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Resumen

FEBEX (full-scale Engineered Barriers Experiment
in Crystalline Host Rock) es un proyecto de demos-
tración llevado a cabo por un consorcio interna-
cional liderado por la compañía española ENRESA
y del que forman parte NAGRA (Suiza), ANDRA
(Francia), GRS (Alemania), y G.3S (Francia), así
como una serie de instituciones y universidades es-
pañolas. El proyecto consta de un ensayo "in situ",
en el laboratorio subterráneo de Grimsel (GTS), en
Suiza; un ensayo en "maqueta", en las instalacio-
nes del CIEMAT en Madrid; y una serie de ensayos
de laboratorio para complementar la información
de los dos ensayos anteriores.

Los objetivos del proyecto son varios, siendo el
principal la demostración a escala real del con-
cepto español de almacenamiento de residuos ra-
diactivos de alta actividad en granito, así como la
mejora y validación de las herramientas de mode-
lización de los procesos termo-hidro-mecánicos y
termo-hidro-geoquímicos que se producen en el
sistema de barreras de ingeniería y en la roca en-
cajante.

En este informe se tratan los aspectos de diseño,
ingeniería, y construcción del ensayo "in situ" que
se lleva a cabo en el laboratorio subterráneo de
Grimsel en Suiza. Este ensayo reproduce el con-
cepto AGP-Granito de ENRESA para repositorios

de residuos radiactivos de alta actividad en rocas
cristalinas. En el fondo de una galería horizontal
de 2,28 metros de diámetro se han instalado dos
calentadores, de dimensiones y peso similares a
los de los contenedores del concepto de referen-
cia, embebidos en 115,7 toneladas de bloques de
bentonita compactada. Esta área de ensayo, de
17.4 metros de longitud, se ha sellado con un ta-
pón de 2,7 metros de espesor. Se han instalado
más de 600 sensores de diversos tipos, en la ba-
rrera de arcilla, el macizo rocoso, y los calentado-
res, para medir variables como temperatura, hu-
medad, presiones, etc.

La instalación se terminó en febrero de 1997, y
comenzó la fase de calentamiento, que durará al
menos 3 años. En esta fase, el ensayo funcionará
generalmente de forma automática, y se controla-
rá y monitorizará desde Madrid vía módem.

Este es el informe final de AITEMIN correspon-
diente a la etapa preoperacional del proyecto e in-
cluye la descripción de las partes integrantes y dis-
posición del ensayo; aspectos relativos al diseño,
ingeniería y construcción de los componentes y
equipos del ensayo; el procedimiento de montaje;
e información "as built" relativa a la posición final
de los sensores y de los demás elementos princi-
pales.
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1. Introduction

The aim of the FEBEX project (Eull-Scale
Engineered Barriers Experiment) is the study of the
near-field for a repository of high-level radioactive
waste (HLW) in crystalline rock. The experiment has
three major parts:

1) an "in situ" test, in natural conditions and at
full scale [1];

2) a "mock-up" test, at almost full scale [2]; and

3) a set of experimental laboratory tests, to com-
plement the information from the two large-
scale tests [3,4].

The experiment is based on the Spanish refer-
ence concept for crystalline rock, in which the
waste canisters are placed in horizontal drifts sur-
rounded by a clay barrier formed from highly-
compacted bentonite blocks [5].

The complete project, with about seven years of
duration (1994-2001), has been divided into four
sequential stages, defined by the main features of
each stage of the two large-scale tests. The stages
are:

Q Pre-operational (planning, design, installa-
t ion, and predictive modelling).

Q Operational (heating, monitoring, and cool-
ing).

Q Dismantling (extracting, sampling, and test-
ing the materials).

Q Final evaluation of the entire experiment.

This report is part of the pre-operational stage
(1994-1996).

The engineered barriers (waste, canister, and
clay barrier) are a key element in the final disposal
concept for the HLW. The canister isolates the
waste for a period of time. The clay barrier has the
multiple purpose of providing mechanical stability
to the canister, by absorbing the stress and defor-
mations generated by the host rock; of retarding
the arrival of water at the canister; and of retain-
ing/retarding the migration of the radionuclides,
released from a deteriorating canister.

The performance of a repository is influenced by
the changes produced in the mechanical, physico-
chemical, and geochemical properties of the engi-
neered barriers and surrounding rock. Fundamen-
tally, these changes are generated by the com-
bined effects of the heat produced by the decay of
the waste, of the movement of water, and of the
chemical composition of the near-field. The design
criteria and the construction procedures of the en-
gineered barriers also have an influence on the
performance of a repository. Thus, for the perfor-

mance assessment, the comprehension and quan-
titative analyses of the near-field behavior are fun-
damental.

ENRESA has studied, in previous R&D plans,
sources of materials to be used for the clay barrier
as well as their thermal, hydraulic, mechanical, and
geochemical behavior. The hydro-geochemical be-
havior of the granite rock mass was also studied.
Based both on the results of previous studies and
on the fact that no large-scale experiment for the
emplacement of HLW in a horizontal drift in gran-
ite has been performed, ENRESA has concluded
that the next step, in comprehending and evaluat-
ing the near-field behavior (especially the clay bar-
rier), is the execution of a large-scale experiment,
like FEBEX. This requires an experiment with the
multiple objectives of demonstrating the feasibility
of fabricating and constructing engineered barriers
and of seeking methodologies and models to eval-
uate the thermo-hydro-mechanical (THM) and
thermo-hydro-geochemical (THG) behavior of the
near-field. To achieve these objectives, ENRESA
has decided to execute an "in situ" test, in an un-
derground laboratory under conditions (scale,
depth, and rock type) similar to those of the refer-
ence concept; and also to execute a "mock-up"
test, at almost full scale, as well as a set of experi-
mental laboratory tests, for the reasons explained
below.

The demonstration objective will be primarily ac-
complished by the "in situ" test, with a contribution
from the "mock-up" test. For the objective of
checking the predictive capacity of the THM and
THG numerical models, the " in situ" test, however,
has various limitations: the host rock is heteroge-
neous; the initial and boundary conditions may not
be determined with sufficient accuracy; and full
saturation will probably not be reached, due to the
low permeability of the rock mass. For these rea-
sons, the "in situ" test is being complemented by a
"mock-up" test, in which the geometry as well as
the initial and boundary conditions are
well-defined and controlled and where it is esti-
mated that the fully saturated state will be reached.
Together with the two large-scale tests, a specific
program for a set of experimental laboratory tests
was considered necessary — to develop (or im-
prove) the THM constitutive equations, to study the
physico-chemical and geochemical processes, and
to improve the current THG models— as in a lab-
oratory the materials can be tested under many
conditions (simple, defined, and controlled) for
more specific analyses of the variables and pro-
cesses.

3
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The underground laboratory operated by
NAGRA in Grimsel (Switzerland), has been se-
lected for the execution of the "in situ" test due to
the similarity of the Spanish and Swiss reference
concepts, and the appropriate conditions of that
laboratory. The "mock -up" test is being executed in
the facilities of CIEMAT in Madr id (Spain). The set
of experimental laboratory tests is being performed
in various Spanish research facilities.

In the two large-scale experiments, the behaviour
of the engineered barriers will be studied, with a
special emphasis in the clay barries, but at the "in
situ" test also the rock in the near field will be stud-
ied. In both tests, the thermal effects of the waste
material decay is simulated with electrical heaters.

The " in situ" test has, as addit ional objective, the
demonstration of many engineering and construc-
tive aspects of a repository of the type planned in
the reference concept. Therefore, the characteris-
tics of the different components of this test repro-
duce, as much as possible, the ones of a real re-
pository, at its current level of definit ion. Anyway,
some simplifications have been introduced, as this
is a research project and there are no previous ex-
periences of similar installations. For this reason,
the heaters have the same dimension and weight
as the canisters in the reference concept, and have
been manufactured with the same type of material.
They are placed in the clay buffer using a perfo-
rated steel liner, as in the reference concept. The

space between the liner and the rock is backfil led
with highly compacted bentonite blocks, and this
material is also used to backfill the full
cross-section of the drift up to a total test length of
1 7 m. This zone is closed with a concrete plug built
in the drift, supported in a recess specially exca-
vated in the rock for this purpose.

The processes taking place in the clay buffer and
the surrounding rock will be continuously moni -
tored during the heating phase. More than 6 0 0
sensors and diverse types of instruments have been
installed for this purpose in the test zone. The re-
mote location of the test, together with its long du -
rat ion, recommended to implement a control and
monitor ing system that enables remote monitor ing
of the test, thus requiring a minimum of staff at the
test site for the test operat ion. In fact, the test runs
automatically in an unattended mode, being re-
motely monitored and control led f rom Madr id .

At the end of the heating phase, the test will be
dismantled fol lowing an specific procedure, to an -
alyze and check in detail the different processes
having taken place during the operat ional per iod.

The present document refers specifically to the
"in si tu" test carried out at the Grimsel under-
ground laboratory (Grimsel Test Site, or GTS), and
includes the description of its f inal conf igurat ion,
the aspects of engineering, design, and construc-
tion of the different equipment and components,
and the test installation.
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2. Location and general layout

The "in situ" test has been constructed in the un-
derground laboratory managed by NAGRA in
Grimsel (Switzerland), designated as the Grimsel
Test Site and hereafter called the GTS. This labora-
tory is situated in the Swiss Alps, near the Grimsel
Pass, which connects the cantons of Bern and
Valais at the head of the Aare and Rhone valleys
(Figures 2.1 and 2.2).

This laboratory takes advantage of an access
tunnel for two subterranean hydroelectric plants of
the Swiss company Kraftwerke Oberhasli A G
(KWO) that allows it to be situated some 400 m
below the Juchlistock (Figure 2.2) and within the
granite mass called Central Aare. A detailed de-
scription of the geology of the zone can be found
in [1].

From this tunnel, and approximately 1.02 km
from its portal, NAGRA has a series of experimen-
tal drifts and caverns that, together with a zone of
general services and infrastructure, constitute the
GTS. The "in situ" test of FEBEX has been made in

a drift excavated for that purpose north of the zone
of access to the GTS (Figure 2.3).

The access tunnel for the GTS is situated at an
elevation of 1725 m, and is accessible by road
only during the summer months, approximately
May/June to October/November, depending on
the year. The rest of the time, the only possible ac-
cess is by the service cablecar of KWO, which l im-
its the working hours at the GTS and the transpor-
tation of heavy materials. The access, in great part,
influenced planning the time-frame of the project,
such that all of the installation operation was
made, especially loading and unloading of mate-
rial or use of heavy equipment, during the period
that access by road was possible.

2.2o Drift diorocferistics
The location of the FEBEX drift was selected as a

function of a set of parameters, including the ease
of installing the excavation equipment and access-
ing the machinery and heavy loads. In addition,
the existence of two reconnaisance boreholes
(BOUS 85.001 and BOUS 85.002 in Figure 2.3)
and a seismic geophysical survey, which had

FRANCE

Figure 2.1. Location of the 6JS.
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Figure 2.2. Aerial view of the Grimsel zone.

I: GTS 4: Grimsel reservoir
2: Jucblistock 5: Rhone valley (Valais/Wallis)
3: Raterichboden reservoir

km 1.750.

GTS experimental area

Figure 2.3. General plan of the GTS.



2. Location and general layout

shown a "weak zone" that, in principle, could indi-
cate the existence of some water, were considered.
In this sense, it must be taken into account that,
given the planned duration of the test, to have the
test area in a relatively moist zone, in order to ac-
celerate the hydration of the clay barrier, was a re-
quired condition.

Once the zone was selected, a reinterpretation of
the existing seismic data took place and two new
boreholes were made. From these additional two
boreholes, FEBEX 95.001 and FEBEX 95 .002 , a
system of lamprophyre dikes, which presented a
relatively high hydraulic conductivity, was detected
about 50 to 60 from the portal of the drift. An
in-depth study was made for the hydrogeologic
characterization of the zone [2].

The FEBEX drift was excavated with a tunnel bor-
ing machine (TBM), whose nominal diameter was
2.27 m. This diameter, although differing slightly
from the 2.40 m of the reference concept [3], was
conditioned by the availability of machines of this
type for a small job, at the needed time.

It was decided to have a drift with an ascending
slope of 1 % to enable dewatering by gravity, dur-
ing the construction and testing.

The excavation was made by a Swiss contractor,
MURER A G , in the period 25 September 1995, to
30 October 1995, during which a total of 70 .40
m was excavated. The excavation was stopped at
this point, after checking that it was in the lampro-
phyre dikes zone and that the zone had apprecia-
ble moisture. Figure 2.4 shows the topographic

GERSTEHEGG

t

159 350

159 325

Figure 2.4. Plan view of the FEBEX drift and near-by boreholes.
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measurements of the finished drift. As can be seen
in the figure, there is a variation in the slope in the
initial part of the drift, due to the difficulties found
with the alignment of the TBM at the portal section.
Photo n° 1 (Annex 2) shows a view of the drift ac-
cess, prior to start the installation works.

Once the drift was finished, a set of basic studies
was made in the "test area", which, according to
the FEBEX Test Plan [4], corresponds to the last 13
m (between meters 55 and 70) of the drift. These
studies were, fundamentally, the following:

1. Detailed hydrogeologic characterization

A detailed hydrogeologic study of the surface
of the drift was made and a complete report
can be found in [5].

The result of this study is summarized in Fig-
ure 2.5, in which the two lamprophyre dikes
(zones of relatively high hydraulic conductivity)
can clearly be seen.

2. Tesf area profiling

A detailed measurement of the actual
cross-sections in the test area of the drift was
made with a laser profiler with a specific pro-
cedure established for that. This was to obtain
reliable and precise data for the diameters of
the drift in the zone of interest, the variations,
and the resulting volumes.

The most significant results of this study can
be observed in Figure 2.6. The average diam-
eter in the zone of interest is 2.278 m, slightly
larger than the nominal diameter of the TBM,
and that there are deviations from this value
of ± 10 mm, basically concentrated in the
lamprophyre zones. The complete report on
the profiling can be found in [6].

As a result of this study, it was decided to as-
sign a nominal diameter of 2.28 m to the drift
for use in the geometrical design of the ben-
tonite blocks and in the emplacement design
for the heaters.

3. Hydrogeologic characterization of the drift and
its surroundings

The hydrogeologic study of the zone affected
by the drift was completed, once the drift was
excavated, and used the already existing
boreholes in the zone (specifically BOLJS
85.001 and 85.002 and FEBEX 95.001 and
95.002), as well as another set of boreholes
drilled from the drift for installation of the in-
strumentation in the rock mass (see Figure
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2.7). From this, a hydrogeologic model of the
drift and its surroundings was made [2].

This study resulted in a total water inflow esti-
mate of 8.49 ml/min (12.23 liters/day), with
the principal contributions from the lampro-
phyre dikes and the fracture system in the
dead-end of the drift.

2.3. General layout of the test
Basically the design of the "in situ" test corre-

sponds to the FEBEX Test Plan of July 1995 [4],
and reproduces the reference concept by situating,
in the axis of the drift, two heaters with mechanical
characteristics identical to those of the canisters of
the reference concept and with thermal power sim-
ulating the least favorable conditions of the resid-
ual heat of the spent fuel. The space around the
heaters and within the surrounding rock is filled
with compacted bentonite blocks. To build the hor-
izontal space for the emplacement of the heaters,
a liner of perforated steel is installed which is con-
tinuous the entire length containing the two heat-
ers. The test area is closed with a concrete plug
(see Figure 2.8).

The initial length of the test area in the Test Plan
was 13 m, but in the actual conditions, the con-
crete plug would have coincided with the position
of the smaller lamprophyre dike. Since it had been
demonstrated that there was a hydraulic connec-
tion between the two dikes, it was decided to
change the position of the concrete plug to 1 7 m
from the dead-end of the drift in order to have a
more closed hydraulic system.

With the purpose that the relative position be-
tween the heaters and the dead-end of the drift
could be maintained in conformance with the ref-
erence concept (see Figure 2.9), the increase in
length (4 m) of the barrier resulting from the deci-
sion to change the length of the test area was ac-
cumulated in the zone existing between Heater #1
and the concrete plug. Furthermore, in this manner
a heater (Heater #1) is situated in the zone of the
larger lamprophyre dike, that is to say in a moist
zone, while the other is situated in a drier zone of
the drift. This combination gives a greater diversity
to the test and permits comparing the results be-
tween the two situations.

Figure 2.9 represents the final position of the in-
stalled principal elements as well as the local coor-
dinate system (XYZ) used as reference for the posi-
tions of the instruments.
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figure 2.5. Hydrogeology map of the surface of the drift in the test area.
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2. Location and general layout
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Figure 2.7. In-drift boreholes.

Three distinct areas within the drift were distin-
guished:

• Test area: the area occupied by the clay bar-
rier and the concrete plug, or the last 1 9.7 m
(from the dead-end) of the drift.(*)

• Border area: the area (3.5 m long), between
the concrete plug and the service area, which
was used to facilitate the construction of the
concrete plug and to collect the filtrating wa-
ter through and around the plug.

• Service area: the area between the border
area and the portal of the drift where a con-
crete platform was placed to facilitate access.
In this area all the electric and electronic
equipment of the data acquisition system and
power control of the heaters was placed.
Even though the height of this area is rela-
tively limited, the equipment was installed
here in order to reduce the length of the ca-
bles, to facilitate the closure, and to secure
the installation.

(*) In other EEBEX documents "test area" refers only to the buffer zone.
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Clay barrier

3.1. Raw material
The raw material used for the fabrication of the

blocks to form the clay barrier both for the "in situ"
and "mock-up" tests is Spanish bentonite from the
zone of Cabo de Gata (province of Almeria), pro-
vided by the firm MINAS DE GADOR, S. A. Nu-
merous studies and characterization tests had al-
ready been made on this bentonite.

The bentonite used for the FEBEX project is com-
posed almost entirely of calcic-magnesic montmo-
rillonite and has good properties in relation to
swelling, permeability, adsorption capacity, and
thermal conductivity.

A detailed description of its characteristics is
found in [7].

In December 1995, a pile of this material, which
has been excavated from the Cortijo de Archidona
quarry in the previous year, was selected.

Part of this pile was subjected to a preliminary
process of homogenization and removal of rock
fragments [8], then later dried and sieved in the
processing plant. Finally, 300 tons of granulated
product was obtained and placed in big-bags. It
had the characteristics indicated in Table 3 .1 .

3.2 Bentonite blocks

3.2.1. Design

a) Geometry

The geometric design of the blocks was made
based on a set of parameters and conditions:

_J Actual diameter of the drift (2.28 ± 0.01 m)

J Stability of a vertical slice of blocks

J Maximum block surface allowable for the
compaction press

3 Maximum block weight (25 kg) allowed for
manual operations, according to the Orde-
nanza de Seguridad e Higiene en el Trabajo
(Spanish Decree for Safety and Health in the
Workplace)

As a result of these, and after several trials, a ge-
ometry of the barrier was defined, conforming to
that indicated in Figure 3.1. An exterior diameter
of the barrier of 2.27 m was established to allow
its emplacement in the zones of the drift where the
diameter is less than the average, and the
cross-section was established consisting of five
crowns: three exterior ones (blocks BB-G-01,
BB-G-02, and BB-G-03) and the central nucleus
formed by the blocks BB-G-04 and BB-G-05. The

Table 3.1
Raw material characteristics

Content in montmorillonite

Grain size

Percentage < 74 | im

Percentage < 2 \im

Liquid limit

Specific gravity

External specific surface

Moisture content

88-96%

< 5 mm

92 ± 1 %

68 ± 2 %

102 ± 4 %

2.71 ±0.04g/cm3

32mVg

13.7 ±1.3%

19



FEBEX. Final design and installation of the "in situ" test at Grimsel

Figure 3.1. Geometric design of the clay barrier.

central nucleus has the same exterior diameter as
the liner that surrounds the heaters, and it is only
installed in the sections with no heater.

Based on the above-indicated requirements, the
theoretical dimensions adopted for the various
crowns are indicated in Table 3.2.

The dimensions of blocks BB-G-04 and BB-G-05
were designed so that the later can be obtained
from the first one by cutting (Figure 3.2), and no
additional form for them BB-G-05 is required.

From the data in Table 2, and given the normal
tolerances used in the fabrication of this type of
product, the nominal dimensions were determined
for the fabrication of the blocks. They were se-
lected in a manner that guaranteed the play be-
tween the blocks necessary for their correct em-
placement in the drift. Table 3.3 shows these di-
mensions and their tolerances.

b) Dry density

The dry density of the clay barrier considered in
the reference concept and the associated studies is

the same, 1.65 g/cm3. Given that this is to be the
average value for the barrier, the blocks had to be
fabricated with a greater density to compensate for
the inevitable gaps that occur in an installation of
industrial scale.

The anticipated gaps were calculated based on
the following points:

1. Variations in the diameter of the drift

2. Dimensional tolerances in the fabrication of
the blocks

3. Estimation of the gaps generated by the in-
stallation of the instruments and cables

4. Estimation of the separation between vertical
slices in the installation

From these points, the percentage estimated for
the gaps was between 3% and 7%, with a great
probability of being in the higher part of this range
for the actual installation, based on the experi-
ences in the trial replication in Toledo, Spain (see
Section 8.2.).

However, the swelling pressure of the bentonite
increases in an exponential form; for example,
from 5 MPa for a dry density of 1.60 g/cm3 to 10

20
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Table 3.2
Theoretical dimensions for the block crowns

Crown
(block type)

BB-G-01

BB-G-02

BB-G-03

BB-G-04

BB-G-05

External radius
R(mm)

1,135.00

918.33

701.66

485.00

242.50(*)

(*) Radius of central hexagon.

Internal radius
r(mm)

918.33

701.66

485.00

242.50H

0

R-r
(mm)

216.66

216.66

216.66

242.50

242.50

Quantity of blocks

15

12

9

6

2

Thickness
(mm)

125.00

125.00

125.00

125.00

125.00

Blocks BB-G-01,
BB-G-02, y BB-G-03

Block BB-G-04 Block BB-G-05

Figure 3.2. Shape and dimension of blocks.

MPa for a dry density of 1.72 g/cm3 [7]. This im-
plies that a very small difference in the maximum
value of the dry density of the blocks must be
maintained to avoid exceeding the pressure used
in the design of the components (5 MPa).

Considering the fabrication tolerance for the dry
density of the blocks was ± 0.02 g/cm3, it was de-

cided to fabricate them at a nominal dry density of
1.70 g/cm3.

With this value and assumption of the least fa-
vorable casethat of all the blocks being fabricated
at the maximum value of the acceptable dry den-
sity (1.72 g/cm3)the average dry density of the bar-
rier, and the corresponding swelling pressure cal-

21



FEBEX. Final design and installation of the "in situ" test at Grimsel

Table 3.3
Dimensions for the fabrication of the blocks

Type

BB-G-01

BB-G-02

BB-G-03

BB-G-04

BB-G-05

a
(mm)

4 7 0 . 0 !2
5;°O

473.03;°0

4 7 8 . 0 3 ;

483.0 3;°fl

483.0 3;°0

Percentage of gaps

0%

3%

5%

7%

b
(mm)

380.032

3 6 1 . 0 -

33o.o3:S

24o.o:2:2

24o.o3:2

c Thickness
(mm) (mm)

214.032 i25.o3;S

2i4.o3:2 125.032

214.03:2 i25.o:2:2

24o.o 32 i25.o:2:2

240.012 125.0_t2

Table 3.4
Swelling pressure vs. volume of gaps

Mass dry density
t/m3

1.72

1.67

1.63

1.60

R
(mm)

1133

917

701

485

-

r
(mm)

919

703

487

-

-

Swelling pressure
MPa

9.5

7.1

5.6

4.7

a

24°

30°

40°

60°

60°

culated [9], for various hypotheses for the percent-
age of gaps, are those indicated in Table 3.4.

