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1 Introduction

The construction of deep geological repositories (DGR) in salt formations requires penetrating 
through naturally sealing geosphere layers. While the emplaced nuclear waste is primarily 
protected by the containment-providing rock zone (CRZ), technical barriers are required, for 
example during handling. For closure geotechnical barriers seal the repository along the 
accesses against water or solutions from outside and the possible emission paths for 
radionuclides contained inside. As these barriers must ensure maintenance-free function on a 
long-term basis, they typically comprise a set of specialized elements with diversified functions 
that may be used redundantly. The effects of the individual elements are coordinated so that 
they are collectively referred to as the Engineered Barrier System (EBS). The major radiation 
protection goals of the DGR and its EBS require a high hydraulic resistance that minimizes the 
movement of water and gas as transportation media. Article 26 of the German Repository Site 
Selection Act (In German: Standortauswahlgesetz, StandAG) stipulates but is not limited to 
the following objectives:

 To separate the radionuclides of spent fuel (SF) and high-level waste (HLW) from the 
biosphere and contain them within the main barriers until they are no longer harmful

 To limit the exposure due to radioactive emissions to a value that is small in comparison 
to the natural radiation 

 To protect humans and the environment from harmful effects of ionizing radiation or 
other harmful effects of the SF/HLW

The high hydraulic resistance fosters the non-radiation safety goal of groundwater protection 
against harmful pollution as required by § 48 of the German Federal Water Act (In German: 
Wasserhaushaltsgesetz, WHG). In addition, it indirectly limits subsidence due to reduced 
cavities in the underground, which in turn protects buildings and infrastructure on the earth’s 
surface.

Besides the hydraulic resistance, the EBS needs to be chemically and mechanically stable, 
stiff, strong and the elements need to be produced and processed in situ. A barrier only works 
in combination with the surrounding rock mass, as there are three important potential paths for 
migration (see Figure 1-1). All pathways must be addressed to ensure containment:

 Barrier 
 Contact zone between barrier and rock mass
 Rock mass, predominantly the excavation damaged zone (EDZ)

Figure 1-1: Schematic cross-section of potential pathways at a circular geotechnical barrier

Barrier

Contact zone

EDZ

Intact Rock mass
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Barriers protect operational parts of mines against gases or liquids from the surrounding area 
or from abandoned mining areas. Geotechnical barriers for nuclear waste repositories have 
the additional demand that requires maintenance-free performance over a long timescale, 
typically hundreds of thousands of years. Several approaches have been used to identify 
adequate materials and how they should be applied to fulfill the requirements. The report 
summarizes research projects related to closure of mines or repositories in Germany and in 
the USA. The construction of barriers here is divided into vertical barriers and horizontal 
barriers, as these categories each face different challenges. Additionally, backfilling 
procedures are included. A summary of the planning and construction of geotechnical barriers 
will show best practices for a future site. This report therefore covers existing concepts of EBS 
and the conducted testing on sealing structures. 

The international status of the design and construction of new types of geotechnical barriers 
that deviate from the approaches currently being pursued in Germany and the USA are not 
included here. They will be part of another report within the project RANGERS that will continue 
with new and emerging concepts and materials.
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2 Overview of research projects and state of research

Salt has been considered a viable host rock for DGR since early investigations of radioactive 
waste disposal in Germany and the USA. Not just the favorable geo-mechanical and geological 
properties, but also the presence of large and various salt formations justified these 
considerations. In addition, more than one hundred years of industrial mining and decades of 
disposal of chemo-toxic waste provide a technical base and wide knowledge in underground 
activities in salt formations. Additional R&D activities focused on the special issues of 
radioactive waste disposal. With respect to the disposal of HLW and SNF in German salt 
formations, a common thread in the R&D activities can be drawn from the 1990s until today. 
BGE TEC contributed to this in several R&D projects. The two-phase project ISIBEL (Buhmann 
et al., 2008) reviewed and appraised the tools available for a safety assessment of final 
disposal. Subsequently the preliminary safety assessment for the Gorleben site (German 
acronym: VSG) (Fischer-Appelt et al., 2013) applied the best theoretical understanding to the 
site based existing knowledge including the exploration results. This project therefore 
represents the state of the art at the time. Through the KOSINA project (Bollingerfehr et al., 
2018), this knowledge was transferred to bedded salt formations in Germany. Finally, within 
the two-phase ELSA project (Kudla et al., 2021) shaft sealing concepts where developed and 
different sealing elements tested. The projects ISIBEL, VSG and ELSA will be summarized in 
the following sections. In the USA the Waste Isolation Pilot Plant (WIPP) had conducted 
research on borehole, drift, and shaft sealing components from the 1970s through the early 
2000s. The Bell Canyon Test was a field experiment conducted in two boreholes before the 
construction of the WIPP facility. The test involved emplacing and measuring permeability for 
a plug emplaced in the anhydrite stratigraphically below the WIPP Salado horizon, to test the 
ability to seal against possibly pressurized formations. The WIPP Small-Scale Seal 
Performance Tests (SSSPT) studied plugging and sealing through multi-part tests conducted 
in the WIPP underground. The test plan included the emplacement of different seals made 
from different materials, including clay, salt, and clay/salt blocks, salt cement, and grouting 
fractures in the near-drift damaged zone. This summary presents some of the plugging and 
sealing tests that explored materials and focused on in situ measurements of permeability for 
seals and plugs. Additional underground tests, examining thermal-structural interactions (TSI) 
and crushed salt compaction are also summarized.

