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Summary
To ensure the safety of radioactive waste deep disposal,

backfilling and sealing materials (engineered barriers) have Co be
used Co fill residual voids. For granice medium, stress is put on
emplacement techniques for cement- and clay-based materials,
including in-situ validation. For clay medium, mined repository and
deep boreholes drilled from the surface are considered. In the case
of the first solution, the thermomechanical behaviour of a clay
backfill is studied. In the same way, backfill made of excavated
crushed salt is considered and thermomechanical properties evaluated
by means of laboratory tests and in-situ experiments. Finally, basic
works on quality assurance procedures and historic concretes
behaviour are reported.

1. INTRODUCTION
The construction of an underground repository will wideiv alter the

integrity of the host rock. In order to restore the mechanical and
hvdrological properties of the geological media and ensure the safety of
the disposal, engineered barriers, involving different materials, in large
quantities, are likely to be used to fill all the residual voids after
waste emplacement (1).

On this issue, the CEC supports an active programme since L975, under
cost- sharing contracts with various firms and national laboratories of
member-States, including the sponsoring of a "Working Group on Backfilling
and Sealing". The broad objective of this programme is to develop and
test, for different geological host media, suitable backfilling materials,
and emplacement procedures (2), (3).

Due to the variety of geological situations depending on the host
rocks considered. the research addresses varied potential techniques.
which are tested either at the laboratory scale, in large COCK.-UDS of
galleries or boreholes, or in-situ in underground laboratories.

2. MAIN RESULTS

2.1 GRANITE MEDIUM
Concerning hard rock as a disposal medium (e.g. granite), stress has

been put on emplacement techniques for backfilling materials. Two tvpes of
materials have been currently considered, namely cement-based and clay-
based ones.

For cement-based materials, pumping and air-casting have been
evaluated with specific care taken with the choice of compounds. Some
important properties of emplaced materials have been measured and
reported.

For clay-based materials, two emplacement techniques have been
considered: in-situ powder tamping and precompacted blocs emplacement, in
two different cases (deep and narrow borehole and short and broad pits.



raking into account Cogema vitrified waste packages or unreprocessed fuel
packages. In the two cases, demonstration is conducted until in-situ
validation at Fanay-Silord, in an old uranium mine of Cogema. The research
included the selection, after mineralogical, chemical and physical
analysis, of French and Spanish natural swelling clays and the development
of techniques for homogenizing and pressing clay mixtures.

The main aim of the hereabove related studies has been to reach a
reliable evaluation of the true mean filling rate of the void volumes by
the engineered barrier. Futhermore, the capability of the swelling clay to
fill in granite cracks and microfractures, in spite of water erosion, has
been evaluated.

Finally, a finite element model to describe the creep and shrinkage
of concrete engineered barriers has been developed. Suitable test data are
being sought for its validation.

To study the injection of mortar as a backfilling, SOLETANCHE
considered two concepts of disposal, namely vertical shaft and horizontal
gallery. Due to waste activity, the wall temperature was taken as 80°C
)̂.

Physical and mechanical material characteristics were measured on a
large variety of formulations based on Ordinary Portland or blended
cements.

Rheological properties of the materials in the fluid state were
measured as viscosity, shear strength, bleeding and workability limits.

Measurements of physical characteristics (unconfined compressive
strength, shrinkage, permeability, thermal conductivity, retention and
diffusion of caesium ions; were carried out on hardened materials cured at
various temperatures.

All these laboratory tests allowed the selection of 3 formulations
for sealing scale models, based on one Portland and two blended cements.

Experimental tests on scale models were carried out on three mock-up
simulating vertical shaft (fig. 1) and one simulating an horizontal
gallery.

The non active containers were steel cylinders (50 cm in diameter and
I m in lenght), filled with oil and heated up to 80°C.

The shafts or galleries were simulated by reinforced concrete pipes,
1 m in diameter and 1.5 m long, and plugged at one end.

The various tests performed on the vertical mock-up, during and after
the three months period of cure, as temperature variations, leak tests.
visual observations on dismantled models, after cooling, as well as
unconfined compression and permeability tests allowed to improve the
placing technique and to select one formulation for the final horizontal
model.

The latter was injected, after heating the steel container at a
temperature of 35°C, by means of a mortar/concrete pump with a formulation
based on blended cement (CLC 45).