From this table, it is obvious that the volume of
gaps is a critical parameter, and therefore it was
decided to plan for a volume of gaps between 5 %
and 7 % and to carefully control this parameter
during the installation.

Parallel to this, and anticipating that the volume
of gaps could be greater than estimated, an analy-
sis was made of the minimum dry density that
would be acceptable in the installed barrier, given
the required swelling pressure.

The conclusion was that the installed dry density
should not be less than 1.40 g/cm3 (corresponding
to a swelling pressure of 1.43 MPa) which would

22

be comparable to a volume of gaps on the order
of 2 0 % [10].

3.2.2. Fabrication
The blocks were fabricated in the plant of the

firm REFRACTA, S. A., in Quart de Poblet (province
of Valencia, Spain), by means of compaction with
a double-acting uniaxial hydraulic press with 550
tons of maximum effective force. A detailed de-
scription of this process, of the design of the
molds, and of the quality assurance and quality
control applied can be found in [11].

A certain homogeneization was made of the ma-
terial to compensate for the variations observed in
its water content, due to the process of handling



Clay barrier

and transporting it in big-bags from Almeria to
REFRACTA. Statistical tests were made on the vari-
ous types of blocks fabricated, obtaining the values
of weight, water content, and dry density shown in
Table 3 .5 .

Using the proport ion of each type of block used
in the " in situ" test, the average values assigned to
the bentonite blocks are:

• Water content 14.36 %

• Dry density 1.69 g / cm 3

The quantity of blocks to be fabricated was deter-
mined as a function of the number anticipated for
the " in situ" test in the GTS and for the trial instal-
lation in Toledo (see Section 8.2.), with an add i -
t ional reserve of 20 %, in anticipation of the possi-
ble damage during transport, storage, and installa-
t ion. The total quantities fabricated are indicated in
Table 3.6.

3.2.3. Packaging, handling, and transport

a) Influence of the ambient humidity

Bentonite rapidly absorbs humidity from the at-
mosphere, and this phenomenon is faster with a
higher relative humidity. In the case of the com-

pacted bentonite blocks, the humidity absorption
causes the deterioration of the surface and cracks
appear due to swell ing; therefore, the block loses
cohesion and is unmanageable.

Given the climatic differences between the east-
ern coast of Spain and the Swiss Alps, and , more
specifically, the interior of the FEBEX drift at the
GTS (relative humidity practically 100%), it was de-
cided to evaluate, more or less qualitatively, the ef-
fect that the humidity of the air can have on the
fabricated blocks.

To evaluate this effect, a set of tests in a climatic
chamber was made, with a constant temperature
of 15° C and with three levels of relative humidity
(80 % 85 %, and 9 0 %). In all cases, an unac-
ceptable deterioration was observed in the blocks,
more rapidly with a higher degree of humidity,
a n d , in each case, in a t ime period equal to or less
than 24 hours. The absorption of water in this pe-
riod was on the order of 1 % of the weight of the
block and , al though the absorption slowed after
this t ime per iod, the process of mechanical degra-
dation cont inued; in fact, it was accentuated after
the first 24 hours.

It was evident, as a result of these tests, that it
was necessary to adequately package the blocks
for their transport and storage so as to minimize
the time that the blocks were exposed to the atmo-
sphere at the GTS.

Table 3.5
Statistical values of the fabricated blocks

Weight (kg)

Humidity (%)

Dry density (g/cm3)

Quantity of blocks

Total kg

BB-G-01

22.1

14.49

1.69

BB-G-01

2 898

64046

Tipos de bloques

BB-G-02 BB-G-03

21.8 21.3

14.07 14.87

1.69 1.69

Table 3.6
Total blocks fabricated

BB-G-02 BB-G-03 BB-G-04

2310 1614 562

50358 34378 12 982

BB-G-04

23.1

13.69

1.70

BB-G-05

184

3312

BB-G-05

18.0

13.07

1.70

Totales

7568

165076
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b) Packaging

The blocks were packaged in cardboard boxes
and placed on standard wooden pallets. A plastic
bag was placed within the box and the blocks were
placed within the bag in 7 layers, with plastic
sheets separating them, along with synthetic filling
material (see Photo 2). The edges of the box were
protected with plastic reinforcements and the entire
box was covered with a second plastic bag, then
shrink-wrapped (Photo 3).

This packaging proved to be effective as me-
chanical protection as well as protection against
moisture changes. To check this protection, a trial
pallet was sent to the GTS and was stored for sev-
eral weeks, then the blocks were checked and it
was observed that they had maintained their integ-
rity while within the packaging.

c) Handling, transport, and storage

A total of 161 pallets (145 tons) were trans-
ported to Switzerland in conventional 24-ton
trucks, placing the pallets directly, in one layer
only, on the truck bed. For storage, the height was
limited to two layers of pallets.

Given the little available storage space at the
GTS, a 200 m2 storage space was rented in an in-
dustrial warehouse in Meiringen, situated some 20
km from the GTS. The ambient humidity and tem-
perature were continuously monitored at this place,
and it was checked that relative humidity never
went over 80 %.

From this storage space, 6 pallets at a time were
sent to the GTS in small trucks as needed for the
installation.

At the GTS, the work was organized so that the
exposure time of the blocks to the atmosphere was
minimal. Two 6 000 W electric convectors were
placed in the drift to heat and dry the working
area.

This combination of factors proved to be effec-
tive, with no block rejected for damage during
transport or from excessive humidity. Nevertheless,
it was checked that there would have been an inev-
itable degradation of the blocks in less than 24
hours and thus the blocks could not have been
used for the installation, if these measures had not
been adopted .

3.3. Final characteristics of the clay barrier
The backfilling of the 1 7 m of drift that are the

test area required the installation of 136 vertical
slices of bentonite blocks, or 5 331 blocks with a
total mass of 1 15,716 kg.

During the construction, the actual weight of the
blocks installed was controlled in a continuous
manner, meanwhile, deducting the weight of the
bentonite removed due to the mechanization of the
blocks for the installation of the sensors, the ca-
bles, and, in some cases, the blocks cuttings for
their correct adjustment. In this manner, and since
the volume of the drift is precisely known as a re-
sult of the previous profiling work, the actual dry
density and the volume of gaps in the barrier were
calculated, vertical slice by vertical slice, to each
one of the 136 vertical slices

The results of these calculations are given in An-
nex 1, and they can be seen in Figure 3.3 for the
dry density and in Figure 3.4 for the percentage of
gaps. In both figures, the manually measured raw
values are included, together with a profile of fil-
tered data, which compensates for the effect of
possible inaccuracies in the measurement of the
advancing X-coordinate during the installation.

In both figures, a zone of low density at the
dead-end of the drift can be observed, which cor-
responds to the concavity there and where it is evi-
dent that the geometry of the blocks was not
adapted to the form of the concavity; and another
zone of irregularities near Heater # 1 , which corre-
sponds to the position of the larger lamprophyre
dike, where the drift is very irregular and where it
was necessary to mechanize many of the blocks to
maintain the alignment of the liner.

Apart from these two zones, in the rest of the
barrier the dry density was kept within anticipated
limits, approximately between 1.50 g/cm3 and
1.70 g/cm3, and the volume of gaps between 2 %
and 8 %.

The average values obtained for the entire clay
barrier are:

• Dry density 1.60 t/m3

• Percentage of gaps 5.53 %

which are in good agreement with those initially
anticipated.

In the sector of the barrier situated within the li-
ner, between the two heaters, the values are
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slightly different and are 1.55 t /m and 8.02 % did not include this sector; if included, the volume
because these blocks had to be mechanized to ad- of gaps becomes 5.56 %, which does not substan-
just to the internal diameter of the liner. The avera- tially modify the value of the dry density, given the
ge values previously indicated for the entire barrier level of precision used.
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4. Heating system

4 .1 . Design requirements
As one component of the demonstration objec-

tive of the project, the criteria determined for de-
sign of the heaters were of two types:

a) Mechanical aspects

The external dimensions of the heaters were to
be identical to those of the canisters in the ref-
erence concept (length of 4.54 m and diame-
ter of 0.90 m) and the weight was to be of the
same order of magnitude as that of the canis-
ters (1 5 tons). The cover of the heaters was to
be similar to that of the canister: carbon steel
metal plate with a thickness of 100 mm [3].

b) Thermal power

The aim of the heating part of the test was to
subject the bentonite, in its point of contact
with the heaters, to a temperature of 100 C,
which is the maximum used, to date, in the
modelizations of the reference concept. Nev-
ertheless, to reach this value in a period of
time compatible with the duration of the test,
it is necessary io increase the power of the
heaters above what would exist, according to
the reference concept, in the canisters with
spent fuel ( l ,200W).

In the design phase of the experiment [4], various
studies and modelizations were made to determine
the power necessary in each heater to reach 100
C in the heater/bentonite interface in a period of
2.5 months and the best possible estimate was
1,890 W. Nevertheless, in the least favorable con-
ditions (hydrated bentonite), the need would reach
3,150 W per heater; therefore, a conservative de-
cision was made to adopt a nominal power of
4,300 W per unit for the heaters.

4.2. Heaters
4.2.1. Mechanical construction

Figure 4.1 shows a general overview of the de-
finitive design of the heater. The cover is made
from a tube with a wall thickness of 100 mm made
by forging (Photo 4, Annex 2), and has two welded
end covers, each of 150 mm-thick. It is all made in
carbon steel (St 52-3, DIN 17 100) metal plate.
The exterior surface of the cover is simply blasted,
without additional treatment or other coating.

In the interior, a tube or metal core with an outer
diameter of 660.4 mm and a thickness of 12.7
mm serves as a support around which are wound

the heating resistances (Photos 5 and 7), and puts
the resistance elements near the internal face of
the cover. Later, the core and resistances together
are covered with a copper metal plate of 3 mm in
thickness which helps to distribute the temperatures
uniformly along the heater as well as serves as me-
chanical protection during the heater assembly
(Photo 6).

The thickness and form of the end covers are
based on the convenience of installing the ele-
ments of the heater and do not correspond to the
reference concept. The rear end cover is solid and
its exterior edge is chamfered to facilitate its inser-
tion, at the time of emplacement, into its final posi-
tion within the liner. The front end cover has a total
of 24 perforations to allow the exit of the cables (6
for the resistance elements and 1 8 for the control
thermocouples) and has a screwed down box fitted
for mechanical protection of the cables. In the ex-
ternal face of this front end cover are two
key-notches at 36° to permit the coupling with the
thruster of the insertion car (see Section 5.3).

After the front end cover was attached, the perfo-
rations (for the exit of the cables) were sealed with
Viton gaskets and filled with epoxy resin, as is
shown in Figure 4.2, and as can be seen in Photo
8. Several sealing systems, of different sealing ma-
terials and various mechanical solutions, were
tested in the laboratory under real conditions of
pressure and temperature (Photo 9). Additionally,
the entire heater was subjected to a helium test,
once the front end cover was welded on, to check
for possible leakage around the cover and in the
perforations for the exit of the cables. Helium was
left in the interior of the heater to improve the con-
ductivity of the internal atmosphere and to retard
the possible oxidation.

The total weight of a heater is 10.95 tons. To fa-
cilitate the handling during the transport, two lifting
eyes were placed on the exterior and fastened with
screws. These eyes could be removed before the
insertion of the heater into the liner. In the front
end cover, screw holes were left to permit installing
these same eyes in case that it was necessary to the
extract the heater, for whatever reason, during the
emplacement operation.

AITEMIN made the basic design of the heaters.
The construction, as well as the detail engineering
of the mechanical components, were made by the
firm Equipos Nucleares, S. A. in their plant in
Maliano (Santander, Spain). All work was done un-
der a strict quality assurance and quality control
program.
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Figure 4.1. Bosk design of //ie heaters.
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Figure 4.2. Sealing of cable exits.
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4. Heating system

4.2.2. Electrical characteristics
Each heater, for redundancy, incorporates three

independent heating elements although each ele-
ment by itself has the capacity to deliver the nomi-
nal power of 4300 W. The elements are of the
sheathed conductor type and their principal char-
acteristics are summarized in Table 4 .1 .

The three elements of each heater are wound in
helical fashion around the internal core of the
heater, with a separation of 55 mm (between cen-
ters), with a total of 25 windings per element
(Photo 5). The spacing between turns of the same
element is about 165 mm. In this way, there will be
an uniform distribution of the thermal power along
the length of the heater, which differs from the real
case of the canister of the reference concept.

Also 1 8 thermocouples, to measure the surface
temperature of the heating elements, were placed
on the internal core of the heater, since the opera-

tion temperature is the key with regard to the ex-
pected lifetime of the heating elements. These
thermocouples have been placed at the rate of 6
per element, one in each lateral end and another
in the center of the upper side of the core, where it
is hoped the internal temperatures are the highest,
and another in the lower side, where, in principle,
the lowest temperatures will be found due to the
better conduction of heat in this zone.

In spite of the fact that the cover of the heater is
water-tight and that the working temperature is not
anticipated to be high, Inconel 600 was adopted
as the sheath material for the heating elements, in
order to increase the resistance to corrosion and
therefore the long-term reliability of the system.

For the same reason, the length of the cold ends
of the heating elements were selected in order that
they could leave the body of the heater and reach
the service area, on the other side of the concrete
plug, without the need for any electrical connec-

Table 4.1
Characteristics of the heating elements

Active conductor

Core material

Linear resistance (20 °Q

Resistance variation (100 °Q

Length

Voltage supply

Rated power

Insulation

Sheath material

Outer diameter

Maximal service temperature

Conductive cross-section

Sheath material

Outer diameter

Lengths (Heater # 1 )

Ni-Cr 80/20

0,70±10%£Vm

+ 1.9%

52±3%m

400VCA

4 300±10%W

MgO

Inconel 600

4.6 mm

1 050 °C

6 mm2

AISI304 L

6.4 mm

15.5/19.5 m

Cold ends

Lengths (Heater # 2 ) 20.5/24.5 m
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tions, neither in the interior of the heater nor in the
buffer zone. These cold ends, together with the
sheathed cables of the thermocouples, leave the
heater through the perforations in the front end
cover (Photo 8), as previously described, and are
placed in a corrugated Teflon tube (Photo 1 0) to
protect them until they reach the service area. This
tube provides both mechanical protection and cor-
rosion resistance to the cables, while at the same
time allowing the flexibility necessary to permit a
certain level of movement of the heater due to set-
tlement of the material or to differential swelling of
the bentonite.

The heating elements were fabricated by
Cableries de Lens (France), a company with a
quality certificate ISO 9002 from the AFAQ.

4.3. Liner
The reference concept considers the existence of

a continuous liner, common to all the storage can-
isters in a same drift, and in this respect, the "in
situ" test of FEBEX reproduces this concept [3]. The
liner consists of a perforated steel tube with a 15
mm thickness with the objective of providing a

space to facilitate the emplacement of the canister
(heater in the test) in the clay barrier.

The liner necessary for the test has a length of 10
m, corresponding to the length of the two heaters
plus the one meter of separation between them.
The liner was made with 1 1 segments, each of
one-meter length with a male/female coupling ma-
chined into an end of each segment permitting the
introduction of one in the other, for a total length
of 1 00 mm (see Figure 4.3).

To correctly insert of the heaters, with the errors
of alignment that are normal in an installation op-
eration of this type, the interior diameter of the
liner is 940 mm and the exterior diameter of the
heater is 900 mm, thus there is 40 mm of play, a
value that was considered sufficient.

In the design of the "in situ" test, the retrieval of
the heaters has not been considered in the same
sense as the retrievability of the canisters would be
in a repository of HLW, thus the function of the test
liner terminates once the heater has been
emplaced. Thus, in principle, the later deformation
of the liner caused by the swelling pressure of the
bentonite is unimportant. The segments of the liner
have been constructed with conventional alloyed

1000

Section M-M1

(Dimensions in mm)

Figure 4.3. Design of the liner segment.
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4. Heating system

steel plate for boilers and pressure vessels (15 M o
3 after DIN 17 155). This implies that the liner is
not designed to support, and thus can deform un-
der, the swelling pressure of the bentonite.

4.4. Power regulation system

4.4.1. Regulation equipment

The power of each one of the heating elements is
controlled by a static monophase regulation unit
based on thyristors, which regulate the effective
voltage applied to the element by adjusting the
wave phase angle. This mode of regulation assures
a smoother operation, from the mechanical point
of view, than using the chopper type ones, since it
always permits the switching in times less than a

cycle, and therefore reduces the fatigue of the ele-
ments, especially in the unions and connections.

Each heater unit has an associated power regu-
lation box whose basic scheme is represented in
Figure 4.4. It consists of three independent regula-
tion channels, one for each heating element. For
better security, each channel is galvanically iso-
lated from the main network and the principal
components are the following:

J 32 A automatic switch with thermal and
magnetic protection

_J Isolating transformer 400/400 V, 6 KVA

J Output circuit isolation monitor

J Fast fuses for regulator protection

J 25 A thyristor-based phase angle regulator

J Output voltage and current signal converters

400/230V
SO Hz

Power regulation
unit

Heater
3x4300W

Figure 4.4. Basic scheme of //ie power regulation equipment for the heaters.
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Each power regulator is governed by a PID-type
controller which receives the set-point value from
the general control system of the test.

4.4.2. Control procedures
The heaters, the clay barrier, and the host rock

can be considered as a first order system in terms
of thermal response, from the point of view of the
control theory. In addition, it is a relatively closed
system, with the only external perturbations in the
thermal conductivity of the bentonite being pro-
duced by the different degrees of hydration; and it
is considered that these variations will be of slow
evolution. Furthermore, since the dimensions and
the mass of the entire system, compared to the rel-
atively small power applied to it, and its thermal
inertias are very great, the response will, in princi-
ple, also be very slow.

However, since, in principle, the response of the
system (basically its time constant) was not known,
it was necessary to make some type of identifica-
tion of the system parameters in order to adjust the
power control algorithms.

In reality, the test consists of two well-differenti-
ated phases, in relation to the power regulation of
the heaters:

a) Initial heating
In this phase, the objective was to reach the
constant temperature regime in a period com-
patible with the duration of the test (some
weeks). To simplify the modelization and iden-

tification of the system parameters, this initial
heating was at a constant power and, there-
fore, the command from the control system to
the power regulator was a fixed value.

a) Constant temperature

Once the temperature of 100° C was reached
at some point in the heater/bentonite contact
(in reality, the liner/bentonite interface), the
objective is to maintain that temperature con-
stant, with the least possible fluctuations,
which implies a continuous regulation of the
power in the direction that the system de-
mands. To accomplish that, a PID-type algo-
rithm is applied, which was adjusted as the
real thermal response of the system was better
known.

With regard to dividing the power among the
various elements of each heater, the initial idea is
to only utilize one element in each heater, as they
each have enough power, with the other two main-
tained in reserve and functioning only in the case
that the first element failed. This scheme has the
advantage of not subjecting the reserved elements
to fatigue, which is important given the planned
duration of the test and the guaranteed life time of
the elements.

Nevertheless, this initial philosophy may be re-
considered during the operation of the test, as a
function of the real working temperatures of the
elements; the possible effects, due to entrance of
moisture in the inactive (reserved) elements; and
other unforeseen facts.
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5. Transport and emplacement equipment

5 .1 . Prior considerations
For the design of the systems and equipment uti-

lized for the transport and emplacement of materi-
als in the drift of the "in situ" test of FEBEX, the ne-
cessities of the test itself were taken into account,
but the ideas that exist in this field within the refer-
ence concept were not followed. This was done,
fundamentally, for budgetary reasons and also be-
cause it was not an objective of this project to de-
sign and demonstrate these systems. Nevertheless,
a large part of the experience obtained will be,
without a doubt, useful in the future conception of
the equipment and systems of transport and em-
placement necessary in a real repository.

Based on the above, some aspects in the design
of the equipment, such as radiological protection,
were not considered, and no great importance was
given to others such as efficiency, durability, and
velocity of the system.

On the contrary, because of the absolute lack of
previous experience in an operation such as the
handling and emplacement of quasi-real loads in
a horizontal arrangement and in small sections, it
had been considered that more importance should
be placed on the criteria like robustness, flexibility,
and safety of the operation.

5.2. Transport and handling system
in the drift

The selection of the transport system for use
within the driftthe one that was to be utilized to
transport the equipment and the bentonite blocks
to their placewas based upon three basic parame-
ters:

Q The circular form of the drift and its small
cross-section (about 4 m2)

Q The short distance of transport necessary
(maximum 70 m)

Q The small number of transport operations
planned

In addition, an attempt was made to reduce the
cost of the system as much as possible, simplifying
the operations to the minimum that was essential
to be able to perform those planned in the installa-
tion of the test.

Based on this, and through the analyses of vari-
ous alternatives, a transport system using rails was
adopted, employing the action of a pulling wire
rope. To accomplish this, an electric winch was
placed outside the drift and a return pulley at the
end of the rails (see Figure 5.1).

The tracks were made with a solid square profile,
80 mm on a side, situated with a corner up to min-
imize the horizontal play of the transport cars and
to guarantee the alignment of the cars with the
rails (Figure 5.2). Both the separation and height
of the tracks were conditioned by the design of the
insertion car (Section 5.3.).

A concrete platform was prepared, in the zone of
the drift designated as the service area (first 47 m),
with the minimum height necessary to be able to
place the rails, so as to lose as little useful section
as possible (see Figure 5.2 and Photo 11). In the
zone of clay barrier installation, the rails are sup-
ported on metal sleepers fixed directly to the rock
by means of bolts that can be retrieved easily,
when necessary (Figure 5.3). Photo 12 shows this
zone, and the pass through the recess excavated in
the rock for the concrete plug.

The total length of rails utilized was 74.525 m;
they were prepared in a shop with prefabricated
segments of variable lengths between 2.5 m and
6.23 m, depending on the phases of the planned
installation.

5.3. Transport and insertion car
This car, which was designed and constructed es-

pecially for this test, has the function of transport-
ing the heaters within the drift to their site of em-
placement and inserting them into the horizontal
space (deposition hole) constructed to that end.

The general aspect of the machinery can be seen
in Figure 5.4. It is composed of a principal frame
or chassis that supports a bed made of rollers and
rotating balls and whose dimensions have been
adjusted to the diameter of the heater (Photo 13).
Once it was constructed, the frame was mecha-
nized to have a perfect alignment of the rollers and
rotating balls.

The chassis is supported by two four-wheeled
bogies, the wheels of each having been adapted to
the profile of the rails being utilized (Photo 14).
The transport car is not self-propelling, instead it is
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ZAV

7*:

Figure 5.1. Conceptual design of the system for transport within the drift.

moved by the cable of the electrically powered
winch, which is situated at the head of the rail and
which has 2 velocities (see Table 5.1).