2.1 ELSA 

The following sections summarize the results of the ELSA phase 2 project, relevant for 
RANGERS. Focus lies on sealing systems suitable for the application in rock salt. The 
summary is based on Kudla et al. (2021) and corresponding technical reports of the project, 
while additional relevant sources are referenced.

2.1.1 Overview
The present Phase 2 of the ELSA R&D Project follows Phase 1 of the ELSA project, which 
described the state of the art in science and technology up to 2013, the safety demonstration 
concept for sealing (shaft) elements, the boundary conditions for the salt and clay host rocks 
and the regulatory requirements for the shaft seals of future HAW repositories. The results of 
the ELSA - Phase 1 project allowed important conclusions to be drawn for the basic concept 



of future shaft seals in saline and clay rock with increased requirements. The ELSA - Phase 2 
project used these results and put them into practice by means of laboratory and semi-
technical tests. Objectives of the ELSA - Phase 2 project were the development of site-
independent and modular shaft sealing concepts for salt and claystone formations, testing of 
individual elements of a shaft sealing in the laboratory and in semi-technical experiments with 
development, testing and calibration of material models for the model-theoretical description 
of the material behavior for mathematical verification. By this, the following possible shaft seal 
components have been investigated as the focus of the project:
 Filling columns made of compacted rock salt - material selection and installation methods 

for the realization of a low porosity < 10% (for sites in salt formations), 
 Abutment elements made of MgO concrete with the long-term stable 3-1-8 binder phase 

(recipe type C3) in in-situ concrete construction (for locations in salt formations), 
 Further development of the construction and quality control of asphalt seals (for sites in 

salt formations and clay),
 Integration of equipotential segments into bentonite sealing systems (for sites in salt 

formations and clay).

An important contribution of the project is the further development of the methodology of 
verification (theoretical and experimental). The modular design of the shaft closure concept 
eases an adaptation to future site conditions.

2.1.2 Shaft sealing concepts for salt formations
For each of the two host rock options (rock salt and argillaceous rock), a generally applicable 
shaft sealing concept was developed, which is modular and can be adapted to local conditions. 
The existing concepts from the work on the "Salzdetfurth" project (Breidung, 2002) and the 
Preliminary Safety Analysis for the Gorleben site (VSG) (Müller-Hoeppe et al. 2012) represent 
starting point for this.

The geological model considered for salt rocks covers salt deposits that were formed under 
arid climatic conditions, such as those which prevailed geologically in Central Europe, 
especially during the Permian, Mesozoic and Tertiary periods. In Germany, the salt rocks of 
the Zechstein (Upper Permian) are most widespread. These are periodic sequences of clays, 
carbonates, sulfates, and chlorides, whereby seven main cycles (z1 to z7) can be 
distinguished. As an example of "salt cushion with flat support" rock salt type, a site was 
selected in the already considered in the project "Preservation of evidence on the 
geomechanical behavior of saline barriers after strong dynamic loading and development of a 
dimensioning guideline for permanent containment" (Minkley et al. 2010; Bollingerfehr et al. 
2018).

In addition to the basic components, gravel-based filling columns and bentonite sealing 
elements following functional elements was proposed to consider in the sealing concept:

 filling columns made of compacted crushed salt
 MgO-based concrete cast in place 
 concrete, including ordinary Portland cement (OPC) or salt concrete
 asphalt and bitumen 
 equipotential segments as an addition/further development of bentonite sealings
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Figure 2-1: Conceptual design of the shaft sealing system (Kudla et al., 2021)

Bentonite sealing elements should always be positioned in rock salt (halite). If placed in contact 
with carnallitite there is an unfavorable influence on the swelling behavior (competitive 
reactions during water absorption). In carnallitite, sealing elements made of bitumen/asphalt 
or MgO concrete (with contact area injection) are preferable. For the element made of MgO 
concrete the formula C3 should be used. To ensure the stability of the element when exposed 
to solution, the Mg2+ content of the solution must be at least 0.5 mol / kg H2O at 25 °C.

