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25 years of underground engineering in a plastic clay formation:

the HADES underground research laboratory

W. Bastiaens & F. Bernier

EIG EURIDICE, Mol, Belgium

ABSTRACT: The Boom Clay layer, a tertiary plastic clay, was chosen as a study case for the geological disposal
of high level and long-lived radioactive waste. For R&D purposes, the underground research facility HADES was
constructed at a depth of 223 m.The construction started in 1980 with the sinking of a shaft, and the laboratory was
expanded several times since then. Construction techniques and the level of understanding of hydro-mechanical
processes have very much evolved throughout the years. This paper describes the construction techniques used at
HADES and focuses on the most recent extension.A 80 m long gallery was constructed using industrial techniques
and the excavation was accompanied by an extensive instrumentation and characterisation programme.

1 INTRODUCTION

1.1 Context

The industrial production of nuclear electricity implies
the management of the generated radioactive wastes.
In Belgium, the R&D programme on this topic
was initiated at the Belgian nuclear research centre
(SCKCEN) in 1974. A tertiary clay formation, the
“Boom Clay”, present under the Mol-Dessel nuclear
site between 190 m and 290 m, was selected as a poten-
tial host formation for the disposal of HLW (High
Level and Long Lived Radioactive Waste). Prelim-
inary laboratory research yielded promising results,

Figure 1. Construction history of HADES.

thus it was decided to construct the underground labo-
ratory HADES (High-Activity Disposal Experimental
Site) at 223 m depth.

The first construction phase started in 1980 and
since then HADES has been expanded several times,
Figure 1 shows the construction history. The primary
purpose is conducting various in-situ experiments (on
geomechanics, corrosion, migration, · · · ) to study
the feasibility of HLW disposal in the Boom Clay
layer. HADES is managed by the Economic Inter-
est Grouping EURIDICE, a joint venture between
SCKCEN and NIRAS (the Belgian radwaste manage-
ment organisation).
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Table 1. Characteristics of Boom Clay.

Parameter Unit Value

Young’s modulus∗ (E) MPa 200–400
Poisson coefficient (ν) / 0.4–0.45
Friction angle (ϕ) ◦ 4
Cohesion (c) MPa 0.5–1

Hydraulic conductivity (k) m/s ∼10−12

Porosity / 0.39
Water content % vol 30–40

∗ Tangential, at the origin.

1.2 The Boom Clay

Table 1 contains the undrained geomechanical char-
acteristics of undisturbed Boom Clay at the level of
HADES (−223 m), considering a perfect elasto-plastic
model type Mohr-Coulomb. Other important parame-
ters such as hydraulic conductivity, porosity and water
content are shown as well (NIRAS 2001).

The Boom Clay layer is almost horizontal (it dips
1–2% towards the NE) and water bearing sand lay-
ers are situated above and below it. At the level of
HADES, total and pore water pressures are respec-
tively about 4.5 and 2.2 MPa. The vertical stress is
estimated to be slightly higher than the horizontal ones
(K0 ∼ 0.9).

2 THE FIRST EXCAVATION WORKS

2.1 First shaft

The design and construction techniques of the first
shaft (1980–1982) were based on the geomechanical
knowledge at that time and the results of laboratory
tests on Boom Clay cores taken at the Mol site (De Beer
et al. 1977). At that time, no construction works were
ever performed in such a clay layer at these depths.As a
result, high safety factors and conservative values were
used in the design calculations (De Bruyn & Neerdael
1991).

When excavated, Boom Clay at −223 m depth was
expected to have a very plastic response: it would more
or less behave like toothpaste. Therefore, ground con-
ditioning was deemed necessary. It was opted to use
the ground freezing technique, as it was already needed
for sinking the access shaft through the water bearing
sands.

The soil was frozen by means of a calcium chloride
brine, cooled down to about −25◦C by ammonia frig-
orific groups.The underground facility being designed
only for experimental purposes, the internal diameter
of the shaft had been limited to 2.65 m. The lining con-
sists of poured concrete applied in two stages, each
time 0.4 m thick with (in the water bearing sands)

Figure 2. Semi-manual excavation in frozen Boom Clay
during the construction works of the first shaft (1980–1982).

a PVC-membrane in between to ensure the shaft’s
watertightness. The depth of the shaft is 230 m. The
excavation itself was performed semi-manual with
hand pneumatic hammers ().

