Caledonides, igneous and metamorphic rocks dominate. A classification of these rocks is
carried out in Table 4-1, whereby the grain size and the structure of the rocks are emphasized
as distinguishing features. In general, igneous rocks are classified according to mode of
occurrence, texture, mineralogy, chemical composition, and the geometry of the igneous body.
Igneous or magmatic rocks are formed through the cooling and solidification of magma or lava.
They can be either in intrusive (plutonic and hypabyssal) or extrusive (volcanic), whereby in
Norway the intrusive rocks are of particular relevance. Metamorphic rocks arise from the
transformation of existing rock types, in a process called metamorphism, which means
"change in form". The original rock (protolith) is subjected to heat and/or high pressures,
causing profound physical or chemical change. The protolith may be a sedimentary, igneous,
or existing metamorphic rock. Metamorphic rocks are classified by texture and
by chemical and mineral assemblage. They may be formed simply by being deep beneath the
surface, subjected to high temperatures and the great pressure of the rock layers above it.
They can form from tectonic processes such as continental collisions, which cause horizontal
pressure, friction and distortion. They are also formed when rock is heated by the intrusion of
hot molten rock called magma from the interior.
Intrusive or plutonic rocks in Norway are granites, granodiorites, and pegmatites. Common
metamorphic rocks are gneiss, quartzite, amphibolite, phyllites, and eclogites. Eclogite
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consists of pyroxene and garnet. Larvikite is a national rock in Norway, and anorthosite is the
dominant rock type in the southwestern corner of Norway. Norite is a rock type similar to
gabbro and named after Norway. Moreover, various kinds of schists are widespread in Norway
as well as charnockite, which is a rock type often described as an orthopyroxene granite, but
in the majority of cases this rock is clearly metamorphic. The list is intended to make it clear
that a wide range of rocks occurs in Norway.
Table 4-1 Rock type classification system of crystalline rocks according to USDA (2012).

Other common approaches are to classify igneous rocks according to their quartz content and
their proportion of felsic minerals. Felsic refers to silicate minerals, magma, and rocks which
are enriched in the lighter elements such as silicon, oxygen, aluminium, sodium, and
potassium. In order for a rock to be classified as felsic, it generally needs to contain more than
75% felsic minerals; namely quartz, orthoclase, plagioclase, and foids (feldspathoids,
representatives of feldspar). Foids are minerals that occur in igneous rock where there is a
lack of silica, which means that they are undersaturated with SiO2. This approach was
developed by the International Union of Geological Sciences Subcommission on the
Systematics of Igneous Rocks, hereafter referred to as the IUGS.
Similar classifications are available for mafic minerals or rocks, which can generally be
described as silicate minerals or igneous rocks rich in magnesium and iron. Most mafic
minerals are dark in colour, and common rock-forming mafic minerals include olivine,
pyroxene, amphibole, and biotite. Common mafic rocks include basalt, diabase and gabbro.
Mafic rocks often also contain calcium-rich varieties of plagioclase feldspar. Mafic materials
can also be described as ferromagnesian.
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Gabbro phaneritic rocks, which are made of plagioclase, pyroxene, and olivine, are classified
as phaneritic ultramafic rocks that contain < 10 modal % felsic minerals.
Phaneritic is a term usually used to refer to igneous rock grain size. It means that the size of
matrix grains in the rock are large enough to be distinguished with the unaided eye as opposed
to aphanitic. This texture forms by slow cooling of magma deep underground in the plutonic
environment.

4.2 Borehole / excavation damaged zone (BDZ/EDZ)
Important for the preparation of the borehole and the selection of the sealing and backfilling
material is the borehole damaged zone (BDZ) or excavation damaged zone (EDZ). The two
terms are used interchangeable in the context of the borehole sealing. The damaged zone is
a result of the construction of any underground excavation. The removal of any part of the
formation will lead to stress redistributions within the surrounding rock mass. In conventional
deep geological mining operations and deep geological repositories, the damage extent
impacts the profile selection and support design of the mine. In addition, the depth of the
damage into the formation is a critical aspect in deep geological repositories. This aspect also
plays an important role for deep borehole repositories for radioactive waste. It is well known
that the damage caused by the excavation, no matter if it is drilling or the excavation of
underground mines, increases the permeability of the damaged rocks. This will then represent
a potential flow path for radionuclides.
The EDZ has been studied for several decades now, and numerous publications dealing with
this topic have been published. Perras and Diederichs (2016) provide a good overview about
the different topics associated to the EDZ. In the early 1980s, the importance for the disposal
of radioactive waste has been described first by Kelsall et al. (1984). From that point onwards,
different aspects of the EDZ have been studied in more depth. The formation and long-term
processes of the EDZ has been studied by Blümling et al. (2007). Information about other
topics like the depth of the damage linked to the EDZ (e.g. Bäckblom, 2008) or the changes
in permeability of the formations (e.g. Jakubick and Franz, 1993; Ababou et al., 2011) can be
found in literature as well. With increasing interest in the disposal of radioactive waste and the
realization of the importance of the formation itself for this purpose, greater attention has been
paid to different types of rocks that can be considered. This lead to more specific studies on
crystalline (e.g. a review by Bäckblom, 2008), argillaceous (e.g. a review by Lanyon, 2011)
and salt formations (Hou, 2003).
For better understanding, a short explanation and description of the excavation damage zone
and its development are given. As mentioned before, formations around any type of
excavation are disturbed due to the redistribution of stresses. The dimension of this damaged
and disturbed zone is dependent on various factors. Unfortunately, it is not possible to define
the depth of the disturbed area around an excavation exactly. Once again many factors, like
the rock type, the type of excavation and the overall condition of the formation, play a role.
Different investigations have been carried out within the past years, to improve the
understanding of the formation behaviour around an excavation. During these investigations
projects and research papers brought up many different definitions of the excavation damaged
zone and today almost every paper dealing with this topic defines the meaning of this term
individually in the beginning of the paper. Still, one of the trend-setting papers has been
published by Tsang et al. (2004) where the excavation damaged zone was defined and
described in more detail for different rock types. In this paper it was differentiated between the
excavation influenced zone and the excavation damaged zone. Table 4-2 describes the
different behaviours of crystalline rocks, rock salt, indurated clay and plastic clay.
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Table 4-2 Proposed definitions of the excavation damaged zone (EDZ) and the excavation
disturbed zone (EdZ) for the Four Rock Types, Based on Discussions given in Impact of the
excavation disturbed or damaged zone (EDZ) on the performance of radioactive waste
geological repositories (Davies et al., 2003) (Tsang, et al., 2004).

One aspect in the development of the excavation damaged zone is time. While the most
impact and damage to the formation originate from the excavation operation itself, with time
the stress redistribution impacts deeper parts of the formation as well. Tsang et al. (2004)
summarizes the evolution of the excavation damaged zone in four phases:



1. Excavation stage  drilling of the borehole
2. Open-drift stage (here the completion of the borehole plays an important
role)
o In a hole without casing: this phase starts right after the drilling
operation, goes through examinations of the borehole and the
disposal of the radioactive waste, to the final borehole examination
until the borehole is plugged and sealed.
  Entire time from completion of drilling until the closure of the
borehole.
o In a hole with casing the open-drift stage will occur twice:
 The first time, right after drilling until the completion, including
casing setting and cementing, is done.
 The second time after the removal of the completion until the
closure of the borehole.
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3. Early closure stage  short time period after the plugging and sealing
measures
4. Late closure stage

The description of the different phases are linked to the borehole disposal project, but can be
transferred to any other type of excavation. As mentioned, during the first phase the impact
on the formation is most significant. Here the first changes in the natural stress distribution are
made. Then, with time, the impacted area will evolve deeper into the formation. Here the
statement, the longer, the worse, fits. The reason for this is time-dependent stress relief
effects. In rare cases, further breakouts of the formation occur over time, which will then needs
to be taken care of during the sealing phase. For this reason, in mines, the near excavation
layers are removed prior to sealing measurements. Additional vibrations and potential shocks
during the disposal of the waste canisters in the borehole will impact the borehole surrounding
area as well.
Depending on the type of rock the dimension of the zone will vary significantly. While in rock
salt the influence of the excavation extends up to 1.5 meters deep into the rock, in crystalline
rock it may reach depth twice as great (Tsang et al., 2004.) These measurements have been
obtained in formations around excavations for deep underground mines and are only
applicable to a limited extent to deep boreholes. The EDZ is a geometric effect (in addition to
the physical disturbance based on excavation method) and the extent of the impaired
formation is relative to the size and shape of the opening and the in-situ stress state. Boreholes
represent a smaller disturbance of the formation, therefore the area around the borehole is
not as widely damaged as around larger excavations. With the logging tools (see section 5.4),
the condition of the formation around the borehole is assessed. With this information, the nearborehole region can be assessed more accurately and based on this formation decisions
about the further procedure can be made. Figure 4-1 displays the area around the borehole.
As mentioned, every formation behaves differently and will look different during different time
periods, therefore no dimension and time values are provided.

Figure 4-1 Schematic of a generalized borehole nuclear magnetic resonance (NMR) wire-line
logging tool with a cylindrical excitation-detection shell. The magnitude of the static magnetic
field (B0) decays with radial distance from the well. The NMR probe is tuned to excite protons
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(water) at a particular Larmor frequency, which corresponds to a particular radial distance from
the well. Lower frequencies produce excitation-detection shells outside the disturbed soil zone
that results from traditional well-drilling methods. (Kirkland, et al., 2018).

For the construction of a seal, it must be taken into account that the damage to the contour
area is due to the drilling process (drilling induces fractures), the cooling of the rock, which is
particularly important for deep boreholes (e.g. Berard & Cornet 2001), and the stress redistribution by the creation of the cavity. The term borehole damage zone (BDZ) has been
introduced by Jackson et al. (2014) and describes the EDZ around a borehole. They divide
the effects of the drilling operation on the surrounding rocks in four different categories:





mechanical damage and wellbore washout due to operations,
breakout and strain due to change to the stress regime,
chemical damage to the formation due to change in fluid chemistry, and
development of a wall cake (filter cake) on the borehole walls.

The fact that in underground mines the excavation technique plays an important role, can be
transferred to deep boreholes. Drill and blast methods, for example, have a greater impact on
the surrounding formation than the excavation with a tunnel boring machine. As in the
conventional mining industry, the drilling industry provides different techniques and
possibilities to construct deep boreholes. In this context, several research papers and
investigations have dealt with the impact of these techniques on the penetrated formation.
Bjelm (2006) discusses the impact of under balanced drilling on the wellbore. Different drilling
fluids or air drilling will also influence the wellbore damage and therefore impact the BDZ. The
importance and interest in this topic for drilling and completion engineers is to have a stable
borehole. A stable and intact formation has the benefit that little to no fluid will penetrate from
the wellbore into the formation and other way around. In addition, a stable formation is not as
likely to break out, and potential sealing of the borehole or damages on and tools in the
borehole will be reduced.
Different displays and figures which describe the EDZ and the different zones have been
presented over time. Still, one of the most popular schemes can be seen below in Figure 4-2.
The basis of this was a description by Siren et al. (2005), which was described in more detail
by Tsang et al. (2005). The figure shows different sections around the excavation. These
zones can be differentiated mainly in terms of different permeability values. Also, the depth or
distance from the excavation plays a role. Moving away from the excavation fractures caused
by the excavation will decrease. This means that the further away a point in the formation, the
less disturbed the formation will be.
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Figure 4-2. Excavation damage zones (HDZ, EDZ, EIZ) and the construction damage zone
(CDZ). Note that the EIZ was referred to as the excavation disturbed zone (EdZ) by Tsang
et al. (2005) and was re-named due to potential confusion with the lowercase “d” and the
uppercase “D” of the EdZ and EDZ, respectively. (Perras & Diederichs, 2016)

The closest zone moving away from the excavation is the construction damaged zone (CDZ).
The disturbance of the formation is significantly affected by the excavation method (e.g.
Martino et al, 2007; Jonsson et al., 2009). Using explosives for example will impact the
formation more than the usage of drill bits of any type. The CDZ can be seen as part of the
highly damaged zone (HDZ), which goes deeper into the surrounding formation. These two
zones, the CDZ and HDZ, around the excavation are characterized by interconnected macro
fractures, which represent potential flow paths and are therefore unwanted in repositories for
radioactive waste. Deeper into the formation fractures have been proven. Still, differences can
be found. The further away from the excavation one moves, the less fractures can be found.
Another important aspect is the fact of the interconnection of the fractures. For this reason,
Bossart et al., 2005) subdivided the EDZ, excluding the HDZ and CDZ, two different sections:



Excavation damage zone - EDZi / EDZ: still connected damages/fractures;
irreversible micro-damages rocks with significant dilation,
Excavation influence zone - EDZo / EIZ: partially connected, mostly isolated
damages/fractures; irreversible micro-damages rocks without significant
dilation.

As this differentiation already describes the fracture density plays an important role for the
permeability of the formation. Stauffer and Aharony (1992) have shown the impact of the
fracture density in correlation to the permeability. With increasing fracture density, as in the
EDZi, the permeability of the formation is significantly higher. The more fractures are in the
rock, the greater the chance of connections between the fractures, which might result in
potential flow paths.
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Figure 4-3. Influence of the fracture density on the permeability of the formation (modified after
Stauffer and Aharony, 1992).

Tsang et al. (2005) provides, similar to Martino and Chandler (2004), a description for the EIZ.
They state that this zone has only experienced elastic changes that are reversible over time.
In addition, in these studies the outer boundary of these zone is mentioned. Due to the
reversible and limited impact on the formation characteristics, an outer boundary is of limited
interest.
Not only are there several descriptions of the EDZ and the different zones of this, also
measurements regarding the dimension of the disturbed formation around and excavation
have been carried out. Figure 4-4 shows an evaluation of in-situ measurements. For this, the
ratio of depth of the damage (r) into the formation and diameter of the excavation (R) has been
plotted against the maximum tangential stress σmax normalised by the unconfined compressive
strength (UCS). This figure provides a rough idea of the depth of the damage depending on
size of the excavation. The affected radius around the excavation has at least the same value
as the excavation. For a borehole with a diameter of 66 cm, this means that at least 33 cm
around the borehole is influenced by the drilling operation and the resulting stress
redistribution.

32 (129)
Technical report: Sealing of deep boreholes in crystalline rock

October 1, 2021

Figure 4-4. In-situ measurements of the EDZ depths from the literature compared with the
empirical depth of spalling failure by Martin et al. (1999), where EDZ o represents the detectable
extent of rock mass properties, EDZ i represents visible damage (connected micro-fractures),
and HDZ represents failed material. The data sources are associated with various underground
research laboratory (URL) sites. (Perras and Diederichs, 2016).

The EDZ is one of the major topics when talking about safe disposal of radioactive waste.
Usually, the undisturbed formation further away from the excavation and the material used for
the sealing measures have a really low permeability. The EDZ in comparison has a greater
permeability, which makes the remuneration of this zone even more important. To reduce the
damage during the excavation, gentle excavation methods should be used. Other aspects to
minimize the impact of the EDZ and how to remove the strongly damaged section will be
discussed later in section 5.1.2 of this report.

4.3 In-situ rock stress, pressure and temperature
An estimation of the in-situ stress state is important from the beginning of the drilling operation
until the installation and placement of the plugging and sealing structures. (Szanyi, 2016)
Measurements, investigations and stress analysis are needed to make somewhat reliable
estimation of the stress state. For example Stephansson and Zang (2012) presented data
from in situ measurements to estimate stress state (see Table 4-3). These values and
measures are obtained mainly for geothermal purposes, still they can give an idea how to
develop the formation model and understand the behaviour of the formation.
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Table 4-3 Examples of in situ rock stress measurement methods with rock volume involved and
published greatest measurement depths (references in Zang and Stephansson (2010)) based
on Amadei and Stephansson (1997) and Zang and Stephansson (2010).

Category

Rock fracture in
borehole

Rock volume (m³)

Hydraulic fracturing (HF/Minifracking)

0,5 – 50

9066

Hydraulic Test on Pre-Existing Fractures
(HTPF)

1 – 10

973
11600

Analysis of borehole breakouts (BBO)
Analysis of drilling induced tensile fractures
(DITF)

Elastic strain relief
by coring

Overcoring, undercoring

10 – 2 – 100

10 – 3

2100
4544

Anelastic strain recovery (ASR)
Crack-induced
strain relief in drill
cores

Deepest tests
(m)

Measurement method

1600

Kaiser effect (KE)
10 – 4 – 10 – 5
Core disking (CD)

3582
8080

Wave velocity analysis (WVA) techniques
Focal mechanism/Plane solution (FMS)

1010

Induced Seismicity (IS)

105

Other

0

Information on stress and formation pressure as a function of depth is summarized in Figure
4-5. According to Simonsen (2018) collection of in situ stress data has shown that in most
parts of Norway, the major horizontal stress is greater than the vertical stress. Ridge push
from the mid-Atlantic plate spreading is the primary source for tectonic stress in Norway and
entire Scandinavia (including Finland). It is likely the main reason for the high horizontal
stresses in Norway. On regional scale, research has shown that the stresses to some degree
are affected by the unloading due to deglaciation, and by the post-glacial uplift of the land.
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Figure 4-5 (a) Vertical stress measurements compared with the theoretical curve for lithostatic
stress (ρgz) in Norwegian mines down to 1 km depth (crystalline rocks). (b) Pressure data from
crystalline rocks worldwide and North Sea sedimentary rocks up to 5 km depth. Note that these
pressure data are for formation pressures, meaning fluid pressures. (Fossen, 2016).

Information on temperature is a prerequisite for checking the operational capability of technical
equipment. In addition, the influence of temperature on the properties of the rock and the
materials used in the borehole must be taken into account. The rock properties have an
influence on the drilling process (drillability), the development of cracks or fractures and the
design of the casing. Cracks may form with decreasing temperatures, which can lead to tensile
stresses. These stresses are also dependent on the pressure. Consequently, this section
summarizes information on the temperature and pressure in crystalline rocks. First of all, the
initial rock conditions are discussed. The temperature can decrease due to the influence of
the drilling fluid and depending on the time span between the drilling process and the start of
waste emplacement. This time span is also influenced by the extent of measurements in the
borehole. No information can currently be given on this, nor on the influence of the drilling
process.
The geothermal gradient is the rate of temperature change with respect to increasing depth in
Earth's interior. As a general rule, the crust temperature is rising with depth due to the heat
flow from the much hotter mantle; away from tectonic plate boundaries, temperature rises in
about 25–30 °C/km of depth near the surface in most of the world (Hohmeyer and Trittin,
2008). However, in some cases the temperature may drop with increasing depth, especially
near the surface, a phenomena known as inverse or negative geothermal gradient. Strictly
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speaking, geothermal necessarily refers to Earth but the concept may be applied to other
planets. Earth's internal heat comes from a combination of residual heat from planetary
accretion, heat produced through radioactive decay.
Thermal conditions in Norway were discussed in Hagros et al (2021, Section 8.2.4) with
regards to site target properties of the deep borehole disposal in the National Facility. Grønlie
et al. (1980) describe for the Iddefjord granite in Østfold thermal gradients of 14.4 to 21.5
K/km, and Midttømme et al. (2012) indicate that thermal gradients between 14 and 27 K/km
are observed in Norway. Information is also given on the regional distribution of the heat flow,
taking into account measurements from boreholes down to a depth of 1 km. On this basis,
temperatures were derived for a depth of 5 km, which should be between 75 °C and 140 °C.
Frey & Ebbing (2020) stated that the geometry of the Løvstakken Granite influences the
geothermal gradient, but the differences between the three crustal models of 3°C/km are
rather moderate. Figure 4-6 shows rock temperatures versus depth from a COSC-1 borehole
in the Caledonides. Results of another deep drilling are described in Rosberg & Erlström
(2019).

Figure 4-6 Post drilling temperature logs of the COSC-1 borehole according to Lorenz et al.
(2015).

At depths of 4 to 5 km in the continental crust, the ambient temperature varies according to
the local geothermal gradient but can be in excess of 100 °C, especially where geologically
young bodies of granite are involved. Gibb et al. (2008) also dealt with the heat generation of
radioactive waste and the effect of the temperature development over time in deep disposal
boreholes. Here the focus is put on the disposal zone.
When talking about a maximum temperature within the disposal borehole, the area between
the canister and the host formation is the area of interest. Within the canister itself, the
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temperature can be greater. According to the German safety requirements (EndlSiAnfV 2020)
the canister safety functions must not be affected by external temperature. This means, if the
outer canister wall is defined to be a barrier with a safety function, only this part must not
malfunction. Still, these safety functions need to be defined in detail prior to the selection of a
disposal site, where the geothermal gradient and pressure regimes come into play.

