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Within the context of deep geological radioactive waste disposal, the French National Radioactive Waste Man-
agement Agency (Andra) is conducting a research program including in-situ experiments at the Meuse/Haute-
Marne Underground Research Laboratory (MHM URL), which aims to demonstrate the feasibility of construct-
ing and operating a High Level Waste (HLW) disposal facility in the Callovo-Oxfordian (COx) claystone formation
and to improve it. ALC1604 experiment is an in-situ heating test reproducing a full-scale HLW disposal cell.
Heating devices were placed in the last 15 m of a 25 m long steel cased micro-tunnel to mimic the heat emitted by
the HLW packages. The present experiment allows to study the response of the cell and the surrounding rock
under thermal loading. More specifically, this experiment studied the thermo-mechanical (TM) behavior of the
steel sleeve, equipped with strain gauges, displacement sensors, temperature sensors, etc., and monitored the
evolution of the annular space (the gap between the sleeve and the rock). It also studied the thermo-hydro-
mechanical (THM) behavior of the near/far field rock through pore pressure and temperature measurements
installed in peripheral boreholes. The TM response of the steel sleeve and the THM response of the surrounding
rock are numerically reproduced and the chosen THM parameters are compared with previous small-scale in-situ
experiments conducted at the MHM URL in order to improve the reliability of the material parameters of the
COx. The lessons learned from this experiment has provided valuable feedback towards implementing new full-
scale heating experiments consistent with a new benchmark concept.

1. Introduction

The French National Radioactive Waste Management Agency
(Andra), is in charge of studying the disposal of high-level and
intermediate-level long-lived waste (HLW and ILW-LL) in a deep
geological repository (Cigéo project) which will be located at the border
of the Meuse and Haute-Marne departments, nearly 300 km East of
Paris. The host formation consists of a claystone (Callovo-Oxfordian
argillaceous rock — COx) lying between 420 m and 550 m in depth and
exhibiting very favorable conditions for a repository of radioactive
waste, as they generally have a very low hydraulic conductivity, small
molecular diffusion and significant retention capacity for radionuclide.
The underground disposal facility will be divided into two sections
depending on the type of waste (ILW-LL or HLW) and the type of
excavation used to emplace the waste disposal packages (tunnel of 9-11
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m in diameter for ILW-LL and steel cased micro-tunnel of about 0.7 m in
inner diameter for HLW).

Heat released from the most exothermic HLW packages leads to
temperature increase of the sleeve up to 90 °C after a few years. Thermal
loading leads to pore pressure increase due to the difference in thermal
expansion coefficients between pore water and solid skeleton of COx
claystone.' ™ It also leads to an increase of radial loading applied on the
sleeve due to thermal expansion of the rock. If the mechanical behavior
of buried steel pipelines is widely studied by oil and gas industry,® for
these applications, large displacement but small confinement pressure
are usually considered to design the pipeline and verify its structural
integrity (leak tightness retention) under seismic loadings and land-
slides. Within the framework of the feasibility study of geological re-
positories for HLW, the structural performance of deep buried steel
sleeve subjected to high confinement pressure and small displacement
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has to be determined. Thermo-hydro-mechanical (THM) behavior of
surrounding rock and resulting overloads applied on the sleeve are
therefore key parameters for design and safety assessments.

This paper presents the design, main objectives and results of a full-
scale in-situ heating experiment performed at the Meuse/Haute-Marne
Underground Research Laboratory (MHM URL) located at some 490 m
deep in the middle of the COx claystone layer. After a brief review of the
industrial context, the third section describes the experimental device.
The results are presented and discussed in the fourth section. Finally
some numerical simulations of THM behavior of the rock and thermo-
mechanical (TM) behavior of the sleeve are presented in the fifth
section.

2. Industrial context and objectives of the experiment
2.1. HLW disposal cell concept

HLW is mainly issued from nuclear plant spent fuel reprocessing
activities. They are inserted into a vitrified matrix, and hot cast into
stainless steel canisters (thus forming what is called “primary packages”)
which will be conditioned in thick steel overpacks to prevent glass
leaching until the glass matrix temperature has decreased below 50/
70 °C depending on the type of waste. The main function of this over-
pack is thus to prevent water from reaching the glass matrix during 500
years for the most exothermic waste. P285NH non-alloy ductile steel has
been chosen to fulfill this requirement.7

These overpacks will be stored in disposal cells that are sub-
horizontal dead-end micro-tunnels with an excavated diameter of
approximately 0.9 m, oriented according to the direction of major stress
oy in the COx formation. The disposal cell comprises a head part for the
cell closure and a useable disposal part containing the disposal packages
and spacers if applicable (to control the thermal output of a disposal cell,
Fig. 1). Based on the reference design adopted at the end of the basic
engineering design stage, the length of the cell is of the order of 150 m
for the exothermic HLW and of the order of 80 m for the moderately
exothermic HLW which will be emplaced in a few cells during a pilot
phase. To prevent rock deformation and enable potential retrieval of
disposal packages during the reversibility period (i.e., about 100 years),
the cell is equipped with a non-alloy steel sleeve. The final design of the
HLW cells is not fixed yet and technological optimizations are still in
progress. Ongoing research and development has for instance led in
2015 to (i) choose an oil-grade ferritic-pearlitic steel for the sleeve (API
5L X65 MS) to improve its stress corrosion cracking resistance® and (ii)
fill the annular gap between the sleeve and the clay rock with a material
that imposes corrosion-limiting environmental conditions (cement--
based grout).