The shaft sinking operation proceeded normally
until the top of the Boom Clay. In the frozen clay mass
however, the shaft lining was rapidly (2 to 3 weeks)
under pressures significantly higher than the design
value, which was the whole overburden pressure. Dis-
placements of the unlined clay at −12◦C reached 1 cm
per day. Modifications were therefore required in the
design of as well the crossing chamber as the planned
gallery.

2.2 URL

The first gallery, which is called URL or Under-
ground Research Laboratory, was constructed after
completion of the shaft. Additional tests on Boom
Clay samples at different temperatures (from −5◦C
to −30◦C) showed that the efficiency of the freezing
was dependent on several factors, among them temper-
ature and freezing period which both had to be kept as
low as possible.

Before the excavation of the URL could start, freez-
ing tubes were installed. They were not parallel with
the future gallery but were installed conically around
it. Freon freezing units were used, with a brine temper-
ature around −32◦C. The measured displacements at
the excavation front were 3 mm per day. The gallery,
executed in 1982–1983, has a total length of about
35 m and is lined with cast iron segments of 0.2 m
thickness for an internal diameter of 3.5 m. A concrete
plug, poured in place over a thick ness of 2.5 m, fin-
ishes the gallery. The excavation was semi-manual as
before (Figure 3).

The high cost, the deformations and other related
problems caused by the freezing technique in clay led
rapidly to the conclusion that further in situ study of
the response of the unfrozen host rock on excavation
works was needed.
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Figure 3. Semi-manual excavation in frozen Boom Clay
during the construction works of the URL (1982–1983). At
the right hand side, the cast iron lining is visible.

3 EXCAVATING IN UNFROZEN
BOOM CLAY

3.1 Exploratory works

The construction of the exploratory works, a small
shaft (24 m deep) from October to November 1983 and
a short gallery (8.5 m long) from May to June 1984,
both 2 m external diameter and lined with 0.30 m thick
un-reinforced concrete blocks was started immediately
after the completion of the URL. Once more, the exca-
vation was semi-manual but ground freezing was no
more used for these works.

No major difficulties were encountered, creep phe-
nomena in unfrozen clay being of lower magnitude
than expected. Even up to the present day, the lining
behaviour is very fair and the pressure acting on the
lining is lower than the overburden.

3.2 Test Drift

In a next phase, the lessons learnt from the exploratory
works needed to be demonstrated on a more represen-
tative scale. The so-called Test Drift was constructed
in unfrozen clay. The gallery is about 65 m long; the
lining is similar to that of the exploratory works:
un-reinforced concrete with a thickness of 0.6 m, for
an internal diameter of 3.5 m. Each ring consists of
64 blocks separated by wooden plates to increase its
flexibility. Figure 4 shows the installation of such
a ring.

The last 12 m of the Test Drift were lined using steel
sliding ribs (TH-profiles).A lining ring consists of four
steel profiles which are interconnected with clamps.
The system acts like a diaphragm: the force of the
clamps is such that before the ground pressure on the
lining becomes too high and causes damage, the ribs
can slide and the diameter is subsequently reduced so
the pressure is at a lower level again.

During the entire construction, performed once
more without mechanisation, no major difficulties

Figure 4. Installation of a lining ring of theTest Drift (1987).

were encountered. On average, 2 m were excavated
and lined each five days (24 h working regime). The
progress rate was limited by the semi-manual excava-
tion technique and the limited capacity of the access
shaft (as well in volume as in weight).

4 THE SECOND SHAFT

4.1 Necessity of a second shaft: PRACLAY

An important milestone in the development of a pos-
sible repository for radwaste in clay layers will be the
PRACLAY experiment (PReliminAry demonstration
test for CLAY disposal of highly radioactive waste),
essentially in the case of vitrified HLW. This experi-
ment will consist mainly in the realisation of a large
scale heater test which has to demonstrate that Boom
Clay will behave as predicted under a thermal load.
The combined effect of the excavation and the thermal
load will be investigated during more than 10 years.

