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WHY GAS TRANSPORT ISSUES ARE OF INTEREST?

Understanding gas transport process is an
important  issue in the assessment of
radioactive waste repository performance
and other energy [/  environmental
geotechnics related fields (shale gas, CO,
capture, landfill design, é)
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GEOLOGICAL DISPOSAL FACILITIES

Based on the multi -barrier system
concept for long -term isolation

A Artificial barriers

A Waste canister
A Metallic overpack

A Sealing and buffer materials EBS to prevent /
delay the release of radionuclides, gases and
other contaminants

A Natural barriers :

A Geosphere:geological formation and
groundwater (host rock)

500 - 1000 m

Host rock
(Opalinus Clay)

Disposal tunnel with
bentonite backfill

Host rock
(Opalinus Clay) SF/HLW
container

Disposal tunnel SF/HLW Disposal tunnel ILW

Swiss concept (NAGRA)

1. Glass matrix, containing radioactive material
2. Metal container -
3. Backfill with bentonite

4. Host rock e UL
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GAS GENERATION SOURCES

A

A

Degradation of organic matter :
Carbon Dioxide
Radiolysis: Hydrogen, Oxygen,

Methane, etc

Alpha decay process: Helium

Methane

and

Carbon Dioxide,

Anaerobic corrosion of ferrous materials in metallic

overpacks
Hydrogen )

(largest

Gas production rate

Gas pressure

source and production

Transport properties of
EBS and host formations

of

500 - 1000 m

Host rock
(Opalinus Clay)

Al ’;’

[
by /
Disposal tunnel with

bentonite backfill
SF/HLW

container

Host rock
(Opalinus Clay)

Disposal tunnel SF/HLW Disposal tunnel ILW

Swiss disposal concept for HLW and L/ILW
A Total volume of produced gas: 20 Mio m3(STP)
A Total pore volume of backfilled
underground structures: 400000 m?3
A Maximum gas overpressure above the
hydrostatic pressure: 1-3 MPa
A Upper limit of gas pressure: 16 MPa

Gas pressure build -up may cause the failure of the EBS and the
possible release of radionuclides into environment 2
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MULTI-BARRIER PERFORMANCE

m. Thermo-Hydraulic-
mical (THMC) Processes

Construction
Emplacement
Monitoring
Sealing

4 Backfill

Oxidising conditons

e ek e -

Elevated temperatures
Surface of canister 130-150°C.

(e o - - - - -

EDZ-self-sealing
Bentonite saturat.

Corrosion, formation of H,

Equilibrium

1
— F —

Canister failure

Release of radionuclides

10

—

F O T R

o

|
|
5'000 10'000

100’000
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|
—> I LONGTERM

A Large number of past THM-C processes
and phenomena that interact

A No  overlapping with bentonite

saturation and EDZ self-sealing

A Predictions required for long periods of
time

Mechanical Hydraulic
i Water / Gas
Stress-strain . .
migration
Porosity changes
Hydraulic conductivity

Fracture aperture

Effective stress changes
Suction changes

Gas
generation

and
migration

Small thermal interactions (thermal history has impact)

EBS and host rock close to saturated conditions (reduced chemical interactions

N =
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WHAT IS THE MOTIVATION OF THIS LECTURE? SOME COMMENTS

To present an updated perspective on the use of multi-scalelaboratory technigues (multi-physics testing)

/\

Macroscopic (phenomenological) features of
advectivegastransport and seltsealingin saturated
clayey materials Evaluation of stress paths and
effective permeabilityto water and gasflow for the
safetyassessment

Microstructural tests to evaluate the pore size
distribution, reconstruct the fissure/pathway
patterns estimatethe total volume of pathwaysand
their connectivity and observethe closureof the gas
pathwaysupon re-saturation(selfsealing)

\ 4

A 4

Macroscopic laboratory tests are necessary to
improve the understanding of the basics and to
providedatafor the developmentof predictivetools.