2.2. Contribution of MHM URL to HLW disposal cell design and THM
behavior

In 2000, Andra began to build the so-called Meuse/Haute-Marne
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Underground Research Laboratory (MHM URL) in order to conduct
experiments to establish the feasibility of constructing and operating a
radioactive waste disposal facility in the COx claystone. The URL is
located at some 490 m deep in the middle of the COx claystone layer. In-
situ stress field is anisotropic at the level of the URL. The major stress
(oy) is horizontally oriented at NE155° equals to —16 MPa. Vertical
stress (6y) and horizontal minor stresses (cy) are about —12 MPa. This
anisotropic stress state which is consistent with the one given for the east
of the Paris basin relative to the thrust of the Alps, has been confirmed by
an important characterization of in-situ stress field carried out on a
regional scale.’

The COx at the MHM URL shows a slight anisotropy for most rock
properties; particularly in terms of solute diffusion, water permeability,
thermal diffusivity and mechanical parameters. This is due to the
alignment of carbonate and tectosilicate inclusions parallel to the
bedding plane observed on mineral distribution maps.'’

Table 1 summarizes the main thermo-hydro-mechanical parameters
determined from laboratory tests and in-situ measurements. At the main
level of the URL, porosity is approximately 18% with very small mean
pore diameter (about 0.02 pm) leading to a very low permeability
(ranging between 5.0 x 1072! m? and 5.0 x 1072° m?) and a slight
anisotropy ratio of about 3. The specific heat capacity of the solid phase
is equal to 800-820 J/kg/K, resulting in a specific heat capacity for the
whole saturated material of about 1000 J/kg/K.> The values for the
thermal conductivity of the COx are about 1.9 and 1.3 W/m/K parallel
and perpendicular to the bedding plane, respectively. The Young’s
modulus perpendicular to bedding is around 4.0 x 10° Pa with anisot-
ropy ratio of 1.3, although this ratio can reach 2 for some samples tested
on triaxial tests.'! A detailed summary of the THM behavior of the COx
can be found in Ref. 12.

After a first research phase (2000-2005) dedicated to characteriza-
tion of the confining properties of the clay,'® a new experimental pro-
gram focusing more on technical feasibility of the different disposal
facilities and on characterization of the rock behavior under represen-
tative THM loadings was launched. Full-scale in-situ experiments started
in 2009, first to verify that it is possible to drill micro-tunnels in several

Table 1
Callovo-Oxfordian claystone parameters.
Parameter Unit Value
Porosity'? - ~0.18
Intrinsic permeability’’ m? 5.0 x 1072°.5.0 x
10-21
Equivalent heat capacity” J/kg/K 1000
Thermal conductivity parallel to bedding'* W/m/ 1.9
K
Thermal conductivity perpendicular to W/m/ “1.3
bedding'? K
Equivalent density"’ kg/m®> 2400
Volumetric coefficient of thermal expansion’ 1/K 42 x10°°
Young’s Modulus perpendicular to bedding"’ Pa ~4.0 x 10°

Spacing buffers

HLW disposal
packages

Fig. 1. Exothermic HLW disposal cell.
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directions with respect to the in-situ stress field and to emplace a steel
sleeve.'* Excavation of dead-end micro-tunnels required a specific laser
guided micro TBM allowing the sleeve emplacement at the same time of
the drilling with a maximum initial annular space between the sleeve
and the rock of 25 mm.

The mechanical loading process of the sleeve of a cell parallel to oy is
described in Ref. 15, based on different in-situ experiments at different
scales. An anisotropic loading resulting from the anisotropy of the
excavation-induced fracture network around the cell is systematically
observed. It results in the radial bending of the sleeve and the amplitude
of its ovalization will depend on (i) the ratio of convergence rate be-
tween horizontal and vertical directions, (ii) the bending stiffness of the
sleeve and (iii) the size of the initial gap between the sleeve and the cell
wall. Sleeve convergence (and divergence) rates decrease with time and
become lower than 107! s7! after a few years. A progressive decrease in
load anisotropy can also be observed.

Several reduced scale heating experiments (so-called TER, TED and
TEC experiments) have already been performed at the MHM URL'? to
characterize the THM coupling, analyze sensitivity to the COx parame-
ters and estimate the influence of a thermal loading on mechanical
behavior of a 1:5 scale steel sleeve. The results obtained led to (i) a better
understanding of far field pore pressure increase under thermal loading
which can be reproduced by thermo-poro-elasticity, (ii) the confirma-
tion of elastic moduli, thermal conductivity and permeability anisotropy
of COx claystone and (iii) the highlighting of sleeve circumferential
mechanical strain increase with temperature for moderate thermal
loading.

2.3. Objectives of the experiment ALC1604

The so-called ALC1604 experiment has been implemented at the
MHM URL to characterize the behavior of a full-scale HLW cell under a
power monitored thermal loading (as it will be the case when waste
packages will be stored in the disposal cell). The first objective is to
study the influence of heat loading on the mechanical behavior of a
buried steel sleeve including the occurrence of overloads resulting from
rock mass thermal expansion. This experiment will also provide addi-
tional data concerning THM behavior of COx claystone mainly in terms
of pore pressure increase induced by the heating phase. The goal here is
(i) to confirm THM behavior identified on small-scale heating experi-
ments and (ii) to validate and improve THM modelling.

heated zone (15 m)
usable part (19 m)

b Drilling direction Sleeve

Rock/sleeve clearance

Strain gauges
measurement sensor (x3)

sensors (x6)

convergence (x2) _

Relative Humidity
sensor (x1)

International Journal of Rock Mechanics and Mining Sciences 137 (2021) 104555
3. Experimental set-up
3.1. Cell characteristics and heating device

ALC1604 disposal cell was drilled in 2012 and is therefore repre-
sentative of the initial concept (i.e. without backfilling of annular space
between the sleeve and the rock). The cell is 25 m long and is divided
into two parts (Fig. 2a): a head part of 6 m long with an excavated
diameter of 0.791 m and a useable part of 19 m long with an excavated
diameter of 0.75 m. The head part is equipped with an insert 0.767 m in
outer diameter and 21 mm thick, and the useable part with a sleeve 0.70
m in outer diameter and 20 mm thick. Both sleeve and insert are made of
$235 structural steel having a yield strength of 235 MPa. There is an
overlap zone 1 m width between the sleeve and the insert. The difference
in diameter between useable part and head makes it possible to
accommodate longitudinal thermal expansion of the useable part sleeve
and thus avoid additional radial loads on the drift wall.