The results obtained on this last scale model were the following:
- leak test: no leak under a water pressure of 0.05 MPa.
- unconfined compressive strength on cored samples: -o :o 50 MPa,
- permeability of cored samples: 1 to 10.10 m/s.

After improvement of the operating conditions through the four scale
models, it has been concluded that excellent backfilling and sealing can
be reach in spite of some thermal release from waste packages bv injection
of blended cement based mortars.
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Simultaneously, CEA/IRDI, in collaboration with SOLETANCHE. evaluated
the ability of concrete air cast techniques to set in place morcars as
engineering barriers (5).

After the choice of process (dry one) and the industrial equipment
(Meyco or Aliva S.A one) made on a literature survey basis, six different
types of mortar were studied, made respectively of Portland cement (OPC),
slag and fly ash cement (CLC) and blast furnace slag cement (CLK), with
and without silica fume. For each test, roughly 500 1 of dry materials
were needed, with the following standard composition: 1000 kg of sand
(0/4 mm;, 300 kg of cement and 0 or 15 kg of silica fume.

A MEYCO equipment with a rotor machine of 12 cells., a pipe of 50 mm
in diameter and 20 m in length and a compressor of 25 m^/mn were selected
for these feasability tests. The different mixtures were deposited into
150 1 boxes specially designed co allow the core-sampling of four
cylinders, llcm in diameter and 22cra high. The nozzle flow was estimated
to be between 1 to 2 m /hour.

The main properties of the air-placed mortars were evaluated. The
mechanical strength measurements often reveal the presence of composition
heterogeneity. In spite of these defects, the material permeability to
nitrogen appears to be low (=• 1.3 x 10 m") and its total porosity -,
using mercury intrusion technique, is roughly the same as that of standard
mortars (water/cement - 0.5, same curing conditions;. There is no big
difference in properties between the studied mortars.

Finally, the process has been extended to the emplacement of cement-
salt mixtures and swelling clay, with excellent results. Particularly, in
rhe case of clay, a dry density of 1.5 Mg/m has been reached, with some
more development needed to avoid plugging up of the nozzle if mixture of
clay and sand had to be used.

Moreover, CEA/IRDI has carried out a complete demonstration of
emplacement of a highly compacted engineered clay barrier in a deep pit,
drilled in underground granite, around a simulated vitrified waste
canister (without overpack). This work (6), which had to be performed
using available industrial means, in order to avoid heavy specific
development, was made up of the three following tasks:
- the drilling of a recessed hole of 1 m in diameter and of about 30 m in
height and its detailed characterization (verticality, cirr Parity,
surface conditions....),
- the definition of the emplacement mode and the manufacture or the clay
barrier taking into account pit shape and precise size and gaps for
emplacement,
- the feasability demonstration itself and the final evaluation of the
filling rate to deduce the actual mean dry density of the engineered
barrier.

The tests were carried out in the Fanay mining center in the Haute
Vienne French department (Silord site). As no machine existed for direct
boring of large and deep hole in granite, raise-boring technique, a
classical one in mining engineering, was selected, which implies the
choice of a site like Fanay-Silord, with two parallel galleries not too
far and in the same vertical plane. The borehole had then co be plugged in
its lower part. Two such pits of 37 m deep were drilled, the detailed
characterization of which showing a good verticality, an excellent
circularity with a mean diameter value of 99.3 cm for the first and of
98.3 cm for the second as well as a correct wall state.

The engineered barrier was constituted of blocks compacted from a
clay-based mixture of optimised particle size, containing 10 percent of



sand. The clay was a natural calcium smectite coming from the Parisian
Sasin, selected among several surface French deposits. The blocks were
compacted under an uniaxial pressure of 60 MPa, leading to a dry density
of 2.0 Mg/m . An assemblage of six blocks were forming a crown piece which
did not require any further finishing work. Compacting techniques had to
be improved to give an excellent quality and reproducibility of blocks
characteristics in spite of their number (.about -»UOO) .

Compacted blocks were directly piled up on baskets, with central
perforated tube for canister installation (fig. 1}, which were later used
to winch down the barrier. Taking into account the mean diameter (99.3 csn;
and the geometry of the selected pit, a maximum outer diameter of 96.03 crn
had been calculated for a filled-up basket of 1.335 m high (corresponding
to one canister). After gauge cests, the value of 95.0 c.-n had been
settled.