Microstructural description of discontinuities,
fractures and heterogeneity play an important role
andshouldbe to be takeninto accountfor modelling

eu
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WHAT IS THE MOTIVATION OF THIS LECTURE? SOME COMMENTS

A Experimental techniques used to study coupled multi-physics process do not always
present the complete picture of understanding (information on local behavior usually
remains unknown). Often, theoretical and/or numerical models must accompany the
interpretation of the physical tests to better exploit the information provided by
measurements and to offer additional confidence on the experimental results (validation
of the experimental technigques).

A Advective gas tests are associated with so-called dcr i p h € md mehataate at the
verge of predictability (particularly at specimen scale),and microstructural features set
on compaction / stress paths affecting pore size distribution and connectivity issues
(multiple gas pathways, dominant single cluster, &€.) are admitted to play an important
role in the scatter.

eu.
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Gas dissolved in water migrates
J through diffusion (low gas generation

GAS MIGRATION IN SATURATED POROUS rates)
MEDIA: GAS TRANSPORT MECHANISMS A Gas pressure builds up due to the slow
(a) Phenomenological description }:3___ dlfoSlVG _tranSpOrt N IOW_permeabIe
= | = =il media (high gas generation rates)
: B
uartz e I . .
f"“s“" %Ar:yw;;: ‘N L_ Gas flow through the matrix  partially
i == =g displacing water (two -phase flow)
- S —— o~ Envelope 0 | .
= | | f g ’sam*’;gm'"e: =_=< A Flow affected by mechanical effects
A issoivedgas  Lwater phase Ctwo-phase fow) _ flow Cpatiway diltiony | fractres (ycro-gastac’ (intrinsic permeability affected by
(b) Transport mechanisms pOfOSity Changes)
ol Visco-capillary two phase flow bl Gas flow through pressure -dependent

pathways/fractures (existing/induced)
(microscopic fissuring, macroscopic
fracture)

Dilatancy ~ Dis

A Flow properties affected by mechanical
Not affected Dilatancy-controlled Distinct fracture effeCtS and fractu re apertu re

permeability transmissivity - 4

eurad,

Marschall et al. (2005) 10 r

(d) Barrier function of host rock



= |

GAS TRANSPORT PATHWAYS

|
Bedding planes 1 Activation/creation
of discontinuities

Plastic host rock: gas migration along
bedding planes or discontinuities in the EDZ
that can be initially close

Extension of EDZ inConnecting Gallery
(Boom Clay, HADES URILBelgium)

~1m

% 1
e
. : ~6m
. . ’ . . —_ —=> = Gas flow through existing porosity (2-¢ flow)
W}T/ ~— = Gas flow through p-cracks, fractures (pathway dilation, creation)

: ONDRAF/NIRAS2016) : :
Salehnia et al. (2015) e U
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Air pressure at

Outflow volume (mm®?)

E —a&— OPAintact state
l c _] —— OPA after gas injection (p=19 MPa, r=100 mL/min)
§ 0.1 —
GAS INJECTIONEXPERIMENTS z =
Gas injection tests on Opalinus Clay formation (Switzerland) & i
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) J . . . Entrance pore size, x (nm)
0 =T | B CDissipation phase Change in the pore size distribution
. (constant injection volume) g P
2 Volumetric response during gas injection
20—
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20 —
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2512 —: E'
é ] = A
g, N
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e © e ®  GonzalezBlanco et al.(2022) I



MICROSTRUCTURE (TECHNIQUES)

Multi - scale characterisation of porosity in Boom Clay
(HADESIevel, Mol, Belgium)

MIP @50mm and 7 nm) Hemeset al. (2015)

H
v

100mMn 10 mMm 1nmm 100nm

1E+10 nm* 1E+08 nm* 1E+06 nm? 1E+04 nm*
t } } } t 4 » Pore detection resolution [nm?|

i Digital image analyses (X-ray P-CT!
'BIBSEM / FIBSEM tomography)
i(rendering graphics software Imageld
i Avizo, é)