Before the installation of the instrumentation, a 3D scan showed that
the cell trajectory was close to the theoretical one, with a maximum
deviation of 3 cm in the horizontal plane and 8 cm in the vertical plane.

The heating is applied in the useable part between 10 and 25 m from
the drift wall (Fig. 2a); the heating device is made up of five stainless
steel heater elements (H1 to H5) almost centered in the cell. Each heater
element is 3 m long, has a diameter of 0.508 m, and contains two
electrical resistors controlled through a power regulation system. Once
the heating device was emplaced in the cell, two unsealed steel plates
were installed: one at the sleeve/insert transition and one at the head of
insert in the GAN drift.

Apart from the length of the cell (25 m instead of 80 or 150 m), the
rest of characteristics met the requirements for proving the initial
reference design of HLW disposal cells. According to the performed
numerical simulations for its design, a 25 m long cell including a 15 m
long heated zone, was considered sufficiently representative to provide
an understanding of the behavior of both the cell and the surrounding
rock and more adequate from experimental/technological point of view
to perform a heating test, knowing that excavation of real length cells
has been fulfilled in other experiments.'”

3.2. Sleeve and insert instrumentation

The sleeve and insert are made of thirteen 2 m long steel elements, 10
in the useable part and 3 in the head part. Six elements have been

Fig. 2. a) Schematic view of the sleeve and insert elements (Sections S1 to S4 and SI1 to SI2 refer to location of instrumentation of sleeve and insert respectively) — b)
Location of the different sensors installed on sleeve/insert elements — ¢) Convergence sensors in the cell.
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instrumented to characterize their TM behavior (sections S1 to S4 for the
sleeve and SI1 and SI2 for the insert, Fig. 2a). Each instrumented
element was equipped with six strain gauges sectors on the sleeve/insert
intrados, with an axial and a circumferential gauge for each sector; these
sectors are positioned horizontally and at + 45° from horizontal direc-
tion (Fig. 2b). The gauges are thermally-compensated so that measure-
ments give directly the mechanical strain. Relative humidity/
temperature sensors taking a measurement in the annular space 15°
below the horizontal axis for each sleeve instrumented element and in
the cell for each insert instrumented element, have also been installed.

In addition, sleeve elements 2, 4, 6 and 9 were equipped with three
rock/sleeve clearance measuring sensors, one at each side and one in the
vault. Sleeve element 9 and insert elements 11 and 12 were equipped
with two potentiometric displacement sensors for measuring horizontal
and vertical diameter variation (Fig. 2c). Three potentiometric
displacement sensors fixed to the insert intrados and resting on the
useable part’s head plate measure the relative displacement of the sleeve
in the insert. Lastly, two PT100 temperature sensors 15° from the ver-
tical axis and 15° above the horizontal axis measure the temperature of
each element.

3.3. Peripheral instrumentation

To study the THM behavior of the surrounding rock, nine peripheral
boreholes were drilled from the GAN drift and the GRD drift (parallel to
the cell axis, Fig. 3). Six boreholes were equipped with pore pressure
piezometer chambers associated with temperature sensors: two
monopacker boreholes (ALC4001 and ALC4002, the latter appeared to
be defective), two multipacker boreholes with five chambers (ALC4005
and ALC1616), and two multipackers boreholes with three chambers
(ALC1617 and ALC1618). These boreholes were backfilled with resin in
order to ensure sealing and with low compressibility. Two boreholes
were equipped with five temperature sensors (ALC4003 and ALC1633).
One borehole (ALC4004) was equipped with a magnet extensometer
(Mag-X) measuring displacement at 20 different positions along the axis
of the borehole. Due to some uncertainties about the validity of these
measurements, they are not presented in this paper.

Most of the peripheral boreholes (ALC4001 to ALC4005, ALC1616

International Journal of Rock Mechanics and Mining Sciences 137 (2021) 104555

and ALC1617) were drilled and equipped about 1 year before the
ALC1604 cell excavation to characterize hydro-mechanical impact of
the drilling of the cell. Temperature measurement boreholes ALC4003
and ALC1633 were drilled after the ALC1604 cell excavation.

The access drift instrumentation (OHZ1605 to 1608, OHZ1685 to
1688), in the immediate vicinity of the cell head, consisted of temper-
ature sensors, support instrumentation (strain gauges and displacement
sensors on sliding steel arches), displacement and tilt sensors to measure
drift wall deformation induced by thermal gradient along the cell.

4. Experimental results and interpretation
4.1. Heating phase

To validate the operation of the heaters regulation system and the
measurements acquisition, a heating test at low power (33 W/m) was
first conducted lasting 2 weeks. The main heating phase started one
month later, at a constant nominal power of 220 W/m for the 15 m
occupied by the heater elements. This value was designed to reach a
temperature of 90 °C at the sleeve after two years. After almost 6 years,
heating was stopped in successive cooling stages.

A few breakdowns caused by the control cabinet fans failing occurred
during the experiment on one single heater element at a time. These
breakdowns did not disrupt the global temperature in the sleeve given
that the other four heater elements continued to work well as it will be
explained in the next section.