4.4 Salinity
Not only does the temperature and pressure regimes play a role for the sealing of the disposal
boreholes, but also the geochemical environment. Here the salinity (salt content) of formation
fluids are of special interest.
The salinity and density of groundwater and formation water generally increases with
increasing depth (see Figure 4-7 as an example). The waters are therefore less mobile and
can only be exchanged to a limited extent. Their residence time in the deep rock strata is very
long. In contrast to other disposal concepts, this fact can contribute to the long-term isolation
of radionuclides in boreholes. On the basis of an initial, short-term literature search, however,
no statements can be made about salinity or age of waters in Norway's deep crystalline rocks.
Some basics of hydrochemistry can be found in Shand & Frengstad (2001).
In section 4.6 of the technical report “Deep Borehole Disposal Canister” (Wunderlich et al.,
2021) a more in-depth discussion about the geochemical environment and its effect on
materials introduced to the borehole is provided. Here, the aspect of corrosion is important
and needs to be considered in the sealing material selection as well.

Figure 4-7. TDS (total dissolved solids) depth plot i. 95 %tile of water well depths (202 m) and
ii. UKTAG groundwater body deepest advisable limit (400 m). Vertical lines illustrate fresh
(dotted line) and brackish (dashed line) groundwater thresholds and seawater (solid line).
(Bloomfield et al, 2020).
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Preparation of the borehole prior to sealing

The creation of a high-quality seal zone requires extensive preparatory work that can be
divided into four major tasks (cf. Jackson et al. 2014):





Removal of installed equipment and other downhole equipment,
Reaming of borehole (including the removal of the casing),
Cleaning out the borehole to remove debris and borehole wall cake, and
Borehole condition surveys.

These different tasks are discussed in the following sections and different options to prepare
the borehole for the installation of the seal are presented. Please also refer back to Figure 11. It is noted that preparation tasks and descriptions in this chapter are mostly coming from
the hydrocarbon industry, which deals with tight formations and potentially high fluid and gas
pressures (e.g. oil and gas wells). It is later described how these methods are adapted and
used in the concept of deep borehole disposal of radioactive waste in crystalline rock.
Depending on the condition of the borehole and the type of completion the preparation of the
borehole will vary significantly. Basically, the preparation includes the removal of everything
out of the borehole, which was not in there originally. The reason for this is the fact that, in
permanent plug and abandonment, the establishment of a rock-to-rock barrier is a
requirement. In some cases, more external material has been installed into the borehole due
to completion operations, in other cases only some amounts of external non-formation related
materials can be found in the borehole. As Figure 5-1 shows, potential routes for fluids can be
found around the casing or cement. This shows the importance of the removal of casing and
cement from the borehole to establish a tight seal of the borehole.
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Figure 5-1. The most common causes for leaks in oil wells and 8 questions to consider before
you select solution. (Normann, 2021).

Compared with the four tasks presented above, Herndon and Smith (1976) describe the steps
to prepare a well for the sealing operation slightly differently:










Cleaning the well out of any foreign material,
Bringing the mud system to a static condition,
Ensuring that there is no movement of water or gas through the mud,
Circulate enough to ensure that the mud system is uniformly weighted,
Logging of the wellbore,
Cement bond log (if any casing is left in the hole),
Gamma ray-neutron log for knowledge about well depth and the geology of
the formation,
Calliper log after the well is in static condition to calculate the proper amount
of cement and to help select the best sections to set the cement plugs, and
Pipe preparation with the desired mechanical devices for the plugging
operation.

Comparing the two preparation steps, the same aspects can be found. Removing everything
from the borehole, including parts of the formation near the wellbore, is mentioned first in both
cases, whereas Jackson et al. (2014) break this down in three steps, removal, reaming and
cleaning. Herndon and Smith (1976) describe the following step in more detail, but the
following information gathering about the borehole condition comes to play in both cases.
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As mentioned before, the sealing operation differentiates due to different materials in the
borehole. Here the completion of the borehole becomes important. While in open hole
completions, typically only a reduced amount of materials can be found in the borehole, a
conventional cased hole completion is more complex. These two options come to play at the
first step described by Herndon and Smith. Cleaning out the borehole is more complex when
there is one or several casing strings installed and cemented in place over the length of the
borehole. Therefore the two options, (1) open hole completion and (2) cased hole completion
of the borehole, are looked at separately.

5.1 Open hole completion – borehole cleaning
The definition of an open hole completion is “a well completion that has no casing or liner set
across the reservoir formation, allowing the produced fluids to flow directly into the wellbore”
(Schlumberger Oilfield Glossary, 2021). This means that no completion such as a casing or
cementing of the borehole walls is installed in the borehole. As there is not a lot of material
brought down into the hole, the cleaning operation is rather simple compared with cased hole
completion. Regarding the preparation for plugging and sealing of the hole, this eases the
cleaning and removal of foreign materials. Still, there are other aspects as well. The
completion, especially the casing, improves the stability of the borehole and minimizes fluid
flows out of and into the wellbore. For the disposal of radioactive waste, only a short time is
required for the hole to be open. This does not necessarily mean that there are no hole stability
problems, but the reduced time in which the hole is open reduces the need for a complex
casing installation and cementing job. Fluid flows can be minimized by the right drilling mud
and fluids in the borehole. No complex and time-consuming casing removal is required.
During the drilling process and the disposal operation of the canisters, the borehole walls are
most likely to be damaged to some extent. In addition to this any disturbance of an intact
formation will have result in an excavation damaged rock zone around the excavation itself.
This zone usually contains of a greater permeability, which will result in an increased potential
to a flow path to the surface if not treated properly. A huge impact on the propagation of this
highly permeable and weak area near the borehole is caused by the time. As time progresses,
the excavation damaged zone enlarges and penetrates deeper into the formation. Since the
same challenge is faced in mined repositories, mining engineers and geologists have worked
on solutions to reduce the negative impact of this area surrounding the excavation. Nowadays,
the damaged, weakened formation around the opening is removed shortly before any type of
filling material or safety installations is installed. This is not only the case in deep borehole
sealing operations, but also in underground repositories this is used in many cases. The
second important aspect is the removal of the filter cake from the borehole. During drilling, the
mud will form a filter cake on the borehole walls, which provide a natural safeguard against
potential flows. On the other hand, this deposit of material on the borehole wall does not allow
a direct contact zone between the sealing material and the formation. This can lead to an
additional, unwanted flow path.
5.1.1 Filter cake removal
The term filter cake describes a plastic-like coating of the borehole resulting from the solids in
the drilling fluid adhering and building up on the wall of the hole. This build-up of cake can
cause serious drilling problems including the sticking of the drill pipe. In this report, the drilling
related problems of the filter cake will not be described. The main focus will be put on the
removal of this unwanted additional material in the borehole prior to sealing and plugging
operations.
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For the removal of the filter cake, different options have been discussed and applied in the
hydrocarbon and geothermal industry. One of the methods is described by Hossaini et al.
(2005). In this invention, the filter cake is contacted with a clear brine containing a mixture of
a persulfate salt in a variable density brine to degrade the polymers within the filter cake. The
persulfate mixture breaks down the filter cake in wellbores with temperatures between 65 F
(18°C) and 165 F (74°C). The concentration of the persulfate sets the pace of the reaction.
The idea of removing the filter cake by circulating different fluids through the borehole has
made its way through the drilling industry. Hossaini et al. (2005) provide additional information
about the material and the process to remove the filter cake. In case the filter cake results
from drilling with a drilling fluid containing polymers, which are the main drivers to form the
filter cake, a mixture containing persulfate salt in a variable density brine is brought in contact
with the filter cake. Different options of persulfate salts are possible. According to the concept
description, ammonium persulfate would be the best option. Other options for the persulfate
are:






alkali metal persulfate:
o potassium persulfate,
o sodium persulfate,
o lithium persulfate,
o a combination of those,
alkaline earth metal persulfate:
o calcium persulfate,
o magnesium persulfate,
o a combination of those,
combination alkali metal persulfates and alkaline earth metal persulfates.

For the brine also a wide variety of liquid materials is possible. The following ones are
mentioned NH4Cl, NaCl, KCl, CaCl2, ZnCl2 and any combination of those. The preferable
density should be in a range between 8.5 lbs/gal (1.019 kg/L) and 10.4 lbs/gal (1.246 kg/L).
For any filter cake removal mixture, time periods are required for the mixture to decompose
the filter cake from the borehole walls. This time frame is set at with a number of at least 4
hours. The decomposition of the filter cake is based on chemical reactions within the involved
materials. After the decomposition period, the filter cake can simply be washed away with a
low-concentration organic or inorganic acid. Other slightly different options are described as
well and mostly differentiate by the materials used to decompose the filter cake or to remove
it from the wellbore.
The process described above is commonly used in the industry today. Many service
companies have their own options to remove the filter cake, but all of them are based on a
similar or the same principle. In many cases, the filter cake removal fluids work on first contact.
Therefore it is important to handle the fluids right to secure a complete and uniform removal
of the filter cake over the needed length of the borehole. This means the right balance between
aggressive and balanced fluids, which will remove the filter cake equally over time. Since every
formation behaves differently and different muds are used in different operations, every filter
cake has its own characteristics. Especially the drilling mud, which particles are forming the
filter cake, needs to be evaluated in detail to find the right solution for the removal. Due to this,
many service companies like Schlumberger and Halliburton have designed basic solutions,
which will be adapted according to the requirements of the operation. Schlumberger
differentiates their MUDSOLV NG breaker technology between in two main categories, first
the solutions for water-based filter cakes and secondly the oil-based filter cakes.
(Schlumberger, 2021) Here the circle back to the drilling mud can be drawn, since it influences
the characteristics of the filter cake and the fluids required for the removal. Halliburton points
out the importance of specially designed filter cake removal fluid to fit the downhole conditions,
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such as temperature and pressure. Also, their system, the Baroid Ecosystem, provides a
function that allows their custom to place the fluid over the whole section of interest before the
acid is removed. This secures a uniform removal of the filter cake of the whole section.
(Halliburton, 2021)
Other than the chemical solution to remove the filter cake, there are mechanical options as
well. For these cleaning operations, mud cleaners or scratchers are used to remove the filter
cake at an early stage before it hardens out. Two commonly used scratcher types are shown
in Figure 5-2 below.

Figure 5-2 (a) rotational type scratcher; (b) reciprocation type scratcher (Khalifeh and Saasen,
2020).

Those mechanical cleaners are located on the outside of the workstring, which is then run into
the borehole. This movement weakens the mud which formed to filter cake. In combination
with wash fluids, the filter cake and mud is circulated out of the hole. At this point, the
differentiation between filter cake removal and reaming and under-reaming needs to be made.
While filter cake removal only removes material that has been brought into the wellbore during
the drilling operation, any type of reaming operation removes parts of the formation around
the borehole. In conventional drilling operations this is unwanted, since this would result in
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enlarged boreholes. This would lead to unnecessary challenges during the completion of the
borehole. (Khalifeh and Saasen, 2020)
5.1.2 Removal of EDZ around the borehole
The removal of the EDZ around the borehole is important, since this area usually has a greater
permeability than the undisturbed formation. With time, the EDZ evolves and the formation
near the excavation, in this project the borehole, is loosening up. Additional disturbance of the
formation is caused by the disposal of the canisters into the borehole. This will cause vibrations
in the formation, which will result in additional disturbances. Borehole / excavation damaged
zone was discussed in Section 4.2.
The discussed excavation damaged zone represents a weak point and a potential flow path.
To minimize the impact the excavation damage zone is partly removed prior to sealing
installation. For this, different tools are available. One option is to use a drill bit larger than the
original hole diameter. The more common option is the usage of a reamer. These tools are
used in the hydrocarbon industry for hole-enlargement purposes. Reamer or underreamer, as
displayed in Figure 5-3, are run into the hole on a drill string. On the tool expandable arms are
attached, which press against the formation once the tool is are the desired location in the
hole. Due to rotation of the tool, cavities are reamed out of the formation. (Hyne, 2012).
It is noted that EDZ cannot be completely removed. By definition EDZ is partly formed by the
geometric effect of the excavation due to the stress re-distribution in the rock. If parts of the
existing EDZ is removed, new one will form as the excavation has changed its size or shape.

Figure 5-3 Drilling-Type Underreamer (Schlumberger, 2021)

Since underreamers are used in several operations during the cleaning and preparation of the
borehole, another definition of the term will be provided later in the chapter.

5.2 Cased hole completion
In conventional drilling operations, the most common borehole completion type is the cased
hole completion. Here a casing is installed and cemented in the borehole for different reasons.
In most cases, the borehole stability plays the most important role. Casing or liner string are
installed to support unstable formations and isolate the borehole for pressure control reasons.
According to Beswick (2007) who refers to an investigation by Chaplow from 2001, casings
are required in almost every formation for the mentioned reasons. The only exemption to this
are competent crystalline rocks. Especially if those formations extend from the surface all the
way to the bottom of the borehole the casing scheme can be adapted. Due to different
formations, different casing scenarios might occur in one borehole. This might lead to an open
hole section at the top due to stable formations and cased completions in the lower sections
of the borehole. Therefore, different borehole cleaning and preparation methods might be
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required in on borehole. Still, cased boreholes or borehole sections are more complex when
it comes to these steps in the lifetime of the repository.
Another point of difference in terms of the casing is the cementation. Some casing or liner
strings are just hung into the wellbore, while in most cases these steel pipes are cemented in
place during the completion phase. The main reason for cementing the casing in position is
similar to the reason to install a casing or liner in the first place, hole stability aspects. Aspects
and reasons for the cementation are listed in literature as follows:









Used to hold the casing in place,
Prevent fluid migration between subsurface formations; zonal isolation,
Create a bond between casing and formation,
Protect producing formations (in hydrocarbon, water or geothermal wells),
Control lost circulation,
Stabilization of the borehole,
Avoiding corrosion of the casing,
Sealing of flow paths between the casing and the formation.

It also needs to be differentiated between primary cementing and remedial cementing. Primary
cementing is used to provide zonal isolation within the wellbore. This means the cementation
is used to restrict fluid movement between the different parts of the formation. The other
principal function of the primary cementing is the creation of a bond between casing and
formation. Remedial cementing on the other hand should only be required in case something
has gone wrong during the primary cementing job. It is described to be down to correct
problems associated with the primary cement job. (petrowiki.com, 2018) The most common
causes, which lead to the problems during the cementing are related to weak formation, gas
migration and other extreme geological conditions. These types of challenges occur with
unpredictable frequency in many parts of the world. In most cases these aspects lead to failure
of the zonal isolation installation, which should be achieved by the cementation. (Lekovic,
2015) These mentioned aspects already show the importance of a cemented casing in the
borehole. Still in formations which are classified as stable, the installation of the casing without
cementation, or at least not full cementation can be possible. As in most drilling operations,
governmental regulations need to be considered. The government of Saskatchewan provides
directives for the requirements regarding cementation and casing requirements for oil and gas
wells. (Government of Saskatchewan, 2018) Therefore it is important to make sure what the
governmental regulations in the certain area say about the completion of deep boreholes.
During the whole discussion of whether setting a casing or not and if the cementation is
required or not the formation properties must be included in the decision-making process
strongly. Beswick (2007) points out that different environments and rock types are more stable
and do not require a complex completion. Crystalline rock formation starting from the surface
down to the desired final depth is considered more stable and therefore the completion
program can be comparably simple. Other operations in changing formations require more
complex completion program. He described six different geological environments and points
out the different challenges and requirement regarding the completion.
Before finally discussing the different options to clean out and prepare a cased borehole prior
to plugging and sealing measurements, a few words are said about the cementing process.
For the cementation of the casing, the casing is run down the hole to just above the bottom,
next the bottom plug or spacing fluid is pumped down the casing. This plug is important to
avoid the mixture of drilling mud and the cement slurry. The bottom plug is caught by the float
collar, which is located shortly before the end of the casing. These two installations, the bottom
plug and the float collar, act as a valve. It hinders the drilling mud from flowing up the wellbore
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but allows the cement slurry to be pumped down. By increasing the pump pressure the cement
slurry flows around the casing shoe and up the outside of the casing into the annulus between
casing and formation. Due to different densities the cement slurry pushes the drilling mud out
of the annulus. Once the predetermined amount of mud has been pumped down the casing,
the top plug is pumped down, followed by a displacement fluid. This plug closed the bottom
plug, and the cement has time to set and harden. By this step by step operation, the drilling
mud is removed from the annulus, while this space is filled with the cement. (Hyne, 2012) This
process can visualized below in Figure 5-4.

Figure 5-4 Cementing process (Polydrill, 2018).

Petrowiki (2018) provides some simple explanation about the cement placement in the
borehole:






Analyse the well parameters; define the needs of the well, and then design
placement techniques and fluids to meet the needs for the life of the well.
Fluid properties, fluid mechanics, and chemistry influence the design used for
a well.
Calculate fluid (slurry) composition and perform laboratory tests on the fluids
designed in Step 1 to see that they meet the needs.
Use necessary hardware to implement the design in Step 1; calculate volume
of fluids (slurry) to be pumped; and blend, mix, and pump fluids into the
annulus.
Monitor the treatment in real time; compare with Step 1 and make changes as
necessary.
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Evaluate the results; compare with the design in Step 1 and make changes as
necessary for future jobs.

The preparation of cased holes for the sealing and plugging is more complex compared with
open hole completions. While in the open hole option, a contact between the wellbore and the
surrounding formation is present, in cased holes the casing represents a barrier and not direct
contact between the formation and potential seals can be established. Therefore, the first step
in this case is to remove the casing from the borehole. The direct contact between sealing
material and formation can be achieved by removing the whole casing or just parts of it in the
most relevant sections of the borehole. Once the casing, or sections of the casing, is removed,
and the direct contact has been established, the further steps to prepare the borehole for the
sealing measures are the same as in open hole completions. In detail this means that measure
for the filter cake and EDZ removal are required in cased hole operations as well.
Still, the removal of casing at any time in deep wells is very difficult and where ‘windows’ have
to be cut to access the formation, they are usually constructed with casing cutters. These can
be mechanical devices or possibly the use of high-pressure water jets. The process is slow
and for large sizes, it would be likely to be very time consuming (cf. Beswick, 2008).
5.2.1 Casing cutting (and pulling)
The first scenario is the removal of the whole casing from the borehole. In most drilling
operations, the casing is cemented in the borehole, since this provides additional stability for
the borehole and the casing is not as vulnerable to corrosion as it would be without the
surrounding cement. In contrast to this, many exploration boreholes, which are only open for
a short period of time, do not contain a cemented casing. This eases the required casing
removal activities significantly. Uncemented casing strings can be removed comparably easily
from the borehole with specially designed tools. One part of these tool is a casing cutter or
pipe cutter as displayed in Figure 5-5. These pipe cutting tools are run downhole on the inside
of the casing string or the pipe. Once they are at the desired depth, the cutter is extended from
the workstring and the cutting begins. In the displayed case, the cutting process is carried out
by a circular saw blade. The workstring is rotated during the process, which secures that the
casing or pipe is cut all way around. Once the casing is separated, it can be pulled out of the
hole easily. The limits for the usage of these pipe cutters is set by the casing thickness.

Figure 5-5 Mechanical pipe cutter (Baker Hughes, 2021)
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For thick-walled casing string, other options are available. The most common and popular
system is the hydraulic pipe cutter. This cutting tool consist of one or several cutting blades,
typically made of tungsten carbide, which are mounted on a support body pivotally. These
knives are extended hydraulically in most cases, but there are also mechanical solutions.
Schlumberger, Ardyne and other companies provide hydraulically operated systems in their
portfolio. The basic function and idea of all these solutions is similar, there are only differences
in some details. The working principle of this system is based on mud pressure. Drillstar
Industries describes their system, which can be seen in Figure 5-6 (a), as follows “The Drillstar
hydraulic casing cutter is used for cutting away a complete section of casing or liner. It is a
dependable, rugged tool, easy to operate and maintain in the field. The cutting blades, lodged
in the body, are expanded by mud pressure and can cut multiple concentric strings of casing
quickly and safely.” (Drillstar Industries, 2021).

Figure 5-6 (a) The Drillstar hydraulic casing cutter (Drillstar Industries, 2021); (b) CCH Casing
Cutter – Exploded View (Pioneer Oil Tools Limited, 2010).

