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Fate of repository gases (FORGE)

The multiple barrier concept is the cornerstone
of all proposed schemes for underground
disposal of radioactive wastes. The concept
invokes a series of barriers, both engineered and
natural, between the waste and the surface.
Achieving this concept is the primary objective of
all disposal programmes, from site appraisal and
characterisation to repository design and
construction. However, the performance of the
repository as a whole (waste, buffer, engineering
disturbed zone, host rock), and in particular its
gas transport properties, are still poorly
understood. Issues still to be adequately
examined that relate to understanding basic
processes include: dilational versus visco-
capillary flow mechanisms; long-term integrity of
seals, in particular gas flow along contacts; role
of the EDZ as a conduit for preferential flow;
laboratory to field up-scaling. Understanding gas
generation and migration is thus vital in the
guantitative assessment of repositories and is
the focus of the research in this integrated,
multi-disciplinary project. The FORGE project is a
pan-European project with links to international
radioactive waste management organisations,
regulators and academia, specifically designed to
tackle the key research issues associated with
the generation and movement of repository
gasses. Of particular importance are the long-
term performance of bentonite buffers, plastic
clays, indurated mudrocks and crystalline
formations. Further experimental data are
required to reduce uncertainty relating to the
guantitative treatment of gas in performance
assessment. FORGE will address these issues
through a series of laboratory and field-scale
experiments, including the development of new
methods for up-scaling allowing the optimisation
of concepts through detailed scenario analysis.
The FORGE partners are committed to training
and CPD through a broad portfolio of training
opportunities and initiatives which form a
significant part of the project.

Further details on the FORGE project and its
outcomes can be accessed at
www.FORGEproject.org.

Contact details:

S. Levasseur, F. Collin, R. Charlier

Université de Liege — ArGEnCo

Secteur Géotechnologies, Hydrogéologie, Prospection
géophysique (GEO?®)

Institut de Mécanique et de Génie Civil, Chemin des Chevreuils 1,
Bat. B52/3 B 4000

Liege 1 - Sart Tilman

Belgique

Tél.: 04/366.93.34

Fax: 04/366.93.26

E-mail severine.levasseur@ulg.ac.be; f.collin@ulg.ac.be;
robert.charlier@ulg.ac.be

www.argenco.ulg.ac.be


http://www.forgeproject.org/�

Faculté des Sciences Appliquées

ArGEnCo

 — Département d’Architecture, Géologie, Environnement & Constructions
. L Secteur GEO3

Universite Prof. R. CHARLIER
de Liége Y

FORGE - WP4

TASK 4.3: Modelling of lab and field
experiments

HGA EXPERIMENT

Technical report

27/02/2012

S. Levasseur, F. Collin, R. Charlier

severine.levasseur@ulg.ac.be |, f.collin@ulg.ac.be |,
robert.charlier@ulg.ac.be

Université de Liége — ArGEnCo

3 www.argenco.ulg.ac.be
B E Secteur Géotechnologies, Hydrogéologie, Prospection géophysique (GEO3)

Institut de Mécanique et de Génie Civil, Chemin des Chevreuils 1, Bat. B52/3 B 4000
Liege 1 - Sart Tilman- Belgique

Tél.: 04/366.93.34 ; Fax: 04/366.93.26

E-mail : Robert.Charlier@ulg.ac.be



FORGE -WP4 / Task 4.3: Modelling of lab and fielgperiments — HGA Experiment

Table of content

1 HGA EXPERIMENT OBJECTIVES AND MODELLING PLAN ....... coooviiiiiiiieennnnn. 3
2  CONSTITUTIVE MODELS ... ..o eeeeenees 4
2% RV =T F= Vg o= LI Va0 4 0] o) RS 4
P2 o V(o = LU ] o= T[T ] (o o )Y/ S 11
P T = -1 = U Tod <IN =To (1 = 4o ) o 1SS 12
3 MODEL PARAMETERS IDENTIFICATION. .. cciiiiiiiiiiiies et 12
3.1 Mechanical parameter estimation from triaxial teStS.........oooiiiiiiiiiii 12
I o Yo | - 10 | [o o T= U= T 1= (=] OO 15
4 2D MODELLING OF TUNNEL EXCAVATION ...ttt vt 16
4.1 Geometry, boundary conditions and loading deSCrPON...........ooiiiiiiiiiiiiiiie e 16
4.2 HydromechaniCal PArameEterS ............uu i ettt ettt e e e e e e e et e et e e eaaaaeaaaeeaae e e e nnneeneeeeeeees 19
4.3 Qualitative analysis of NUMEIICAl FESUILS. ... oo 20
4.3.1 Influence of anisotropic settings on global behawionder purely mechanical conditions........ 20..
4.3.2 Influence of anisotropic settings on hydro-mechancodelling...........cccccceeiiiiiiiiiiiiiiis 23
4.3.3 Interpretation of NUMENICAl FESUILS ........iieeieieiiiiiiie e 27
4.4 Complementary investigations for quantitative analyBiS............uvvevieeeeeeiiiiiii e e e e e e e 29
4.4.1 Mesh sensitivity around HGA BOrehole.........ouuueeiiiiiiiii e e e 29
4.4.2 Influence of the lateral large gallery on HGA MO .............ccvvvviiiiiiiiiieieeeeee e 30
4.4.3 Introduction of an artificial EDZ around HGA DOraBo............coovveiiiiiiic e 35
4.5 Calibration on experimental FESUILS ........... e e e 36
4.6 Interpretation of calibrated nUMEriCal FESUIS. ............uuiiiiiiiiii e 39
O CONCLUSIONS. ... e e e e e e e e e n e e e e e nrnnns 40
6 REFERENGCES ... ... et ettt e e e e et e e e e rnn e e e e e e e e eaans 41



FORGE -WP4 / Task 4.3: Modelling of lab and fielgperiments — HGA Experiment

1 HGA experiment objectives and modelling plan

The objective of the HGA experiment is to investagthe hydro-mechanical evolution of a
backfilled and sealed tunnel section. In particulae goals concern:

- the understanding of the generation and the behaevolutions of an Excavated Damaged
Zone (EDZ) in Opalinus Clay;

- the upscaling of hydraulic conductivity deterntioa from the lab test to the tunnel scale;
- the investigation of self-sealing processes;
- the estimation of gas leakage rates.

The geometry of the problem consists in a tunne€l3rh in length and 1.035m in diameter

drilled in Opalinus Clay. More than 20 observatlmreholes have been drilled parallel and
oblique to the microtunnel axis and equipped witlultipacker piezometer systems,

inclinometer chains, chain deflectometers and stresls to monitor the correspondent
parameters in the host rock (pore water pressatal, $tress and displacements — cf. Figure
1). After excavation, the micro-tunnel has alsorbestrumented with surface extensometers,
strain gages, time domain reflectometers (TDR&ggneters and geophones.