Twenty-eight baskets were made and filled up with rouehlv 29 cons of
the clay-based mixture; they were winched down without particular
difficulty, and so on for simulated canisters inside. The effective dry
density of the placed barrier, due to the voids to fill after swelling,
was calculated: its value was of the order of 1.69 Mg/m"'.

In a similar way, ENRESA, in co-operation with CEA/IRDI, is currently
evaluating the adequacy of the Spanish bentonite materials co work on
engineered barrier and the feasabilitv of its emplacement, in accordance
with the present Spanish conceptual design for deep geological disposal.
This concept calls for the placement of the nuclear waste canisters in
7 . 5 m deep vertical boreholes of 1.5 m in diameter, drilled in galleries
excavated in a granitic formation. The annular space between the canister
and the borehole wall has co be filled with an adequate buffer material
for which candidate materials are Spanish natural clays.

During 1989, chree bentonitic deposits in the Madrid Basin iCerro del
Aguila, Santa Barbara and Yuncos) and chree in the Cabo de Caca area
iSerrata de Nijar, Los Trancos and Los Escullos) have been studied. On the
basis of the data obtained, Che saponites of Cerro del Aguila (.Toledo) and
che montmorillonites of Serrata de NTijar (Almeria) were selected as
candidate clay.

Similar results were obcained by CEA. in che course of che analysis
of 12 samples (two per each ore deposit).

A detailed characterization (geomechanical and physico-chemical; has
been concluded for che two clavs selected.

Figure 3 shows swelling aptitude for selected clays. In parallel,
preliminary stability studies have been performed Co define che analytical
procedures for the final longevity scudies.

A chamber for che Spanish experimentacion has been excavated in
Fanay-Silord where the final demonstration will have co be performed in a
near future.

A drilling alternative to Che raise-boring system, more convenient
for a short pit, is being studied. It could be a direct coring with a
large cool set with diamonds (7).

CEA/IPSN has studied bentonites fractures and boreholes sealing in
granite with regard to erosion phenomena to which these ciavs may be
subjected. Tests were first performed at laboratory scale, in "Plexiglass"
devices simulating a portion of vertical borehole i,0 - 58 mm; with an
horizontal fracture (- 2 mm).

Two kinds of bentonites were selected: Green Bond or MX 80 (Volclay
Ma bentonices from Wyoming, USA) and FoCa7 (Ca bentonite from Parisian



Basin, France). Clay plugs used for these tests are cylindrical samples (0
=• 57 mm, h — 100 nun) of highly compacted (under 100 MPa) and dry (.WZ -
10 S) bentonites. Tests were run with demineraiised water at constant flow
rate (Q: 10 ml/min; approx. 10"4 to 10 m/s).

Visual observation showed a similar swelling of MX 80 and FoCa7
without water flow, but a greater erosion by water flow in the case of
MX SO. Turbidity measurement showed an erosion of about 25 to 50 mg/1 of
circulating water while FoCa7 exhibited no detectable erosion. Only some
stripping of individual particles were observed.

Moreover, a fine examination of the water content in the clay
expanded in the fracture showed a greater sensitivity of MX 80 than FoCa7.
For the first one, it reached up to 550 % and only 100 % for the second.

The influence of the flow rate and the chemical water composition on
the erosion processes was investigated on a highly hydrated Na bentonite
Green Bond. The experimental set up was made up of a scale model of a
vertical fracture (5 mm) subject to a water flow at the upper part.

The lower the ionic concentration and the lower the flow rates in the
fracture model of the tests, the more sensitive to erosion phenomena was
the Na bentonite Green Bond. This sensitivity was materialized in the clay
in the fracture by the developement of zones of different mineralogy and
particles sizes, indicating the great importance of the chemical processes
towards the clay erodabili-.y.

The last part of this study consisted of an in-situ experiment, with
.-i high clay plug of 2 m long and 57 mm of diameter, in a borehole
intersected by an hydraulically active fracture. This test is currently
conducted at Fanay-Silord.

After several months of contact between the bentonite plug and the
water from the fracture, it is planed to overcore the borehole <,0 250 mm),
including the plug itself so as to analyse the behaviour of the clay, to
evaluate the erosion phenomena and to estimate the longevity of the
sealing in these natural conditions (8).

TAYLOR WOODROW has undertaken the development of a finite element
model for the creep and shrinkage behaviour of concrete, applicable to
both the early age response to thermal loads and long-term effects arising
from host material in-situ stresses. Such a model would complement the
ultimate load model for concrete developed within a previous study (9).