A more detailed concept is only possible once the measured values for the depth-dependent 
phase inventory, permeability and porosity of the individual geological layers are available 
through site investigations. For this purpose, the final position of the required watertight shaft 
lining, the position and extent of other lined areas of the shaft contour, the local thickness and 
sealing effect of the salt clay horizons and the distribution and location of carnallitite in the 
evaporite sequence must be known.
2.1.3 Filling columns made of compacted crushed salt



An alternative to gravel columns for sites in rock salt are filling columns made of a material that 
is specific to the host rock and is compacted as much as possible during installation. The 
material is further compacted by the convergence process which progresses over time and 
ideally the filling column material becomes a monolith with the surrounding rock. The materials 
used and the installation methods should allow a porosity of < 10% and if possible, about 5% 
after installation. This should be possible using material mixtures with optimized grain size 
distribution and optimum moisture content, such as salt-clay mixtures, the use of pressed 
shaped salt bricks or the use of multi-component systems consisting of pellets of different sizes 
and a fine fraction of salt breeze with clay powder. Within the ELSA 2 project the focus was on 
the first option, the optimization of the grain size distribution and moisture content. In a first 
step, based on laboratory tests, an optimized grain size distribution was determined. The tests 
were performed with crushed salt from Sondershausen salt mine. The grain size distribution 
depends on the filters in the production line. The goal for the optimization was the highest 
possible density based on a FULLER-line with exponent n = 0.5. An additional increase of the 
density was produced by the input of material with grain sizes lower than the finest salt fraction. 
The clay Friedländer Ton (associated with the 0.01 to 0.08 mm fraction) was chosen for the 
further optimization of the density and the moisture content. Finally, three different mixtures 
were developed, see Table 2-1.

Table 2-1: Grain-size distribution of the different mixtures (Kudla et al., 2021)

Fraction [mm]
STG-1

(Knorr- EBSM) 
(mass-%)

STG-2
(OBSM)

(mass-%)

STG-3
(mOBSM)
(mass-%)

3 to 10 24.8 48.1 --
0.4 to 4 23.1 19.8 58.5
0.1 to 1 37.6 10.9 17.5

0.03 to 0.3 -- 13.4 13.5
0.01 to 0.08 14.6 7.8 10.5

Sum 100.0 100.0 100.0
Water input to the dry mass 5.1 3.4 4.2

For compaction tests an adapted ramming compaction with a Marshall device was used. The 
compaction work per hit was 20.5 N-m. Depending on the number of hits and amount of 
material, different specific compaction energies can be achieved. In this way, the evaluation of 
the laboratory tests showed the porosity of the compacted body achieved by the compaction 
as a function of the specific compaction energy related to the solid volume (grain volume).

Typical compaction curves are shown in Figure 2-2. For the mixtures at hand, minimum values 
of the specific compaction energy of 3 MJ/m³ are required. With moderate specific compaction 
energies of 3 to 5 MJ/m³, a porosity of approximately 11% could be achieved with the clay rich 
STG-1 formulation. In this case higher compaction energies are not required. Porosities < 9% 
could only be achieved with mixtures poor in clay and water (formulations STG-2 and STG-3) 
at very high specific compaction energies of approximately 15 MJ/m³. In addition, long term 
test for liquid permeability were performed, see Figure 2-3.
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Figure 2-2: Achived total porosity based the introduced engery for the three diffrent mixtures (Kudla et 
al., 2021)

Figure 2-3: Achieved brine permeability as a function of porosity in comparisin to other mixtures and 
projects (Kudla et al., 2021)

The three different mixtures in combination with potential installation methods were tested in 
different half-scale in situ tests. The first test focuses on conventional compaction by vibrator 



plates and vibratory trench rollers. The tests were performed underground in the 
Sondershausen salt mine.

During the tests it turned out that the mixer used was not suitable to produce a homogeneous 
mixture. Adhesions and partial segregations occurred during emptying. In addition, the 
average water content of 2.93 mass-% in the mix was too low, so that optimum compaction 
was not possible for this reason either.

With the STG-2 (OBSM) mixture, a porosity between 17% and 18% was achieved when paving 
in layers with layer thicknesses of approximately 10 cm. Due to the depth effect of the 
compaction equipment, the individual layers were compacted several times.

The n STG-1 (EBSM) mixture was only tested in the upper 2 layers of second test field, 
whereby a porosity of approximately 14% was achieved. As the two uppermost layers did not 
experience the same amount of accumulated compaction as the lower layers, this porosity 
should be viewed conservatively.

In both test fields, it was deduced that a light vibratory plate with an operating weight of less 
than 200 kg is optimal for pre-compaction of the loosely placed salt-crushed clay mixture. By 
driving over the compaction area in a spiral, an optimum compaction result for light pre-
compaction is achieved after only 2 passes. Subsequent compaction should be carried out in 
a further pass using a heavy vibratory plate with a minimum of 600 kg and an adjustable 
amplitude. Here, too, 2 spiral passes are sufficient to achieve an optimum compaction result. 
At the first pass, the amplitude should first be lowered to a minimum level and only at the 
second pass can the amplitude be increased to the maximum level. However, a porosity < 
10% in the newly developed salt-clay mixtures cannot be achieved with conventional 
compaction technology used in road construction. Therefore, an impulse compaction was 
tested additionally. A corresponding device is shown in Figure 2-4.