The transport car incorporates a pushing system
composed of a cart pulled by chains which is
moved by means of four flanged wheels over exist-
ing guides in the chassis, and that cart pushes the
heater during the maneuvering for its insertion
(Photo 15). The cart has a low profile, so as not to
interfere with the front end cover of the heater from
which the cables exit, and has two flanges that
couple the notches mechanized in the lower part of
the front end cover of the heater, to avoid rotation
during the transport and the insertion (Photo 16).

The cart is hauled by the two chains that act with
a hydraulic drive unit situated in the front part of
the transport car (Photo 17). The hydraulic unit is
installed over the machine itself and has the possi-
bility of controlling the velocity of the hydraulic mo-
tor. Table 5.1 lists the principal characteristics of
the transport and insertion car.

The hydraulic equipment also permitted the re-
versal of the direction of the motor rotation, in
such a way that the same system could be utilized
to extract the heater, in case that became neces-

sary. To make this extraction manuever, one of the
lifting eyes (for transport) would have been screwed
(into one of the screw holes left for that purpose)
onto the front end cover of the heater and then the
attached to the cart with an auxiliary chain.

To assure an adequate fixation of the transport
car to the rails at the moment of insertion, four an-
choring clamps were put in the base (see Photo
14). The car also incorporated a system of manual
braking that acted on the rails by friction shoes.

The full transport and insertion car is strong, but
very compact due to the limitations of the free
space available in the drift. Its conceptual design
was made by AITEMIN and the detail engineering
was done in collaboration with Tecmihor, S. L.
(Madrid, Spain), the company which was also in
charge of the fabrication of the system.

In addition to this principal transport car, a ligh-
ter flat-bed car was constructed which was utilized
for introducing the rest of the material into the drift
(bentonite, liner, electrical equipment, etc.). A view
of this flat-bed car can be seen in Photo 1 8.
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5. Transport and emplacement equipment

0,950 m
0.080 m

Figure 5.2. Design and dimensions of the rail system.

Table 5.1
Data of the transport and insertion car

Cart

Total weight

Hydraulic drive power

Pushing force

Maximal pushing speed

Pulling force

Translation speeds

5.21

2.98 kW

21 560 kN

1 m/min

19 600kN

1.6/10 m/minWinch

Electric motor power 0.67/4,10 kW
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(Dimensions in mm)

Figure 5.3. Installation of rails in the test area.
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6. Instrumentation

6.1 . Measured parameters
To select the parameters to measure, as well as

the location of the points of the measurements, the
necessities and preferences of the various groups
of modellers participating in the project were con-
sidered, as well as the requirements of the control
system. Later, small modifications were made to
the control system due to the technological condi-
tions, the installation, and also the cost.

The parameters that were to be measured, the
type of sensor utilized in each case, and the total
number of sensors installed in each zone are re-
flected in Table 6.1 :

The total number of measurements is 975, taking
into account that certain types of sensors, such as
the vibrating wire, the psychrometers, and the ca-
pacitive humidity sensors, provide an additional
measurement of temperature, to be used for cor-
recting the sensor readings.

6.2. Location of sensors
In the case of the sensors in the clay barrier, they

have been grouped into a series of cross-sections
that are indicated in Figure 2.9, and that have
been designated as A, B l , B2, C, D l , D2, E l , E2,
F l , F2, G, H, I, K, L, M l , M2, and N. The sections
with the same letter identification have similar con-
figurations of sensors. The location of these sec-
tions have been determined by its relative position
to the heaters, and so for example sections D cor-
respond to the external edges, and sections F to
the geometrical centers of the heaters.

However, the final position of every section was
conditioned by the actual position of the corre-
sponding vertical slice of bentonite blocks resulting
from the installation, and so in some cases a small
difference may exist in relation with the position
originally planned. Figure 2.9 shows the final posi-

tion of the different instrumented sections, defined
by its X coordinate.

For the placement of the instrumentation in rock,
and particularly for the hydrogeological and me-
chanical instrumentation, the boreholes BOUS
85.001, BOUS 85.002, FEBEX 95.001, and
FEBEX 95.002 have been utilized, as well as the
19 in-drift boreholes made from the interior of the
drift. Initially, the in-drift boreholes were designated
according to the cross-section in which each was
planned, but later the position and orientation of
these boreholes were modified to adapt better to
the work of hydrogeological characterization of the
rock mass, but the original designation was main-
tained (Figure 2.7).

Other sensors also installed in the rock, only to
depths less than 2.5 m, such as psychrometers and
TDR probes, were installed in drillholes of smaller
diameter.

The definitive position of the sensors are shown
in Figures 6.1 to 6.1 7, for the sections in the ben-
tonite and the near-field of the rock, and in Figures
6.18 to 6.26 for the boreholes. In all these Fig-
ures, each sensor can be identified by the code of
type:

where
AA

BB

CC

AA-BBn-CC

is the sensor type, conforming to codes in
Table 6.2

is the location, using Table 6.3

is the order number of the cross-section or
borehole (from which it comes), and
is the order number within the correspon-
ding cross-section or borehole.

In these Figures are also indicated the final coor-
dinates of the sensors, more specifically, of the
central point of the measured zone, and refers to
the local XYZ system that is indicated in Figure 2.9.
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Parameter
(or instrument)

Temperature

Table 6.1
Sensors installed

Type of sensor

Thermocouples

G

62

__ Zone (*)

B C

91 36

(*): 6: Granite, B: Bentonite buffer, H: Heaters, S: Service zone.

Total

189

Total pressure in rock matrix (-3D)

Total pressure in rock surface

Total pressure on heaters

Hydraulic pressure in rock

Pressure in borehole packers

Pore pressure in bentonite

Humidity

Humidity

Humidity

Rock extensometers

Heaters displacements

Bentonite blocks expansion

Displacements in bentonite

Inclinometers

Crack meter

Gas pressure in clay buffer

Gas flow

Atmospheric pressure

Ventilation air flow

Heating elements current

Heating elements voltage

TOTALS

Vibrating Wire

Vibrating Wire

Vibrating Wire

Piezoresistive

Piezoresistive

Vibrating Wire

Capacitive

Psycrometer

TDR

Vibrating Wire

Vibrating Wire

Vibrating Wire

Potentiometers

LVDT

LVDT

Magnetic

Manual reading

Piezoresistive

Hot wire

Signal converter

Signal converter

4

30

62

62

28

4

2x3

1x3

261

6

52

58

48

20

9

8

2x3

6x2

4

6

320 36

1

1

1

6

6

15

4

30

6

62

62

52

59

76

24

6

9

8

6

12

3

4

6

1

1

6

6

632

46



6. Instrumentation

Table 6.2
Sensor type codes

T

P

Q

SH

SB

S

3S

PP

IT

GP

GF

we
WP

WT

AP

A

V

C

n

A

B

S

H

P

R

Temperature

Total pressure

Pore pressure (in boreholes, hydraulic pressure)

Heater displacement

Bentonite block displacement

Displacement (in general)

Crack meter

Packer pressure in boreholes

Inclinometer

Gas pressure

Gas flow

Relative humidity (capacitive type)

Water content (psycrometer type)

Water content (TDR type)

Atmospheric pressure

Ventilation air speed

Voltage

Current

Electrical insulation

Table 6.3
Location codes

Service area

Borehole in granite

Instrumented section in bentonite

Heater (or liner)

Power regulation equipment

Spare parts
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Z

I-SA-05
(-2.65,0.45,0.00)

T-SA-07
(-2.651.08,0.00) \

T-SA-03
(-2.65,0.00,0.00)

X"
/ \

I-SA-09
(-2.65,0.00,1.08)

/

I-SA-08
(-2.65,0.00,0.45)

Figure 6.1. Final position of sensors in Section A (externol foce of plug).
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Z

P-SBI-02
(-0.01,0.00,0.00)

P-SB1-0I
(-0.01,0.50,-0.50)

P-SB1-04
(-0.01,0.47,0.51)

I-SBI-05
1(0.07,0.53,0.08)

T-SB1-07
(0.07,1.13,0.05)

\
/

/

*

T-SBl-03
(0.07,0.00,0.00)

" ' : \

P-SB1-05
;-0.0l,-0.47,0.51)

T-SB1-04
[(0.07,-0.56,0.08)

T-SB1-06
(0.07,-1.13,0.05)1

P-SB1-03
;-0.01,-D.50,-0.50)

Figure 6.2. Final position of sensors in Section Bl (slice 136).
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Q-SC-07
{1.81,-0.08,0.60)

K-SC-03

1(1.81.0.00,0.0!));

Q-SC-06
1(1.81,1.09,0.06)

i P-SC-03
1(1.94,1.21,0.01)

- { WP-SC-06
1(1.77,1.09,0.00);

WC-SC-07
1(1.81,1.09,-0.08);

O-SC-04
|(i.8l,O.59.0.06)|

I WP-SC-04

1(1.77.0.59,0.00)1

i iVC-SC-05 I

}(1.81.0.59.-0-06)1

figure 6.3. final position of sensors in Section C (slice 123).
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Figure 6.4. Final position of sensors in Section Dl (slice 102).
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Figure 6.5. Final position of sensors in Section L (slice 96).
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P-SEl-05

Q-SEI-O7

P-SEI-06

(5.53,-0.01,1.20)

WC-SE1-10

O-SEI-04
(5.53,0.81,0.06)

WP-SEI-04
(5.49,0.81,0.00)

WC-SE1-06
(5.53,0.81,-0.06)n

WC-SE1-04
(5.53,0.52,0.00

Q-SEI-01
(5.53,0.18,-1.10)

WP-SE1-01
(5.49,0.12,-1.10)

WC-SEl-01
(5.53.0.06,-1.10)

WC-SEI-05
(5.53,-0.81,0.07)

WP-SE1-03
(5.49,-0.81,0.00)

0-SE1-03
(5.53,-0.81,-0.07)

T-SE1-01
(5.45,0.00,-0.48)

WC-SE1-02
(5.53,-0.06,-0.80)

WP-SE1-02
(5.49,0.00,-0.80)

Q-SEl-02
(5.53,0.06,-0.80)

P-SE1-02
(5.36,0.00,-0.48)

Figure 6.6. Final position of sensors in Section El (slice 94).
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T-SFl-04

(6.61,0.00,0.48)

SB-SF1-02

(6.40,0.64,0.48)

WP-SF1-17

(6.40,0.31,1.39)

WP-SFI-18
(6.50,0.27,1.24)

Q-SF1-O7

(6.69,-0.05,0.81)

WP-SF1-07

(6.65,0.00,0.81)

WC-SF1-07

(6.69,0.06,0.81)

Y/

T / / /

WP-SF1-16
(6.30,0.34,1.54)

P-SF1-04

(6.83,0.00,1.24)

WC-SFI-08

(6.69,-0.18,1.12)

WP-SFI-08

(6.65,-0.24,1.11)

Q-SFI-08

( .69,-0.30,1.10)

WC-SF1-03

0-SF1-04

(6.69,0.81,0.06)

WP-SFI-04

(6.65,0.81,0.00)

WC-SFl-04

(6.69,0.81,-0.06)

(/
/ /

/
/

''X
F-SF1-03

(6.61.0.48,0.00)

T-SFl-01

(*) Corrosion specimens 1C, 2C
(**) Corrosion specimens 3C, 4C

Slice # 85

Figure 6.7. Final position of sensors in Section Fl (slices 85 and 86).
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(7,31,-0.13,1.03)

WT-SMI-11
(7.31,-0.11,0.86)

WT-SM1-02
(7.31,0.00,1.14)

WI-SKI-12

GP-SM1-01
(7.31,-0.51,1.01)

WI-SM1-08
(7.31,1.03,0.13)

1,5*
ORIENTATION OF DRILLHOLES
IN GRANITE FOR WT PROBES

Figure6.8. Final position of sensors in Section Ml (slice 79).
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Z

CF-Sti-OS
(8.10,0.55,-0.3!

GP-SN-Ot
(8.10,-0.51,1.01)

GF-SN-04
(8.10,-0.24.0.42)

CF-SN-02
1,-0.98,-0.57)

GF-SN-06
1,-0.55,-0.31)1

Figure 6.9. Final position of sensors in Section N (slice 73).
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SH-SG-01
(8.80,-0.45,1.04)

/

SH-SC-02
(8.70,-0.21,0.45)

SH-SG-01
(8.80,-0.45,0.21)

/

SH-SG-02
(8.70,-1.04,0.45)

V

y

T-SG-05
(8.91,-0.48,0.00)

T-SG-07
(8.91,-0.81,0.00)

T-SG-09
(8.91,-1.14,0.00)

Figure 6.10. Finol position of sensors in Section 6 (slice 67).
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Q-SH-IO
(9.50,-0.03.0.52)

WC-SH-11
(9.50,0.03,0.52)

WP-SH-15
(9.34,0.27.1.24)

Q-SH-11
(9.50,-0.06,0.82)

WP-SH-16
(9.44,0.31,1.39)

WC-SH-13

GP-SH-OI

WC-SH-04
(9.5O,0.0O,O.0O):

Q-SH-O!
/ [ (9.46.-0.81.0.00)

WC-SH-07
(9.50,-0.81,0.05)

WP-SH-03

Q-SH-06
(9.50,-0.81,-0.05)

WP-SH-11
(9.34,-1.39.0.31)

WP-SH-12
(9.44,-1.24,0.27)

WC-SIH)
(9.50,-1.07,-0.16)

WP-SH-05
(9.46.-1.05,-0.24)

3-SH-08
(9.50.-1.02,-0.35)

O-SH-05
(9.50,0.52,0.04)

WC-SH-06
(9.50,0.52,-0.04)

/ /

/
/

Q-SH-02
(9.50,0.07,-0.78)

WP-SH-02
(9.46,0.00,-0.78)

WC-SH-02
(9.50,-0.07,-0.78)

Q-SH-01
(9.50,0.07,-1.07)

\

WP-SH-10
(9.44.-0.27,-1.24)

WP-SH-09
(9.34.-0.31,-1.39)

WC-SH-01
(9.50,-0.07,-1.07)

WP-SH-01
(9.46.0.00,-1.07)

WC-SH-03
(9.50,-0.04,-0.53)

Q-SH-03
(9.50,0.04,-0.53)

WC-SH-05
(9.50,-0.52,0.05)

Q-SH-04
(9.50,-0.52,-0.05)

Figure 6.11. Final position of sensors in Section H (slice 63).
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SH-SI-01
(9.82,-0.40,1.06)

/

SH-SI-02
(9.79,-0.28,0.41)

SH-SI-01
(9.82,-0.40,0.29)

/

SH-SI-02
(9.79,-1.06,0.41)

Figure 6.12. Final position of sensors in Section I (slice 59).
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WT-SM2-02
(11.50,0.00.1.14)

2.0n
(11.50,-0.13,0.85)

WI-SM2-12
(11.50,-0.16,1.03)

WT-SM2-1I

WT-SM2-I0

WI-SM2-01
(11.50,1.03,0.16)

Y
- « • -

Distance to temperature sensor: 10 mm

ORIENTATION OF DRILLHOLES
IN GRANITE FOR WT PROBES

Figure 6.13. Final position of sensors in Section M2 (slice 46).
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(12.01,0.31,1,39)1

WP-SF2-18
(12.11,0.27,1.24)1

(12.22,0.00,0.48)
T-SF2-O4

SB-SF2-02

WP-SF2-I7

0-SF2-07

WP-SF2-16
(11.91,0.34,1.54)

P-SF2-04
(12.12,0.00,1.20)

WC-SF2-O8
(12.30,0.06,1.04)

WP-SF2-08
(12.26,0.00,1.04)

Q-SF2-08
(12.30,-0.08,1.04)

T-SF2-O2
(12.22,-0.48,0.00)

(12.30,1.06,-0.07)

0-SF2-06
(12.30,1.08,0.05)

WP-SF2-06
(12.26,1.07,0.00)

WC-SF2-06

P-SF2-03
(12.18,1.20,-0.01)

WP-SF2-12
(12.01,1.39,-0.31)

WP-SF2-11
(12.11,1.24,-0.27)

Q-SF2-O4
(12.30,0.81,0.07)

WP-SF2-04
(12.26,0.81,0.00)

E-SF2-O4
(12.30,0.81,-0.06)

KC-SF2-03
(12.30,-0.81,0.09)

W-SF2-03

T-SF2-03
(12.22,0.48,0.00)

T-SF2-OI
(12.22,0.00-0.48)

0-SF2-02
£2.30,0.07,-0.81)

WP-SF2-02
(12.26,0.00-0.81)

WC-SF2-O2
(12.30,-0.06,-0.81)

WP-SF2-09
(12.01,0.24,-1.39)

(12.30,0.06,-1.08)

WP-SF2-I0
(12.11,0.22,-1.24)

(12.01,-1.39,0.31)

WP-SF2-13
(11.91,-1.54,0.34)

P-SF2-02

WP-SF2-15
(12.11,-1.24,0.27)

W-SF2-I4

(12.12,-1.20,0.00)

WC-SF2-05
(12.30,-1.05,0.08)

WP-SF2-O5
(12.26,-1.05,0.00)

Q-SF2-05
(12.30.-1.05,-0.

{*) Corrosion specimens 1A, 2A
(**) Corrosion specimens 3A, 4A

Slice # 42

Figure 6.14. Final position of sensors in Section F2 (slices 41 and 42).

61



FEBEX. Final design and installation of the "in situ" test at Grimsel

(13.44,-0.04,0.81)

(13.28,0.00,0.48)
P-SE2-O5

T-SE2-02
(13.36,0.00,0.50)

Q-SE2-07

WP-SE2-07

S8-SE2-02
(13.41,0.50,0.64)

(13.44,1.09,0.10)

W-SE2-06
(13.40,1.09,0.00)

Q-SE2-06

UC-SQ-08
(13.44,1.10,-0.07)

P-SE2-04
(13.49,1.19,0.02)

0-SE2-04
(13.44,0.78,0.04)

W-SE2-04
(13.40,0.82,0.00)

HC-SE2-06
(13.44,0.78,-0.04)

/A // V/ /\/
HC-SE2-04

(13.44,0.52,0.00)

KC-SE2-0:
(13.44,-0.82,0.04)

KP-SE2-O3
(13.40,-0.87,0.00)

Q-SE2-03
(13.44,-0.82,-0.04)

V
•n

BC-SE2-O7
(13.44,-1.10,0.05)

P-SE2-03
(13.46,-1.19,0.00)

W-SE2-05
(13.40,-1.07,0.00)

Q-SE2-05
(13.44,-1.08,-0.05)

(13.40,0.00,-1.09)

WC-S£2-0T
(13.44,-0.06,-1.09)

(13.40,0.00,-0.79)

0-SQ-02
(13.44,0.06,-0.79)

(13.44,-0.52,0.00)
E-SE2-03

P-SE2-02
(13.26,0.00,-0.48)

E-5E2-01
(13.36,0.00,-0.50)

Figure 6.15. Final position of sensors in Section 12 (slices 31 y 32).
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SH-SD2-02
(14.42,0.00,-0.48)

SH-SD2-02
(17.39,0.00,-0.48)

/

T-SD2-03
(14.38,0.(10,-0.46)

T-SD2-02
(14.38,0.00,-0.81)

T-SO2-O1
(14.38,0.00,-1.14)

Figure 6.16. Final position of sensors in Section 02 (slice 24).
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1-SB2-03
16.82,0.00,0.00)

T-SB2-05
(16.82,0.40,0.00)

P-5B2-04
(17.30,0.73,0.28 / \

P-SB2-02
(17.48,0.00,0.27)

\

1

/
/

T-SB2-O6
(16.82,-1.13,0.00)

P-SB2-03
(17.30,-0.73,0.00)

I-SB2-02
(16.82,0.00,-0.40)

P-SB2-01
(17.34,0.00,-0.76)

(16.82,-0.40,0.00)

Figure 6.17. Final position of sensors in Section B2 (slice 5).
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}

SK1

(

Q-BK1-O1
(12.16,-0.41,7.18)

T-BK1-01
(9.30,-0.40,6.17)

PP-BK1-01
(8.58,-0.40,5.91)

. - ' ' +X

PP-BK2-01
(11.86,-0.03,-7.37)

T-BK2-O1
(12.58,-0.06,-7.63)

Q-BK2-OI
(1279,-0.06,-7.71)

Figure 6.18. Final position of sensors in boreholes SKI and SK2.
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figure 6.19. final position of sensors in boreholes SB12 andSB13.
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(17.06,-0.10,-151)

T-BB22-O2

(17.06,-1.41,-0.41)

SB22

PP-BB22-0I

(17.34,-2.15,-0.55

T-8B22-0I

(17.61,-2.86,-0.

Q-BB22-O1
(18.37,-4.92,-1.0

PP-BB2J-OI
(17.91,-0.09,-3.96)

T-BB23-01
(18.13,-0.09,-4.62)

Q-BB23-01
(18.60,-0.08,-5^

Q-BB23-O2
(17.62,-0.10,-3.11)

T-BB23-02
(17.58,-0.10,-2.99)

(17.32,-0.10,-2.26)

Figure 6.20. Finol position of sensors in boreholes SB22 and SB23.
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PP-BFH-01
(7.45,10.90,-3.83;

T-BFM-01

(7.73,11.57,-4.07)

Q-BF14-01
(7.95,12.13,-4.27)

l -BFH-04

(3.43.1.25,-0.39)

PP-BF14-02

(6.30,8.09,-2.83)

T-BF14-O2

(6.58,8.76,-3.07)

Q-BF14-02

(6.88,9.49,-3.33)

PP-8f14-03

(3.73,1.95,-0.64)

T-BF14-03
(4.01,2.63,-0.88)

0-BF14-03

(5.01,5.02,-1.74)

>

— —_— _

ai-14 " ^ 1

J
T

1
1
1

1

1

!

PP-BF11-03
(3.61,-0.02,2.04)

I-BF1I-03

(3.38,-0.02,2.76)

Q-BFII-03

(4.67,-0.02,4.84)

//

/ / /

f/I//
f//

rj /

'A:
-- Jf

(8.16,-0.02,13.97)

T-8F1I-01

O-BF11-OI

(8.06,-0.02,13.71)

PP-BF11-01
8,-0.02,13.25)

(6.81,-0.02,10.45)
Q-BF11-02

T-BFI1-02
(6.00,-0.02,8.37)

PP-BF1I-D2

(5.73,-0.02,7.65)

I-BF11-04

(3.32,-0.02,1.29)

I-BF12-04

(10.92,-1.36,-0.4?)