The test plan consists in the drilling and instratagon of the boreholes (Phase 0), the
excavation of the microtunnel followed by backfith and sealing (Phase 1), installation and
inflation of the megapacker (Phase 2), hydrauliestant pressure and constant rate injection
tests (Phase 3), gas injection tests (Phase 4a aedond hydraulic test series (Phase 5) (cf.
Figure 2 — Trick et al., 2007).

'/
/™ He-A3

Site instrumentation:

HG-A2, HG-A3 Multipacker systems

HG-A4, HG-AB Deflectometer chains

HG-AL, HG-AT Inclinometer chains

HG-A8B to A13 Minipiezometers

SG1 1o 5G22 Strain gages

HG-EH, HG-EV Horizontal/vertical

extensometer

Microtunnel:

Figure 1: General layout of the HGA gallery with instrumentation boreholes (Trick et al., 2007)
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Phase1:
Tunnel backfill and
sensor emplacement

Phase 2:
Packer inflation and
and saturation of backfill

Phase 3:
Hydraulic tests
(1st campaign)

Phase 4:
Gas injection tests

Phase 5:
Hydraulic tests
(2nd campaign)

Figure 2: General test plan of the HGA experimentTrick et al., 2007)

In the framework of the Workpackage 4 (WP 4) — Tdsk (Modelling of lab and field
experiments), the global approach of the phenomaeaalivided in the following four stages
(I. Gaus, G.W. Lanyon, P. Marschall, J. RueediNd®. 2009, oral communication):

SubTask 1:Modelling of tunnel excavatioconsidering mechanical behaviour of Opalinus
Clay (including anisotropy and suction), developt&rEDZ.

SubTask 2:Modelling of water injectionconsidering resaturation, evolution and role of
EDZ, interpretation of long term injection testslaelf-sealing.

SubTask 3 Modelling of the gas injectiomcluding the design and the prediction of gas
injection phase, the model calibration, the testerpretation and the
interpretation of the second set of hydrotests.

SubTask 4:Insight modelling and upscaling.

In this context, ULg have carried out some particmumerical tools that are described in the
following.

2 Constitutive models

Opalinus Clay is well-known to have a non-negligilanisotropic behaviour. Constitutive
models taking into account this anisotropy havenlmseloped.

2.1 Mechanical anisotropy

The model uses elastic cross-anisotropy coupled antextended Drucker-Prager hardening
plasticity model. The plastic yield limit considdtsat the material cohesion depends on the
angle between major principal stress and the bgdutientation.
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The elasto-plasticity principle (concept of a loaglsurface in the stress space which limits
the region of elastic deformation) allows that theal strain raté; be split into elasti¢f and

plastice” components:
& =& +§° 2-1)

Because of elastic anisotropy, the elasto-plastéss-strain relations are more convenient to
be expressed in the anisotropic axis, as indidaydtie star in exponenvfandgiju)

O.-i;D =Cy & (2-1)

whereC,, is the elasto-plastic constitutive matrix.

In the more general situation, the reference axesal coincide with the axes of anisotropy
and the expression af" and &;' can be obtained froro; andé; expressed in the system of
reference through the following transformation:

%D:Riﬁ% . ‘Ei}D: R Rg (2-2)

where R; is thej component of the rotation matrix:

cosa co®p sim cog Sip
R=|—sina co¥Y - sir¥ sip cos cos cOs dn gn @&in Gin ¢ (2-3)
singdsing—cosr sipp col8@ - s sin cs En eos gos &

where a is the rotation angle around the axeg (rotation in the(E,, E,)) plane, the angles
@ and @ define the rotation around the ax@s and e, respectively (Figure 3). The positive
direction of rotation is counter-clockwis€E,, E,, E;) and (g, &, §) are the reference axes
and the anisotropic axes, respectively.

E;
¢(_)u
e n e2 e
e'; 0 |
e; /'He 2
> E,
E']
E1 o
or/"0
n e-l

Figure 3: Transformation of the global axis(El, EQ,I_ES) into anisotropic axes(g,g,g) .
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At the end of each step of computation, the sta@skstrain obtained in the anisotropic axes
(Ji}DandeijD) are re-transformed to be expressed in the giaxed ¢ and¢; ):

g,=R.Ra ; §=RRg (2-4)

Elastic anisotropy

)

&, is theij strain rate component that does not modify theldrsing state of the material.
£,° is linked to stress rate through the Hooke law :

5ue = D.jE o (2-5)

The Difkl matrix considers anisotropic elasticity. Considgrihe requirement of symmetry of

the stiffness matrix, the anisotropic elasticitgde a maximum of 21 independent parameters
to be fully described. However, axes of symmetryhim structure of many materials limit the
number of independent parameters. An anisotropyded by three orthogonal structural

directions, usually calledrthotropy, requires 9 parameters to define the elastic madigx
follow:

1 Ve Va 7
E E E
Ve 1 Vs
E E §K
M Ve 1
e E E EK
Dijkl = (2'6)
1
2G,,
1
2G,
1
ZGzaj
The symmetry of the stiffness matrix imposes that
Q:@ - ﬁ:b . V_23:_32 (2_7)
E, E E §& E &
By inversing the matrioy, , the elastic relation is:
U.; = Cljil “;:Ie (2-8)
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[ 1-VoVsy VautVilV s VH 5tV o
E,E,det E,E, det E E det
Vi, tVid 5 1_V1§/ a1 VgtV
E,E;det E E, det E E det
Ciﬁd =\VistVoly VotV s 1=V, (2-9)
E,E,det EE, det E E det
2G,
2G,;
2623,
with det= 1_V31V13_V2y 127 VY 5 g H Y (2_10)

EEE,

Sedimentary rocks show usually a more limited fofranisotropy. The behaviour is isotropic
in the plane of bedding and the unique directioramotropy is perpendicular to bedding.
The properties of such materials are independentotaition about an axis of symmetry
normal to the bedding plane (Graham and Houlsb82)19This type of elastic anisotropy,
called transverse isotropyr cross-anisotropyrequires 5 independent parameters and is a
particular case of Equations (2-6) and (2-9) foralh

E=E=E
E=E
Vie =V =V
Vig =V =V (2-11)
G =G,=G)
_ __E
G,=G,, = 2(1+ V//]//)

where the subscriptg/ and [0 indicate, respectively, the direction parallel iedding
(directions 1 and 2) and perpendicular to beddég¢tion 3).

Plastic anisotropy

The Drucker-Prager plastic yield limit, flow rul@dh consistency condition are expressed in
the anisotropic axis (stress and strain componamsexpressed with a star exponent). This
way of proceed aims at keeping the elastic matn@efled in the development of the
consistency condition) as simple as possible.

The limit between the elastic and the plastic domsirepresented by a yield surface in the
principal stress space. This surface correspondshéo Drucker-Prager yield surfate

(Drucker and Prager, 1952):

f Ellﬁ—m[lg—ijzo

(2-12)
tang
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_ 2sing
J/3(3- sing)

I, and I, are the first stress tensor invariant and the rsgodeviatoric stress tensor
invariant, respectively:

With (2-13)

|, =0" (2-14)
I, = Loogo . gozgo-le 2-15
¢ =2 % % v 0 =G Eq (2-15)

In Equation (2-12), the linear coefficiemt between the first and the second stress invariant
being independent of the third invariant (or altgively, the Lode angle), the plastic surface
is a cone in the principal stress space. The toddbis plasticity surface on thel plane
(deviatoric plane) is a circle (Figure 4).