-
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3D volume reconstruction from slice- i
and-view images, and stacking multiple !
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lanar images with a known separation

3D
FIB-SEM

Resolution depending on system and
sample size (typically between 0.01 to

_ 100 >m) (1/1000-2000 times the object
microscopy c

FIB- SEM:dual-beam system (focused ion beam ross-section dlameter)

scanning electron microscopy) e U
MIP: Mercury Intrusion Porosimetry L
u-CT:Micro-focus X-ray computed 13
tomography

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
BIB-SEM:broad ion beam scanning electron :
1
1
1
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EXPERIMENTAL DATA AT MULTFSCALE LEVEL NECESSARY FOR THE
DEVELOPMENT AND VALIDATION OF CONSTITUTIVE MODELS

10"

Theoretical
variation
® |Initial value
OO Final value

- WO O e 10"
®

| \UHH‘ | \HHH‘ | \HHH‘ L L

Embedded fracture Fractureaperture ~ ® = & T .
permeability model B ~
Olivella & Alonso, 200 o W 107

( ’ 9 Equivalent permeability Q 'Q —

10° 10°® 107 10°® 10°
b (m)

T3 p Bedding 0w P Bedding i flow
E M N verage aperture= 90 um %‘ Average separation= 410 um
< ] ! — /
5 _ - o] , %
5. 01 ! B iR
23 S == Intact sample 1 g =30 — /
3 4 — Atter P3_FI_N_1 1 g H /
8% 1 Aterpafin2 R 1 3 3 /
BT o | — ArerpasiN2 ; ! 3 2% / o
H S — AherP3_SI_N_1 y I BN ' /
5 3 — After P3_FI_P_1 NN 10 —| e /
1— Atterp3_Fip 2
— After P3_SI_P Rl
0.001 UERLLLU B L AL B R AL B R M\ %VV’T‘—»‘\ T 0 ‘ T ‘ T ‘ f ‘ T
10° 10° 10° 10° 10° 10° s ST B B N = RN A 0 400 800 1200
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MIP FESEM 1-CT
Aperture: @ ‘' @ > 2 3-10 90/ - 150"
Separation: @ ‘ & - 150 - 270 410" - 560" ey

GonzalezBlanco et al. (2016)




APPLICATION OF THE EMBEDDED FRACTURE I\/IC5)DEL

] Injection pressure
© 4 at the bottom
o ® @ Experimental data
3 ith = g T Computed data
o Zones with Axisymmetric geometry o 33
different material 5 = Outflow pressure
properties = (0025m ? 23 at the top
< > N ! o) ;C; 2 —| ® @ Experimental data
| o _8 _ Computed data
Downstream : )
Matrix reservoir 0.017m | = T
v | ]
Zone of fracture 4 | -0.12 I L1 I B A1 B AL N AR AR
development (ZFD) | 9 0.08 Average axial strain
0020m ! o= -~ ® @ Experimental data
cC —
. o= C ted dat
Reservoirs | 8T 004 — omputed data
v I ) "&‘) '
\ F 3 > - ]
| < ®
Volume of reservoirs to take ’ @©
into account the change in I 4
density of the pressurised | 8x10 T TTT T T T T T T T T TTim
mass of air Upstream 0.034m ) —_ 7] Outflow volume °
reservoir | "’E 6x10* — at the top
‘ | ® @ Experimental data
= Experi Id
! 2 ;4)(104 Computed data
v I 8 g —
[ 2x10* — e - |
0 Sr=TTTTT™ TTTTI T T 117 UL 4
GonzalezBlanco et al. (2016) 10° 10" 102 10° 10* 15

Time (min)