"The principle of impulse compaction consists of dropping a weight of up to 9 metric 
tonnes with a high frequency from a defined height repeatedly on to a steel plate, 
the so called “Compactor foot”. The plate remains in constant contact with the to 
be compacted ground, thus ensuring an efficient energy transfer. In this way the 
sub-soil is locally compacted by every impact. The thus formed crater is filled in 
with suitable material and in turn compacted by the impulse compactor. In this 
manner an additional homogenisation of the sub-soil takes place." (Terramix, 
2020)
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Figure 2-4: General design of the impulse compaction device and the in situ test (Kulda et al., 2020)

After a first preliminary test and core sampling, two in situ experiments were performed at an 
open pit mine. Due to the large dimensions of the impulse compaction device, it was not 
possible to perform the experiments in the underground. The test field was designed as a 
circular pit 3 m in diameter and 1.2 m in depth. The pit edge was lined by a steel wall that was 
backfilled with concrete and anchored in the surrounding rock as well. Within the first test all 
three mixtures were used. 

The lower layer consisted of recipe STG-2 (OBSM), the middle layer of recipe STG-3 
(mOBSM) and the upper layer of recipe STG-1 (EBSM). Each layer consisted of 8 individual 
installation layers. The average dumping height of each layer was 0.07 m. After spreading or 
before compacting, a horizontal surface was created by levelling with a straight edge and a 
spirit level.

Figure 2-5. Illustration of the different mixtures in layers with the colour code the pre-compaction 
process in layers (right) and colour code of the pre-compaction (left) (Kudla et al., 2021)



Each layer was compacted conventionally by light pre-compaction and every second layer by 
heavy pre-compaction. After light and heavy pre-compaction, the 8th installation layer, and 
thus each layer, was finally compacted using impulse compaction. Compaction was carried 
out in a spiral in 2 passes from the outside to the inside. The use of the light vibratory plate 
has proved to be successful. The handling of the heavy vibratory plate was comparatively 
complex due to the limited space in the die. However, the circular geometry made it possible 
to compact the material flush with the edges without any problems. 

The target for impulse compaction was to introduce a specific compaction energy of 15 MJ/m³ 
into each individual layer. The specific compaction energy is only related to the volume of the 
solid content in the building material. This volume of solid matter was 2.17 m³ in each of the 3 
layers. As a result, an absolute compaction energy of 32.5 MJ had to be introduced into each 
layer.

To introduce the required compaction energy into the layer surface as evenly as possible, the 
impulse compaction was divided into 4 passes (IPV1 to IPV4). Furthermore, the compaction 
energy was increased in a defined manner during the 4 passes to avoid the formation of deep 
depression funnels, especially in the first pass IPV1. In the first pass 9.1%, in the second pass 
16.5%, in the third pass 24.8% and in the fourth pass 49.6% of the total compression energy 
of 32.5 MJ was introduced. The variation of the compaction energy was achieved by increasing 
the height of fall of the drop weight, starting at 30 cm in the first pass IPV1, 40 cm in the second 
pass IPV2, 60 cm in the third pass IPV3 and finally 120 cm in the fourth pass IPV4.

Figure 2-6: Pictures from the test field surface after impluse compaction at the first layer and in all four 
compaction points (Kudla et al., 2021)

IPV1 IPV2

IPV3 IPV4
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Figure 2-7: Post-test investigation of the compacted material (Kudla et al., 2021)

Afterwards the compacted soil was sampled with 22 drillings. Based on the data obtained, 
vertical and horizontal sections of the distribution of the total porosity with its distribution were 
made. Figure 2-8 shows the distribution of total porosity in the vertical sections at angles of 0°, 
45°, 90° and 135°. In addition, the layer boundaries determined at the core marshes are shown 
as red lines.

The formulation STG-2 (OBSM), which was installed in the lowest (1st) layer, showed a uniform 
distribution of porosity in the range between 7.2% and 10.5%. The formulation STG-3 
(mOBSM), which was incorporated in the middle (2nd) layer, also showed a relatively 
homogeneous distribution of porosity in the range between 9.2% and 12.4%. In both layers it 
is clearly visible that the lowest porosity tended to occur in the lower area and the highest 
porosity in the upper area of the layers. The same applies to the top (3rd) layer with the 
formulation STG-1 (EBSM). However, this showed a significantly more inhomogeneous 
distribution of porosity between 10.9% and 15.9%. This may be because the last (upper) layer 
was not post-compacted by a layer above it.



Figure 2-8: Achieved total porosity in four different cross sections of the first in situ test (Kudla et al., 
2021)

The second die test was performed at the same site and in the same general operation mode. 
STG-2 mixture was used exclusively as this formulation has so far achieved the lowest 
porosities. Furthermore, a new compaction foot with optimized geometry and with 
counterweights (weight plates) was tested on the impulse compressor. The counterweights 
are intended to reduce the loosening and bulging of the near areas around the compressor 
foot, which was detected in the first test. The compaction scheme was adjusted as well so that 
the compaction energy is distributed more evenly over the surface.
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Figure 2-9: Achieved total porosity in four different cross sections of the second in situ test (Kudla et 
al., 2021)

The integral porosity is shown in Table 2-2-2. In comparison with the first test, the compaction 
result was improved.