A 0'1

Drucker-Prager

Mohr-Coulomb

Figure 4: Yield surface of the Drucker-Prager criteion in the deviatoric plane. Comparison with the
Mohr-Coulomb yield surface.

The criterion assumes that the strength of mageviaties according to the orientation of the
principal compressive stress with respect to thedipgy plane orientation. Anisotropy of
material cohesion depends on the angle betweerr pajeipal stress and the normal to the
bedding plane following experimental observatiohdliandou et al. (1997) or failure criteria
proposed for sedimentary rocks by Duveau et aR&)9Pietruszczak and Mroz, (2001) and
Pietruszczak et al. (2002).

Then, three cohesion values are defined, for mpjancipal stress parallela(, =0°),
perpendicular ¢, =90°) and with an angle of 45%(, =45°) with respect to the normal to

bedding plane. Between those values, cohesionsvéiriearly witha, . The mathematical
expression of the cohesion is as follows (Figure 5)

C,. — C C,. — C
C = max 45—0’)0 +C, (Mj a._ -458)+c. 2-16
K s 9at a5 (0o~ 48)* G (2-16)
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with a, being the angle between the normal to the bedglaige i and the major principal
stressd, :

a, =arcco na, (2-17)
1 {“nllll IIJ

Cohesion
A

Copo°

0° 45° 90° O
Figure 5. Schematic view of the cohesion evoluticams a function of the angle between the normal veatto

bedding plane and the direction of major principalstress.

In addition, a general non-associated plasticaynework is considered:

&P =" aag (2-18)
o,

with the plastic potentiay defined as:

gsll,+m'l, =0 (2-19)
. : . 2sing
in which m=——— (2-20)
V3(3-siny)
of _ 0g . :
wherey is the dilatancy angle. When = ¢, 357" aoJD and the flow rule is associated.
. .

1

The plastic multiplierA® is obtained from the consistency condition, whstdites that during
plastic flow the stress state stays on the limitae:

_ Daf

aq;D P

df k=0 (2-21)

with « being the hardening variable(s). The used modehiardening Drucker-Prager model
that allows hardening/softening processes duriragsti flow. This is introduced via an
hyperbolic variation of the friction angle and tbehesion between initialg and c,) and
final (¢ and c,) values as a function of the Von Mises equivalplastic strain &l

(Barnichon, 1998):
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_ . a-a)d
=% +W (2-22)
c=g +(°f'ﬂ (2-23)
B, + &2,

where the Von Mises equivalent plastic strafh is obtained by integration of the Von Mises
equivalent plastic strain rat :

t
en=lendt ;o en= /gé*ijpajp (2-24)
0

CoefficientsB, and B, represent respectively the values of equivaleadt strain for which

half of the hardening/softening on friction angledacohesion is achieved (Figure 6). Thus,
the consistency condition given in equation (242Rds:

df = af,gdi}m+ i%.;.g& £ =0 (2-25)
00 dpde; Ocdel,

i
A

O

—

(05 - 0)/2 Bp=0.1

o

o

0.01 0.1 Equivalent plastic strain

Figure 6: Hardening/softening hyperbolic relation br 2 values of coefficient Bp

The Von Mises equivalent plastic strain can be esg@é as a function of the plastic
multiplier combining Equations (2-18) and (2-24);, tbe specific expression of the Drucker-
Prager plastic potential (2-19):

o = z ag,u agm_} a% a% jr =33 e (2-26)
3\ 0oy dg;~ 300, g, 3

Combining together the elastic relation (2-8) arpression of plastic strain gives:

0 . ., 09
UijD - C:Ijkl [‘ﬁdﬂ -4 pmj (2'27)

That allows us to determine the plastic multipligt:

10
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of .
chfﬁ
i = i 2-28
o o _3(3f dg of dc (2-28)
do,, ° 3 |0pdel, odcdel,

2.2 Hydraulic anisotropy

Darcy’s law
The general Darcy flow law is used and defines Daecy fluid velocity q,6 as a linear

function of permeability and the gradient of flygoessurep,, :

K k
q =- =W Dpw = —=nt DpN (2-29)
g, == (0n.) === (0n)

where K, is the anisotropic tensor of permeability. Thiss@r has nine components and may
be written in a general form as follows:

Kxx Xy K Xz
Kw = ny yy yz
K K

k.. is the intrinsic permeability [m?] and, is the fluid dynamic viscosity [Pa/s].
k depends on the degree of saturation of the mhateria
k=k k, (2-30)

with k. being the relative permeability coefficient definey Marschall et al. (2005) for the
Opalinus Clay as:

ke =4S (1- - $)°°) (2-31)

where § is the degree of saturation.

Retention curve

The degree of saturation is related to suctiorhlyfollowing expression:

S =(1+( .t jcsj[lcslm] (2:32)

CSR

where CSR1 and CSR2 are material parameters.

11
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Water specific mass

The water specific mass depends on pore waterypeess

Lo = Pao {HW} (2-33)

where p,, is the reference water specific mass at referg@oce water pressurg,, is the
liquid compressibility coefficient.

2.3 Balance equations

Momentum balance equation

The momentum balance equation is written for qgtaic conditions:

div(g;) =0 (2-34)
whereg; is the total stress tensor [Pa] expressed by:

0;=0;=bS p (2-35)

whereb is the Biot coefficient and; the effective stress.

Water mass balance equation

We suppose that the water is only in the liquidgehd& hen, the water mass balance equation
can be written:

%(pwn$)+ di\,(pw _qv) =Q (2-36)

wheregW is the mean speed of the liquid phase comparétetsolid phase [m’$ and P, IS
the bulk density of water [kg.fi.

3 Model parameters identification
3.1 Mechanical parameter estimation from triaxial t  ests

Laloui and Francgois (2008) have compiled triaxiabts results corresponding to three
different inclinations of the bedding plane wittspect to the loading directien (Figure 7):

= Loading parallel to bedding planes: P-Sampig, = 90°
= Loading perpendicular to bedding planes: S-Sample~ 0°

= Loading with an inclination of 45° to bedding plan&-Samplega, = 45°

These triaxial tests have been performed undeffdreint confinement pressureg equal to:
0, 5, 10 and 15MPa (Figure 8). The geomechanicatacheristics have been determined

12
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through the comparison between these experimesgalts and their simulations based on the
Drucker-Prager elastoplastic model without hardgisioftening regimes.

Axial Axial Axial
loading loading loading

| l

! T !