A detailed literature review resulted in the identification of a
creep theory proposed by Illston (10). work commonly referenced by recent
documents (11). Illston identified several creep strain components:
- a viscous or creep flow which is a function of time and temperature and
has no limiting value. This creep strain component is non-recoverable on
reduction of load.
- visco-elastic or delayed elastic flow which is a function of age, time
under load and temperature. This component is recovered gradually over
time when the load is removed or partially if the load is only reduced.
The term elastic indicates the recoverable nature of this part of total
strain.
- the third creep component is transient thermal creep. This again is non-
recoverable. Evidence suggests that creep accelerates sharply with an
increase in temperature provided the new temperature is in excess of that
previously attained.

These, together with age and temperature effects on the elastic
modulus, have been introduced into the ADINA code and are to be tested
against reported laboratory experiments.



Suitable creep data co define the necessary material properties are
sparse. The CEB report (12) does contain graphs and expressions for some
of che necessary creep terms, although not in the precise form required
for the Illston method. The relationships have been converted to suit,
however, and the CEB document therefore provides a potential method for
deriving material data for general concretes as opposed to only that
specific mix used by Illston.

The study is complete and there remains che cask of applying che
creep model to backfill and sealing test scenarios for concrete in a
simplified repository environment. These will be typified by a tunnel or a
shaft of 5 m in diameter at about 1 km depth.

2.2 CLAY MEDIUM
In clay formations, two different solutions have been considered for

high-level waste (HLW) disposal and some specific points dealing with
backfilling and sealing of excavations have been evaluated or are scill
under testing.

Within the framework of a previous contract, ENEA compared (13) the
disposal in a mined repository and the emplacement in a deep borehole
drilled from the surface down to the Italian plio-pleistocenic Blue Clay.
The second concept seemed to have several advantages, particularly when
one takes into account rhe very limited development of the nuclear power
programme in Italy. Also, this option was kept as the reference concept
for the contract reported in this paper.

On other hand, Belgium (CEN/SCK) has evaluated several aspects of the
disposal of HLW in a mined repository in clay and its consequences for the
near-field. Particularly, emplacement and behaviour of backfilling
materials have been tested with the participation of the French CEA. This
experiment, known as "BACCHUS", was performed in the MOL underground
research laboratory.

For the Deep Borehole Facility (DBF), ENEA has assessed a variety of
"stack lengths" of waste canisters from 60 to 225 m from the viewpoint of
thermal behaviour; the results have shown that it is not possible to
dispose of waste prior to 45 years of storage. The recommended depth for
disposal in deep boreholes is between 300 and 500 m, although depths up to
1.000 m can be envisaged, depending on site specific factors.

Considering the high number of boreholes required to dispose of high-
level waste and cladding hull waste canisters, the main problem is to
provide an adequate seal in the boreholes, particularly near che interface
between the clay and the overlying aquifer. From the point of view of
safety, the DBF is equivalent to a mined repository, provided boreholes
sealing is carried out by means of reliable techniques. The presence of
borehole casing, essential for waste emplacement, is against good sealing.
Consequently it is important to develop techniques for partial removal of
the casing. The aim of choosing backfill and sealing material will be to
restore continuity of hydraulic properties of the host clay right up to
the package surface: so it is important to verify in-situ, at full scale
and in conditions similar to those of an actual disposal facility, the
technical feasibility of the involved operational phases.

A programme of activities has been planned in Italy to demonstrate
the feasibility of radioactive waste disposal in clay using the DBF
concept (14) .

The research project was organized in the following parts: laboratory
tests, sealing experiment, deep borehole disposal demonstration.
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Permeability tests on different sealing mixtures are being carried
out in a standard oedometric cell and in special big test cells to choose
the best sealing and backfilling materials.

The sealing experiment will consist in drilling two shallow boreholes
(max 50 m) to install various seal types; these boreholes will be
instrumented to observe long-term seal performance. The experiment will be
carried out by means of a remotely operated probe, which has the
capability of injecting water, measuring the pressure decay and
transmitting the data by a wireless acoustic system. The receiver of the
signals will be placed in a second borehole drilled near the first one.
The test will be carried out in two phases: the borehole will be first
plugged by a double packer; the tested sealing material will be Later
emplaced in the same position of the packer. The performance of the seal
will be assessed by comparing the permeability measured in the two
consecutive phases.