1-BF13-04

(10.17,-0.30,-1.41)

PP-BF13-03

(9.89.-0.43,-2.15)

/

/

/ /

/ /

y/
1 / /

T-BFI3-03 1 / /
(9.61,-0.56,-2.86)1 /

Q-8FI3-03

(9.26,-0.72,-3.76)
/ PP-BFI3-02

(8.64,-1.01,-5.37)

T-BFI3-02

(8.37,-1.13,-6.08)

Q-BF13-02

(7.66,-1.45.-7-91)

Q-BFI2-O1
8,-11.57,-3.36;

T-BF12-01

(7.58,-10.03,-2.92;

PP-BFI2-01

(7.85,-9.34,-2.73)

(10.64,-2.08,-0.67)

PP-6FI2-03

1-8F12-W

(lD.37,-2.78,-0,

Q-BFI2-03

(9.77.-4.34,-1.31)

PP-BF12-O2

0,-6.59,-1.94)

T-8F12-02

(8.63,-7.28,-2.15)

O-BF12-02

i8.-7.96.-2.34)

PP-8FI3-01

(6.68,-1.90,-10.44)

T-BF13-01
(6.41,-2.03,-11.14)

Q-8F13-0I
(5.97,-2.24.-12.27)

Figure 6.21. Final position of sensors in boreholes SFl 1, SF12, SF13 andSF14.
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Figure 6.22. Final position of sensors in boreholes SF21, SF22, SF23 and SF24.
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Figure 6.23. Final position of sensors in boreholes SGI andSG2.
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T-SBI1-O1
(10.19,0.03,8.07)

T-SBII-02
(10.16,-0.03,4.07)

T-SBII-03
(10.14,-0.05,2.07)

T-SBI2-03
(10.14,-2.21,-0.49)

T-SBI2-O2
(10.17,-4.18,-0.84)

T-SBI2-01
(10.23,-8.12,-1.54)

Figure 6.24. Final position of sensors in boreholes Sll and SI2.
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(22.85.-0-99.-l.3Q)
Q-BJ5-02

1-BJ5-02
(21.73,-0.82.-1.01

PP-BJ5-O2
(20,98,-0.71,-0.95)

(19.6V0.5O.-O.71)
Q-BJ5-03

T-BJ5-03

PP-BJ5-0I
(24.73,-i.27,-I.H)

T-BJ5-O1
(25.67,-1.41,-1.82)

Q-BJ5-01
1(28.35,-1.80,-2.32)

SJ5
^ ^

T-BJ5-04
(17.59,-0.14,-0.32)

Figure 6.25. Finol position of sensors in borehole SJ5.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

6.3. Instrumentation characteristics

6.3.1. General requirements

All of the sensors, as well as the cables, unions,
and connections between sensors and cables, have
been specified for use in the harsh environmental
conditions of the planned work. The worst case
scenario corresponds to the sensors installed in the
bentonite barrier, where the following can occur:

J Temperature to 100° C

J Pressures to 5 Mpa

J Highly corrosive environment (to 6,000 ppm
of Cl" in some points)

For the sensors in granite, the thermal and corro-
sive conditions are less harsh, but their cables are
in the periphery of the bentonite barrier, where the
maximum temperature is expected to be on the or-
der of 50° C and where the swelling pressure may
reach 5 Mpa.

It was for this reason that there are no elements
containing active electronics in the test area (am-
plifiers, signal conditioners, etc.). All the sensor ca-
bles have been made long enough as for reaching
the service area, that is where such active parts
have been installed.

The harsh conditions of work, as well as the life-
time (3 to 4 years) required for the instruments, has
greatly limited the number of sensors available in
the marketplace for selection, making it necessary,
in some cases, to require special manufacturing or
to develop specific elements and protection meth-
ods.

The characteristics of the sensors used are de-
scribed in the following sections, grouped accord-
ing to type.

6.3.2. Vibrating wire sensors

6.3.2.1. General characteristics

A majority of the instruments used are of the vi-
brating wire type (see Table 6.1) as this type of
sensor has a good long-term stability, and, addi-
tionally, a good accuracy. The measurement can
be compensated for the influence of temperature

and has practically no hysteresis; furthermore, the
sensors used are able to work at high tempera-
tures.

The principle of measuring with this type of in-
strument is based on a metal wire that has an os-
cillation circuit incorporated. At one end of the
wire is a diaphram (sensitive element) and the
other is a fixed point. The wire is stressed by means
of a spring or by pressure applied to the diaphram.
The reading equipment has to produce an excita-
tion of alternating current to the wire which makes
it resonate at a characteristic frequency, depending
on the stress in the wire.

The wire is within a magnetic field and by that
generates an e.m.f. (electromotive force) of the
same frequency as that of the oscillation of the
wire. The frequency of this e.m.f. is read by the
measuring system and serves for the calculation of
the value of the variable measured.

All the vibrating wire instruments are of the brand
GEOKON, Inc. (USA), and have temperature com-
pensation by means of a thermistor incorporated in
the sensor head. They were especially fabricated
(body of stainless steel AISI 316-L, and cables
sheath made in Halar, a material similar to Teflon)
for the work conditions of the test. The principal
characteristics of the instruments of the type used
are shown in Table 6.4.

In the following sections some details of these
sensors and their installation are described.

6.3.2.2. total pressure sensors

These sensors are composed of a flat square cell
filled with mercury, with a vibrating wire transducer
to measure the total pressure applied over the cell.
A total of 30 sensors of this type have been in-
stalled in the contact of the clay barrier with the
granite and the concrete plug, and 6 additional
units were installed on the surface of the liner, to
measure the swelling pressure generated by the
bentonite, in the three spatial directions (identified
as Px, Py, and Pz).

For correct measuring with this type of sensor, it
is fundamental that the cell makes a good contact
with the surrounding material, without detachments
and air bubbles. In the case of the granite surface,
the cells have been installed in recesses especially
cut for that purpose (Photo 19). After installation,
the rest of the recess was filled with slightly expan-
sive mortar until the original profile of the drift was
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Table 6.4
Characteristics of vibrating wire sensors

Parameter
or

instrument

Total presure

Total pressure (3D)

Rock extensomefers

Pore pressure
in bentonite

Heaters
displacements

Bentonite
displacements

Code

F\Py,Pz

Pxyz

S

Q

Sx,Sy,Sz

Sb

Geokon
model

4850-2

4850(4)-
4820(1)

A-44450

4500 HT-5

4430

4430

Range
(F.S.*)

0-6 MPa

0-6 MPa

10 mm

0-5 MPa

150 mm

100 mm

Resolution

1.5 kPa

1.5 kPa

0.002 mm

1.25 kPa

0.02 mm

0.02 mm

Accuracy
(%F.S.)

0.5

0.5

0.02

0.5

0.2

0.2

Thermal zero
drift

(%F.S./°C)

0.025

0.025

0.03

0.02

0.03 ( " )

0.03 (*•)

Thermal
sensitivity

(% F.S./°C)

0.005

0.005

0.005

0.002

0.005

0.005

Temperature
range
(°C)

0-150

0-150

0-80

0-150

0-150

0-150

(*)FS: Full Scale
(**) Referredto V2F.S.

restored (Photo 20). For the liner/bentonite inter-
face, the sensor cell was embedded in a cement
block, made with the same type of mortar, placed
over a supporting plate seated and adapted to the
curvature of the liner (Photo 21).

In both cases the cells were pressurized against
the mass of surrounding mortar once it was cured,
so as to guarantee a good initial contact, in accor-
dance with the manufacturer specifications.

6.3.2.3. Total pressure triaxial cells

To measure the three components of total pres-
sure in the rock mass, four sets of total pressure
cells were prepared and introduced in the bore-
holes SGI and SG2.

Each set was formed of five sensors, all of which
had a circular flat cell, installed over a common
support of some 2 m of length, but were orientated
in distinct directions (see Photo 22) in such a way
that an adequate interpretation of the measure-
ments makes it possible to reconstruct the compo-
nents of the total pressure in the mass, following
the three principal spatial directions.

The sets were installed, in each of the boreholes,
at 1.1 m and 5.9 m of depth (in reference to the
center of the set). For the placement of these sets,
a special system of rods, packers, and anchors
were ordered from GEOKON (see Figure 6.27).
Once the set was in position, the boreholes were
filled with a slightly expansive mortar and, once the
mortar was cured, the initial pressurization of the
cells took place in a similar manner as before.

6.3.2.4. Extensometers in rock

An extensometer was installed in each borehole,
Sll and SI2, in rock. Each extensometer consisted
of three graphite rods with independent anchoring
points situated at 1.0 m, 3.0 m and 7.0 m of
depth in the borehole.

The displacement transducers are grouped in the
mouth of the borehole, which required an
overexcavation to a diameter of 250 mm (see Fig-
ure 6.28). Photo 23 shows the transducer set hous-
ing, once an extensometer was installed.

Each extensometer incorporates, furthermore,
three sensors to measure temperatures by means
of thermocouples situated in the distinct anchors.
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7.03 m

Cement injection
tuben°2

0.20 m

1.83 m

Cement injection
tube n° 1

1.83 m

0.205 m

— Air purgue tube

Cement injection
tuben°2

Air purgue tube

* 3D Total pressure cell n° 1
(PBG1-01/05)

tubes

Air purgue tube

Cement injection
lube n" 2

0146 mm

^ \ 0123 mm

"D'VIEW

Hydraulic packer

Cement injection
and air purgue
tubes 020 mm

Section C-C

Cables

Packers and cell
re-pressurization
tubes 0 3-4 mm

Section B-B'

3D Total pressure
cell n° 2
(PGB1-06/10)

Cables and re-pressurizing
tubes of 3D total
pressure cell n° 2

Air purgue tube ^ ^

Cement injection
tuben°2 ~ ~~

Cement injection —
tuben"!

Cables and re-pressurizing
lubes of 3D total
pressure cell n° 1

Section A-A'

Figure 6.27. Method of emplacement of triaxial total pressure cells in borehole S61.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

6.3.2.5. pressure sensors m Denronite

These sensors consist of a cylindrical body with a
19-mm diameter having a sintered metal filter with
a pore size of 2 |j,m incorporated in the measuring
end (Photo 24). A total of 52 units were installed in
the bentonite blocks in drillholes perforated paral-
lel to the axis of the drift, corresponding to its
planned position.

6.3.2.6. Heater displacement sensors

The object of these sensors is to measure possi-
ble displacements of the heaters caused by the
phenomenon of differential swelling that may be
produced during the hydration of the clay barrier.
For these measurements, nine high sensitivity linear
displacement transducers were used (see Table
6.4). They were fixed at one end to the rock and at
the other to the liner, by a mechanical ball joint
coupler (see Photo 25).

These sensors have been installed in the
cross-sections corresponding to the ends of the
heaters (D l , D2, G, I), in the directions of the Y
and Z axes, although, in the case of the Heater
#2 , they have also been installed in the direction
of X axis, between the liner and the dead end of
the drift.

.3.2.7. Bentonite displacement sensors

Linear displacement transducers similar to those
for the heater displacements, but for a smaller
range of measurements, have been installed in
eight blocks of bentonite to measure possible ex-
pansions or retractions in those specific blocks. The
blocks were located in the cross-sections E l , E2,
F l ,and F2.

These sensors were installed between two anchor
plates that coincide with the external faces of the
blocks (Photo 26).

6.3.3. Temperature sensors

A total of 189 T-type thermocouples have been
installed for the measurements of temperature in
the granite, in the bentonite, and in the interior of
the heaters. These sensors are independent of
those incorporated into the other instruments for
the compensation of the temperature.

The selection of this type of temperature sensor
was, basically, for its good stability and accuracy
(Class 1); its range of adequate measurements (0
to 350° C); and its better protection against corro-
sion than the RTDs (Pt 100), as it was possible to
sheathe these sensors in AISI 304, for the
thermocouples situated in areas with less risk of
corrosion, and to sheathe them in AISI 316L, for
those in zones where high corrosion is expected
(those closest to the heaters).

Other characteristics of the thermocouples used
are:

U Manufacturer:
Cableries de Lens (France) for sheathes of
AISI 304
Watlow Gordon (England) for sheathes of
AISI 316

U Transition to flexible cable:
By molded connection (of PVC or Teflon)

J Exterior diameter:
3 mm

-I Length:
Up to 40 m

•J Insulation:
MgO

The thermocouples used for the power regulation
of the heaters are situated on the exterior of the
liner, in direct contact with the bentonite (Photo
27), as that is where the most elevated tempera-
tures are expected.

6.3.4. Humidity sensors

6.3.4.1. Introduction

In a test of this type, the measurement of the wa-
ter content, in the bentonite as in the granite, is
without a doubt the most complex problem from
the point of view of instrumentation. To measure
the water content in a reliable form in the condi-
tions anticipated for this test and for the total
planned duration of the test, there is no industrial
instrumentation available with sufficient guaran-
tees.

Furthermore, in addition to the previously-men-
tioned conditions of pressure and temperature, the
broad internal change in moisture has to be
consideredfrom less than the initial 14 % of the
blocks to complete saturation.
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For these reasons, three distinct types of instru-
ments are being used:

_l Humidity sensors of the capacitive type (code

WC)

J Humidity sensors of the psychrometer type

(code WP)

^ Humidity sensors of the TDR type (code WT)

Each one of these has its own field of application
and various advantages and disadvantages. These
are described in the following sections.

6.3.4.2. Capacitive humidity sensors

The principle of measurement of these sensors is
based on the changes in capacitance that are pro-
duced in a electric capacitor formed by a thin
sheet of special polymer and two electrodes, as the
dielectric constant of the polymer changes as a
function of the absorbed water vapor. Each of
these is mounted in a measurement chamber pro-
tected by a sintered metal filter (see Photo 28). The
measurement given by the sensor is that of the rel-
ative humidity of the air contained in the chamber,
which is assumed to be in equilibrium with the wa-
ter in the surrounding material.

The principal advantages are the ample range of
measurement (0 to 100 % relative humidity); the
compensation of temperature measurement; and
the industrial design, meaning that there already
exists signal conditioning and reading equipment
which allow an easy integration of the instruments
into any system of data acquisition.

The disadvantages are the reduction in accuracy
with increasing temperature and, even more im-
portant, with high levels of humidity (90% to 100
%); the poor long-term stability in conditions of
high temperature and humidity; and the uncertainly
in reversing from the state of saturation.

Given their characteristics, these sensors were sit-
uated in the bentonite, generally in the zones with
a lesser degree of saturation, but where it is hoped
that they can measure the humidity during the ini-
tial phases of hydration.

These sensors, as well as the system of the corre-
sponding signals, have been provided by ANDRA.
The instrument used is the model WFCl-FxxT of
the series 1-400 of the firm ROTRONIC AG (Swit-
zerland), that, in comparison with other similar
products in the marketplace, has the advantage of
a long length of cable between the sensor head

and the signal conditioning unit, allowing this to be
placed outside the concrete plug.

6.3.4.3. Psychrometer humidity sensors

The psychrometers being used to measure the
humidity are basically composed of a thermocou-
ple of chromel-constantan situated inside a filtering
ceramic capsule. Inside the same capsule is a sec-
ond thermocouple used to measure the tempera-
ture of the sensor head.

The psychrometric method is based in measuring
the temperatures in the dry thermocouple and in
the wet one. The first one measures the environ-
ment temperature, and the second is a function of
the amount of evaporated water (evaporating heat
absorbed by the thermocouple), and therefore, of
the partial pressure of water vapor in the surround-
ing atmosphere.

The principle of measurement is the following
(see Figure 6.29): first, cool the thermocouple by
the Peltier effect, by passing a current in the inverse
sense to the normal reading, in a way that the hu-
midity of the atmosphere is condensed in the joint
of the thermocouple at the condensation tempera-
ture (a-b in the response curve); then this current is
interrupted, so that the temperature becomes the
initial, passing a plane (c-d) where the condensed
water is evaporated.

The temperature at which evaporation com-
mences (point c) is the one used to calculate the
corresponding relative humidity (RH), which is di-
rectly related to the suction in the medium. Once
the total condensed water is evaporated, the ther-
mocouple returns to the ambient temperature
(point e).

The principal advantages of this system of mea-
surement are the great accuracy (± 6 % of the
range) as well as the simplicity and compactness of
the measuring head.

The disadvantages are the reduced range of
measurements (95 % to 99.9 % RH) and the com-
plexity of the reading, which is difficult to integrate
into an automatic measuring system as it is
non-continuous. The model being used is the
PCT-55 of the firm WESCOR, Inc. (USA). For the
reading, a specifically adapted datalogger is being
used to read all these sensors in a sequential form
(see Chapter 7).
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Figure 6.29. Curve of a typical response of a psychrometer.

These psychrometers are designed for laboratory
work and thus require the introduction of certain
specific measures of mechanical protection for
their use in this test. To protect them, the cable has
been introduced in a Teflon tube and the measur-
ing heads have a cover fabricated of Teflon. The fi-
nal result can be seen in Photo 29, where the
cover has been removed for a better clarity.

A total of 76 psychrometers have been installed
in the zones that are expected to have the higher
humidity, such as the rock and the exterior cir-
cumferential layer of bentonite. In the case of the
rock, drillholes of 15-mm diameter were made to
depths of 100 mm, 250 mm, and 400 mm in the
corresponding cross-sections, and then filled with
epoxy resin once the psychrometer was situated in
its position (see Figure 6.30).

6.3.4.4. TDR-type humidity sensors

The measurement of the humidity of a porous
medium by the TDR (Time Domain Reflectometry)
technique is based on the variation of the electric
permittivity of the medium as a function of its hu-

midity. The process of measuring is complex and
consists of analyzing the times of reflection of a
high frequency signal introduced in a probe which
incorporates two passive conductors in contact
with the medium [12]. The system output is di-
rectly that of the volumetric water content in the
material that surrounds the probe. In principle, if
the probe is sufficiently long, it is possible to have
a spatial discrimination of the water content along
its length.

Although there are various pieces of equipment
available to measure the humidity in soils based on
this technique, in general they present two disad-
vantages in applying them in the present test: on
one side, the spatial resolution is low (typically 40
to 50 cm for soils) and on the other, the maximum
distance between the probe (passive) and the elec-
tronic measuring unit is very limited and that would
mean that it must be included inside the zone oc-
cupied by the clay barrier.

In the case of the "in situ" test of FEBEX, and at
the suggestion of NAGRA, it was decided to make
an installation of an experimental type. In total 24
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Figure 6.30. Installation of psycrometers in granite.

probes of this type were installed, 20 in the ben-
tonite and 4 in the granite:

3 The probes introduced in the granite were
composed of two conducting rods of stain-
less steel of 2 m of length (Photo 30), and
have been introduced in drillholes of 35 mm
in diameter made in the rock in the cross-
sections M l and M2 (see Figures 6.8 and
6.13). Once the probes were introduced, the
drillholes were filled with epoxy resin to give
the conditions of impermeability and electric
isolation required by the measuring system.
Given the length of these probes and the di-
electric characteristics of the granite, it is
hoped to measure the humidity in a spatial
resolution of between 10 and 50 cm for the
rock matrix, and 1 to 2 cm for the discrete
fractures, with a range of measurement of
0.2 % to 5 % (volumetric water content).

U In the case of the bentonite, the greater
permittivity of the medium impedes obtaining

a satisfactory spatial resolution, and so the
probes are of lesser length (50 cm) and, in
principle, the measured values of humidity
correspond to the average value in such a
length. For this reason, these probes have
been installed in the clay barrier in various
points, also in the cross-sections M l and
M2, parallel to the axis of the drift, which is
the direction where a lesser humidity gradient
is expected. These probes are composed of
a bar of Teflon that serves to support two
electrodes, each formed by plates of copper,
all of which are protected with a polyolefine
sheath (Photo 31). The expected measure-
ment range is 15 % to 50 % (volumetric wa-
ter content).

Both types of probes, for the granite and for the
bentonite, also incorporate a temperature sensor
for the correction of the measurement. The princi-
pal disadvantage is the installation, as it was nec-
essary to use large diameter coaxial cables to min-
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imize the losses between the reading equipment,
situated outside the concrete plug, and the probes.

The probes and the system of measurement have
been developed by the Swiss firm EDI MEIER &
PARTNER A G , in close collaboration with NAGRA.
A complete description of the measuring system, its
configuration, and the calibration work can be
found in [12].

6.3 .5 . G 3S instrumentat ion

The French group G.3S (Groupement pour
I'etude des Structures Souterraines de Stockage),
that are also participating in this project, has de-
veloped a series of sensors of the geomechanical
type that have been installed in this test as a trial
and that summarized are:

-l A triaxial crackmeter of high resolution in-
stalled in an existing granite fracture in the
zone near the center of the Heater #2 . It
should measure the possible displacement of
the edges of the fracture as a result of ther-
mal effects or swelling of the bentonite
(Photo 32 shows the fracture and the sup-
ports for transducers).

-I Two multiple extensometers installed in cross-
section Dl (Photo 33), which are anchored
into the rock at one end and in various
points in the bentonite barrier at the other, to
measure differential displacements in the var-
ious slices of bentonite in the section.

-I Also 6 inclinometers installed in the three
crowns of blocks in cross-section D l , in the
direction parallel to the axis of the drift, to
measure possible changes in the inclination
of the corresponding blocks (Photos 33 and
34).

All of the transducers are of the LVDT type, with
the exception of the extensometers that are
equipped with high resolution potentiometers. All
instruments also carry a Pt 100 probe to measure
the internal temperature for correcting the read-
ings.

A more detailed description of the characteristics
of the instruments can be found in [13].
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6.3.6. Instrumentation fui the meusurompiit
of gases

The participation of GRS in the project is concen-
trated in the study of the gases that can be gener-
ated in the test area by the effects of corrosion or
by the presence of microorganisms in the benton-
ite.

To study these effects, a number of ceramic pipes
has been installed in the clay barrier for the mea-
surement of the gas pressures generated and the
sampling of those gases as well as measuring the
gas permeability. To sum up, the following ele-
ments have been installed:

J Four pipes of 200 mm in length and 60 mm
in exterior diameter, located in various points
in the granite/bentonite contact in the sec-
tions H, M l , L, and N, and connected by
means of a 6-mm diameter plastic conduit to
pressure indicators and transducers installed
outside the concrete plug (Photo 35).

-I Six pipes of the same diameter and material
but of 3 m in length and with two connec-
tions at one end to conduits that reach to the
exterior of the concrete plug, to measure the
flow of gases and the permeability of the clay
barrier to gasses. These pipes have been in-
stalled, parallel to the axis of the drift, be-
tween sections L and N in the granite/ben-
tonite contact (3 units), in the surface of the
liner (1 unit), and in holes drilled in an
in-between zone of the clay barrier (2 units),
being all of them parallel to the drift axis.
The first ones are shown in Photo 36, during
the installation process, and in Photo 37 are
shown those in the drillholes in the intermedi-
ate zone of the barrier.

All these pipes are of sinterized ceramic material,
with an average pore size of 65 \xm, an exterior di-
ameter of 60 mm, and an interior diameter of 40
mm. The 3-m long pipes are composed of pieces
of 1 m joined by Teflon couples. The fragility
shown by this ceramic material, especially after be-
ing wet, led to protecting the pipes installed in the
drillholes of the barrier with a covering of perfo-
rated metal.

A more complete description of the characteris-
tics and functioning of the various components of
the system of gas measurements can be found in
[14].
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6.3.7. Hydrogeological instrumentation
The majority of the boreholes for this test have

been utilized to install permanent instrumentation
relative to the measurement of the thermal and hy-
draulic parameters of the rock mass. In addition,
these boreholes were used for the hydrogeological
characterization.

Except for boreholes, SG1-SG2 and SN-SI2, a
set of packers have been placed in all boreholes.
These divide the boreholes into intervals of mea-
surement (see Figure 6.31) for the following:

Q Hydraulic pressure in each interval

• Temperature in each interval

• Pressure of the packers

To measure the temperature, thermocouples sim-
ilar to those described in Section 6.3.3. have been
used. To measure the hydraulic pressures in the in-
terval and in the packers, flexible tubes to the ser-
vice area have been used. In the service area,
these pressures are measured by conventional
pressure transducers of the piezometric type (Photo
38). This arrangement facilitates the maintenance
and reduces the risk of failure.

Figures 6.18 to 6.26 indicate the definitive posi-
tion of the packers and of the temperature sensors.
Coordinates for the point of measurement of the
pressure in the packers and of the intervals have
been taken as the mid-point. Figure 6.31 shows
the method of installation of the thermocouples
within the system of rods and packers.