P-Sample S-Sample Z-Sample

Figure 7: Orientation of bedding with respect to tle loading direction in P-, S- and Z- samples

63 =0MPa 63=5MPa
25 4 50
—_ = P-samples
§ 20 P-samples S-samples §40 P S-samples
E’ Z-samples ™
815 30 -
g g30 L Z-samples
B ~
(%) )’X 3
£ 10 = 20 4\
o 7 o ~
> 5 % S
3 310 iy -
Ly =
0 T T 0~
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02 0.025
axial strain [-] axial strain [-]
63 =10 MPa 65 =15 MPa
25 50
= = P-samples
% 20 P-samples < 40 - g
=
= S-samples =
® 15 - a
% 4 30 S-samples
o w
£10 220 -
E Z-samples 8
s 5 .g
3 yL’/’ﬂ 3107 Z-samples
0 T 0 & T T
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
axial strain [-] axial strain [-]

Figure 8: Triaxial results under 4 different confinement pressuress; for three different inclinations of the
bedding plane with respect to the loading directiors;

Plastic parameter calibration

Assuming that plastic anisotropy only concerns saireparameter and not friction angle, the
friction anglea. has been fixed to 20° in all directions as commadmitted in literature.
Cohesions are estimated from (p,q) graph drawedch case (Figure 9). According to failure
criteria given in equations (2-12) and (2-16) withtaking into account hardening parameters
in the behaviour, we obtain by considering only st relevant (p:gure) POINtSs:

Coc = 6.4MPa, Cs5° =1.8MPa, Coo° = 4.5MPa.

13
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P - samples S-samples
50 50 .
| |
40 . .l 15 MPa 40
_ 10 MPa T _ -
™ 30 - T © 30 - _m
g . g =T 15 MPa
T2 OMPa, .- = 20 0 MPa T
PR P 10 MPa
- - * -
10 5 MPa 10 - *5MPa
0 0 T T
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30
p [MPa] p [MPa]
Z - samples
40
35 -
.
30
5MPa
= 25 u
o -
S 20 . =T
5 15 0MPa I * 15 MPa
- _ - [
10 | ¢ e
5 - 10 MPa
0
0 5 10 15 20 25
p [MPa]

Figure 9: Failure criteria in (p, q) plane for three different inclinations of the bedding plane withrespect
to the loading direction e,

Elastic parameter calibration

Identification of Poisson’s ratio can not be eagigrformed on triaxial test results. Its value
with bedding orientation is chosen according teréiture (Gens et al., 2007, Wileveau 2005,
Martin and Lanyon 2003):

vy = 0.33

Young’s modulus is identified on all triaxial tesBy averaging estimation for each loading
case, we obtain the values summarized in Tablesdceged to numerical modelling results
presented in Figure 10. They show that the elasiithess’s (and the corresponding shear
strengths) are clearly affected by initial stresgesas well as the direction of loading with
respect to the bedding plane.

vyg=0.24

P - samples S - samples
50 50 -
40
15 MPa
30 -

20

deviatoric stress [MPa]

0.005

0.01

axial strain [-]

0.02

deviatoric stress [MPa]

10 -

’xSMPa
* *
0 MPa
T T T
0.01 0.015 0.02 0.025
axial strain [-]

0.03

14
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Z -samples

deviatoric stress [MPa]

0 0.005 0.01 0.015 0.02 0.025

axial strain [-]

Figure 10: Triaxial tests calibrations under 4 difierent confinement pressures3 for three different
inclinations of the bedding plane with respect tohe loading directionel

Table 1: Young modulus identification on triaxial test with bedding orientation

E// [GPa] EEI [G Pa] E45° [G Pa]
03 [M Pa]
P-samples | S-samples | Z-samples
0 3.2 2.2 2.3
5 4.6 3.5 3.2
10 59 4.9 4.1
15 7.2 6.2 4.0

3.2 Hydraulic parameters

The hydraulic parameters presented in Table 2 haea obtained from the literature (Gens et
al., 2007, Wileveau 2005, Martin and Lanyon 2003).

Table 2: Hydraulic characteristics

Initial porosity [ Ny 0.1
Initial intrinsic permeability [m2] ksat’” 210"
- 8.10%
Water specific mass [ka/m3]|  pw 1000
Fluid dynamic viscosity [Pa.s] Lhw 10°
Liquid compressibility coefficient [MPY 1w 5.10*
Coefficient of the water retention curve [MPa] CSR1 5
[-] CSR2| 1.2

15
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4 2D Modelling of tunnel excavation

Based on the in-situ measurements, the objectitheofmodelling of the excavation phase is
to identify the concepts, the processes and thenpeters of models in order to reproduce the
creation and evolution of the EDZ. Also, these nflaag will indicate the accuracy and the
relevance of current models to predict EDZ strugtur

4.1 Geometry, boundary conditions and loading descr iption

The HGA gallery has been excavated from a nicheéhef Gallery 04 of the Mont-Terri
Underground Research Laboratory (URL). The drillisgparallel to the bedding orientation.
In a section perpendicular to the gallery, the egighlane is oriented at 45° with respect to
horizontal direction (Figure 11).
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Figure 11: Schematic view of the orientation of thélGA gallery with respect to bedding plane.

The problem has been considered as a 2D plana stralblem, considering a perpendicular
section in the middle of the gallery. A 40m wideuatge domain has been considered. The
initial stress is anisotropic:

» 0z = 6.5MPa (vertical stress),
» 0Ox = 4.4MPa (horizontal radial stress)
» Oy = 2.2MPa (horizontal axial stress)

The initial pore water pressure has been fixed. @1@a. Because of the bedding anisotropy
and the initial stress state does not follow theesarientation planes, the whole cross section
needs to be taken into account in our model (nansgtry exists, see Figure 13).

In term of mechanical conditions, the external laries are kinematically constrained (no
displacement). The internal boundary (at the galeall) is stress controlled. To simulate the
excavation phase, the total stress at the galledliesdecreased from the initial anisotropic
stress to OMPa within one day (86400s). The poreem@ressure is maintained constant at
0.9MPa on the external boundaries while the potemaessure at the gallery wall is reduced
from 0.9MPa to OMPa in 1 day (see Figure 12).

Afterward, a ventilation is put in place with aate humidity RH = 83% and a temperature
T = 13°C in average. To reproduce gallery venblatipore water pressure is linearly
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decreased from O to a given suction in 7 days &ed & constant pressure is maintained.
Suction can be estimated as follow:

P, - g:p&—mln(RH):—ZB.QMPa (4-1)

w

Seepage elements are considered on the gallerytavatipose this relative humidity. That
condition allows flow of water from the ground teetgallery (if the pore pressure of the

ground is higher than the imposed pore pressuteeagallery wall) but restricts flow of water
from the gallery to the ground.

The hydro-mechanical response of Opalinus Clay rafailne excavated gallery has been
simulated over a period of 322 days (from"1Bebruary to 3% December 2005). The
numerical results are compared with in-situ measergs in sensor HG-A2 and HG-A3 for
pore water pressure and HG-A5 and HG-A7 for displaents. The locations of the sensors
projected on one plane perpendicular to HGA boeelaoé reported in Figure 14. Pore water
pressure and displacement evolutions with time oreasin situ are drawn in Figure 15.