Table 2-2: Comparison of total porosity in two test setups (Kudla et al., 2021)

Treatment 1st in situ test 
"STV-3"

2nd in situ test 
"STV-4"

Total porosity in the first layer 
after precompaction

0.1915 0.1965

Total porosity in the first layer 
after impulse compaction

0.1221 0.1088

Total porosity in the second layer after impulse 
compaction (Integral for first and second layer)

0.1318* 0.1090

The following conclusions are derived from the performed laboratory and in situ tests:



 Very high specific compaction energies were introduced by impulse compaction. Under the 
conditions of the swage tests, a porosity of < 10% was reliably achieved. However, it was 
not possible under the given technical conditions to introduce a specific compaction energy 
> 8 MJ/m³ without secondary negative effects (re-loosening in the edge area) in a 
meaningful way. With high intensity (many blows at the same position), it is possible that 
the edge area may be loosened up again. In a future application this point must be 
recognized. Alternatively, the machine must be moved more often, but this increases the 
compaction time and the amount of work enormously.

 The results of the laboratory tests in the Marshall device can be a benchmark for the 
porosity that can be achieved in situ. A transferability of the laboratory results to the in situ 
conditions is well possible. However, in situ the same density as in laboratory tests is only 
achieved under favorable conditions. For a conservative evaluation, it should be assumed 
that the density achievable in situ is approximately 97% of the density determined in the 
Marshall device, with the same specific compaction energy introduced.

 Under the given conditions, with the tested formulation STG-2 (OBSM) the input of a 
specific compaction energy of up to 7.54 MJ/m³ is sufficient. Under these conditions a 
porosity of approximately 9% can be safely achieved. At a higher specific energy of 
compaction, no further improvement takes place. 

 Although the use of the present compaction unit (without excavator) with technical 
adjustments for guiding the compaction unit in a shaft is quite conceivable, it is 
recommended for future use in the shaft to reduce the drop weight to approximately 2 t and 
to increase the drop height to approximately 1.5 to 2 m in compensation. According to 
verbal information from the company TerraMix, this would allow the compaction unit to be 
attached to a more compact mobile unit with hydraulic power unit. Such a unit could be 
built from existing assemblies according to the modular principle. As this would require 
further financial expenditure, which was not part of the present R&D project, no new 
compaction unit was developed. 

 In case of practical implementation, the composition of the salt-clay mixture (clay content, 
water addition) may have to be adapted to the quality of the available salt-clay (grain band, 
grain shape) and the achievable compaction energy with the existing compaction 
equipment. Accompanying laboratory tests are to be carried out in the Marshall device.
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2.1.4 Cast in place concrete made of MgO-concrete
Within the frame of the R&D project 02E10880 (Freyer et al. 2015) a long-term stable MgO 
construction material with the 3-1-8 binder phase was developed. In addition to the long-term 
chemical resistance to MgCl2-containing solutions, the expansion behavior, and the time-
dependent deformation behavior (relaxation behavior) was the focus of the investigations. 

Table 2-3: Composition of the MgO-cast-in-place-concrete C3 (Freyer et al. 2015)

Component Mass Fractions
MgO (medium reactivity) 0.0675

Quartz powder (M300) 0.2151

Aggregates (0-8 mm) 0.5591

MgCl2-solution (5 molar) 0.1583

Within the ELSA phase 2 project laboratory tests were carried out with the MgO concrete of 
formula C3 (3-1-8 binder phase) with the aim of replacing the quartz powder used in this 
formula with another material. In the MgO-concrete mixture C3, quartz flour is used as an inert 
flour grain to achieve the sedimentation stability of the binder suspension. Without the addition 
of quartz flour, this concrete recipe is too liquid due to the high solution content and tends to 
bleed. In the original recipe, the addition of quartz flour is 2 kg per kg MgO. However, since 
quartz flour will be problematic in the future for large-scale underground use (dust pollution), 
an alternative flour grain additive is to be found. Further investigations have shown that a 
sedimentation-stable binder suspension can be achieved by adding finely ground salt in the 
quantity of 2 kg per kg MgO. Thus, in the C3N formulation, the quartz flour can be replaced by 
ground fine salt. The ratio of aggregate to binder suspension is adjusted to the desired 
consistency (spread). The optimized concrete mix C3N was used for concreting the second 
large borehole test. It is estimated, however, that the production of ground fine salt is very 
costly and will not be a practical and economical option.

The second large scale borehole test was accompanied by a mechanical, hydraulic, and 
mineralogical test program. Mean values of the cylinder compressive strength of the sampled 
batches are 37.7 MPa, 23.6 MPa, 39.9 MPa, and 40.9 MPa. The average values of the splitting 
tensile strength of the sampled batches of the main concrete are 3.47 MPa, 2.46 MPa, 1.99 
MPa, 2.54 MPa, 2.25 MPa, and 2.39 MPa. The average ratio between the compressive 
strength and the splitting tensile strength is also different depending on the batch and varies 
between 10.9 and 17.7. As a result of additional strength tests with the restitution samples 
from the concreting, considerable differences in strength have also been found, but these are 
all in the range of the values known to date for the MgO building material C3 (Figure 13).