4.2. Surrounding rock

4.2.1. Temperature

Fig. 4 shows the temperature evolution measured by the sensors
installed in the peripheral boreholes ALC1616 and ALC1617. These two
boreholes are located in the horizontal and vertical plane of the cell,
respectively, but only ALC1616_03 and ALC1617_03 were located at the
same distance from the wall. Unfortunately, ALC1617_03 was damaged
from the beginning of the experiment and no data were recorded.
Therefore, it was not possible to study the anisotropic thermal properties
of the COx as it was done in Ref. 3. Nevertheless, these measurements

OHZ1606

OHZ1686.

s
S
S
S
S

D PLACSE11-0621/A

‘ ANDRA

Fig. 3. General view of the peripheral instrumentation around ALC1604 cell.
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Fig. 4. Measurements of temperature evolution at sensors in ALC1616 (horizontal plane of the cell) and ALC1617 (vertical plane of the cell).

allow to study the temperature evolution in the COx during the heating
phase. Similar tendency is observed in both directions and only the
temperature at ALC1616_05 is affected by the temperature variation on
the GAN drift wall. The temperature increased rapidly during the first
year of the heating phase followed by a smooth increase that tended to
stabilize over the last year, prior to the beginning of the cooling phase.
As expected, the highest temperatures (approximately 50 °C) were
recorded at the sensors located close to the mid-plane of the heated zone:
ALC1616_01 and ALC161602 (1.9 m and 2 m from the cell wall,
respectively). Despite the fact that the sensor ALC1617_02 was located
at the mid-plane of the heated zone, it was 2.8 m far from the cell wall.
Consequently, the maximum temperature in this sensor was about 40 °C.

The temperature evolution measured by the sensors installed in the
peripheral boreholes ALC4005 and ALC1618 is shown in Fig. 5. The
sensor ALC4005.05 did not record any measurement during the

experiment. These measurements show additional points in intermedi-
ate locations to the bedding plane and show the temperature in the far
field of the experiment which will be of help for the numerical analysis
in order to better represent the temperature field in the rock mass (along
with the pore pressure measurements). No measurements of tempera-
ture evolution monitored in ALC1618 (located near the drift wall) are
recorded before October 23, 2012 since this borehole was drilled after
the cell excavation. The effect of the beginning of the heating phase on
the temperature is observed during the first year. Then, the temperature
is strongly influenced by the seasonal temperature variation in the GAN
drift, mainly in the two sensors located near the insert, i.e. the first 4 m
from the drift wall, whereas the temperature evolution at ALC1618_01 is
a combination of the drift temperature and the heating phase.
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4.2.2. Pore pressure

Fig. 6 shows the pore pressure evolution measured by the sensors in
ALC1616 and ALC1617. The location of these two boreholes allows to
study how the anisotropic properties of the COx affect its hydro-
mechanical (HM) behavior during the cell excavation and THM
behavior during the heating phase.

After the cell excavation, the measurements show a pore pressure
increase in the horizontal plane and a pore pressure drop in the vertical
plane. This behavior is scale independent since it has also been observed
during 160 mm in diameter borehole drilling® and during 5 m in
diameter drift excavation'® both aligned with respect to the major
horizontal stress. This anisotropic HM response to cell excavation is
directly related to the anisotropy of the elastic stiffness of the rock mass
as shown in Ref. 16.

The beginning of the main heating phase induced a pore pressure
build-up in all sensors due to the difference between the thermal
expansion coefficients of the pore water and of the rock. However, we
observe a different behavior in the horizontal and vertical plane. The
pore pressure achieved a maximum value of 7.5 MPa in ALC1616 three
months after the beginning of the heating phase, followed by a rapid
dissipation, whereas an overpressure peak of 8.3 MPa was reached in
ALC1617 after three years of heating, followed by a slow dissipation.
This different behavior observed in the boreholes located in the hori-
zontal and vertical planes of the cell is in agreement with measurements
made on former small-scale THM experiments at the MHM URL in which
the anisotropic thermal and hydraulic properties of the rock play an
important role such as lower permeability in the perpendicular direction
to the bedding plane than in the parallel plane. The pore pressure evo-
lution at ALC1616_05 located near the GAN drift experienced a slight
increase due to the heating but, then, it was affected by its proximity to
the drift wall and, consequently, by its seasonal temperature variation.
The observed pore pressure drops in the sensor ALC1717_03 at 2.2 m
from the cell wall two years after the cell excavation are related to a
sealing failure in the packers insulating the chamber.

The thermal pressurization coefficient, which is calculated as the
early slope of the linear part of the AP/AT curve when heating began,
was between 3 and 5 bar/°C, which is consistent with the value calcu-
lated for the TED experiment.’

International Journal of Rock Mechanics and Mining Sciences 137 (2021) 104555

4.3. Sleeve and insert

4.3.1. Thermal behavior

Fig. 7 shows the temperature evolution in the vault of the sleeve
(solid lines) and the insert (dashed lines). In addition, the temperature
evolution of the GAN drift is also shown. The impact of the heating
system breakdowns was reduced by the fact that the other four heater
elements functioned normally. The overall evolution of the sleeve tem-
perature was therefore slightly affected and reached a maximum of
88 °C at the center of the heated zone after four years. Locally, however,
the temperature dropped considerably between 8 and 15 °C at the sleeve
intrados depending on the length of the cut-offs. As it was observed in
the rock, the first 5 m where the head part of the cell is located, insert
temperature evolution is affected by the temperature variation in the
drift whereas the sleeve temperature in the first meters of the useable
part is not.

Temperature profile on the lateral side of the sleeve is approximately
4 °C lower than that measured in the vault.'” This difference can be
explained both by convection occurring inside the sleeve and by the
influence of the boundary conditions around the sleeve (the contact
between the sleeve periphery and the rock is not homogeneous and is
greater in the horizontal direction as explained in Section 4.3.3). In both
cases, the highest temperature is located at a depth of approximately 18
m, i.e. at the center of the heated zone.