Py [MPa] ,
0.9
oy, = 8MPa 01
Ventilation pressure
ox = 3MPa \/ is reached
- » days -24 - » days
End of excavation End of excavatic

Figure 12: Hydromechanical loading (subtask 1)
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Figure 13: Boundary conditions of the 2D plane stria model.
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Figure 14:

Water pressure
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(a) Experimental results of the time evolution ofthe pore water pressure in sensor Hg-A02 and Hg-A03
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(b) Experimental results of the time evolution of he total displacement in sensor Hg-A05 and Hg-AQ7

Figure 15: Experimental measurements around HGA tunel
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4.2 Hydromechanical parameters

The parameters consider in the Drucker-Prageraglsitic model corresponds to the values
identified on triaxial tests and summarized in Eabl(for mechanical properties) and in Table
2 (for hydraulic properties). In this model, no deming neither softening is included, which
means that cohesion and friction angle do not evdiio dilatancy is also taken into account.
Furthermore, the model does not consider any ewolaf Young’'s modulus with stress state.
Only one single value of E is included in each dim of anisotropy. By considering as
initial stress the horizontal valusx = 03 = 4.4MPa, the anisotropic values of E have been
evaluated by linear interpolations of Table 1 eations. Then, it followsg, = 4.4GPa and
Er= 3.3GPa. All the useful parameters are summaiizd@ble 3.

Table 3: Opalinus Clay parameters

Physical parameters

Initial porosity [ Ny 0.1
Volumic mass [kg/m?] p 2450
Water specific mass [ka/m3]|  pw 1000
Water content [%0] W 6.1
Fluid dynamic viscosity [Pa.s] Ihw 10°
Liquid compressibility coefficient [IMPY 1 X 5.10*

Mechanical parameters

E) 4.4
Young’s modulus [GPa]
Eg 3.3
. . Vi 0.33
Poisson’s ratio [
V0 0.24
Gy 1.6
Shear modulus [GPa]
Gio 1.3
Friction angle [°] 2. 20
Coe 6.4
Cohesion [MPa] Cuse 1.8
Cooe 4.5
Dilatancy [°] ]
Biot coefficient [-] b 0.6

Hydraulic parameters

e . ksat,// 2.10%°
Initial intrinsic permeability [m2]

k. 8.10%

at,[]

Coefficient of the water retention curve [MPa] CSR1 5
[] CSR2 1.2
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4.3 Qualitative analysis of numerical results

4.3.1 Influence of anisotropic settings on global b ehaviour under purely mechanical
conditions

In a first time, each kind of anisotropy is studssparately on a purely mechanical model of
tunnel excavation (meaning that hydraulic variataes fixed). Then, it concerns analysis of
the effects of initial stress anisotropy, Young'sdulus anisotropy and cohesion anisotropy
on horizontal and vertical stresses and on plasticcator. In a second time, analysis is
extended to the combined effects of these thredskaf anisotropy.

Effect of initial stress anisotropy

In this mechanical modelling, parameters are asdumsetropic, meaning that Young’'s
modulus E is equal to 3.86GPa and Poisson’s vaigsoequal to 0.28. Anisotropy only comes
from initial stress conditiongr; = 6.5MPa (vertical stresg)x = 4.4MPa (horizontal stress).

Tunnel excavation in these conditions provides aal shape of tunnel due to stress
redistribution corresponding to compression zonehonzontal axis and extension zone on
vertical axis (Figure 16). As the vertical initstress is higher than the horizontal one, plastic
indicator describes an elliptic zone around turioeivhich the main orientation is horizontal.
This plastic indicator is a reduced deviator eqoal if the current state is elasto-plastic (on
the yield limit) and less than 1 otherwise (elast@haviour). Maximal values reached are
0.817 horizontally and 0.257 vertically meaningt tha plasticity is developed.
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Horizontal stress Vertical stress

0.235

Plastic indicator
Figure 16: Effect of initial stress anisotropy on lorizontal and vertical stresses and plastic indicair
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Effect of Young's modulus anisotropy

In this mechanical modelling, initial stresses dpoisson’s ratio are assumed isotropic,
meaning thabt; = ox = 4.4MPa and Poisson’s raiids equal to 0.28. Anisotropy only comes
from Young’'s modulus: E= 4.4GPa and = 3.3GPa, oriented at 45°.

Tunnel excavation in these conditions provideshsligval shape of tunnel oriented at 45°,
which is not sufficient to generate significant obas in stress redistributions. Stresses and
plastic indicator are quite similar to cases withaay anisotropy (Figure 17, plastic indicator
is limited to 0.494).

SsE==ses
s > [MPa] [MPa]

-0.57 -0.57

-7.50 -7.50

h Plastic mdicor

Figure 17: Effect of Young modulus anisotropy on hozontal and vertical stresses and plastic indicato

Effect of cohesion anisotropy

In this mechanical modelling, initial stresses dpoisson’s ratio are assumed isotropic,
meaning thab; = ox = 4.4MPa and Poisson’s raiids equal to 0.28. Anisotropy comes from
Young's modulus as previously; E 4.4GPa and = 3.3GPa, oriented at 45°, and from
plastic anisotropy through cohesiag: = 6.4MPacss- =1.8MPa anago- = 4.5MPa.

As no plasticity is developed during excavatiomesst redistribution around tunnel is similar
to the previous case. Plastic indicator value $s ldhan 1, however its distribution follows
new orientations: maximal values are oriented aldingctions at 0° and 90°, minimal values
are oriented along directions at £+45° (Figure 18).

21



FORGE -WP4 / Task 4.3: Modelling of lab and fielgperiments — HGA Experiment

[MPa] [MPa]
-0.57
-
n
B
o
W 750 -7.50

Pas c indict

Figure 18: Effect of cohesion anisotropy on horizaial and vertical stresses and plastic indicator

Combined effects of the three anisotropy sources

If the three sources of anisotropy are considemadilaneously, tunnel excavation provides
an oval shape of tunnel oriented at +11° with tloeiZontal direction. However, stress
redistribution directions are closed the horizoraé like in the case where initial stresses
anisotropy is only considered. Effects of elast@spt anisotropy are too small to be
significant on orientations; only a slight rotatioan be noticed (Figure 19). However, elasto-
plastic anisotropy influences the level of stresched around excavation by intensifying the
horizontal compression zone and the vertical extengone. In term of plastic indicator,
maximum value is reached and equal to 1 near thedmtal direction. It means that only the
coupling between anisotropies of initial stressdastic and plastic parameters can provide

plasticity in the model.

22



FORGE -WP4 / Task 4.3: Modelling of lab and fielgperiments — HGA Experiment

[MPa]

-1.24

-6.21 -10.9

Plastic |dctr ' Deformed mesh

Figure 19: Simultaneous effect of initial stress, ¥ung modulus and cohesion anisotropies on horizorita
and vertical stresses, plastic indicator and defored mesh

4.3.2 Influence of anisotropic settings on hydro-me chanical modelling

Previous calculations have been performed withaking into account hydraulic aspects. In
this section, excavation and ventilation of the HG@&ehole are modelled in order to put in
evidence the effect of permeability and its angeyron hydro-mechanical modelling.

