EUROPEAN
COMMISSION

TIMODAZ

Thermal Impact on the Damaged Zone
Around a Radioactive Waste Disposal in Clay Host Riks

(Contract Number: FI6W -CT-2007-036449)

Deliverable D13 — Annex 6

Large scale excavation and heater in-situ experimén
the PRACLAY experiment modelling.

Editors: Robert Charlier

Co-authorsRobert Charlier, Frédéric Collin, Arnaud Dizier, Suzanne Fauriel, Antonio
Gens, Chen Guangjing, Lyesse Laloui, Thibaut MeynetFrédéric Pascon, Jean-Pol Radu,
Philippe Van Marcke, Jean Vaunat

Laboratories: CIMNE, ESV EURIDICE GIE, EPFL, ULg
Reporting period: 01/10/2006 - 30/09/2010

Date of issue of this report: 30/09/2010
Start date of the projed®1/10/2006 Duration:48 months

Project co-funded by the European Commission undethe Euratom Research and Training
Programme on Nuclear Energy within the Sixth Framewrk Programme (2002-2006)

Dissemination Level

PU Public

Restricted to a group specified by the partnerghef

RE | TiIMODAZ project RE
CcO Confidential, only for partners of tldMODAZ project
TIMODAZ
DeliverableD13 — Annex 5 1/129

Dissemination levelRE
Date of issue of this repo@0/09/2010

“":|||||||>



1  Executive summary

11
1.2
13
14

2.1
2.2
2.3

3.1
3.2
33
3.4
3.5

4.1
4.2
4.3

6.1
6.2
6.3
6.4

3

Experiment description 3
Experiment idealisation 5

Results: Comparison of 2D and 3D models 8
Conclusions 17

2  Introduction: the PRACLAY experiment 19
PRACLAY gallery excavation 21

PRACLAY Seal Test 23

PRACLAY Heater Test 25

3  Exercise, idealisation proposed 27
General framework of the benchmark 27

Geometry of PRACLAY gallery 28

2D plane strain modelling 30

2D axisymmetric modelling 36

3D modelling 45

4  General form of numerical results 46
2D plane strain modelling 46

2D axisymmetric modelling 61

3D modelling 84

5  Comparison of 2D and 3D models 94
6  Specific aspects highlighted by different labs 99
EPFL 929

ULg 104

Euridice 111

CIMNE 119

129

7  References

TIMODAZ

DeliverableD13 — Annex 5
Dissemination levelRE
Date of issue of this repo@0/09/2010




1 Executive summary

1.1 Experiment description

Praclay is an experiment in progress within the Bamderground laboratory at a depth of some
200m, in a poorly indurated Boom Clay layer (FigliyjeThe Praclay project was initiated in the
middle of the 90°ties and intends to achieve sdvexperiments, including the drilling of the
connecting gallery, some on surface tests, anttaelay gallery project, which is concerned in
the Timodaz project.
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Figure 1: History and layout of the undergroundearch facility HADES
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Figure 2: The PRACLAY in-situ experiment compribese tests:
the “Gallery&Crossing Test”, the “Seal Test” andetlHeater Test”

The large In-Situ Experiment (Figure 2) compridege tests:

1. the Gallery and Crossing Test further examining dewchonstrating the construction of an
underground repository by industrial method andve@rang the feasibility to construct a
crossing between galleries;
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2. the Seal Test examining the feasibility of hydreally sealing the heated part of the
PRACLAY gallery from the rest of the underground,;

3. the Heater Test studying the response of the BolamtG a thermal impact.

The same excavation technique and type of liningajpglied for the construction of the
Connecting Gallery were selected for the PRACLAVYlagg: excavating by an open-face
tunnelling machine and installing a concrete weblgek lining. The design of the lining had to
take into account a geotechnical loading due toptlessure exerted by the clay massif on the
lining and a thermal loading due to the increaseesses in and on the lining during the Heater
Test. The diameter of the PRACLAY gallery is seR&0 m. A reinforcement ring is placed in
the Connecting Gallery prior to the excavation vgotk assure the stability of the lining of the
Connecting Gallery.

The underground works started on 01.10.2007 wighctltting of the lining of the Connecting
Gallery, and the construction of the PRACLAY gallevas successfully completed in 2007. A
hydraulic seal was successfully installed in theABRAY gallery in 2010. The installation is
part of the PRACLAY In-Situ Experiment and its magiarpose is the creation of an undrained
hydraulic boundary at the intersection betweenhgted part of the PRACLAY gallery and the
non-heated part. Such an undrained boundary isiregjuo achieve the most penalizing
conditions that are reasonably achievable duriegHbater Test.

The bentonite placed in an annular ring againsBem Clay has to exert a swelling pressure of
ca. 5 MPa against the Boom Clay to locally redineehtydraulic conductivity of the Boom Clay
around the seal and in that way create an undrdigdchulic boundary. It was decided to use
MX80 bentonite compacted into bentonite blocks.

The last phase in the installation of the PRACLA¥Situ Experiment will be accomplished in
2010 by the installation of the heating system badkfill material. The requirement for the
heating system is that it has to impose a conseanperature of 80°C in the clay at the gallery
extrados. The heater consists of a primary hedbse do the gallery intrados and a secondary
heater inside a central tube (Figure 2). Both heatensist of electrical heaters.
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Figure 3: Lay-out of the instrumented boreholesuswt the PRACLAY gallery
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The Figure 28 below gives an overview of the inskeatation program including temperature,
pore water, total stresses and displacements narasuts as well as the follow-up of the
chemical evolution in the Boom Clay around the.test

1.2 Experiment idealisation

The main idea of the reported simulations is toradpce the excavation of the PRACLAY
gallery and the heating phase of the PRACLAY expent with a coupled thermo-hydro-
mechanical model. This modelling may be consideed plane strain two-dimensional problem
(this simple geometry allows taking into accounsatropy in 2D), a two-dimensional problem
in axisymmetric condition or a three dimensionallgem. This last geometry allows taking into
account the effect of the anisotropy of the claydith the processes. The Figure 4 illustrates the
2D plane strain model. The inner radius is equdl.@5 m, the thickness of the liner is equal to
30 cm as seen in Figure 4.

100m

Boom clay

' 0.95m  0.3m 100m
Figure 4: Schematic representation of the 2D plsimain modelling

The geometry of the modelling for the bi-dimensica@symmetric conditions is based on the
geometry of the PRACLAY gallery, provided in FiguseThe geometry of the 3D modelling is
inspired of the plane strain and axisymmetric cd6e&gire 6).
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Figure 6: 3D model extent

Seven different materials are involved in the cargion of the gallery. Most of the liner rings
are made of concrete elements, but some steel cenmare also used for the seal and, at the
end of the gallery, for the lost shield and th#estied steel end.

The clay is initially considered as homogeneous &udropic. It is supposed to be fully
saturated. Initial state of stresses is anisotrapitess for the axisymmetric modelling.

In the concrete liner, the initial conditions assuthat the concrete is saturated at a temperature
corresponding to the one of the host formation. liier is composed of concrete C80/95. Due
to joints, its permeability is taken 10 times gerathan the clay permeability. The friction
coefficient between the ring and the host clay ddpeon the external geometry of the concrete
liner: some of them are grooved. The liner is siggpldo be put after a convergence of 0.06 m.

The backfill material, constituted of sand with @24 porosity and saturated in water, was taken
into account in the 2D axisymmetric and 3D modeilg, not the 2D plane strain model for sake
of simplicity.

The seal element is modelled with a steel ring {wilte same thickness as the concrete one),
without representing explicitly the bentonite. Hwer the action of the bentonite is modelled by
imposing a total stress history corresponding te #welling pressure and considering
impervious condition at the steel extrados.

The modelling first consists in the excavation loé gallery and, in a second step, a thermal
loading is applied at the extrados of the liner:

* Phase 1: Duration: 20 days: Excavation of the galleemperature fixed at initial value
on the whole domain.

* Phase 2: Duration: 2.5 years: Waiting phase: pogsspre fixed at 100 kPa on the liner
intrados; Temperature fixed at initial value on wiele domain.

* Phase 3: Duration: 1 year: Installation of the $edbl stress increase, impervious
boundary); Waiting phase: pore pressure fixed 8tkla on the liner intrados;
Temperature fixed at initial value on the whole dm
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* Phase 4: Duration: 6 months. Heater phase: temperktearly increasing from initial
value to 85°C at the intrados of the liner; Watednained conditions at the liner intrados
in the part of the gallery after the seal. The hwlic conditions remain the same as the
ones in the previous phases, in the part of tHeryabetween the connecting gallery and
the seal.

* Phase 5: Duration: 10 years. Stabilised heatereplasperature fixed to 85°C at the
intrados of the liner; Water undrained conditiohtha liner intrados in the part of the
gallery after the seal. The hydraulic conditionsiaén the same as the ones in the
previous phases, in the part of the gallery betwkertonnecting gallery and the seal.

The actual heater system is constituted of a pmmgwork with heat water flow inside; it is
located 10 cm inside the intrados of the liner emploses a temperature, as constant as possible,
of about 80°C at the extrados gallery wall. Thismptex system is idealised simply by imposing
an increase of the temperature directly at thadus of the liner.

1.3 Results: Comparison of 2D and 3D models

Results were proposed by ULg, Euridice, CIMNE ariRGNfor 2D plane strain simulations, by
EPFL, ULg, Euridice and CIMNE for axisymmetric silations and by ULg and CIMNE for 3D
simulations.

1.3.1 Pore water pressure

The comparison of thp, profiles obtained using the 3 different approadeesls to two main
conclusions summarized on the following figures:

* At the end of the gallery excavation (Figure 7)¢ #misotropy of the initial stresses
implies a highemp, along the horizontal profile. Both 2D plane straimd 3D models
include this anisotropy and they provide very samresults: the same difference between
horizontal and verticgb,, profiles and the same overpressure (peak) alamdpdnizontal
profile (the same maximum value as well as the sdowation). With the 2D
axisymmetric model, which does not take into actdl anisotropic initial stresses, the
pw profile is in-between.

* At the end of the experiment (Figure 8), the ddfeze between the horizontal and
vertical profiles is not so large anymore, as pdi by those models including this
anisotropy, i.e. 2D plane strain and 3D models. ifiagn difference is now between the
2D plane strain model that predicts a maxinmrat the wall (about 2.7 MPa) and both
2D axisymmetric and 3D models that agree on a maxim,, around 2.5 MPa and
located at about 9 to 10 m from the gallery axis.
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Comparison 2D plane strain / 2D axisymmetric / 3D (end of excavation)
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Figure 7: Comparison of the,fhorizontal and vertical profiles at the end of #wcavation
with the 2D plane strain, 2D axisymmetric and 3Ddels (using BC2 in all models)
Comparison 2D plane strain / 2D axisymmetric / 3D (14 yr after excavation)
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Figure 8: Comparison of the,fhorizontal and vertical profiles at the end of #gwperiment
with the 2D plane strain, 2D axisymmetric and 3Ddels (using BC2 in all models)

Hence, the 3D model is more complete than 2D maaladsit should indicate the most realistic
results among the three approaches. In the shont tiesults, the 2D plane strain model is in
good agreement with the 3D model (since the saes®tropy could be introduced).

In the long term results, the effect of anisotrgpyhe initial stresses is not as important as just
after excavation. The 2D axisymmetric and 3 modedstherefore in good agreement, since the
diffusion ofp,, along the axial direction is allowed in the 2Dsaxnmetric model and not in the
2D plane strain one.
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Nevertheless, we should keep in mind that no cdnésotropy but initial stresses is included in
the 3D model. Otherwise, if some other anisotrgp@perties were taken into account (such as
intrinsic permeability or thermal conductivity), weould expect to see a difference between the
2D axisymmetric and the 3D approaches.

1.3.2 Temperature

The temperature profiles in all the models are \@oge, as illustrated in the Figure 9, and no
anisotropy can be observed since thermal propeatiessotropic in all models (hence vertical
and horizontal profiles are superposed in the &yur

The main difference is observed when comparing2elane strain model with the two other

models. Since there is no heat diffusion in thedion of the gallery axis in this model, the

temperature is a little bit higher than the temperpredicted by the 2D axisymmetric and 3D
model, that are in very good agreement on this. Jdy@ between the different approaches is
maximum between 10 and 20 m and it reaches a fegweds (about 2°C).

Comparison 2D plane strain / 2D axisymmetric / 3D (14 yr after excavation)
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Figure 9: Comparison of the horizontal and vertitemperature profiles at the end of the experiment
with the 2D plane strain, 2D axisymmetric and 3Ddels (using BC2 in all models)

1.3.3 Radial displacement

The comparison of the radial displacement at thg @nhthe excavation using the different
models (cf. Figure 10) is very similar to the asayof thep,, profiles. The 2D plane strain and
3D models give the same different curves alonghtirizontal and vertical profiles and the 2D
axisymmetric model is again in-between. The reasostill a question of anisotropic initial
stresses.
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Comparison 2D plane strain / 2D axisymmetric / 3D (end of excavation)
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Figure 10: Comparison of the radial displacemerdrag horizontal and vertical profiles at the end
of the excavation with the 2D plane strain, 2D grisnetric and 3D models (using BC2 in all models)

Observing the same profiles at the end of the exgaett (Figure 11) is now different from the
profiles of py 14 years after the excavation of the gallery: dgreement between 2D
axisymmetric and 3D models is not as good as irFigare 8. The reason comes from the fact
that the radial displacement is a cumulated valuend all the experiment and the history in the
2D axisymmetric and 3D models is not exactly thmesamore especially in terms of plasticity as
described in the next section. Even though sinplassure levels (and stress levels) can be
observed at the end of the experiment in the tvypvaarhes (as in the Figure 8), the plastic strain
might be very different and so the correspondirspldicement profiles might do (Figure 11).

Comparison 2D plane strain / 2D axisymmetric / 3D (14 yr after excavation)
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Figure 11: Comparison of the radial displacemerdrag horizontal and vertical profiles at the end
of the experiment with the 2D plane strain, 2D yximetric and 3D models (using BC2 in all models)
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1.3.4 Effective stress path

The main difference between the models comes frioeninitial stress state. As the initial
effective stresses are isotropic in the 2D axisymmimenodel, the stress path start from another
initial point in the invariants space:

* inthe 2D plane strain and 3D models:

I =—5.4MPa and |,,, =0.675MPa
* inthe 2D axisymmetric model:
I, =—6.75MPa and 1,,, =0MPa

Considering the initial drained friction angig, =5°, the stress state reaches more quickly the

plastic domain in the 2D plane strain and 3D mot®&s in the 2D axisymmetric model. As a
consequence, the sensor P42E remains in the edstiain according to the 2D axisymmetric
model, while it enters the plastic domain accordihg two other models, as shown in the

Figure 14.

For all four sensors, the 2D plane strain and ther@@els are in relatively good agreement (cf.
Figure 12 to Figure 15), the main drawback of tBerBodel being the lack of a complete path
during the excavation because of numerical reasons.

Effective stress path at sensor P35E Effective stress path at sensor P38E
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Figure 12: Stress path in thell, Figure 13: Stress path in thell,
invariants space at sensor P35E invariants space at sensor P38E
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2.6m

Effective stress path at sensor P42E Effective stress path at sensor P49E
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Figure 14: Stress path in the 11-12 Figure 15: Stress path in thell,
invariants space at sensor P42E invariants space at sensor P49E

1.3.5 Plastic zone extent

To illustrate the extent of the plastic zone, tigeifes below represent the contour levels of the
Coulomb’s friction anglep at the end of the excavation. The initial valu&is represented in
white in this figure. Due to plastic hardening,jncreases up to those colorized values in the
scale, i.e. from blue (5°-6°) to red (up to 16°).

The 2D axisymmetric model predicts a less exterpglastic zone, the thickness of which being
2.6 m (cf. Figure 16).

The 2D plane strain and 3D models are in good aggag predicting a plastic zone extending
up to 3 m along the vertical direction and abotitr2s deeper in the horizontal direction, up to 9
m - 11 m (cf. Figure 17 in 2D plane strain, anduregy18 in 3D).
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Figure 16: 2D axisymmetric model - Actualized (“daned”) Coulomb’s friction angle at the end
of the excavation (above) and at the end of théehexperiment (below). Initial value is 5° (in Wi
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Figure 17: 2D plane strain model - Actualized (“ltkened”) Coulomb’s friction angle at the end
of the excavation (left) and at the end of the ére@xperiment (right). Initial value is 5° (in whijt
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Figure 18: 3D model - Actualized Coulomb'’s frictiangle at the end of the excavation.
Initial value is 5° (in white).

1.3.6 Additional simulations

EPFL

EPFL carried out computations to assess the infliesf non-linear thermo-elasticity and
thermo-plasticity on the THM response of the refpogj using the ACMEG-T constitutive law

in both 1D axisymmetric and 2D axisymmetric models.

The obtained pore pressures and stress fields diffen those obtained with the other models.
The differences are mainly due to the non-lineastadity and the thermo-plasticity of the
ACMEG-T model. An increase in rigidity as well asogressive plasticity induced by heating,
causing an increase of the preconsolidation pres&iconsidered in ACMEG-T. This causes an

increase in excess pore water pressures, and argdain effective stresses.
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ULG

ULg has compared 2D plane strain simulation resdised on 3 different thermoplastic laws,
Drucker-Prager, TSOIL and ACMEG-T. Pore pressuresoaly slightly affected by the model
of thermo-plasticity. This is probably due to thedk of thermo-plasticity involved by these
models, which only affects the cap, i.e. the hightropic stress states, and not the deviatoric
mechanism.

ULg has also modelled in 3D the effect of anisoyrap thermal conductivity and in
permeability. The main effect is observed on theepwater profile (Figure 19) where the
anisotropic permeability (case @Dis different from the others.

3D models - End of the heater experiment

— ABC (horizontal) profile:
— 3D (o0)
3Dy (c0,A)
2.8 1 — 3Dy (o0,1.K) _
x  GFE (vertical) profile:
x 3Dy (o0)
3Dy (c0.A)
26 L | | x 3Dy (o0.1.k)

pore water pressure [MPa]

0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 19: Pore water pressure profiles at the @fithe heater experiment.
Effect of the anisotropic parameters.

Euridice

Euridice has tested the effect of the far field mmary conditions: fixed stress vs. fixed
displacement, boundary at 100 or 300 m. As an elaripe Figure 20 presents the pore water
pressure profiles along boundary ABC after heatimgl0.5 years. It appears that case 2 should
be avoided. However in the actual case of Practayn@iary conditions in vertical direction are
nearer then modelled.

Euridice has also analysed the effect of stresso&moipy, and has showed that it explains a
number of features observed in situ, such as passpre evolution and gallery convergence,
which are different on horizontal and vertical axis

Eventually Euridice has shown that the large cotidig of the backfill material may
significantly modify the longitudinal distributioof pore pressures in the near field.
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3,2

- - -Case 1: Constant Stress B.C., 100 m*10(
—— Case 2: Fixed Disp.B.C., 100 m*100
- - -Case 3: Constant Stress B.C., 300m*300m|

—— Case 4: Fixed Disp.B.C., 300m*300

Pore water pressure (MPa)

150 200 250 300

Radial distance to gallery center along ABC (m)

Figure 20: Pore water pressure profiles along boarydABC for the four cases after heating for 10=arng

CIMNE

CIMNE has analysed the initial state around PRACL&Rperiment. It is known that the hydro-

mechanical state is highly heterogeneous becauseirfluenced by the different excavations
realized. Moreover, the low permeability of theyclack delays significantly the reach of the

steady state for pore pressure distribution, whiects in turn the stress distribution. the effect
of the excavation of the connecting gallery on th&ro-mechanical state around Praclay
experiment is studied.

An anisotropic model with a Mohr-Coulomb failureterion has been used. Figure 21 shows a
comparison between the pore pressure computedebfylihanisotropic model and the isotropic
model for one sensor located in a borehole in fodrihe test drift. It evidences the capability of
the anisotropic model to capture the peak in poessure as the front approaches the sensors.
This peak is mainly controlled by the anisotropyetafstic moduli.