4.3.2. Hydric conditions in the cell

Relative humidity and temperature are measured in the annular
space between the rock and the sleeve at different depths (Fig. 8). Before
heating, relative humidity quickly reached 95% (almost as soon as the
first measurements were taken, around 50 days after excavation). As
expected, thermal loading results in sudden relative humidity decrease.
The deepest sensor (21.5 m) was damaged when the heating began. The
second-deepest sensor (17.5 m) also no longer functioned after
recording resaturation (100%) after six months of heating. The other
two sensors located in the annular space, at 13.5 m in the heated zone
and 7.5 m outside the heated zone, have stabilized after slightly more
than 2 years, at relative humidity between 86% and 70%, respectively.
This evolution is the result of a balance being reached between the near
field rock desiccation linked with the heating and water inflow linked
with the rock being drained by the cell, the extent of which depends on
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the hydraulic gradient and therefore the depth relative to the access
drift. The sensor located at 13.5 m depth finally failed after 2.5 years of
heating.

4.3.3. Sleeve and insert convergence

Due to the size of the heaters, no displacement sensors could be
installed in the heated zone. The deepest convergence measurement
section is located on sleeve element 9 at about 7 m depth. The evolution
of the measurements is presented in Fig. 9.

As observed in previous in-situ experiments (see Section 2.2), an
anisotropic convergence of the sleeve is observed before heating, as soon
as the sensors were connected (i.e. 50 days after cell excavation). During

this phase, radial loading is applied mainly along horizontal direction
(the gap between the sleeve and the cell wall remains open in vertical
direction) leading to a distortion of the sleeve into an oval shape. This
behavior is directly related to the shape of the excavated damaged zone
around the cell which is much more pronounced horizontally, thus
inducing a greater convergence in the horizontal direction.

As observed on reduced scale heating test,'” thermal loading results
in an increase of radial loading and thus of the sleeve ovalization. Indeed
it can be seen in Fig. 9, that the beginning of the heating phase
considerably accelerated the sleeve convergence until the sleeve was in
full contact with the cell vault 400 days after the cell was excavated. This
phenomenon may be related to thermal expansion of the rock and to
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Fig. 9. Relative diameter variation measured on the sleeve and the insert.

creep rate increase of the rock with temperature. Temperature decrease
during the cooling phase seems to result in a slight ovalization increase.

Two convergence measurement sections have also been installed on
insert elements 11 and 12. They are not significantly affected by the
heating phase due to their positions away from the heated zone. The
loading schema is the reverse of that seen for the sleeve, consisting of
vertical convergence and noticeably equivalent horizontal divergence
(Fig. 9). Given that the annular space is much smaller at the insert level
(initially 12 mm, compared with 25 mm around the sleeve), this
behavior could be caused by the insert being in contact with the rock in
the vertical and horizontal planes. As the mechanical strength of the
rock was lower horizontally due to the damage generated during exca-
vation, the insert tends to diverge horizontally. A similar behavior has
been observed in more recent full-scale experiments in which the gap
between the rock and the sleeve has been filled with a cement grout.'®
Mechanical loading of insert is also influenced by the surrounding stress
field which has been modified by the GAN drift excavation.

4.3.4. Strain gauges measurements

Due to the absence of convergence measurement device, the ther-
momechanical behavior of the sleeve in the heating zone is only
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estimated from strain gauges measurements on the inner face at
different angular positions. The mechanical signatures (i.e. evolution of
the circumferential mechanical strain around the inner face of the
sleeve) of the load applied to the sleeve at 14 and 18 m depth are pre-
sented in Fig. 10. In both cases the first curve (i.e. 2013-04) is the me-
chanical signature 2 weeks before the heating began. They are
representative of a mainly horizontal loading of the sleeve and do not
evolve significantly after 1 year of heating, meaning that ovalization of
the sleeve is also quickly blocked in the heated zone.

The axial gauges generally only show small mechanical deformations
of less than 150 pm/m which can partly be explained by the sliding of
the sleeve (see next section) in the insert, thereby reducing the axial
compression stress of the sleeve.

4.3.5. Sleeve sliding in the insert

The sliding of the sleeve in the insert vary between 2.6 and 2.7 mm at
the lower part of the sleeve, and 4.2 mm at the vault. This difference
could partly be due to an axial bending of sleeve element n°10. How-
ever, the sliding remains below the free thermal elongation of the sleeve
for the corresponding temperature rise, which should be of the order of
10 mm meaning that part of the sleeve elongation is towards the bottom
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Fig. 10. Time evolution of the mechanical signature of the loading at 14 m (left) and 18 m (right).
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of the cell.

5. Numerical simulation
5.1. Numerical models

Two numerical models were used for the reproduction of the THM
behavior of the COx due to cell excavation and heating.

The first numerical model was performed by Andra as part of Task E
of the DECOVALEX-2019 project.'® Its theoretical formulation is based
on the general expression of the governing equations for a classical
thermo-poro-elastic saturated medium as developed in Ref. 19. The
anisotropy induced by the bedding is taken into account by considering
a transversely isotropic elastic stiffness tensor in the mechanical law as
well as in the thermal conductivity and saturated permeability tensors.
The numerical code used for the numerical analysis was COMSOL
Multiphysics® and its objective was the prediction of the THM response
of the COx in the heating phase by using the parameters obtained from
the model calibration of the small-scale TED experiment performed
within Task E.

The second numerical model was developed at Universitat
Politecnica de Catalunya (UPC).>" %2 Its theoretical formulation is based
on using multi-phase, multi-species approach to porous medium
modelling.?® It is assumed that the porous medium is composed of three
species: mineral, water and air, distributed in three phases: solid, liquid
and gas. The mechanical behavior is modelled with a cross-anisotropic
elastoplastic model extended to consider creep effects as described in
Ref. 24,25. In addition, the intrinsic permeability incorporates a de-
pendency on the plastic multiplier of the elastoplastic model to repro-
duce the large increase of permeability when the rock experiences
damage. The numerical analysis was performed with CODE_BRIGHT>°
and its objective was to reproduce the experimental measurements: pore
pressure, temperature in the COx, thermomechanical behavior of the
sleeve/insert. Unlike the previous model, some parameters were back
analyzed.