All this installation was made by the firm
SOLEXPERTS (Switzerland) and in [15] can be
found more detailed information on the character-
istics of the various components.

6.3.8. Electrical parameters of the heaters
The measurements related to the electrical pa-

rameters of the heaters are made by the electrical
signals converters installed in the power regulation
cabinet of the heaters situated in the service area.
The parameters that are measured, for each one of
the 6 resistances, are:

Zl Current consumption (true RMS)

_] Applied voltage (true RMS)

~i Presence of voltage in the supply circuit

• Insulation failure

6.3.9. Ambient parameters

A set of parameters relative to the atmosphere in
the service area is also measured. These parame-
ters, and the ranges of the sensors utilized, are the
following:

Q Atmospheric pressure (600 to 1060 hPa)

• Humidity (0 to 100 % RH)

• Temperature (0 to 100° C)

• Air velocity in the ventilation duct (0 to 20
m/s)

6.4. Cables and connections
Sensor cables have been in general supplied by

the sensors manufacturers, in order to guarantee
the quality of the connection of the cable to the
sensor. According to the configuration of the test, a
major part of the cables and tubes of the sensors
pass through the contact between the bentonite
and the granite (see Section 8.4.). Given the con-
ditions of temperature, humidity, pressure, and
corrosion expected in this zone, special attention
has been given to the selection of the materials,
configuration, and mechanical strength of the ca-
bles.

As an example, the protection of the
thermocouples has been made using stainless steel
sheathes, and the vibrating wire instruments use a
special cable covered with Halar, a material simi-
lar to Teflon. For the rest of the cables, when a
special protection was not available from the man-
ufacturer (as for example the psychrometers), they
have been protected with an exterior sheath of Tef-
lon or similar.

In all cases the union between the sensor and the
cable has been made avoiding any type of con-
nector by encapsulating the union (welded or
crimped) in epoxy resins. In addition, all types of
connections or joints have been avoided in cables
within the test area.

In installing the cables, sharp curves and cutting
edges have been avoided in their entire length (for
example in the boreholes collars and in the edges
of recesses and cable channels excavated in the
granite).
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6.5. Quality assurance/qualify control
(qq/qc) for the instrumentation

To guarantee the quality and the traceability of
the measurements made by the instrumentation in-
stalled by AITEMIN, QA/QC have been applied in
all phases related to the instrumentation, such as:

-I Request for tenders

-I Selection of providers

-J Equipment reception

-J Preliminary testing

J Coding, labelling, and packaging

J Installation

J Initial tests

Because of the short space of time available, a
systematic calibration of instruments was not made
but a major part of them were received with trace-
able calibration certificates by the fabricator or
supplier, and TOO % of the sensors were subjected
to reception trials, checking at least one measuring
point against certified calibration standards.
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Figura 6.31. Installation of hydrogeologkal measuring devices in granite boreholes.
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In the case of the instrumentation provided by
ANDRA, NAGRA, GRS, and G.3S, each entity im-
plemented their own quality assurance system, and
has been, as has AITEMIN, supervised by the
Quality Assurance Department of ENRESA.

6.6. Corrosion specimens
Some specimens of distinct metallic materials

and welded samples of the same materials have
been introduced into the bentonite barrier to ana-
lyze their corrosive response under conditions very
similar to the real ones. The specimens were pre-
pared by INASMET (San Sebastian, Spain) and
their installation consists of a support or rack of
Teflon over which were installed parallel sheets of
the distinct materials (see Photo 39). As a conse-
quence of the materials used, there are four types
of racks, as indicated in Table 6.5.

The racks were placed in the bentonite as close
as possible to the heaters, which is the position

corresponding to such materials in the real case.
The highest temperature points have been selected
for installation, and this corresponds to the central
zone of the heater, in its lower part. Thus, in the
corresponding bentonite blocks, a set of recesses
were made in which the racks were situated; later
the remainder of each recess was filled with pulver-
ized bentonite (see Photo 40}. Two complete sets
of racks were installed, one in each central section
of each heater (Sections Fl and F2). The exact
placement can be seen in Figures 6.7 and 6.14,
and Photo 41 shows a view of the racks in their
contact with the liner.

6.7. Chemical tracers
Numerous chemical tracers have been installed

in the test. Their selection, preparation, and defini-
tion of emplacement were the responsibility of
CIEMAT and ULC. The tracers selected are of both
the conservative and non-conservative type. With

Table 6.5
Corrosion specimens

Rack type Materials N° of specimens Specimens composition

TStE355

Base metal (2 units)

EBW welding

PAW welding

MAG welding

AISI316L

Base metal (2 units)

EBW welding

FCAW welding

Titanium

Copper

TiG-2: Base metal

TiG-2: EBW welding

TiG-7: Base metal (2 units)

TiG-7: EBW welding

TiG-7: PAW welding

TiG-12: Base metal

TiG-12: EBW welding

Electronic copper (2 units)

90Cu/10Ni (2 units)

70Cu/30Ni
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them, as with the corrosion specimens, the analy-
ses will be made during the dismantling stage,
which occurs at the end of the heating phase of the
test. In Table 6.6 are summarized the types of trac-
ers used and their form of placement:

The tracers impregnated in the filter paper have
been installed in a uniform manner along certain
surfaces of the bentonite barrier/rock interface,

generally in zones of water entry, and are stapled
to the bentonite blocks of the exterior crown of the
barrier (see Photo 42), whereas those in sinterized
metal, compacted bentonite plugs, or glass am-
poules are located in pre-drilled holes in
pre-determined blocks of bentonite (Photo 43).

A complete report on the tracers, their characte-
ristics, and their final position in the test can be
found in [1 6].

Type

Conservative

Non-conservative

Table 6.6
Types of chemical tracers

Tracer

Iodine

Rhenium

Boron-10

Selenium

Deuterium

Europium

Cesium

Support

Filter paper

Filter paper

Sintered metal

Sintered metal

Bentonite plug

Sintered metal

Glass ampoules

Bentonite plug

Sintered metal

Bentonite plug
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7. Monitoring and control system

7 .1 . Objectives
The monitoring and control system of the FEBEX

"in situ" test has these principal objectives:
• Acquisition, adaptation, visualization, and

logging of all the data generated by the in-
stalled instrumentation, in real time.

Q Secure control of the heaters according to
the planned strategy.

Q Automatic functioning of the test, without the
necessity of local personnel.

• Remote supervision of the test from the of-
fices of AITEMIN in Madrid.

G Generation of a master database of the test.

G Treatment and post-processing of the data,
for the reports adapted to the necessities of
the various groups participating in the pro-
ject.

A monitoring and control system, described in
the following sections, has been specifically de-
signed for implementing these functions. The sys-
tem is specially adapted to the test conditions.

7.2. General characteristics

necessary, for automatic data acquisition, supervi-
sion, and control of the test. The local system was
designed to control the test without connection with
the RMC and with the capacity to store data for
long periods of time (years).

The remote system consists of all the information
equipment and the computer programs necessary
for the supervision and control of the test from a
distance, as well as the analyses, presentation, and
storage of the data obtained. The remote system
acts as the "master" of the system, delivering to the
local system ("slave") the control rules and the nec-
essary commands.

It was not thought that the RMC should be con-
tinuously connected, but that connections would be
established periodically with the GTS to observe
the evolution of the system and to transfer the
available data to the master database of the RMC.
Also the commands would be given, as they be-
came necessary, such as variations in the power
regimes of the heaters, changes in the control
strategy, etc. In addition, the local system at GTS
has been prepared to connect automatically with
the RMC in case of alarm and to send the advice
message.

7.2.1. Structure
The structure of the monitoring and control sys-

tem of the FEBEX "in situ" test is very influenced by
the long duration of the test, the remoteness of the
location, and the distance existing between the test
area and the principal office of AITEMIN in Madrid
where the monitoring, supervision, and analyses
are performed.

The above-mentioned circumstances necessitate
a basic structure of two distinct subsystems, one sit-
uated in the FEBEX drift in GTS, designated "local
system", and the other situated in Madrid, desig-
nated the "remote system", located in the Remote
Monitoring Center (RMC). Both are connected via
modem by an adequate communication system.

The structure of the system is also conditioned by
the necessity of integrating, in a common system,
the equipment, data, and subsystems of the various
groups that participate in the project.

7.2.2. Functions and hierarchy
The local system has all the electric and/or elec-

tronic components, and the computer programs

7.2.3. Reliability and redundancy

To avoid the possibility that a failure in some
component of the system will cause the loss of data
or control of the test, the system has been designed
with a great robustness and redundancy, based on
the following points:

1. Utilization of industrial-type of equipment, of
tested reliability and robust construction.

2. Duplication of the critical components of the
system, such as the computers and certain
equipment of data acquisition, applying mas-
ter/slave-type schemes.

3. Supplying all of the system, including all the
instrumentation, from an Uninterrupted Power
Supply System of extended autonomy. (Only
the power supply to the heaters remains out of
this system.)

4. Redundant system of data communication.

5. Use of well-tested programs, with quality cer-
tificates when possible.
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7.3. Local system

7.3.1. Components
The local system of monitoring and control is

composed of the following elements:

1. Measuring instrumentation with corresponding
cables.

2. Voltage surge protection.

3. Power supply system.

4. Specific systems for signal conditioning.

5. Principal system for data acquisition and con-
trol.

6. Power regulation units for the heaters.

7. Communication system.

The structure of the local system is that shown in
Figure 7.1. The measuring instrumentation have
been described in the previous chapter and the
power regulation units of the heaters are described
in Section 4.4.

In addition to the components indicated and that
are represented in Figure 7.1, additional equip-
ment has been installed at the GTS by other
groups for their associated work on the project,
such as GRS and NAGRA. These equipment or
subsystems work in an automatic and independent
form, integrating the data, via telephone lines, in
the RMC, and are not described in this section. Ba-
sically, the functions of these subsystems are:

The data acquisition system installed by GRS logs
data relative to the measurements of pressures and
flows of gases.

The data acquisition and analysis system installed
by NAGRA takes readings of the TDR-type humidity
sensors and interprets them to calculate the values
of volumetric water content, for the probes both in
granite and in bentonite.

7.3.2. Surge protection
Information exists on the dangers to instrumenta-

tion, from lightning provoked inductions, from
other experiments made in the past at GTS. For
this reason and because the test traverses zones of
high relative conductivity (fractures, lamprophyre
dikes), surge protection in an individual manner

has been installed for each cable corresponding to
sensors installed in, or near, granite. Furthermore,
each signal conditioning system has an adequate
surge protection.

In the case of the thermocouples, the metallic
sheath has been grounded as many of them are
situated in the boreholes and can act as lightning
rods for the installation.

7.3.3. si systems

7.3.3.1. Functions and types

The function of the signal conditioning systems is
to deliver the power supply to the various sensors,
receive the signal delivered by them, and convert it
or adapt it to the standard formats that can be
read by the computers of the system.

The basic data acquisition and control system
(DACS) of the test admits input and output in a
standard form (voltage, current) and is connected
directly with the computers by a specific link. Its
characteristics and functioning are described in
more detail in Section 7.3.4.

However, there are diverse groups of sensors
whose signals or reading procedures are not stan-
dard. This has made it necessary to introduce other
subsystems of signal conditioning and conversion
specifically adapted to those sensors and they are
the following:

J Vibrating wire reading system

J Psychrometer type humidity sensors reading
system

J Capacitive type humidity sensors signal con-
version system

The output of the conditioning system of the hu-
midity sensors of the capacitive type is a standard
analog type, and thus is connected to the DACS,
while the other two conditioning systems deliver
their output in digital format, thus are connected
directly by a serial line to the computers.

7.3.3.2. Vibrating wire rending system

The 270 signals delivered by the instrumentation
based on the vibrating wire principle, have been
connected to a dedicated signal conditioning sys-
tem, where the signals are converted to digital for-
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mat in engineering units: measurement in micro-
seconds for the reading of the vibrating wire and in
° C for the associated thermistor.

The conditioning system is composed of five
chassis of 1 9 " type, designated EMA of the firm
IIC, S. A. (Spain), with 4 cards of 8 channels each
to read the vibrating wires and 4 other cards of 8

channels each to read the associated thermistors.
Furthermore, each chassis has a CPU card, a
power supply card, and a communication card.

Each EMA chassis reads 32 instruments and de-
livers 64 readings in digital format to the system
computers by a serial data link of type RS-232
double. The five chassis are communicating with
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the managing unit of the RS-232 lines by means of
a current loop.

7.3.3.3. Psychmmeter readirg system

The signals delivered by the 76 installed
psychrometers are connected to a specific condi-
tioning system, which is in fact a datalogger model
CR 7, from CAMPBELL SCIENTIFIC, Inc. (USA),
with capacity of reading up to 84 psychrometers.
This system makes the measurements of the instru-
ment in a sequential form, given the complexity of
the method of reading applied (some 32 individual
measurements are obtained for each instrument
read, giving place to a response curve that must be
interpreted). All the readings are sent to the com-
puters of the system in a digital format by means of
a multipoint serial link of type RS-485.

7.3.3.4. Cnpacitive ivpe humicity sensors
conditioning system

The 58 capacitive type humidity sensors have
been connected to 58 conditioning boards, that
deliver output in 4-20 mA current independently
for the reading of humidity and of temperature.
The measurement of temperature, which is used for
the correction of the humidity reading, is delivered
by a RTD installed in the sensor. The current output
have been cabled to the data acquisition and con-
trol system.

All the conditioning and signal transmission
boards are from the same manufacturer as the
sensors (ROTRONIC), and are installed in two 19"
chassis that also includes the power supply from
the electrical network. This equipment, as well as
the capacitive humidity sensors, have been pro-
vided byANDRA.

7.3,4. Principal data acquisition
and control system

7 . 3 . 4 . 1 . Structure and funct ion ing

This system is composed of two identical sets, for
reasons of redundancy, each composed of a com-
puter and one unit of the DACS input/output. The
DACS units read the signals delivered by the instru-
mentation directly connected to them (thermocou-
ples, Pt 100 probes, borehole pressure, capacitive

humidity sensors, electric parameters, etc.) and
control the power regulation equipment of the
heaters, as well as a set of auxiliary actuation re-
lays, all in accordance with the instructions re-
ceived from the computers.

The two identical sets work in parallel, although
the control is only performed by one (master) act-
ing on the heaters, while the other (slave) is on
stand-by. The slave set automatically takes control
in case of the failure of the master. For the input
data, both log the same information simulta-
neously.

Each DACS unit is interrogated by its corre-
sponding computer, which processes the informa-
tion, presents and stores it, and makes the
calculations necessary for delivering the pertinent
orders to the PID controllers of the power regulation
equipment for the heaters, based on the control
strategy established from the remote control system.

3.4.2. DACS units

Each one of the DACS units consists of two 1 9"
chassis with each having 14 boards of type IMC
(Isolated Measurement Cards) of the firm
SOLARTRON INSTRUMENTS (UK). Each card has
a set of channels of input and/or output of analog
data or digital (logic) data, depending on the
model. All the cards of the DACS unit (28 in total)
are independent equipment among themselves
and communicate with the corresponding computer
by means of a specific high speed bus (S-Net),
through which also arrives its power supply.

Each unit of the DACS must make the ana-
log/digital conversion of the signals from the con-
nected instrumentation, and furthermore deliver the
commands of the PIDs of the power regulation of
the heaters. For all that, each has been
dimensioned for the following minimum number of
channels of input/output:

i,...; Analog input channels:

; 1 89 for type T thermocouples.

'[ 4 for the signals delivered by the transdu-
cers of ambient parameters (4-20 mA
signals).

• : 30 for the signals delivered by the G.3S
instrumentation (extensometers, inclino-
meters and triaxial crackmeters and their
Pt 100 internal probes).
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o 58 signals of humidity and 58 of tempe-
rature, delivered by the conditioning
system of the capacitive type humidity
sensors (4-20 mA signals).

c 62 signals (4-20 mA) of the sensors for
the hydraulic pressure in the boreholes.

o 62 signals (4-20 mA) of the sensors for
the packer pressure in the boreholes.

c 12 signals of voltage and current of the
converters installed in the power regula-
tor cabinet for the heaters (signal 4-20
mA).

• Analog output channels:

o 6 for the commands of the PIDs of the
heaters (one for each resistance).

• Digital input/output channels:

o 20 for the acquisition of the signals of
failure of the isolation of the heater resis-
tances and the management of the relays
used for the control of the master/slave
scheme.

Each DACS unit has: 24 analog input cards with
20 channels each, one analog input card of 10
channels (special ranges and RTDs), two analog
output cards of 4 channels each, and one card of
20 digital input/output channels.

The IMC system is an industrial equipment of
high reliability (MTBF > 50,000 h) that delivers a
high accuracy of measurement with a reduced
long-term drift (less than ± 0.03 % in a year), ex-
cellent immunity to noise, and good galvanic isola-
tion between channels.

7.3.4.3. Computers

Each unit of the DACS is controlled by a com-
puter. These computers also receive, by serial line,
the data from the reading systems of the vibrating
wire instruments and of the psychrometers. The
two computers function in parallel but independ-
ently (master/slave scheme). A local network has
been established between the two to permit certain
operations of maintenance and of data file trans-
fers.

The computers being utilized are of the industrial
PC type, of the brand TEXAS MICRO (USA), for in-
stallation in a rack of 1 9". These computers are of
high reliability (MTBF > 100,000 h), and have 2

hard disks of 1 GB each (one of them for
back-up), disk drive of 3 1/2" weatherproof key-
board, and track-ball type of mouse. The monitors
are 14" and in color with a resolution of 1024 x
768 pixels. Each computer has a dot-matrix
printer for 10" traction paper.

Each computer, keyboard, monitor, and printer
are integrated in a 19" industrial cabinet which has
a grade of protection of IP 54 and a transparent
door in the monitor area.

7.3.4.4. Software modules

The monitoring and control application being
used is based on the generic SCADA (Software for
Control and Data Acquisition) product FIXDMACS
from INTELLUTION, Inc (USA), running under Win-
dows 95. This software executes the monitoring
and control functions in each computer, which are,
basically, the following:

• Reading of the DACS units and the other sig-
nal conditioning systems.

• Correction of the measurements when neces-
sary (for example, for temperature) and con-
version to physical units.

• Interpretation and application of conversion
functions.

• Representation of data in display (text and
graphics).

• Storage of the data in the internal database.

• Generation of "historical" graphics of se-
lected variables.

• Calculate and write in the DACS units the
commands for the power regulation of the
heaters.

• Generation of alarm messages.

• Simultaneous access to the data by local net-
work.

• Permit remote access by conventional tele-
phone lines.

A number of screens for real time data display
have been developed upon the FIXDMACS
SCADA, and some of them are shown in Figures
7.2 to 7.5.

Furthermore, from each computer, and by the
use of specific programs, it is possible to config-
ure/program the following elements:
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J DACS units

J Datalogger CR 7 for psychrometers

J EMA stations for vibrating wire sensors read-
ings

J Uninterrupted power supply

Each computer has its own internal database,
that would, in principle, be identical in both, but
there may be some small differences in the read-
ings. The transfer of the data obtained by the
DACS units, the EMA stations, and the datalogger
CR 7 are made by means of software modules
("drivers") specific for each of these equipment.
These drivers have been developed by AITEMIN
and transfer the data to the internal database of
the SCADA utilizing its libraries of type EDA (Easy
Database Access).

The system has been configured for a scanning
frequency of one full cycle reading every 5 min-
utes, but, given the slow evolution of the measured
variables, only one data every 30 minutes is stored
in the internal "historical" files of the SCADA.

The master/slave system was designed so that in
the case of failure of the master computer, the
control passes to the slave in an automatic and in-
stantaneous manner. The functions of the control
of each computer can be changed, whenever,
from the remote control system, as can the hierar-
chy of master/slave.

7.3.5. Uninterrupted Power Supply
The local system, with exception of the power

regulation of the heaters, is supplied by an uninter-
rupted power system (UPS).

The UPS has a modular structure that delivers
great security against failure such that if a module
fails, the rest guarantee the supply of the complete
system until the damage can be repaired.

The UPS being used is the model HF-3200 of the
firm META SYSTEM S.p.A. (Italy), and has a spe-
cific program for consulting the state or for
programing of different parameters of functioning
from the system computer through a RS-232 serial
link. The UPS functions under the "on-line"
scheme, that is to say the output voltage is isolated
and filtered from that of the input and the batteries
buffered, reducing to a minimum the perturbations
of the network.

The switch to the batteries in the case of failure
of the network and vice versa is instantaneous
without any noticeable perturbation in the supply to
the connected equipment.

The UPS has been dimensioned to work in nor-
mal conditions at a 10 % of the nominal power,
and has been given a set of auxiliary batteries to
augment its autonomy for approximately four
hours, in case of failure. This time period is consid-
ered more than sufficient to permit the restoration
of the principal network, given the previous experi-
ence with this type of failures at the GTS.

7.3.6. Physical configuration
All the equipment of the local system has been

installed in the service area, in the FEBEX drift.
Fundamentally, this has been due to the limitation
of the cable lengths between sensors and their cor-
responding signal conditioning equipment, but
also for security reasons, since the drift is outside
the closed area of the GTS.

Photo 54 shows a general view of the components
of the system installed in the drift. All of them have
been installed in normal industrial-type cabinets, that
offer a minimum protection grade of IP 54.

7.4. Remote system

7.4.1. Functions and structure
The remote control system is situated in the prin-

cipal offices of AITEMIN in Madrid and its function
is to supervise and control, remotely, the test as
well as log and process the data delivered by the
local system. To accomplish this, the following sub-
systems are incorporated:

a) System for supervision, control, and transfer of
data

b) System for storing and processing the data
(database)

The two subsystems have been integrated in one
single PC-type computer of high capability, a
COMPAQ PROLIANT 1500 server, under the op-
erating system WINDOWS NT. The general struc-
ture of the remote system can be observed in Fig-
ure 7.6.

94



7. Monitoring and control system

12 YSF2 04 \ \ TS02 11 t

S.JSAO1 ...

111;

T

H)l

A

_*g

| aienAisj

SECTIONS
mtttrf) HI | H2 I t ]

Jjf i i Si Mli JfJ Hi f?l U! 1*1

. Z 5GW/1 screen (temperature in longitudinal section).

HEATER No 1

84,7 C 84,9°C

COMMANDS

SECTIONS
Gewtal j Heater? j U j

K j A [ SI j C.| 01 | t. |
EI I n | MI j NLJ a \ Hi

U I W

O R1A j"273 V" f T 2 X JT974W

® R1B ]~™ov~ ;"""65'A ; ow

9 R1C i"""i"v~ r~6"6'A I ow

Figure 7.3. Screen of Heater #1.

95



FEBEX. Final design and insrallafion of the "in situ" test at Grimsel

S E C T I O N F 1

_ COMMANDS
A).L]'T"fw"|~pl [ffli] ' W L S ]

SECTIONS
General j HI | Hi | J {

..?.J -A.J J?.Ll .!; I 9? I .
F.I [ _T 1_| M !_j _ S j 0 J H j

I i M? j F? I f ? I I3Z [ B2 I [

F/fifure 7.4. Screen of cross-section Fl (bentonite).