SIMULATION OF EXPERIMENTAL RESULTS ALLOWED BETTER EXPLOITING THE
INFORMATION PROVIDED BY MEASUREMENTS 0020

oS 0016
= g -\ e 7FD - Advective flux
Eg 0.012 — \ — = ZFD - Diffusive flux
) = 3
o 7 — = Matrix - Diffusive flux
® 820008 — \
89 . N
28 0004 — p
£ _ d
N
g = - 0.000 AL AL L e AL Al AL
-g Gas Pressure Porosity Liq Sat Deg R . B . . . R
S | I | ' — . 10°  10° 107 10°  10°  10* 10
R 3.711 . '0‘36122 ' 097778 ’ N\ o N
g — — - = i
3 - 29333 - 0.35967 . 0.93333 £ > | \
Q0 -2.5444 -0.35889 . 091111 e 0.012 —| [}
£ H2.1556 H0.35811 Hr0.88889 § S B \ |
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£ |1'3778 DA5050 0.84444 55§ \
S| 098889 : 035578 ! 082222 25 000s — A
< ! | °g i R
= 0.000 *W‘ﬁwfmwrmwrwﬁrw
8
g - 10° 10 107 10° 10° 10*  10°
i 0.020 ~ N
T S '
. <0016 — T
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gg 0.012 —| I
=3 . N
e}
_ _ _ _ _ § c 0.008 — 1]
= 150 miIn During gas 1 njectilion B8 7 1 r n
. i i oo 0.004 —
= 245 mi noff (endfof thesnjeatian) £ : " eU
— : ; ; ; ; 0.000 AL RIS (RS - -
= 600 min During gas dissipation L L L L 16
GonzalezBlanco et al. (2016) 10°  10° 107 10° 10° 10 10°

Gas fluxes (kg s"'m2)
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SELFSEALING / SELFHEALING

Sealing =)

Healing ‘

Self =)

Reduction of fracture permeability by
any hydro-mechanical, hydro-chemical
or hydro-biochemical processes

Sealing with loss of memory of the
pre-healing state

The process of healing or sealing
happens spontaneously in the rock
mass  without interference by
intentional human actions

Bernier et al. (2007) SELFRAC Project

Possible mechanisms:
A Increase of the stress state
A Pore-pressure changes
A Creep
A Swelling of clay minerals
A Oxidation/precipitation

A Mineralogical changes
(crystallisation)

A etc.

eu
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SELFSEALING / SELFHEALING IN ARTIFICIALLY FRACTURED CLAYEY R®G

Hydraulic conductivity reduction due to self  -sealing

BOOM CLAY OPALINUS CLAY

After loading After permeablllty Initial state After permeablllty
5.5E-12 teStI n q 1L.6E-11 te St| n g

S.0E-12 C 1.4E-11 =

1.2E-11

4.5E-12

1.0E-11

1
T 4.0E-12

8.0E-12 -

e 1

3.5E-12 — -\ —

I
*
1+l

6.0E-12

3.0E-12

4.0E-12 =

Hydraulic conductivity (m/s)
I
|
Hydraulic conductivity (m/s)

2.5E-12

2.0E-12

Hor 0 2 4 6 8 10 12 14 S E L F RAC F) I'Oj e Ct 0.0E+00 ' ‘ \ - w - ‘ e U L -

Time (weeks) 1 2 3 4 5 6 7 8 18

# Value —95% conf. Int. low —95% conf. Int.high Van G e et et al . ( 2 O O 8) Time (weeks)

# Value —95% confintlow =—95% conf.int.high




flowing under various confining stresses

l Sealing of fractures in COX claystone during water

Confining pressure g
1E- 14 8 g
FRACTURE CLOSURE 5M'1“7Mpa I 10 MPa | 13 MPa IMPa | 3

1E-15 Normal strain =
CALLOV%(L);(\I(:ORDIAN OPALINUS CLAY - e n_g 6 f
> IE-16 Sweelling N S
%\ Swelling 1, %
3 £
g 1E-17 F 2
a Water permeability E