The working principle of hydraulic casing cutter systems is described in more detail by Ardyne.
As mentioned before circulation and mud pressure plays an important role when working with
these tools. The cutting system, which usually consists of a mill or bit at the bottom, the cutter
itself and a centralizer on top, is lowered into the borehole to the desired depth. For certain
operations, additional tools will be added regarding the requirements of the operations and
task. Once the cutting tool reaches the wanted depth, the whole string is rotated at the cutting
RPM, which differentiates from the type of rock and the material of the cutter. Next circulation
starts, which causes a piston within the tool to move, which then expands the cutters. On
surface the completion of the cutting process can be seen by a great pressure drop. Additional
features can stop the cutting process at a wanted diameter. (Ardyne, 2017a)
Another, more complex system designed by Ardyne is their TRIDENT system. This system
works slightly different, but follows the same basic idea. The TRIDENT system eases the
process of removing the casing, since it allows the operator to remove sections of the casing
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string individually and two cuts, as well as the pulling of the casing can be done within one
trip. Also, this system provides the possibility to weaken the cement bond and to pull a
cemented casing can be achieved. For this, additional tools are added to the setup. While in
the option before, the system only consisted of a bit, the cutter and a centralizer, here a packer,
and an anchor are part of the system. The first cut is carried out as before, afterwards a packer
on top of the whole system is set by overpulling the system. To break the cement bond
between the casing and cement, once again circulation is initiated. Due to the packer the fluid
will be circulated through the annulus, which, in the best case, breaks down the cement and
circulates solids and gas out of the annulus. Once solids and gas is circulated out, the packer
is simply unset by downward movement. This process can then be repeated at other depth to
cut the casing in sections that can be handled more easily. For the casing handling and pulling
operation, the anchor comes to play. (Ardyne, 2017b) Limits to the system are currently the
diameter of the anchors as well as the cutters. The whole TRIDENT system, with its different
parts, can be seen below in Figure 5-7. (Ardyne, 2017c)

Figure 5-7 The Ardyne TRIDENT System (Ardyne, 2021).

Pioneer also provide a simple casing cutting tool based on the hydraulic casing cutter principle,
which can cut and remove the casing in one trip. The setup of their solution is similar to the
option described before and is displayed in Figure 5-6 (b). Basically, the system contains four
steps:





Lowering the cutter, which is attached to the drill string, to the required depth,
Start the rotation of the drill string,
Start applying pressure by pumping, this will press the knifes against the
inside of the casing,
Casing is cut once a pressure drop can be observed by the operator.

Pioneer uses tungsten carbide alloy coated knives for their tool, which can be used below the
Pioneer Single Trip Retrieval System. This system provides the possibility to cut and retrieve
a casing string in only one single trip. (Pioneer Oil Tools Limited, 2010)
Important to mention is the swarf management system. The term swarf (see Figure 5-8 below)
describes metal cuttings from the casing, which will eventually enter the borehole. These metal
cutting are of different size and can harm the cutting or other downhole tools. In case of the
TRIDENT system, the swarf handling system works by reverse circulation the whole system
forcing the swarf to move downhole. Not only during cutting operations swarf is an important
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aspect to consider, but even more during milling this needs be taken into account (see section
5.2.3)

Figure 5-8 (a) swarf obtained from an operation with hole cleaning based on suspension; (b)
swarf obtained from an operation with hole cleaning every 0,5 m (McTiffen et al., 2017).

5.2.2 Cement breaker
Many boreholes have a cemented casing string in the borehole. Here conventional cut and
pull operations lead to challenges, since the bond between casing and cement is relatively
strong. Therefore, simply pulling the casing out of the hole is not necessarily possible. In many
cases, the rig or pulling device on surface is not capable to provide the required force. One
possibility is to cut the casing in sections, which the device on surface is capable of pulling
and removing from the borehole. Another potential way is to break the bond between casing
and cement. A way to break the cement bond was described in the previous section. However,
the approach is not applicable in every situation. As mentioned, very high loads are required
to pull the casing and not every rig has the potential to produce the required forces. For this
reason, alternative options to loosen the bond between casing and cement have been
developed. Deep Casing Tools developed a relatively simple tool to tackle this challenge. Their
Casing Cement Breaker tool is run down the hole to the desired depth. Then the tool expands
the casing or tubular within its elastic limits to break the bond between the casing and
surrounding material, usually the cement. In an unlikely scenario, the casing is enlarged to
such an extent that also the surrounding formation is impacted. However, it is unlikely that this
process will cause the EDZ to develop further that it is already Due to the elastic deformation,
the casing will contract into its original, initial shape, while the bond of cement and casing is
broken. (Deep Casing Tool, 2021a) Figure 5-9 shows a graphical illustration of the tool. The
tool itself has been used in few operations as a prototype, therefore it is not widely applied in
the industry yet, but a first step is made.
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Figure 5-9 Casing Cement Breaker (Deep Casing Tools, 2021b)

5.2.3 Milling
The most unlikely scenario for a deep borehole repository is the cemented casing string. In
these cases, simple cut and pull operations might not be successful in order to remove the
casing from the borehole. This is necessary to establish a direct connection between the
borehole and the formation. Even if the casing can be pulled, cement will stay in the borehole,
which needs to be removed prior to the installation of the seals. Even in open hole completions,
milling might be required, since this technique can remove the damaged formation around the
wellbore and expose the virgin formation. Therefore, milling might be required in the following
three cases:




Casing cannot be cut and pulled due to limits of the rig,
Cement is left in the borehole which inhibits a direct connection between
borehole and formation,
Damaged formation (excavation damaged zone) needs to be removed from
the borehole.

The milling operation works similar to the casing cutting operation. Required tools are lowered
into the borehole to the desired depth via drill string. Depending on the technique, a packer is
set either above or below the milling tool. After starting to circulate, the rotation of the milling
tool will be started. This causes knifes to be expanded from the milling tool until they meet the
formation. The fluid used for the circulation needs to be designed specially depending on the
type of material to be milled. One of the most important tasks of the fluid is to remove swarf
from the borehole (also see section 5.2.1). These milling fluids are usually water based. Still
water alone would not be sufficient to meet the requirements of the milling fluid. Swarf and
other material need to be removed from milling location, therefore a greater density is required.
To achieve this and other requirements, the characteristics of the fluid are adapted by mixing
in add-ons. This leads to milling fluids such as bentonite/bicarbonate mud, bentonite/MMH
(mixed metal hydroxide) mud, xanthan gum/sea water mud or potassium formative milling
mud. With the help of these mixtures the requirements of milling muds can be meet. Most
important here is a high transportation capacity with a low shear rate viscosity. (Khalifeh and
Saasen, 2020)
While the cut and pull operation will remove the whole casing from the borehole, milling is
usually applied to remove sections of the casing from the borehole. These sections have a
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length of up to a couple hundred feet. The great wear on the tools limit the milling to these
smaller parts, but leave enough room to install seals in the borehole. Still if necessary, the
whole casing can be milled out, which would increase the cost of the operation. Milling of the
whole casing should not be necessary to establish a tight seal of the borehole. Backfilling
measures do not require a direct connection between the backfilling material and the
formation. This means that only the sections, in which the seal is set requires this direct
contact. Therefore milling of the full casing string should not be needed. (Bracke et al., 2016)
As in the previous described casing removal options, several different options are available
on the market. Weatherford, Schlumberger and Baker Hughes for example all have their own
systems, which promise different positive aspects. The Endura Dual-String Section Mill by
Weatherford contains milling blades out of carbide and stabilizer blades, which provide a twopoint stabilization for more precise targeting and cutting. Additionally, the radial and axial
downward movement of the mill improves the milling and creates finer and more manageable
cuttings. (Weatherford, 2019) Schlumbergers ProMILL system consists of a milling and
underreaming system, which has additional benefits, when it comes to the removal of the
cement around the casing and the nearest formation around the wellbore. Otherwise additional
reaming operations might be required, which will lead to more trips in and out of hole related
to more time and costs for the whole operation. The underreaming system is installed in the
ProMILL system right behind the milling tool. By this addition in the downhole assembly, an
additional trip for the removal of the cement and formation is not necessary. The underreamer
will expand to a larger diameter than the milling tool. This will enlarge the borehole diameter
but prepare the borehole for the installation of the seal. (Schlumberger, 2019).
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Figure 5-10 (a) Endura Dual-String Section Mill (Weatherford, 2019); (b) ProMILL
(Schlumberger, 2017).

Compared with the previous options, Baker Hughes works with an upward moving section
milling tool, while Weatherford and Schlumberger used a downward moving system. Also, this
tool has an auger at the bottom. The whole tool is lowered down to the desired depth. A torque
isolator allows the lower part of the tool to rotate left hand. The left hand mud motor rotates
the milling assembly while the whole tool is moving upwards. This upward movement secures
a clean milled window. Also, the milling tool will penetrate through any cement and into the
formation up to a predetermined depth. Any swarf which arises will be transported down into
the rathole by the auger. (Baker Hughes, 2021)
The mentioned problems regarding the swarf handling becomes more obvious, when looking
at numbers. A field case, in which the Weatherford was involved, used two different
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approaches for swarf removal and hole cleaning during the milling process. Here regular hole
cleaning operations every half a meter showed its benefits. In this case the time not milling
was only at 4% while cleaning as suspected, milling only made up roughly 85% of the total
time. (McTiffen et al., 2017) Also the regular cleaning helps to avoid the formation of packoffs,
which are lumps of swarf. This might damage the milling and circulation tools in the hole.
Cuttings, which are occurring during the drilling process do have different physical
characteristics and can be handled more easily than the metal cuttings from the casing milling
operation. Basically, the constant and continuous removal of swarf from the wellbore or leaving
them at the bottom of the borehole below any tools as it is done in the milling system provided
by Baker Hughes are the two options to handle the cuttings and swarf during the milling
process.
5.2.4 Cement removal
To secure a direct connection between virgin formation and the seal to be emplaced, parts of
the near wellbore formation need to be removed as well as remaining cement. Here the
underreamer comes to play. This tool can be run either individually or as part of a milling tool
as in case of the Schlumberger milling tool described in the previous chapter. The
underreamer is a type of drilling tool used to enlarge the diameter of the borehole in certain
downhole intervals. The underreamer is made with expandable arms fitted with cutters. When
in position, the expandable arms are released and the cutters chew away the rock to enlarge
the hole. When the reamer is pulled from the hole, the arms fold in toward the body of the tool
(cf. Langenkamp, 2014). Other options to remove the cement are wellbore scrapers similar to
the tools used for the filter cake removal.

5.3 Cleaning the borehole
After the preparation of the borehole and the removal of any completion, fluids and other
leftovers of the cleaning operations are most likely to remain in the borehole. This requires
additional wellbore clean-up measures. Leiper (2015) mentions three Rs in connection with
this:




Rotate,
Reciprocate,
CiRculate.

These three activities are necessary in order to remove any debris, remaining filter cake,
unwanted solids and fluids from the wellbore. Rotation of the drill pipe creates a turbulent flow
within the wellbore, this helps to carry debris from the well. An additional positive aspect of the
rotating of the drill string is that the efficiency of chemicals used for wellbore cleaning
measurements is increased. The second R describes the induced up and down movement of
the pipes. The generated turbulent flow is enhanced by this movement. In case brushes or
scrapers are attached to the drill string or pipe additional and thorough borehole wall cleaning
is achieved. The last part of this wellbore clean-up approach is circulation. This action is
essential during any operation in the borehole. Alone or in combination with the other Rs
circulation will flush out material from the borehole to surface.
The most important aspect during the wellbore cleaning is the removal of debris from the
wellbore. This can be either steel cuttings, swarf, parts of the formation, which have loosened
or debris. Therefore the right composition of the borehole cleaning fluids is important. As
discussed previously, there are different approaches to design those fluids. To a basis, either
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water or oil, different additives are added. This changes the characteristics to meet the
requirements. Here different parameters need to be looked at. The hydrostatic pressure
caused by the fluid needs to be lower than the formation pressure in order to avoid fracking
the formation. On the other hand, the fluid density needs to be able to transport the mentioned
materials. Basically, the borehole cleaning fluids needs to fulfil similar requirements as drilling
fluids used for scientific drilling operations. Here seven aspects are addressed by Eritia (2017):








No chemical composition which may affect scientific test, well logging and
borehole log,
Small influence to environmental safety,
Good lubrication and low cost,
Effectively relieving complex downhole situation, including high temperature
and high pressure,
With strong weighted bearing capacity, including inverting into salt drilling fluid
system,
Low solid content, with less interference with well logging, acoustic
transmission and visual reception, avoiding jam of drilling tool,
With strong capability of carrying debris (cuttings), and can produce thin and
good tenacity mud cake.

Any additions to the fluids need to be selected carefully. Even though the fluid will be removed
by spacer fluid during the emplacement of the seal, it is not ensured that nothing is left in the
wellbore. For this case it needs to be ensured, that potentially remaining fluids will not impact
the sealing material in the long term.
Another aspect that is mentioned by Khalifeh & Saasen (2020) is fluid removal from the
borehole. This becomes more important right before the installation of the seal and will be
discussed shortly in section 6.6. The aspect mentioned by Herndon and Smith (1976) of
bringing the mud system to a static condition is assured by the activities discussed earlier in
this chapter. Additional cleaning and fluid removal measures are implemented in the seal
installation operation.

5.4 Logging of the borehole
To decide which technique or techniques to be used to prepare the borehole for the installation
of a seal, a good knowledge about the condition of the borehole is required. In most cases a
well scheme is available where all materials, like casing and cement, which have been
introduced into the borehole are documented. Still, boreholes and the materials will change
with time due to great pressures and temperatures, as well as the geochemical conditions.
Once a borehole is planned to be sealed, up-to-date information about the state of the
borehole is required. This includes the condition of the casing strings, the cement bond,
potential breakouts in the wellbore wall, and the diameter of the borehole, temperatures and
pressures, as well as geological information of the formation. To gather all of these data
several tools are available. These tools are lowered into the borehole via drill string, cable or
coiled tubing. The tools used to gather information about the wellbore and the surrounding
formation are summarized under the term logging tools. In the following the most common and
important logging tools are described in more detail.
The described logging tools are just examples of how to evaluate the borehole. One of these
tools by itself will only provide a limited amount of information. As in many operations the more
information, the better. Additional to the described logs, mud logs from the drilling operation
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as well as temperature and pressure measurements should be considered, when designing
the seal.
5.4.1 Cement bond log
The cement bond log is mostly used in cased holes. It is described to be a type of sonic log,
which can be run in a cased well to determine where and how well the cement has set behind
the casing. Gaps in the cement behind the casing, so called holidays can be recognized with
this tool. (Hyne, 2012) This log controls the cementation of the casing in the borehole and
detects potential weak points. Cement bond logging tools work with acoustic signals and
variations of the amplitudes of those. The fundamental principle is that the acoustic signal will
be more attenuated in the presence of cement than if the casing were uncemented. (slb.com,
2021) Fetoui (2017) compares the working principle of cement bond logs to a ringing bell. In
case the casing is free, meaning no cement is bonded to the casing the casing can vibrate,
which will submit a loud sound, which can be received by the receiver of the tool. In case the
casing is bonded to cement the sound is attenuated and comparably dull and quiet. (Fetoui,
2017) Figure 5-11 shows the basic configuration of a cement bond logging tool. These tools
consist of one transmitter (marked as T in the figure) and two receivers (marked with an R in
the figure). The upper receiver, which is three feet away from the transmitter is used for the
cement bond log measurement, while the second receiver is used for density logging
measurements.

Figure 5-11 Basic configuration of a cement bond logging tool (Fetoui, 2017).

Figure 5-12 shows a simple illustration of interpretation results, which can be received from a
cement bond logging tool. As mentioned, different amplitudes can be linked to different cement
bonds. Greater amplitudes are a sign for an empty space between casing and cement.
Sections of the borehole without cement have the greatest amplitude. On the other hand are
smaller amplitudes which characterize a partial bond. In case almost no amplitude can be
seen as an effectively cemented section in the borehole.
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Figure 5-12 Summary of qualitative interpretation based on the amplitude curve (courtesy of
Baker Atlas) (petrowiki.spe.org, 2021).

Information about the cement bond come to play and when it comes to casing removal
operations. In case a poor cement bond has been detected for most of the borehole, casing
cutting and pulling operations might be an option for the casing retrieval. The cement bond log
helps to identify, which casing removal option to use at what depth and section of the borehole.
For the different cement quality scenarios, the different options to remove the casing are
shown in Table 5-1. Cut and pull is the easiest option and should be tried first. Then additional
measures can be addressed.
Table 5-1 Casing removal measures to be addressed to different cementation qualities
Cementation quality

Casing removal option

No cementation/free pipe

Cut and pull

Poorly cemented

Cut and pull
Work with cement breakers if required

Partial bond

Cut and pull
Work with cement breakers if required
Milling

Effectively cemented

Milling
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5.4.2 Gamma ray and gamma ray-neutron log
The gamma ray log uses the natural gamma radiation of the formation. Every type of rock
contains natural radioactive isotopes which emit gamma radiation upon decay. Different rock
types have different radioactive activities. This makes it possible to detect rock type changes
within the formation. Since some rock types have a greater natural gamma radiation,
conclusions about the permeability can be drawn. Clay minerals for example contain
potassium. Potassium is known to have a great proportion of radioactive isotopes. With this
information inferences to the permeability of the rock can be drawn, since the clay content of
the formation is a good indicator for its degree of permeability. (Nagra, 2011)
Older generation gamma ray logging tools used Geiger-Müller-Counters. The new tools work
with Scintillation Counters. The gamma quants stimulate the scintillation materials, for
example sodium iodide (NaI), which leads to light emissions. Additional tools within the logger
can determine the number of the quants as well as their energy. The resulting charge impulses
are then logged by the tool and can be evaluated on surface. The unit for these charge
impulses is given in APIg (American Petroleum Institute neutron unit).

Figure 5-13 Neutron logging tool (Enyre, 1989).

To identify the formation penetrated by the borehole even more another type of logging tool
working with radioactivity is the gamma ray-neutron log. In comparison with the gamma ray
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log, the neutron log emits neutrons into the formation with varying energies between 2 – 14
MeV. When entering the formation, the neutrons start to collide with nuclides which slows the
neutron down. Several collisions are described under the term neutron moderation. Each
collision results in an energy loss and emission of gamma quants. As Figure 5-13 displays, a
gamma ray detector is also part of the logging tool. The released gamma rays from the
neutrons are measured by this detector. From this point the gamma ray-neutron log works
similar to the gamma ray log. No natural occurring neutrons are taken into account, only the
submitted radiation is part of the evaluation. (Jetschny, 2003).
5.4.3 Calliper log
The calliper log measures the diameter variations of the uncased borehole, from bottom to
top. It is made with a device with spring-loaded arms that press against the wall of the hole as
it is drawn upward, measuring the varying diameters. (cf. Langenkamp, 2014) Figure 5-14
shows an example of a multi finger calliper logging tool. The fingers are displayed in more
detail in Figure 5-15.

Figure 5-14 Multi Finger Calliper Log (Xi’an Sitan Instruments Co., Ltd, 2021).
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Figure 5-15 Fingers of multi finger caliper log (Rogtec Magazine, 2018).

The working principle of a calliper log is relatively simple. The tool is lowered to the bottom of
the whole via wireline and then slowly pulled out of hole. The fingers, which can be seen in
Figure 5-15 can move in and out during the whole pulling process and are always in contact
to the borehole walls. The movement and position of the arms are logged throughout the whole
withdrawing process. The movement is then converted into an electrical signal by a
potentiometer.
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Figure 5-16 Example of a calliper log (green) and a gamma ray log (red) (Rabben & Ursin,
2011).

Calliper logs are run either before setting casing or prior to plugging and sealing activities.
Before a casing is set, the hole volume is measured and the casing volume subtracted to
calculate the right amount of cement to cement the casing securely in the borehole without
empty spaces in the annulus between casing and formation. The cementing job can afterwards
be back checked with the cement bond log. When it comes to sealing activities, the hole
volume is an essential information to secure that enough sealing material will be inserted into
the borehole. Due to breakouts during casing removal and borehole cleaning efforts, parts of
the formation might loosen and the borehole can be enlarged to a greater diameter than
expected. On the other hand deposits of cement or mud, remains of the filter cake or similar
deposits on the borehole walls might reduce the diameter of the borehole, which might lead to
additional underreaming activities. Calliper logs are run after the final underreaming and hole
enlargement operations, to get the final volume of the borehole and the sections of interest.
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Borehole sealing design: materials, tools and methods

6.1 National and international guidelines
Sealing of deep boreholes is common practice in the hydrocarbon and geothermal industry.
Therefore, several regulations are available. In the part of the North Sea belonging to the UK,
for example, borehole sealing is regulated by the government’s Health and Safety Executive,
while in Norway, NORSOK provides the standards. The standards are similar, still one needs
to ensure that the sealing fits the regulatory and legislative requirements of the region or
country. The concept and guidelines for the abandonment and therefore the sealing and
plugging of boreholes are summarized by the UK offshore oil and gas organization. More
detailed information is provided in three different comprehensive documents:




Guidelines for the Suspension and Abandonment of Wells,
Guideline on qualification of materials for the abandonment of wells,
Guideline on Cost Estimation of well abandonment operations.