The PRACLAY experiment requires the construc-
tion of a gallery (internal diameter ∼2 m; length
∼40 m) perpendicular to HADES. Therefore, the
underground laboratory HADES had to be extended.
Belgian mining authorities imposed the construction
of a second shaft before the extension of the labo-
ratory. In a first phase (1997–1999), a new access
shaft and two starting chambers were constructed.
The next phase (2001–2002) was the excavation of
a 85 m long connecting gallery between the new shaft
and the existing laboratory. The PRACLAY gallery
itself is currently being designed and its excavation is
scheduled for 2007.

4.2 Construction of the second shaft

For the construction of second shaft (1997–1999)
the ground freezing technique was used, but only
in the water bearing sands above the Boom Clay
(Ramaeckers et al. 2000). Sixteen freeze pipes were
equally spaced on a 7 m diameter circle to create the
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Figure 5. Mechanized excavation and primary lining (slid-
ing ribs) in unfrozen Boom Clay; construction of the second
shaft.

freeze wall.The pipes were anchored into the top of the
clay layer to a depth of −191 m. Two freezing groups
that use ammonia as coolant were installed with each
a capacity of 250 kW. A calcium chloride brine was
pumped through the circuit at a temperature of −27◦C.

The excavation started after the verification of the
continuity of the freeze wall, a mechanised excava-
tion method was used: a hydraulic jackhammer was
mounted on a work platform (). The mean rate of
the excavation was about 6 m per week. The freeze
wall was secured by a primary lining composed of a
0.2 m thick layer of shotcrete. At the top of the clay
a reinforced concrete foundation was constructed in
unfrozen clay to support the secondary lining. This
consists out of prefabricated concrete rings with an
8 mm thick outer steel casing. These 2.5 m high rings
were stacked one on top of the other (71 in total) and
were welded together to ensure waterthightness. The
gap between the primary and secondary lining was
filled with hot asphalt (180◦C).

Taking into account the good mechanical behaviour
of the clay during the excavation of the foundation,
the unfrozen clay was excavated from the foundation
down to the bottom (−230 m) using steel sliding ribs
as primary lining. Concrete was then poured from the
bottom up to the foundation. The feasibility of sinking
a shaft by means of an industrial technique in unfrozen
Boom Clay had been demonstrated.

4.3 The starting chambers

At the bottom of the shaft, two starting chambers
were constructed at the level of HADES. During

the construction of the chambers, large slip surfaces
were observed. These surfaces lead to the detachment
of blocks, causing problems during excavation. No
active support was installed from the beginning of
the excavation work on the chambers. Together with
the low excavation rate, this has certainly favoured the
detachment of the blocks.

Starting from the northern starting chamber, the
so-called connecting gallery was excavated towards
the existing underground laboratory.

5 CONNECTING GALLERY

5.1 Mounting chamber

Before the actual excavation works could start, a
mounting chamber (diameter: 6.4 m; length: 3.15 m)
had to be constructed from the northern starting cham-
ber. The mounting chamber provided the necessary
space to assemble the 10 segments of which the
tunnelling shield was made up from.

After reinforcing the face of the starting chamber
with glass fibre anchors (cf. slip planes), the mount-
ing chamber was excavated by means of a pneumatic
hammer and lined with steel sliding ribs and shotcrete.
Shotcrete was also applied on the face of the mount-
ing chamber to prevent dehydration of the clay during
mounting. When the excavation of the connecting
gallery itself started, wedge-block lining (cf. infra) was
installed within the former mounting chamber and the
annular space between this secondary and the primary
lining was filled with grout.

5.2 Construction of the connecting gallery

In spite of the limited length of the connecting gallery
(about 85 m), an industrial tunnelling method was
used. The construction was an experiment in itself
because it was the first time that an industrial exca-
vation technique was used for the construction of a
gallery in Boom Clay at a depth of 223 m (Bastiaens
et al. 2003). One of the main goals was the demonstra-
tion of the feasibility of the industrial construction of a
HLW repository at an acceptable cost and with limited
disturbance of the host rock.

The clay face was excavated by means of a road-
header under the protection of a shield. The shield
ensured a smooth excavation profile as it was equipped
with a cutting head; the excavated diameter that was
milled off by the roadheader was slightly smaller than
the diameter of the cutting head, so the cutting head
scraped of the last few decimetres as the shield was
pushed forward by hydraulic jacks. After 1 metre of
excavation, one lining ring of 1 m wide was installed.