1.00

0.50

0.00 :
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»»»»» &~ WA3 (numerical results): anisotropic case
- associative plasticity

-1.50

- WAS3 (numerical results): isotropic case - associative C
plasticity
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-2.50 Shaft

Liquid Pressure (Ap)

-3.00

Figure 21: Computed pore pressure vs measuremesaresor A3 for the isotropic and full anisotropiodel.

Figure 22 shows the profile of pore pressure altwvegcentre axis of Praclay gallery previous to
its excavation. It evidences an increase of pressua zone at a distance from the connecting
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gallery wall between 20 and 50m, that is aroundséond middle of Praclay heater. Magnitude
of the increase reaches a maximum of 500 kPa (egpect to value of pore pressure in the far
field) at 28m from the connecting gallery.

3.00

@@
2.50 & @@
_ @ .
§ 2.00 @@ Zone of pore pressure incre
g o
=
g 150 I
r Praclay heatel
= [ Vi
g 1o 6
—
@
0.50
&
6]

0.00

Distance {m)
30 40

0 10 20 50 60

Figure 22: Profile of pore pressure along the cerdixis of Praclay gallery previous to its excavatio

The effect of anisotropy on the thermal field ard@RACLAY experiment was also checked by
CIMNE and found significant.

1.4 Conclusions

Globally, the results obtained by the differentntegoarticipating to the benchmark are in good
agreement.

As expected, some differences are noticeable bettveedifferent 2D and 3D approaches, due
to the inherent assumptions and limitations of eaodel:

* On one hand, the 2D plane strain model allows takito account the anisotropy of the
initial, leading to different behaviors in the twontal and the vertical direction (this is
mainly visible at the end of excavation in the pasaer pressure profiles, the effective
stresses field and the plastic zone extent). Oother hand, neither heat nor water flow
is allowed in the out-of-plane direction, so thesipation is only possible in the plane of
the model. Hence, some values (such as the poer wedssure) are higher than in the
2D axisymmetric and 3D models, more especiallyha vicinity of the PRACLAY
gallery.

* The 2D axisymmetric model offers the possibilitynmdel the PRACLAY experiment
including details all along the axial direction, @amyst which the bentonite sealing, the
connecting gallery, the end plug, etc. Flows in &x&l direction are also included and
they clearly influence the results, i.e. the poatew pressure profiles. However, the lack
of anisotropic properties in this approach constguthe major drawback of the model
when looking at the plastic behavior, leading te thfferences observed in the stress
paths and in the axisymmetric and less extendesfiplzone extent.
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 The 3D model appears as the ideal solution: botsoampy and axial modeling can be
included. However, this approach is much more nessuconsuming (computing time
and required memory). To overcome this problengrapromise must be found between
a faster coarse mesh and a more precise and nathestable refined mesh. The 3D
model presented in this report is the fruit of salattempts to solve this problem within
a few days of computation and getting results dlgba accordance with the best
predictions of the 2D plane strain and the 2D axisyetric models.

TIMODAZ
DeliverableD13 — Appendix N°8 18/129
Dissemination levelCO
Date of issue of this repo@0/09/2010

“":|||||||>



2 Introduction: the PRACLAY experiment
(van Marcke et al.)

For more than 30 years Belgium has been activelyystg the long-term management of high-
level and/or long-lived radioactive waste. A resbgorogram has been launched by the Belgian
Nuclear Research Centre (S®€BEN) at Mol in the early 1970's. This program falexd
international recommendations to isolate radioactwaste from humans and the environment by
geological disposal. This means that the wastesgoded of in a geologically stable formation
with appropriate characteristics. S€EEN chose to concentrate its efforts on investigathe
poorly-indurated Boom Clay layer beneath its ovta as a potential host formation. Because of
the lack of experience in the excavation of undmugd facilities at a depth of some 200 meters
in this type of clay, one of the main objectivestlod initial research and development (R&D)
program has been the assessment and demonstrétiba @easibility of constructing such a
repository. This is why the construction of the ergtound research facilty HADES (High-
Activity Disposal Experimental Site) was started $80 (Figure 23).

First shaft
1980-1982

URL
1982-1983

Second shaft Connecting gallery
1997-1999 2001-2002

.——""/’—'—

== Experimental shaft
PRACLAY gallery and gallery
2007 1983-1984

Figure 23:History and layout of the underground researchlfgcHADES

In 1985 ONDRAF/NIRAS, the Belgian Agency for Raditee Waste and Fissile Materials,
took over the R&D program for the disposal of radiove waste from SCKCEN. The
promising results already obtained made ONDRAF/NERdecide to confirm the Boom Clay
beneath the Mol site as the reference host formgtio the geological disposal of high-level
and/or long-lived radioactive waste. The constarctivorks carried out until then and the
construction of the Test Drift a few years late®8T) showed that it was possible to construct
shafts in frozen aquifer sands and to construgbodigl galleries in unfrozen clay. But the
feasibility of constructing galleries using an isthial technique had not yet been demonstrated.
An expert assessment in the late 1980's confirnmad the poorly-indurated clays, and in
particular the Boom Clay under the Mol site, cobé&lconsidered for the disposal of high-level
and/or long-lived waste, since they are able terodfffective protection in the very long term.
The Boom Clay had been found to have a very lowdwle conductivity, a plastic character
that gives it good self-sealing properties andgh lwapacity to fix radionuclides and, hence, to
delay their migration towards the biosphere.
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These encouraging results prompted ONDRAF/NIRAS &6#&e CEN to launch an ambitious
demonstration project: the PRACLAY project (NIRONI®97). The PRACLAY project was to
be managed by Euridice, the economic interest gooeated to that end in 1995 — though under
the name “EIG PRACLAY” at that time — and group@yDRAF/NIRAS and SCIK«CEN. This
project had three main objectives:

1. Demonstrating the feasibility, from both a techhiaa an economic point of view, of
constructing underground galleries similar, exeéepength, to the contemplated disposal
galleries and using the industrial techniques tmatld be used for constructing a real
geological repository;

2. Demonstrating the feasibility of constructing atemsection between main galleries and
disposal galleries;

3. Carrying out the PRACLAY Heater Test, namely simagthe disposal of heat-emitting
high-level waste in a geological repository in cld@yhis was to be done by installing
electrical heaters in a pilot gallery similar ineey respect, except the length, to the
disposal galleries considered in the referenceitaathre of the repository.

The first goal — demonstrating the feasibility afnstructing an underground gallery by an
industrial technique — was fulfilled by the constian of the Connecting Gallery in 2001-2002
(Bastiaens et al., 2003).

The next step in the research program was theataln of the PRACLAY project which aimed
demonstrating the feasibility of the reference giedor the deep disposal of heat-emitting high-
level vitrified radioactive waste. But in 2003 ORBF/NIRAS reviewed the design of the
engineered barrier system (EBS) (NIROND, 2003). EBS contains all engineered materials
placed within the repository, including the wasbenis, buffer materials, backfill and seals.
Three new designs for the EBS were considered.

The supercontainer was selected as the referensigndéor the EBS (NIROND, 2004).
However, ONDRAF/NIRAS considers the two other opsicas safe and valuable alternatives
and therefore wishes to keep the possibility tagwover to these alternatives at a minimal cost.
This implied that a unique large-scale demonstnagigperiment for one specific design was no
longer an adequate R&D approach. Therefore the RRRAXCproject was reorientated to be as
design-independent as possible to maintain thelityaland representativeness of the project in
case of future changes in the repository desigmm@ehe and Bel, 2003). The original scope of
the experiment — the demonstration of the referelesegn for vitrified high-level waste — was
enlarged to the characterization, verification, fearation and demonstration of relevant
elements of the disposal system and their behawgumeans of a combination of small surface
experiments and a large in-situ experiment.

The small surface experiments consist of testsacharising the host formation, the components
of the disposal system and the interaction betvieem and tests demonstrating the feasibility of
constructing these components of the disposal systbe OPHELIE mock-up (Van Humbeek
et al., 2009) and the ESDRED mock-up make parted¢é PRACALY surface experiments. The
first aimed at testing the original, and later atmred, design of a disposal gallery based on
precompacted bentonite. The second aimed at deratingtthe feasibility of applying a grout
backfill as considered in the supercontainer desigarthermore tests examining and
demonstrating the feasibility of constructing aemgpntainer were setup and are still on-going.
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Figure 24:The PRACLAY in-situ experiment comprises thres:test
the “Gallery&Crossing Test”, the “Seal Test” ande¢lfHeater Test”

The large In-Situ Experiment (Figure 24) comprigese tests:

1.

3.

the Gallery and Crossing Test further examining éewchonstrating the construction of an
underground repository by industrial method andv@rang the feasibility to construct a
crossing between galleries;

the Seal Test examining the feasibility of hydreally sealing the heated part of the
PRACLAY gallery from the rest of the underground,;

the Heater Test studying the response of the BolamtG a thermal impact.

2.1 PRACLAY gallery excavation

To host the Heater Test the construction of a nallery was needed. The existing galleries of
HADES were not suitable to host this test for thkofving reasons:

1.
2.

The lining was not designed to sustain the theto@a resulting from the Heater Test.

The installation of instrumentation is complicatad the existing galleries are not
designed for this purpose.

The period over which the clay massif remainedrd@ibefore the start of the Heater
Test is too long to reproduce the desired penglisonditions.

The experiment would disturb and complicate therajgens and on-going experiments
in HADES. The disturbed laboratory length would to® large and would limit the
available space for other future experiments.

Constructing a new gallery perpendicular to thesteng galleries also offered the possibility of
realising a crossing between two galleries simitarthe crossings foreseen in the reference
repository design. The construction of the crosdmtween the PRACLAY and Connecting
Gallery required a reinforcement ring because thiad of the latter is designed to allow
openings of maximum 100 mm. It was decided to useidorcement ring with an internal
diameter of 3.5 m not to narrow too much the CotingcGallery at the crossing. Because of
economical reasons and the presence of adjaceninmentation in the clay, the length of the
reinforcement ring was limited to 3.8 m. The maxmallowable diameter for an opening in the
Connecting Gallery when using a reinforcement nmingeting these requirements was 2.55 m.
The nominal diameter of the PRACLAY gallery on extos was therefore fixed at 2.50 m.
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The location of the PRACLAY gallery was chosen betw rings 32 and 35 of the Connecting
Gallery and the gallery was constructed towardstm. These choices were made considering
the existing instrumentation in the Connecting &gll the interactions between the Heater Test,
the other running experiments and the HADES inftecstire. Also the topography of the rings in
the Connecting Gallery was taken into account as determined the maximum external
diameter of the reinforcement ring that could bstatied.

The same excavation technique and type of liningapglied for the construction of the
Connecting Gallery were selected for the PRACLAVYlagg: excavating by an open-face
tunnelling machine and installing a concrete weblgek lining. The design of the lining had to
take into account a geotechnical loading due toptlessure exerted by the clay massif on the
lining and a thermal loading due to the increaseesses in and on the lining during the Heater
Test. A preliminary study on the stability of thallgry lining based on scoping calculations led
to the following considerations and conclusions:

* The lining thickness was fixed at 0.30 m and ttesihternal diameter of the PRACLAY
gallery was set at 1.90 m. Increasing the linirngkifiess was considered not to be useful
as this would only slightly affect the stressesthe lining and it would diminish the
internal diameter of the gallery and the effec8pace inside the gallery.

» The length of the lining rings was set at 0.50 ncamtrast to the lining rings of the
Connecting Gallery which were 1.00 m long. The rieggth was reduced to limit the
frictional force between the ring and the clay. Brer, shorter segments are easier to
handle and result in a shorter unsupported zonmdbehe tunnelling shield.

Compressive materials are incorporated in thedirfin and between lining rings) allowing for
thermal expansion of the lining and in that wayitling the thermally induced stresses.

Two types of high performance concrete (HPC) wermesitlered for the concrete segments: a
standard HPC (C80/95) and a heavy HPC. The heawy ks a higher elastic modulus and
thermal conductivity than standard HPC. Both typage almost the same compressive strength
of ca. 80 MPa. From scoping calculations it appgateat using a heavy HPC merely has
advantages. For a given thermal loading the maxirtangential stress in a heavy HPC is only
slightly smaller than in a standard HPC. Moreovempriesents a brittle behaviour at high
deformation which is unfavourable for the stabilitiythe liner. It was therefore decided to use
standard HPC rather than heavy HPC.

As the hydraulic seal is installed after the carddion of the PRACLAY gallery, an alternative
lining in the zone of the future hydraulic seaheeded. On the one hand, a maximal percentage
of the clay sidewall has to remain accessible tkemsure the bentonite properly seals off. On
the other hand, a certain support of the clay sidleis needed to prevent convergence and
instability of the sidewall.

In conclusion, the following design criteria werefided for the PRACLAY gallery:

 The PRACLAY gallery is located between rings 32 8bdbf the Connecting Gallery and
is constructed eastwards.

» The diameter of the PRACLAY gallery is set at 2rB0A reinforcement ring is placed in
the Connecting Gallery prior to the excavation vgotdk assure the stability of the lining
of the Connecting Gallery.
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* The excavation is done by an open-face tunnelinghine and 0.30 m thick concrete
wedge blocks (standard HPC) are used as lining.l@gth of the lining rings is limited
to 0.50 m to limit the frictional force between thimg and the clay. Compressive
materials are incorporated in the gallery linintpaing for some thermal dilatation and
in that way limiting the thermally induced stress&sthe location of the hydraulic seal
an alternative lining is placed.

The underground works started on 01.10.2007 wighctltting of the lining of the Connecting
Gallery, and the construction of the PRACLAY galleras successfully completed in 2007.

The tunnelling machine was then positioned in tpening and the excavation works were
started. The construction of the PRACLAY galler$4-lining rings including the rings for the
hydraulic seal —, between 04.10.2007 and 06.11,26@fe or less progressed as expected.
Beside for the start-up phase (i.e. the constraatiothe first 11 rings), the stop-and-go test and
the construction of the alternative lining at tbedtion of the future hydraulic seal, a progress
rate of 2 m/day was aimed for. From ring 15 on dlohieved construction rate complied in
general with the required rate. Only minor problewere encountered. These were mainly
mechanical problems (e.g. oil leakage due to brdiases) and delays due to limited working
space for equipment and personnel which also coatelil the repairing of these delays.

A stop-and-go-test was performed after the constmuof ring 79 by stopping the excavation
works for one week. The purpose of the stop-andegb was testing the level of difficulty to
restart the tunnelling machine as the friction estwthe clay and the shield increases during the
stand-still due to the convergence of the Boom @laynd the shield. The thrust force required
to push the shield forward after one week was abwige the normal thrust force. Still, this was
only ~25% of the maximum available force and nobfgms restarting the excavation works
were met.

Several measurements were carried out during aret Hfe excavation of the PRACLAY
gallery. They aimed at gaining as much informatam possible on the performance of the
excavation technique, the behaviour of the Boony @lad the impact of the excavation on the
clay. This information was obtained from observagi@and measurements of the clay, the lining
and the tunnelling machine.

2.2 PRACLAY Seal Test

A hydraulic seal was successfully installed in HRRACLAY gallery in 2010. The installation is
part of the PRACLAY In-Situ Experiment and its maiarpose is the creation of an undrained
hydraulic boundary at the intersection betweenheted part of the PRACLAY gallery and the
non-heated part. Such an undrained boundary isiregjuo achieve the most penalizing
conditions that are reasonably achievable duriegHbater Test.

The design of the hydraulic seal is mainly deteedity the design of the PRACLAY gallery
and the Heater Test. The seal is installed attarmie of 10 m from the Connecting Gallery to
limit the mutual interactions between the Heatest Band the Connecting Gallery. It consists of a
steel structure closing off the heated part of ¢fadlery from the rest of the underground
infrastructure and an annular ring of bentonite@thagainst the clay. The bentonite is hydrated
and its swelling pressure exerted against the wldyocally lower the hydraulic conductivity of
the clay. Scoping calculations proved that a ssadth of 1 m is sufficiently effective and that
no significant gain is obtained by further incregsihe length of the seal (Figure 25).
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Figure 25:Structure of PRACLAY Seal

To maintain the accessibility of the clay sidewall the location of the hydraulic seal, an
alternative lining is installed. The alternativaitig consisted of four steel rings making up the
permanent part of the lining and wood placed beliede steel rings as a temporary component
of the lining. The permanent part consists of €lstiags while the temporary part, mainly wood
placed between these rings, was removed beforeréation of the hydraulic seal.

The steel structure consists of two flanges thatpdaiced against the concrete lining next to the
hydraulic seal. Because the flanges are too largpe tinstalled in one piece, they are constructed
in four segments that are welded together on After both flanges are installed, an annular ring
of bentonite blocks is erected between the flargeisthe clay sidewall. Subsequently a cylinder
is placed in the annular bentonite ring and betwbertwo flanges. In that way the bentonite is
enclosed between the two flanges, the cylinder tamdBoom Clay. On the extrados of the
cylinder filters are placed for the hydration o thentonite

A circular plate placed in the cylinder closes th# opening of the cylinder and thus the heated
part of the PRACLAY gallery. Because this part bé tgallery still has to remain accessible
before the start of the Heater Test — this is n@ddethe assembly of the cylinder to the flanges
during the seal erection and for the installatidnttte heater and backfill material in the
PRACLAY gallery after the seal erection — a manhslplaced in the center of the plate. Before
the start of the Heater Test the manhole is cldsedelding a closing plate on it. The plate in
the cylinder has different openings for the feeabtigh of the instrumentation and the heating
system placed in the upstream part of the gallery.

The bentonite placed in an annular ring againsBem Clay has to exert a swelling pressure of
ca. 5 MPa against the Boom Clay to locally redineehtydraulic conductivity of the Boom Clay
around the seal and in that way create an undrdigdchulic boundary. It was decided to use
MX80 bentonite compacted into bentonite blocks. Theice of this type of bentonite was
mainly based on literature data on its swelling spuee, water retention potential and
permeability. Furthermore it is a Na-bentonite whinakes it chemically compatible with the
Boom Clay water and relevant experience and infeiomavith this type of bentonite exists from
its use in other experiments in underground resei@alities (Mont Terri, Bure, ASPO, AECL's
URL) and in the laboratory (by CEA, CIEMAT, CERME®d SKB). The desired initial dry
density of the bentonite which determines its swegllpressure and its final saturated
permeability was determined by scoping calculations
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Instrumentation was placed in the bentonite blotiksgain information on the bentonite
hydration and to be able to test and evaluate énepnance of the hydraulic seal.

2.3 PRACLAY Heater Test

The main goal of the PRACLAY In-Situ Experimentegamining the impact of a large-scale
thermal load on the Boom Clay. Such a thermal leads to perturbations in the clay and can
affect its performance as a host rock in the gacddglisposal concept for radioactive waste.
The impact of the thermal load on the clay is exeaiand evaluated in the Heater Test. To
overcome eventual future changes in the reposiie@sign and because it is not possible to
simulate the time scale, the spatial scale andbthendary conditions that apply for a real
repository, the test was designed to be as desdgpendent as possible and aims at imposing
the most penalizing THM conditions that are reabbnachievable.

More specifically the goals of the Heater Test are:

» Demonstrating that liquefaction of Boom Clay wilitroccur around a repository of heat
emitting waste;

» Assessing the heat dissipation from a repositomytaining heat emitting waste and
determining in particular the thermal conductiwatfythe Boom Clay;

» Estimating the major consequences of the THM impacthe Boom Clay with a major
focus on the effect of this impact on the transpoechanisms (i.e. whether or not fluid
transport remains diffusion dominated);

* Increasing the understanding of the effects on B&@ay characteristics after a thermal
pulse with respect to radionuclide transport relaparameters with a focus on the
retention capacity of the clay;

* Assessing the stability of the concrete lining dgrthe most penalizing conditions of a
thermal transient for any design, taking into aetothe temperature criterion of
Tmax<100°C around the overpack (Bel and Bernie®120

* Increasing our knowledge of the performance andb#ity of monitoring devices under
thermal stress and heater.