SECTION F1

r

i t . a t ' . ' 6.32bar

26,72 bar

13,8 "C S.i'Obar -r~

: 1S,1"C 1,97 bat —7

12.0 "C • 'ii,2bC

1,71 bar: 2,3Cbar 3.71 bar

COMMANDS

SECTIONS '
6.48 bar S.OSba 5.04 barGeneral

JLJ A J
£]| R j

Bt

Mt:
F2

H1

c
N

H2

D 1 | M

JiJ 12*1:11 31/1S?

,5. Screen of cross-section Fl (boreholes).



7. Monitoring and control system

7.4.2. System of supervision,, control,
and transfer of data

The data logged by the computers of the local
system at GTS, as well as that delivered by the
computers of GRS and NAGRA, are transferred via
modem to the computer of the remote system by its
requesting, about once a day. The object is to up-
date the central database, to supervise and control
the test, and to analyze the data in order to detect
errors or failures in any element of the local sys-
tem.

It is also possible to connect, whenever, with any
of the computers at the GTS to visualize, remotely,
in real time, their functions (supervision screens,
power regulation algorithms, historical graphics,
etc.).

These functions are made by means of two pro-
grams:

n A program of remote access via telephone
lines, specifically the PCANYWHERE32 V.
7.5 of SYMANTEC CORP (USA), that permits
real time connection with the computers at

GTS and the realization of the functions of
transfer of files, screens, etc.

Q A generic management program of the trans-
ferred data, specifically the ACCESS 7.0 of
MICROSOFT (USA).

The RMC computer is also connected to a UPS,
which guarantees the stability of the power supply
and the security of the data, in case of network
failure.

The master database of the experiment is built on
MS-ACCESS and is formed by two tables, one that
contains all the data relative to each one of the in-
struments (identification, characteristics, signals or
data that are delivered, position, etc.), and the
other that contains all the readings made, stored
with the sensor reference, the date, and the hour.
Both tables are interrelated, permitting multiple
consultations to be made as a function of the char-
acteristics of the sensors and/or the date/hour of
the data.
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Figure 7.6. Structure of the remote system.
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The readings table is made from the "historical"
files of the SCADA in the local system. These files
are transferred periodically to the remote system,
where the relevant information is extracted from
such files and introduced in the MS-ACCESS data
base.

The "historical" files are however maintained for
several months both at the local and remote sys-
tems, for security and redundancy reasons.

The transfer of the data from the daily files gen-
erated by the SCADA of the local system to the da-
tabase of RMC is by means of an interpreting pro-
gram that has been developed especially for this
function and that translates the FIX format to that
of the MS-ACCESS.

The capacity of the system in relation to the fre-
quency of the readings is much higher than neces-
sary. To avoid augmenting the size of the data-
base, unnecessarily, and taking into account the
velocity of evolution of the controlled parameters,
the following pattern for the logging of the infor-
mation has been adopted:

j In the transient phases of the test (initial heat-
ing, cooling, changes in the control
set-points, etc.) a complete reading of all the
sensors are being stored once an hour, coin-
ciding, more or less, on the hour.

J For the rest of the test (quasi-stationary state),
a reading is stored daily, corresponding to
the measurement made at noon.

From the database of MS-ACCESS, reports are
generated periodically in a semi-automatic manner
and distributed by AITEMIN to the groups partici-
pating in the project. These reports represent the
evolution of all the variables in graphical form,
grouping the variables by types of sensors and by
sections (in order). They are being generated, in
principle, every three months.

The numerical data contained in the database in
format of MS-ACCESS, for the groups of sensor
and/or time periods that are desired, can also be
delivered to the participating groups. The delivery
would be by magnetic support (disks) or by elec-
tronic mail.
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7.5. Communications
The communication of the data between the re-

mote control system and the local system is by mo-
dem via conventional telephone lines.

Two exterior telephone lines were specially estab-
lished for the local system, independent to the oth-
ers existing at the GTS. They are linked to a spe-
cific telephone switchboard, which has 8
extensions, installed in the FEBEX drift. The various
computers and voice terminals installed in the drift
are connected to those extensions. One of the ex-
terior lines is reserved for communication with the

two principal computers of the system and the
other is used for voice transmission and for com-
munication with the computers of GRS and
NAGRA (Figure 7.7).

The connection of the various computers to the
switchboard extensions is made by a generic mo-
dem of 24,000 bauds, connected to one serial line
of the corresponding computer, using the previ-
ously-indicated communications software
PCANYWHERE. All the computers utilize the same
program, although in distinct versions adapted to
the operating system installed in each one. The ac-
cess to each computer is protected by the corre-
sponding code.
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8. Construction of the test

8.1. Infrastructure and preparatory work

8.1.1. Ventilation
Once the excavation of the FEBEX drift was com-

pleted, a forced-air ventilation system was installed
with the objectives of both providing air for the
personnel and drying the walls of the drift, as much
as possible, so as to avoid problems of premature
hydration of the bentonite blocks during the instal-
lation.

For this, a deviation from the general ventilation
system of GTS was made with metal ductwork that
had a diameter of 160 mm within the FEBEX drift.
During the work, this ductwork extended to the end
of the service area; and, from there, the last 20 m
of the dead-end of the drift was ventilated with flex-
ible reinforced ductwork, that was removed as the
installation advanced.

The air of the general ventilation system of GTS
is conditioned, in the central installation of the lab-
oratory, such that it arrives with controlled humidity
and temperature (approximately 15° C and 30 %
to 40 % relative humidity).

The air flow varied during the execution of the in-
stallation. As has been mentioned before, one of
the basic objectives during the work was to dry the
walls of the drift as much as possible. During this
period, all the regulation valves of the ventilation
network of GTS were adjusted to provide the great-
est possible quantity of air (approximately 13
m3/min) to the FEBEX drift. Once the concrete plug
was installed, the air flow in the ventilation system
was reduced to some 5 m3/min, which is more
than sufficient for an adequate renewal of the at-
mosphere of the drift and for the refrigeration of
the electronic equipment installed there.

8.1.2. Boreholes
Between February and April 1 996, from the inte-

rior of the FEBEX drift, 19 boreholes were drilled
for placing the planned instrumentation in the sur-
rounding rock, as described in Chapter 6. The ori-

_ entation and length of the boreholes were fixed as
a function of the desired positioning of the instru-
ments, and especially of those relative to the hy-
draulic parameters.

The boreholes varied in length between 7 m and
22 m, with a total of 233 m drilled. The diameter
was 66 mm, in almost all of the boreholes, except
the two used for the triaxial total pressure cells

(boreholes SGI and SG2), which were 146 mm in
diameter. The orientations, the deviations from
alignment, and the actual length were described in
detail, as a result of their measurements after the
drilling, by the firm SOLEXPERTS and the final re-
port can be found in [1 7]. A general view of the fi-
nal disposition of the in-drift boreholes can be
seen in Figure 2.7.

In addition to these boreholes, other drillholes of
lesser diameter and length were drilled later during
the execution of the work, for the installation of
psychrometers and TDR probes in granite (see Sec-
tions 6.3.4.3. and 6.3.4.4.).

8.1.3. Concrete platform
In the service area of the drift a concrete plat-

form was constructed to permit the installation of
the transport system and to facilitate the passage
of personnel. In addition, this platform provided a
surface of uniform slope of 0.7 %, to compensate
for the variations in slope of the drift floor, and ex-
tended for 13 m outside the drift, to facilitate the
loading and unloading of equipment and the sta-
tioning of the insertion car for the heaters (see Fig-
ures 8.1 to 8.3).

The platform was made with two lateral channels
and an interior drainage tube for the water. In the
interior of the drift the thickness of the concrete
layer varied from a minimum of 200 mm to a max-
imum of 550 mm, because of the variations in the
slope of the drift floor, and the useful width (be-
tween channels) also varied for the same reason,
but maintained a minimum of 1.15 m, the value
fixed for the space necessary to install the rails.

The platform was constructed with mass concrete
for two main reasons: its small thickness in the in-
terior of the drift and to facilitate the demolition of
the exterior part of the platform after the installa-
tion, although, finally, such demolition did not oc-
cur. Because it was unreinforced, a concrete was
selected with a relatively high strength, that of the
type C 35/45 according to the Eurocode 2, whose
characteristic strength is 35 MPa. The detailed cal-
culation of the concrete type necessary can be
found in [1 8]. The work was done between 1 9 and
26 June 1 996, with external quality control, by the
firm MAURER & RAZ of Innertkirchen (Switzerland).

8.1.4. Electrical installation
Prior to the start of the work, the electrical supply

was delivered to the zone of FEBEX from the cen-
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Figure 8.3. Transversal cross-section of the concrete platform inside the drift (meter 46.8).

tral services of GTS. For this, a general switch cab-
inet was installed at the portal of the drift, placed
so as to not hinder the transit of material during
the work. A scheme of this switch cabinet can be
seen in Figure 8.4. From this switch cabinet the
supply lines are run to the interior of the drift, as
well as to the services to the exterior zone and the
lighting.

Given the granitic nature of the rock, two ground
lines were also installed, one for each side of the
drift, each one composed of a solid copper con-
ductor of 35 mm2, connected to the general
grounding system of GTS/KWO.

8.1.5. Water supply
A small water pipe was installed along the ser-

vice area, with various faucets, to help in the con-
struction and cleaning. This pipe was connected to
the general water supply of GTS.

8.1.6. Communications
The entire test was designed for automatic func-

tioning and for remote monitoring. Taking this into
account, as well as the existence of various work-

ing groups requiring access by modem to the
different systems of data acquisition, it was consid-
ered necessary to provide the FEBEX drift with a
system of telephonic communication that was inde-
pendent of the rest of GTS.

For this reason, two new exterior telephone lines
were contracted and are connected to a switch-
board installed in the drift. All the information sys-
tems that require access by modem as well as a
pair of conventional telephone equipment are con-
nected to this switchboard.

8.2. Preliminary trials
As there had been no previous experience in an

installation such as planned in the reference con-
cept, nor any other type of emplacement with a
horizontal disposition, it was decided to make a
preliminary trial to gain practical experience and to
detect possible problems that might be anticipated
in the installation operation.

For this, in the installation of the Centro
Tecnologico de la Arcilla de AITEMIN in Toledo, a
simulated gallery of reinforced concrete, with the
same interior diameter as the FEBEX drift and with
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8. Construction of the test

a length of 3 m was constructed (see Photo 45). In
that several slices of bentonite and a segment of
liner were installed (Photo 46). This tr ial, made be-
tween 25 and 27 June 1996, served as a study of
the operational activity of the installation, of the
times and personnel required, and of the various
types of tools to use. The trial was very useful,
showing among other aspects, the stability of the
vertical slices of bentonite blocks. In addit ion, two
details that were very important in the installation
at Grimsel were noted.

1. The diametrical play existing between crowns
of blocks and between the blocks and the
drift, make it necessary to wedge the external
crown of blocks in against the drift above a
certain height, to keep the circular form of the
crowns (Photo 47). If not, the crowns open
(lessening the external curvature) in their up-
per part and the blocks of the zone seat in
only two edges and thus break under the ten-
sile stresses generated by their own weight.
Based on this experience, it was decided to
prepare a set of wedges of Grimsel granite to
be utilized when these problems occurred in
the installation at Grimsel.

2. Because of gravity and the sequence of the in-
stallation of the blocks (from bottom to top),
all the anticipated play between blocks accu-
mulated in the upper part of each slice, and
therefore a certain gap of air existed in this
zone, on the order of 2 to 3 cm in the radial
sense (Photo 48). For the same reason, the
axis of the liner was not centered in the drift,
but was displaced some 15 mm downward
with respect to the axis of the drift, and conse-
quently the heater was some 35 mm off the
axis of the drift, assuming that the diameter of
the drift was 2.28 m (See Figure 8.5). As a re-
sult of this experience, it was decided to mod-
ify the support sleepers of the rails in the test
area in order to lower 35 mm the plane of the
rollers of the insertion car for the heaters.

In addition to the trials of the ambient humidity
influence indicated in Section 3.2.3. , the effects
that the presence of a moist surface in the FEBEX
drift can have on the bentonite blocks were ana-
lyzed in other laboratory tests. Various tests in dis-
tinct conditions were made, with and without lat-
eral confinement of the blocks (Photos 49 and 50),
observing that, as was expected, the existence of a

01: Drift axis
0": Liner axis
0"': Heater axis

Heater
centre

(Dimensions in mj

Figure 8.5. Cross-section view of the final disposition of elements (Typicalvalues).
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humid film can cause serious problems in the in-
stallation. Finally, another test was made which
consisted of pouring water over the concrete gal-
lery in Toledo and over the bentonite within, with
the results that can be observed in Photos 51 and
52. Even though it can be said that this last trial
represents an extreme condition, it was not a con-
dition expected in the FEBEX drift. In any case, as
can be seen in all the results, and in those from the
previous tests in a climatic chamber (Section
3.2.3.), it was decided to dry the FEBEX drift in
Grimsel as much as possible during the installation
to avoid problems of mechanical degradation of
the blocks and/or premature swelling of the clay
barrier.

8.3. Clay barrier construction and heater
emplacement

The clay barrier was manually constructed and
conformed to the planned procedure.

Figure 8.6 shows the beginning of construction.
The geometry of the dead-end of the drift was not
adapted to that of the blocks, and the concavity
was such that the arrangement of the blocks in this
zone did not have a smooth surface upon which to
build. For that reason, the first slice installed was
slice 4 so that the first complete slice would have a
smooth surface, then the dead-end was filled, as
well as possible, with complete blocks and loose
pieces (Photo 53). Regardless of how well that
space was filled, the volume of gaps in the
dead-end zone (slices 1 to 3) was greater than in
the rest of the clay barrier (see Annex I). The first
complete slice (slice 4) may be seen in Photo 54.

The sequence of installation from this point is
shown in Figures 8.7 to 8.9 and was based on al-
ways placing first the liner over a provisional sup-
port, checking and adjusting its correct alignment
with the axis of the drift, and then installing the clay
barrier around it for complete vertical slices, until
the space for the heater was completed (Figure
8.10). Some images of this sequence can be seen
in Photos 55 and 56. Photo 57 shows the com-
pleted deposition hole once the barrier has been
constructed around the liner.

A critical parameter for the proper insertion of a
heater is the alignment of the various segments of
the liner with themselves and with the drift. For this,
once aligned, some welding points were made at
the joints of the liner segments to guarantee the
maintenance of its position until the heater was in-
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serted (Photo 58). Later, it was decided that it was
easier to insure the alignment of the liner itself if it
was introduced already partially joined, and thus
the liner was introduced in groups of up to three
segments. Photos 59 to 61 show various images of
the maneuver with several joined segments.

For the insertion of the heaters, the transport car
with the heater approached the emplacement posi-
tion (Figure 8.11 and Photos 62 and 63). The
alignment of the transport car was secured by an
adequate control of the rails alignment during its
installation.

Before insertion, the interior of the space was
checked to see that there were no steps in the
joints of the liner segments, in the direction that the
heater would advance. In addition, over the lower
part of the internal surface of the liner, a light layer
of Teflon grease was applied to somewhat reduce
the coefficient of friction (Photo 64). Then, the
thrusting system of the car was started, introducing
the heater to its final definitive position (Figures
8.12 and 8.13 and Photos 65 and 66).

The insertion operation of the heaters was suc-
cessful, obtaining total insertion in both cases, al-
though with more difficulties in the case of Heater
#1 (see Section 8.7.). In this second heater opera-
tion (for Heater #1), it was necessary to resort to
the anticipated procedure for the extraction of a
heater, and this proceeded with no major prob-
lems being encountered. Photo 67 shows a heater
in its final position, once the insertion car had been
removed.

Conforming to that contemplated in the refer-
ence concept, the intervening segment (between
the two heaters) of the continuous liner (Figure
8.14), as well as the space between them (1 m),
were filled with bentonite (Figure 8.15). To accom-
plish that, it was necessary to mechanize a set of
blocks of type BB-G-04, to adapt their external di-
ameter to the internal measurement of the liner
(Photo 68).

Once the barrier was finished in the intervening
zone, the procedure was repeated for the next
heater, and once it was introduced, the rest of the
drift was filled with bentonite to the position of the
concrete plug. Photo 69 shows the last slice of
bentonite (slice 136), where five total pressure cells
were emplaced to measure the stresses on the in-
ternal face of the concrete plug due to bentonite
swelling.
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figure 8.6. Beginning of day barrier instollation.
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figure 8.7. Installation of the first liner segment.
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Figure 8.8. Installation of the bonier around the liner.
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Figure 8.9. Installation of second liner segment.
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figure 8.10. Completed space for Heoter #2.

figure 8.11. Approach of insertion car with heater.
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Figure 8.12. Insertion of heater.
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Figure 8.13. heater in final position.
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Figure 8.14. Installation of intervening liner segment.
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Figure 8.15. Installation of the clay barrier in intervening zone.
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The sensors in granite were empiaced before the
clay barrier was installed. The sensors in bentonite,
and their cables, were installed as the clay barrier
reached their pre-planned locations; first the com-
plete bentonite slice was installed, then the mecha-
nization took place both to locate the sensor in its
planned position and to make the channel, to the
granite surface, for the connecting cable (see
Photo 70).

Where more complex mechanization was neces-
sary, as in some specific cases, it took place prior
to the placement of the blocks (Photo 71).

As the sensors were being installed, their cables,
including those from granite locations, were
grouped in four bundles that were carried along
the periphery of the barrier, in the crown, the in-
vert, and the two springlines of the drift (Photo 72).
In the case of the invert, all a long the test area, a
channel had previously been excavated in the
granite for the cables (Figure 8.9 and Photo 74).
The invert channel was also planned to include the
power cables of the heaters, more rigid and fragile
than the rest, and to avoid higher initial compres-
sion on the cables from the weight of the benton-
ite. The channel was filled with bentonite powder,
once the cables were placed. The rest of the bun-
dles were fastened, at intervals, to the granite and
the bentonite blocks were mechanized to allow the
bundles to pass (Photo 73).

The large amount and diversity of cables at the
end of the installation (Photo 75) made impossible
to apply an individual solution to every single cable
to seal the pass through the concrete plug. There-
fore, the cables were grouped in four bundles,
each one of them being passed by the inside of a
200 mm diameter plastic tube across the plug
(Photo 76 and Figure 8.17). The four tubes were
placed in a position closer to the axis of the drift to
avoid the zone of the plug with higher mechanical
stresses, and they were filled with mortar after con-
structing the plug.

sponding to 1.6 t/m3) and, on the other hand, to
be not less than the minimum considered accept-
able, 1.4 t /m 3 . A precise knowledge of the final
dry density of the buffer was also fundamental for
the modell ing of the experiment and for the inter-
pretation of results.

For this reason, each slice of blocks was individ-
ually controlled during the installation. The real
mass of bentonite placed and the increment in the
assigned X-coordinate of every single slice were
measured in such a way that, as a function of the
mass and the real volume of each slice and with
the known data of the water content and density of
the blocks, the global dry density and the percent-
age of gaps were calculated. The data corre-
sponding to the 136 slices are given in Annex I.
The profiles shown in Figures 3.3 and 3.4 were
obtained from these as were the average global
values for the dry density of the bentonite barrier
(1.60 t/m3) and volume of gaps (5.56 %).

The measurement of the real mass of bentonite
in each slice was made by weighing each and ev-
ery one of the blocks that were placed in each
slice, then subtracting the total of the mass corre-
sponding to the bentonite extracted as a conse-
quence of the mechanization of the blocks to in-
stall the sensors and cables. The volume was
calculated as a function of the advance (coordi-
nate X) of the front of the clay barrier and the aver-
age radius corresponding to that zone of the drift,
according to the profil ing report. The volume occu-
pied by the sensors and the bundles of cables was
estimated in a similar manner, then subtracted
from the total volume.

In addit ion, a collection of "as built" plans was
prepared that included the final measured coordi-
nates of the all the sensors (Figures 6.1 to 6.26).

To have information on the relative position of
the blocks, dimensions and position of those
mechanized, etc., a photographic report was also
made of each and every one of the slices of ben-
tonite.

As was indicated in Section 3 . 2 . 1 . , the control of
the final dry density obtained in the bentonite bar-
rier was a fundamental concern during its installa-
t ion: on one hand, to not exceed the swelling pres-
sure utilized as the maximum in the calculation of
the components (5.0 MPa, approximately corre-
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The zone of the drift that was filled with bentonite
(test area) was closed with a concrete plug. A lon-
gitudinal section showing the geometry can be
seen in Figure 8.16. This concrete plug was de-
signed especially for the FEBEX project, since the
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reference concept does not have an actual specifi-
cation for the design of the plug; even the objec-
tive and requirements of the FEBEX plug did not
have to coincide with those of the reference con-
cept. In this specific case, the only function re-
quired of the plug was that it support the mechani-
cal thrust of the barrier when it was hydrated; it
was not specifically required to be completely
sealed against hydraulic or gas flow.

The design reflected in Figure 8.16 corresponds
to that made by the Departamento de Explotacion
de Minas de la Universidad Politecnica de Madrid
(Spain) in November 1 995 , and that is shown in
[19]. This design was based on the following pre-

mises:

The plug should be constructed of plain con-
crete, without anchors or reinforcement of
any kind, to facilitate the future dismantling
tasks to be made by mechanical methods
(without explosives) so as to avoid altering
the state of the adjacent rock.

For the same reason, mechanical means
should be used for the granite excavation
necessary to construct the plug.

The final design adopted, and that is represented
in Figure 8.1 6, transmits the axial loads to the rock
by a surface of a conical seat, with inclination of
30°. It was designed utilizing mass concrete with a
strength of 20 MPa and with a safety factor of 3.3
against the total thrust of some 2000 tons, corre-
sponding to a swelling pressure of 5 MPa.

;ype or concrete

When selecting the type of concrete to use, the
following were taken into account:

Q The concrete should be made with a low
heat of hydration in order that a mass of
great volume can be constructed and yet
have no problems of cracking when setting
nor of danger to the cables that would be
traversing it.

G The shrinkage should be minimal, to have
the best possible seal and to avoid separa-
tions from the granite.

Q The concrete should be pumpabie from dis-
tances on the order of 70 m.

0.900

30°

J ('

! ' • • . ' " / " • ' • - ' • • : .

0.400

t

Plain concrete
1369

Bentonife blocks

(Dimensions in m)

Figure 8.16. Longitudinal section of concrete plug.
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,.J The materials used in its formulation should
be adapted to the current practice, for this
type of work, in the locality.

...I The formulation used should present a high
durability against the aggressive water of the
zone, although this would not have been
strictly necessary for the FEBEX project, given
the planned duration of it.

Considering all of these factors, the formulation
of the concrete was charged to a group of inde-
pendent experts, resulting in the specification that
can be seen in the document 70-AIT-H-4-01 [20].
Later, some modifications were made, to adapt it
more precisely to the type of materials normally
used and/or available in the locality. The final for-
mulation used for the concrete are shown in Table
8 . 1 .

This formulation corresponds to a concrete with
a relatively low amount of clinker, compensating
for this with the addition of silica fume. In addit ion,
the type of cement used, by its composition, has a
lesser heat of hydration and a greater resistance to
sulphates than the normal portland cements.

The concrete was made, according to specifica-
tions, by KIES & BETON OBERHASLI A G of
Meiringen (Switzerland), and was delivered in
ready-mix concrete trucks to the GTS. Various
quality controls were made, by an independent
laboratory, on the fresh mass as well as on cores
taken after the forms were removed. The principal

results of the analyses, made by the firm FRUTIGER
A G (Switzerland), are indicated in Table 8.2.