Not only different governments and regions provide guidelines for the closure of deep
boreholes, also many international agencies have dealt with this topic. While only hydrocarbon
and geothermal wells have been plugged and sealed so far, there are studies for the closure
of deep borehole repositories available. This has been the topic of several different concept
and guideline studies. The IAEA (2003) describes the closure of facilities as a series of
systematic actions that are conducted after waste emplacement operations have been
completed with the intention of providing a final configuration for the disposal system. The
same technical document provides a more detailed description of sealing measures of
borehole. However, mostly boreholes as part of a mined repository are considered. The
principal idea nonetheless is the same, borehole sealing measures need to prevent shallow
groundwater from penetrating into the disposal zone. In addition, an upward movement of pore
waters from the disposal zone needs to be inhibited by the seal. Depending on the geology,
the right sealing measures need to be selected. Experiences from the oil, gas and geothermal
industry (e.g. plug and abandonment measures) can be used. As already discussed in the
previous chapter, the removal of parts or the whole completion of the borehole might be
required. For the location and therefore depth of the sealing elements, various aspects play a
role. The most important one is the geology of the formation; based on this information, one
can decide where a seal, plug or just backfill measures are required. Also, this helps to
determine where to remove the casing in case not everything can be removed from the
borehole. However, there are aspects that are valid for every operation. These apply to the
minimum depth of the sealing measures. Beneath the final soil layer, a plug or seal needs to
be installed. The reason for this is that this acts as a barrier to human, animal and plant
intrusion and rainwater penetration into the borehole. Also, the depth of the plug should be
below the depth of seasonal temperature variations, since, below that, constant geochemical
and thermal conditions are more likely, which will be beneficial for the long-term stability of the
sealing. (IAEA, 2003)
The guidelines for the abandonment of wells provided by the UK offshore oil and gas
organization (OGUK) describe as the most important aspect of the abandonment of wells the
isolation of rock formations that have flow potential. Since some geological formations do have
several sections with flow potential, several barriers or seals might be required to achieve the
overall goal of plugging and sealing the hole. Seals are also referred to as permanent barriers.
OGUK provides an overview what practices and barrier elements are required to achieve this
(Figure 6-1). For example, the best location for the barrier is described to be in front of a
suitable cap rock. A suitable cap rock should be impermeable and laterally continuous with
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adequate strength and thickness. At this point, it is important to point out that in hydrocarbon
and geothermal wells the abandonment of wells differentiates from planned sealing of the
deep disposal borehole. As it can be seen in the figure, the casing will be left in the hole in
case the cement job is seen to be sufficient. In this study, dealing with deep borehole
repositories for radioactive waste, the establishment of a direct contact between the formation
and the seal is one of the most important aspects. This causes the removal of sections or the
whole casing as is described in the previous chapter. (OGUK, 2015).

Figure 6-1 Permanent Barriers (OGUK, 2015a).

Not all flowing sections of the formation need to be isolated from the borehole. In some cases
the flow between two sections might be acceptable, for example, if the section to be isolated,
in this study the disposal section, is isolated and below the flowing formations. In this case, a
safety analysis might be required to confirm that the potential flowing sections of the borehole
are not impacting the sealing concept of the repository. An example for a cased hole
abandonment can be found below in Figure 6-2. For the repository borehole, the figure is most
likely to be different. As said, only uncased holes, or boreholes with a sectional of fully removed
casing string are considered. Also, as just mentioned, the disposal zone will be lowest in the
hole, and above the seal flowing sections might be acceptable.
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Figure 6-2 Example of a cased hole abandonment schematic. The right side shows annulus
cement verified by a log and the left side an estimated cement top. (OGUK, 2015b).

6.2 Objectives of borehole sealing
As stated in Swedish repository work (Pusch, 2011) the most important objective of borehole
sealing is to ensure that there are no effective transport paths for radionuclides to migrate from
the repository to the biosphere. This needs to be ensured in the short as well as in the long
term. Most important is to tightly seal the sections or parts of the borehole where the rock has
fractures. Other sections of the borehole, which are permeable by nature only need to be
backfilled with material, which does not need to be very tight. Important is that no pathway
from the radioactive waste canister to the surface, biosphere, is available. (Pusch, 2011)
The mentioned objectives can best be met with knowledge about the formation and the
borehole. Therefore, preliminary investigations are indispensable as already mentioned in this
report. To obtain this information, in many cases investigation boreholes in the nearby region
are drilled and geophysical investigations are carried out. Additionally to these examinations,
the actual disposal borehole will be precisely examined prior to the installation of the seal. It
is expected that these investigations are done starting in the Phase D of the siting process
(Saanio et al. 2021) as part of the exhaustive site characterisation programme.
Some of the important aspects to understand the formation and help to decide where and
which sealing structures need to be installed are:




Development of methods to define the in-situ stress state,
Fundamentals and methods of in-situ rock stress measurement,
Analysis of borehole breakouts and drilling-induced tensile fractures,

63 (129)
Technical report: Sealing of deep boreholes in crystalline rock



October 1, 2021

Calliper measurements.

Whereas in geothermal and hydrocarbon operations, fractures in the near wellbore formation
are not that big of a problem, in deep borehole disposal operations any fractures can lead to
additional challenges when it comes to the sealing of the borehole. More interesting and
feasible are the last bullet points presented above. Borehole breakouts and drilling-induced
tensile fractures cannot be prevented in most cases. However, from the breakout material,
which should be retrieved from the borehole and analysed afterwards, information about the
geological circumstances can be retrieved. Breakouts from the formation also typically present
weak points in the formation. These spots will require special treatment afterwards. One
solution would be to only backfill this section of the borehole, since it the formation in instable
and probably several fractures can be found in the near wellbore formation, which are
challenging to be closed. The other option is to seal this section. As said, the disturbed
formations will be challenging, therefore the sealing structures should be installed in other
sections of the borehole. Sections of the borehole, where breakouts have been verified, should
be backfilled and stabilized.

6.3 Sealing materials
The drilling industry has developed a wide range of materials that can generally be used for
the construction of a seal zone. Table 6-1 is intended to give an impression of the variety of
these materials. However, the level of knowledge about the properties of the materials and
practical experience are very different. In addition, not all materials meet the requirements
resulting from the disposal of radioactive waste. This applies in particular to the extraordinary
requirements for long-term resistance, which result from the extremely long functional time of
seal zones.
Table 6-1 Material types for permanent barriers (Oil & Gas UK, 2015).
Type

Material

Examples

A

Cements / ceramics

Portland cement, pozzolanic cements, slag, phosphate cements,
hardening ceramics, geopolymers

B

Non-setting grouts

Sand, barite, and other inert particle mixtures or clay mixtures,
bentonite pellets, etc.

C

Thermosetting polymers and
composites

Resins, epoxy, polyester, vinylesters, including fibre
reinforcements

D

Thermoplastic polymers and
composites

Polyethylene, polypropylene, polyamide, PTFE, PEEK, PPS,
PVDF and polycarbonate including reinforcements

E

Elastomeric polymers and
composites

Rubber, neoprene, nitrile, EPDM, FKM, FFKM, silicone rubber,
polyurethane, PUE and swelling rubbers, including reinforcements

F

Formation

Claystone, shale, sand, salt, crushed rocks

G

Gels

Polymer gels, polysaccharides, starches, silicate-based gels, claybased gels, diesel/clay mixtures

H

Glass

I

Metals

Steel, other alloys such as bismuth-based materials
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Barrier materials formed from casing and/or formation through
thermal or chemical modification

A selection of materials is described in more detail below. Materials that have already been
mentioned as potential material for the construction of seal zones as well as materials that
could be of particular use for their construction in deep disposal boreholes are taken into
account. Numerous organic materials are not considered. The reasons for this are the
uncertainties with regard to long-term stability and/or the limited knowledge about the usability
in deep boreholes. Organics may also form a risk in terms of radionuclide transport (PosivaSKB 2017, Section 8.2.4).
Table 6-1 also takes into account crushed rocks, which can be used in boreholes for different
purposes. Sealing elements can be produced using the specially developed melting process.
Alternatively, crushed rocks can be used to hydraulically separate sealing elements and to
support sealing elements. The first part of the material description focuses on sealing materials
and then bulk goods are described that are used to create a cavity. Due to this classification,
crushed rocks are dealt with in two sections.
At first, the special sealing method will be described, which has a special role in this context,
the rock melting or rock welding method. This method works with the crushed rock already
mentioned before. Also, crushed rocks can be used as backfilling materials. Backfilling will
shortly be addressed later on in the report in section 6. Afterwards, other sealing materials will
be described and their scope of application as well as characteristics are addressed.
6.3.1 Rock melting or rock welding with crushed rocks
Rock melting or rock welding is a sealing method using in-situ material. This technique
requires that foreign substances, such as the casing, are removed and crushed rock is filled
into the borehole. This material and the excavation damaged zone (disturbed rock zone, DRZ)
are melted. The cooling must be done according to exact specifications, so that the
recrystallized rock has properties comparable to the surrounding rock formation. The
implementation of this measure requires the use of an electric heater. As an advantage over
other methods it is pointed out that even damaged areas of host rock can be eliminated by
melting and recrystallizing (Gibb et al. 2008a,b). The result of the melting and recrystallization
process is a rock area without contact zone and the molten rock can be regarded as a low
permeable seal and abutment.
A detailed description of the method can be found in Arnold et al. (2013, chapter 3.3.1
Borehole Sealing by Rock Welding). This report also describes a greater need for research
until the process is ready for use. Attrill & Gibb (2003a,b) demonstrated that granite can be
partially melted and recrystallized under achievable conditions and on practical timescales in
the context of DBD. Arnold et al. (2013) state, however, that the experiments correspond to a
depth of about 4 km. Since the solution pressure can have a decisive influence on the result
of the melting process, additional experiments are required, if the technology is to be used at
lower depths.
The objective of a study performed by Osnes et al. (2015) was to evaluate the feasibility of
constructing a downhole heater. The evaluation and conceptual design of the heater system
resulted in the following findings:
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Borehole wall temperatures capable of producing a partial melt are
achievable under most expected thermal conductivities with a 12-kilowatt
heater.
Commercially available components have been identified that meet the
requirements of the heater system, including resistive elements that are
capable of providing the required heat generation, container materials that
can withstand the anticipated temperatures, and a system capable of
providing power to the heater.
Preliminary efforts defined the requirements of a downhole heater system
capable of melting rock and indicated that developing such a system is
feasible using available technology.

Woskov & Oglesgy (2017) used directed energy millimeter-wave beams to melt granite and
basalt in order to seal 51 mm diameter boreholes of about 200 mm depth. A 28 GHz, 32 mm
diameter launched diverging beam capable of 5 kW on target was used, but was generally
limited to less than 4 kW due to plasma breakdown in high temperature, atmospheric pressure
air. In this case, it was noted, however, that heating caused damage to the borehole walls that
was greater in granite than basalt.
A research project by the Olympic Research Inc. (Lowry, 2013) deals with the development of
high-performance plugs for boreholes. The planned principle works with molten metal and
rock, which create exceptional seal features. With high thermal energy sources, the material
will be melted to form a bond between material and borehole wall. For the melting process two
different concepts are used, first an electric plasma arc-melter and second thermite mixtures.
While the electric plasma arc-melter can be turned on from surface, the second concept works
with chemical reactions, which produce heat. The controlled start of the reaction at the desired
depth can be seen as one of the challenges in this approach. Within the first phase of the
research project, the viability of these approaches are examined and a recommendation for
the development and large scale field testing is given. (Lowry, 2013)
Gibb and Travis (2015) propose a similar concept for the sealing of deep borehole repositories.
The plan is to place the crushed granite backfill material in the borehole within the host
formation. With an electric downhole heater this material will be melted. The heated can then
be cooled down controlled, which allows the granite to recrystalline to a holocrystalline rock
identical to, and continuous with, the host rock in almost all its properties expect grain size.
For this concept the surrounding rock should be granitic as well and needs to be melted as
well. Two figures explain the concept in Figure 6-3.

66 (129)
Technical report: Sealing of deep boreholes in crystalline rock

October 1, 2021

Figure 6-3 (a) Schematic of the rock welding concept for sealing a deep borehole disposal (not
to scale; (b) Schematic of a possible rock welding scenario for a 0,66 m diameter borehole
using a hollow cylindrical heater. (Gibb & Travis, 2015).

Even though there are several concepts, rock welding has not been tested in deep boreholes,
which have the cross-section required for the disposal of radioactive waste yet. The
temperature in the borehole and its surroundings is significantly increased with this sealing
method, so that interactions with radioactive waste and other construction materials would
have to be considered and tested. Despite the control, the cooling of the materials and the
rock is rated as problematic because too rapid cooling can induce thermal stresses. Therefore,
no final evaluation is possible at this point of time and this possibility will be no further part of
this study. With more experience and additional research and development, rock melting might
become an option at later stage of the disposal programme in Norway, and elsewhere.
6.3.2 Cement-based materials
The term cement is used in different ways. Thus, cements or better cementitious materials
can be classified into two distinct categories: non-hydraulic cements and hydraulic cements
according to their respective setting and hardening mechanisms. In this study, cements are
understood to be hydraulic cements that set and harden due to hydration reactions with water
or aqueous solutions. Most of the construction materials today are based on hydraulic
cements. The compositions of such cements are regulated in Europe by the standard EN 1971 or the standard EN ISO 10426-1. This standard corresponds to the specification of the
American Petroleum Institute (API) Spec 10A. What these materials have in common is that
they contain Portland cement clinker. The clinker consists of various calcium silicates including
tricalcium silicate (C3S in cement chemist notation), dicalcium silicate (C2S in cement chemist
notation), tricalcium aluminate, and calcium aluminoferrite, and a so-called sulphate carrier or
agent.
When these substances react with water or aqueous solutions, hydrate phases and an alkaline
solution are formed. This solution can react with substances that have increased solubility at
high pH values. By adding reactive additives, it is possible to control the properties of cementbased mixtures in a targeted manner. The reactive substances can be part of the cement or
can be added during the preparation of the suspension. The reaction of the reactive
substances consumes hydroxide ions, so that the pH value of the material drops. As a result,
a distinction is made between high and low pH recipes. Limit values were defined in relation
to the pH value of eluates or the pore solution of the material. According to Alonso et al. (2012)
the pore solution of a low pH material has a maximum pH value of 11. The reactive additives
can be divided into latent hydraulic and pozzolanic additives. Latent hydraulic substances
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react extremely slowly with water. Like the Portland cement clinker, they contain CaO, but in
a smaller amount. The high pH-value accelerates the reactions. The reactions of the
pozzolans always requires an alkaline pH environment.
Blast furnace slag has latent hydraulic properties that permit its most common application as
a cement additive (EN 15167). Lime-rich fly ashes are fine-grained dusts with latent hydraulic
and/or pozzolanic properties. They mainly come from lignite firing plants. Moreover, finely
ground burnt slate has hydraulic, but also pozzolanic properties. Silica fume (EN 13263)
consists of extremely fine particles with a high content of amorphous silicon dioxide, which
can only react in an alkaline environment. Puzzolanes also include trass, hard coal fly ash (EN
450) and a group of substances made from clays, such as metakaolin.
To optimize the properties for the intended use, the cement-based materials can also contain
many other substances, such as fine-grained fillers, aggregates, or additives such as retarders
or plasticizers. As a result, fine-grained grouts, mortars and concretes are also differentiated
according to the grain size. Despite this fact, many characteristic properties result from the
ratio of Portland cement clinker and the so-called supplementary cementitious materials.
Areas of application can therefore also be assigned to the cement types. In particular, this is
common for well cements according to EN ISO 10426-1. Table 6-2 illustrates the API cement
classes and their intended use. Accordingly, cement-based materials can be used over the
entire depth of the planned disposal borehole. In principle, the mixtures can be used for
cementing the casing and as a component of the seal. As seal component, mixtures can be
used as a sealing element, as an abutment and as a combination of these two tasks.
According to Nelson & Guillot (2006) the limit of pumpability of a cement grout in deep
boreholes is 70 Bc (Bearden units. Dimensionless quantity with no direct conversion factor to
more common units of viscosity). Moreover the drilling industry is confident that a grout of
sufficient high flow behaviour could be delivered to the bottom of a 5 km deep borehole in a
time of about 4 h. Accordingly, retarders must be added to mixtures with a high proportion of
Portland cement and a low content of supplementary cementitious materials. Collier et al.
(2017) report about new grout formulations using sodium phosphate and sodium borate as
inorganic retarders.
Table 6-2 Cement classes of the standard EN ISO 10426-1 and their intended use. The original
specification in the unit feet has been converted into meters.
Cement class

Application range

Comments

Class A

up to 1830 m depth

When special properties are not required

Class B

up to 1830 m depth

When conditions require moderate to
high sulphate resistance

Class C

up to 1830 m depth

When conditions require high early strength

Class D

1830 m – 3050 m depth

Under conditions of high temperatures and pressures

Class E

3050 m – 4270 m depth

Under conditions of high temperatures and pressures

Class F

3050 m – 4880 m depth

Under conditions of extremely high temperatures and
pressures

Class G

up to 2440 m depth

Can be used with accelerators and retarders to cover a
wide range of well depths and temperatures.
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Class H

up to 2440 m depth

Can be used with accelerators and retarders to cover a
wide range of well depths and temperatures.

Class J

3600 m – 4880 m depth

Use under conditions of extremely high temperatures and
pressures Can be used with accelerators and retarders to
cover a wide range of well depths and temperatures.

Due to their chemical-mineralogical relationship, cement-based materials have in common
that they can react with numerous components of solutions and also with gases that can occur
in crystalline rocks. Many of these reactions result in an increase in porosity and thus an
increase in permeability and a decrease in strength.
A rough assessment of the stability (the corrosion resistance) is possible on the basis of the
information in DIN 4030-1. However, it should be emphasized that the given limiting values
only applies to so-called high-pH concretes. This standard does not take into account the
extremely long functional times required for structures that are required in the area of the
disposal of radioactive waste. It should also be noted that the building materials industry takes
average temperatures at the surface into account. With the depth, the temperature increases
and with it the reaction or corrosion rates. As a rule of thumb, rates for many reactions double
for every ten degrees Celsius increase in temperature. Table 6-3 shows limit values for the
classes of aggressiveness.
Table 6-3 Limiting values for evaluating the degree of attack of waters on cement-bound
materials according to DIN 4030-1/EN 206 (cf. ACI 2008).
Parameter/concentration

Degree of attack
Weak attack,
weakly aggressive

Strong attack

Very strong
attack

pH value

≤ 6.5 and ≥ 5.5

< 5.5 and ≥ 4.5

< 4.5 and ≥
4.0

Lime dissolving carbon dioxide [mg/L]

≥ 15 and ≤ 40

> 40 and ≤ 100

> 100

Ammonia (NH4+) [mg/L]

≥ 15 and ≤ 30

> 30 and ≤ 60

> 60

Magnesium (Mg2+) [mg/L]

≥ 300 and ≤ 1000

> 1000 and ≤ 3000

> 3000

Sulphate (SO42–) [mg/L]

≥ 200 and ≤ 600

> 600 and ≤ 3000

> 3000

Results of pH measurements are shown in Figure 6-4. Lower pH values, which damage
cement-based materials, are to be expected above all near the surface, but not in the depth
of the seal of a deep disposal borehole. With regard to the content of lime-dissolving carbon
dioxide, the research showed that an attack should primarily take place close to the surface,
but cannot be completely ruled out even at great depths. No evaluable data sets are available
for the ammonium content. Figure 6-5 shows Mg and SO4 contents of groundwater as a
function of depth. Unfortunately, very limited knowledge exists on the content of the corrosive
ions at great depths. Although a transition to NaCl solutions is described with increasing depth
(cf. Bottomley et al. 1990, Stober 1995), the change in the water type can also be due to an
increase in NaCl, so that the ratio of NaCl to Mg and SO4 increases. It cannot be deduced
from the change in the water type that the concentrations of Mg and SO4 decrease.
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Figure 6-4 Information about the pH values of groundwater in dependence of depth. A limit line
from DIN 4030 was also entered. Water below a pH value of 6.5 are weakly aggressive.

Figure 6-5 Content of Mg (left) and SO4 (right) of groundwater in crystalline rocks depending on
the depth.

Based on the current knowledge, no area of application for cement-based materials can be
determined. However, the conclusion can be drawn that only sulphate-resistant cements (SR
cement) are to be used for the production of cement-based materials. These cements contain
lower levels of aluminates that would react with SO4 (cf. Gulick 1978). In order to further
improve the resistance, part of the cement should be exchanged for supplementary
cementitious materials. Sobol et al. (2014) report that good experiences have been made with
the use of so-called composite materials (cf. Al-Dulaijan 2003). Baumgärtner et al. (2000)
report about the use of blast furnace based cements containing fly ash and title these mixtures
HMR cements (High Magnesium Resistant). In this way, the corrosion rate can be reduced,
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but corrosion cannot be prevented. Cement-based materials are not stable over the long term.
Grandia et al. (2010) stated that grout cements can only help to reduce groundwater infiltration
and improve stability of fractured rock during the excavation and the operation stage of
underground facilities. The grout materials are not designed to play any role in the long-term
safety.
In cases where detailed investigations show negligible levels of corrosive substances and the
use of cement-based mixtures is the favoured option, it should also be noted that these
materials shrink. This decrease in volume is due to the incorporation of free water into the
crystal structure of the hydration products. The volume of the components involved in the
hydration reactions decreases in the course of the hydration process. The shrinkage and the
decrease in the possibility of creep deformation are major reasons for the occurrence of leaks
in deep boreholes (cf. Nasvi et al. 2013). Shrinkage can lead to a loss of the bonding to the
borehole contour and tensile stresses inside the core barrier, which could result in cracks. A
large number of processes have been developed with the aim of reducing shrinkage. Above
all, three groups of procedures should be mentioned:




Gas generation,
Controlled generation of crystals that stabilize the grain structure,
Introduction of iron materials and other chemicals that promote oxidation of
the iron and expansion of the hardened material.