Figure 2-10: Strength of retained samples from the cast-in-place-concrete C3 (Kudla et al., 2021)

The phase development was reproduced in the laboratory on samples in the climatic chamber, 
whereby the same temperature curve was simulated in the climatic chamber as was measured 
in the large borehole test. Two typical temperature-time windows (TZF) were simulated: TZF-
1 with a maximum temperature of 70 °C (TZF70) and TZF-2 with a maximum temperature of 
40 °C (TZF40). The phase inventory of the temperature-time window 70 °C (typical for core) 
and 40 °C (typical for edge area to the rock salt contour) develops as follows: At the setting 
temperature 70 °C and subsequent cooling, the 3-1-8 binder phase is already detectable after 
14 days. The primarily formed 5-1-8 binder phase is still present after 173 days. At the setting 
temperature of 40 °C and subsequent cooling, the 3-1-8 binder phase is clearly detectable 
after 9 days. The primarily formed 5-1-8 binder phase is still present after 183 days. In the 
following time, the proportion of the 5-1-8 binder phase formed primarily decreases further in 
both cases and the proportion of the 3-1-8 binder phase increases further. In the accompanying 
laboratory tests, lower expansion pressures are measured than after the same service life in 
the in-situ large borehole test (here approximately 5 MPa at the same time). The formation of 
the 3-1-8 binder phase is overlapped by the processes of thermal expansion/contraction in the 
initial phase, pore space formation through solution consumption from suspension and 
solidifying structure due to the formation of the 3-1-8 phase, crystallization of the 3-1-8 phase 
with degradation of the 5-1-8 phase and MgO as well as structural relaxation.
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2.1.4.1 First large-scale test
The MgO-concrete mixture as developed in Freyer et al. (2015) was tested the very first time 
in situ at the Sondershausen salt mine. A borehole of 1.0 m in diameter and 2.0 m in depth 
was constructed. Focus of the related measuring program was the development of the 
temperature during hydration and the development of the expansion pressure inside MgO 
concrete. The main interest was the contact pressure developing at the rock contour to the 
rock salt. Based on the results of Freyer et al. (2015) the question arises how the contact 
pressure or expansion pressure developing from the crystallization of the 3-1-8 binder phase 
in a larger structure develops over time. Based on laboratory experiments (Freyer et al., 2015) 
it was assumed that the expansion pressure decreases again after some time after a 
maximum. A resulting question was also how high a residual expansion pressure is or whether 
the expansion pressure approaches zero pressure, used in conservative assumptions. To 
verify the pressure data, concrete stress sensors were installed near the pressure transducers. 
Under this condition of exact measurement of a falling or rather low pressure, plate pressure 
sensors with a measuring range up to 20 bar were selected. However, as can be seen below, 
this decision led to a loss of information in the pressure measurement of the present large 
borehole test.

Figure 2-11 shows the measured pressure curve. Experience shows that an immediate primary 
pressure development is caused by temperature development (thermal expansion with limited 
volume). As the concrete cools, a re-expansion takes place, which leads to a decrease in the 
restraint state (pressure). After approximately 4.5 to 5 days, a secondary pressure 
development was observed in the present experiment. Since the concrete has already cooled 
down to a large extent, this is a pressure development caused by reactions in the concrete 
that result in changes in volume.

Figure 2-11: Measured pressures and temperatures in MgO concrete in the first 14 days - BS2 and BS3 as 
contact pressures, BS1 and BS4 as axial pressures (Kudla et al., 2021)
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The developing pressures were outside the measuring range at > 22 bar for the reasons 
already mentioned above (selection of the measuring sensors). Therefore, no information is 
available about the maximum level of the expansion pressures and the further course over 
time. The pressure development measured at the beginning is in accordance with the 
previously known curves from laboratory investigations (Freyer et al., 2015) and is caused by 
the phase transformation (transformation of the primarily formed 5-1-8 phase with remaining 
pore solution into the stable 3-1-8 phase) in MgO concrete C3. This process takes place with 
an increase in volume, which leads to the formation of an expansion pressure under the 
existing boundary conditions (restraint in the rock).

2.1.4.2 Second large-scale test
The second in situ large scale borehole test with the MgO concrete C3 was initiated to close 
the knowledge gap regarding the temporal course of the expansion pressure and the radial 
contact pressure to the rock salt contour. The test setup was increased and accompanying 
laboratory tests on the expansion pressure development of the MgO concrete C3 in the same 
temperature-time window as in the large borehole test were performed, as described 
previously. A measurement of the permeability of the entire system with gas and brine was 
performed.