The excavation of the recess for the plug was
made by cutting the granite in slices, about 10 cm
of thickness, with a mechanical saw. The slices
were later removed manually with a hammer,
chisel, and wedges (Photos 77 and 78).

The concreting was done in three stages, with the
formwork always kept perpendicular to the axis of
the drift, to be able to observe, at least in part of
the plug, the filling of the upper part of the drift,
and also to avoid joints between distinct masses of
concrete in the direction of the thrust of the swell-
ing bentonite (see Figure 8.1 7). The stages were:

1. A first layer of concrete, only 1 7 cm thick, in
direct contact with the bentonite. In principle,
it was thought that the bentonite would ab-
sorb part of the water from the concrete, af-
fecting its strength; therefore, the object of the
first layer was only to be able to arrange a
stable surface to serve as a base of the rest of
the concreting and to lessen the tendency of
the concrete to be affected by water absorp-

tion.

2. A cylindrical mass of approximately 7.75 m ,
corresponding to the zone of the greatest di-
ameter of the plug but in a length somewhat

116

Component

Cement

Silica fume

Fine aggregate

Coarse Aggregate

Sand

Filler

Water

Superplasficizer

Table 8.1
Formulation of concrete used in constructing the plug

Type

PCO "Sulfacem" (CEM 132,5 HS)

Sikafume HR

Grimsel granite 4-8 mm

Grimsel granite 8-16 mm

Quartz 0.1-5.6 mm

Limestone

Normal city supply

Sikament-12 +

Dosage
(kg/m3)

160

60

660

430

800

170

155

13
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less (1.04 m), to permit the installation of the
formwork and to be able to check the filling of
the upper part.

3. The rest of the plug, including the truncated
cone zone and the cylinder of lesser diameter
(approximately 8.8 m in total).

Given the great number of cables and their need
to be passed through the successive formwork, four
plastic tubes of 200 mm in diameter, that were
later filled with fine mortar, were placed horizon-
tally to contain the cables across the plug. The
tubes are more centered with respect to the axis of
the drift than the bundles of cables carried along
the periphery of the clay barrier, in order to sepa-
rate the cables from the zone where the largest
mechanical stresses are anticipated, and that zone
corresponds precisely to the part of the plug with a
diameter equal to that of the drift (see Figure 8.1 7
and Photo 76).

The plug was constructed by the firm MAURER &
RAZ of Innertkirchen (Switzerland), who pumped
the concrete from the exterior of the drift by means
of pumps incorporated in the ready-mix concrete
trucks. The operation was made without problems,
in the sense that the concrete was workable and
fluid. A total of some 17 m3 of material were
pumped. It was vibrated as it was poured, in gen-
eral obtaining a good uniformity of the mass, with
no significant segregations of the materials. The
temperature in the concrete hydration was very low
and no cracks were observed of any type. Neither
was apparent shrinkage observed during the cur-
ing. Photo 79 shows the type of formwork used.

The first layer of concrete, only 1 7 cm thick, was
very consistent and, in fact, the cores taken from it
gave strengths equivalent to those of the
later-placed masses. The absorption of water by
the bentonite was less than thought, and although
a detailed analysis has not been made of this inter-
action, the hydrated part of the bentonite ap-
peared to be only a few millimeters thick and the
concrete did not seem to be especially altered
(Photo 80).

Almost all the section of the plug was filled in the
second stage; however, after removing the
formwork, it was observed that a small air pocket,
some 10 to 15 cm in maximum height, existed in
the upper part. This pocket was filled with a total of
41 kg, equivalent to some 1 7 dm 3 , of fine mortar.

The contact surface between the concrete of
stages 2 and 3 (Photo 81) was mechanically pre-
pared (roughened) to expose the aggregate and
therefore guarantee a good bond between the two
masses.

In the third stage, a pumping tube was placed to
fill the upper part of the plug. This tube was not re-
moved in order that the upper part be filled as well
as possible. In addit ion, some small conduits were
left for the later injection of mortar and the exit of
air (Photo 82). The volume of mortar injected in
this case was on the order of 52 dm3 .

8.7. Problems and incidences
In general, no important problems were encoun-

tered during the installation that would have corn-

Table 8.2
Concrete characteristics

W/CO

W/CMP)

Slump (Abrams cone)

Density (fresh mass)

Air content

Characteristic strength (28 days)

(1> Water/cement ratio
l2> Water/total hydraulic materials ratio

0.99

0.72

44 mm

2 394 kg/m3

0.4%

47.1 MPa
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"L" profile structure
for cable tubes (4) support

02.28

Concreting
stage 3

Concreting
stage 2 SECTION A-A'

Figure 8.17. Concrete Plug construction stages.

promised or delayed it, in any important way, from
the planned finish date. Nevertheless, there were a
series of incidents that deserve mention:

a) Ambient humidity effect

The measures taken to protect the blocks against
ambient humidity, such as the type of packaging
used, proved to be effective as there were no prob-
lems from this effect. It was observed that the
blocks were kept for several days in good condition
at the GTS, including once the packaging was
opened on a pallet, simply by closing the packag-
ing with a little care.

The working zone inside the drift was dried by re-
inforcing the ventilation and by additional electrical
convector heaters (Photo 83). In this way, the envi-
ronment at the working area was kept warm and
dry, and the bentonite blocks could be stored at
this zone for several days without any additional
protection.

Environmental temperature and relative humidity
were continuously checked at the bentonite storing
warehouse at Meiringen and at the different work-
ing places at the GTS.
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b) Moist surfaces in the granite

The drilling of borehole SI2 produced the en-
trance of "unexpected water", with a contributing
flow estimated to be some five liters/day, which
can be seen in Photo 23 (this borehole cut the
large lamprophyre dike.) It was intended to
channelize and/or seal this flow by some means,
without success, as there always remained an inter-
stice between the cable of the extensometer and
the sealing material, from which the water exited.
(The covering of this cable is of a very
anti-adherent material, similar to Teflon.) The ven-
tilation system and drying were insufficient to evap-
orate this water, and consequently the work, from
the intervening zone of the heaters to the plug,
took place with water always present on the granite
surface in the lower right-hand part of the drift.

In placing the bentonite blocks over this moist
surface, a rapid hydration of the bentonite in the
contact was produced, but apparently the hydrated
zone did not penetrate any further than 2 to 3 cm
into the blocks. It could be observed that the swell-
ing of the affected material was towards the free
surface (Photo 84), but no movements of any type
were detected in the radial direction, at least dur-
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ing the period of the installation. The part that ex-
hibited swelling was cleaned before proceeding to
the installation of the following slice so as to main-
tain the proper vertical joint between slices.

It is convenient to note that in placing the slices
of bentonite, the water was channelized by the
bundle of cables on the right, apparently closing
the vertical joints between slices (Photo 73). The
appearance of the water seemed to depend on the
rate of advance each day, but generally seemed to
appear in the free surface in less than 24 hours.
This is illustrated by Photo 67 (front face of heater
#1 ) and Photo 85 (last bentonite slice). This water
also appeared at the free side of the plug (Photo
86), f lowing by capilarity between the different ca-
bles and also by the inside of some psychrometer
cables (these sensors are not water tight by con-
struction).

c) Stability of the vertical bentonite slices

With the thickness of block adopted (125 mm),
the slices demonstrated good stability. No system
of additional support was needed, only care taken
in maintaining the face of the slice in a good verti-
cal plane and, for the blocks most out of plane, of
hitting them lightly with a hammer.

The use of wedges of granite to maintain the cur-
vature of the crowns of blocks in the upper part of
the drift was necessary, as anticipated, in the zones
of greater diameter in the drift (see for example
Photo 54), but, in general, their use was less than
anticipated.

At the beginning of the installation operation, the
fall of the first complete slice (slice 4) may have
been produced by the blocks in the concavity of
the dead-end of the drift pushing them over and/or
by the hydration of some of the blocks during the
weekend (Photo 87). Slice 4 was reconstructed with
the same blocks after being first supported with a
metal raker and then being installed rapidly, along
with the following three or four additional slices to
act as supports (Photo 88). With the exception of
this incident, no problems were produced in the
stability of the installation.

d) Heater insertion procedure

As was anticipated, the alignment of the liner
with the drift and with the rails was a critical factor,
since the diametrical play between the heater and
the internal face of the liner was only 40 mm,
which is less than the 1 % of the length of the

heater. For this reason, special care was taken in
the installation of the rails in the drift, controlling
the lateral alignment and slope. The same care
was taken with the installation of the liner. The
control was manual, with a metric tape and an
electronic level, since the use of more sophisticated
tools was not thought necessary. The good qualifi-
cations and experience of the installation person-
nel was, nevertheless, fundamental in this en-
deavor.

The alignment of the liner segments was made in
a similar manner, always constructing the liner be-
fore placing the surrounding barrier. In fact, in the
zones where the drift was more irregular, it was
necessary to mechanize the blocks of the lower
part so that they could be placed below the liner,
which again demonstrated that the rock surface
should not be taken as a reference. As was said
before, it was proved that was more convenient
and offered more guarantee of alignment the in-
troduction of the joined liner segments with some
already welded points, in groups of up to three
segments (the maximum that was manageable with
the gantry crane from the exterior, which may be
seen in Photo 18).

The first heater (Heater #2) was placed without
problems, but in the operation of inserting the sec-
ond heater (Heater #1), the necessity of a good
alignment, in direction and slope, of the liner with
the rails was proved. In this case, it had been de-
cided to adjust the rails to situate the rollers bed
some 5 mm higher than the base of the liner,
thinking to lessen the friction forces. The result was
that the heater, given its extreme rigidity, only
rested in a point, and friction forces were greater.
In any case, the problem was solved with a special
maneuver of the car and the reinforcement of its
fixation to the rails, to absorb the large reaction
force generated.

A problem detected in the design of the car was
the necessity of placing a system for blocking the
heater during its transport. Even though transport
was made at a very low velocity (1.6 m/min), the
great inertia of the heater, together with a low co-
efficient of friction of the rollers bed caused the
heater to move dangerously forward with the most
minimum pulling of the cable.

e) Sealing the cables in the concrete plug

This has been one of the most difficult problems
to solve, and in fact has not been totally solved.
The great number of cables (more than 600) and
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the reduced cross-section (4 m2) made individual
seals problematic; therefore, the solution adopted
was to use four horizontal PVC tubes, as men-
tioned before, for the bundles of cables to be able
to pass through the formworks of the different
stages of concreting the plug.

The cables were of very distinct diameter and
grouped in very tight bundles to occupy the least
possible space. So, the later filling of all the inter-
stices existing within the bundle of cables in the
PVC tubes resulted problematical due to their hori-
zontal disposition and the low viscosity required of
the injection material. Finally, a mixed solution
was adopted, which consisted of a provisional
closing for the exterior part of the tube with poly-
urethane foam and afterwards filling the rest of the
interior with a fine mortar, slightly expansive.

Even this solution was not sufficient for the right
lateral tube, because a volume of water equivalent
to the contributing f low of the borehole SI2 contin-
ued to f low, channelized by the bundle of cables
(see point b above). The exterior mouth of this tube
had to be sealed with a hot polyurethane resin, af-
ter a laborious operation of first closing it with
melted silicone. Even so, a good sealing of this
tube could not be achieved.

Some other leakage of water continues to exist,
principally from the interior of some cables or ca-
ble covers (psychrometers, TDRs, etc.). A potential
effect to be observed during the life of the experi-
ment is the sealing capacity of the bentonite buffer
itself.

8.8. Organization of the work
and personnel

The operat ion of installation has been
guished by two well-dif ferentiated phases:

distin-

1, The first phase was f rom the installation of the
first sensors in rock until the terminat ion of the
plug. Crit ical in this phase was the t im ing , due
to the access condit ions by road to the GTS.
This phase conformed to the initial p lanning
(in fact, it was two weeks in advance) and
took place dur ing the 16 weeks f rom 1 July to
15 Oc tober 1 9 9 6 , with a team, averaging
five persons, work ing 10 hours per day and 6
days a week (total of man-hours worked in
this phase: 3 ,560) .

2. The second phase, corresponding to the in-
stal lat ion, cab l ing, and testing of all the
equipment of data acquis i t ion, supervision,
and contro l , was not critical as to t ime in the
sense that it d id not require road access for
material or teams. This phase, however, was
longer than ant ic ipated, taking 11 work-
weeks between 15 Oc tober 1 9 9 6 , and 2 7
February 1 9 9 7 , by a team averaging three
persons (total of man-hours worked in GTS in
this phase: 1,360).

Al though the personnel changed dur ing the in-
stal lat ion, as a funct ion of the specific necessities in
each phase, the basic structure of the team regard-
ing their qual i f icat ions and functions was that indi-
cated in Table 8 .3 .

Table 8.3
Personnel

120

Qualification

Chief Engineer

Instrumentation
and software engineers

Mechanicians

Electricians

N° of persons

1

1-2

2

2

Phases

1+2

2

1

1+2

Functions

Project direction, coordination of worb, and relationships with third
parties

Testing and commissioning of the monitoring and control system

Buffer construction and installation of equipment and instruments in
bentonite

Installation of instruments in granite. Cable handling and wiring.
Installation of monitoring and control equipment. Assistance to
mechanicians
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9. Conclusions

As the first and most important conclusion, it can
be aff irmed that the installation of the FEBEX " in
si tu" test, as well as the design and fabr icat ion of
its various components, has demonstrated the
technical viability of the AGP reference concept for
grani te, in relation to the design and construction
of the canisters, of the clay barrier, and of many of
the practical aspects of emplacement.

Evidently, there cannot be a direct extrapolat ion
of the results of FEBEX to the case of a real reposi-
tory, where, in addi t ion to the operat ion scale and
the avai lable means, other factors enter into con-
siderat ion, such as the radio logical protect ion dur-
ing the instal lat ion. Nevertheless, some practical
experience f rom FEBEX can serve as feedback to
the design of a future repository in granite fo rma-
tions. In the opinions of the authors, the fo l lowing
can be stated:

The dimensions of the drift considered (2.4 m in
diameter in the reference concept) are really smal l .
This is not an impossibil ity, but necessitates a very
refined design of the equipment for handl ing and
transport; such equipment must be very compact
and , at the same t ime, precise, robust and powerful.

A great number of the parameters adopted by
FEBEX for the semi-industrial construction of the
bentonite blocks, such as the design of the molds,
the tolerances, the quality assurance and contro l ,
etc., are, in pr inciple, appl icable to blocks of
larger dimensions, with the appropr iate adapta-
tions to scale. Nevertheless, experiments must be
made on the technical viability of the fabr icat ion of
blocks of 1 0 0 kg or more , since there could be
problems with their compact ion and handl ing.

It is precisely the handl ing necessary to emplace
blocks of large size that presents an important
prob lem, given the fragility of this mater ia l . In par-
ticular, the final actor (gripper) of the future manip-
ulator, robotic or te leoperated, must be designed
for subjecting the blocks to min imum compression
a n d , above a l l , min imum tensile forces. Further-
more, the space avai lable laterally for the place-
ment of the blocks over the liner is practically zero;

therefore, the gr ipper can only operate the block
by its frontal face.

The importance that the ambient humidity has in
the mechanical integrity of the bentonite blocks
must be taken into account in making a correct de-
sign for the system of environmental control of the
spaces for blocks storage, handl ing, and emplace-
ment. It wou ld be convenient to analyze this effect
in a more detai led manner to establish the admis-
sible limits of relative humidity in the ambient as a
function of the necessary t ime of exposure.

O n the contrary, the presence of humid films in
some zones of the surface of the drift does not
seem, in principle, to create serious problems f rom
the point of view of the mechanics of emplace-
ment.

The a l ignment in the placement of the liner with
respect to the drift is a critical parameter for a cor-
rect insertion of the canisters. If, as has been expe-
r ienced, the surface of the drift presents irregulari-
ties, it cannot be taken as a reference, and
therefore none can guarantee the a l ignment if the
liner is placed simply over a uniform base of previ-
ously-placed bentonite. Here is the place to con-
sider the options of the design of the head of the
canister (make it more oval), augment the roomi -
ness between the liner and canister, or give the
planned liner gate of the reference concept the a d -
dit ional function of centering. If the procedure of
emplacing the bentonite permits, segments of the
liner should be used which have units of length
similar to those of the canisters.

The design and execution of the concrete plug is
a matter that requires special at tent ion. In addi t ion
to the mechanical strength and the characteristics
of impermeabil i ty that can be required, an in-depth
study should be made of the procedures of putting
in place a correct c rown, of the method of excava-
t ion to utilize, and of the appropr iate formulat ion
of the concrete.

If, for some reason, it was necessary to put some
type of measuring instrument or control in the clay
barrier of a repository, a reliable solution for the
passage of the cables or conduits through the bar-
rier and the plug should be studied.
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ANNEX 1

DATA OF BENTONITE SLICES
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Slice
N=

1-3

4

5
6

7

8

9

10
11

12

13

14

15

16

17

18

19

20
21

22

23
24

25

26

27

28

29

30

31

32

33
34

35

36

37

38

39

40

41

42

X-ini
(m)

17.390
17.000
16.870
16.720
16.590
16.464
16.338
16.210
16.079
15.950
15.822
15.695
15.565
15.440
15.310
15.186
15.060
14.930
14.805
14.680
14.555
14.430
14.300
14.175
14.050
13.925
13.795
13.665
13.540
13.413
13.280
13.154
13.028
12.900
12.770
12.647
12.518
12.393
12.265
12.141

X-fin
(m)

17.000
16.870
16.720
16.590
16.464
16.338
16.210
16.079
15.950
15.822
15.695
15.565
15.440
15.310
15.186
15.060
14.930
14.805
14.680
14.555
14.430
14.300
14.175
14.050
13.925
13.795
13.665
13.540
13.413
13.280
13.154
13.028
12.900
12.770
12.647
12.518
12.393
12.265
12.141
12.015

Liner
N°

11
11

11

11
11

11
11

11

11/10
10

10
10

10

10

10

10/9
9

9

9

Heater
Na

2

2
2

2

2

2

2
2

2

2

2

2
2

2

2

2

2
2

2

Instrum. Section
Code

B2

D2

E2
E2

F2

F2

X
Borehole

Code
J5.SB22/23

SF21/22/23

X

12.650

X incr.
(m)

0.390
0.130
0.150
0.130
0.126
0.126
0.128
0.131
0.129
0.128
0.127
0.130
0.125
0.130
0.124
0.126
0.130
0.125
0.125
0.125
0.125
0.130
0.125
0.125
0.125
0.130
0.130
0.125
0.127
0.133
0.126
0.126
0.128
0.130
0.123
0.129
0.125
0.128
0.124
0.126

Diameter
(m)

2.277
2.277
2.277
2.277
2.278
2.278
2.277
2.277
2.277
2.277
2.277
2.278
2.277
2.277
2.279
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.278
2.281
2.280
2.280

Volume
(m3)

0.831670
0.529295
0.611079
0.529602
0.513306
0.513317
0.521465
0.533582
0.525435
0.521383
0.517310
0.529530
0.509463
0.529423
0.504988
0.512797
0.529702
0.509329
0.509357
0.509464
0.509538
0.433558
0.416925
0.417014
0.417014
0.433694
0.433500
0.416827
0.423571
0.443583
0.420236
0.420236
0.426907 i
0.433577
0.410231
0.430242
0.416901
0.428035
6.413613~l
0.421969

Total bent.
mass (kg)
1011.54
964.03
961.57
960.79
960.45
964.43
964.50
962.40
958.20
961.36
963.51
961.77
961.34
961.69
961.37
961.66
961.00
963.83
961.46
958.78
958.40
779.10
781.71
782.91
780.77
780.55
781.00
784.99
779.30
781.75
784.58
788.55
787.39
789.31
788.62
787.99
786.14
786.40
788.28 I
788.05

Dry density
(t/m3)
1.06
1.59
1.38
1.59
1.64
1.64
1.62
1.58
1.59
1.61
1.63
1.59
1.65
1.59
1.66
1.64
1.59
1.65
1.65
1.65
1.64
1.57
1.64
1.64
1.64
1.57
1.58
1.65
1.61
1.54
1.63
1.64
1.61
1.59
1.68
1.60
1.65
1.61
1.67
1.63

%of
gaps
37.07
5.76
18.58
6.13
3.19
2.79
4.30
6.68
5.64
4.60
3.63
6.02
2.37
6.01
1.50
2.97
6.13
2.09
2.33
2.63
2.68
7.02
2.99
2.86
3.13
6.88
6.78
2.56
4.80
8.81
3.40
2.91
4.57 ,
5.81
0.53
5.24
2.43
4.94
1.39
3.37

NOTES

Estimated volume (dead-end concavity)

Bigger X incr. For stability improv.

X incr. Interpolated
X incr. Interpolated

Some blocks broken
Some blocks broken

!1
CD

3"



.x i

Slice

43

44
45

46
47

48

49

50
51

52

53

54

55
56

57

58
59

60

61
62

63

64

65

66
67

68

69

70

71

72

73

74

75

76

77

78
79

80

81
82

X-ini
(m)

12.015

11.885

11.755

11.625

11.500

11.370

11.240

11.112

10.987

10.860

10.735

10.610
10.484

10.360

10.235
10.107

9.980

9.855

9.725

9.600
9.470

9.340

9.214

9.089

8.964

8.835

8.708

8.580
8.455

8.330

8.200
8.075

7.950

7.820

7.693

7.568

7.444

7.315

7.181

7.005

X-fin

(m)
11.885

11.755

11.625

11.500

11.370

11.240
11.112

10.987

10.860

10.735

10.610
10.484

10.360

10.235
10.107

9.980

9.855

9.725

9.600
9.470

9.340

9.214

9.089

8.964

8.835

8.708

8.580

8.455

8.330

8.200
8.075

7.950

7.820

7.693

7.568

7.440

7.315

7.181

7.005

6.929

Liner

9
9
9

9/8

8
8

8

8

8

8
8/7

7

7

7

7

7
7

7/6

6

6

6

6

6

6

6/5

5

5

5

5
5

5
5/4

4

4

4

4

4

4

4/3

3

Heater

Ns

2
2

2
2

2
2

2
2

2

2

2

2
2

2

2
2

2

1

1

1
1

1
1

1

1
1

1
1

1

1
1

1
1

Instrum. Section
Code

M2

I

H

G

N

M1

X
Borehole

Code

SF24

SF12

SF13

S11/2

SG1/2

X

12.000

11.000

10.250

10.130

10.130

X incr.
(m)

0.130
0.130

0.130

0.125
0.130

0.130

0.128

0.125

0.127

0.125

0.125

0.125

0.125

0.125

0.128
0.127

0.125

0.130

0.125

0.130
0.130

0.126

0.125

0.125
0.129

0.127

0.128

0.125
0.125

0.130

0.125

0.125

0.130

0.128

0.125
0.127

' 0.125

0.134

0.126

0.126

Diameter
(m)

2.280

2.280

2.279

2.279

2.279
2.279

2.279

2.279

2.279
2.279

2.279

2.281

2.281

2.279

2.279

2.281

2.281

2.281

2.281

2.281

2.281

2.281
2.281

2.282

2.282

2.282

2.283

2.283

2.283

2.282
2.281

2.281

2.281

2.282

2.282
2.283

2.283

2.286

2.281

2.282

Volume

(m3)

0.434564

0.434564
0.434028

0.417335

0.434028
0.433887

0.427212

0.417199

0.424061
0.417383
0.417372

0.418149

0.418149

0.417325

0.427341

0.424763

0.418058

0.434780
0.418058

0.434775

I 0.434775
0.421397

0.418101

0.418739

0.431883
0.425187

0.428964

0.418874

0.419029
0.435175

0.418234

0.418144

0.434749

0.426827

0.418772

0.426639
0.419758

0.451319

0.421580
0.422150

Total bent.
mass (kg)

786.85
786.33

784.83

783.34

785.88

785.50

786.14

785.04

783.59
785.54

787.49

788.33

789.31

785.87

784.89

781.84

772.26
782.76

790.84

791.58

788.23

790.82

788.89

782.81

777.65
783.20

784.86

785.58
789.72

783.80
780.42

780.11

780.20

780.19

780.63

781.32

772.66

777.96
782.28

781.78

Dry density

(t/m3)

1.58

1.58

1.58
1.64

1.58

1.58

1.61

1.65
1.62

1.65

1.65

1.65

1.65

1.65

1.61

1.61
1.62

1.57

1.65

1.59

1.59

1.64

1.65

1.63

1.57

1.61
1.60
1.64

1.65

1.57

1.63

1.63
1.57

1.60

1.63

1.60

1.61
1.51

1.62

1.62

%of
gaps

6.31

6.38
6.44

2.88
6.31

6.33

4.79
2.64

4.39

2.62

2.38

2.45
2.33

2.57

4.97

4.76

4.42

6.85
2.12

5.80

6.19

2.90

2.37

3.27

6.83

4.69

5.33

2.96
2.49

6.81

3.45
3.47

7.14

5.42

3.55

5.24

4.76

10.81

3.99

r 4.18

NOTES

X incr. Interpolated

X incr. Interpolated

Buffer inside liner not inclu. (see end table)

id.
id.

id.

id.

id.

id.