The gas evolution occurs too early. The chemical reactions of the additive, which lead to the
development of gas, already start after mixing or during the transport of the mixture and not
after the completion of the filling process. Sufficient volume expansion and gas pressure buildup cannot be achieved in deep boreholes because of the longer filling times. However,
methods of the second group using expansion additives have also been developed for deep
drilling technology (cf. Arens & Akstinat 1982, Ghofrani 1997). In chemical and mineralogical
terms, they are based on various mechanisms of action. Jafariesfad et al. (2017) describe the
use of nanosized magnesium oxide. Appah & Reichetseder (2001) used calcium oxide to
overcome contraction as cement slurry sets. Brady et al. (2017) points out that expanding
cements with CaO or MgO additives (API class G cements) are often used in the deep drilling
industry. Investigations of the effectiveness of CaO and MgO were carried out for example by
Nur et al. (2005). In other processes, the formation of ettringite is also used to generate an
increase in volume during curing or, if the possibility of volume expansion is limited, a pressure
build-up (cf. Sugama et al. 2011, Yamamoto et al. 2003). Particularly when using CaO and
when ettringite is formed, however, the effect of these substances on the corrosion resistance
of the material must be taken into account. Akgün & Daemen (2000) presents findings on the
performance of borehole seals with expanding cements.
In general, with regard to a specific recipe, the time of workability (pot life) decreases with
increasing temperature. Nevertheless, the temperatures to be expected for the creation of a
seal zone should not be a problem. However, with regard to the sealing of fine cracks in the
host rock and the damaged zone around the borehole, it must be taken into account that the
cement-based mixtures only have a limited ability to penetrate cracks. The particles block the
crack entrances so that only solution (water) can be pressed out of the suspension. A system
of fine cracks cannot be sealed in this way.
With the aim of lowering the proportion of corrodible cement paste and reducing thermal
stresses, it can be advantageous to use a formulation with aggregate. However, in any case,
in order to achieve a good bond to the host rock, the roughness of the rock surface and the
grain size distribution of the suspension should match. Information on this topic can be found
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in numerous papers due to the extensive experience that has been gathered and studies that
have been carried out in the field of civil engineering (e.g. Santos et al. 2007).
The concrete recipe used in preceding full-scale boreholes sealing projects in Finland and in
construction of concrete plugs in 200 mm boreholes at Äspö (Pusch & Ramqvist 2007) is
shown in Table 6-4. Its uniaxial compressive strength would be about 1 MPa after one day of
curing and at least 10 MPa after one month (Pusch & Ramqvist 2007). Despite the strength
and the fact that the recipe will shrink, it should be listed as an example. The strength and
probably high permeability is due to the large amount of water compared with the reactive
components (cement, silica dust). These facts apply to many low-pH mixtures with silica fume,
because this substance has an extremely small particle size and therefore a very high water
requirement. To ensure flowability, the water content must be increased significantly even
when using a superplasticizer. In practical use, it must also be taken into account that very
low rates of curing are characteristic of low-pH formulations. The small amount of Portland
cement clinker must release a sufficient amount of hydroxide ions before the reaction of the
supplementary cementitious materials can start. Mohammed et al. (2013) and Pusch et al.
(2013) point out that organic additives for reaching high fluidity cannot be used since they can
give off colloids that carry released radionuclides. This fact must also be assessed in detail,
which may result in restrictions in the choice of the superplasticizer. However, the finding was
the reason for the authors to develop cement-based mixtures containing talc in order to
improve the flow behaviour of the suspensions.
Table 6-5 shows the composition of a recipe used to plug an about 500 meters deep borehole
(Pusch & Ramqvist (2007).

Table 6-4 Concrete (low strength) recipe for plugging of boreholes after Pusch & Ramqvist
(2007, Table 7-2). The water-cement value of the mixture is around 4.1. If it is assumed that the
silica fume reacts completely, the water-cement equivalent value is about 2.0.
Components

Amount [kg/m³]

Manufacturer

White cement

60.0

Aalborg Portland

Silica Fume

60.0

Elkem

Fine ground -quartz M300

200.0

Sibelco

Fine ground cristobalite M6000

150.0

Sibelco

Superplasticizer Glenium 51

4.375 (dry content)

Degussa

Granitic aggregates 0–4 mm

1,700.0

Jehanders grus

Water

244.27

local

Table 6-5 Concrete for stabilizing boreholes – CBI recipe after Pusch & Ramqvist (2007).
Components

Amount [kg/m³]

Manufacturer

White cement

514.26

Aalborg Portland
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Silica Fume

342.84

Elkem

Fine ground -quartz M300

133.2

Sibelco

Fine ground cristobalite M500

107.5

Sibelco

Superplasticizer Glenium 51

8 (dry content)

Degussa

Fine quartz sand, < 250 µm

325.4

Askania

Coarse quartz sand, < 500 µm

488.1

Askania

Glass fibers, 6 mm

53.6

Saint Gobain

Water

244.27

local

Kimbrell et al. (1987) describe in-situ flow tests on cement borehole plugs installed in granite,
as well as laboratory back-up experiments on similar plugs. Prior to sealing, the hydraulic
conductivity of the boreholes was tested. Commercial expansive cement and standard water
well sealing bentonite products and emplacement procedures are used for borehole sealing.
Transient (short-term) and steady-state (long-term) testing determines the sealing
performance of the plugs under various stress conditions.
Basically, mixtures without aggregates are used for cementing the casing. During the flow
process in the annular gap of the borehole, high forces of friction and consequently pressure
losses can occur. For this reason, a very good flowability of the mixtures is required. It leads
to the need for increased water or solution contents and in some cases to the use of
superplasticizers. There is extensive experience and literature on the cementation of
boreholes with cement-based mixtures, which summarizes the knowledge gained. Reference
should be made, for example, to the publication by Nelson (1990).
In conclusion, however, it must be stated that no recipe can currently be recommended due
to the uncertainties regarding the site boundary conditions. It can also be assumed that
development work still needs to be done to develop suitable formulations.
6.3.3 Phosphate binder systems
Phosphate binder systems differ from calcium-based cements as setting and hardening is a
result of acid–base reactions between metal cations and soluble phosphate anions. Insoluble
crystalline metal phosphate hydrates are formed in the presence of water, rather than by direct
hydration reactions. To date, work has focussed on compounds of calcium, zinc, and
magnesium as the source of cations. The reaction is achieved by mixing an oxide or hydroxide
with either phosphoric acid or an acid phosphate, such as ammonium or potassium
diphosphate solution. Best known is the group of magnesium phosphate cement binder
(MPC), because they are used as a repair material for deteriorated concrete structures. In this
case, the main product of the reactions is a crystalline phase called struvite
(NH4MgPO4.6H2O), which results from the following reaction (e.g. Ribeiro et al. 2013):
MgO + NH4H2PO4 + 5 H2O → MgNH4PO4∙6H2O

(6-1)

In addition, dittmarite (NH4MgPO4∙H2O) is observed during hydration. Struvite is a thermally
stable phase in air up to a temperature of 55 °C, at which point it decomposes through the
loss of H2O and NH3 molecules from its structure, forming an amorphous composition that
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corresponds chemically to MgHPO4. In the presence of water at ambient temperature, this
composition can be rehydrated, forming the original phase (struvite) and other amorphous
and/or crystalline phases. Struvite and dittmarite are chemically and structurally similar.
Dittmarite is the predominant phase when the reaction is fast, and the struvite predominates
when the reaction rate is slow.
Wagh (2016) describes magnesium phosphate mixtures that can be used as borehole
sealants, called Ceramicrete (cf. Wagh 2004, Wagh et al. 2005). They are formed by mixing
magnesium oxide powder and soluble phosphate powder with water in a process similar to
that for making concrete. The wet mix can be pumped with commercially available equipment.
The resulting product is reported to be non-porous and with a high strength. He has reported
Ceramicrete as being applicable for oil well/geothermal well applications, but there is little
practical experience with these systems in the field. Patil et al. (2008) describe chemicallybonded phosphate ceramic borehole sealants (Ceramicretes) for the use in arctic
environments. At the moment, however, very limited information is available that allows an
assessment of the suitability as a sealing material in a deep disposal borehole. There is a lack
of information on the rheological properties, for the chemical-mineralogical compatibility tests
with the other elements of the seal zone and for the assessment of the long-term stability.
However, the development of these materials should be followed.
6.3.4 Sulphur
Sulphur has long been studied for its suitability as a backfill material for boreholes, but no
application is known. It is therefore assumed that the examinations did not proceed positively
or that the process development showed too great difficulties. Difficulties can arise, for
example, from the temperature required to achieve a sufficient flowability. The melting
temperature is around 115 °C. A large volume contraction during cooling would also be a
disadvantage.
Elemental sulphur can be found near hot springs and volcanic regions in many parts of the
world. Native sulphur is synthesised by anaerobic bacteria acting on sulphate minerals such
as gypsum near salt formations. However, natural analogues in crystalline rocks are not
known.
Roy & White (1975) described in a feasibility report five possible systems that might lead to
borehole plugs and one of these systems involved the use of sulphur. However, in order to
carry out a well-founded assessment of the material too little data is available.
6.3.5 Special binder systems
Special types of binder systems that are occasionally mentioned in connection with the
backfilling or closure of boreholes are calcium aluminate cements (CAC), calcium
sulfoaluminate cements, and belite-calcium sulfoaluminate ferrite cements. These types of
cement are briefly discussed in the following.
Calcium Aluminate Cement (CAC) Systems
CAC systems, also known as aluminous cement, high alumina cement, and Ciment fondu, are
based on hydraulic calcium aluminate phases. The predominant reactive phase is
monocalcium aluminate (CA, CaAl2O4). When mixed with water or an aqueous solution, this
undergoes a series of reactions which lead to the formation of a mixture of hydrates, such as
CAH10 (CaAl2O4∙10H2O), C2AH8 (Ca2Al2O5∙8H2O), C3AH6 (Ca3Al2O6∙6H2O), and alumina gel
(Al(OH)3). The curing temperature influences the type and quantity of the phases. CAH10 and
C2AH8 undergo what is called a ‘conversion reaction’, decomposing to a mixture of C3AH6,
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Al(OH)3 gel, and water, causing an increase in porosity accompanied by a decrease in
strength. They are only used in limited and specialised applications, for example for the
production of concretes, where rapid strength development is required. It is necessary to
mention their high biogenic corrosion resistance. According to Scrivener (2003) CACs were
originally developed for improved sulphate resistance and early CAC concrete was
successfully used in tunnelling works through gypsum deposits. Currently, CAC are not
considered as a potential sealing material.
Calcium Sulfoaluminate (CSA)/Belite Cement
Calcium sulfoaluminate (CSA) cements have a high alumina content, because they contain
yeelimite (C4A3S), also known as Klein’s compound besides belite phase (C2S), and gypsum
(CSH2). Moreover, CSA clinker contains Al-rich ferrite. Raw mixes of CSA differ from those of
ordinary Portland cement in that they contain significant amounts of sulphates.
Upon hydration, ettringite is formed according to the following reactions:
In absence of Ca(OH)2: C4A3S + 2CSH2 + 36H  C6AS3H32 + 2AH3

(6-2)

In presence of Ca(OH)2: C4A3S + 8CSH2 + 6CH + 74H  3C6AS3H32

(6-3)

Calcium hydroxide also affects the crystal structure. Ettringite formed in Eq. (2) is expansive
in nature, while ettringite formed in Eq. (3) is non-expansive. In addition, calcium
monosulphoaluminate hydrate, alumina and ferrite gel are described as hydration products
(Alonso et al. 2010). CSA cements set rapidly, and ettringite is only stable up to temperatures
of around 65 °C. According to this knowledge, CSA cements will not be considered further in
this study, although low shrinkage or expansion during curing is very beneficial for the
construction of seals.
Belite–Calcium Sulfoaluminate Ferrite (BCSAF) or Belite–Ye’elimite–Ferrite (BYF)
Cement
Essential phases in BCSAF or BYF technology are belite (dicalcium silicate, C2S), ye’elimite
(calcium sulfoaluminate, C4A3S), and ferrite (calcium alumino-ferrite, C4AF). The hydration
phase for BYF cement is presented as follows. The hydration of this binder system can be
described by the following reactions.
Hydration reaction while AH3 is still available:
C2S + AH3 + 5H  C2ASH8 (strätlingite)

(6-4)

Hydration reaction at later ages:
C2(A,F) + C2S + C2ASH8  2C3(A,F)SH4 (katoite)

(6-5)

2C2S + 7H  C3S2H6 + CH

(6-6)

2C2S∙CS + 7H  C3S2H6 + CH + CS

(6-7)

The knowledge available is not sufficient for use in deep boreholes. Extensive development
work is still required. The materials group is therefore no longer considered for backfilling or
sealing measures in deep boreholes.
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6.3.6 Binder systems on the basis of silicate solutions (geopolymers)
Geopolymer concrete combines an alkaline liquid with a geological source material containing
silicon and aluminium to form a binder that does not use any Portland cement. Because the
chemical reaction that takes place is a polymerization process, the material is called a
geopolymer. The geological source material can come from naturally occurring materials such
as kaolites and clays or by-product materials such as fly ash, silica fume, slag, rice-husk ash,
etc. Fly ash, being one of the most abundant source materials with the necessary properties,
is the most commonly used source material for geopolymer concrete. The alkaline liquids
come from soluble alkaline metals such as sodium or potassium such as combinations
or sodium hydroxide and potassium hydroxide and sodium silicate or potassium silicate.
Geopolymers are a mixture of solid aluminosilicates with a silicate-containing, alkaline
activation agent (solution). According to their type of binder they can be classified further.
The mechanical properties of geopolymer concrete is similar to that of Portland cement
concrete, and therefore can be used as a substitute for Portland cement. Geopolymer concrete
gains strength similar to Portland cement concrete. Other beneficial engineering properties
are high chemical durability and good resistance against temperatures.
The source of alkaline chemicals is usually Ca(OH)2, NaOH, Na2SiO3, the combination of
NaOH and Na2SiO3, the combination of KOH and NaOH, K2SiO3 and its combination, and
Na2CO3. Different combinations of alkaline solutions will yield different geopolymer strength
and properties associated with it. Despite continuous efforts in the development of geopolymer
cement, the accurate mechanism governing the setting and hardening of geopolymer cement
remains ambiguous. However, the chemical reaction pathway is comprised of three major
steps as follows:




The dissolution of Si and Al atoms from the source material from the reaction
of hydroxide ions,
The transportation or orientation or condensation of the precursor ions
forming monomers,
The polymerisation of the formed monomers into polymeric structures.

Recent approaches have focused on so called “one-part” geopolymer mixes. The synthesis
route for these formulations is similar to the procedure for the hydration of conventional
Portland cement-based binders. For example, one-part geopolymers can be produced from
mixed silica and alumina sources incorporating the alkalis in water-soluble form, thus, just
water has to be added. There is no necessity to handle highly alkaline solutions, because the
solution forms directly in the reaction system by dissolution of the solid starting material(s).
As presented in Figure 6-6, the solubility rarely exceeds 8.5 in ordinary cast water. As it is
described in Palmer & Palmer (2003) the pH may exceed 9.0 in small fissures and pores in
some regions. The highlighted section shows the pH value in the seal zone after Lucas et al.
(2017), which can be used for the moment as well. This shows the region in which
geopolymers can be used with the risk of the material to dissociate.
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Figure 6-6 Solubility of SiO2 versus pH value, calculated from thermodynamic values given by
Weast and others (1986) after Palmer & Palmer (2003) (cf. Kehew 2001). The pH value range
to be expected in the seal zone according to data from Edmunds & Savage (1991), Karro &
Lahermo (1999), Laaksoharju et al. (1998), and Wikberg (1997) is highlighted in yellow (cf.
Lucas et al. 2017).

Zellmann (2008) gives an introduction to binder systems based on water glass. However, the
focus of the work is the study of ways to accelerate the hardening reactions. In deep
boreholes, reactions do not necessarily need to be accelerated due to increased ambient
temperatures.
Thirumakal et al. (2020) carried out research in order to use geopolymer as well as cement,
and major aim was to analyse the mechanical behaviour of a geopolymer and to compare it
with an ordinary Portland cement (OPC)-based well cement. Salinities up to 30 % NaCl were
considered. The geopolymer had higher strength and Young’s modulus compared with the
OPC mixture. On average, the difference increased as salinity increased. According to
Thirumakal et al. (2020) the findings indicate that Geopolymer can be a good alternative for
OPC based cements under deep downhole conditions.
Comparable results were also found in the study of Kanesan et al. (2018). Thus, a fly ash
geopolymer (FAGP) mixture achieved higher compressive strengths compared with a Class
G cement recipe for all curing temperatures above 36 °C. Moreover, FAGP was found to be
more susceptible to marine environment whereby curing medium of brine water resulted in
higher strength values. The findings support that usage of Geopolymers for well cementing. It
has an edge over Portland cement for better short- and long-term performance to ensure
wellbore integrity. According to Kanesan et al. (2018) Figure 6-7 illustrates the effect of the
curing temperature on the compressive strength of FAGP and a Portland cement mixture. Also
in the case of the investigations of Kanesan et al. (2018), an increase in strength was
determined when the Geopolymer specimens are stored in solution with increasing salinity.
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Figure 6-7 The effect of curing temperature on the compressive strength of FAGP and Class G
cement after Nasvi et al. (2012).