The purpose of the Heater Test is simulating tleenal impact generated by heat emitting high-
level waste (HLW) on Boom Clay. Simulating the exhgdrothermal conditions as in a real

disposal site is not possible. The time period owvbich the thermal load applies in a real

repository is too long (several hundreds to thodsaof years) and also the length of the
repository galleries and the boundary conditionsghsas the drainage conditions around the
repository, are different. Therefore the most pemg conditions in terms of the THM response

of the clay are considered within the limits of wli reasonably achievable. In addition, the
design of the Heater Test has to be as indeperdepbssible of the repository design to avoid
eventual future changes in the repository desigpgedizing the validity and representativeness
of the test.

The last phase in the installation of the PRACLA¥Situ Experiment will be accomplished in
2010 by the installation of the heating system badkfill material. The requirement for the
heating system is that it has to impose a conseanperature of 80°C in the clay at the gallery
extrados. This target temperature has to be adhistep-wise and slowly to limit the thermal
gradient and thus the stresses in the concretglifiihe backfill material was needed to create
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undrained conditions in the gallery. Therefore Itaekfill material had to be saturated as much
as possible.

The heater consists of a primary heater closeg@#fiery intrados and a secondary heater inside
a central tube (Figure 24). Both heaters consistlettrical heaters. The primary heater is

inaccessible during the Heater Test and therefeegl®ito be installed in a redundant manner.
The second heater is a backup and remains aceeasitlreplaceable at all times during the test.
Beside these heating elements, also a controlreystgulating the heating power as a function

of measured and target temperatures makes pdr dietating system.

The backfill material had to have a thermal conmhtgthigher than the thermal conductivity of
the liner and clay massif to efficiently transfae theat generated by the heating system towards
the clay massif. It also has to have a sufficiehityh hydraulic conductivity to allow a quick
equalization of the pore pressures in the backfdterial and finally it preferably has a narrow
grain size distribution to limit the density difearces between the top and bottom due to
segregation. The selected material fulfilling thesguirements was Mol Sand M34 of which ca.
200 ton was required to fill the gallery.

In a first phase all the cables of the instrumeaamanstalled in the heated part of the PRACLAY

gallery were grouped and passed through their dateg openings in the hydraulic seal. Also a
tube for the backfill installation and a tube foetlater backfill saturation were installed in the

gallery and passed through the hydraulic seal. &uently the primary heater cables at the
bottom of the gallery are placed and the floorfplah supporting the central tube and the central
tube is built over these heater cables. These coemts are built in sections starting from the
end of the gallery and continuing towards the hyticesseal.
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3 Exercise, idealisation proposed

3.1 General framework of the benchmark

This benchmark concerns the modelling of the lagme in situ experiment (PRACLAY for
preliminary demonstration test for clay disposalifified high-level radioactive waste) at the
Underground Research Laboratory (URL) at Mol. THRABRLAY experiment is desighed to
simulate the construction and operation (mainlytihga of a waste disposal gallery in a clay
host rock. One of the aims of the experiment ibdtter understand and quantify the thermal
impact on the THM behaviour and the sealing capaxdiclays and to verify the performance of
Boom Clay submitted to a thermal load at largeescal

Indeed, the effect of a large scale thermal loadhenbehaviour of Boom Clay is one important
remaining issue in the feasibility study of thepaisal. Indeed, the impact of the thermal load
generated by the waste is particularly importantesiit will significantly affect the temperature
and the stress profiles on the whole thicknessaaB Clay in the short term after the disposal.
The early transient thermo-hydro-mechanical (THM)tprbation might be the most severe
impact that the repository system will undergo olarge spatial scale and in a relatively short
period of time.

The PRACLAY experiments are performed within “ThRACLAY Gallery”, which is 45 m
long with an internal diameter about 2 m, linedhagbncrete segments and perpendicular to the
connecting gallery. The Boom Clay will be instrureehto characterize the THM behaviour
around the gallery. The heater length will be ab@itm. The PRACLAY in-situ experiment
regroups a set of three tests (see Figure 26pahery and crossing test, the heater test, thg plu
test.
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Figure 26: The PRACLAY experiments

The main idea of this benchmark is to reproduceetteavation of the PRACLAY gallery and
the heating phase of the PRACLAY experiment wittoapled thermo-hydro-mechanical model.
This modelling may be considered as a plane stnaomdimensional problem (this simple
geometry allows taking into account anisotropy iB),2a two-dimensional problem in
axisymmetric condition and a three dimensional b This last geometry allows taking into
account the effect of the anisotropy of the claydt the processes. The choice of the geometry
of the modelling is free and is let to the team.
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3.2 Geometry of PRACLAY gallery

The excavation has been performed under the piateat a shield and using the wedge block
system for the lining. The method has allowed araeation rate (excavation + installation of
the lining) of 2m/day. At the end of the gallery,"stop and go" test was done to assess the
feasibility to restart with the tunnelling machiatter a stopping period. For the security of the
connecting gallery, the construction of the PRACL@&allery requires a steel reinforcement ring
in the connecting gallery. The maximum possiblergiter for the opening in the connecting
gallery is 2.55 m. Consequently, the nominal diaanef the extrados of the PRACLAY gallery
has been fixed to 2.5 m taking into account theveogence. A diameter about 2.5 m
corresponds to the range of diameters considenethéorepository designs. (The results of the
crossing test will give additional information fthte optimization of the tunnel excavation and
will demonstrate the feasibility to construct assimg between an access gallery and a disposal

gallery.)

It has been chosen for the PRACLAY in-situ expeniméo use a heater system imposing a
temperature about 80°C, as constant as possibiiee afallery wall (extrados of the lining). The
heater system is located 10 cm (radius = 0.85 sifléenthe intrados of the liner. However a
second heater working at constant flux will beaflst as a backup of the primary heater in case
of failure. This back-up heater can be retrievednduthe PRACLAY Heater Test.

Plugs (within disposal galleries, between dispasal main galleries, between main galleries and
shafts) are considered, at least as a conservat@gsure, in the overall repository design in
order to e.g., limit interactions between varioepasitory zones (compartmentalization through
cutting the hydraulic connection along the galleming and EDZ), increase the resilience of the
repository to intrusion, and avoid gas migratiorheT“PRACLAY Plug Test” aims at
demonstrating that it is possible to cut-off hydically the EDZ and the engineered barriers of
the disposal galleries with a horizontal plug.

The geometry of the PRACLAY experiment is descrilbed-igure 27. The heater which is
delimited by a seal and a concrete end plug is 36nm. The nominal internal diameter of the
PRACLAY gallery is fixed to 1.9 m. The thicknesstbg liner is designed to 30 cm. The gap
between the initial radius of the gallery (over&ation) and the nominal radius 1.25 m
(extrados of the liner) is equal to 0.06 m.

The Figure 28 below gives an overview of the inskeatation program including temperature,
pore water, total stresses and displacements narasuts as well as the follow-up of the
chemical evolution in the Boom Clay around the.test
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Figure 27: Schematic representation of the PRACERpEriment
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Figure 28: Lay-out of the instrumented boreholesusrd the PRACLAY gallery
3.3 2D plane strain modelling

3.3.1 Geometry

This section describes the geometry of the modglor the 2D plane strain condition. The
studied cross view is situated near the middléheftteating zone, i.e. in the middle of ring n°44
(Figure 2) of the PRACLAY gallery.

This model is 100 m wide and 100 m high. Figurdluktrates the 2D plane strain model. The
inner radius is equal to 0.95 m, the thicknessefliner is equal to 30 cm as seen in Figure 29.
The liner is supposed to be put after a convergeh®ed6 m.

100m

Boom clay

0.06m
' 0.95m  0.3m 100m
Figure 29: Schematic representation of the 2D plsinain modelling
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3.3.2 Initial conditions

The clay is initially considered as homogeneous &udropic. It is supposed to be fully
saturated. Initial conditions are listed in TableFbr Boom Clay, they are close to the ones
encountered in the clay formation. The gravity wik be considered in this modelling.

Initial state Boom Clay

Total stresses [MPa] % 43

Oy = Oy 3.825

Ty 2.25

Effective stresses [MPd] ¢',, =¢',, 1.575
K'o 0.7

Pore pressure [MPa] Pwo 2.25
Temperature [°C] T 16

Table 1: Initial state in the Boom clay — stresgese water pressure and temperature

In the concrete liner, the initial conditions assuthat the concrete is saturated at a temperature
corresponding to the one of the host formation.

\1%4

Initial state Concret

Pore pressure [MPa]pwO 0.1
Temperature [°C] T 16

Table 2: Initial state in the concrete — pore wapeessure and temperature

3.3.3 Parameters
The Table 3 and Table 4 give the thermo-hydro ctarstics of the water.

Hydraulic characteristics Watgr
Fluid specific mass [kg/m3] Ay | 1000
Fluid dynamic viscosity [Pa.s] Lo | 10°
Liquid compressibility coefficient [MP§ X 5.10"

Table 3: Hydraulic characteristics for water

Thermal characteristics Watgr

Volumetric liquid thermal expansion coefficient {K| 3, | 3.10"

Liquid dynamic viscosity thermal coefficient K | a, | 0.01

Table 4: Thermal characteristics for water
The liquid dynamic viscosity varies linearly withet temperature following:
Ha(T) = Moo = Qo (T = To)

Here are presented, in Table 5 to Table 7, thenttrdrydro-mechanical characteristics of the
Boom Clay. The properties are given for the initexthperature and pore pressure. The values of
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these parameters are indicative and may be ditfexerording to the constitutive law used in
this exercise.

Geomechanical characteristics Boom Cjay
Drained Young elastic modulus [MPa]&, 300
Drained Poisson ratio [-] v 0.125
Grain specific mass [kg/m3] s 2682
Drained cohesion [kPa] c 300
Drained initial friction angle [°] ®» 5
Drained final friction angle [°] @ 18
Hardening parameter [-] By 0.01
Drained dilatancy angle [°] 7} 0
Biot’s coefficient [-] b 1

Table 5: Geomechanical characteristics for the Babay

The hardening rule for the friction angle is thédwing:

where the Von Mises equivalent plastic strain isamed by the integration of the Von Mises
equivalent plastic strain rate :

p— [ ap i 2P — 2*p*p
Eoq = Ioeeth with &, = :—35”.5”

The coefficients, represents respectively the value of equivaleatjl strain for which half of
the hardening on frictional angle is achieved.

Hydraulic characteristics Boom Clgy
Porosity [-] n 0.39
Intrinsic permeability [m?]| k3 |  4.10"

Table 6: Hydraulic characteristics for the Boomyla

Thermal characteristics Boom Clay
Thermal conductivity [W.m.K™] A 1.35
Volumetric heat capacity [J.AK 7] pC,| 28416
Linear solid thermal expansion coefficientK| A 10°

Table 7: Thermal characteristics for the Boom clay

The liner is composed of concrete C80/95. Due totgp its permeability is taken 10 times

greater than the clay permeability. Some charattesiof the liner are presented on Table 8 to
Table 10.
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Geomechanical characteristics Concrete

Young elastic modulus [MPd] &£, | 43305

Poisson ratio [-] v 0.25

Specific mass [kg/m3] P 2500

Table 8: Geomechanical characteristics for theiine

Hydraulic characteristics Concrete

Porosity [-] n 0.15

Intrinsic permeability [m?] k3 | 4.10"

Table 9: Hydraulic characteristics for the liner

Thermal characteristics Concrdte
Thermal conductivity [W.m.K™] A 1.5
Volumetric heat capacity [J.AK 7] pC,| 2210
Linear solid thermal expansion coefficientK| A 10°

Table 10: Thermal characteristics for the liner
The backfill material (Figure 29), constituted ahsg with a 40% porosity and saturated in water,
was not taken into account and not modelled inbeathmark for sake of simplicity.

3.3.4 Boundary conditions
Figure 30 represents the boundary conditions us#us 2D modelling.

Mechanical boundary conditions are defined as Vidio:
» X displacements are fixed on the boundaries DCa&FF'E.
» Y displacements are fixed on the boundaries EDaA8 B'C.

* Boundary B'F': External forces decreasing duringaeation phase and next contact with
BF boundary.

Hydraulic boundary conditions:
* Boundaries GF, F'E, ED, DC, AB and B’'C are impenso
* Boundary B'F'": pore pressure decreasing (excavatiase 1).

 Boundary AG: pore pressure fixed (excavation phasand waiting phase 2) and
impervious (heating phases 3 and 4).

Thermal boundary conditions:
* Boundaries BC, CD, DE and EF are adiabatic.
* Boundary AG: temperature increasing (heater phasesl 4).
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Figure 30: Schematic representation of the boundanyditions in the 2D plane strain modelling

3.3.5 Description of the calculation

The modelling first consists in the excavation loé gallery and, in a second step, a thermal
loading is applied at the extrados of the liner:

Phase 1: Duration: 24 hours
» Excavation of the gallery: external forces decragsin boundary B'F'.
» Decreasing pore pressure from initial value to kP& on boundary B'F'.
» Temperature fixed at initial value on the whole @m
» Pore pressure fixed at 100 kPa on the whole liner.
Phase 2: Duration: 3.5 years
* Waiting phase: pore pressure fixed at 100 kPa amdary AG (liner intrados).
» Temperature fixed at initial value on the whole @m
Phase 3: Duration: 6 months

» Heater phase: temperature linearly increasing firotial value to 85°C at the intrados of
the liner (boundary AG).

 Water undrained conditions on the whole domain.
Phase 4: Duration: 10 years

» Stabilised heater phase: temperature fixed to & °te intrados of the liner (boundary
AG).

 Water undrained conditions on the whole domain.

The actual heater system is constituted of a pmmgw/ork with heat water flow inside; it is
located 10 cm inside the intrados of the liner emploses a temperature, as constant as possible,
of about 80°C at the extrados gallery wall. In thadposition, this complex system is idealised
simply by imposing an increase of the temperatinexty at the intrados of the liner.
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3.3.6 Output results

It is asked to supply the results (pore water piegs,, temperaturd, effective stressesy, o'y
and displacements,, uy) along the two profiles ABC and GFE (Figure 31) e 8 following
times:

* End of the phase 1 (excavation phase): t; =24 h = 86 400 sec.

* End of the phase 2 (waiting phase): to =t + 3.5 years =110 462 400 sec.
* End of the phase 3 (heater phase): t3 =t; + 6 months =126 230 400 sec.
* Phase 4 (heater phase): ty =tz + 0.5 year =141 998 400 sec.
* Phase 4 (heater phase): ts =t3 + 1 year =157 766 400 sec.
* Phase 4 (heater phase): ts =t3 + 2 years =189 302 400 sec.
* Phase 4 (heater phase): t; =t3 + 5 years =283 910 400 sec.
* End of the phase 4 (heater phase): tg =t3 + 10 years =441 590 400 sec.

1
|
100m
T F

=
i\

VL

T - - C_>‘{ _>{

0.95m  0.3m 100m Figure 32: Sensors location for time evolution of
Figure 31: Two profiles output results for the 2D results in the 2D plane strain modelling

plane strain modelling

It is asked also to supply the time evolution ahsaresults (pore water presspig temperature

T, mean effective stregs and deviatoric effective stregsfor the 4 sensors (P35E, P38E, P42E
and P49E) and the wall of the Boom clay (point B'=Bcated on the Figure 32. The nominal
radial distances from the centre of the galleryh® sensors P35E, P38E, P42E and P49E are
respectively 2m, 5m, 9m and 16m but the correctadies taking borehole deviation into
account are given on Table 11.
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Sensors Horizontal distance x [m] Vertical distapdm] | Radial distance r [m]
P35E 2.197 0.16 2.203
P38E 4.757 0.24 4.763
P42E 8.959 0.32 8.964
P49E 16.192 0.39 16.197

Table 11: Sensors location taking deviation into@mt (ring 44)
It is also asked to provide the temporal evolut@minthe dissipated power (per one meter

thickness) all during the heating phase.
3.4 2D axisymmetric modelling

3.4.1 Geometry
This section describes the geometry of the modglfor the bi-dimensional axisymmetric

conditions. The geometry of the PRACLAY gallerypsovided in Figure 27. Seven different
materials are involved in the construction of trelegy. Most of the liner rings are made of
concrete elements, but some steel components syeuséd for the seal and, at the end of the
gallery, for the lost shield and the stiffened btg®d. The friction coefficient between the ring
and the host clay depends on the external geonoéttizge concrete liner. some of them are

grooved. All the data are summarized in the TaBle 1

Ring Material External surfade
1-15 C80/95 concrete
16-19 C80/95 concrete (metal foam) Grooved
20 ZHW C125/150 concrete
Seal Steel
21 ZHW C125/150 concrete
22-75 C80/95 concrete (metal foam)
76-81 ZHW C125/150 concrete | Non-grooved
Steel shield Steel
Compressive end plug C30/37 concrete
End plug C30/37 concrete

Table 12: Description of the liner components

3.4.2 Initial conditions
The clay is initially considered as homogeneous @udropic. It is supposed to be fully

saturated. Initial conditions are listed in the [Bab3. Be careful the initial stress conditions are

isotropic.
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Initial state Boom Clay|

Total stresses [MPa] | oy =0 =0y 4.5

Og =0y =0 2.25
Effective stresses [MPa] % " “

Ko 1
Pore pressure [MPa] Pwo 2.25
Temperature [°C] T 16

Table 13: Initial state in the Boom clay — stresqeore water pressure and temperature

In the concrete liners, the initial conditions assuthat the concrete is saturated at a temperature
corresponding to the one of the host formation.

Initial state Concret¢

Pore pressure [MP3] puo 0.1
Temperature [°C] | T 16

Table 14: Initial state in the concrete — pore wateessure and temperature

In the steel components, the initial temperatureesponds to the one of the host formation.

3.4.3 Parameters
Table 15 and Table 16 give the thermo-hydro charetics of the water.

Hydraulic characteristics Watgr
Fluid specific mass [kg/m3] Ay | 1000
Fluid dynamic viscosity [Pa.s] Ly | 10°
Liquid compressibility coefficient [MP§ X 5.10"

Table 15: Hydraulic characteristics for water

Thermal characteristics Watgr

Volumetric liquid thermal expansion coefficient {K| 3, | 3.10"

Liquid dynamic viscosity thermal coefficient K | «, | 0.01

Table 16: Thermal characteristics for water

The liquid dynamic viscosity varies linearly withet temperature following:
Ha(T) = Moo = Qoo (T = To)

Here are presented, in Table 17 to Table 19, thentt-hydro-mechanical characteristics of the
Boom Clay. The properties are given for the initexthperature and pore pressure. The values of
these parameters are indicative and may be ditfexerording to the constitutive law used in
this exercise.
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Geomechanical characteristics Boom Cjay

Drained Young elastic modulus [MPa]&, 300

Drained Poisson ratio [-] v 0.125

Grain specific mass [kg/m3] s 2682

Drained cohesion [kPa] c 300
Drained initial friction angle [°] ®» 5
Drained final friction angle [°] @ 18

Hardening parameter [-] By 0.01

Drained dilatancy angle [°] 7} 0
Biot’s coefficient [-] b 1

Table 17: Geomechanical characteristics for the iBazay

The hardening rule for the friction angle is thédwing:
(¢ -a)e,
Byt e

where the Von Mises equivalent plastic strain isamied by integration of the Von Mises
equivalent plastic strain rate :

p—['zp i o — |2 2p2p
Eoq = Ioeeth with &, = :—35”.5”

The coefficients, represents respectively the value of equivaleatjul strain for which half of
the hardening on frictional angle is achieved.