Andra assumed that the thermal response was uncoupled from the
hydro-mechanical behavior. This assumption holds true in the far field
were the host rock is not damaged and heat convection could be
neglected due to the low permeability of the COx.?” UPC’s THM
formulation is fully coupled. In that way, convection processes occurring
in the EDZ and in the gap are taken into account. Furthermore, the water
properties are expressed as functions of the temperature and pore
pressure.'®

The model used the local axis system that was defined for the ALC
experiment; its origin (0,0,0) is the head of ALC1604. The x-axis co-
incides with the cell axis and the y-axis coincides with the GAN drift axis.
The domain consists of a cube with a side length of 50 m; this geometry
corresponds to the distance between the cell and the GRD drift and is
considered large enough regarding the diameter of the ALC1604 cell.

Insert

Casing
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The cube is centered at height z = 0. Andra represented half of the GAN
drift (radius = 2.6 m) and half of the GRD drift (radius = 2.85 m), in such
a way that one face of the cube coincides with the plane x = —2.6 m and
another face coincides with the plane y = 21.6 m. Thus, the cube co-
ordinates vary between x = —2.6 m to 47.4 m, y = —28.4 m to 21.6 m,
and z = —25 m to 25 m. UPC did not explicitly represent the drifts but
their THM influence was considered by the imposed boundary condi-
tions on the zones where they were supposed to be. The geometries of
both models with their respective finite element meshes are presented in
Fig. 11.

The presence of the sleeve, the insert, and the annular space was not
considered by Andra whereas UPC’s model included these three com-
ponents. The steel sleeve/insert is considered to be linear elastic. The
annular space was modelled as an unsaturated continuous medium that
considers the gap closure through its property evolution from a highly
porous medium with air properties to host rock properties. Therefore, its
retention curve is given by a reference air entry capillarity pressure, P,
as the gap is in essence a material with very large pores. Dependency of
both permeability and air entry pressure on porosity was considered in
order to model their evolution towards host rock values when the gap
closes. The mechanical behavior of the gap was modelled using a
bilinear elastic model to represent, first, the open gap and, then, the
contact with the rock mass. The volumetric strain was used to check
whether the gap was open or closed. Andra modelled the excavation
damaged zone (EDZ) of 1 m thick around the drifts with a constant
higher permeability (~107'° m?).

The simulation starts with an initialization step before the excavation
of the GAN and GRD/NRD drifts. The initial stress state at experiment

level was given as follows: the major principal total stress, oy = —16.1
MPa, coincides with oy, the minor principal total stress, o, = —12.4 MPa,
with oy, and the intermediate principal total stress, 6, = —12.7 MPa, is

oriented in the z direction. The initial pore pressure is equals to 4.7 MPa.
The temperature is 22.0 °C. The GAN drift was excavated in several
phases from November 3, 2009 to February 6, 2012. The drift-face
passed by the ALC1604 location on May 3, 2011. The first 27 m of the
GRD drift close to the GAN drift were excavated from December 16,
2010 to April 7, 2011. The numerical model set the initial time on
October 23, 2012, corresponding to the beginning of the cell excavation.
Andra simulated only the first 4 years of the measurements and the
cooling phase was considered only by UPC.

Regarding the boundary conditions, all instrumentation boreholes
can be considered watertight except the extensometer borehole
ALC4004 which was shown to be draining and was modelled by Andra.
Since the annular space of the ALC1604 was not backfilled, the cell was
also considered draining. The temperature evolution in the GAN and
GRD drifts, atmospheric pressure and a normal stress of 0.3 MPa were
applied on the drift walls.

No heat flux was imposed prior to the heating phase. The heaters
were emitting less heat than the designed heater output according to the

50m
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Fig. 11. Andra’s (a) and UPC’s (b) model geometry and finite element mesh for the numerical simulation of the ALC1604 experiment.
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observed temperature measurements. Therefore, Andra considered a
95% of the total heating power emitted from the heaters. UPC applied on
the non-heated zone a small part of the heating power (11%) removed
from the heated zone (89%). This was an approximate way to consider
the conduction/radiation and air convection processes occurring in the
non-heated zone. The heat flux values used were obtained by a trial-
error procedure based on the comparison between computed and
measured temperature profiles.

The THM parameters of the thermo-poro-elastic model are listed in
Appendix Al and the parameters of the UPC’s model (the material pa-
rameters of the COx, the steel sleeve/insert and the gap) are given in
Appendix A2.

5.2. Surrounding rock

5.2.1. Temperature

Fig. 12 shows the comparison of the measurements and the Andra
and UPC’s numerical results of the temperature evolution at two sensors
in boreholes ALC1616, ALC1617, and ALC4005. Andra’s numerical re-
sults are represented with dashed lines, UPC’s numerical results with
solid lines and the measurements with squares. The numerical results in
these three boreholes intend to be representative of the anisotropic
thermal response of the COx. The numerical results show a good
agreement with the measurements. Andra’s results show an over-
estimation on the sensors located in the heated zone (ALC1616_02,
ALC1617_01, ALC1617_02, and ALC4005_02), whereas the UPC’s results
show a slight underestimation (ALC1616_02). On the other hand, And-
ra’s results underestimate the temperature on the sensors located in the
non-heated zone (ALC1616_05, ALC4005_04), whereas the UPC’s results
show a perfect match. This can be explained by the different thermal
boundary conditions of the cell employed by Andra and UPC. Approxi-
mating the conduction/radiation and air convection processes by adding
a small part of the heating power proved to be a good approximation in
combination with the assumption of power losses. Furthermore, the
temperature oscillations due to the seasonal temperature variation on
the drift walls are well reproduced by the geometry simplification of the
drifts in UPC’s model as well as by the explicitly representation of the
drifts in Andra’s model.
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The anisotropic thermal parameters in both models (see Appendix)
are in accordance with the values given in Table 1 and with former
small-scale THM experiments. >