With regard to long-term stability, it is a great advantage that the materials have a low Ca
content, so that, for example, an exchange of calcium for magnesium, as with cement-based
materials, that results in deterioration can be excluded. The high content of extremely poorly
soluble silicate phases should also be emphasized. However, the reaction of aluminates with
dissolved sulfate is to be assessed. Bakharev (2005), for example, carried out studies on this
topic. A decrease in the strength of geopolymers with fly ash was found in sodium sulphate
solution, while the findings for magnesium sulphate solution were inconclusive. Lemay (2017)
emphasizes the resistance of geopolymer concrete to sulphate attack. These investigations
also yielded different findings and show that further investigations are required to determine a
recipe that is suitable as a seal element in a deep disposal borehole.
Results on microbial stability are described by Hermann et al. (1999) as follows. Microbial
activity was determined according to DIN 53739 and ASTM G21/22. The specimen were
flushed and then doped with fungi, bacteria and a combination of both. The samples were
then stored in a humid and dark environment over 4 weeks. The surface remained unaffected,
and no noticeable changes occurred to compressive strength and leachability. No microbial
or fungal growth was observed.
Sugama et al. (2011) identified hard-burned magnesium oxide (MgO) as a suitable expansive
additive for improving the plugging performance of sodium silicate-activated slag/Class C fly
ash blend cement sealers into rock fractures. MgO extended the volumetric expansion of
sealers during their exposure to a hydrothermal environment at 200 °C under pressures
ranging from 300 to 1500 psi (2.7 to 10.3 MPa).
Several additional papers have dealt with the application of geopolymers in plug and abandon
operations. The main aspect was here the sealing of hydrocarbon wells. Khalifeh et al. (2014)
discuss a CFA geopolymer and investigated to potential to use it as an alternative material to
cement in plug and abandonment operations. Here the consistency of the slurry is still seen
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as a concern, but with some additional optimization geopolymers seem to be a good
alternative. Especially the early strength development is pointed out. Salehi et al. (2017)
discuss a similar topic and also point out the high potential for future application of
geopolymers for oil and gas well cementing. With some more research and development
needs and the individual adaptaion of the final mixture according to the location, geopolymers
seem to be one of the go-to products for plug and abandonment operations and the long-term
sealing of boreholes of all types.
6.3.7 Alloys
An alloy is an admixture of metals, or a metal combined with one or more other
elements. Alloys are manufactured in order to obtain the metallic substances with optimal
properties for the respective application. One reason can be to reduce the melting point. For
many alloys there is a particular alloy proportion (in some cases more than one), called either
a eutectic mixture or a peritectic composition, which gives the alloy a unique and low melting
point. Examples are the Wood’s metal, an eutectic, low melting point alloy of bismuth, lead,
tin, and cadmium (melting point around 60 °C), however, this is rarely used nowadays for
health reasons, or Rose’s metal that consists of 50 % bismuth, 25–28 % lead and 22–25 % tin.
Its melting point is between 94 and 98 °C. Due to their low water solubility and high tightness,
alloys are interesting for creating sealing elements. Specific alloys can penetrate fine cracks.
Thus, alloys are used to investigate crack systems in the field of mineralogy. This fact is
important for the sealing of the damaged zone in the host rock.
Alloys are already extensively investigated for backfilling cavities in the disposal zone of deep
boreholes (Gibb et al. 2008, NDA 2017). Examples are the so-called sealing and support
matrix (SSM) alloys, in particular the High Density Support Matrix (HDSM). It is a low
permeable lead-tin alloy deployed as a fine shot. In case of the use in the disposal zone
radiogenic heating from the waste would cause the shot to melt, and it would then flow, much
like mercury, filling smaller void spaces. An alloy close to the eutectic composition would begin
to melt at around 190 °C. This temperature could be tuned by varying the alloying metals and
their mixing ratio. After the thermal pulse had subsided, the molten metal would cool and
eventually re-solidify. A heater could be used in the seal zone for melting, i.e. a technique that
is being considered for melting or welding the host rock.
Research work on HDSM is being actively pursued at the laboratory scale, but this would need
to be extended to a larger scale, and eventually to field trials to demonstrate feasibility. The
concept is currently unproven and it is noted that, depending on site-specific conditions (for
example, local fracturing of the rock), there could be potential for molten HDSM material to
migrate away from a borehole. It is noted that tin and lead are both chemotoxic, so their
inclusion in disposal concepts would require careful consideration to ensure there would be
no associated detrimental impact (for example, potential for contamination of aquifers). An
alternative to tin would also be preferable on cost grounds. For a use in a deep disposal
borehole, therefore, extensive research work has to be done. However, the construction of
sealing elements with alloys would be conceivable over the entire length of the borehole.
6.3.8 Bituminous substances
Many terms and definitions of terms are used to describe bitumen. "Bitumen" itself is a generic
name applied to mixtures of hydrocarbons, which can be gaseous, liquid, semi-solid or solid
and are completely soluble in carbon disulphide.
The term bitumen (also, on occasion, referred to as native asphalt, and extra heavy oil)
includes a wide variety of reddish brown to black materials of semisolid, viscous to brittle
character that can exist in nature. It is found in deposits where the permeability is low and
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passage of fluids through the deposit can only be achieved by prior application of fracturing
techniques. In addition to the extensive literature, EN 12597 contains detailed information on
bitumen. Bitumen as a thermoplastic petroleum residue is a mixture of various hydrocarbons,
which is obtained in the distillation of petroleum or obtained from bitumen-containing natural
resources. Soenen et al. (2016) describe bitumen as a hydrocarbon product, which is received
as the distillation bottom product of an oil refining process and has a high boiling point and
viscosity and is soluble in trichloroethylene. In addition, they point out that the soluble binder
product separated from natural asphalts by extraction is bitumen. To improve the properties
of bitumen it can be oxidated to be suitable for intended applications. Asphalts are mixtures of
bitumen and mineral substances (aggregates) (Studer, et al., 1984, Wolf, 1989).
Bituminous materials have had wide application in the building industry for many years. As
early as 3800 B.C. they were used in construction because of their adhesive and waterproofing
properties. (Jones, 1963)
Also, in the newer times, bitumen is still a commonly used material, especially in the context
of the construction of shaft seals (e.g. Herold 2011). In the field of radioactive waste disposal
it is used as embedding material for low- and intermediate-level radioactive wastes, and is a
potential candidate for tunnel-sealing or shaft-plugging (e.g. Burlaka et al. 2019, Herold et al.
2017, Kudla et al. 2015). Bitumen or asphalt is also considered as sealing material for
boreholes (e.g. Boyd et al. 2002, Arnold et al. 2012, cf. Fig. 4.12, Arnold et al. 2014,
Rosenzweig et al. 2019). Moreover, for many years asphaltic-type products have been used
in water-based drilling fluids as an additive to assist in borehole stabilization. Fuenkajorn &
Daemen (1996) distinguish between short-term, long-term and permanent sealing elements
and list asphalt-based solid materials as an example of long-term elements (see also Hou et
al. 2012).
Adhesiveness of bitumen to a surface depends upon both the nature of the surface and the
state of the bitumen. For an adhesive to act it must be able to wet a surface. In a fluid state
bitumen can wet a dry solid surface and good adhesion will result, but the presence of water
will prevent adhesion. The temperatures of the solid and the bitumen also influence the bond,
as will any dust on the surface of the solid and the nature of the solid itself. Even after a
bitumen bas been successfully applied, the bond can be decreased or even destroyed by the
entrance of water into the bitumen-solid interface.
The extensive use as a sealing material is based on the fact that the permeability of bitumen
is extremely low. The viscous bitumen is resistant to cracking and has the ability to penetrate
cracks and voids and to self-close. Bitumen is resistant to most acids, salts, and alkalis (Brady
et al. 2009, Coons et al. 1987, Eyermann 1995). However, bitumen can undergo alteration
due to biodegradation, oxidation, weathering, etc. These processes must be taken into
account, in particular, for boreholes whose volume-to-surface ratio is relatively low. The
sealing materials have a large surface area relative to the volume, and the reactive processes
start at lateral surfaces (Figure 6-8). For example, under the influence of water, excessive
temperature and solar radiation, bitumen can be slowly broken down to carbon dioxide and
water.
Mention has been made of the changes that bitumen undergo when they are overheated; this
is but one of the peculiarities encountered in their handling and service. Among the other
factors to be considered are water absorption and photo-oxidation. Bitumen are readily
oxidized when subjected to ultra-violet radiation, a process that forms water soluble products
and results in a material that is harder and less flexible than it was originally. If it continues
until the bitumen can no longer withstand the strains imposed by thermal and structural
movement, the material cracks. The loss of volatile materials also causes contractions that

80 (129)
Technical report: Sealing of deep boreholes in crystalline rock

October 1, 2021

frequently cause shrinkage cracks. In the absence of light and heat, however, the rate of
oxidation is low and the useful life of the materials can be extended.

Figure 6-8 Volume-to-surface ratio of a cylinder (borehole) as a function of the borehole
diameter.

Fixing certain parameters in laboratory tests allows quantitative degradation rates to be
derived. Thus, Nagra (1989) determined experimentally degradation rates of 20 to 50 g/(m²∙a)
for aerobic conditions and rates of 0.2 to 0.6 g/(m²∙a) under anaerobic conditions (cf. Coons
et al. 1987, Wolf 1989, Bates et al. 2014). However, these experiments were performed under
non-saline conditions and in a culture medium with all the elements required for microbial life.
Under highly saline conditions, such as near or in salt formations, the conditions for anaerobic
microbial degradation of bitumen are considerably more difficult. This can first be established
thermodynamically. Living at high salt levels requires a lot of energy because the microbes
have to balance their cytoplasm energetically with their environment. This is possible with
photosynthesis, aerobic respiration, and anaerobic denitrification even at the highest salt
concentrations, while other processes, including sulphate reduction with acetate as the
electron donor, have never been observed at salt concentrations above 100 to 200 g/l. The
microbes can then survive in a resting state, but they no longer show metabolic activity.
An alternative approach to laboratory studies is the study of natural occurrences of bitumen
as natural analogues. In this regard, it is of particular relevance that bitumen occurs in various
salt formations. Bitumen is frequently found filling pores and crevices of sandstone, limestone,
or argillaceous sediments. The stability of hydrocarbons under highly saline, anaerobic
conditions to microbes during geological periods is also demonstrated due to numerous
deposits of oil beneath salt dikes, the fact that the waters lying in the vicinity of oil deposits are
usually of high salinity, but also by the production of bitumen from the Dead Sea since ancient
times (McGenity 2010). However, it cannot be completely ruled out that very rare microbial
species with specially adapted metabolism are able to gain energy in concentrated saline
solutions by sulphate reduction. For example, strains such as Desulfovibrio oxyclinae or
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Desulfohalobium retbaensae can still reduce sulphate at salt concentrations up to a maximum
of 240 g/l. Investigations in sediments in the Great Salt Lake, Utah, show that the sulphate
reduction at salt concentrations of 270 g/l is two orders of magnitude slower than at salt
concentrations of 115 to 125 g/l. For bitumen, sulphate reduction in the concentrated saline
environment is likely to be even more difficult than for the above-mentioned organic acids. For
these reasons, anaerobic microbial degradation of bitumen is unlikely.
The special behaviour of bitumen bring up additional challenges for the placement. Section
6.6 describes the most common possibilities for almost every material, still bitumen is special,
and therefore the possible placement options are briefly discussed at this point.
Heated bitumen can be pumped through pipelines, though it must constantly have a
sufficiently high temperature in the pipeline and the borehole. In addition, it must have a
density greater than the well operating fluid to prevent it from floating. This can optionally be
achieved by the addition of filler. Filler, i.e. asphalt instead of pure bitumen, because bitumen
has high thermal expansion or contraction coefficients. When cooling down, there is a strong
shrinkage, which can be reduced by adding the filler. The coefficient of volumetric expansion
of bitumen is about 6∙10–4/K. Typically the linear coefficient of thermal expansion of an asphalt
mixture is between 2 and 3∙10–5/K. Another advantage is the increase in thermal conductivity.
The density of the viscosity can also be adjusted to control the sealing effect. However, when
used in vertical boreholes, it should be noted that the temperature-dependent rheological
behaviour leads to depth-depending viscosities due to the geothermal gradient.
Another way to pump bitumen is to use emulsions. These emulsions are heterogeneous, twophase systems consisting of two immiscible liquids, bitumen and water, stabilized by a third
component, the emulsifier. The bitumen is dispersed throughout the continuous aqueous
phase in the form of discrete droplets, typically 0.5 to 5 microns in diameter, which are held in
suspension by electrostatic charges. The emulsions can be divided into three classes. The
terms cationic, anionic, and non-ionic emulsion refer to the overall particle charge on the
bitumen droplets imparted by the emulsifier. The bitumen content is typically between 30 %
and 70 %. The primary objective of emulsifying bitumen is to obtain a product that can be used
without the heating.
Enbridge took the challenge to build a long distance 35 km buried and insulated pipeline for
heated bitumen. The bitumen had to be kept above 90 °C to remain pumpable. Here a quality
requirement for this bitumen transportation system is to use heat rather than dilution to keep
the flowing viscosity of the bitumen within acceptable limits. This means, the pipeline must
always be operated at a sufficiently high temperature. As Table 6-6 shows, the viscosity of the
bitumen is highly affected by temperature.
The use of bituminous plugs or pellets has proven to be useful for small diameter boreholes.
These plugs can be produced with different lengths and diameters (Figure 6-9). In cases of
low depths and large diameter boreholes, the use of cookers would also be possible (Figure
6-10). Cookers heat up and liquefy the material on the surface and the material can then flow
into the borehole. In case the borehole is too deep the material might harden before reaching
the wanted depth.
Table 6-6 Viscosity/temperature relationship for raw bitumen after Dickau & Pardo (2004).
Bitumen density range: 1013 to 1015 kg/m³ at 15 °C.
Temperature [°C]

Viscosity – Base Case [cp]

Viscosity – Worst Case [cp]

130

51

70
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120

75

105

110

116

165

100

188

275

90

327

490

80

613

944

60

2865

4688

Another process that can lead to a loss of quality in bitumen or asphalt is moisture damage.
Moisture damage can be defined as the loss of strength, stiffness and durability due to the
presence of moisture leading to adhesive failure at the binder-aggregate interface and/or
cohesive failure within the binder or binder-filler mastic (e.g. Airey et al. 2008). However,
moisture can still diffuse into the binder over time, reducing binder adhesion to aggregate or
causing other changes that increase asphalt susceptibility to further water damage.
Accordingly, this paper investigates the effects of water exposure at elevated temperature or
extended duration on bituminous asphalt binder. Atomic force microscopy (AFM) images of
bitumen samples exposed to water at ambient temperature showed “nano-bumps” appearing
on characteristic “bee” structures on the bitumen surface, and Fourier transform infrared
spectroscopy (FTIR) showed an enrichment of polar compounds at the surface due to water
exposure.
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Figure 6-9 Bituminous plugs for borehole sealing (diameter 15 cm). Photo from BGE’s archives.

Figure 6-10 Tests of the transport of the cooker underground (without and with bitumen) at the
Morsleben repository (Saxony-Anhalt, Germany). Photo from BGE’s archives.

84 (129)
Technical report: Sealing of deep boreholes in crystalline rock

October 1, 2021

6.3.9 Clay (bentonite)
Initially, bentonite is a rock term for a clay deposit composed essentially of crystalline clay
minerals formed by alteration of glassy igneous materials either tuff or volcanic ash (e.g.
Eisenhour & Reisch 2006). In addition, quartz, calcite and micas, feldspar, volcanic glass,
organic matter, gypsum and pyrite are present. Clays of the smectite group dominate.
Characteristic for these clays is that an octahedral sheet (Al-O-OH) is sandwiched between
two tetrahedral sheets (Si-O), so that the group belongs to the 2:1 layer minerals. The layers
of octahedra and tetrahedra are positively charged at the corners or edges and the outer
surfaces of the tetrahedra are negatively charged. Since the surfaces of the tetrahedra
predominate a negative overall charge results. The layers are connected by cations of alkali
metals (Na+, K+) or alkaline earth metals (Ca2+). In addition, many other substances can
penetrate the interlayer, especially water. Si and Al can be exchanged for other elements in a
variety of ways and the elements can be charged differently, with almost exclusively bivalent
and trivalent elements being present. This substitution leads to the fact that the positions in
the center of the octahedra and tetrahedra can be occupied to different extents. In the case of
so-called trioctahedral minerals all positions are occupied or three positions per formula unit,
while in the case of dioctahedral layers only two thirds or two positions per formula unit are
occupied. Montmorillonite is an example of a dioctahedral smectite. Typically for all these clay
particles is that they are platelets, nanometers in thickness and a few microns in diameter.
More basic information on clay minerals can be found, for example, in the publications by Grim
(1968), Newman (1987) or Odom (1986).
The crystal structure of montmorillonite lead to the unique properties of bentonites, which
promotes their use in the radioactive waste disposal (e.g. Dohrmann et al. 2013). This includes
the swelling capacity, i.e. the increase in volume on contact with water or, if the possibility of
volume expansion is limited, the build-up of pressure. The high capacity to bind cations, such
as dissolved radionuclides, which is also a result of an exceptionally large surface, should also
be emphasized. The materials can be used as a sealing material and as a chemical barrier.
The chapters 5 and 12 of the book Fuenkajorn & Daemen (1996) provide an introduction to
the use of bentonite as a sealing material.
However, the low bond between the extremely small particles means that bentonites can be
eroded (e.g. Kurosawa et al. 2011, Missana et al. 2003, Pusch & Ramqvist 2006, chapter
3.3.2 Erodability, cf. Johannesson & Jensen 2012). This has far-reaching effects on its use as
a sealing material. It should be considered whether modification of the material, for example
by adding substances, can improve the erosion stability. In addition, it has been shown that
the function of seals made of bentonite requires abutments that are functional in the long term.
With regard to the geological framework conditions, the likelihood of erosion of bentonite
particles in deep boreholes should be lower compared with near-surface use. However, it must
be taken into account that when heat-generating waste is disposed of, a pressure can arise
on the end face of the seal, which leads to fluid flow, so that the possibility of erosion increases.
Basically, very different forms of bentonite materials are produced, ranging from fine-grained
powders to large blocks. Common forms are mainly granulates, pellets, briquettes and mixed
forms. Figure 6-11 is intended to give a visual impression of the sizes and shapes. However,
a problem with regard to the placement in a solution-filled borehole is that the water or solution
uptake of bentonite occurs very quickly and the consequence is a disintegration of bentonite
pieces. The build-up of swelling pressure and the sealing effect require a minimum density of
the bentonite (see Figure 6-12 and Figure 6-13). These prerequisites cannot be met if the
water uptake and the swelling process takes place too early during the emplacement process.
According to Pusch & Ramqvist (2007) the density of the matured clay should be on the order
of 2,000 kg/m³, corresponding to a dry density of 1,590 kg/m³, for fulfilling the criterion that the
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hydraulic conductivity must be lower than that of the surrounding rock. It is assumed that this
specification applies to MX-80 bentonite. An additional influencing factor on the swelling
pressure of bentonite is the concentration of NaCl and CaCl2 solutions. On the example of
GMZ01 Chun-Ming and colleagues (2013) have carried experiments, which results are
summarized in Figure 6-14. Within the same paper additional investigations regarding the
impact of these salt solution on the material are discussed. Similar to the swelling pressure,
the hydraulic conductivity is impacted as well (see Figure 6-15).

Figure 6-11 Granulates, briquettes, binary mixtures, and blocks of bentonite that are basically
suitable for the construction of seals.

Figure 6-12 Swelling pressure versus final dry density of bentonite after Wang et al. (2012).
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Figure 6-13 Swelling pressure – dry density relationship according to Schanz & Al-Badran
(2014).

Figure 6-14 Influence of concentration of NaCl and CaCl2 solutions on the swelling pressure of
the GMZ01 bentonite after Chun-Ming et al. (2013).
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Figure 6-15 Influence of concentration of NaCl and CaCl2 solutions on the hydraulic
conductivity of the GMZ01 bentonite after Chun-Ming et al. (2013).

Various methods have been developed with the aim of minimizing the problem of early
swelling and Figure 6-16 shows plug concepts presented by Pusch & Ramqvist (2007). They
are primarily intended to be used in boreholes with diameters ranging up to 100 mm but at
least the “Basic” and “Pellet” plugs can be used in much wider holes. This latter type and the
“Couronne” plug can hardly be used in very deep holes while the other two may be used in
kilometre-deep holes. Accordingly, the basic technology would most likely be used in a deep
disposal borehole.

Figure 6-16 Clay plug concepts after Pusch & Ramqvist (2006, 2007). Left: The “Basic” plug
with highly compacted clay columns confined in perforated copper tubes. Second left: The
“Container” plug with highly compacted clay blocks contained in a cylinder attached to drilling
rods and released when the tip of the cylinder is in the desired position. Third left: Pellets
poured into the borehole without compaction. Right: The “Couronne” plug with annuli of highly
compacted clay stacked around jointed copper rods that are pushed into the borehole.
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Figure 6-17 illustrates the emplacement of bentonite and the construction of a clay plug with
the aid of perforated copper tubes. The left picture also shows the combination of the bentonite
seal with a concrete plug, which is located in the area of the fracture zone, in order to avoid
erosion of the bentonite. Pusch (1982) for example, deals with the subject of the reaction of
bentonite and copper.

Figure 6-17 Construction of a bentonite seal using a perforated copper tube according to
Hardin (2015) and Pusch (2009).

Since these bentonite consists of particles, albeit very fine, a closure of the pathways in the
damaged rock zone of the host rock is only possible to a very limited extent. Alternatives must
be used to seal this area, which is very important for the overall resistance of the seal zone.
With regard to the long-term function of a bentonite seal, interactions with rock solutions are
to be assessed, reactions with solutions from building materials, in particular the abutments
and thermal influences must be taken into account. The product of reactions with groundwater
is the non-swellable clay mineral illite, so that the reaction is also referred to as illitization. This
reaction is particularly dependent on the potassium content of the water as is shown by the
following reaction equations:
smectite + Al3+ + K+  illite + Si4+ + Fe3+ + Na+ + Mg2+

(6-8) or

smectite + K+  illite + Si4+ + Fe3+ + Na+ + Mg2+

(6-9)

However, the overall reaction takes place in many stages, whereas illite-smectite mixed layers
are formed with decreasing amount of smectite. The rate of illitization increases with
temperature.
Finally, it should be emphasized that, due to its sorption properties, bentonite can also be used
as a chemical barrier. Diffusion and sorption properties of radionuclides in compacted
bentonite describe for example Yu & Neretnieks (1997). Shirazi et al. (2011) for example,
conducted tests with compacted bentonite (dry density 1.33 – 1.90 g/cm³) and NaCl solutions
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with concentration varying from 0.5 – 4.0 mol/l. It was found that the higher initial dry density
specimens showed a higher maximum swelling rate and the maximum swelling rate of
bentonite decreased with increasing concentration of NaCl. The permeability of bentonite
rapidly increases with increasing concentration of NaCl (cf. Shirazi et al. 2011).
The studies by Ahmed et al. (2016) came to comparable results, but also allow conclusions
about the influence of the type of cations, temperature, and pH value. Bentonite changed from
highly swelled material to aggregate in high salinity and the free swelling of bentonite
decreased with the increase of cation valence and concentration. Monovalent cations
concentration greatly influenced the swelling volume of bentonite, whereas the influence of
the increasing concentration of divalent cations was marginal. As the radius of the hydrated
ionic increased, the free swell of bentonite in same valance cation solutions raised. Moderate
swelling changes were obtained when the solution pH increased. Meanwhile, increases in
temperature will increase the swelling of bentonite.
The temperature dependence of bentonite swelling was investigated by Akinwunmi et al.
(2019) in more depth. The most important results are shown in Figure 6-18. At temperatures
above room temperature a slight increase in the swelling pressure is observed. The trend will
have no significant influence on the sealing effect in the borehole.