=@+

Hydraulic characteristics Boom Clgy

Porosity [-] n 0.39

Intrinsic permeability [m?] k' |  4.10"

Table 18: Hydraulic characteristics for the Boorayl

Thermal characteristics Boom Clay
Thermal conductivity [W.m.K™] A 1.35
Volumetric heat capacity [J.AK™] pC,| 28416
Linear solid thermal expansion coefficientK| A 10°

Table 19: Thermal characteristics for the Boom clay

The nature of the liner varies along the Praclalegaas depicted in Table 12. From ring 1 to
15, the liner is composed of concrete C80/95. Frioigp 16 to 19 and from ring 22 to 75, some
metal foam is inserted within the concrete blocst Bake of simplicity, these two types of
concrete are supposed to have the same propdtiesto joints, the permeability of the liner is
taken 10 times greater than the clay permeab#itgm ring 20 to 21 and from ring 76 to 81, the
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liner is made of concrete ZHW C125/150. At the emndhe gallery, the compressive end plug
and the end plug are supposed to be both madenofete C30/37.

The characteristics of different materials involwedhe liner are presented in the Table 20 to the
Table 30.

Geomechanical characteristics C80/95 Congete
Young elastic modulus [MP4d] £, 43305
Poisson ratio [-] v 0.25
Specific mass [kg/m3] P 2500

Table 20: Geomechanical characteristics for the ©80iner

Hydraulic characteristics C80/95 Concrg¢te
Porosity [-] n 0.15
Intrinsic permeability [m2]] k> 4.10%

Table 21: Hydraulic characteristics for the C80/@%er

Thermal characteristics C80/95 Concrgte
Thermal conductivity [W.m.K™] A 1.5
Volumetric heat capacity [J.AK™] oG, 2216
Linear solid thermal expansion coefficient{K| A 10°

Table 22: Thermal characteristics for the C80/9%eli
From ring 20 to 21 and from ring 76 to 81, the dieecomposed of concrete ZHW C125/150.

. ... | ZHW C125/150
Geomechanical characteristics
Concrete
Young elastic modulus [MP4d] 5, 55500
Poisson ratio [-] v 0.25
Specific mass [kg/m3] P 2500

Table 23: Geomechanical characteristics for the ZBW25/150 liner

Hydraulic characteristics ZHW C125/150
Concrete
Porosity [-] n 0.15
Intrinsic permeability [m?]| k> 4.10"

Table 24: Hydraulic characteristics for the ZHW G150 liner

TIMODAZ
DeliverableD13 — Appendix N°8 39/129

Dissemination levelCO
Date of issue of this repo@0/09/2010

“":|||||||>



Thermal characteristics ZH\(/:VOCn:(lzrzest/elSo
Thermal conductivity [W.m.K™] A 1.5
Volumetric heat capacity [J.AK™] oG, 2216
Linear solid thermal expansion coefficient K| 2 10°

Table 25: Thermal characteristics for the ZHW CI13® liner
At the end of the gallery, concrete end plugs (83PAre used.

Geomechanical characteristics C30/37 Congete
Young elastic modulus [MP4d] £, 32000
Poisson ratio [-] v 0.25
Specific mass [kg/m3] P 2500

Table 26: Geomechanical characteristics for the 330iner

Hydraulic characteristics C30/37 Concrg¢te
Porosity [-] n 0.15
Intrinsic permeability [m2]] k> 4.10%

Table 27: Hydraulic characteristics for the C30/8ver

Thermal characteristics C30/37 Concrgte
Thermal conductivity [W.m.K™] A 1.5
Volumetric heat capacity [J.AK™] oG, 2216
Linear solid thermal expansion coefficient{K| A 10°

Table 28: Thermal characteristics for the C30/3li
Steel components are also used in the seal ahé ot shield.

Geomechanical characteristics stegl

Young elastic modulus [MP4d] &, | 205000

Poisson ratio [-] v 0.3

Specific mass [kg/m3] p | 7800

Table 29: Geomechanical characteristics for steel

Thermal characteristics stee
Thermal conductivity [W.m.K™] A 50
Volumetric heat capacity [J.AK™] pC,| 3.910
Linear solid thermal expansion coefficient{K| z | 1.2 10°

Table 30: Thermal characteristics for steel
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The grooved external surface of some parts ofittex khllows a higher friction angle between
the liner and the host clay. It is proposed to mwarsa friction angle of 16.7° for the grooved
surface and of 5.7° for the non-grooved zone.

The backfill material, constituted of sand with @% porosity and saturated in water, may or
may not be taken into account for sake of simplidit the case it is modelled, the properties of
the backfill material given in the Table 31 to fheble 33 can be used.

Geomechanical characteristics backfill matefial

Young elastic modulus [MP4d] 5, 1000
Poisson ratio [-] v 0.25
Specific mass [kg/m3] P 2500

Table 31: Geomechanical characteristics for thekfidlanaterial

Hydraulic characteristics backfill materip

Porosity [-] n 0.40

k sat

int

Intrinsic permeability [m?] 1.10%

Table 32: Hydraulic characteristics for the backfaterial

Thermal characteristics backfill materjal

Thermal conductivity [W.m.K™] A 1.5
Volumetric heat capacity [J.AK™] oG, 2216
Linear solid thermal expansion coefficientK| A 10°

Table 33: Thermal characteristics for the backtiaterial

3.4.4 Description of the calculation and the boundary conditions

The dimensions of the Finite Element Model are moposed. The boundary conditions
correspond to those of the 2D plane strain modegu(E 30). The excavation method has
allowed an excavation rate (excavation + instalfatof the lining) of 2m/day. The liner is

supposed to be put after a convergence of 0.06onthe seal element, it is proposed to model it
with a steel ring (with the same thickness as thacrete one), without representing explicitly
the bentonite. However, the action of the bentosit@odelled by imposing a total stress history
corresponding to the swelling pressure and consigleimpervious condition at the steel

extrados.

The history of the swelling pressure is given ia Trable 34.

Time [yr] | Swelling pressure [MP{]
0 0
1 14
1.5
2.5 and later 4.5

Table 34: Time evolution of the swelling pressuterahe installation of the seal
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Figure 33 represents the schematic geometry in2bisnodelling, with the different materials.
The participants are allowed to simplify this gedméor the modelling efforts.

1
Connecting gallery -
|

PRACLAY gallery 9.5m  C80/95, grooved

Josm  ZHW, grooved
1.0m  Seal

T . T0.25m _:0.5 m  ZHW, non-grooved

| Thickness |
0.30 m

] 27.0m C80/95, non-grooved

I R Position 2D plane strain modelling

Heater /

30m Iongi

|
i 3.0m  ZHW, non-grooved
|
I
|

T0.25m |

Thickness
' 010m |24m  Steel shield

T025m C30/37

30° 1.75m C30/37

R=3.5m
Figure 33: Schematic representation of geometmtyh@2D axi-symmetric modelling

The modelling first consists in the excavation loé gallery and, in a second step, a thermal
loading is applied at the extrados of the liner:

Phase 1: Duration: 20 days
» Excavation of the gallery.
» Temperature fixed at initial value on the whole @m
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The numerical modelling of the excavation processat imposed (progressive, step by step,
instantaneous) but, after 20 days, the total stsesgual to zero and the pore pressure is equal to
100 kPa.

Phase 2: Duration: 2.5 years
* Waiting phase: pore pressure fixed at 100 kPa @firikr intrados.
» Temperature fixed at initial value on the whole @m

Phase 3: Duration: 1 year
* Installation of the seal (total stress increas@eimious boundary)
* Waiting phase: pore pressure fixed at 100 kPa @firikr intrados.
» Temperature fixed at initial value on the whole @m

Phase 4: Duration: 6 months

» Heater phase: temperature linearly increasing firotial value to 85°C at the intrados of
the liner (Be careful the heater is 30 m long).

* Water undrained conditions at the liner intradoshia part of the gallery after the seal.
The hydraulic conditions remain the same as tha anéhe previous phases, in the part
of the gallery between the connecting gallery diedseal.

Phase 5: Duration: 10 years
» Stabilised heater phase: temperature fixed to & Ge intrados of the liner.

* Water undrained conditions at the liner intradoshia part of the gallery after the seal.
The hydraulic conditions remain the same as tha anéhe previous phases, in the part
of the gallery between the connecting gallery diedseal.

The actual heater system is constituted of a pnmgw/ork with heat water flow inside; it is
located 10 cm inside the intrados of the liner emploses a temperature, as constant as possible,
of about 80°C at the extrados gallery wall. In thadposition, this complex system is idealised
simply by imposing an increase of the temperatinexty at the intrados of the liner.

3.4.5 Output results

It is asked to supply the results (pore water press,, temperaturd, effective stresses,, ¢';
and displacements, u,) along the five profiles (Figure 34) for the 9léaling times:

* End of the phase 1 (excavation phase): t; = 20 days =1 728 000 sec.
* End of the phase 2 (waiting phase): to =t + 2.5 years = 80 568 000 sec.
* End of the phase 3 (seal + waiting phas&)=t, + 1 year =112 104 000 sec.
* End of the phase 4 (heater phase): t4 =t3+ 0.5 year =127 872 000 sec.
* Phase 5 (heater phase): ty =t3 + 0.5 year =143 640 000 sec.
* Phase 5 (heater phase): ts =t3 + 1 year =159 408 000 sec.
* Phase 5 (heater phase): ts =t3 + 2 years =190 944 000 sec.
* Phase 5 (heater phase): t; =t3 + 5 years = 285 552 000 sec.
TIMODAZ
DeliverableD13 — Appendix N°8 43/129

Dissemination levelCO
Date of issue of this repo@0/09/2010

“":|||||||>



* End of the phase 5 (heater phase): tg =t3 + 10 years =443 232 000 sec.
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Figure 34: Five profiles output results for the 2Ri-symmetric modelling

It is asked also to supply the time evolution ahsaresults (pore water pressyg temperature

T, mean effective stregs and deviatoric effective stregsfor the 4 sensors (P35E, P38E, P42E
and P49E) and the wall of the Boom clay, locatedhenFigure 34. The nominal radial distances
from the centre of the gallery to the sensors PFSBE, P42E and P49E are respectively 2m,
5m, 9m and 16m but the correct distances takinghmie deviation into account are given in the
Table 35.
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Sensory Radial distancer [
P35E 2.203
P38E 4.763
P42E 8.964
P49E 16.197

Table 35: Sensors location taking deviation into@mt (ring 44)

It is also asked to provide the temporal evolubdihe global (2 radian) dissipated power (for
one meter thickness) all during the heating phase.

3.5 3D modelling

The geometry of the 3D modelling should be inspibgdthe geometry of the two preceding
cases. This modelling effort should concentratéheranisotropic effects in the Boom clay.
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4 General form of numerical results

4.1 2D plane strain modelling
Partners active in this model: NRG — ULg — EuridicEIMNE

4.1.1 Pore water pressure

In the 2D plane strain modelling, the anisotropyhe initial stresses is taken into account. The
effect on the pore water pressure field can be aseoon as the excavation takes place.

2D plane strain (BC1)

35

— ABC (horizontal) profile:
— excavation
3.5yr
— 4.0yr
— 14.0yr
x  GFE (vertical) profile:
x excavation
3.5yr
x 4.0yr
x 14.0yr

pore water pressure [MPa]

0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 35: Pore water pressure along ABC (horizén¢éad GFE (vertical) profiles

The Figure 35 shows the evolution in time of theepwater pressurepy() profiles along the
horizontal and vertical directions (ABC and GFEspectively). This figure corresponds to the
far-field boundary conditions considered in a fitishe (denoted BC1), that are no x- and y-
displacement.

Just after the excavation (in re@), decreases in the vicinity of the excavated tudioel to the
drainage boundary condition (100 kPa). The diffeecof behaviour in the horizontal and
vertical directions is the most visible at that nemt whilep,, is monotonically increasing from
the excavated gallery to the far-field in the GRéttical direction (red x-marks in the figure).
The curve representing, in the ABC horizontal direction (continuous redv®) exhibits a peak
equal to 2.4 MPa around 8m from the gallery axigl #hen it decreases to 2.25 MPa, the initial
value. The Figure 36 is another illustration of tilen-uniform pore water pressure field at the
end of the excavation.

After a period of time equal to 3.5 years (greemasks and curve, Figure 35), the PRACLAY
gallery is closed and heater test begins. Therdifilee between vertical and horizontal profiles is
not as pronounced as just after the excavation.
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Figure 36: Pore water pressure at the end of theaeation.
Detailed view of the same contour levels at twiedkht scales.
Due to the heatingy, increases, first in the vicinity of the gallerigen further. The blue x-marks

and curve represept, 4 years after the excavation, or 6 months afterbdginning of the heater
test, i.e. when the temperature of the heater daeiaches the nominal temperature (85°C).

The magenta x-marks and curve correspond to theoetite heater experiment, 10 years after
constant heating, or 14 years after the excava#iernt clearly appears on Figure 35:

» the pore water pressure is much larger than inrthial conditions, reaching 3 MPa in
the vicinity of the gallery, and decreasing to atdd65 MPa in the far-field;

» the difference between the vertical and horizopt@files is still visible, but much
smaller compared to the difference during the pistiod modeled.

Effect of the far-field boundary conditions:

As suggested by Euridice, a second type of mechhkfac-field boundary conditions (denoted
BC2) has been investigated. Instead of zero x-yadigplacements on CD and DE boundaries
(cf. Figure 30), displacements are free and a t@adondition is applied, assuming total stresses
equal to:

* gy =-4.5MPain the vertical y-direction along Déonpressive load)
* (O = - 3.825 MPa in the horizontal x-direction alo@D (compressive load)

Using these BC2, one gets slightly different resuéts depicted on Figure 37. Globally, the
remark concerning the effect of anisotropy of th#aal effective stresses is still valid (differenc
between horizontal and vertical profiles).

The main difference with respect to BC1 is thelflesel of thepy:

* in the vicinity of the PRACLAY galleryp, reaches up to 3 MPa using BC1, while the
maximum value is about 2.65 MPa when BC2 are used ;

* in the far-field,py increases significantly, exceeding 2.5 MPa, wi@ilBwhile it remains
at the initial value (2.25 MPa) when using BC2.
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2D plane strain (BC2)

ABC (horizontal) profile:

x x|

excavation
3 F s 3.5yr
14.0 yr
GFE (vertical) profile:
B XX RKRRXRKKK ® 35 yr
g x 4.0yr

4.0yr
2.5 N |
— XXy excavation
x 14.0yr

pore water pressure [MPa]

20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 37: Pore water pressure along ABC (horizdnéend GFE (vertical) profiles using BC2
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Figure 38: Pore water pressure at the end of theaeation using BC2.
Detailed view of the same contour levels at twieddht scales.

Evolution in time of py at the sensorslocation
The evolution opy, is plotted in the Figure 39, using BC1. Three niases can be identified:

» First, a quasi-instantaneoys, decrease corresponds to the excavation. The drop
amplitude is obviously larger for sensors closeh® gallery wall, wherg,, decreases
down to 100 kPa that is a drainage boundary camditFor P35E sensop, stops
decreasing when the contact occurs between Boonaala the liner (convergence of the
clay), modifying mechanical stresses.

* Then, during the next 3.5 years, is still decreasing, but the rate of decreasewl,
more especially for sensors further from the ggl{@49E, which is about 16 m far from
the gallery axis). Due to the “building” of the éin the drainage conditions are a little bit
different: the 100 kPa boundary condition is nowlma at the inner surface of the
concrete liner instead of the outer surface (treaeation wall). That is the reason why
pw at the wall is quickly rising first, and then deases again.
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The third phase corresponds to the heater tesn Brb years to 4 years, the temperature
at the inner surface of the liner is increasingrré6°C to 85°C, and then it remains
constant at 85°C for 10 additional years. Due # hbatingp, increases. The rate of
increase is higher in the vicinity of the galleitycan be observed thay, at the wall and
sensors P35E, P38E, and P42E is approximatelyatine sluring the 10 last years. The
value ofpy, at sensor P49E is slightly lower (about 0.15 M#Pa} the value at the other

locations.
2D plane strain (BC1)
3.5 ‘
— wall
P35E
3 — P38E
— P42E
- P49E
& 25 |
2
e
227
o
[=%
o 15+ f
© |
= [ 15
@
5] 1 { 1
& | 0.5 —
| 0 " b.J - |
05 | 2 A 0 1 2 3
i time after end of excavation [d]
= } |
0 I | ‘ ! . J
0 2 4 6 8 10 12 14

time after end of excavation [yr]

Figure 39: Evolution in time of the pore water pgase at sensors location

Considering now the second type of boundary camusti one gets the curves in Figure 40. The
behaviour is similar to the one using BC1. The ndifference is a lower rate of increasipg
during the heater test using BC2. The fipals also lower: 2.65 MPa vs. 3 MPa using BC1.

2D plane strain (BC2)

35 |
— wall
P35E
3 — P38E
— P42E
- - P49E
o 25 ! L
=
1} :
§ 2 - [
o I
o LD -
§ 15 -
© |
z / 15 I
5 1 | "
(=8 ‘Iu 0.5 | —
| 0 . — €
05 { 2 4 0 1 2 3
\ ! time after end of excavation [d]
oL—+ - : : - - |
0 2 4 6 8 10 12 14
time after end of excavation [yr]
Figure 40: Evolution in time of the pore water pase at sensors location using BC2
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4.1.2 Temperature

The temperature is uniform and equal to 16°C befbeeheater test begins, i.e. during the 3.5
first years.

Then, during the heater test, the profiles in teiwal and horizontal directions remain equal, as
it could be expected: there is no influence ofdhéy anisotropy introduced in the model (which
is the anisotropy of initial effective stresses).

The increase of temperature is almost equal to inesdarge domain: even at the end of the test,
the temperature remains at 16°C from the far-figgdo 50 m from the gallery axis (cf. Figure
41).

2D plane strain (BC1)

90
— ABC (horizontal) profile:
— excavation
3.5yr
— 4.0yr
— 14.0yr
x  GFE (vertical) profile:
ey x excavation
S_,) 1 3.5yr
o x 4.0yr
3 x 14.0yr
]
@
Q.
£
L
10 :
0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]
Figure 41: Temperature profiles
2D plane strain (BC1)
90
80 +
70
O 60 - 1
e
2 50t
@
Q.
E 40 |
30 + 1
20 1
10 I I I L I I
0 2 4 6 8 10 12 14
time after end of excavation [yr]
Figure 42: Evolution in time of the temperaturesahsors location
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The increase of temperature is lower than 10°C Gatn (at the end of the test), and the
temperature is about 25°C at sensor P49E locafiénn{ from the gallery axis), as shown in
Figure 42. Higher temperatures are observed invitiaity of the gallery: almost 80°C at the
wall, and more than 50°C up to sensor P42E (4.ifom Qallery axis).

Effect of the far-field boundary conditions:

The modification of far-field mechanical boundagnditions (BC2) has absolutely no influence
on the temperature field, so only figures using B4 depicted here.

4.1.3 Radial displacement

The radial displacement at the wall of the excaVaallery reaches immediately -6 cm in both
vertical and horizontal directions, which correspoio the convergence of the Boom clay
(excavation radius = 1.31 m) entering in contadhwine concrete liner (external radius = 1.25
m).

Going deeper inside the Boom clay, the radial disgrinent decreases and becomes anisotropic,
as shown in the Figure 43. In fact, the radial ldispment is anisotropic (due to the anisotropic
initial effective stresses), but the shape of therl(a circular section) induces the same radial
displacement in both vertical and horizontal digattin the very close vicinity of the gallery, as
long as the Boom clay is in contact with the linEne fact is that the Boom clay enters in contact
in the vertical direction before it enters in thegibontal direction, but this is not noticeablefz
time-scale of the figure.

Due to the heating, the radial displacement deesé®ore precisely it becomes less negative)
and even a positive radial displacement can bereddeat the end of the test for radial

coordinates higher than 5 m. For the coordinateteiud m, the radial displacement remains
negative, the effect of the Boom clay convergeneed larger than the effect of thermal

dilatation.