These requirements were implemented by selecting plate pressure transducers with a 
measuring range of up to 100 bar for the pressure measurements, increasing the length and 
diameter of the structure compared to the first large borehole test and installing a pressure 
chamber with an access borehole at the bottom of the structure. A pumping station was 
installed for the subsequent pressurization of the liquid over a longer test period. 

After the cavity contour had been excavated and the pressure chamber had been accurately 
drilled, the pressure chamber construction was installed. Then the lower section was 
concreted, and the transducers were installed. The large bore hole was then concreted in two 
sections with MgO concrete C3. The concreting in two sections was necessary to enable the 
installation of the transducers. Figure 2-12 shows the test setup and the location of the installed 
sensors. Resulting pressures during the subsequent large borehole test no. 2 are shown in 
Figure 2-13.

Because of the expected very low permeability of the system uncertainties in the calculation 
of the permeability have a significant impact on the result. A defined-volume pressure chamber 
was installed to reduce uncertainties. Instead of using a porous soil (e.g., gravel), a steel 
construction was installed which allows a very accurate determination of the volume. 
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Figure 2-12: Test setup for the second in situ test (Kudla et al., 2021)

Figure 2-13: Radial (S2, S4) and axial (S1, S3) pressure and pore pressure in the control chamber 2 
during the large borehole test 2 (Kudla et al., 2021)



2.1.5 Asphalt and bitumen sealings
Within phase 2 of the ELSA project three different types of bitumen based sealing elements 
were investigated:

 bitumen based sealing elements based on the principle "Hard shell – soft core" (Kudla 
et al., 2009)

 bitumen with inorganic filler (e.g., silica flour)
 bitumen filled gravel columns
 dense stone asphalt, in the style of Schönian (1999) and Van de Velde et al. (1985)

Basic questions regarding the material parameters of the used bitumen have already been 
investigated in earlier projects (Kudla et al., 2009). During ELSA phase 2 further laboratory 
tests were carried out to verify the input data for modelling (AP5) and in situ borehole tests 
with the three named sealing types were performed. 

2.1.5.1 Bitumen filled gravel columns
A bitumen filled gravel column represents a combined abutment and sealing element was 
developed within the framework of the performance assessment of the Morsleben repository 
ERAM (Rauche et al., 2003; Rauche et al., 2004).

The pore space of a low-settling backfill column, made of gravel, is hot grouted in sections with 
bitumen or filled bitumen (asphalt). Pure or filled bitumen abutment sealing elements can be 
used against liquid ingress in either direction (i.e., with or against gravity). 

The installation of a gravel column filled with bitumen is divided into two installation steps. At 
first the gravel is installed in layers and compacted. In a second step the bitumen is grouted 
into the pore space of the gravel. The installation technology for a gravel column filled with 
bitumen has been investigated and optimized by the TU Bergakademie Freiberg (Glaubach et 
al. 2013).

The basic requirements for the functionality of a bitumen-filled ballast column are a low-settling 
gravel framework and a sufficiently void-free grouting of the gravel pore space with bitumen. 
The last aspect in particular demanding in terms of implementation. As the gravel is always at 
ambient temperature, the hot bitumen cools down quickly during grouting. The resulting 
disproportionately increasing viscosity of the bitumen leads to a rapid stagnation of the grouting 
process. Following criteria were formulated to be in line with the basic requirements:

1. limitation of the moisture content of the gravel to 0.5 mass-%
2. limiting the dust content of the gravel to 0.5 mass-%
3. limiting the thickness of the gravel layer to be grouted to 0.6 m
4. if possible, continuous grouting of the bitumen with a density of the grouting points (EGP) 

on the gravel surface of at least 0.7 points per square meter
5. grouting of the bitumen as hot as possible with minimum 170 °C
6. volume flow of the bitumen at the grouting points of maximum 2 liters per second
7. a void content of the gravel column filled with bitumen of less than 3%
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2.1.5.2 Dense stone asphalts
The installation process of bitumen filled gravel columns is connected to a high effort and 
several criteria as named before. As an alternative, simpler in installation, ready-to-install 
mixtures of filled bitumen (asphalt mastic) and a coarse grain size have been known in 
hydraulic engineering for a long time by the name “dense stone asphalt” (Schönian, 1999; Van 
de Velde et al., 1985) and were mainly used in Dutch coastal protection.

Dense stone asphalts are emplaced directly by free-fall, do not need to be compacted and are 
waterproof (void contents < 3%) due to the high bitumen content (saturation of the stone 
interstitial spaces) (Schönian, 1999). Based on these properties a dense stone asphalt is 
therefore very interesting for an abutment and sealing element made of bitumen and crushed 
stone. Within the scope of the ELSA phase 2 project, it is to be developed and investigated for 
underground use in shaft sealing.