As described in section 4.1 and Figure 12, excamatnodelling is performed in 24h. It is
followed by ventilation phase. During 1 week, ckpy pressure is reduced to reach -24MPa.
Finally, pressure is kept constant for 10 months.

In a first analysis, no anisotropy is considered marmeability. Compare to previous
calculation case, only hydraulic isotropic behavisuadded. It permits to put in evidence the
effects of water and ventilation through water puge and saturation degree on stress and
strain fields and plastic indicator (Figure 20).asecond analysis, permeability anisotropy is
included to capture its influence (Figure 21).

With isotropic hydraulic conditions

At the end of excavation phasdbe presence of water generates a decrease cftidfe
stresses and plastic criteria compare to previases; extending a little bit the plastic zone
(Figure 20). On water pressure distribution, twoe® with very high pressures can be
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distinguished. They correspond to the previous meicial compression area. On contrary, in
extension area, porosity increases and water peeslaereases. It results a small diminution
of saturation degree and suction.

After 10 months of ventilatiomt 85% of relative humidity creates suction of MR on the
tunnel wall and the diminution of saturation degré@rovides an increase of effective stress
all around the tunnel borehole. It is followed bgecrease of plastic indicator for which the
maximal value is now equals to 0.773, meaningtnbanore plasticity is developed.

After excavation:

[MPa] [MPa]

-3.17
=
=
L
§
= 720 -9.52
[MPa] [MPa]
0 0

L-i’\\

-105 | LTS -14.3

Vertical stress

0.186

Plastic indicator Plastic indicator
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Figure 20: Simultaneous effect of mechanical anisatpies on hydro-mechanical modelling with isotropic
hydraulic conditions

With anisotropic hydraulic conditions

On this modelling, all the anisotropic propertigstioe Opalinus Clay behaviour in HGA
problem are considered: initial stresses, Youngslmus, cohesion and permeability. Results
are summarized in Figure 21.

Permeability anisotropy is included by a highemueain a direction parallel to bedding than in

a normal direction. After excavation, as permegbwialues are very small, rock behaviour

can be seen as undrained and no effect is observatress field as well as water pressure
and saturation degree. However during ventilatiba,anisotropy of permeability provides a

stronger desaturation in a direction parallel ® bledding. Water pressure field around tunnel
is then inclined, modifying stress field and plastidicator shape.

Deformed mesh of tunnel excavation is oriented E2°+with the horizontal direction just
after excavation. After 10 months of ventilationglination increases of 4°. Anisotropy of
permeability has small effects on saturation anesdwt influence deformations. However, it
has stronger effects on pore pressure. After eticeyawo overpressure areas are noticed
closed to horizontal directions. These overpressstdl increase during the week before
capillary pressure reaches -24MPa. They are draomg since ventilation is keeping
constant.
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After excaation: 7

Aftr 10 months of ventilation:
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Saturation degree Saturation degree
Figure 21: Simultaneous effect of mechanical anisapies on hydro-mechanical modelling with
anisotropic hydraulic conditions

4.3.3 Interpretation of numerical results

Because of the difference sources of anisotropy hifdro-mechanical response of Opalinus
Clay around the excavated gallery is not axisymimelihe anisotropic stress state tends to
induce two distinct behaviours on vertical and homtal directions: an extensional behaviour
(negative variation of pore water pressure) in tlegtical direction and a compressive
behaviour (positive variation of pore water pres¥un the horizontal direction (Figure 16).
On the contrary, elastic anisotropy provokes higlatation of pore pressure in the stiffer
direction (parallel to bedding) and less variatodrpore pressure (or even negative variation)
in the less rigid direction (perpendicular to bewdi Figure 20 ). Finally, anisotropic
permeability makes drainage faster in the direcparallel to bedding (Figure 21). So, the
combination of all sources of anisotropy makes demghe pore water pressure evolution.

Figure 21 shows the pore water pressure distribiatoday 0 (immediately after excavation)
and day 316, respectively. After one year of vatith of the gallery, the negative pore water
pressure propagates faster in the more permeabéetidn (parallel to bedding). The
deformed mesh one year after the excavation preseinimum and maximum displacements
occurring at 9° and 99° with respect to x axispeesively. It corresponds to preferential
directions in which plastic zone develops after amation. Those directions correspond
probably to the zone in which maximum shear steesse concentrated. At the end of the
simulation, the negative pore water pressure (@utinduced by the gallery ventilation
provokes an increase in strength. As a consequémeglastic processes are suppressed and
the behaviour is elastic.
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Comparison with phenomena observed in situ

These previous numerical results can be comparptiénomena observed in situ. Figure 22
presents a picture of HGA borehole after excavaaioa its interpretation in term of damage.
Two different damages can be distinguished:

» First, damage zones referred as “b” are slighttyimed to horizontal axis. They well
correspond to plastic zones created after excavasoshown in Figure 21 or Figure
19. By analogy between plasticity and damage, tifezbnes may be viewed as an
excavation damaged zones due to mechanical amsotro

= Second, damage zones referred as “a” correspoextctation shell at 45°, parallel to
bedding, where water pressure and saturation detgesease after excavation (see
Figure 21). Stress modifications in this directmuld reactivate bedding planes and
generate some additional failures. The “a’-zoney ib@ viewed as an excavation
damaged zones due to hydraulic anisotropy efféxsnark that failure impact zone
seems to be larger in the top than in the bottorigare 22 because of tectonic fault
planes weakening the rock in a direction subpdrialbedding.

o @ tectonic fault planes
/_ subparallel to bedding

bedding plane
i /_

a o tectonic fault
plane oblique
to bedding

o 5
<=

3
A A

@ failure mainly controlled by strength anisotropy (bedding)
or other planes of weakness (tectonic faults, weakly
cemented, silty intercalations)

@ failure mainly controlled by stress anisotropy

(@ (b)

Figure 22: (a) Picture of HGA borehole after excaviion; (b) Schematic view of damage

Qualitatively, numerical results seem realistic aekibble to interpret observed phenomena.
However quantitatively, comparison between expeniale measurements and numerical
results of water pressure evolution in the latét@-A3 borehole (Figure 23) shows that
modelling is not sufficient to reproduce phenomenhmmerical simulation is able to
reproduce the main trends of pore water presswkigons but some discrepancies between
numerical and experimental results still existfdat, on one hand the intensity of the peak of
the pore water pressure evolution measured by sdd&A3 is underestimated by the
numerical simulations; on the other hand, the peaer pressure decrease after the peak is
faster in the numerical simulations than in sitsetwed. Then, to improve the proposed 2D
plane strain analysis, some complementary invesgtiggare proposed in the following.
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Figure 23: Water pressure evolution in HG-A3 borehte — comparison between experimental
measurements and numerical results

4.4 Complementary investigations for quantitative a nalysis

In order to improve the 2D plane strain numerigalgsis of HGA microtunnel excavation,
some complementary investigations are proposeddbasehe influences of mesh size, the
presence of the main gallery or the creation ofxgavation damaged zone.