Figure 6-18 Temperature dependence of bentonite swelling (Akinwunmi et al., 2019)

More information about the behaviour of bentonites under different surrounding conditions can
be found in literature (e.g. Buil et al. 2010, Fujii et al. 2014, Arnold et al. 2013). Posiva also
investigated the long-term stability of bentonite and provides a good overview in Laine &
Kartunen (2010). The discussed topics and available information show that bentonite can be
used over the whole range of the seal zone. The limiting factor is inadmissible heat input to
the system.
6.3.10

Barite

Barite is a mineral consisting of barium sulphate (BaSO4). Most barite is ground to a small,
uniform size before it is used as a filler or extender, as addition to industrial products, in the
production of barium chemicals, or as a weighting agent in petroleum well drilling mud (cf.
Amani 2018, Amec Foster Wheeler 2018d, chapter 5.2.4). When cementing deep boreholes,
barite is also used as a component of the cement mixes (e.g. Vrålstad et al. 2019).
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Barite is interesting as a sealing material mainly due to its high density (about 4480 kg/m³),
which makes the filling self-compacting with time due to sedimentation. Additional information
on sedimentation describe, for example Skalle et al. (1999). Barite is almost chemically inert,
the solubility is very low under the conditions to be taken into account (cf. Puchelt 1967,
Sandén et al. 2017, Zhen-Wu et al. 2014), and no chemical alteration is expected in the long
term. Barite can therefore be used under different chemical conditions and in a wide
temperature range. Barite shows no self-curing, however, according to Amec (2014) and
Brenner et al. (1989) it is less prone to erosion by flowing groundwater than bentonite.
Barite has been used to form plugs to control active gas zones in wells (Messenger 1969).
The plugs were composed of barite, water, and a thinner. The material is installed as a slurry
with a density of between 2157 to 2875 kg/m³, using cementing equipment and spotted
through the drill pipe. The minimum attainable hydraulic conductivity is 10−9 to 10−10 m/s
according to Blümling & Adams (2008), but these figures are recommended to be checked by
performing laboratory experiments. Nagra developed a multi-component seal for borehole
SB4a/s. In this case, an approximately 54-m-thick zone of barite is underlying a bentonite
zone, which is about 28 m thick. (AMEC, 2014)
A barite plug consist of a settled volume of barite particles from a slurry placed in the well bore
to seal off a pressured zone (API RP 59, Recommended Practice for Well Control Operations,
Second Edition, May 2006; IADC Lexicon).
A plug made from barite weighting materials is placed at the bottom of a wellbore. Unlike a
cement plug, the settled solids do not consolidate, yet a barite plug can provide effective and
low-cost pressure isolation. A barite plug is easy to remove with conventional dump bailers
run on slick line, coiled tubing or specially designed well cleanout systems (Kleppan et al.,
2016). It is often used as a temporary facility for pressure isolation or as a platform enabling
the accurate placement of treatments above the plug.
6.3.11

Ceramics

Conventional well sealing cements are challenged by the conditions at depth, due to their
vulnerability to chemical degradation and limited service temperature. High performance plug
and seal components can be formed in place using self-propagating high-temperature
synthesis (SHS) processes. Solid phase metal/oxide reactions, supplemented by engineered
mixtures of minerals and oxides, form ceramic-like sealing features in wells. The plugs are
developed by lowering sealed packages of reactive material into the well, and reacting the
charges to form molten material which fills and solidifies in the target region of the well. The
reaction produces strong, low permeability, highly corrosion resistant plug material. Lowry et
al. (2017) investigated ceramic plugs for the sealing of deep borehole in more depth in their
publication from the Waste Management Symposia in 2017. The initial viability assessment
demonstrated formulations capable of achieving high compressive strength (over three times
that of cement), low permeability with the inherent corrosion resistance and service
temperature characteristics of ceramics. The Phase II effort refined the plug formulations to
optimize reaction product properties, simulated the thermal/mechanical response of the
surrounding material to the plug formation process, designed and fabricated a prototype
emplacement system, and performed a field test of the system in a cased commercial test
well. This sequential Phase IIa project focused on the application to deep borehole nuclear
waste disposal in uncased granite boreholes. Mineralogical analysis and material testing
evaluated candidate SHS systems, and demonstrated the ability to form aluminosilicate,
feldspar, and iron-dominated ceramic plugs, each with unique characteristics. Enhanced
numerical simulations predicted the thermal, hydrologic, and mechanical effects of the plug
on its surroundings.
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SHS uses the thermal energy of solid phase metal/oxide (thermite) reactions, supplemented
by mixtures of minerals and oxides, to form monolithic ceramic components in place. The
basic principle of how to place ceramic plugs in boreholes can be seen in Figure 6-19 below.

Figure 6-19 Forming ceramic features in-situ using the SHS process (Lowry, 2018).

6.3.12

Polymer gel

In the field of oil and gas industry polymer gel has been widely used to shut off waterproducing zones. For example, Fan et al. (2018) developed a polymer plugging gel for
fractured strata. It is mainly made of an acrylamide monomer and is accompanied by the
reactive monomers of carboxyl and hydroxyl as ingredients. It has a low viscosity before
gelling. At 80 °C it becomes gelled. DuBois et al. (2014) describe the sealing of 76 horizontal
underground boreholes and 4 coalbed methane wells, including side-tracks. The polymer gel
effectively flows into the fracture system of the coal displacing gas and water. Finally, with an
affinity to attach itself to everything, except for itself, the gel adhered to the inner wall of the
borehole providing an impenetrable skin, minimizing gas, and water migrating back into the
borehole as evidenced by mining into the boreholes.
As far as the author knows, the polymeric gels are not thermally stable above 100°C. In
addition, the long-term stability due to the organic components must be called into question.
However, the substances could be useful for temporarily sealing fractures.
6.3.13

Elastomers

Elastomers are an important class of polymers that have randomly distributed chains, which
are connected by cross links in their molecular structure. Elastomers are made up of long
chains of monomers that have strong cross-linking bond with their neighbouring chains that
pulls the elastomer back into the original shape when the deforming force is removed. A more
technical definition is provided by ASTM, which states, “An elastomer is a polymeric material
which at room temperature can be stretched at least twice its original length and upon
immediate release of the stress will return quickly to its original length.”
In the oil and gas industry, elastomers are used as hydraulic seals, O-rings, packers, liner
hangers and in many other downhole equipment. Elastomer seals are essential for zonal
isolation in vertical and deviated wells. They are often used in liner hanger systems, and as
packers which acts as a strong seal, preventing influx and channelling of hydrocarbon between
the production casing and tubing.
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Elastomers are not to be described in detail in this study and it is assumed that extensive
development work has to be carried out for use as a sealing element in a deep disposal
borehole, since they have not been used for the sealing of borehole by itself. Elastomers are
often used to seal of small gaps between casing and tubing for example. Reference is made
to specialist literature for further information, e.g. Davis & McCrady (2008), Gavioli (2012), and
Kwatia et al (2017).

6.4 Injection materials
Grouting is the process to inject an injection material or grout into cavities of the ground, which
can be a soil, a loose or a hard rock. The cavities can be pore spaces, joints and other
fractures. In general, grouting is carried out with the aim of filling up the cavities, to improve
the mechanical stability of the ground and/or to reduce the permeability of the ground.
Borehole plugs of clay and concrete are sensitive to through-flow early after installation. Such
flow can result from local hydraulic gradients caused by axial piezometric differences over
smaller or longer parts of the boreholes and generate piping and erosion that can lead to a
permanently increased hydraulic conductivity of the clay and concrete seals. It is therefore
important to tighten intersected fracture zones by grouting them. The grout must penetrate
into the zones sufficiently to stabilize the fractured rock to several centimetres distance from
the borehole and minimize inflow into the hole.. It is therefore acceptable if the sealing
component of the grout, which is assumed to be of cement type, undergoes successive
dissolution and dissolves with time, but the granular composition of the remaining aggregate
component must be such that it prevents penetration of clay particles from nearby clay plugs
in any time perspective. The grout should be of low-pH type for minimizing chemical interaction
with the clay plugs and chemical alteration of fracture minerals like feldspars. The required
technique for such grouting and suitable grout materials are not at hand today and they are
urgently needed for making it possible to permanently seal deep boreholes and boreholes
extending from a repository. (cf. Pusch et al., 2011)
The most common grouting materials are cement based. In most of grouting applications,
these grouts offer the most appropriate properties for the job and in general are the least
expensive grout material. Cementitious grouts can be applicable for any type of grouting
service, as long as the aperture being grouting is large enough to accept the cement particles.
Another grouting type is based on chemicals. This grouting technique is then referred to as
chemical grouting. Some examples are:





Polyurethane grouts,
Sodium silicates,
Acrylamides/acrylates,
Epoxy resins.

Bituminous grouting is also known as asphalt grouting. This grouting technique involves the
injection of an asphalt material (similar to roofing tar). The method is almost exclusively used
for stopping large inflows (generally greater than 1000 gpm), although may be used in
applications where its elasticity in the cured state is desirable. Bituminous grouting is generally
used where void size or water flow is too great to allow other grouting methods to work due to
grout washout. The advantage of bituminous grout is that as the hot bitumen is pumped into
the rock. For the application in deep boreholes, this technique is rather complicated and
challenging. For this reason, it is not considered at this point. More investigation and research
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in this topic could lead to more developed techniques and engineering, which can make
bituminous grouting possible.
More applicable grouting measures for deep boreholes are described in literature. Some
basics for the general procedure and materials are described in Harrsion (2013) for example.
More in-depth information can be found in Oyler (1984), who describes the plugging of
methane-drainage holes into coalbeds. These boreholes must be completely filled by grout
before mining to prevent the emission of large gas quantities. Sodium silicate, water,
diatomaceous earth, and organic reactant are specified as components of the mixture.
In Sweden, grouting with silica soil is relatively new. Still, this material has already proven its
excellent functionality in several tunnels since 2002. It represents a good alternative to the
traditional cement grouting materials. Especially to meet the strict water ingression stipulations
in the tunnels, this material has proven its effectiveness. (Funehag, 2012) Branterberger &
Janson (2009) recommend the usage of cement-based grouts. Still, they suggest that silica
soils could be used as a complement if a second round of pre-grouting is needed and for postgrouting measures of point leakage.
Wen et al. (1994) (cf. Wang et al. 2019) describe the successful use of a cement sodium
silicate grout to seal fractures. This type of grout is characterized by quick solidification and a
high proportion of hardening. To meet engineering requirements a series of theoretical
analysis and experimental study was done.
In deep boreholes, grouting can be useful if used between casing and formation. The
application of grouting would ensure that no fluids from the formation would enter the wellbore
after the casing and the cementation would be removed from the borehole. Any formation
fluids will complicate the sealing measures.

6.5 Physical plugs
6.5.1 Well packer
A well packer or in short packer is a cylindrical device, which is run into a borehole and has a
lower initial outside diameter that externally expands and seals the borehole. Usually the
expanding part consists of an elastomeric material. Inflatable packer and test or production
packer are distinguished. The inflatable packers are set in cased or open holes, but the
production or test packers only in cased boreholes. Both types can be run on pipe (string),
coiled tubing or wireline. Some packers are designed to be removed easily and others are
permanent. In most cases, the permanent packers are made in such a way that they can be
milled or drilled out. Packers are used in wells for a variety of reasons. In crystalline rock, the
performance of permeability tests (Lugeon tests) should be emphasized. In this case an
inflatable packer is lowered down a borehole and expanded so that the sections above and
below are isolated. Alternatively, two packers may be used to isolate a certain section.
Preene (2018) gives a review of the hydraulic fundamentals of the packer permeability test
methods and analyses used routinely in geotechnical investigations and discusses the
usefulness and limitations of the test. The work of Kroeker (2018) dealt with borehole packer
systems for identifying hydraulically active fractures zones. Hegemann et al. (1999) gives an
overview of packer types that can be used in deep boreholes. With regard to the long-term
stability of materials (corrosion resistance), packers made of copper or stainless steel are
recommended for sealing boreholes. It is explained that the packers can be combined very
well with other materials, such as bentonite or concrete.
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6.5.2 Bulk materials
In order to avoid an immediate and strong increase in pressure on the face of sealing elements
or abutments, it can also be advantageous to consider section of the borehole with cavities in
the seal zone. The use of bulk materials is possible. Due to the requirements for long-term
stability, it makes sense to use the crystalline rock available at the site. An alternative is to use
quartz sand or gravel due to the extremely low solubility of quartz and because groundwater
is already pre-saturated with SiO2. Another requirement is high strength so that the cavity
volume does not decrease due to the forces acting in the borehole. The bulk material should
hardly or not set. In this case, a gap could arise between the bulk material and the abutment
or sealing element above it. Gravity could damage the abutment or the sealing element.
Table 6-7 gives an overview of bulk densities and achievable porosities. The bulk densities
and porosities depend on the grain distribution of the bulk material. Grain distributions
according to the Fuller curve or the standard grading curves used for concrete production
result in low porosities and should be avoided. The definition of requirements can be based
on EN 12620 and EN 13450. A comparable procedure is also used when planning the
backfilling of mine shafts.
Table 6-7 Overview of densities of possible bulk materials as well as calculated porosities.
Index*: Porosity values of 38 to 48% by volume are available for sand.
Bulk material

Grain fraction

Density / Grain density

Bulk density

Porosity

Crushed barite

No information

4500 kg/m³

2882 kg/m³

36.0 %

Crushed granite

No information

2700 kg/m³

1554 kg/m³

42.4 %

20–40 mm

2700 kg/m³

1370 kg/m³

49.3 %

40–70 mm

2700 kg/m³

1380 kg/m³

48.9 %

70–250 mm

2700 kg/m³

1400 kg/m³

48.1 %

0–5 mm

2600 kg/m³

1600 kg/m³

38.5 %

5–20 mm

2600 kg/m³

1430 kg/m³

45.0 %

40–100 mm

2600 kg/m³

1650 kg/m³

36.5 %

No information

2600 kg/m³

1762 kg/m³

32.2 %*

Silicate gravel

Silicate sand*

Since a wellbore does not have the same diameter all the way down, even though it is drilled
with one bit size, the calliper log (the outcome of this log can be seen in Figure 5-16) helps to
obtain variations of the hole diameter. This information is useful to determine the volumetric
capacity of the hole. (Parsons, 1942) When installing a seal or cementing parts of the borehole
this information is necessary to calculate the required amount of sealing material or cement.

6.6 Emplacement methods
The best permanent plugging or sealing requires a cross sectional barrier, which is known as
rock-to-rock barrier. The barrier is placed at the right depth where formation is capable to hold
the maximum anticipated pressure. The deep drilling industry makes a distinction between
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open hole and cased borehole plug placement. However, due to the high demands on the seal
zone of a disposal borehole, only the open borehole technique is considered.
The publication by Khalifeh & Saasen (2020) gives an overview of the work required and of
techniques that are used to plug or seal boreholes. A special focus is the construction of
cement-based plugs. However, the explanations about the preparatory work, such as fluid and
mud removal as well as filter cake removal should apply to each of the required elements of a
seal zone.
This chapter is intended to provide an overview of the processes that can be used for the
emplacement of sealing materials. A distinction is made between flowable materials, bulk
materials, and larger pieces or blocks. Table 6-8 assigns the substances mentioned in Section
6.3 to these groups.
Table 6-8 Classification of the backfilling and sealing materials according to the emplacement
technique.
Flowable materials

Bulk materials

Pieces

Barite suspensions

Crushed rock*

Bitumen/asphalt

Bitumen/asphalt

Clay pellets, briquettes etc.

Clay tubes, e.g. copper tubes

Cement-based

Packer

Geopolymer
Phosphate binder
*The placement of crushed rocks is
necessary to create cavities for storing
solutions and gases or is a prerequisite for
the techniques of rock melting or welding.

6.6.1 Flowable materials used for the construction of seals and abutments
In the case of the emplacement of flowable mixtures, procedures from the deep drilling
industry are used. There are three plugging techniques, which are used in plugging wells.
According to Herndon & Smith (1976) these are:




The Balance Method/Balanced-Plug Method (and cement retainer method),
The Dump Bailer Method,
The Two-Plug Method.

With any of these methods, it is essential that the suspension in the borehole be circulated at
least once prior to placing the plug so that the borehole is in excellent static condition. Getting
a plug in place without contamination is the major concern.
The balance method involves running drill pipe or tubing into the casing or open hole and
displacing the slurry. The slurry is pumped down the drill pipe or tubing and back up to a
calculated height that would balance the slurry inside and outside the pipe. Then the pipe is
pulled slowly out of the top of the slurry (see Figure 6-20).
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Figure 6-20 Balanced-plug placement technique after Khalifeh & Saasen (2020). (a) Common
work string; (b) deploying a stinger to minimize the agitation of slurry during pulling out of slurry.

Herndon & Smith describe that the dump bailer method has been used to depths of over 3660
m (12,000 ft.). A basket, permanent type bridge plug, or gravel pack is usually placed below
the location. The dump bailer, containing a measured quantity of cement, is lowered on a wire
line. The bailer dumps the slurry above the plug or basket, as shown in Figure 6-21. Since this
type plug is run on wire line, the depth of the plug can easily be controlled. The slurry quantity
that can be dumped is small. When using the method, the curing time of self-hardening sealing
materials and the emplacement rate must be taken into account. The technique is often used
for placing small volumes of granular materials.

Figure 6-21 Setting a plug with a dump bailer after Herndon & Smith (1976, Fig. 10)

The two-plug method as shown in Figure 6-22Fehler! Verweisquelle konnte nicht gefunden
werden. and Figure 6-23Fehler! Verweisquelle konnte nicht gefunden werden., involves
running top and bottom plugs to isolate the slurry from the well and displacement fluids (similar
to standard primary cementing practices). A special tool is placed at or near the bottom of the
string, then the pipe is run to the depth desired. This tool, called a plug catcher, is designed
to allow the bottom cementing plug to pass through it and out of the tubing or drill pipe. Slurry
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is then pumped out of the string at the plugging depth. The top plug, following the slurry,
causes a sharp rise in the surface pressure to indicate its landing in the plug catcher. The
latching device holds the top plug to help prevent the slurry from backing up into the string but
permits reverse circulation when required. This design permits pulling the string up after slurry
placement to "cut off" the plug at the desired depth by reverse circulation through the plug
catcher, thus allowing excess slurry to be reversed up and out of the tubing. The string is then
pulled, leaving a plug/seal that should last indefinitely and provide good, hard support for any
subsequent operation. This method minimizes the possibility of over-displacing the slurry and
provides a tight, hard seal structure. It should be considered for deep plug depths, where the
variables for calculating displacement are greater.

Figure 6-22 The two-plug method used for setting a cement plug after Herndon & Smith (1976,
Fig. 11).
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Figure 6-23 Two-plug method after Khalifeh & Saasen (2020); (a) first wiper dart separates
cement from spacer until it lands on the locator sub, (b) second wiper dart separates cement
from spacer behind cement, (c) the diaphragm of the first wiper dart is sheared due to the
increased pressure and cement slurry passes through it, (d) second wiper dart seats on the first
wiper dart and its diaphragm is sheared due to the increased pressure and the spacer passes
through it (Nelson & Guillot 2006).

Both conventional pumping and coiled tube pumping are standard techniques used in the oil
and gas industry to place slurries in boreholes. With regard to the type of delivery line used,
Groff et al. (2016) distinguishes between conventional and coiled tubing pumping. The
following explanations are given:




Conventional pumping: the use of a combination of drilling rig or ‘workover
rig’, tubing string and high horse power, high rate pump for placing materials
in boreholes. This is the default technique for plugging and abandoning oil or
gas boreholes internationally, used for most boreholes with few exceptions.
The technique is typically used in the oil and gas industry for placing cementbased slurries.
Coiled tubing pumping: the approach is more precise in depth control and has
better rate control than conventional pumping. Consequently, the technique
has developed significantly over the last decades to place small volumes of
materials at specific depths. The technique is typically used in the oil and gas
industry for placing cement- based slurries.