Blocks right side down affected by water

Swelling of previous slice

Irregular rock. Swelling of slice 79



Slice

83
84

85

86

87

88

89

90

91

92

93
94

95

96

97

98

99

100

101

102

103
104

105

106
107

108
109

110

111

112

113
114

115

116
117

118
119

120

121

122

X-ini
(m)

6.929
6.785
6.654
6.531
6.406
6.278
6.145
6.014
5.875
5.745
5.619
5.491
5.364
5.231
5.103
4.976
4.850
4.725
4.600
4.470
4.339
4.204
4.075
3.947
3.820
3.689
3.559
3.431
3.304
3.175
3.049
2.923
2.799
2.673
2.546
2.419
2.294
2.169
2.036
1.906

X-fin
(m)

6.780
6.654
6.531
6.406
6.278
6.145
6.014
5.875
5.745
5.619
5.491
5.364
5.231
5.103
4.976
4.850
4.725
4.600
4.470
4.339
4.204
4.075
3.947
3.820
3.689
3.559
3.431
3.304
3.175
3.049
2.923
2.799
2.673
2.546
2.419
2.294
2.169
2.036
1.906
1.777

Liner

3

3

3

3

3

3/2
2

2

2

2

2
2

2/1
1
1

1

1
1

1
1

Heater

1
1

1
1

1
1

1

1

1
1

1
1
1

1

1

1
1

1
1

1

1

Instrum. Section
Code

F1

F1

E1

D1

X
Borehole

Code

SF14
SF11

X

3.350
3.250

X incr.
(m)

0.144
0.131
0.123
0.125
0.128
0.133
0.131
0.139
0.130
0.126
0.128
0.128
0.133
0.128
0.126
0.126
0.125
0.125
0.130
0.131
0.135
0.129
0.128
0.127
0.131
0.130
0.128
0.128
0.129
0.126
0.127
0.124
0.126
0.127
0.127
0.125
0.125
0.133
0.130
0.130

Diameter
(m)

2.282
2.282
2.282
2.286
2.287
2.283
2.282
2.282
2.281
2.270
2.271
2.271
2.272
2.272
2.272
2.273
2.275
2.271
2.271
2.272
2.272
2.274
2.271
2.272
2.275
2.275
2.276
2.276
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277

Volume
(m3)

0.481619
0.439616
0.412644
0.419545
0.431777
0.444183
0.439400
0.464538
0.435038
0.417509
0.421949
0.422050
0.441522
0.423969
0.418371
0.418623
0.415516
0.413704
0.430252
0.434619
0.547378
0.522715
0.518628
0.514931
0.533357
0.528277
0.518514
0.518514
0.524405
0.512186
0.516259
0.503768
0.512928
0.515981
0.518016
0.508853
0.508843
0.539374
0.529197
0.527162

Total bent.
mass (kg)

780.88
780.98
775.85
767.14
774.28
776.03
774.48
775.44
774.38
773.11
770.75
768.21
773.45
774.50
778.55
779.01
783.01
785.15
785.60
792.32
828.88
950.13

I 958.02
957.87
955.74
959.04
958.64
964.58
968.49
967.85
961.69
959.40
959.11
959.27
958.08
963.43
960.23
959.39
954.95
957.30

Dry density
(t/m3)

1.42
1.55
1.64
1.60
1.57
1.53
1.54
1.46
1.56
1.62
1.60
1.59
1.53
1.60
1.63
1.63
1.65
1.66
1.60
1.59
1.32
1.59
1.62
1.63
1.57
1.59
1.62
1.63
1.61
1.65
1.63
1.67
1.64
1.63
1.62
1.66
1.65
1.56
1.58
1.59

%of

gaps

16.11
8.08
2.72
5.39
7.22
9.60
8.80
13.63
7.90
4.19
5.49
5.82
9.36
5.48
3.71
3.72
2.50
1.80
5.52
5.67

21.65
5.95
4.42
3.75
7.28
6.07
4.34
3.75
4.44
2.23
3.62 I
1.46
3.25
3.81
4.30
2.04
2.36
7.97
6.63
6.04

NOTES

rreqular rock. Swellinq of slice 82
rregular rock
rreg. rock. Possible error of X in slice 84
rregular rock. Bottom blocks were cut

id (2-3 cm)
id

id

id
id
(d

id, but less cut (2 cm)
id

'd, but less cut (1-2 cm)
id
(d
id

Blocks cut for heater cable
Blocks cut for heater cable box

Swelled bentonite removed



Slice
N°

123

124
125

126

127

128

129

130

131

132

133
134

135
136

X-ini
(m)

1.777
1.645
1.516
1.391
1.266
1.141
1.015
0.882
0.756
0.630
0.499
0.373
0.246
0.119

X-fin
(m)

1.645
1.516
1.391
1.266
1.141
1.015
0.882
0.756
0.630
0.499
0.373
0.246
0.119
-0.010

Liner
Na

Heater
Na

Instrum. Section
Code

C

B1

BUFFER INSIDE LIU
i1

12

i3
i4

i5
i6

i7
i8

9.885
9.760
9.635
9.510
9.385
9.242
9.117
8.992

ER
9.760
9.635
9.510
9.385
9.242
9.117
8.992
8.867

7/6
6

6

6

6

6

6
6/5

X
Borehole

Code

SB12, SB13

X

0.400

X incr.
(m)

0.132
0.129
0.125
0.125
0.125
0.126
0.133
0.126
0.126
0.131
0.126
0.126
0.128
0.129

Diameter
(m)

2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277
2.277

TOTAL AND MEAN VALUES

I

H

G

TOTAL AND MEAN VALUES

TO TALS (inc

0.125
0.125
0.125
0.125
0.143
0.125

I 0.125
0.125

1.02

luding buffer inside liner)

Volume
(m3)

0.535303
0.525126
0.508843
0.508843
0.508843
0.513932
0.542427
0.512914
0.511896
0.534285
0.513932
0.513932
0.519020
0.524109

62.69

0.940
0.940
0.940
0.940
0.940
0.940
0.940
0.940

0.086747
0.086747
0.086747
0.086747
0.099239
0.086747
0.086747
0.086747

0.71

63.40

Total bent.
mass (kg)

956.14
957.03
955.46
956.17
947.49
956.88
959.25
961.33
961.54
954.66
954.21
954.56
954.69
912.96

114,460

120.62
160.40
163.13
162.84
163.84
163.02
161.27
160.80

1,255.93

115,716

Dry density
(t/m3)

1.56
1.59
1.64
1.64
1.63
1.63
1.55
1.64
1.64
1.56
1.62
1.62
1.61
1.52

1.60

1.22
1.62
1.64
1.64
1.44
1.64
1.63
1.62

1.55

1.60

%of

gaps

7.58
5.70
2.84
2.77
3.65
3.66
8.50
3.02
2.81
7.55
3.93
3.90
4.83
9.87

5.53

NOTES

28.05
4.33
2.70
2.87
14.57
2.76
3.81
4.09

8.02

Connection of heater # 2 cable

Total pressure cell

5.51 "~ |

•A
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Annex 2: Photographs

INDEX OF PHOTOGRAPHS

1 Access to the FEBEX gallery prior to the initiation of assembly work 141

2 Packaging ofbentonite blocks (inside view) 141

3 Pallets of bentonite blocks with packaging. 142

4 Machining of the outer shell of a heater 142

5 Internal heater spool with wound resistances 143

6 Insertion of spool following assembly of the copper covering sheet 143

7 Front view of the inside of the heater, prior to welding of the front cover 144

8 Coble runs through the heater cover 144

9 Laboratory test bench for the testing of cable sealing systems, with combined pressure

and temperature effects 145

10 Connection of corrugated Teflon tubing for the protection of heater cables 145

11 Rail system mounted on the concrete platform 146

12 Rails mounted directly on the granite. The plug passage area may be appreciated 146

13 Heater transport and insertion carriage. General view 147

14 Heater transport and insertion carriage. View of rolling system 147

15 Detail of pusher system (prior to mounting of the centering latches) 148

16 Pusher system fully extended. Note the centering latches 148

17 View of pusher chain hydraulic drive system 149

18 Loading/unloading area outside the gallery. The auxiliary carriage used for the transport
of bentonite and other materials may be appreciated 149

19 Geokon pressure cell mounted in a housing especially excavated for this purpose on the granite surface,

prior to refilling with mortar. 150

20 Total pressure cells in the lateral wall of the granite, following refilling of the housing chambers with mortar. 150

21 Total pressure cell mounted at the guide tube/bentonite interface. Note the cement slab

encompassing the sensor plate 151

22 Set of total pressure cells for the three^imensional measuring of stresses in boreholes in granite 151

23 Head of one of the rock-mounted extensometers (borehole SI-2). Note the egress of water caused

by the drilling process 152

24 Geokon interstitial pressure sensor 152

25 Geokon vibrating cord extensometers mounted between the rock and the guide tube
for the measurement of possible movement of the heaters inside the bentonite mass 153

26 Extensometers mounted in certain blocks of bentonite to measure specific expansions/contiactions
in the barrier 153

27 Thermocouple mounted on the outer surface of the guide tube. These points are used as a reference
temperature for power control 154

28 Rotronic capacitive humidity sensor 154
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FEBEX. Diseno final y montaje del ensayo "in situ" en Grimsel

29 Wescor psychrometer. The Teflon hood designed for protection of the head and attachment
of the cable sheath may be seen disassembled in two parts 155

30 EM+P TDR probes for the measurement of humidity in granite, mounted on the wooden support

used for transport 155

31 EM+P TDR probes for the measurement of humidity in bentonite mounted in the barrier 156

32 View of the fissure chosen for mounting of the 6.3S fissure meter 156

33 G. 3S extensometers mounted between the rock and the different bentonite crowns.

The inclinometers mounted on these crowns may be seen to the left. 157

34 Detail of inclinometers for G.3S bentonite 157

35 GRS ceramic filter for the measurement of gas pressure 158

36 GRS ceramic tubes at the bentonite/granite interface for the sampling and measurement of gas flows 158

37 View of the GRS tubes mounted at the rock/bentonite interface and inside the barrier 159

38 Borehole hydraulic pressure measuring equipment 159

39 Corrosion test piece 160

40 Positioning of corrosion test pieces in bentonite block 160

41 Final position of corrosion test pieces, seen from inside the guide tube 161

42 Paper filter with chemical tracer mounted on the outside of a block 161

43 Positioning of specific chemical tracer 162

44 View of control equipment assembly in thegallery 162

45 Concrete tube constructed in Toledo for assembly testing 163

46 Assembly testing in Toledo 163

47 Wedges used during the test to maintain the curvature of the upper part of the block crowns 164

48 Air gap existing in the upper part of the barrier during assembly testing 164

49 Laboratory tests for analysis of the effects of a wet wall on the bentonite blocks (without confinement) 165

50 The same test with lateral confinement of the block. Note the swelling and lifting of the block

towards the non-confined surface 165

51 Effect of water on the Toledo assembly blocks 166

52 Effect of water on theblocb (extreme situation) 166

53 Initiation of barrier construction. Refilling of the concave bottom of the gallery 167

54 Complete cross-section of one of the first slices. Note the granite wedges used in the upper part

to maintain the curvature of the blocks and help to ensure vertical stability of the slice 167

55 Assembly of o segment of guide tube 168

56 Coupled segments of guide tube, following alignment with the gallery axis 168

57 Completed receptacle, ready for the heater 169

58 Weld spots applied between the segments of guide tube to guarantee alignment 169

59 Coupling of three segments of guide tube outside the gallery 170

60 Simultaneous assembly of three segments of guide tube 170
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Annex 2: Photographs

61 Group of three segments of guide tube following assembly and alignment with the gallery axis 171

62 Transport carriage with mounted heater, during transport along the gallery 171

63 Carriage positioned in front of receptacle (seen from above) 172

64 View of carriage and heater from inside the receptacle 172

65 Heater insertion manoeuvre/(intermediate position) 173

66 Heater fully inserted. The pusher system may be appreciated, along with the drill-holes in the front
of the heater for extraction when necessary. 173

67 Heater No 1 inserted following removal of the carriage. Note the flow of water along the cable channel

on the right. 174

68 View of the section of barrier located inside the guide tube, between the Wo heaters 174

6 9 Last slice of bentonite prior to the plug (slice No 136). The five total pressure cells mounted in this section

for measurement of the thrust on theplugmaybe appreciated 175

70 Positioning of sensors in the bentonite barrier 175

71 Preliminary machining of the blocks for sensor positioning (corresponding to slice 136) 176

72 View of the location of the cable bundles on the surface of the granite 176

73 Boxes machined in the bentonite for cable runs. This view is of the right-hand side, and it is possible
to see the flow of water 177

74 Channel excavated along the foot of the gallery for cable runs. Note the refill with bentonite powder

as assembly progresses 177

75 Viewot the large number of cables at the end of barrier construction 178

76 Cable run tubes through the concrete plug 178

77 Process of excavation of the plug recess (seen from inside the gallery) 179

78 Plug stall following excavation (seen from outside) 179

79 Construction of framework for the first slice of concrete 180

80 Perforation for the extraction of samples from the first slice of concrete (17 cm in thickness). The bentonite
may be seen at the bottom 180

81 Surface of the second phase of concreting, following removal of the framework 181
82 Injection of mortar in the gap between the upper zone of the second phase of concreting. The tubes may

be appreciated positioned ready for concreting of the last phase and subsequent injection in the gaps
in the upper part 181

83 Process of gallery drying by forced ventilation and electric convectors. The five total pressure cells mounted

at the bottom of the gallery may be appreciated, along with the channel excavated in the foot for cable runs 182

84 Effect of water on the barrier blocks 182

85 Presence of water in the last slice of bentonite before the plug 183

86 Egress of water along the righthndplug coble run tube, following completion. The hoses used
for the mortar refill of these tubes may be appreciated 183

87 Dropping of bentonite slice No 4 due to pushing by the refill of the concave area in the bottom
of the gallery 184

88 Reconstruction of the fallen part and provisional attachment 184
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Annex 2: Photographs

1. Access to the FEBEX gallery prior to the initiation of assembly work.

2. Packaging ofbentonite blocks (inside view).
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FEBEX. Final design and installation of the "in situ" test at Grimsel

3. Pallets ofbentonite blocks with packaging.

142

4. Machining of the outer shell of a heater.
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5. Internal heater spool with wound resistances.

6. Insertion of spool following assembly of the copper covering sheet.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

7. Front view of the inside of the heater, prior to welding of the front cover.

144

8. Cable runs hough the heater cover.



Annex 2: Photographs

9. Laboratory test bench for the testing of cable sealing systems, with combined pressure and temperature effects.

10. Connection of corrugated Teflon tubing for the protection of heater cables.
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I. Ml system mounted on the concrete platform.

146

12. Rails mounted directly on the granite. The plug passage area may be appreciated.
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13. Heater transport and insertion carriage. General view.

14. Heater transport and insertion carriage. View of rolling system.
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15. Detail of pusher system (prior to mounting of the centering latches).

148

16. Pusher system fully extended. Note the centering latches.



Annex 2: Photographs

17. View of pusher chain hydraulic drive system.

18. loading/unloading area outside the gallery. Jhe auxiliary carriage used for the transport ofbentonite and other materials
may be appreciated.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

Geo te pressure ce// mounted in a housing especially excavated for this purpose on the granite surface, prior to refilling with mortar.

20. Total pressure cells in the lateral wall of the granite, following refilling of the housing chambers with mortar.
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Annex 2: Photographs

21. Mai pressure cell mounted at the guide tube/bentonite interface. Note the cement slab encompassing the sensor plate.

22. Set of total pressure cells for the three-dimensional measuring of stresses in boreholes in granite.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

23. head of one of the rock-mounted extensometers (borehole SI-2). Note the egress of water caused by the drilling process.

j 5 . 2

*•*,

24. Ceokon interstitial pressure sensor.



Annex 2: Photographs

25. Geokon vibrating cord extensometers mounted between the rock and the guide tube for the measurement of possible movement
of the heaters inside the bentonite mass.

26. Extensometers mounted in certain blocks ofbentonite to measure specific expansions/contractions in the barrier.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

27. Thermocouple mounted on the outer surface of the guide tube. These points are used as a reference temperature for power control.

28. Rotronic capacitive humidity sensor.
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Annex 2: Photographs

29. Wescor psychrometer. The Teflon hood designed for protection of the head and attachment of the cable sheath may be seen
disassembled in two parts.

30. EM+P TDR probes for the measurement of humidity in granite, mounted on the wooden support used for transport.
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\ 4

31. EM+P TDR probes for the measurement of humidity in bentonite mounted in the barrier.

T $ -?>

i

i V

2. I/few of rte fesure c/?osen for mounting of the 6.3S fissure meter.
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Annex 2: Photographs

33.6.3S extensometers mounted between the rock and the different bentonite crowns. Jhe inclinometers mounted on these crowns
may be seen to the left.

34. Detail of inclinometers for 6.3S bentonite.
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\

' - • = .

35. GRS ceramic filter for the measurement of gas pressure.

36. GRS ceramic tubes at the bentonite/granite interface for the sampling and measurement of gas flows.
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37. View of the 6RS tubes mounted at the rock/bentonite interface and inside the barrier.

_.„„... A_

.6ore/)o/e hydraulic pressure measuring equipment.
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FEBEX. Final design and installation of the "in situ" test at Grimsei

39. Corrosion test piece.

0. Positioning of corrosion test pieces in bentonite block.
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41. Final position of corrosion test pieces, seen from inside the guide tube.

42. Paper filter with chemical tracer mounted on the outside of a block.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

\

43. Positioning of specific chemical trocer.

162

44. View of control equipment assembly in the gallery.
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45. Concrete tube constructed in Toledo for assembly testing.

46. Assembly testing in Toledo.

163



FEBEX. Final design and installation of the "in situ" test at Grimsel

47. Wedges used during the test to maintain the curvature of the upper part of the block crowns.

164

48. Air gop existing in the upper part of the barrier during assembly testing.
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49. Laboratory tests for analysis of the effects of a wet wall on the bentonite blocks (without confinement).

50. The same test with lateral confinement of the block. Note the swelling and lifting of the block towards the nornonfined surface.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

51. Effect of water on the Toledo assembly blocks.

166

52. Effect of wafer on the blocks (extreme situation).



Annex 2: Photographs

y

53._ Initiation of barrier construction. Refilling of the concave bottom of the gallery.

54. Complete cross-section of one of the first slices. Me the granite wedges used in the upper part to maintain the curvature
of the blocks and help to ensure vertical stobility of the slice.
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55. Assembly of a segment of guide tube.

168

56. Coupled segments of guide tube, following alignment with the gallery axis.
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\ f

57. Completed receptacle, ready for the heater.

58. Weld spots applied between the segments of guide tube to guarantee alignment.
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59. Coupling ofhee segments of guide tube outside the gallery.

170

60. Simultaneous assembly of three segments of guide tube.
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61. Group of three segments of guide tube following assembly and alignment with the gallery axis.

V

62. Transport carriage with mounted heater, during transport along the gallery.
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63. Carriage positioned in front of receptacle (seen from obove).

172

64. View of carriage and heater from inside the receptacle.
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65. Heater insertion manoeuvre/(intermediate position).

66. Heater fully inserted. The pusher system may be appreciated, along with the drill-holes in the front of the heater for extraction
when necessary.
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67. Heater Wo 1 inserted following removal of the carnage. Me the flow of water olong the cable channel on the right.

174

68. View of the section of barrier located inside the guide tube, between the two heaters.
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69. Last slice ofbentonite prior to the plug (slice No 136). The five total pressure cells mounted in this section for measurement
of the thrust on the plug may be appreciated.

70. Positioning of sensors in the bentonite barrier.

175
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71. Preliminary machining of the blocks for sensor positioning (corresponding to slice 136).

176

72. View of the location of the coble bundles on the surface of the gronite.
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73. Boxes machined in the bentonite for cable runs. Jhis view is of the right-hand side, and it is possible to see the flow of water.

74. Channel excavated along the foot of the gallery for cable runs. Me the refill with bentonite powder
as assembly progresses.
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FEBEX. Final design and installation of the "in situ" test at Grimsel

75. View of the large number of cables at the end of barrier construction.

178

76. Cable run tubes through the concrete plug.
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77. Process of excavation of the plug recess (seen from inside the gallery).

78. Plug stall following excavation (seen from outside).
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FEBEX. Final design and installation of the "in situ" test at Grimsei

79. Construction of framework for the first slice of concrete.

-A"

;- #*' >*" > '*i ' ',. > K J>

180

80. Perforation for the extraction of samples from the first slice of concrete (17 cm in thickness).
The bentonite may be seen at the bottom.



Annex 2: Photoqraphs

81. Surface of the second phase of concreting, following removal of the fromework.

82. Injection of mortar in the gap between the upper zone of the second phase of concreting. The tubes may be appreciated positioned
ready for concreting of the last phase and subsequent injection in the gaps in the upper port.
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f'.\

83. Process of gallery drying by forced ventilation and electric convectors. The five total pressure cells mounted at the bottom
of the gallery may be appreciated, along with the channel excavated in the foot for cable runs.

182

84. Effect of water on the barrier blocks.
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4

85. Presence of water in the last slice of benfonite before the plug.

86. Egress of water along the right-hand plug coble run tube, following completion. The hoses used for the mortar refill
of these tubes maybe appreciated.

183
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FEBEX. Final design and installation of the "in situ" test at Grimsel

87. dropping ofbentonite slice No 4 due to pushing by the refill of the concave area in the bottom of the gallery.

184

88. Reconstruction of the fallen part and provisional attachment.
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