4.4.1 Mesh sensitivity around HGA borehole

In the finite element analysis, some overpressdoesot correspond to any physical effects
but are the consequences of numerical instabililies oscillations, due to un-adapted mesh.
As we have noticed a huge gradient of pore pressarthe first elements in contact with
tunnel wall, several mesh sizes are studied tarpewidence whether previous results were
perturbed or not by this kind of phenomena. Fronshme corresponding to different degrees
of refinement (see in Figure 24), analysis of watessure field after 1 week of ventilation is
proposed. Comparison of water pressure evolutiatts time at 50cm to tunnel wall in the
horizontal direction (that is to say closed to HG-gensors borehole) for these 4 meshes can
be shown in Figure 25.

These comparisons permit to illustrate that thdaldine mesh (noted d) and the fine mesh
around tunnel wall (noted c) provide the same wpatessure evolution. On contrary, coarser
meshes (noted a and b) provide overpressures Witieaeffect” in time. This confirms that
even if in the previous analysis results (summadrimeFigure 21) are qualitatively relevant,
they are not quantitatively significant. Becauseattrong gradient of water pressure close to
tunnel wall, finite element model needs to admivesy fine mesh to better analyse the
problem. Furthermore, the pore pressure level ezhotioes not yet correspond to the
measured one. Mesh size does not explain the ityeighe pore water pressure peak.
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Figure 24: Pore pressure evolution after excavatiodepending of mesh size
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Figure 25: Comparison of water pressure evolutiongith time at 50cm to tunnel wall in the horizontal
direction (HG-A3) for 4 different meshes

4.4.2 Influence of the lateral large gallery on HGA  modelling

HGA microtunnel is closed and quite parallel to thain Gallery 04 of Mont Terri URL,
which has been drilled 8 months before HGA micrair(see Figure 26). The short distance
between HGA and the Gallery is expected to hawectffon pore water pressure field. In fact,
usually initial pore pressure in Mont Terri URL éxjual to 2MPa, while around HGA
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microtunnel it has been measured equals to 0.98kancluding Gallery 04 in our model
(considering a distance between HGA and the Ga#lqoals to 7.5m — see red box in Figure
26-a), the goal of this section is to evaluatenfisience and to show if gallery drainage could
explain the low water pressure value.
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Figure 26: Views of HGA microtunnel and Gallery04 h Mont Terri URL

Excavation and ventilation of Gallery04 during 8 mo nths

The main effects observed after excavation andilaéinh of the Gallery04 are similar to the
ones observed previously around HGA tunnel as shmwhkigure 27. However, the specific
shape of the gallery, provide some additional stoescentrations.

Because of the large scale of the excavated Galemntilation and permeability anisotropy
do not play a significant role on water pressurRessure field shape is not oriented parallel
to bedding as around HGA borehole. Neverthelessgxtension is very large and includes
microtunnel area, meaning that GalleryO4 has danente on HGA microtunnel environment.
After 8 months of ventilation, water pressure ie teighbourhood of HGA microtunnel is
around 0.9MPa, which is consistent with the meabuatue.

At the end of gallery excavation After 8 months ofentilation
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Figure 27: Results of Gallery04 modelling

Microtunnel modelling

After 8 months of ventilation, HGA microtunnel igiltkd. During 1 year, no activity is
realised despite tunnel ventilation. Then, a séddrédackfill is put in place and we study its
effect on pore pressure (Figure 28), saturatiomede@~igure 29) and plastic indicator (Figure
30) during the 8 following years.

Even if qualitatively, results present in Figure E&ure 29 and Figure 30 are similar to the
previous ones without gallery effects, evolutiomatter pressures with time (Figure 28) show
that gallery excavation and drainage affect theewptessure evolution till the microtunnel
area. Microtunnel is on the influence zone of Gg0d drainage. However, it seems to not
have influence on saturation degree; results oar€igl and Figure 29 are similar.

Plastic indicators are also similar (see Figurea@#l Figure 30): whereas after excavation
plasticity appears, during the first year of veaitdn plastic indicator decreases. After one
year, saturated backfill installation keeps impeabie microtunnel wall. Suction is high,
saturation degree increases and then plastic itadiezolves to reach a value close to 0.962.
As water pressures are less than initial ones)asiipity appears even after 9 years.

To conclude, the main effect of Gallery 04 is okedron water pressure evolutions. The
measure value of initial pore pressure (before H@érotunnel excavation) can be explained
by Gallery04 drainage. One year after HGA microtlrexcavation, the global pore pressure
stays constant and equal to 09.MPa. However, in dlese neighbourhood of HGA
microtunnel, pore pressure evolution is not sigaifitly affect by Gallery04 drainage. Its
influence is weak compare to the own microtunnelrdgrge to play a significant additional
role on water pressure evolutions. Then, one cannas that it is not necessary to consider
Gallery04 in the following.
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After microtunnel excavation After 1 year

fter 2 years - After 2 year(zoom)

After 9 yars After 9 years (zoom)
Figure 28: Pore pressure evolutions around gallery®and HGA microtunnel
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After 1 year ’ After 9 years
Figure 29: Saturation degree evolutions around HGAnicrotunnel (modelling accounting gallery effect)
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Figure 30: Plastic indicator evolutions around gakry04 and HGA microtunnel
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4.4.3 Introduction of an artificial EDZ around HGA borehole

Tunnel drilling provides stress redistribution atainage (microcracking), which reduce rock
strength and increase permeability in a boreholeosnding area corresponding to the

Excavation Damaged Zone. To take it into accourdunapproach, we propose to introduce
an artificial EDZ through an ellipsoid defined tkanto an analogy between damage and
plasticity as proposed in Figure 31. An example, ha@e chosen an ellipsoid centred on
tunnel axis, for which the larger axis is 1.5m langented horizontally and the smaller axis is
0.75m long. In EDZ, Young modulus anisotropic valugre divided by 100, whereas

permeability anisotropic values are multiplied B0Q@ compare to Table 3.

By introducing an EDZ, high vertical stress andyéaoverpressures appear at the interface
between EDZ and undamaged rock along the elligsoggr axis after excavation (see Figure
31 and Figure 32). It results two high values ie lastic indicator field in horizontal
directions. More precisely, unloading due to extiavaleads to vertical strains larger than the
horizontal ones at the interface between intack m@d EDZ. Then, rock is in compression
along larger ellipsoid axis because of EDZ contoactThis contraction can be explained by a
decrease of water pressure in EDZ, in which peritigals very high. Deformed shape
grows at the beginning of ventilation, increasimgmressures. When ventilation is stabilised,
no more deformation appears and overpressures gasigely decrease by EDZ drainage.
However, one can notice that even if EDZ is oridrtterizontally, drainage is influenced by
permeability anisotropy at 45°.