= = 1E-18 |
: COX-EST21158 u
- . .,_.-;, T " &2 1E-19 \ | 1 1 | 0 g
Artificially -fractured Naturally -fractured 0 50 100 150 200 250
Time (day) 2
53]
Effect of normal stress on fracture closure

Effects of wetted gas flow on fracture sealing

18
®Davy el al, (2007): COX1, baveD. Immm -
16 4 x ©Davy at al, {2007]); COX2, bm=0,3mm 1E-13 4
o Davy at al, (2007); COX3, bm=0,36mm
A B OCOXESTI4BT8, beve1 deom RH=75% RH=85% RH=100%
= 42 4 BOPA-BETT, hm=0 fmm g _‘,_\ 5
: 10 4 o "E 1E-14 + - g, Swelling Radial strain S
§ 8 o ' =z .: ‘ normal to fracture g
2 z i 49, &
E 6 A o 'E Permeability \__ -g
=] [ oy =
4 4 [ ] - & o
= E 1E15 L Ty z
2 4 e won mm |
0 é A
0 0:2 UI. 4 UI.B U:B ; Confining stress = 1 MPa CONEST34692
/=50 mm/100 mm ¥
Fracture closure Ab {mm) 1E-16 1 1 L ! ] ] ) 0

Zhang et al. (2013) 24 34 4 54 64 T4 84 94 104

Time (day)
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SELFSEALING / SELFHEALING IN NATURALLY FRACTURED CLAYEY ROCKS

Water flow while increasing confining pressure
OPALINUS CLAY

Confining pressure minus
back-pressure (psi)

A
— - —
& 'g

A 3Imm

y )
y ) B N ¢ . K A
- it B ] By sl et 2 . ‘ ' i e
,. ’ ! ‘ c ' 7 '
- I .
. U v )
. L . L ”~ ‘:.'0 ) v " - -
J X! | : , : - : -, ' -
3 :
,' [y Al )
N4 : i i X
) ) / ) .
G . °
v '
. ‘ - 4
y " " . . 2ol
e . v i 3 »
3 mm ... ...
a——

Synchrotron X -Ray Micro -Tomography e UL
Voltolini & Ajo-Franklin (2020 20
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SELFSEALING / SELFHEALING IN ARTIFICIALLY FRACTURED CLAYEY R®G

Effect of wetting / drying cycles on fracture closure and re  -opening

CALLOVO OXFORDIAN CLAY

Initial D9 = 1 day drying W1 = 10’ water W9 = 6 h water

Initial gap 425 um

Voxel size 15 pm

W1 = 10" water. W11 = 1 daywater D9 = 3 days drying

Initial gap 75 pm
Voxel size 13.5 um

eu.

Di Donna et al (2022) 21
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EFFECT OF GAS INJECTION ON SEL$SEALEDFRACTURED CLAYEY ROCKS

Gas invasion in previously fractured and sealed
indurated clay samples

CALLOVO-OXFORDIAN
CLAY

OPALINUS CLAY Decrease of water

permeability due to
fracture closure

Water permeability
before and after
gas invasion

Zhang & Talandier (2022)

Water and gas pressure P, P, (MPa)

1E-13
OPA4
1E-14 { ™
E
4 1E-15 ki
X OPA2 o
2 1E-16 |- ™
E
8 1E-17
£
@
2 1E-18
S
(]
= 1E-19
1E-20
0.0 0.2 0.4 0.6 0.8
Radial strain &, (%)
Group2 . | confining stress = 13 MPa
water test gas test ‘ 5 water test
‘ o OPA3
Ky © OPA2
1E-18 m? LKy
R v i Ky
P b 2
‘ i .J-" ..&oo l?¢E19m
3E.20 m2 - o . da
2 - JErZ.OAm i f . » 8E-20 m?
& _»r 1A Y
Pw Pg r B it
0.3 MPa Ff
700 750 800 850 900
Time (day)