A bird-wing erector (fixed to the shield) placed the
lining; the wedge-block system was applied. 12 seg-
ments were used to build a lining ring.Two of them, the
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Figure 6. Schematic view of the tunnelling equipment.
1: clay face; 2: cutting head; 3: tunnelling shield;
4: roadheader; 5: hydraulic jack; 6: bird-wing erector; 7:
wagon; 8: wedge-block lining.

Figure 7. Tunnelling equipment during a test assembly on
surface.

so-called keys, had a conical shape and when they were
pushed into the ring, the ring diameter became larger.
This way, the ring was expanded against the excavated
profile. The external diameter was 4.80 m; the lining
thickness was 0.4 m. 83 rings were installed; in the last
metres of the connecting gallery the tunnelling shield
was abandoned and acts as lining. Figures 6 and 7
show a schematic view and a picture of the tunnelling
equipment.

The connecting gallery was excavated in less than
6 weeks. Except for the first and last few meters of
the gallery, the minimal excavation rate 2 m/day was
always respected and sometimes even doubled. The
actual connection between the existing laboratory and
the new gallery is well aligned: the distance between
the axes of the Test Drift and the connecting gallery is
only a few centimeters.

5.3 Limiting convergence

Throughout the entire connecting gallery project, lim-
iting the convergence of the host rock was one of the
main priorities: the less convergence one allows, the
smaller the extent of the excavation damaged zone or
EDZ will be. This is important because the primary
aim of the laboratory is to study the properties of the
clay in “undisturbed” conditions. Moreover, the Boom

Clay has an important barrier function in the current
repository design; limiting the damage to the host
rock around a future repository makes sure this barrier
function is optimized.

A parameter study showed that at excavation rates of
2 m/day and more, no delayed convergence of the host
rock occurs ahead of the face. This conclusion brings
on one of the basic requirements for this project: a
minimal excavation rate of at least 2 m/day at all time;
24 hours a day and 7 days a week.

Another parameter that has an influence on the
total convergence is the overcut (difference between
the excavated diameter and the final lining diameter).
From convergence perspective, the overcut should be
kept as low as possible but on the other hand, if it is too
small, the shield could get blocked due to friction with
the converging clay. The cutting head at the front of
the shield could be adjusted in order to use the optimal
overcut. Based upon modelling results, an overcut of
90 mm was used; this choice proved adequate.

The distance between the face and the placement
of the lining is to be kept small as well. This implies
using a short tunnelling shield and a short unsupported
zone behind the shield. A stiff and expanding lining
system is used, to avoid additional convergence after
placement.

5.4 Instrumentation and observation programme

The excavation of the connecting gallery from the
second shaft towards the existing Test Drift provided
a unique and original opportunity to monitor the
hydro-mechanical parameters of Boom Clay ahead
of an excavation front. The EC CLIPEX instrumen-
tation programme (Clay Instrumentation Programme
for the Extension of an Underground Research Labo-
ratory), realised in the framework of the extension of
HADES, enabled the instantaneous hydro-mechanical
response of the clay during excavation of the connect-
ing gallery to be characterised with high reliability
(Bernier et al. 2002). The host rock had been instru-
mented both in the zone to be excavated and around it.
More specifically, the CLIPEX instrumentation net-
work covered three zones (Figure 8). Total pressures,
pore water pressures and displacements were mea-
sured in the zone behind the front of the Test Drift
and in the zone near the bottom of the second shaft.
Strain gauges in the lining segments of the connecting
gallery enabled monitoring stresses in the lining and
deducing the pressures exerted on it by the host rock.

The measurements during excavation, especially
those of the evolution of the pore water pressure, have
clearly shown the strong hydro-mechanical coupling
behaviour of the Boom Clay. All sensors installed
behind the front of the Test Drift registered a similar
evolution of the pore water pressure (e.g. Figure 9): a
progressive increase, followed by a sharp drop as the
excavation front approached very closely. A tendency

799

Copyright © 2006 Taylor & Francis Group plc, London, UK



Figure 8. CLIPEX instrumentation (not on scale).