2D plane strain (BC1)

— ABC (horizontal) profile:
— excavation
3.5yr
— 4.0yr
— 14.0yr
x  GFE (vertical) profile:
x excavation
3.5yr
x 4.0yr
x 14.0yr

radial displacement [cm]
NS

0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 43: Radial displacement along ABC (horizéngad GFE (vertical) profiles

In the Figure 43, the influence of the far-field eghanical boundary conditions can clearly be
observed: since zero-displacement is prescribdtieaboundary in both directions, the radial
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displacement tends to zero during the whole testr(fthe excavation until 14 years after) and
for both vertical and horizontal profiles.

In the Figure 44, the radial displacement is ptbttéhen using the second type of boundary
conditions. The main difference with respect tagBC1 is that the displacement being free at
the far-field boundaries, it remains anisotropicang the profiles including at the far-field
boundaries, where the amplitude of the displacensdass than 0.5 cm.

2D plane strain (BC2)

2
— ABC (horizontal) profile:
1 — excavation
I FXREHXKXH X X x5 3.5 yr
e XX X X x x x XXX X X X X X X X x X X — 40 yr
0 - - | — 140yr )
E. §§§§§§§§§§§§§§§§§§§§ ¥ X R OF R R R OE RN X XY MK M XX z SchEv(;ﬁgécal) profile:
e 1 : 35yr
£ x 4.0yr
E 2L ] x 14.0yr
Q.
L
> 3t :
©
2
o
4 L J
5 L 1
_6 L L L L I L L L

0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 44: Radial displacement along ABC (horizénéand GFE (vertical) profiles using BC2

4.1.4 Effective stresses

2D plane strain (BC1)

— ABC (horizontal) profile:
— excavation

3.5yr

4.0yr

14.0 yr

GFE (vertical) profile:
excavation

3.5yr

4.0yr

x 14.0yr

x x|

X

vertical stress [MPa]

-4 I I L I I I L L
0 10 20 30 40 50 60 70 80 90 100

radial coordinate [m]

Figure 45: Vertical effective stress along ABC {hontal) and GFE (vertical) profiles
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2D plane strain (BC1)

ABC (horizontal) profile:
excavation

3.5yr

4.0yr

14.0 yr

GFE (vertical) profile:
excavation

3.5yr

4.0yr

x 14.0yr

x x|

X

horizontal stress [MPa]

-4 I I L I I I I L L
0 10 20 30 40 50 60 70 80 90 100

radial coordinate [m]

Figure 46: Horizontal effective stress along ABGr{kontal) and GFE (vertical) profiles

2D plane strain (BC2)

— ABC (horizontal) profile:
— excavation

3.5yr

4.0yr

14.0 yr

GFE (vertical) profile:
excavation

3.5yr

4.0yr

x 14.0yr

x x|

X

AT B e

vertical stress [MPa]

-3

-4 I I L I I I I L L
0 10 20 30 40 50 60 70 80 90 100

radial coordinate [m]

Figure 47: Vertical effective stress along ABC {hontal) and GFE (vertical) profiles using BC2
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2D plane strain (BC2)
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14.0 yr

GFE (vertical) profile:
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3.5yr

4.0yr

14.0 yr

Figure 48: Horizontal effective stress along ABGr{kontal) and GFE (vertical) profiles using BC2

Mean and deviatoric effective stresses and stress path at sensors location

The Figure 49 and Figure 50 represent the evolutibnhe mean and deviatoric effective

stressesy’ andq respectively defined as below, at sensors locafibe initial values are:

* mean effective stresp’ :%J{i =-1.8 MPa

N | =

« deviatoric effective stresg=,|-J; :J; =0.39 MPa

2D plane strain (BC1)

-0.6
— wall
P35E
-0.8 | 1 | — P38E
— P42E
= 1. , P49E
o
=
o 12 - .
o
@
g ]
2
£ 16 - .
c
3
e -18 - |
2 L ]
_22 L I I L I I
0 2 4 6 8 10 12 14
time after end of excavation [yr]
Figure 49: Evolution in time of mean effective s&r@’ at sensors location
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2D plane strain (BC1)

— wall
P35E
T 1 | — P3sE
— P42E
09 - J P49E

0.8 - /

0.7 +

06 -

05 -

deviatoric effective stress [MPa]

04

03 L I I L I I L
0 2 4 6 8 10 12 14
time after end of excavation [yr]
Figure 50: Evolution in time of deviatoric effe@istress g at sensors location

The Figure 51 illustrates the stress path at sensaation in the plane of the two (effective)
stress invariantl andl, defined as:

l,=0% =3p’ 1)
= 26" 15t =3 2
2750005 3 (2)
The yield surface is defined as:
B :@m[i— |1J with m=—_25n¢__ (3)
tang V3(3- sing)

The Figure 51 shows that the plastic domain ishedat the location of all sensors, except
P49E, which is located about 16 m far from theggglhaxis and remains in the elastic domain.

The stress path during all successive phases (atcay stabilization, heating) is detailed in
Figure 52 to Figure 56 for each of the sensor lonat
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2D plane strain (BC1)

_ 2
© — wall
% P35E
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" — P42E
3 P49E
£ — ¢ini=5° .
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first invariant of the effective stress |4 [MPa]
Figure 51: Stress path in the-ll, invariants space at sensors location
2D plane strain (BC1)
2
wall
initial state

end excavation
begining of heater test
o end of heater test

— $jni=0°

IDD|

second invariant of the effective stress I, [MPa]

0 1 L L L
-8 7 -6 5 -4 -3 -2 -1 0

first invariant of the effective stress |4 [MPa]

Figure 52: Stress path in thell, invariants space at the wall (Boom clay / PRACIlgaltery interface)
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2D plane strain (BC1)
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Figure 53: Stress path in thell,
invariants space at sensor P35E

2D plane strain (BC1)

2 :
© P42E
< initial state ~ ~
=~ end excavation o
> begining of heater test =
8 15 end of heatertest o |
= $ini=5°
(]
=
3
% 1L T 1
[0] —
.= T
6 @ \\\\\\
E —
Rl
g 05 - 1
>
£
e
c
Q
O
3

0 I L L I I I L

8 7 6 5 -4 3 2 -4 0

first invariant of the effective stress 14 [MPa]

Figure 55: Stress path in thell,
invariants space at sensor P42E

I nfluence of the boundary conditions

second invariant of the effective stress I, [MPa]

second invariant of the effective stress I, [MPa]
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Figure 54: Stress path in thell,
invariants space at sensor P38E

2D plane strain (BC1)
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Figure 56: Stress path in thell,
invariants space at sensor P49E

The Figure 57 and Figure 58 show the evolutiorhefrhean and deviatoric effective stress at the
sensors location using BC2. The Figure 59 showsstress path in the space lefl, stress
invariants, using BC2. The results are quite simita those obtained using BC1, since the
sensors are located relatively close to the gallergximum 15 m) and far from the boundaries
of the model (the extent of which being a squar@ mhOwide).
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2D plane strain (BC2)
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Figure 57: Evolution in time of mean effective s&@’ at sensors location using BC2
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Figure 58: Evolution in time of deviatoric effe@istress g at sensors location using BC2
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2D plane strain (BC2)
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Figure 59: Stress path in the p’-q space at senkmration using BC2

Plastic zone extent

To illustrate the extent of the plastic zone, thguFe 60 represents the contour levels of the
Coulomb’s friction anglep at the end of the excavation. The initial valué&is represented in
white in this figure. Due to plastic hardening,jncreases up to those colorized values in the
scale, i.e. from blue (5°-6°) to red (up to 16°).

As the Figure 60 shows, the plastic zone is nayemimetric, but influenced by the anisotropy of
the initial stresses and its consequences on féetieE stress and strain fields. The extent of the
plastic zone is about 9 m in the horizontal dictand 3 m in the vertical direction.

The use of the first or the second type of fardfielechanical boundary conditions does not
affect the plastic zone, as shown on the left (B&1 right (BC2) figures that are very similar.

L -
] ~ N/
Y4

160.
15°
14° 0
13°
12°
11°
10°

U o - ® ©
© o o o o

9m 9m

Figure 60: Actualized (“hardened”) Coulomb’s fricth angle at the end of the excavation.
Initial value is 5° (in white). Left: using BC1Right: using BC2
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At the end of the heater experiment (14 years #ffterend of the excavation), the plastic zone
extent is not significantly modified, as shown e tFigure 61. It is simply a little more extended
in the horizontal direction. The remaining whitenee are the zones where the stress state is
permanently in the elastic domain all of the time.
> 160.
15°

»
>

Figure 61: Actualized (“hardened”) Coulomb’s fricth angle at the end of the excavation.
Initial value is 5° (in white). Left: using BC1Right: using BC2
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4.2 2D axisymmetric modelling
Partners active in this model: EPFL — ULg — EuedicCIMNE

4.2.1 Pore water pressure

In the 2D axisymmetric modelling, the anisotropytied initial effective stresses cannot be taken
into account. In return, the extent of the modelthe direction of the gallery axis allows
including some elements that are not present irRhglane strain model, e.g. the sealing (and
thus also the bentonite), the concrete plug andl fkield at the end of the gallery, the
connecting gallery ... In the present model, the gl is also modelled.

All these elements impact on the different valués, first one to be shown is the pore water
pressure. The Figure 62, Figure 63 and Figure presentp,, profiles along axial direction, the
origin of the coordinates corresponding to theyeafrthe PRACLAY gallery.

pore water pressure [MPa]

2D axisymmetric (BC1) - AA' profile

35
— excavation
25yr
3L 1 3.5yr
— 4.0yr
— 14.0yr
25
2
15 -
1
0.5
0 I I I I I I L I
0 5 10 15 20 25 30 35 40

axial coordinate [m]

Figure 62: Pore water pressure along AA’ (axialpfile

The first profile (AA’, Figure 62) is located juatong the wall of the excavated gallery:

At the end of the excavatiop,, is equal to 100 kPa, this value being prescribed a
boundary condition during the excavation phase.

After 2.5 years and 3.5 years, fheprofiles are (almost) identical. The valuepgfalong

the profile is about 190 kPa, except in the firstten (due to the vicinity of the
connecting gallery, hence the drainage is lardexiywwveen 10 and 11 m (because of the
sealing using a steel structure which has beendenesl impervious, hence less drainage
in this zone), and over 41.5 m (where the ste@ldhs located, the concrete elements of
the gallery stopping there and the drainage boynctamdition also).

The next plotted time corresponds to 4 years #fieiend of the excavation, i.e. after 0.5
year of heating, when the temperature of the heaterhes the nominal value of 85°C.
The value obp,, is quite homogeneous along the heater (between a8d 40 m), while
border effects are visible near the sealing anleaend of the gallery.
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* The final value opy, is similar to the previous curve. The maximpynafter 10 years of
heating (end of the heater test) is close to 2.% Mthich is a 0.25 MPa overpressure
with respect to the initial pore water pressurddi@excavation).

The two next profiles BB’ and CC’ (Figure 63 andyliie 64, respectively) exhibit a similar
evolution, but the observed phenomena are less ettads the distance from the gallery
increases, i.e. for CC’ profile (about 9 m from thadlery axis) than for BB’ (about 4.75 m from
the gallery axis):

* At the end of the excavation, the profilemfis approximately symmetrical, being lower
where the effect of the drainage is more importasmtalong the PRACLAY gallery.

» As time goes by (2.5 years and 3.5 years aftervaxioa), the drainage from the gallery
to those further profiles continues apg continues to decrease. The drainage from the
connecting gallery and the presence of the impes/gieel shield at the gallery extremity
generate a slightly asymmetpg profile.

* Then, during the heater test (4 years and 14 yafes excavation), the effect of the
temperature increase becomes visible, first albeg¢loser) BB’ profile, then along the
(further) CC’ profile where the,, remains almost unchanged after 4 yeaxsprofile
after 4 years is similar to the one after 3.5 yeaiace the temperature along CC’ profile
after 6 months of heater test is still around 16£€it will be shown in the next section of
this report (cf. Figure 74).

2D axisymmetric (BC1) - BB' profile
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Figure 63: Pore water pressure along BB’ (axialpfile
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pore water pressure [MPa]

2D axisymmetric (BC1) - CC' profile
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Figure 64: Pore water pressure along CC’ (axialpfile

The Figure 65 and Figure 66 repreganprofiles along radial direction:

the Figure 65 corresponds to the DD’ profile, l@chin the vertical plane of the sealing

(axial coordinate = 10.5 m) ;

the Figure 66 corresponds to the EE’ profile, ledain the vertical mid-plane of ring 44
(axial coordinate = 22.75 m), i.e. in the same @las the 2D plane strain model.

In both cases and before heating (until 3.5 ye#ns)decrease @, extends to a radius less than
20 m. During the heating and until the end of teatlr testp,, increases, the rising being larger
along the EE’ profile. The maximupy, is located about 9 to 10 m from the gallery azi®iig
EE’ profile) and this peak is around 2.57 MPa. Tdrefield p,, reaches 2.28 MPa.

2D axisymmetric (BC1) - DD' profile
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Figure 65: Pore water pressure along DD’ (radiak)gfile
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2D axisymmetric (BC1) - EE' profile
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Figure 66: Pore water pressure along EE’ (radiatpfile
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Figure 67: Pore water pressure fields at the enthefexcavation (a) and at the end of the heatr(tg

Influence of the far-field mechanical boundary conditions

Just like for the 2D plane strain model, the sectymk of far-field mechanical boundary
conditions has been investigated (free displacesnefdadinglax = Qrad = 4.5 MPa).

The results in terms of pore water pressure pofieing BC2 are very similar to those got with
BC1. The most visible difference is shown in Figa8 from 50 m and furthep,, remains equal
to 2.25 MPa during all the time. The peak valuétile bit lower using BC2 and equal to 2.52
MPa (to be compared to 2.57 MPa using BC1).
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2D axisymmetric (BC2) - EE' profile
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Figure 68: Pore water pressure along EE’ (radiatpfile using BC2
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Figure 69: Pore water pressure field at the endhef heater test using BC2

Evolution in time of py at the sensorslocation

The evolution ofpy, is plotted in the Figure 70, using BC1. The bebawis similar to what is
observed in the 2D plane strain model:

* First, a quasi-instantaneoys, decrease corresponding to the excavation whichstak
place in 20 days in the 2D axisymmetric model (ehilwas in 1 day in the 2D plane
stain model). The same decreasepfdown to 100 kPa is the drainage boundary
condition at the wall, and at the P35E senpg@ralso stops decreasing when the contact
occurs between Boom clay and the liner.

* Then, during the next 3.5 years, is still decreasing, but the rate of decreasewl,
more especially for sensors further from the ggll®ue to the “building” of the liner,
the drainage conditions are a little bit differetite 100 kPa boundary condition is now
applied at the inner surface of the concrete limstead of the outer surface (the
excavation wall). That is the reason wphy at the wall is rising at the very beginning
(during the first day), and then it decreases again
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* The third phase corresponds to the heater tesn Brb years to 4 years, the temperature
at the inner surface of the liner is increasingrré6°C to 85°C, and then it remains
constant at 85°C for 10 additional years. Due # hbatingp, increases. The rate of
increase is higher in the vicinity of the gallefyjhe values opy, at the different sensors
are distributed in the range 2.4 MPa to 2.6 MPathag remain quite constant during the
last 6 years of the heater experiment.

2D axisymmetric (BC1)
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Figure 70: Evolution in time of the pore water pgase at sensors location

Looking at the evolution in time ob, using BC2, one gets the curves in Figure 71. The
difference with respect to results using BC1 (Fegid0) is almost invisible (despipg, is a little

bit lower using BC2) and much less pronounced addifierence observed between the use of
BC1 and BC2 with the 2D plane strain model (cf.urg39 and Figure 40).
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Figure 71: Evolution in time of the pore water pgase at sensors location using BC2
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4.2.2 Temperature

The Figure 72 illustrates the temperature profieng the wall of the excavated gallery (AA’
profile), in the axial direction. Since Boom clayin contact with the PRACLAY gallery (the 6
cm gap has been bridged by the convergence ofdbenRlay after excavation), the temperature
along the AA’ profile is also the temperature of thuter surface of the liner.

2D axisymmetric (BC1) - AA' profile
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Figure 72: Temperature along AA’ (axial) profile

The temperature increase is approximately unifolongthe gallery between coordinates 13 m
and 38 m, i.e. corresponding to the heater chantber.about 72°C when the heater is at the
nominal temperature (4 years after excavation), iatdnds to 80°C at the end of the heater
experiment. Closer and beyond the heater chambeal (aoordinates <12m and >41 m,
respectively), the temperature decreases. Theagraidi lower where the thermal conductivity of
the liner is higher, i.e. between 10 and 11 m (steal) and between 41.5 and 44 m (steel
shield).

The Figure 73 and Figure 74 represent the temperationg further (axial) profiles BB’ and
CC'. The heating is delayed (with respect to AAbfie) and the maximum temperature is
lower. As already mentioned above (in the pore wgmessure analysis), the temperature
remains close to 16°C after 6 months heating al©@@gprofile.
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2D axisymmetric (BC1) - BB' profile
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Figure 73: Temperature along BB’ (axial) profile
2D axisymmetric (BC1) - CC' profile
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Figure 74: Temperature along CC’ (axial) profile

The two profiles in the radial direction DD’ and Effigure 75 and Figure 76, respectively)
exhibit a rapid decrease of the temperature indinection. The heating of Boom clay is limited
to approximately 5°C at a radius equal to 20 mfanher, and almost no temperature increase
can be observed from 40 m to the boundary of thdemaven after 10 years of heating (14
years after excavation — end of the heater tebg.maximum temperature along the DD’ profile
(in the plane of the seal) is about 58°C, in treenity of the seal.
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2D axisymmetric (BC1) - DD' profile
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Figure 75: Temperature along DD’ (radial) profile
2D axisymmetric (BC1) - EE' profile
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Figure 76: Temperature along EE’ (radial) profile
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Figure 77: Temperature field in the Boom clay a #&nd of the heater test

The Figure 78 shows the temperature at sensammlins between 77°C and almost 80°C at the
wall during the last 8 years of the heater expemim&he heating is more progressive as the
distance to the gallery increases.
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Figure 78: Evolution in time of the temperaturesahsors location

Using BC2 instead of BC1 has no influence on theperature (at sensors location as well as
along profiles).

4.2.3 Radial displacement

The Figure 79 shows the radial displacement aldmgwall of the excavated gallery (AA’
profile). It is equal to -60 mm all along the piefii.e. the Boom clay converges and enters in
contact with the liner (the initial gap is 6 cmprie border effects are visible, the lack of contact
in these places being due to the mesh, but withenbus consequences.
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2D axisymmetric (BC1) - AA' profile
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Figure 79: Radial displacement along AA’ (axialpfite

After 2.5 years, the bentonite becomes active enrtiodel and starts to swell. The effect of
bentonite swelling can be observed between axiatdiosates 10 m and 11 m, where the radial
displacement decreases (it is less negative) 1430, and 14.0 years after excavation.

In Figure 80 and Figure 81, the radial displaceneeptotted for BB’ and CC’ axial profiles. The
amplitude of the displacement is lower as the feadi further (less than 20 mm for BB’ and less
than 15 mm for CC’). The displacement profiles alemost symmetric before the heater
experiment starts. Then, the effect of heatinglesirty visible with a decreasing of the radial
displacement (less negative) most of all “in froof'the heater (between 10 and 40 m).