1E-15

1E-16

1E-17

1E-18

1E-19

1E-20

1E-21

Water and gas permeability K,,, K; (m?)
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OUTLINE OF THE LECTURE

Motivation
Insight into gas transfer and self-sealing

Some observations regarding gas testing (experimental protocols)

- A

A detailed research methodology on Boom Clay:

A Material characterization
A Stress paths followed

A Gastest protocols

A Test results at different scales (macroscopic results and microstructural
features)

5. Final comments. Future challenges

eu

23




ADVECTIVE GAS EXPERIMENTS AT LAB SCALE: SOME ISSUES OF CONCERN

A Effects of the stress state and stress history (mechanical, saturation, thermal)  on gas
migration

A Volume change behaviour during the stress history and along gas injection / dissipation
(changes in gas and liguid pressures and their impact on gas permeability).

A Stress changes during gas injection under constant volume conditions
A Role played by natural discontinuities and their orientation (anisotropy)

A Changes in the pore / fissure network and their connectivity due to gas injection / dissipation
(opening of bedding planes / fissures / pathways)

A Liquid displacements (desaturation of pathways)  during gas injection / dissipation
A Influence of the gas injection rate and gas type

A Gasmigration after re-saturation (reopening of fissures)

Simple concepts but not -so-simple tests to perform and interpret . Need for coupled modelling
to complement the informaton not provi ded by measur ement
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Distance from gallery intrados (m)

HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?
Importance of:

A Hydro-mechanical characterization of tested material (uncertainty / variability assessment)

6.7

224 232 24
Water content, w (%)

GonzalezBlanco (2017)

6.7

I ‘ I ‘ I
2 2.02 2.04 2.06
Bulk density, p (Mg/m?3)

Distance from gallery intrados (m)

224 232

Water content, w (%)

24

7.5

Bulk density, p (Mg/m3)

2 2.02 2.04 2.06

Distance from gallery intrados (m)

— o
o
— [ ]
— [
T [ ]
. 78 — @
1 @
e
T [ ]
— {
\ ‘ \

224 232 24
Water content, w (%)

8.1

7.4

2 2.02 2.04 2.06
Bulk density, p (Mg/m?3)




HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?

Importance of:

A Restoring in situ stress state(effective stress)
(natural samples)

Occurrence of (matric) suction despite the
nearly saturated state:

A Release of total stresses under water
undrained conditions upon retrieval

A Some drying undergone during sampling,
transportation, storage and preparation

Sau et al.(2019); Sau(2021)

Depth of retrieval (m)

@ Balanzas upper claystone (Spain)

1

-

0 — .* B Boom Clay (Belgium)
. A Ypresian clays (Belgium)
_ V¥ Opalinus Clay claystone (Switzerland)
€ Brown Dogger claystone (Switzerland)
200 — :
| Hl Boom Clay (Belgium)

- 4 v a
400 — * A Ypresianclays (Belgium)
600 —

| Osmotic suction Total suction
800 — ¢ ¢

_ v v

v

1000 T T TTTr T T TTTr 1 :

0.1 1 10 e l..lL

Suction (MPa) 26
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HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?

Importance of:

A Defining the stress paths to follow prior to gas injection (saturation path)

o EPF CIMNE®
BGS =11 :
</|| 4 Vertical stress — 0, 4 Vertical stress o,
o Water pressure —y Water pressure
w — Uy
: | /—/
é 4000 l
2000 i
W @ e @ © @ ® @ . — —
? Time (1) (2) 3) Time

27
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HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?
Importance of:

A Measuring volume changesin stress-controlled tests or stress stateunder isochoric
conditions

-0.3

7 r=2 mL/minI
BD (782) L
02 —0.04 mL/min A BGasinjection at

B ,_,_\N_\* constant volume rate
C

01 — B: Shut-off phase (constant
1B iInjection volume)

Alir injection tests under
Isotropic conditions
on Brown Dogger shale
formation (Switzerland)

Axial strain, g, (%)

B CDissipation phase

| _ (constant injection volume)
BD (777)p> r=100 mL/min

0-1|||||

!
0 2 4 6 8 10 12
p_uabottom (M Pa)

eu.
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HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?