6.6.2 Bulk materials
Other than flowable materials, bulk materials, as described in section 6.5.2, can be used for
the construction of seals as well. Another option is to use these materials for backfilling
measures. Compared with the flowable materials, bulk materials have different characteristics.
Still, the emplacement techniques are similar to the methods described previously. Groff et al.
(2016) named four methods of the placement of bulk material into boreholes:
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Coiled tubing pumping
Gravity placement
High velocity and high pressure pumping
Dump bailing (see section 6.6.1)

Coiled tubing pumping
Coiled tubing pumping is used in the oil and gas industry for placing granular materials (sand).
A more in-depth description of this method can be found above in section 6.6.1. This method
is commonly used in the oil and gas industry to place cement-based slurries. Still, it is not clear
if bulk materials can be pumped without problems. Some aspects to consider are mentioned
in the report by Groff et al. (2016). They suppose small particle sizes (2 mm or smaller) are
mandatory. Also, the potential for mechanical damage, crush damage, during the pumping
would need to be assessed.
Gravity placement
Gravity placement simply uses gravity. This emplacement method consists of dropping the
material that will form the seal or support element from surface so that it free-falls inside the
borehole intending to land at the bottom of the borehole. The technique is typically used for
sealing boreholes up to 1000 meters deep using bentonite pellets. For certain materials, it is
mandatory that potential swelling processes will be delayed for long enough to allow the
material to fall to the desired depth, otherwise the risk of a blocked hole is quite high. Sandén
et al. (2016) also mention the possibility of gravity placement for pellets and addresses the
mentioned challenge. Since the appliance of gravity placement provides only limited
possibilities to control the behaviour on the way to the bottom of the hole, detailed tests must
be carried out. To avoid the swelling, which is especially a concern for bentonite, coated
bentonite pellets are often used. An alternative approach mentioned in the report is the usage
of special fluids in the borehole. Here the chemistry of the fluids needs to be adapted to the
material brought into the hole. Investigations whether fluids with a high salinity could have an
impact on bentonite pellets have been carried out.
High-velocity and high-pressure pumping
For the placement of particulate materials in the borehole or formation by high-velocity or highpressure pumping. The techniques are typically used for placing gravel packs. This technique
will most likely impact the material as well. Due to the high pressures and high velocity the
particles will face great forces, which will reduce the particle size. Also, similar to coiled tubing
pumping the initial size of the grains needs to be relatively small in order to be pumped.
6.6.3 Cylindrical pieces
Larger pieces of backfilling or sealing materials can be positioned in boreholes by means of
wireline techniques, coiled tubing or rods. If there is a risk of damage, it is possible, for
example, to use containers to place the pieces or blocks, similar to the dump bailer method.
The placement of bentonite blocks is particularly problematic because bentonite particles can
erode easily. Also, bentonite could swell or expand before the final position of the seal is
reached. Extensive development work has been carried out in this context. As mentioned, a
potential problem when installing high-density bentonite blocks in a solution-filled borehole is
erosion during emplacement. As the block is lowered, all water present in the borehole must
pass through the gap between the borehole wall and the bentonite block. The erosion rate will
be influenced by the flow velocity over the face of the bentonite block, the chemistry of the
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water and the nature of the surface of the block. Investigations and results on this question
are described by Sandén et al. (2016).
Groff et al. (2016) believe that with the help of dump bailers, subject to more substantial redesign, one is able to place bentonite blocks at the desired depth. In addition, the methods,
which were developed by SKB in order to realize the emplacement of bentonite, can be used,
according to the basic, container, and couronne concepts. A full-scale trial according to the
basic concept was conducted in a 550-metre deep borehole at Olkiluoto using perforated
copper tubes. For the container concept a prototype container has been fabricated, but a fullscale trial has not been conducted so far. According the couronne concept a copper block,
around which annular blocks of bentonite are fitted, is placed in boreholes. The method has
been tested in short boreholes in Äspö.
The closest analogy from the deep drilling technology to placing larger pieces or blocks in a
borehole is the placement of packers. Packers are mechanical devices that can be run into a
borehole with a smaller initial outside diameter. Once they reach the desired depth, they can
be expanded externally to seal off the borehole. In many cases packers can easily be removed
by reducing the diameter again. Typically, packers are less than a metre in length, but could
in some cases be a few metres long when run into the borehole. Several companies
manufacture these tools and provide detailed information about the working principles.

6.7 Positioning
An essential principle for planning a seal zone is that several sealing elements must be
constructed and their sealing effect must be based on different mechanisms of action.
Redundant and diverse sealing elements are to be arranged in the seal zone. For the
effectiveness of the whole sealing, the positioning of the single sealing elements plays a major
role. Some different options how to position the sealing elements in boreholes used for the
disposal of radioactive waste are presented by the Scottish Environment Protection Agency
(2012). They follow the principle to restore the ground as close as to its pre-drilling condition.
Figure 6-24 shows the different possibilities, whereas section B to D are schematic options,
which can be transferred and applied to the deep borehole sealing. Depending on the
geological formation these options are all possible. In case the geological formation does not
change significantly with depth, low permeable backfill is assumed to be the best. Also,
backfilling to mimic the geology is possible in this case as well. Still, the most realistic option
can be seen in section D in the figure. Here different sealing elements are placed in the
borehole to mimic the formation. In most cases, the ground should be restored as closely as
possible to its pre-drilled condition.
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Figure 6-24 Schematic options (B–D) for decommissioning wells and boreholes (SEPA, 2012).

A first and probably the most important issue during the planning of the whole structure of the
seals are groundwater flows. Different groundwater sections need to be separated from each
other. While separating these water zones, the material used needs to have a long-term
integrity and must not deteriorate over time. This means that different sections of the borehole
might require different materials in order to secure a tight sealing structure. Another aspect to
think of are pressure and temperature changes within the borehole. When mentioning the
aspects linked to the temperature within the borehole, The UKOG has listed the most
important aspects in a guideline, in combination with Table 6-1, which mostly deals with
different aspects to consider, when selecting the material for different borehole sections.
(Normann, 2017) The topic of the surrounding conditions and its impact on sealing ability. Not
every sealing material can be placed at every location to seal off the borehole and prevent the
movement of radionuclides. In addition, some materials do not work with each other. Other
materials on the other hand only work in specific combinations. This brings up additional
challenges. The most important aspects regarding the material selection are discussed earlier
in this report already.
For some materials additional devices or further installation aids are required. Clay materials
for example require the use of an abutment. This means that clay materials require a solid
body, which ensures the position of the seal. Packers, which are commonly used in the drilling
industry, not only in deep drilling operations, are a possibility to be set as an abutment. Other
materials that can be used as abutments are cementitious materials and geopolymers. More
complex is the installation of bentonite barriers. Here the chemical environment plays an
important role. No other building materials nor solution or eluates must impair the swelling
capacity of the bentonite. Another material related aspect is that approved cement mixtures
shall not be deposited in more than two hundred meters of vertical depth in any borehole at
any one time. Setting and weight testing shall be satisfactory completed and recorded before
any further cement mixtures can be deposited in the borehole. (Haug, 2015)
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During the preparation of the borehole, information about temperatures, mechanical
behaviour, geologic formation and the geochemical environment and potential aquifers have
been obtained. With this information the separation of aquifers is possible and the precise
treatment and closure of fractures can be achieved. Other important design aspects relevant
for the positioning and final design of the seal can be listed as follows:





The seals need to be able to withstand mechanical forces. Axial pressures
must not lead to fractures in the seals.
The length of the seal needs to be designed according to the flow, the
pressure and the diameter according to Darcy.
All introduced materials used for the sealing elements must be stable in the
subsurface environment.
During the hardening of the materials thermal stresses might occur. This can
lead to the need to divide the sealing structure in several segments to avoid
too great stresses.

The wellbore walls needs to be prepared in order to have a direct rock-to-seal contact and
potential weaker formation part (e.g. the EDZ) need to be removed prior to the sealing
installation.
In literature, a number of graphical illustrations show different sealing structures for deep
borehole repositories, see Figure 6-25Fehler! Verweisquelle konnte nicht gefunden
werden. to Figure 6-27. As it can be seen, a number of sealing elements are considered. Still,
difference can be found. Driscoll et al. (2015) (Figure 6-25) consider four sections in the plug
zone. While they provide detailed information about the length of the different sections, it is
unclear if the material is selected according to the formation and geology. Also, no detailed
information about the expansive cement/concrete is provided, which is acting as the main
sealing element just above the emplacement zone. Figure 6-26 shows a more complex sealing
structure. Here different sections can be seen clearly. Several different materials and
structures are part of the sealing zone. The different sealing elements are separated from
each other by the borehole plugs and backfills, which are either cement-based or consist of
sand or crushed rock. The presented concept provides enough room to adapt this according
to the geological conditions as it is described before. A more advanced further development
of this concept can be found in Fehler! Verweisquelle konnte nicht gefunden werden..
Here the basic principle of different sealing elements and backfill sections is used as well. But
more detailed information about the length of the different sections is given.

103 (129)
Technical report: Sealing of deep boreholes in crystalline rock

Figure 6-25 Sealing structure after Driscoll et al. (2015).

October 1, 2021

104 (129)
Technical report: Sealing of deep boreholes in crystalline rock

October 1, 2021

Figure 6-26 Schematic drawing of seal components in the lower unlined and upper lined
sections a borehole above the waste disposal zone and port collar of the pulled intermediate 2
liner (after Arnold et al. 2011, Figure 8).
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Figure 6-27 Reference Design and Operations: Seals Design (Arnold & Brady, 2012). The term
ballast describes a layer of silica sand or crushed rock, which will be emplaced between the
cement and bentonite to minimize chemical interaction. (Arnold et al., 2011)

For some elements of a seal values for the length of the elements are provided in literature.
One example is provided by Jackson et al. (2014), who state that in sparsely fractures rock,
the fractures are typically spaced in the range of 5 to 20 meters. The length of elements
depend on the used material. In case of a bentonite seal, the distance between the waterbearing fractures in the rock formation provide the maximal length of the sealing element.
Reason for not sealing a fracture directly with bentonite is the problem that it is difficult to prove
that local bentonite erosion is sufficiently limited.
Another example has been discussed by Pusch et al. (2011). He brings up the installation
problem of bulk materials. If clay plug segments are too long, it may be difficult or impossible
to install them as it is illustrated in Figure 6-28. For these types of plugs, the curvature of the
borehole gets important.
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The presented information provides the general idea of the geometric structure of the borehole
seal components. The detailed sealing design is always developed with the site-specific data.

Figure 6-28 The length of borehole plug must be limited for avoiding problems at placement
after Pusch et al. (2011).
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Backfilling upper borehole zone

The closure of the disposal borehole includes also backfilling parts of the borehole in between
and above the sealing zones. As a general guidance for this phase, the IAEA issued some
recommendations. Typically, the backfilling will be carried out after the sealing measures. The
final sealing concept is important. Several sealing sections require backfilling sections in
between. Specifically, this means that once one seal is placed in the borehole, a
predetermined section will be backfilled before the next seal is installed.
The IAEA does not provide any detailed or specific materials to be used for backfilling
measures. Similar to the sealing material, the backfilling material will be selected according to
the geological and geochemical environment, considering also the compatibility with the other
engineered barriers. The materials that can be used for backfilling range from cement to
bentonite slurries or even loose materials such as bentonite granules, sand and similar. For
some materials it may be necessary to design and demonstrate measures to reduce the
possibility of leaving voids after backfilling. One example how to achieve this is backfilling of
the borehole in stages. (IAEA, 2009)
To emplace the backfilling material the consistency and type of material plays an important
role. As for the placement of sealing material, different options are available. In contrast to the
sealing material, which is flowable in most cases, the backfilling material will have a different
consistency. The mentioned risk of voids within the backfilling sections might require different
methods for placement. One option for this is pressure grouting for the placement of the
material into uncased boreholes. In cased borehole sections, the backfill emplacement will
most likely rely on gravity assisted by pumping out the air or liquids from the borehole before.
(IAEA, 2009)
In case retrievability will be considered later in the NND’s disposal programme, the backfilling
and sealing concept needs to be checked if adaptations are necessary. No sealing or
backfilling measures should be taken if it is not ensured that the repository is performing as
expected. (IAEA, 2003)
As these guidelines and considerations provided by the IAEA show, there is no clear or
general concept to backfill the borehole after emplacement. Several different materials can be
used and emplaced by similar methods as described in Section 6.6. The main reason for
backfilling measures is to provide stability to the borehole, which will keep the borehole from
caving in.
In addition to backfilled sections in between the sealing elements, the upper part of the
borehole will be filled. Here once more the Scottish Environmental Protection Agency, together
with the EAUK (Environment Agency United Kingdom) provides some information how this
section could be closed and sealed. They recommend a completion of the borehole, after
backfilling, with an impermeable plug and cap to prevent entry of surface run-off or other
liquids. As Figure 7-1 shows, the top two metres are plugged with a concrete or cement cap.
This exact size of this cap might vary slightly depending on the near surface materials. Since
for the disposal of radioactive waste an institutional control period is planned for any
repository, other recommendations by the EAUK are not needed. Usually, the exact design of
those caps depends on the setting and the planned use of the site after closure.
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Importance of QS/QA during sealing operations

Quality assurance measures are required for the construction of sealing structures in deep
boreholes. Since the deep borehole disposal concept is divided into different work steps, the
quality assurance can be subdivided as well. For every step, quality assurance measures
need to be taken to provide a basis for the next step. As discussed throughout the report,
several aspects play a role for the implementation of a tight sealing element into the borehole.
This starts with the site selection and planning phase of the drilling operation and ends with
the institutional control period after closure of the borehole. For the installation of the seal,
information about the drilling process is of special interest as well as possible knowledge about
the formation. For the quality assurance prior to the actual sealing installation a good
documentation of everything done before is essential.
Information about the drilling operation for example can help to estimate the damage to the
formation caused by drilling measures. In addition, the used drilling fluids are relevant for the
selection of the sealing material. The completion of the borehole also play an important role
for the preparation of the borehole (see Chapter 5). Cased boreholes need to be prepared
differently than uncased boreholes.
Careful work according to the requirements and specifications is indispensable. Extra care
must be taken during the preparation of the borehole prior to the installation of the sealing
elements. The formation surrounding the borehole must not be damage throughout this
process.
The design of the seals must be individually adapted to the information gathered from logging
operations. Based on the information about the geological environment, materials and the
positioning must be selected. The quality of the materials used for the seals must be checked
and approved before and during the installation. A couple of tests are to be carried out. The
individual tests are depending on the material. Each material has certain properties, which
need to be checked and verified against the design basis. For flowable materials for example,
which harden out over time, quality assurance inspections will especially be necessary with
regard to:




Mass flow,
Curing time,
Density.

In addition to borehole investigations regarding the geologic conditions, calliper logs will
provide useful information for calculating the necessary amount of cement to fill the defined
borehole sections.
Several existing quality assurance systems, for example from building industry, can be used
as an excellent basis for sealing. In addition, many of the materials, which have been
described in Section 6.3, are being used in mined repositories. This knowledge and the wealth
of experience should be also taken into account. Svensson et al. (2017) describe strategies
for the control of bentonite, as an example.
For deep borehole disposal of radioactive waste, the knowledge and experience from the
hydrocarbon drilling industry can be used for the abandonment of borehole repositories.
DrillingForGas.com (2021) breaks down the abandonment quality control measures in
hydrocarbon wells to the following five bullet points:
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All primary barriers require testing. There shall be a minimum of two primary
barriers for each potential leak path.
Cased-hole plugs shall be placed adjacent to areas of good cement in the
adjacent casing annulus in order to achieve full lateral coverage and guard
against corrosion, otherwise the cutting of a window shall be evaluated.
Cased hole cement plugs should generally be set on top of bridge plugs as a
bridge plug cannot be classed as a permanent barrier due to potential for
corrosion.
Where it is practicable to carry out pressure tests, these shall be to 7 MPa
(1000 psi) above injection pressure below that point or to 60% of the rating of
the casing whichever is the less.
Where weight testing is carried out on any plug the minimum value shall be 5t
(10,000 lb).

After the closure (sealing, backfilling, plugging) of the borehole is completed, long-term
monitoring is required. This depends on the nation’s regulations and requirements. Guidance
in developing monitoring programmes for radioactive waste repositories can be found in
MODERN2020 (2019) and in in the SSG-31 (IAEA, 2014).
However, it is recommended to utilize the monitoring phase for quality assurance as well. This
means that the work is re-examined afterwards with the focus on:





Checking that the plan or programme is implemented as described, including
the prescribed measures to prevent, reduce or mitigate adverse effects,
Checking that environmental conditions imposed by the authorities are met,
Comparing the expected and actual effects,
Providing experience and lessons learned to help improve future operations.

According to the OGUK (2015) guidelines, a well abandonment barrier is successful in case
six different requirements are met. The six requirements, which are defined in more detail in
the guidelines, are:







Seal
Position
Placement
Durability
Removal and reparability
Operating conditions

In conclusion, this section shows that every aspect of the deep borehole facility has its
importance for the final quality of the whole repository. The design of the sealing itself is
influenced by many different factors. Because of this, the quality of every single element is of
great importance. A special attention must be brought to the material quality control and the
quality of the borehole preparation, since these can be seen as the central parts in order to
seal off the borehole.
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Summary and conclusions

This technical report can be seen as a handbook for sealing materials and techniques to
construct and emplace a seal system in a deep borehole repository. Starting off with a general
overview about the general deep borehole disposal concept and some general information
about sealing concepts, Chapter 4 provided important information that is required as a basis
for the following sections. Different geologies do not only require different drilling techniques
and borehole design, but also the sealing differentiates depending on the geological
formations and geochemical environment.
It has to be kept in mind that the borehole sealing represents an important engineered barrier
against the release of radionuclides from the waste disposal area. To optimize long-term
confinement of the radiological inventory and thereby also long-term safety of the repository
in general, particular care has to be taken in choosing design, techniques and materials for
the sealing systems. Sealing a borehole, therefore, does not only consist of putting material
into the borehole after the emplacement of the waste. Before the actual closure, the borehole
needs to be prepared for the installation of sealing elements. This phase is important for the
quality of the seal, since the goal during this operation is to prepare everything to have a direct
contact between the formation and the sealing material. As experience from field
investigations and research in mined repositories show, this contact zone represents the
greatest potential of a being a flow path for fluids. Therefore, the treatment of the wellbore
walls has the greatest priority. In case any material, e.g. the casing or cement on the borehole
wall, is left in the borehole, additional flow paths could be created. How best to prepare the
borehole walls for the sealing, without damaging the surrounding formation is a topic that still
requires some further investigations and field testing.
The actual sealing operation can rely on the experience from the drilling industry and the
sealing of mined repositories. General technical features from plug and abandonment
operations in hydrocarbon, geothermal and research drilling can be used for the emplacement
of the seals in the depth, while the knowledge about different sealing materials and their
characteristics comes from the sector dealing with the operation and closure of mined
repositories.
Figure 9-1 shows the basic workflow of how to design and construct a seal for a deep borehole
repository. The workflow is read from top to bottom. Starting with the information about the
borehole completion, either a cased or an uncased borehole can be possible. The green boxes
below then summarize the further steps of borehole preparation as pointed out and discussed
in detail in Chapter 5 of this report. As mentioned above, during borehole preparation the main
goal is to remove anything from the borehole. In addition, gathering information about the
borehole condition, the geochemical and geological milieu as well as temperatures and
pressures is part of this phase.
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Figure 9-1 Workflow for the design and installation of a seal in deep borehole. Borehole
preparation is described in Chapter 5. Sealing elements and emplacements are described in
Chapter 6.

During the detailed seal design, marked in yellow in the figure, the following engineering
decisions concerning the seal are being made.





The length of the individual elements of the seal,
The number of the elements,
The material of the different elements, and
The final position of the elements in the borehole.

In Sections 6.3 to 6.5, different materials that can be used are described. Some materials are
only useable under certain conditions. Especially temperatures or formation fluids might be a
problem for the long-term stability of some of these materials. Some materials also require
additional measures to be installed. Here, flowable materials can be mentioned, since these
require some sort of plug like a mechanical packer or a preinstalled abutment in the borehole.
Finally, different emplacement methods are discussed and marked in Figure 9-1 with blue
boxes. The selection of the emplacement method is based on the material selection. As shown
in Table 6-8, the materials can be categorized in three different groups: flowable materials,
bulk materials and physical pieces. The emplacement methods can be linked to the material
classifications as follows:



Conventional pumping:
o flowable materials
Dump bailer:
o bulk materials
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o





flowable materials (depending on the time until the material hardens
out)
Coiled tubing:
o flowable materials
o (pieces – tubing can be used as a wireline)
Gravity placement:
o bulk materials
o (pieces – depending on the size)
High-velocity and high-pressure pumping:
o flowable materials

Some techniques are more suitable to certain materials than others, this depends on the
behaviour of the different materials. The dump bailer method can be used for flowable
materials for example, but since this method usually requires more time to transport the
material to its target depth, the hardening time needs to be carefully considered here.
Therefore, more suited options to emplace flowable fluids are pumping methods (conventional
pumping, high-velocity and high-pressure pumping, coiled tubing).
In summary, it is said that, with the current state of knowledge and available techniques,
sealing of a deep borehole is possible. However, some additional research and development
needs are identified throughout this report. One open research question is for example how
fractures in crystalline formations can be grouted close adequately. The same question applies
to mined repositories as well, although in a DGR, it is easier to map the tunnel and find
locations for canisters (deposition holes) that do not require grouting. Another example of
needed technology development is the adaptation of available deep drilling tools to larger
borehole diameters.
Due to the wide range of possible geological, hydrological, geochemical, and technical
parameters, which are decisive for the design of the borehole sealing, as well as the similarly
broad scope of technical solutions, it is not possible to define a standard borehole sealing
system.
For the development of an exemplary seal design, generic borehole and rock conditions have
to be assumed. The results of such a study might also be helpful to indicate requirements on
the characteristics of the borehole and the host rock formation. The study would also help to
define information needs for borehole logging, such as what is absolutely necessary and what
is nice to have. Such a study could provide input in future for the site investigations plans
during the site selection process.
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