A full scale demonstration of waste emplacement will be also carried
out (fig. 4) in a plio-pleistocenic clay formation overlaid by an aquifer;
this situation is in fact representative of many Italian sedimentary
basins and very conservative. The test will consist in drilling one deep
borehole, large enough (> 50 cm) to accomodate the casing, twelve
simulated radioactive waste canisters (30 cm in diameter) and the
backfilling material. The borehole will be sealed in the section between
the top of the disposal section and the top of the clav formation; the
casing will be cut and removed in the seal section by means of standard
techniques used in the oil industry. The casing removal will allow a long-
term adhesion between host clay and sealing material. After the test, the
seal and the disposal zone will be undercored to obtain data on the in-
situ behaviour of the different components.

CEN/SCK has developed specific backfilling concepts for disposals in
clay, which also participate in the attenuation of effects of heat
release, radiation, oxidation and corrosion, and provide all ac the same
time mechanical stability, chemical compatibility and emplacement
feasibility (15),(16).

Due to the great volume of clay to be excavated (about 100.000 m )
and due to the proven chemical stability of the host rock, considering the
re-use of the excavated clay was an obvious choice.

The study was carried out in order to establish a preparation
procedure which avoids the oxidation of the pyrite contained in che Boom
clay and which leads to a compacted material of precise density.

The Boom clay could be applied as a backfill material in different
ways: as precompacted blocks, as a powder which will be compacted in situ
or as a mixture of highly compacted particles and powder which can be
emplaced by pneumatic transport. The last technique might be interesting
for backfilling large volumes or volumes with a very complex shape. It was
applied in the Cerberus test which simulates the radiation and thermal
field of a Cogema HLW canister in clay. The results will be obtained in
1997. Precompacted blocks were also used to backfill the hole above the
mock-up in order to seal it in the BACCHUS experiment (PACkfilling Control
for High-level wastes Underground Storage). Properties like thermal
conductivity, swelling pressure and free swelling were investigated in
laboratory (17).

The study of hydraulic cements as backfill materials was based on
literature information with special attention to the emplacement
techniques which influence greatly the properties of the cement paste and
its long-term behaviour.



The research pointed out the necessity to ase cement with a low heat
and slow kinetic of hydration and to pour it in a configuration with a
favourable heat transfer.

To avoid chemical attacks by leaching of free lime and sulphate,
using a sulphate resisting cement like SRPC or a cement with no tricalcium
aluminate (Ĉ A - 0%) and with a molar ratio AloO.,/Fe202 lower than 0.64
has been suggested.

A study of the clay placed in the near-field of the repository was
also launched by focusing attention on the effects of digging techniques,
radiation and thermo-hydro-mechanical processes. The purpose of this topic
is to check whether the clay must be protected against near-field effects
by replacing it by backfill material with better behaviour.

CEN/SCK and CEA/IRDI have jointly conducted the BACCHUS experiment.
It has been designed in 1987 as a thermal loading experiment where a
heater was providing temperature conditions in the clay mass likely to
take place around the repository after a cooling period of 50 to 60 years
(surface interim storage).

The backfill approach was integrated in the design of the test by
considering the in-situ behaviour of potential clay-based materials placed
around the heater (prefabricated blocks). The composition of a compacted
buffer material was defined by the two parties involved in order to meet
the experimental conditions prevailing at MOL; the ability co compaction
of the Boom clay was also investigated.

CEA provided blocks of compacted buffer material (engineered barrier
around the heater) and of recompacted Boom clay (seal plug at the top) and
designed the heating elements CD = 60 mm, H = 1500 mm) to perform the test
at a constant heat power of 500 W. Thermal probes and temperature sensors
were placed by CEA in the experimental set-up. CEN/SCK instrumented the
clay mass in the near field (earth and pore water pressure, humidity,
temperature).

The experiment ran from March 1989 to August 1989. The different
phases of the experiment were the following:
23.11.88 : the experimental set-up was placed in the access hole

- from 14 to 12.5 m from the drift: heater and buffer
- from 12.5 to 11 m from the drift: seal plug (.Boom clay,)

15.12.88 : the access hole cased until 11 ra was concreted
16.03.89 : the heating phase was started with a 100 W thermal power
23.03.89 : the power was increased to 500 W
L2.08.89 : the power reduced to 0 (breakdown of the heating device;.