5.2.2. Pore pressure

The comparison of the measurements of the pore pressure and the
numerical results are presented in Fig. 13 for Andra and for UPC. The
results are given for boreholes ALC1616 and ALC1617. The numerical
results of the cell excavation show as anticipated, that the poro-elastic
approach was not able to reproduce the anisotropic HM response
observed in the measurements and discussed in Section 4.2.2 whereas
the UPC’s model captured this effect reasonably well. Variation of pore
pressure during the excavation reflects the volumetric deformation
change in undrained conditions due to the low permeability of the rock
mass. [t has been shown in Ref. 11 that excavation in COx induces large
deformation and damage up to fracture opening. Poro-elastic approach
underestimated volumetric deformation during excavation whereas
UPC elasto-visco-plastic model better represented rock mass deforma-
tion. These overpressures and pressure drops can be observed in a zone
further away, i.e. up to 4 cell diameters in this case. Also the modifi-
cations of the hydraulic properties due to the dependency on damage
play an important role and they are accounted for in the UPC’s model.
Globally, the pore pressure field before the heating phase is better
reproduced with the anisotropic elasto-visco-plastic model (anisotropy
in stiffness and strength); the thermo-poro-elastic approach obtained
higher values in the perpendicular direction to the bedding
(ALC1617_01 and ALC1617_02).

The THM response of the COx due to the heating phase is well rep-
resented in the horizontal plane of the cell (ALC1616_02), although
Andra only reproduced the pore pressure build-up. The slow dissipation
of the pore pressure in the perpendicular direction was only captured by
the anisotropic elasto-visco-plastic model (ALC1617.01 and
ALC1617_02). The fact that the changes in the hydraulic properties are
not considered in the thermo-poro-elastic approach could be an expla-
nation. However, the EDZ is reduced in the vertical direction since the
cell is excavated along the major stress direction.”” So, this may be due
to the pore pressure field around the cell prior to the heating phase
where the numerical pore pressure is higher than the measurements
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Fig. 12. Comparison of Andra and UPC’s numerical results and measurements of temperature evolution at sensors in boreholes ALC1616, ALC1617 and ALC4005.
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Fig. 13. Comparison of Andra and UPC’s numerical results and measurements of pore pressure evolution at sensors in boreholes ALC1616 and ALC1617.

where a slight pore pressure recovery is observed. In the numerical pore
pressures, the dissipation process may be accelerated by the difference
in the pore pressure gradients occurring in the heated zone. Finally, the
fact that the UPC back-analyzed some model parameters could also help
to obtain a better reproduction. As a remainder, in the case of Andra, the
model parameters were obtained from the small-scale experiment TED,
and were not changed during this study, ignoring the spatial variability
in the COX properties. One of the differences in the common parameters

100

of both models were found in the anisotropy ratio of the permeability, 4
and 2 for Andra and UPC, respectively. Nevertheless, the main HM pa-
rameters used in both models were in the range of the values given in
Table 1.
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Fig. 14. Comparison of UPC’s numerical results and measurements of temperature of the sensors at the vault of the sleeve and the insert.
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5.3. Sleeve and insert

5.3.1. Thermal behavior

Fig. 14 shows the comparison of the numerical results and the
measurements of the temperature at the vault of the sleeve/insert. The
measurements are represented with solid lines and the numerical results
with dashed lines. A good agreement can be observed for all the mea-
surements. This confirms that the convective and radiation processes
occurring inside the sleeve/insert cannot be neglected for the correct
reproduction of the TM behavior of the sleeve/insert. Therefore, the heat
flow assumed in the non-heated zone is a good approximation.

5.3.2. Sleeve and insert convergence

The numerical results (solid and dashed lines) of the sleeve and insert
convergence are shown in Fig. 15 along with the measurements (di-
amonds). The numerical results show a good reproduction of the mea-
surements in the two sections. Modelling the gap between the sleeve and
the rock with bi-linear joint elements leads to a good reproduction of the
maximum convergence of sleeve element n°9 (at 7 m from the access
drift), meaning that the kinetics of vertical gap decrease is well captured
by the model. The influence of the thermal loading is slightly
underestimated.

The reversal of ovalization direction of insert element n°11 (at 4 m
from the access drift, almost not influenced by the heating) in compar-
ison to that of the sleeve, is well reproduced. Since the excavation of the
GAN drift is not modelled, the reproduction of this phenomenon is only
due to the fact that the initial gap around the insert is thinner than
around the sleeve and the contact at the vault of the insert occurs at a
very early stage.

6. Conclusion

ALC1604 experiment has demonstrated the construction feasibility
of a full-scale (in terms of diameter) HLW disposal cell including head
and useable parts as originally designed. The extensive instrumentation
set-up of this first full-scale heating experiment performed at the MHM
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URL led to a better understanding of the THM behavior of the disposal
cell and the surrounding rock.

Concerning the THM behavior of the COx claystone, the experiment
provided new data on the HM response to a micro-tunnel excavation
that are fully consistent with previous in-situ experiments, at all scales. It
highlighted the anisotropy of short-term pore pressure evolution mainly
governed by the anisotropy of elastic moduli of the COx claystone and
the deepness in the rock wall where the pore pressure field is affected by
the excavation. It also emphasized that elasto-visco-plastic models are
more accurate than poro-elastic model to model excavation in this type
of claystone.