Figure 9. Pore water pressure readings of an inclined (in
a vertical plane) piezometer installed from the Test Drift
(cf. borehole C on Figure 8), the depths of the individual
filters are indicated.

towards re-equilibrium was then registered by the sen-
sors that had not been destroyed by the excavation.
The increase of the pore pressure corresponds to the
undrained contractant plastic behaviour of the mate-
rial: due to the pressure peak ahead of the face, the pore
pressure rises because the low hydraulic conductivity
impedes the dissipation of the pore water. The drop
phenomenon is linked to decompression and fracturing
of the massif around the front. When the convergence
of the gallery wall comes into equilibrium with the lin-
ing support, this can induce recompression of the clay
and pore pressure rise again.

5.5 EDZ around the connecting gallery

The term EDZ is a very general one; in fact many
types of damage can occur which do not necessarily
have the same extent. In the current paper, we will deal
with macro-fractures, altered pore water pressures and
hydraulic conductivity.

5.5.1 Fractures
The fracture observation programme carried out dur-
ing the excavation of the connecting gallery aimed to
put to the test the conceptual insights in the fractura-
tion process and to get more quantitative data on the
fractures (Mertens et al. 2004). During the construc-
tion an important effort was made to observe fractures:
as the excavation progressed, the face and sidewalls of
the gallery were observed, photographed and mapped.

Figure 10. Observed fracture pattern around the connecting
gallery (vertical cross-section). The fractures originate about
6 m ahead of the face and their radial extent is about 1 m.

This resulted in a detailed database describing frac-
ture type (tension, shear, etc.) and orientation over the
whole length of the gallery. A consistent fracturation
pattern was recognised and is shown on Figure 10.
It consisted of two conjugated fracture planes: one
in the upper part, dipping towards the excavation
direction (north), the other in the lower part, dip-
ping towards the opposite direction (south). The two
planes were curved and intersected at mid-height of the
gallery, where their dip reached 60◦ to 70◦. The dis-
tance between successive fractures was usually a few
decimetres.

Also, some cored borings were carried out after the
tunnel was constructed. They indicated a radial frac-
ture extent of about 1 m. Field observations and numer-
ical modelling showed that the fractures originated
some 6 metres ahead of the excavation face.

5.5.2 HdZ
The first aspect of the hydraulic disturbed zone is the
pore pressure distribution around the gallery and its
evolution with time. Therefore, five piezometers with
different orientations (1 horizontal, 1 upward, 2 down-
ward and 1 inclined 45◦ downward) were installed up
to 40 m into the host rock. Figure 11 shows their
measurements 2.5 years after the construction. The
influenced zone is ∼20 m in a horizontal cross-section
and ∼40 m in a vertical cross-section. The anisotropy
of the HdZ can be explained by the anisotropic stress
state (σH ∼ 0.9∗

σV). The results are in agreement with
measurements performed around the Test Drift in the
early 90’s: the same anisotropy was measured during
the first years after excavation. But as time passed,
the pressures around the Test Drift in the horizontal
plane dropped, the pressures in the vertical plane rose
and after ∼10 years the anisotropy was inversed. This
effect is due to the anisotropy of the hydraulic conduc-
tivity in Boom clay (kH ∼ 2∗kV) which causes a larger
draining effect horizontally.

The second aspect of the HdZ is the hydraulic con-
ductivity. Measurements (on a downward piezometer)
show that it is influenced up to 6 m into the host rock;
at 1 m kH ∼ 3.10−11 m/s was obtained, in the far field
kH ∼ 6.10−12 m/s as shown on Figure 12.
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Figure 11. Pore water pressures distribution around the
connecting gallery, 2.5 months after its construction.

Figure 12. Hydrulic conductivity (k) measurements.

6 CONCLUSIONS

Excavation techniques and geomechanic understand-
ing have evolved throughout time. The different sec-
tions of the underground research facility HADES
reflect this evolution of engineering in a deep plas-
tic clay formation. The shaft and gallery constructed
in the past few years have demonstrated the feasibility
of industrial excavation techniques needed for the con-
struction of a HLW repository. A key issue is limiting
the EDZ around such excavations; the described EDZ
and HdZ are acceptable from performance assessment
point of view.
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