2D axisymmetric (BC1) - BB' profile
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Figure 80: Radial displacement along BB’ (axialpfite
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2D axisymmetric (BC1) - CC' profile

10
— excavation
25yr
0 3.5yr
— 4.0yr
. 10 | ] — 14.0yr
IS
E
v -20 -
(0]
IS
g -30 +
Q.
2
S 40 |
o
K
= 50 +
-60 -
-70 ‘

-100-90 -80 -70 -60 -50 -40 -30-20-10 O 10 20 30 40 50 60 70 80 90 100110120130140150
axial coordinate [m]

Figure 81: Radial displacement along CC’ (axialpfite

The Figure 82 represents the radial displacementgaDD’ profile (in the mid-plane of the
seal). It is equal to -6 cm at the wall (convergeatthe Boom clay up to contact with the liner).
The heating tends to produce a radial displacenmetite opposite direction. At the end of the
heater test, the radial displacement is slightlyitpee for radii greater than 20 m. The boundary
conditions BC1 imply a zero-displacement at thenoauy of the model, at any time of the
computation.
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Figure 82: Radial displacement along DD’ (radial)gfile

The Figure 83 shows radial displacements along [it&file. They are very similar to those
observed for DD’ profile. The positive radial diapément at the end of the heater test occurs
for closer distances (around 12 m and more) aiscaitlittle bit larger, but still less than 0.5 cm.
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2D axisymmetric (BC1) - EE' profile
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Figure 83: Radial displacement along EE’ (radialpfile

Effect of the boundary conditions

Now considering the second type of boundary comasti the radial displacements at the
boundaries of the model are free and they diffemfithose obtained with BC1. Nevertheless,
these differences are small, as the Figure 84 sfmwSE’ profile (to be compared with Figure
83).

2D axisymmetric (BC2) - EE' profile
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Figure 84: Radial displacement along EE’ (radialpfile using BC2
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4.2.4

Effective stresses

2D axisymmetric (BC1) - AA' profile
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Figure 85: Radial effective stress along AA’ (axjadofile
2D axisymmetric (BC1) - AA' profile
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Figure 86: Axial effective stress along AA’ (axiptpfile
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2D axisymmetric (BC1) - BB' profile
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Figure 87: Radial effective stress along BB’ (axjatofile
2D axisymmetric (BC1) - BB' profile
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Figure 88: Axial effective stress along BB’ (axiptpfile
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2D axisymmetric (BC1) - CC' profile
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Figure 89: Radial effective stress along CC’ (axjatofile
2D axisymmetric (BC1) - CC' profile
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Figure 90: Axial effective stress along CC’ (axiptpfile
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2D axisymmetric (BC1) - DD' profile
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Figure 91: Radial effective stress along DD’ (raljliprofile
2D axisymmetric (BC1) - DD' profile
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Figure 92: Axial effective stress along DD’ (radigirofile
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2D axisymmetric (BC1) - EE' profile
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Figure 93: Radial effective stress along EE’ (radliarofile
2D axisymmetric (BC1) - EE' profile
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Figure 94: Axial effective stress along EE’ (radiptofile

Mean and deviatoric stresses and stress path at sensors location

The Figure 95 and Figure 96 show the evolutioninretat sensors location of the mean and the
deviatoric effective stresses, respectively. Sitlee initial stress state is isotropic, the initial
values ofp’ andq are:

* mean effective stregs =-2.25 MPa
» deviatoric effective stresp= 0 MPa
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2D axisymmetric (BC1)
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Figure 95: Evolution in time of mean effective str@’ at sensors location
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Figure 96: Evolution in time of mean effective strg at the sensors location

The different phases of the calculation are cleadigntified: first the excavation (almost
instantaneous at this time scale), a 3.5 yearsgdrfore the heater experiment and finally the
heater test during the 10.5 last years.

To better understand what is happening during tpesses, the next figures represent the stress
path at the sensors location in the plane of tlee itwariants of the effective stressds=3p'

and 1, =+/3q.

As the Figure 97 shows, the plastic domain is redcht the wall and for the two first sensors
P35E ¢ = 2.2 m) and P38E (= 4.7 m). The two next sensors P42E=(8.9 m) and P49F (=
16.2 m) remain in the elastic domain all of theetim
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2D axisymmetric (BC1)

2
— wall
P35E
— P38E
= — P42E
o 15 - / 1 P49E
= — Oni=d"
a dmax=15.8
9
®
(]
2 1+ 1
3
®
Q L
S
2 05 - ]
()]
o
-
|
0 L . L L I I L
-8 7 -6 5 -4 3 2 -1 0

mean effective stress [MPa]
Figure 97: Stress path in thell, invariants space at the sensors location
The complete history of the stress paths at eatsosdocation is detailed in Figure 98 to Figure
102.

2D axisymmetric (BC1)

wall

initial state

end excavation
begining of heater test
| o end of heater test

— $jni=0°

IDD|

deviatoric effective stress [MPa]

0 I I 1
-8 7 -6 5 -4 -3 -2 -1 0

mean effective stress [MPa]

Figure 98: Stress path in thell, invariants space at the wall (Boom clay / PRACIlgaltery interface)
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2D axisymmetric (BC1)

" P35E
initial state
end excavation
— begining of heater test
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Figure 99: Stress path in thell,
invariants space at sensor P35E

2D axisymmetric (BC1)

-1

" P42E
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end excavation o
— begining of heater test =
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Figure 101: Stress path in thelb
invariants space at sensor P42E

-1

deviatoric effective stress [MPa]

deviatoric effective stress [MPa]

2D axisymmetric (BC1)

P38E
initial state A
end excavation o
begining of heater test =
15 | end of heatertest o |
' $ini=5°
1 T ]
2 —
0.5 - |
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8 7 6 -5 -4 3 -2 A 0
mean effective stress [MPa]

Figure 100: Stress path in thelb
invariants space at sensor P38E

2D axisymmetric (BC1)

P49E
initial state
end excavation
begining of heater test
15 L end of heater test ]
' $imi=0" ———
1 :\\\\\\\ 7
05 + E
0 L L L L L L L

8 7 6 -5 -4 3 -2 A 0
mean effective stress [MPa]

Figure 102: Stress path in thelb
invariants space at sensor P49E

The use of BC2 instead of BC1 does not changefgigntly the stress path, as illustrated in the

Figure 103.
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2D axisymmetric (BC2)

wall

P35E
P38E
P42E

i P49E

— 0jpi=5°
Omax=15.8°

N

deviatoric effective stress [MPa]

0 L L I I I I 1
-8 7 -6 5 -4 -3 -2 -1 0

mean effective stress [MPa]

Figure 103: Stress path in thelk invariants space at the sensors location using BC2

Plastic zone extent

The Figure 104 and the Figure 105 represent thdo@duss friction angle at the end of the
excavation and at the end of the heater experimespgectively. No significant difference can be
observed when comparing these figures, includiegctimparison of the use of BC1 and BC2.

The extent of the plastic zone is an annular zooaral the PRACLAY gallery, the thickness of
which being about 2.6 m.

T I [T 1]

Figure 104: Actualized (“hardened”) Coulomb’s frioh angle at the end of the excavation.
Initial value is 5° (in white). Above: using BCBelow: using BC2
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14° 0
13° 0
12°
11°
10°

2.6m

2.6m

U o - ® ©
© o o o o

Figure 105: Actualized (“hardened”) Coulomb’s frioh angle at the end of the heater experiment.
Initial value is 5° (in white). Above: using BCBelow: using BC2
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4.3 3D modelling
Partners active in this model: ULg — CIMNE

4.3.1 Additional information about the 3D model

As described in the terms of the problem (cf. sec8.5, p. 45), “The geometry of the 3D
modelling should be inspired by the geometry oftilie preceding cases. This modelling effort
should concentrate on the anisotropic effectsenBbom clay”.

The exercise of 3D modelling is therefore relagvieee in order to make it accessible by the
teams who can manage such approach. Here are stails df the 3D model by ULg.

Geometry
The geometry conforms to the description of the BRAY gallery in Figure 27.

The extent of the model is

e 250 m long, in the horizontal direction of the PRAXY gallery axis, denoted-
direction

» 100 m wide, in the second horizontal directionnglaonnecting gallery axis, denoted
direction

e 100 m high, in the vertical direction, denotedirection.

Taking into account the assumed double symmettii@problem (no gravity in the model), the
PRACLAY gallery is approximately centred in the recas depicted in Figure 106.

F 100m

100m

0

Figure 106: 3D model extent

TIMODAZ
DeliverableD13 — Appendix N°8 84/129
Dissemination levelCO
Date of issue of this repo@0/09/2010

“":|||||||>



In addition to the Boom clay, the same material ponents of the liner are considered, like in
the 2D axisymmetric model (cf. Table 12). They #uvstrated in the Figure 107.

@ C80/95 concrete

0 ZHW C125/150 concrete
0 steel

@ C30/37 concrete
O sand filling

@ porogel thermal insulation
0 connecting gallery

=

Figure 107: Detailed view of the 3D modelling of4(bf) the PRACLAY and connecting galleries

Initial conditions

The initial conditions are similar to those in t2B plane strain model, i.e. considering the clay
as homogeneous and isotropic, fully saturated,tdking into account the anisotropy of the
initial stresses, as described in Table 1:

 Initial vertical total stresso,, = 4.5 MPa (in compression)
* Initial horizontal total stressesr,, = o, =3.825 MPa (in compression)

In the liner, the initial state is the one desalibe the sectior8.4.2 for the 2D axisymmetric
model.

Parameters

The material parameters are identical to thoseneéfin the 2D axisymmetric model, cf. section
3.4.3

Boundary conditions and description of the calculation

Boundary conditions are similar to those definedhim 2D models, but only the second type of
mechanical boundary conditions has been consideextbted BC2). They are:

* Mechanical boundary conditions:

0 nozdisplacement on the face ABCD (horizontal symmptane)

0 noy-displacement on the face ABFE (vertical symmetanp)

0 nox-displacement at one node (to avoid rigid body omti

o external normal (compressive) loading to balang&inotal stress:
* Ok = 3.825 MPa on ADHE ang = -3.825 MPa on BCGF
= gy =-3.825 MPaon DCGH
= (,=-4.5MPaonEFGH
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* Hydraulic and thermal boundary conditions: all bdames are impervious and adiabatic,
except when the prescribed values (pore water ymessd temperature) are defined in
accordance with the 5 successive phases of theisge and summarized in the 2D
axisymmetric case (cf. secti@).

Note:

To make easier the comparison of the 3D model with 2D models, the following results
concern profiles denoted “ABC” (horizontal) and “BF(vertical) that correspond to those
defined in the 2D plane strain model. They are tledain the planex = 22.75 m, which
corresponds to the mid-plane of the ring 44, inoadance with the profiles presented in the
results of the 2D axisymmetric model.

Hence, the notations “ABC” and “GFE” do not referthe letters used in the Figure 106, but in
the Figure 31.

4.3.2 Pore water pressure

Due to the anisotropy of the initial stresses, ploee water pressure profiles along the ABC-
horizontal and GFE-vertical directions differ a®sas the excavation of the PRACLAY gallery
is executed.

Like in the 2D plane strain model, a peakppf(about 2.4 MPa) can be observed in Figure 108
for the ABC-horizontal profile after excavation dreurve), while thep,, profile is monotonic
along the GFE-vertical direction (red crosses).etaded view in the vicinity of the gallery is
shown in the Figure 109. This difference tends iampear as soon as the heating effect
becomes more and more marked.

The maximum level op,, at the end of the heater test is about 2.5 MPhoth horizontal and
vertical profiles, and it is located at 8 to 9 rorfr the gallery axis.

3D - anisotropy: ¢'g
35

— ABC (horizontal) profile:
— excavation
2.5yr
3.5yr
— 4.0yr
— 14.0yr

23 ¥
X

xxxxxxx*

X

X

GFE (vertical) profile:
excavation
2.5yr

3.5yr
x  4.0yr
x 14.0yr

XRXN

pore water pressure [MPa]

0 10 20 30 40 50 60 70 80 90 100

radial coordinate [m]

Figure 108: Pore water pressure along “ABC” (horizial)
and “GFE” (vertical) profiles in the mid-plane ofirg 44
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1750
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1250
1000
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500

< »
< »
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Figure 109: Pore water pressure at the end of tkeagation.
Detailed view in the mid-plane of the ring 44 arduhe excavated gallery.

The evolution in time op,, at the sensors is plotted in the Figure 110. Theetmain parts of the
PRACLAY experiment are clearly visible: excavatier8.5 years of stabilization — heater test
(0.5 year to heat up the system and 10 additiosaisyof observation). It is noticeable thatphe
during the last 6 to 8 years stabilizes around254MPa for all sensors, except P49E (the most
distant one) the, of which being slowly increasing (in the same &g they, of the other
sSensors).

3D - anisotropy: ¢'g
35

25 3

15 - 1

pore water pressure [MPa]
N

05

0 2 4 6 8 10 12 14
time after end of excavation [yr]

Figure 110: Evolution in time of pore water pressat sensors location

4.3.3 Temperature

The temperature profiles are identical in both zmmtal and vertical directions, as depicted in
the Figure 111. The effect of heating is visibletaplO m from the gallery axis, but the heating
remains under 5°C from 20 m and over.
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3D - anisotropy: o'

90
— ABC (horizontal) profile:
— excavation
80 | 1 2.5yr
3.5yr
70 | 1 — 4.0yr
— 14.0yr
— x  GFE (vertical) profile:
O 60 ¢ 1 | x excavation
S g.gyr
2 L -oyr
& 50 x  4.0yr
g x 14.0yr
E 40 |
30 .
20 +
10

0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 111: Temperature along “ABC” (horizontal)
and “GFE” (vertical) profiles in the mid-plane ofirg 44

The Figure 112 shows the evolution of the tempeeaditithe sensors location.

3D - anisotropy: ¢'g
90

80 |-

70

60 |- 1

50 |-

temperature [°C]

40 +

30 |- 1

20

10

0 2 4 6 8 10 12 14
time after end of excavation [yr]

Figure 112: Evolution in time of temperature at Sers location

4.3.4 Radial displacement

As shown in the Figure 113, the radial displacenarihe wall reaches -6 cm (convergence of
the Boom clay up to contact with the liner), in balirections. The effect of the anisotropy of
initial stresses remains visible during all the emxxment, the radial displacement being different
in both directions, even at the end of the heat tes

For radial coordinates over 50 m the magenta crepeesenting the radial displacement after 14
years along the ABC-horizontal exhibits a behavipnabably linked to a too much coarse mesh.
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3D - anisotropy: o'

radial displacement [mm]
)
o

Figure 113: Radial displacement along “ABC” (horizial)
and “GFE” (vertical) profiles in the mid-plane ofng 44

30 40 50 60 70
radial coordinate [m]

4.3.5 Effective stresses

3D - anisotropy: ¢'g

80

90

100

ABC (horizontal) profile:
excavation

2.5yr

3.5yr

4.0yr

14.0yr

GFE (vertical) profile:
excavation

2.5yr

3.5yr

4.0yr

14.0yr
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Figure 114: y-horizontal effective stress along ‘@&Bhorizontal)
and “GFE” (vertical) profiles in the mid-plane ofng 44
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3D - anisotropy: ¢'g

— ABC (horizontal) profile:
— excavation
2.5yr
0 - 1 3.5yr
¥ — 4.0yr
— 14.0yr
x  GFE (vertical) profile:
x excavation
2.5yr
3.5yr
x  4.0yr
x 14.0yr

z-vertical effective stress [MPa]

-4 I I L I I I L L
0 10 20 30 40 50 60 70 80 90 100

radial coordinate [m]

Figure 115: z-vertical effective stress along “AB(iorizontal)
and “GFE” (vertical) profiles in the mid-plane ofng 44

Mean and deviatoric stresses and stress path at sensors location

The Figure 116 and Figure 117 represent the ewolubf the mean and deviatoric effective
stresses at sensors location. The initial values ar

* initial mean effective stresp’ =%U{i =-1.8 MPa

i . . . 1. .
 initial deviatoric effective stresg= Eafl 10, =0.39 MPa
3D - anisotropy: ¢'g
0.5

w -1 1
o

=

[)]

o

G

¢ 15+ i
:

© ~

§

g 2 1

25 I I i | I |
0 2 4 6 8 10 12 14
time after end of excavation [yr]
Figure 116: Evolution in time of mean effectivees p’ at sensors location
TIMODAZ
DeliverableD13 — Appendix N°8 90/129

Dissemination levelCO
Date of issue of this repo@0/09/2010




3D - anisotropy: ¢'g
1.2

0.8 -

0.6 - -

deviatoric effective stress [MPa]

0.2

0 2 4 6 8 10 12 14
time after end of excavation [yr]

Figure 117: Evolution in time of deviatoric effagistress q at sensors location

The Figure 118 illustrates the stress path at serisoation in the plane of the two (effective)
stress invariantk, andl,. This figure shows that the plastic domain is hegicat the location of
all sensors, except P49E, which is located abounXér from the gallery axis and remains in
the elastic domain.

The stress path during all successive phases (atcay stabilization, heating) is detailed in
Figure 119 to Figure 122 for each of the sensations.

Note that the first phase of the simulated expenimethe excavation of the PRACLAY gallery

— has been performed in one time step to avoidlascns in the pore water pressure field due to
numerical reasons. This approach implies that titess path during this phase is represented by
a segment of straight line from the initial stret&e to the stress state “at the end of excavation
Hence, no details are available concerning thesstpath during the convergence of Boom clay
entering in contact with the liner. To overcomestproblem, a finer mesh is required in order to
compute smaller time steps, but this would leadntoch memory and computing time
consuming simulations, even though the present arealready memory and CPU expensive.
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3D - anisotropy: ¢'g
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Figure 118: Stress path in thelk invariants space at sensors location
3D - anisotropy: ¢'g 3D - anisotropy: ¢'g
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Figure 119: Stress path in thelb
invariants space at sensor P35E

Figure 120: Stress path in thelb
invariants space at sensor P38E
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3D - anisotropy: ¢'g

3D - anisotropy: ¢'g
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mean effective stress [MPa]

Figure 121: Stress path in thelb
invariants space at sensor P42E

Plastic zone extent

mean effective stress [MPa]

Figure 122: Stress path in thelb
invariants space at sensor P49E

The Figure 123 shows the actualized (hardened)d@duis friction angle at the end of the
excavation. The extent of the plastic zone is anukam zone around the PRACLAY gallery, the
thickness of which varying approximately from 3 mthe vertical direction to 10 m in the

horizontal direction.

ring 44

Figure 123: Actualized Coulomb’s friction anglethé end of the excavation. Initial value is 5°\ihite).
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5 Comparison of 2D and 3D models

5.1.1 Pore water pressure

The comparison of thp, profiles obtained using the 3 different approadeesls to two main
conclusions summarized on the following figures:

At the end of the gallery excavation (Figure 1&g anisotropy of the initial stresses
implies a highemp,, along the horizontal profile. Both 2D plane straimd 3D models
include this anisotropy and they provide very samresults: the same difference between
horizontal and verticgb,, profiles and the same overpressure (peak) alamdpdnizontal
profile (the same maximum value as well as the sdomation). With the 2D
axisymmetric model, which does not take into actal anisotropic initial stresses, the
pw profile is in-between.

At the end of the experiment (Figure 125), theeddhce between the horizontal and
vertical profiles is not so large anymore, as prdi by those models including this
anisotropy, i.e. 2D plane strain and 3D models. ifiagn difference is now between the
2D plane strain model that predicts a maxinmrat the wall (about 2.7 MPa) and both
2D axisymmetric and 3D models that agree on a maxim,, around 2.5 MPa and
located at about 9 to 10 m from the gallery axis.

Comparison 2D plane strain / 2D axisymmetric / 3D (end of excavation)

35
— 2D plane strain (ABC)
x 2D plane strain (GFE)
3L 1 2D axisymmetric

— 3D (ABC)

— = 3D (GFE)

©

o

=

o NIV VRN

2

o

[oR

&

®

=

o

g

0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]
Figure 124: Comparison of the,horizontal and vertical profiles at the end of #heavation
with the 2D plane strain, 2D axisymmetric and 3Ddels (using BC2 in all models)
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Comparison 2D plane strain / 2D axisymmetric / 3D (14 yr after excavation)

— 2D plane strain (ABC)
x 2D plane strain (GFE)
2D axisymmetric
2.8 - 4 | — 3D (ABC)
x 3D (GFE)

pore water pressure [MPa]

X%
X
S e s S

22

0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 125: Comparison of the,horizontal and vertical profiles at the end of #geriment
with the 2D plane strain, 2D axisymmetric and 3Ddels (using BC2 in all models)

Hence, the 3D model is the more complete than 2@etsoand it should indicate the most
realistic results among the three approaches.drshiort term results, the 2D plane strain model
is in good agreement with the 3D model (since thisadropy could be introduced).