Then, one can conclude that adding artificial ED@uad HGA borehole in FE modelling
should be considered to explain the water presandedisplacement evolutions observed in
situ (Figure 15). The next section 4.5 will be dadied to its calibration.

At the end of excavation After 1 week
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Figure 31: Water pressure evolution accounting EDZ
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4.5 Calibration on experimental results

According to Figure 31, the maximum of water pressappears close to the extremity of
EDZ-ellipsoid larger axis. Assuming that EDZ sigddss than one tunnel radius and that HG-
A3 sensors are outside EDZ, we have arbitrarilgdixellipsoid size to 1m horizontally (half
length of larger axis) and 0.57m vertically (hahgith of smaller axis). This corresponds to
the area where plastic indicator is about 0.6 —abound tunnel without taking into account
any EDZ. In these conditions, calibration is paried on displacement and water pressure
measurements done on Figure 15.

To start calibration, only a reduced Young modulsisonsidered in EDZ. Permeability
values are not modified. Using values of tfiecalibration in Table 4 provides displacements
and pore water pressure fittings of Figure 33.ekuits that a modified value of Young
modulus permits to well estimate displacements ibuhot sufficient to reproduce water
pressure evolutions.

A second calibration is then proposed to take atoount permeability evolution of about 5
orders of magnitude inside the EDZ (see Table #)s permits to better fit experimental

curves (Figure 34). However, calibration is notfisignt: displacements are overestimated
and peaks of water pressure are not reproduced.

Table 4: Young modulus and Permeability calibratiors
1% calibration 2" calibration 3" calibration 4" calibration

Outside Inside Outside Inside Outside Inside Outside Inside
EDZ EDZ EDZ EDZ EDZ EDZ EDZ EDZ
E, [GPa] 4.4 0.44 4.4 0.44 10 1 10 1
Eg[GPa] 3.3 0.33 3.3 0.33 4 0.4 4 0.4
Ksat /[M?] 2.10°  210®° 210®° 210% 210 210 8.10% 8.10%
Ksato [M?] 8.10% 810 8.10* 8.0 8.10% 8.10° 3210 3.210'
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Figure 33: Displacements and Water pressures fittig by 1st calibration
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Figure 34: Displacements and Water pressures fittig by 2nd calibration

Water pressure (Pa)

To try to improve calibration, another way has bgeoposed. In this third calibration,
anisotropic Young moduli of intact rock (outside Bare fixed to values commonly used in
literature: iF = 10GPa and & 4GPa. Inside the EDZ, Young modulus is divided1By a
ratio of 10 is still chosen on permeability tensor (TableBY.this way, displacement curve
is better fitted as shown in Figure 35. Water presvolutions do not still reproduced peak
magnitudes but show a realistic modification opgl@t the beginning of ventilation phase.
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Figure 35: Displacements and Water pressures fittig by 3rd calibration
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Finally, a last calibration of permeability tengdf" calibration in Table 4) provides a good
compromise between displacements and water presfittneg. In fact, dividing by 2.5 the
permeability outside EDZ (intact rock) and multiply by 10 the permeability inside EDZ
permits to increase maximal overpressures withaadifying significantly displacements as
shown in Figure 36.
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Figure 36: Displacements and Water pressures fittign by 4th calibration

4.6 Interpretation of calibrated numerical results

Figure 36 shows the rapid increase of pore watessure in sensor HG-A3 while sensors
HG-A2 measures a slight increase of pore waterspres This difference in the pore water
pressure response according to the radial direationbservation is due to the different
sources of anisotropy (elastic, plastic, hydraal stress state). The main contribution of
this difference is probably the anisotropy of thess state. Vertical stress being much higher
than horizontal stress, the gallery wall displaceimis higher in the vertical direction,
inducing a dilation of pore space along with a dase of pore water pressure (sensor HG-
A2). On the contrary, in the horizontal directioseiisor HG-A3), the behaviour is more
compressive, inducing drastic increase of the p@ier pressure.

The previous 2D plane strain numerical simulatisralble to reproduce the main trends of
pore water pressure evolutions. The introductioma @brizontal EDZ around HGA borehole

permits to well capture the magnitude of the peak the decrease which follows in the pore
water pressure evolution measured by sensor HGFA8.experimental measurement of the
pore water pressure in sensor HG-A2 shows a digintase of pore water pressure until 50
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days after excavation while the numerical modeljpmgdicts an immediate decrease of the
pore water pressure. However, at long-term the saagnitude is reached.

Total displacement of sensor HG-A5 (1m above thieiga and HG-A7 (1m below the
excavation) show that after an immediate displacgr@ésmm, the displacements continue to
increase due to consolidation processes. If theiqgue 2D plane strain numerical simulation
is able to capture immediate response, the subseagwelution of the displacements is
slightly underestimated. The modelled displacemantensor HG-A5 and HG-A7 are quite
equal but opposite in sign. Anisotropy considemedhie model is not sufficient to capture
differences in these symmetric orientations (-9t 490°).

Even if the 3D complex geometry of the system hesnbsimplified into a 2D plane strain
problem, the general trend of numerical resultsniggood agreement with experimental
measurements. Nevertheless, new parameter cadibratas necessary to capture good
fittings.

However, these results have to be taken carefullgD simulation, neither the effects of the
impervious liner installed in the 6 first meterstioé gallery nor the effects of excavation steps
have been considered, even though they should hagbanical and hydraulic consequences
on the global hydro-mechanical response. Moreléthe sensors that are located in a 3D
space have been projected in the 2D modelled plaagdecting their longitudinal location.
These assumptions let think that 2D plane straimehds still uncertain and need to be
completed in future by 3D modelling.

5 Conclusions

The hydro-mechanical behaviour of Opalinus Clayuad an excavated gallery has been
numerically simulated through a 2D plane strainrapph. To reproduce the dependency of
the shear strength with the bedding orientationgexéended Drucker-Prager model with an
anisotropic cohesion has been developed. Theyabflihat model to reproduce the behaviour
of Opalinus Clay has been proved by numerical satmris of triaxial tests performed with
different orientations of loading with respect tedding plane and by numerical simulations
of HGA microtunnel. However, analyses have putvidence some numerical difficulties and
the necessity to add complementary investigationthe presence of the main gallery or the
creation of an excavation damaged zone around blerefhis has retarded the initial
program, explaining why no numerical modelling tieka to water and gas injection tests
(subtasks 2 and 3) has been investigated yet.

Based on subtask 1 and the modelling of tunnel\atean, we have shown that the hydro-
mechanical response of the Opalinus Clay aroundweation is governed by four sources of
anisotropy: the in-situ stress, the elastic moduliie plastic yielding and the water
permeability, keeping quite complex the global oese of Opalinus Clay. Nevertheless, all
the developments performed on HGA microtunnel nimakrsimulations show good
agreement with available in-situ experimental meaments in term of displacement and
water pressure evolutions.
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