The influence of a thermal loading on the pore pressure is also
consistent with previous small-scale experiments. After a pressure in-
crease, due to the difference between the thermal expansion coefficients
of pore water and solid skeleton, overpressures dissipate with a kinetics
governed by anisotropic hydraulic properties of the rock. The behavior
during the heating phase is nearly elastic as it is shown by the satis-
factorily prediction of the thermo-poro-elastic model taking into ac-
count anisotropic parameters in accordance with values identified from
back analysis of former small-scale heating experiments and laboratory
tests. However, pore pressure field evolution is better reproduced with a
time-dependent anisotropic elastoplastic THM model than with an
anisotropic thermo-poro-elastic approach mainly because the initial
(after excavation) pore pressure field and the modifications of the hy-
draulic properties due to the dependency on damage in the damage
zone, gives a better description of in-situ observations. Concerning the
mechanical behavior of the steel sleeve, it is subjected to anisotropic
loading from its emplacement in the micro-tunnel. This behavior is
directly related to the anisotropy of the excavation-induced fracture
network around the cell and leads to the sleeve ovalization. The radial
loading increases with temperature due to rock thermal expansion
resulting in an increase of the convergence rate of the sleeve until it
reaches the vault of the cell. First simulations of the mechanical
behavior of the sleeve are quite encouraging since the anisotropic
loading seems to be satisfactorily reproduced.

ALC1604 experiment also provided valuable feedback towards
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Fig. 15. Comparison of numerical results and measurements of diameter variation of sleeve and insert.

12



F. Bumbieler et al.

implementing new full-scale heating experiments consistent with the
benchmark concept optimization.
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Table 2

Thermo-poro-elasticity parameters.
Parameter Unit Symbol Value
Young’s modulus parallel to bedding Pa Eyn 8.0 x 10°
Young’s modulus perpendicular to bedding Pa Eyy 5.0 x 10°
Poisson’s ratio horizontal plane - Vh 0.3
Poisson’s ratio vertical planes - Vhy 0.3
Intrinsic permeability parallel to bedding m? Ky 2.5 x 10720
Intrinsic permeability perpendicular to bedding m? K, 0.6 x 10720
Thermal conductivity parallel to bedding W/m/K n 1.97
Thermal conductivity perpendicular to bedding W/m/K Ay 1.29
Linear thermal expansion coefficient of solid grains K! ar 1.4 x 107°
Specific heat capacity of solid grains J/kg/K Cps 800.0
Biot coefficient - b 0.6
Solid compressibility Pa! Bs 25 x107°
Specific weight of solid grains kg/m® Ps 2.6
Porosity - [ 0.15

Appendix A.2

Parameters of UPC’s model

Table 3

Mechanical parameters of the time-dependent anisotropic model.
Parameter Unit Symbol Value
Young’s modulus parallel to bedding Pa Eyh 5.2 x 10°
Young’s modulus perpendicular to bedding Pa Eyy 4.0 x 10°
Poisson’s ratio horizontal plane - VhH 0.25
Poisson’s ratio vertical plane - Vhy 0.35
Peak friction angle ° Ppeak 22.0
Initial friction angle ° Pini 9.35
Mobilized friction angle ° Pres 14.74
Peak cohesion Pa 3 x 10°
Constant that controls the curvature of the function in the hardening branch - Ahard 0.0035
Constant that controls the curvature of the function in the softening branch - Agoft 0.07
Coefficient of non-associativity - ® 0.6
Equivalent plastic strain at which the maximum strength is reached Pa & 5.0 x 10°
Equivalent plastic strain at which softening begins Pa &y 6.0 x 10°
Equivalent plastic strain at which the residual strength is reached Pa &3 6.0 x 10*
The threshold from which creep strains are activated Pa o 4.0 x 10°
Viscosity parameter day’1 4 1.0 x 1077
Exponent of stress deviatoric term in the creep law - n 3.37
Exponent of creep strain term in the creep law - m 530
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Table 4
Hydraulic parameters.
Parameter Unit Symbol Value
Intrinsic permeability parallel to bedding m? Kn 2.0 x 1072
Intrinsic permeability perpendicular to bedding m? Ky 1.0 x 10720
Material parameters controlling the change of hydraulic conductivity with degree of saturation - A 1.0
- A 3.0
Material parameters controlling the shape of the retention curve Pa P 1.43 x 107
- A 0.33
Table 5
Coupling parameters.
Parameter Unit Symbol Value
Linear thermal expansion coefficient of the rock K! or 1.4 x 1072
Biot coefficient - b 0.6
Constant that controls the rate of change of intrinsic permeability with equivalent plastic strain - n 10
Solid compressibility pa~! Bs 25x107°
Specific weight of solid grains kg/m> Ps 2.7
Porosity - [ 0.173
Table 6
Thermal parameters for the COx.
Parameter Unit Symbol Value
Thermal conductivity parallel to bedding W/m/K Ah 2.05
Thermal conductivity perpendicular to bedding W/m/K Ay 1.33
Linear thermal expansion coefficient of solid grains K! ar 1.4 x 107°
Specific heat capacity of solid grains J/kg/K Cps 800.0
Table 7
Thermo-mechanical parameters for the sleeve/insert.
Parameter Unit Symbol Value
Thermal conductivity W/m/K Asteel 80.0
Specific heat J/kg/K Chsteel 550
Linear thermal expansion coefficient K! ATsteel 1.4 x 107°
Young’s modulus MPa Egteel 180 x 10°
Poisson’s ratio - v 0.3
Table 8
Thermo-hydro-mechanical parameters for the gap.
Parameter Unit Symbol Value
Thermal conductivity in saturated conditions W/m/K Asat,gap 0.035
Thermal conductivity in dry conditions W/m/K Mdry gap 0.6
Specific heat J/kg/K Cpgap 1100.0
Intrinsic permeability m? Kgap 1.0 x 10716
Porosity - Dy 0.8
Parameter for van Genuchten model - A 0.5
Air entry capillarity pressure (Py) Pa Py 1.0 x 10%
Po(®) = Py expla(Py — @) ] - a 10
Young’s modulus (closed gap) Pa E. 1.0 x 10°
Young’s modulus (open gap) Pa Ep 1.0 x 10°
Strain limit - Eylimit 0.005
Poisson’s ratio - v 0.3
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