In the long term results, the effect of anisotropyhe initial stresses is not as important as just
after excavation. The 2D axisymmetric and 3 modedstherefore in good agreement, since the
diffusion ofp,, along the axial direction is allowed in the 2Dsaxnmetric model and not in the
2D plane strain one.

Nevertheless, we should keep in mind that no cdnésotropy but initial stresses is included in
the 3D model. Otherwise, if some other anisotrgp@perties were taken into account (such as
intrinsic permeability or thermal conductivity), weould expect to see a difference between the
2D axisymmetric and the 3D approaches.

5.1.2 Temperature

The temperature profiles in all the models are woge, as illustrated in the Figure 126, and no
anisotropy can be observed since thermal propeatiessotropic in all models (hence vertical
and horizontal profiles are superposed in the &yur

The main difference is observed when comparing2elane strain model with the two other

models. Since there is no heat diffusion in thedion of the gallery axis in this model, the

temperature is a little bit higher than the temperpredicted by the 2D axisymmetric and 3D
model, that are in very good agreement on this. Jdy@ between the different approaches is
maximum between 10 and 20 m and it reaches a fegweds (about 2°C).
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Comparison 2D plane strain / 2D axisymmetric / 3D (14 yr after excavation)

90
— 2D plane strain (ABC)
38 x 2D plane strain (GFE)
80 It 1 2D axisymmetric
— 3D (ABC)
70 - o x 3D (GFE)
,. g
O 60 % g 1
® 50 1
@
Q L L L H h
§ 40| 12 14 16 18 20 ,
= radial coordinate [m]
30 1
20 + 1
10 I I I L I

0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 126: Comparison of the horizontal and veatitemperature profiles at the end of the experimen
with the 2D plane strain, 2D axisymmetric and 3Ddels (using BC2 in all models)

5.1.3 Radial displacement

The comparison of the radial displacement at thg @nhthe excavation using the different
models (cf. Figure 127) is very similar to the gsa of thep,, profiles. The 2D plane strain and
3D models give the same different curves alonghtirezontal and vertical profiles and the 2D
axisymmetric model is again in-between. The reasostill a question of anisotropic initial
stresses.

Comparison 2D plane strain / 2D axisymmetric / 3D (end of excavation)

20
— 2D plane strain (ABC)
10 | | x 2D plane strain (GFE)
2D axisymmetric
— 3D (ABC)
XM XXX EXXXAXHXKX X ¥ x x x X X X X ¥ x x X X X X X X X x 3D (GFE)

Radial displacement [mm]

-70 I I I L I I
0 10 20 30 40 50 60 70 80 90 100

radial coordinate [m]

Figure 127: Comparison of the radial displacemelaing horizontal and vertical profiles at the end
of the excavation with the 2D plane strain, 2D gxisetric and 3D models (using BC2 in all models)

Observing the same profiles at the end of the exggert (Figure 128) is now different from the
profiles of py, 14 years after the excavation of the gallery: #greement between 2D
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axisymmetric and 3D models is not as good as irrtere 125. The reason comes from the fact
that the radial displacement is a cumulated valuend all the experiment and the history in the
2D axisymmetric and 3D models is not exactly thmesamore especially in terms of plasticity as
described in the next section. Even though sinplassure levels (and stress levels) can be
observed at the end of the experiment in the twawragrhes (as in the Figure 125), the plastic
strain might be very different and so the correslum displacement profiles might do (Figure
128).

Comparison 2D plane strain / 2D axisymmetric / 3D (14 yr after excavation)

20

— 2D plane strain (ABC)
x 2D plane strain (GFE)
2D axisymmetric
— 3D (ABC)
x 3D (GFE)

Radial displacement [mm]

_70 I I I L I I L I
0 10 20 30 40 50 60 70 80 90 100
radial coordinate [m]

Figure 128: Comparison of the radial displacemelaing horizontal and vertical profiles at the end
of the experiment with the 2D plane strain, 2D yximetric and 3D models (using BC2 in all models)

5.1.4 Effective stress path

The main difference between the models comes frioeninitial stress state. As the initial
effective stresses are isotropic in the 2D axisymimenodel, the stress path start from another
initial point in the invariants space:

* inthe 2D plane strain and 3D models:

I =—5.4MPa and I,,, =0.675MPa
* inthe 2D axisymmetric model:
l,.., =—6.75MPa and 1, . =0MPa

1,ini 2,ini

Considering the initial drained friction angtg, =5°, the stress state reaches more quickly the

plastic domain in the 2D plane strain and 3D motie® in the 2D axisymmetric model. As a
consequence, the sensor P42E remains in the edstiain according to the 2D axisymmetric
model, while it enters the plastic domain accordimgtwo other models, as shown in the Figure
131.

For all four sensors, the 2D plane strain and ther@@els are in relatively good agreement (cf.
Figure 129 to Figure 132), the main drawback of3Bemodel being the lack of a complete path
during the excavation because of numerical reasmalready explained in sectiérB.5.
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Effective stress path at sensor P35E Effective stress path at sensor P38E

2D plané strain
2D axisymmetric
3D ——
dini=>" ———
15 - s

2D plané strain
2D axisymmetric
3D ——
$ini=5" ——

05 ¢ 1 05 - 1

second invariant of the effective stress I, [MPa]

second invariant of the effective stress I, [MPa]
//

0 L 1 1 1 L L 0 L L L 1 L L 1
8 7 6 5 4 3 2 -1 0 8 7 6 5 -4 3 2 -4 0

first invariant of the effective stress |, [MPa]

Figure 129: Stress path in thelb
invariants space at sensor P35E

first invariant of the effective stress 14 [MPa]

Figure 130: Stress path in thelb
invariants space at sensor P38E

Effective stress path at sensor P42E Effective stress path at sensor P49E

2D plané strain
2D axisymmetric
3D ——
dini=>" ———
15 - s

2D plané strain
2D axisymmetric
3D ——
Oini=5" ——
15 - 1

05 - |

second invariant of the effective stress I, [MPa]
//
second invariant of the effective stress I, [MPa]

0 L L L 1 L L L 0 L L L 1 L L 1
8 7 6 5 -4 3 2 -4 0 8 7 6 5 -4 3 2 -4 0

first invariant of the effective stress 14 [MPa] first invariant of the effective stress 14 [MPa]

Figure 131: Stress path in thelb
invariants space at sensor P42E

Figure 132: Stress path in thelb
invariants space at sensor P49E

5.1.5 Plastic zone extent

The 2D axisymmetric model predicts a less exterglastic zone, the thickness of which being
2.6 m (cf. Figure 104 and Figure 105).

The 2D plane strain and 3D models are in good aggag predicting a plastic zone extending
up to 3 m along the vertical direction and abotitr2s deeper in the horizontal direction, up to 9
m - 11 m (cf. Figure 60 - Figure 61 in 2D planesty and Figure 123 in 3D).
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6 Specific aspects highlighted by different labs

This section provides some additional results olethiby different labs who further investigated
the problem by including specific aspects (différeanstitutive laws, effect of the boundary
conditions, anisotropic material parameters, etc).

6.1 EPFL

The EPFL team carried out the computations witladdhtional objective in mind; to assess the
influence of non-linear thermo-elasticity and therplasticity on the THM response of the
repository.

6.1.1 Mechanical model

The ACMEG-T constitutive model accommodates noadmthermo-elasticity coupled with a
multi-dissipative thermo-plasticity in order to reduce most thermo-mechanical features. The
elastic part of the deformation incremet#® is expressed as following:

Erreur ! Des objets ne peuvent pas étre créés a gardes codes de champs de mise en

forme.

D is the mechanical elastic tensor defined by thelm&ar bulk and shear moduluk,and G,
respectively,

e

K= Kref p ; G= Gref p
pref pref

where p' is the mean effective stress; the non-linear elasticity exponenp, the reference
pressure K, and G, the bulk and shear modulus at the reference pressespectively S’ is

the thermal expansion tensor. Considering an iparthermal dilatation, one can express the
thermal expansion tensor g8 =134, with . being the volumetric thermal expansion
coefficient of the solid skeleton.

e

Using the concept of multi-mechanism plasticitye tbtal irreversible strain increment® is
induced by two coupled dissipative processes: atmoigic and a deviatoric plastic mechanism.

Each of them produces plastic strain incremest;*® and de”“, respectively. The yield limit
of each mechanism, restricting the elastic domairthe effective stress space, takes the
following expressions (Fig. 1):

1:iso = p' - p::riso: 0; 1:dev =q- Mp’[l_ blnp_,dj Mev™ 0
P

where g is the deviatoric stress. The variableandd govern the shape of the deviatoric yield
limit and M is the slope of critical state line in tr(ep'—q) plane, which may depend on
temperature:
6sing

M=M,-g(T-T); M, =——"0_

0=9(T-T): Mo 3-sing,
where ¢ is the friction angle at critical state at referetemperaturd,and g defines the linear
evolution ofM with temperatureM, being the value o at initial temperature.
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Each of the yield limits evolves through the getieraof plastic strain which is the hardening
variable. During loading, the volumetric plasticash governs the evolution af, and r,,, while

iso

deviatoric plastic strains control the evolution gf,. The preconsolidation pressure,
depends on the volumetric plastic strajhand temperature.

__—deviatoric yield

Thermo-
elastic domain

Isotropic thermo -
plastic yield limit f,,

Figure 133: Yield limits for the ACMEG-T thermo-rhanical elasto-plastic framework

Pt = Peoto exp(ﬁ€5 )[ -y IOg.ITTJ
0

wherep.,, is the initial value of the preconsolidation prassat the reference temperatufg,
while S and ), are material parameters.

According to the bounding surface theory, andr,, correspond to the degree of plastification

(mobilised hardening) of the isotropic and devigtgtield limits, respectively. This enables a
progressive evolution of the isotropic yield linitiring loading and a partial comeback of this
limit during unloading. The evolution of,, during loading is linked to the volumetric plastic

strain induced by the isotropic mechanigfit:

1-r) ‘
r=re+— _ anddr =—( ) deP's°
c+el™ c

wherec andr,, are material parameters. In the same way, thaigonlofr,,, during loading is
linked to the deviatoric plastic straay :

2
2 (= oev)
—r e d — dev p
rdev =r dev+ p and dr.dev - d‘gd
a+£d a

wherea andr,,, are material parameters.

The flow rule of the isotropic mechanism is assecia while the deviatoric one is not and
assumes the following forms:

p
dap,iso - Aiso I
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e L (YR

Mp'| do p )3
The plastic multipliers,AL, and A},,, are determined using Prager’s consistency equdbip
multi-dissipative plasticityais a material parameter.

6.1.2 Parameters
Specific thermo-mechanical parameters were deteanio accommodate ACMEG-T.

Thermo-mechanical characteristics Boom Clay
Bulk modulus at the reference pressure [MPa] Kief 130
Shear modulus at the reference pressure [MPa] Ge 130
Non-linear elasticity exponent [-] Ne 0.4
Volumetric thermal expansion coefficient of theidakeleton [-] Bs 1.3.10-5
Plastic compressibility [-] g 18

Material parameter defining the shape
of the isotropic yield limit YT 0.55
with respect to temperature [-]

Material parameter [-] c 0.015
Radius of the isotropic elastic nuclei [-] liso 0.001
Material parameter [-] b 0.8
Material parameter [-] d 1.3
Friction angle at critical state at reference terapge [°] Z'o 16
Slope of the linear evolution df1 with temperature [°C] g 0.0085
Parameter controlling the dilatancy rule [-] a 0.1
Material parameter [-] a 0.007
Radius of the deviatoric elastic nuclei [-] I dev 0.3

Table 36 Thermo-mechanical parameters used for the ACME@edel (Francois et al., 2009)

6.1.3 Output results

In the following, some of the 2D results of EPFLIIve briefly presented to highlight the
influence of non-linear thermo-elasticity and therplasticity on the THM response of the
repository.

The obtained pore pressures and stress fields diffen those obtained by the other teams. The
differences are mainly due to the non-linear etdgtand the thermo-plasticity of the ACMEG-T
model. An increase in rigidity as well as progressplasticity induced by heating, causing an
increase of the preconsolidation pressure, is densd in ACMEG-T. This causes an increase in
excess pore water pressures, and consequentligctieé stresses.
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Figure 134: Profiles AA of temperature, pore wapeessures, mean effective stresses, preconsolidptassure,
degree of mobilization of the isotropic mechanism plastic volumetric deformation and in the 2D relbdg
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Figure 135: Time evolution at sensors of tempematpore water pressure, axial effective stresses,gmnsolidation
pressure, degree of mobilization of the isotropezhanism and plastic volumetric deformation in2Bemodelling

6.1.4 Conclusions

Modelling of the PRACLAY experiment in 1D and 2Dndmgurations enables visualizing the
main characteristics of the soil response underirtiposed loading. These results should be
analysed in light of results obtained with differeconstitutive models and in different
configurations.
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6.2 ULg

6.2.1 Comparisons between three different thermo-plastic models

The first modelling realised by ULg have considetteel mo-elasticity during the heating phase,
but we know that the behaviour of clay submittedato increase of temperature is much
complicated and it is needed to take into acccuwmtliermo-plasticity. So, this section describes
results of the 2D plane strain modelling using ¢hdifferent thermo-mechanical constitutive

laws in order to investigate the effect of the adeiation of thermo-plasticity.

The constitutive laws are the following: DruckemaBer with thermo-plasticity (described
previously), TSOIL and ACMEG-T. TSOIL consists ircambination of a cap model and two
different plastic mechanisms reproducing the b#&satures of the thermo-plasticity of soils.
These mechanisms are based on the work realis@ERMES. The second law is ACMEG-T
which is developed at EPFL (@.1.1). For more information concerning these lames refer to
the deliverable D10 describing the constitutivedaw

The Table 37 and the Table 38 give the mechanighklae thermo-mechanical parameters used
with TSOIL. Concerning the Drucker-Prager partle tap model, the hardening of the friction
angle is not considered.

Geomechanical characteristics Boom Cjay

Young elastic modulus [MPa]| £ 300

Poisson ratio [-] v 0.125

Specific mass [kg/m3] P 2682

Cohesion [kPa] c 300
Friction angle [°] 7 18
Dilatancy angle [°] 7} 0
Preconsolidation pressure [MPal, 6

Compression index [-] A 0.178

Biot’s coefficient [-] b 1

Table 37: Mechanical parameters for TSOIL

Thermo-mechanical properties Boom Clay

Critical temperature [°C] | T¢ 2000

Initial temperature [°C] To 16

Hardening parameters [ | B 3.8E-6

Parameters linked witls. ? a 0.937

Shape parameters for LY [*C| ap | 3.93E-3

HC curve c1 | 0.52245

HC curve c1 | -0.02197

Table 38: Thermo-mechanical parameters for TSOIL
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The parameters used for ACMEG-T model are thosthenTable 39. Some of them slightly
differ from those in the table Table 36 in orderg@produce as closely as possible the Drucker-
Prager model and to highlight the only effect @rtho-plastic model.

Elastic parameters Boom Clay
Bulk modulus at the unity effective stress [MPa] Kres 133
Shear modulus at the unity effective stress [MP&Pres 133
Nonlinear elasticity exponent [-] Ny 0
Thermal expansion coefficient [*¢ B 110°

Isotropic plastic parameters

Plastic compressibility [-] B 18

Material parameter defining the shape
of the isotropic yield limit ¥ 0.55
with respect to temperature [-]

Material parameter [-] c 0.012

Radius of the isotropic elastic nuclei [-] liso 0.001

Deviatoric plastic parameters

Material parameter [-] b 0.6
Material parameter [-] d 1.3
Friction angle [°] @ 16
of fiction %?15 |Ig g c(:)rflt\ll(?;lastltg?e [] J 0.0085
Parameter controlling the dilatancy rule [-] a 1
Material parameter [-] a 0.007
Radius of the deviatoric elastic nuclei [-] ey 0.3

Table 39: Mechanical parameters for ACMEG-T

The comparison of the TSOIL model with the DruckReager with thermo-elasticity does not
show significant differences in term of evolutiohpore water pressure. The Figure 97 presents
the pore water pressure distribution along theileraBC during the heating phase for both
models. It may be observed that the differencesiatr@redominant.

The Figure 98 presents the distribution of the peager pressure according profile GEF during
the heating phase. The same conclusions as prévimay be done. The thermo-plasticity does
not seem to play a key role in this modelling.
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Figure 97: Comparison between TSOIL and Druckergranith thermo-elasticity.
Comparison of the pore water pressure distributioming the heating phase according profile ABC
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Figure 98: Comparison between TSOIL and Druckergranith thermo-elasticity.
Comparison of the pore water pressure distributioming the heating phase according profile GEF

This similitude in the results is explained by tfaet that the temperature mainly induced
thermo-elastic strain in both cases and that theuamof volumetric strain induced by
temperature is weak. The Figure 99 presents thessprath in thep(,T) plane of a point located

at the wall of the cavity. The plateau correspotadthe process of excavation and stabilisation.
After the stabilisation, the temperature increagese wall. As a consequence, a decrease of the
mean effective stress is observed due to the exoesswater pressure generated by heating. So,
the stress path reaches the initial TY curve whigates thermo-plastic strains. Then, hardening
occurs and the TY curve moves upwards. The measssstcontinues to decrease, moves
leftwards and, finally, leaves the TY curve to ieélce thermo-elastic domain. The stress path
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leaves rapidly the thermo-plastic limit so that #maount of volumetric plastic strain generated
by an increase of temperature is weak. This bebawrplains why the results are similar.

90

— Initial TY
—Final TY
—— Loi TSOIL

80 +

70 -

p'[MPa]
Figure 99: Stress path in the (p’,T) plane for arppdocated at the wall.

The Figure 100 presents a comparison between the thfferent thermo-mechanical models:

TSOIL, ACMEG-T and Drucker-Prager with thermo-elasg. The comparison shows that there

is not a lot of difference in term of excess poedev pressure prediction. The explanation of this
similitude is the same as previously. The amounthefmo-plastic strains is weak so that the
evolutions of pore water pressure are relativedysame.

3.50

—— Loi TSOIL
——Loi D-P
—— Loi ACMEG-T

L:-i\, iy L
1., ”. . o

0.00 : : : : : :
3.50 5.00 6.50 8.00 9.50 11.00 12.50 14.00

Times [Days]

Figure 136: Evolution of the pore water for thegarmodels.
This evolution is taken for the same point as nesly located at the wall.
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6.2.2 Effect of additional anisotropic properties: anisotropic thermal
conductivity and anisotropic intrinsic permeability (3D model)

The material properties in the 3D model introducethe sectiord.3 are mainly based on the

properties used in the 2D models. Only one soufanotropy is included: the initial stress

state.

The effect of two additional anisotropies in theoBoclay have also been investigated, those are
the anisotropy of the thermal conductivity and ihteinsic permeability, leading to 3 different
3D models:

1. 3D;: 3D model including only the anisotropy of initistresses (this model is the model
introduced in the sectioh 3)

2. 3Dy: 3D model including the anisotropy of initial stses and thermal conductivity

3. 3Dy: 3D model including the anisotropy of initial sses, thermal conductivity and
intrinsic permeability

The Table 40 summarizes the anisotropic materapgnties used for the Boom Clay. In this
table, the values ibold characters are those used when the propertyusnassisotropic.