The natural clay selected by CEA/IRDI (Ca-smectite) was mixed in a
proportion of 50 "i with sand (452) and graphite (5 %) in order to adapt
the swelling pressure (5 MPa) and the thermal conductivity (1.7 V?/m°C) to
the experimental conditions at MOL.

The characterization of the backfill material and the re-used Boom
clay was made by CEA. The isostatic compaction level of 20 MPa finally
chosen for fabrication does not compromise the mechanical behaviour of
large cylindrical cores (D - 300 mm).

The clay host instrumentation, which the CEN/SCK had in charge, has
been installed by way of access drillholes prior to the installation of
the test cell (temperature sensors, earth and pore water pressure cells
and humidity probes). The last ones are based on the time domain
reflectometry (TDR) technique or are using a neutron source. Hydraulic
pressure cells were also foreseen in contact with the buffer and the Boom
clay to measure the swelling pressures which develop when the material
becomes hydrated.



The compacted backfill material was composed of 5 circular blocks,
0.30 m high and the upper plug consists in 4 circular blocks of Boom clay,
0.36 m high. The cables connecting the command and measuring units in the
URL with the instrumented and heated lower part were introduced in the
central hoisting pipe.

From a 760 mm diameter access hole provided in the cast-iron lining,
a 11 m long vertical hole was drilled in 450 mm diameter and lined by a
steel casing. From this level, the hole was deepened in smaller diameter
(390 mm) on a distance of 3m and the test cell, ]30 mm in diameter,
lowered down the hole.

Simulation of temperature and pressure evolution curves has been done
using the TEMPPRES code. This computer code has been written for
calculating the 3-dimensional temperature, pore pressure and stress
distribution as a function of time around a rectangular heat source in an
infinite medium. Figure 5 shows an example of comparison for a part
located 28 cm higher than the mid-plan of the heater in a hole located
52 cm from axis to axis with regard to the test cell.

In spite of the assumption made for the calculation (values of
thermal, physical and hydraulical parameters for clav and buffer;, the
experimental and numerical temperature values are in good agreement.

For humidity sensors, very encouraging results have been recorded by
the TDR prototype sondes developed; further developments of this technique
seem to be of interest in the future.

The reproduction by calculation of the thermal impact for the pore
water and earth pressure cells was rather good in spite of a too great
difference in magnitude, sometimes observed: this discripancy can be
explained by the limitations of the code and/or the fact that we had to
start the test at a moment where the ground conditions were not yet
restored.

The stress variations have been ranging from 0.15 to 0.3 MPa for an
initial effective stress level of 1 to 1.5 MPa and for distances from the
sources of 0.5 to 1.5 m. The dissipation of the excess pressure lasted 3
weeks after the end of the thermal phase. The swelling pressures exerted
by the compacted buffer material was increasing slightly la>;er.

The temperature profiles inside the compacted buffer clav material
are presented on figure 6 (a and b) at two different times (55 days and
148 days).

The results showed that, after about 100 days. the temperature
decreased at the wall of the heating element. The temperature jump at the
interface between the heating element and the engineered barrier
disappeared. Simultaneously, the thermal conductivity inside the barrier
increases as it was obviously indicated by the slope change of temperature
curves. Starting from a value of 1.7 W/m.K, the thermal conductivity
reached about 2.5 W/m.K after the 100 first days and 4 w'/m.K at the end of
the experiment (before failure).

These results might be ascribed to the clay barrier compression
against the heating element due to water uptake and host rock movement.
During these displacements, quicker than expected since they occured after
only about 150 days, electric wires should have been broken.

To improve knowledge of the clay material behaviour, the survey of
the BACCHUS experiment is considered, including mock-up recovery for
expertise.

2.3 SALT MEDIUM
For repositories in salt, the most commonly advocated backfilling or

sealing material is the crushed salt resulting from excavation. Therefore,



the work has been concentrated on the in-situ behaviour of this material
used, for backfilling of large rooms in the ASSE mine, as well as the
construction of large plugs or dams which isolate sections of
repositories. In parallel, the compaction behaviour of heated crushed
salt, filling boreholes in a salt layer of a French potash mine, has been
measured and modelled.

In the ASSE salt mine, GSF have measured continuously stresses and
deformations in the backfill as well as in the surrounding rock in two
backfilled chambers since 1982 (18)(19).