A rounded-edge round-grain gravel has proven to be comparatively well compactable, low-
settling, and stable against grain breakage under loads. Therefore, the suitability of the round-
grain gravel for a low-settling grain structure for a dense stone asphalt is very promising 
compared to a ballast column filled with bitumen. Furthermore, the proportion of bitumen or 
filled bitumen in the mixture must be such that the pore space between the gravel grains stored 
in bulk density is nearly filled. The optimum proportion of bitumen or filled bitumen is therefore 
largely dependent on the storage density respectively porosity of the gravel. The proportion of 
bitumen in the mix is optimal when the bitumen level after installation is slightly below the upper 
edge (about half the maximum grain diameter) of the gravel. The exposed gravel grains allow 
low-settling grain to grain interlocking between the adjacent paving sections. For the practical 
application it seems to make sense to use bitumen with a somewhat too low content and, if 
necessary, to add bitumen or filled bitumen locally.

2.1.5.3 "Hard shell – soft core"
Bitumen based sealing elements designed against fluid attack from below must have a lower 
density than the attacking fluid. Therefore, only pure bitumen can be used here. A combination 
of a soft and a hard bitumen is recommended. Soft bitumens have a very good wetting capacity 
and, due to their more pronounced liquid character, are also better able to react to relatively 
rapid and short-term pressure changes. Hard bitumen reacts significantly more "sluggishly" to 
pressure changes, which also makes them more stable in place, in the long term. According 
to the "hard shell - soft core" idea, a bitumen seal should be constructed as presented in Figure 
2-14. The design combines the useful properties of both types of bitumen. The combined use 
of distillation and oxidation bitumen does not represent a problem, as the two kinds of bitumen 
differ only in their colloidal composition. (Kudla et al., 2009)



Figure 2-14: Schematic illustration of the construction "Hard shell – soft core", destillation bitumen 
(gray) coverd by two layers of oxidiation bitumen (black) (Kudla et al., 2009)

Within the frame of the ELSA phase 2 project different borehole tests in rock salt and clay were 
performed. The rock salt tests were performed in the underground at the Sondershausen mine, 
in parallel to the compaction tests of salt-clay mixtures. For salt four borehole were drilled. In 
two boreholes with a diameter of 0.3 meters the "Hard shell – soft core" system was tested. In 
two additional drillings with a diameter of 0.5 m the system of bitumen filled gravel column and 
dense stone asphalt were tested. Figure 2-15 and Figure 2-16 show the principal design of the 
test sealings installed in the boreholes.

Figure 2-15: Design of the sealing system "Hard shell – soft core" as installed for the borehole test 
(Kudla et al., 2021)

Hard shell
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Figure 2-16: Internal design as installed for the borehole tests bitumen filled gravel column and dense 
stone asphalt (Kudla et al., 2021)

Small scale exploration drillings at the test side showed a gas permeability of the surrounded 
rock between 1·10-22 and 5·10-22 m². After the successful installation of all borehole sealings 
gas tests were performed. One of the boreholes with bitumen-filled gravel column and the 
boreholed sealed with the dense stone asphalt were also tested with brine. The experiments 
showed integral (gas) permeability between 1·10-20 and 3·10-21 m². The liquid permeability for 
both tests was between 2·10-20 and 6·10-21 m². In none of the tests was a measurable flow 
around the sealing elements detected. The integral permeability of the systems seems to be 
driven by the EDZ around the drillings. 

Finally, one of the smaller boreholes was overcored, de-constructed, and analyzed. To 
investigate how far the "soft core", the distillation bitumen, has penetrated the rock salt, thin 
sections were prepared from the removed salt, see Figure 2-17. Figure 2-18 shows two images 
of the thin sections taken with the transmitted light scanner. The edge of the bore hole, i.e., the 
contact with the bitumen, is on the left side of the images. The fine dark brown threads 
represent the penetrated bitumen. The black areas that can be observed deeper in the salt are 
faults, i.e., small air-filled cavities in the salt, which appear black in the image. The bitumen 
has penetrated fine cracks in the rock salt up to a maximum of 0.5 cm. 

Figure 2-19 shows enlarged microscope images from the area near the borehole edge. The 
orientation of the fine cracks and thus also the penetration of the bitumen is usually radial, 
which is also to be expected due to the relaxation in the axial direction. Axial cracks only occur 
very locally. The bitumen fills the fine cracks very well. 



Under higher resolution the flow of bitumen can be observed up to very fine cracks. It is even 
sufficient to fill subsequent larger cavities, see Figure 2-20. However, it appears the bitumen 
was not able to penetrate all the way into the last cavities. Small air-filled areas at the end of 
the cracks were not reached (see Figure 2-20). This may be because the pressure was no 
longer sufficient to push the bitumen further in. An estimate of the crack width showed that the 
bitumen was able to penetrate cracks up to a width of about 20 μm.

Figure 2-17: Image of sample from the borehole edge after removal of the test (Kudla et al., 2021)

Figure 2-18: Thin sections showing penetration of the bitmen into the EDZ (Kudla et al., 2021)
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Figure 2-19: Images from the bitumen-filled cracks inside the EDZ (Kudla et al., 2021)

Figure 2-20: Images from the bitumen-filled cracks inside the EDZ, local and enhanced (Kudla et al., 
2021)
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