Ol 2.25

O =0y | 1575 | " 3D - 30y - 3Dy models

Initial effective stresses [MPa]

A, 1 1.35
/lsat - /]lsat 17

int,xx int, yy

Thermal conductivity [W.m.K™] in 3D, - 3Dy, models

kee,, | 2.10"°

Intrinsic permeability [m?]
Ko = Koty | 4.10°°

only in 3D, model

Table 40: Anisotropic material properties of theddoclay in the 3D models.
The values iold characters are those used in the isotropic case.

The Figure 137 to Figure 139 shows the resulthaend of the heater experiment using the 3
different 3D anisotropic models. Concerning theepmater pressure profiles (Figure 137), the
influence of the anisotropic thermal conductivitys{ble when comparing 30and 300 models)

is smaller than the impact of the anisotropic pexpigy (comparing 3 and 30y models).
With the 30, model (the “most anisotropic” model, in blue), theaks in pressure become a
little bit higher and they tend to become equahgldoth horizontal and vertical profiles. They
remain under 2.6 MPa, approximately 50-75 kPa tweipeaks observed with the two other 3D
models.

In the Figure 138, the temperature profiles ardt@ib The effect of the anisotropic thermal
conductivity is visible, as the horizontal and et profiles are not equal anymore for the,3D
and 30y models, though the maximum gap between the twhigsas about 2°C. No difference
can be observed between the results of the&tl 30, models (the green and blue curves are
perfectly superposed in the Figure 138).

The third figure (Figure 139) illustrates the rddisgplacement along the horizontal and vertical
profiles. Once again, the introduction of additibaaisotropic parameters does not affect
dramatically the results, which remain quite simia all 30, 3D, and 30y models.
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3D models - End of the heater experiment
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Figure 137: Pore water pressure profiles at the efthe heater experiment.

Effect of the anisotropic parameters.

3D models - End of the heater experiment
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Figure 138: Temperature profiles at the end ofltlkater experiment.

Effect of the anisotropic parameters.
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3D models - End of the heater experiment

— ABC (horizontal) profile:
— 3D (oo)
3Dy (o0.1)
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Figure 139: Radial displacement profiles at the efithe heater experiment.
Effect of the anisotropic parameters.
TIMODAZ
DeliverableD13 — Appendix N°8 110/129

Dissemination levelCO
Date of issue of this repo@0/09/2010




6.3 Euridice

6.3.1 Effect of far-field mechanical boundary condition (BC1 and BC2)

In sectiord.1.1, two types of mechanical far-field boundasyditions have been mentioned. To
further investigate these two types of boundaryddams, four cases using 2D plane strain
model are simulated (see the Table 41, also seedsgl~5 for the geometry).

Boundaries CD and DH Case 1 Case 2 Case 3 Cqdse 4
Size 100 m 100 m 300 m 300 m
Thermal B.C. Adiabatic
Hydraulic B.C. Impermeable
Mechanical B.C. Constant Fixed | Constant| Fixed
stress displ. stress displ.
Boundary condition BC2 BC1 BC2 BC1

Table 41: Four cases of 2D plane strain modelling

The four cases have the same thermo-hydraulic @yyrwbnditions, and the differences among
the four cases are the far-field mechanical boundandition and the domain size. It is certain
that with the increase of the domain size, theugrite of the far-field boundary condition on the
near field modelling results decreases.

Some modelling results for the four cases are waleand presented in the Figure 140 to the
Figure 143. The Figure 140 presents the pore wamemsure profiles along boundary ABC after
heating for 10.5 years, the Figure 141 shows thiedwtal stress profile along CD after heating
for 10.5 years, the Figure 142 shows the pore watssure evolution with time at point D, and
Figure 143 shows the displacement evolution witletat point D. Some observations are made
from the four figures:

» After heating for 10.5 years, Case 2 gives highethan the other three cases (Figure
140), and the results for Case 1 and Case 2 argstemt to the results shown in the
Figure 35 and the Figure 37. For Case 2 and Caseh4far-field fixed displacement
boundary conditions, the horizontal boundary stedacrease from the initial value of
3.825 MPa to around 4.15 MPa and 3.86 MPa resgdgtiiFigure 141).

* For Case 2 and Case 4 (with fixed displacemenhatfdr field), the evolution of pore
water pressure at point D tends to increase ligesth time (Figure 142), and for Case 1
and Case 3 (with constant stress boundary cond#iothe far field), the evolution of
displacement at point D also tends to increasatlgavith time (Figure 143).

* Case 2 and Case 4 have the same THM boundary wmsdft.e. BC1), the domain sizes
of Case 2 and Case 4 are 100*10band 300*300 m respectively, and from the point
of numerical modeling, Case 4 should have moreoredde results than Case 2 because
of the further boundary. Besides, Case 1 and Casdtl8 constant stress far-field
boundary conditions give much closer results tes¢hof Case 4 than those of Case 2.
Therefore it could be concluded that Case 2 (fotsglacement at the far-field of 2100 m)
is not a reasonable case.
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Figure 140: Pore water pressure profiles along baary ABC for the four cases after heating for 1y@=ars
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Figure 141: Horizontal stress profiles along CD tbe four cases after heating for 10.5 years
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Figure 142: Pore water pressure evolution with tiatgpoint D for the four cases
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Figure 143: Displacement evolution with time atrgdDd for the four cases
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6.3.2 Effect of initial stress anisotropy

The Figure 144 presents the modelled pore wataspre contour just after excavation for Case
1 (see Table 41). In Case 1, initial stress arogpytis considered with horizontal stress of 3.825
MPa and vertical stress of 4.5 MPa. It is obsertled just after excavation, higher than the
initial pore pressure (2.25 MPa) was generatedh¢oright or left of the gallery, and the pore
water pressure decreases above or below the gafleryhe case considering the initial isotropic
stresses, the modelled pore pressure change atioenggllery is axisymmetric, having different
pattern from that observed in Case 1. Thereforentmn-axisymmetric response of pore pressure
after excavation is clearly due to initial streagsatropy.

Liguid Pressure

2.5039
2.2368
1.96587

- 1.7026
- 143585
1.16584

0.90131
0.6342
0.3671

01

Figure 144: Pore water pressure contour just afigcavation
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Figure 145: Measured pore water pressure profilelaxd PRACLAY gallery
(in the horizontal plane and close to the middi¢hefgallery)
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Figure 146: Measured pore pressure profile arourRINMCLAY gallery (in vertical plane and below thelggl)

The different patterns of pore pressure changenardbe gallery after excavation are also
observed from the in-situ measured pore pressee Kgure 145 and Figure 146). The Figure
145 shows the measured pore pressure profile arBRALCLAY gallery in the horizontal plane
and close to the middle of the gallery. The Figl4é shows the measured pore pressure profile
around PRACLAY gallery in the vertical plane andowethe gallery.
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Figure 147: Contour of plastic index (Plastic inde»xequal to 1 in plastic zone)

The Figure 147 shows the modelled contour of plastlex just after excavation, it can be seen
that the plastic zone has larger extent in thezbaotal direction than that in the vertical direatio
and due to initial stress anisotropy, deviatorsstes are bigger to the left or right of the gallery
than those at the top or bottom of the gallery.sEhmodelled results can explain the observed
larger convergence in the horizontal direction théat in the vertical direction around
PRACLAY gallery.

6.3.3 Influence of backfilling materials

For 2D axisymmetric modelling, two cases are sulid@nd the only difference between the two
cases is:

Case 1 does not include the material of backfilsagd in the modelling, and when heating test
starts, the interface between sand and liner isidered impermeable; while Case 2 includes the
backfilling sand in the geometry, and no specifidiaulic boundary condition between liner and
sand is imposed.
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The Figure 148 shows the pore water contour befieaing test, i.e. 2.5 years after starting
heater test. The Figure 149 shows the pore watdilgw at different times along the interface
between liner and Boom clay. Both figures cleaymonstrate that Case 2 makes the axial

distribution of pore pressure much more homogenabtise region close to the liner than Case
1. This can be explained as:

Very permeable sand is included in the modellin€ase 2, the sand has hydraulic conductivity
of several orders higher than those of Boom clay larer, so it is very fast for the pore water
pressure within the sand to become homogeneoushwhibsequently imposes almost the same
pore water pressure boundary condition for therlineound the sand. But for Case 1,
impermeable boundary condition is imposed at theados of the liner, which does not have
constraint on the axial distribution of the poreaevgressure along the liner.

Liguid Presst

7 GRBS 24961
I 235831 I 22298
2.0977 1.9636

. 1.8123 -1.6974
- 1.5269 - 14311

{12418 [ 11649
L 095617 - 0.89869

0.67078 0.63246
0.38539 0.36623
0.1 0.1

Liguid Pressu

(a) Case 1 (b) Case 2
Figure 148: Pore water pressure contour 2.5 yedtsrastarting heater test
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Figure 149: Pore water pressure profiles along ierface between liner and Boom clay
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6.4 CIMNE

6.4.1 Initial state around PRACLAY experiment

Studies realized in argillaceous URLs have shovat the hydro-mechanical state prevailing
inside the laboratory is highly heterogeneous beedtus influenced by the different excavations
realized. Moreover, the low permeability of theyclack delays significantly the reach of the
steady state for pore pressure distribution, whiffcts in turn the stress distribution. It is thus
very common that the stress state existing in thek fjust before the realization of a new
excavation is in an evolving phase and dependé®ugtironology of previous works.

In this section, the effect of the excavation & tjallery connecting the first to the second access
shafts to HADES URL on the hydro-mechanical stabeiad Praclay experiment is studied. This
gallery, from which Praclay gallery was excavated2007, was excavated between 2001 and
2002. The objective is to evaluate the extensiothefperturbed hydro-mechanical zone around
the connecting gallery and its evolution in timearder to have an insight into its possible
influence on the response of the clay around the@RY test.

Moreover, the follow-up by instrumentation of thecavation of the connecting gallery within
the framework of CLIPEX experiment, provide intémag data to adjust the field rock
parameters to be used in the modelling of PRACLAYegiment. It has been particularly
studied the influence of the anisotropy on thedsup of pore pressure during excavation.

The geometry of the connecting gallery and the metie location of sensors are depicted in
Figure 150. Pore pressure and displacements sems&es installed into 4 instrumentation
boreholes labelled from A to D. From the sake afai®eness, comparison between numerical
modelling and field measurements will be realizeddensors in borehole A (aligned with the
central axis of connecting gallery) and B (closgadery wall).

Horizontal boreholes
) Second
Oblique boreholes . Shaft
—‘_ié,_-f —____/ _ ]

Test Drift \'

4/____T ____________ SR << K .\

\

Horizontal boreholes ; Instrumented M / \
T llin ounting
uﬁlﬁ&& & lining chamber  Northern Southern

starting starting
chamber chamber

Figure 150: Pore water pressure profiles along itmerface between liner and Boom clay

The geometry, mesh, initial and boundary conditiossd in the numerical model are shown in
Figure 151. To favour sensitivity analysis, an gmimetric configuration has been considered.
Pore pressure is set initially to 2.2 MPa in theolehmesh and maintain constant at 50 m from
gallery axis. On the lateral boundary, conditiomsholl displacement and null wall flow have

been imposed. Four main stages are consideredeinamilysis: an initial stage to insure
equilibrium, a stage for the excavation of the tgt excavation (realized in 1987 and left open
14 years), a stage for the step-by-step excavatidhe connecting gallery (whole duration 35
days) and one final stage from the end of the eat@@v of the connecting gallery to the start of
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the excavation of Praclay gallery. Excavation osttelrift is considered instantaneous.

Excavation of the connecting gallery is dividei28 steps defined in accordance with the real
advance of the front. The average rate of advas8enid.

Step 0 Step 1
Initial Conditions Excavation of the Test Drift
Initial Equilibrium T=0.0- 14 years

Step 2

The CLIPEX case:

Excavation of the Connecting Gallery LIS Coliy g St
T =35 days T=7years

U.=0.0

Figure 151: Numerical model for CLIPEX experimestgemometry; b) mesh; c) stages of the analysis

In order to study the effect of anisotropy on tlesponse of the rock, eight cases have been
simulated, with different assumptions for the dresate and material properties. They are
summarized in Table 42. The damage/elastoplasticdaveloped for argillaceous rocks and
presented in Deliverable D10 has been used. Becadseation is lower in Boom clay than in
Opalinus of Callovo-Oxfordian clay, only the elgd#stic part of the model has been activated

Yield criterion is based on Mohr Coulomb failuréeron. Values of material parameters for the
anisotropy are given in Table 43.
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Computations I|IT|III|IV |V |VI|VII|VIII
Isotropy X

Anisotropy in permeability X X | X X
Anisotropy in stress state X X X
Anisotropy in elastic moduli X X X |X

Table 42: Summary of the analyses of CLIPEX exmarim

| Parametes | Exp.values |

Young’s modulus (MPa) — isotropic case =4 585
Young’s modulus (MPa) — anisotropic case E'n 700
Young's modulus (MPa) — anisotropic case E'v 350
Poisson’s ratio v 0.125
Friction angle (°) [0} 18
Cohesion (MPa) c 0.3
Dilation angle (°) v’ 0-10
Hydraulic conductivity (my/s) — isotropic case Kw 4.00e-12
Hydraulic conductivity (my/s) — anisotropic case Kwn 6.00 e-12
Hydraulic conductivity (my/s) — anisotropic case K 3.00 e-12
Porosity (%) n 39

Table 43: Isotropic and anisotropic properties afddn clay considered in the analyses

When the stress state is considered isotropiqyitialivalue equal to 4.5 MPa is considered in all
the mesh. In the computations assuming an anidotrstpess state, the initial values are:
-3.82 MPa for the horizontal stress and -4.16 MRerage of the horizontal and vertical stress)
for the stress in the vertical plane.

Figure 152 shows a comparison between the poresymeesomputed by the full anisotropic
model (case VIl of Table 42) and the isotropic rlo@ase 1) for one sensor located in borehole
A. It evidences the capability of the anisotropiodal to capture the peak in pore pressure as the
front approaches the sensors. This is due to théirlg originated by the redistribution farther
ahead the front of the lateral stress releasedhégxcavation. When the front goes closer to the
sensor (less than 6 m), a sudden decrease in pEssupe is observed caused by axial unloading.
The effect on pore pressure of the two last stégx@avation before the reach of the sensor can
be clearly observed in the Figure. To the opposite,isotropic model captures only the pore
pressure decrease by axial unloading but not #ndqars peak by lateral loading.
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Figure 152:
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Figure 153: Computed pore pressure vs measurenéivieasensors along borehole a) A, b) B and cyiGtie full
anisotropic model and three values of dilatancy

In Figure 153, pore pressures computed by theafulotropic model are further compared with

pore pressure measurements at sensors located eidés of the excavation. Agreement is good
for sensors close to the gallery wall (borehole B)r sensors farther in the rock (borehole C),

the trend of evolution, characterized by a cyclenafease/decrease in pore pressure, is well
reproduced but the magnitude of change in porespreds not totally captured.

Results of a sensitivity analysis on the value iHtdncy angle are also reported in the Figure
153. Whatever is the value gf(¢ = 0 — red symbols, 3.6° — in blue, 9° — in gre&g? — full
dilatancy in yellow), the computed evolutions a@ir@ pressure almost identical. This has been
confirmed by comparison of pore pressure maps ardle@ excavation at different times (not

presented here). The dilatancy angle appears thhave little influence on the hydraulic field
around Clipex experiment.

A final analysis was performed to identify whetlarisotropy in permeability, stress state or
moduli control mainly the pore pressure field. Asepresentative example, comparison between
computed pore pressures and measurements at g&hgsrreported in Figure 154 for three
models: the full anisotropic model, the model cdaesing anisotropy only in elastic moduli and
the model considering anisotropy in all variablesrtmeability, stress state) but in elastic moduli.
The figure indicates that the peak in pore pressahliead the front is controlled almost
exclusively by the anisotropy in moduli.
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Figure 154: Computed pore pressure vs measurenesatrnsor A4 for a) the full anisotropic model b)dalowith
anisotropy only in moduli and c) model with anisply in all variables but in moduli

Figure 155 shows a comparison between displacensentputed by the full anisotropic model
and measurements at sensors Al and A4. Agreemeeassnable although the magnitude of
displacement provided by the model appears to $setethat the measured one. It is however
difficult to put forward reasons for such a dis@epy because of the possible sliding of the
extensometer chain during excavation (Bastiaea €003).
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Figure 155: Comparison between displacement conapoyethe full anisotropic model and measuremenseasor
Al and A4

The comparisons with field measurements suggestthi®ga model supply acceptable results,
which provides a reasonable validation of the aggioms done and the values used for material
properties. The full anisotropic model will now bsed to assess the stress state in the Praclay
zone at time of the excavation of Praclay gallery.
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Figure 156 shows the profile of pore pressure atbegentre axis of Praclay gallery previous to
its excavation. It evidences an increase of pressua zone at a distance from the connecting
gallery wall between 20 and 50m, that is aroundséond middle of Praclay heater. Magnitude
of the increase reaches a maximum of 500 kPa (egpect to value of pore pressure in the far
field) at 28m from the connecting gallery.
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Figure 156: Profile of pore pressure along the cersixis of Praclay gallery previous to its excaeati

Profiles of stresses are depicted in Figure 15&¢tlons of stresses are taken with respect to the
axis of the connecting gallery). They evidence &lmeaical perturbation due to the connecting
gallery that extends up to approximately one fooftRraclay heater.
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Figure 157: Profile of stresses along the centres at Praclay gallery previous to its excavation
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6.4.2 Effect of anisotropy in the thermal field around PRACLAY experiment

A three dimensional analysis of Praclay experintexg been conducted considering anisotropy
in permeability, stress state and thermal conditgtiand moduli. Mesh and geometry are
depicted in Figure 158. Boundary conditions ard displacement, water flow and heat flow at
the outer boundaries. At the boundary of the heatenperature and null water flow and null
normal displacement are imposed.

Figure 158: Geometry and mesh used in the 3D miadedf Praclay experiment

Properties of the material are those presentedalieT43. In addition, a thermal conductivity
equal to 1.4 in the horizontal plane and 1 in tediwal direction is used. These values are taken
from the analysis of Atlas experiment presenteélnnex 3.

A map of the temperature field at 14 years is drawfRigure 159. The anisotropic development
of the thermal bulb can be observed. Loss of Iselaiss in the horizontal direction because of the
greater thermal conductivity. Time evolution of paerature at three points insight the rock
(along a horizontal axis orthogonal to heater atrthddle of its length and at 0, 2.8 and 6.5 m
from the contact between the heater and the hok} i® given on Figure 160.
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Figure 159: Thermal field at 14 years
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Figure 160: Evolution of temperature

The effect of temperature on the hydraulic fieldllisstrated in Figure 161 by the map of pore
pressure at 4 years. Time evolution of water pressudepicted in Figure 162 at 6 points inside
the rock, 3 along the horizontal direction and 8ngl the vertical direction. Due to the
conjunction of anisotropy in the thermal, hydraudicd mechanical properties of Boom clay,
pore pressure increase around the heater is hetexogs. Highest pressures develop in the
vertical directions. Along the horizontal plan, eotlose to the heater experiments an increase in

pore pressure while depression of water pressurdeabserved farther in the rock.

Liquid Pressure
3.4669
l 3.3279
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2.2158

Figure 161: Three dimensional map of pore pressiir years.

Figure 163 shows finally the development of thesfidazone at 14 years, resulting from the
anisotropic thermo-hydro-mechanical response ofctag formation. It develops preferentially
along the horizontal direction (asymmetry is arefatt of the computation that evidences the

influence of boundary conditions — heating boreh®lgot centred in the mesh).
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Figure 162: Time evolution of pore pressure at é1f®in a vertical section orthogonal to Praclayrebole at
mid-length of the heater. a) points along the hamtal direction; b) points along the vertical ditém
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Figure 163: Development of the plastic zone arotmedheater at 14 years
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