In chamber 8a/532m level the stepwise backfilling was completed at
the beginning of 1987, which is now demonstrated by the stress curves of
the flat jacks installed in the floor of the chamber. Since then the
measured stresses induced by the overlying backfill have been virtually
constant. The values are generally ranged between 0.16 and 0.24 MPa,
corresponding to a density of 1.1 to 1.6 t/m .

The supporting effect of the walls (skin friction) is demonstrated by
the lower stresses ranging from 0.04 to 0.12 MPa registered by the flat
jacks positioned in the corners of the chamber respectively near the
walls. Up to now the backfilling has not taken over horizontal supporting
effects.

Nine settlement cells were installed in the backfilling at a height
of 5 to 13 m above the floor. The settlement in relation to the reference
point at the northern wall has actually varied between 105 and 250 mm. The
measurement values alternated with a cyclic period of 2.5 years and a
range of about ± 40 mm. In order to find an explanation for this
behaviour, gauging stations are presently being installed at various
reference points of the deformation measurements. In conjunction with the
mine leveling devices, evidence for these alterations might be found.

The settlement rates of the approximately 33 m-thick backfill of
chamber 3 at the 658 m level have increased by only 15 mm/y three years
after installation of extensometers to actual values of about 105mm at a
depth of 3m. Horizontal compaction in the southern area have taken place
with a constancy of up to 3.3 mm/m/y, fastest towards the northern area
where the actual compaction rate of 1.0 mm/m/y was still increasing. This
has been confirmed by other measurements in the vicinity of this chamber.

With the aid of a test stand newly developed by GSF, compression
tests were carried out on samples of salt powder with an average grain
diameter of < 0.063mm. This test stand enabled determination of the radial
and axial stress distributions. Empirical compaction functions have been
evaluated at compaction velocities from 0.01 to 10.0 mm/min and at
moisture contents from 0 to 4.0 wt %. With fine grained salt grit the
compaction velocity had an impact only on the compaction behaviour of
moisturized material. The density increases with moisture and decreases
with compaction velocity at a stress range bounded by a maximum value of
100 MPa (fig. 7).

Commercially available salt briquettes from Kali + Salz AG were
subjected to triaxiiI compression and creep tests. The triaxial tests
under a confining pressure of 2.5 to 20 MPa rendered maximum compaction
rates of 4 X. Breakage occurred almost immediately subsequent to maximum
compaction. Under an isotropic state of stress lower than 20 MPa, such as
that which will be prevailing in seals of final repositories at a depth of
approximatively 1000 m, a maximum compaction rate of 2% could be obtained
when these briquettes are used.

Uniaxial creep tests on salt briquettes were carried out under
temperatures ranging from 25°C to 80°C and at a state of stress from 4 to



15 MPa. This resulced in permanent consolidation rates and reduced creep
rates under both changes of temperature and changes of stress.

The stresses within 8 gallery seals as well as in their nearer
surroundings at the 750 m level have been measured by hydraulic flat
jacks. The measurement results have differed greatly according to their
position in the mine (neighbouring excavations) as well as to influences
of the interaction between the sealing construction and the surrounding
rock. Presently being tested are the correlations between varyingly strong
decreases of stress -in some cases down to 0 MPa- and to reactions to
activities in the mine as, for example, to the drivage of new excavations.

The pressure build-up took place in most seals shortly after their
completion. In some constructions pressure build-up could have been
determined only after the elapse of approximatively 4 years, depending
upon the selected constructional method and on the spatial arrangement of
the measurement gauges. Reasons for this may be that the construction is
rather weak in comparison to the surrounding rock, or that the loosening
zone has its own effect, which must still be investigated in more detail.
The maximum measured stresses reached 22 MPa.

An in-situ experiment consisting in heating crushed salt filling
several 24 cm in diameter, about 6 m in length boreholes drilled in a salt
layer (-520 m) in the Alsace Potash Mine, was performed by CEA/ANDRA in
cooperation with the "Laboratoire de Mécanique des Solides" or ;he Ecole
Polytechnique in 1987 and 1988. It was intended to study the
thermomechanical behaviour of crushed salt, the mechanical interaction
between crushed salt and rocksalt, and the evolution of fluids, especially
the air trapped in crushed salt pores.

The main results (20) were the followings:
- at the borehole wall, temperature showed two steady state levels
corresponding to the heating supplied powers of 1.62 and 2.25 kW.
Interruption of heating characterized by a decreasing time of about 10
hours, that is to say the same characteristic time that for the start of
heating,
- the borehole closure reached comparable levels in the different
boreholes. 5 X average convergence was considered as resulting from an
almost identical temperature field inside and around all boreholes,
without any significant influence of the varieties and compaction degrees
of the different crushed salts used as backfilling material. Interruption
of the heating period was characterized by a divergence of the boreholes,
followed by a closure resumption at very low rate. showing the
elastoviscoplactic behaviour of rocksalt at a large scale.
- rockmass extensions presented similar evolution, comparable to borehole
closure, but were poorly influenced by power supply changes during the
heating period,
- pressure measurements within the backfilling material confirmed those
obtained in the laboratory: the pressure-volume curve can be assimilated
to a "power" or "parabolic" law. Besides, the curve was remarquably
smooth, in spite of irregularity of the in-situ temperature evolution. In-
situ and laboratory characteristics depend upon the backfill used.
Compared with the pressuras normally found in civil and mining engineering
backfills (some tenth MPa), the measured pressures in the boreholes seemed
high and reached values between 0.5 an 3 MPa.

Experimental results have been completed by a modelling of the global
test. Calculated temperatures in salt and boreholes closures were in good
agrément with experimental values.



2.4 GENERIC WORKS
In addition to scudies carried out in che framework of a specific

medium, more basic works have been done. Quality assurance procedures for
an adequate backfilling of repositories, at industrial scale, are
currently being established by BULLEN & PARTNERS, based on a review of
international proposals (21). On other hand, complex sealing systems,
associating swelling products such as bentonite or magnesium oxide, and
vacerproof materials such as bitumen, are being designed (22).

Continuing a study previously undertaken on old historic concretes
with a view to assess che durability of this material (23), TAYLOR WOODRCW
collected thirty four new samples, coming from Great-Britain, Austria and
Italy. The samples were examined using a variety of analytical techniques
including scanning electron microscopy, optical microscopy, chemical
analysis and pH determination. The samples were al^o subjected to a range
of physical tests (24).

Most of the samples examined were very weak and porous although they
had maintained their structural integrity. With the exception of the 19th
century sample, none of the concretes had maintained pH alkaline enough to
immobilize radionuclides. Hydrated calcium silicates, similar to those
observed in modern Portland cement concretes, have been detected in some
samples. These stable cementitious species have endured for almost two
thousand years.

The samples studied were generally walls or floors of limited
thickness and ancient concrete in a massive form was not identified. It
would be likely that mass concrete would have retained its alkalinity to a
greater extent.

All the ancient concretes and mortars examined contained natural
pozzolanic material or crushed burnt clay. This may have had some effect
on the reduction in alkalinity although the main reason was full
carbonation of calcium hydroxide.

Although the compressive strengthes of the samples were generally low
by modern standards (about 1-5 MPa) all the samples had retained full
structural integrity.

3. CONCLUSIONS AND PROSPECTS
Through works reported above and through large-scale backfilling and

sealing operations presented in other papers at this meeting, it seems
clear that emplacement techniaues are actually existing, even if the
specificities of underground conditions and the particular design of
repository concepts can imply their optimization. In all reported cases,
the physical properties of the engineered barriers are clearly predictable
by laboratory tests conducted on cement-, clay-, salt-based materials or
mixtures of these compounds, even if, quality assurance procedures have
likely to be developed to guarantee it.

Nevertheless, an effort at least equivalent has still to be supported
on demonstration projects such as those presently running at the ASSE mine
and at the MOL underground laboratory and, if possible, on a project
conducted in granite medium. More experience of backfilling and sealing of
deep repositories is indeed necessary to evaluate the cost of engineered
barriers beyond their feasability, which can be considered as established.
But, these future studies should be carried out in the framework of real
disposal scenarios.

Moreover, beyond the knowledge of the present physical and chemical
properties of barriers, the key issue is to specify the actual properties
of these materials when they have to act as barriers, in an undefined, and



hopefully, far future. Hence, an increasing effort of research should be
devoted to the understanding of their long-term behaviour.

Such studies on both the cost and the Long-term properties of
engineered barriers could well prompt a réévaluation of their functions
and their impact on the safety demonstration of deep-seated radwaste
disposal.
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