Importance of:

A Gas injection protocol: some decisions to make

U Gastype(air/ N,/ He ...)

U Type of fluid at the boundaries (gasd gas) / (gasd

liquid)

U Relative humidity of gas (dry gas / wet gas)

Pressure (MPa)

6.0

4.0

2.0

0.0

Air injection test on Opalinus Clay

Arogressive desaturation of the sample
AAir injection pressure decays
ABreakthrough process does not occur

injection volume rate 0.0244 mL/min

= 2500
isotropic stress P i
— 7
- corrected _-7 s/ r
‘constant mass' _ - L7 [~ 2000
1 system o= - L
—{ V,=450.20 mL injection pressure ¢ - ’_ET
4 4 — 1500 &
/ L
Y [ §
- 7 é
7 outflow air volume >
.’ ~ 1000 &
_ isotropic stress - injection pressure v I 8
s
7 recovery piston stopped
, L
=" L 500
, L
7
., .
8.38x10° m?/s - outflow air pressure i
L 1 I L 1 I -I- 1 1 I 1 T T I T T T I T T Ll O
0 2000 4000 6000 8000 10000 12000
Time (min) r A
Romero et al (2010) - -
29
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HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?

Importance of:

A Gas injection protocol:

U Flow direction with respect to bedding orientation (anisotropy features) W ﬁ

U Surface to apply gas injection (gas on entire sample surface, point injection)

U Gas injection method (pressure ramp / pressuresteps / volumetric ramp ) &

A A

Water/Gas pressure Water/Gas pressure Water/Gas pressure

— 0 o) — 0

Time Time Timer
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HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?

Importance of:

A Gas injection protocol:

U Gas injection rate (slow o fast) (dynamic effects
on water retention curve)

U Information on system volumes (inflow/outflow
volumes, dead volume up to valves, gap9

Pressure (MPa)

Air injection test on Opalinus Clay

Air diffusion phenomena are
important to consider when
the injection rate is too slow

Injection volume rate: 0.1 mL/min

isotropic stress

10

| Vo=523.09 mL (measured 519 mL) _

/
outflow volume

4 corrected 4

‘constant mass' 7
system
7.50x1019 m?/s

7.50x10°m3s  _ - 7
T I

/ outflow pressure

— 80

— 60

— 40

— 20

Romero et al. (2010)

1000 2000

Time (min)

3000

4000

r

eu
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HOW TO PERFORM ADVECTIVE GAS INJECTION/DISSIPATION TESTS?
15

Importance of: 14 —
10 = c,~ 14 MPa
A Gas injection protocol: 9
© \
o
s 8 ,
U Typeoftest( 6soft Dbreakthrougho with
pressure close to AEV /g 6har-d¢ b
until gas outflow close to the minimum total s
stress) "_g A S Gas flow through
- < > AEV = , |AEV=48MPa ithe; sample
0
<AEV 3 Gas flow between
sample-ring interface
2 \ \HHH‘ \ \HHH‘ \ \HHH‘ \ \HHH‘ \ \HHH‘ \ \HHH‘
(i Stress state and gas pressurgmaximum gas e 10‘2 1°°|°° s (01
oressure) , - onzalezBlanco (
, O > 1 MPa to avoid air
, < 1 MPa (flow through interface) passage between samplering interface - :
1b O
> 1 MPa (flow through sample) @ e UL g
Development of oedometer cell 5
with lateral stress measurement




OUTLINE OF THE LECTURE

Motivation
Insight into gas transfer and self-sealing

Some observations regarding gas testing (experimental protocols)

w0 e

A detailed research methodology on Boom Clay:

A Material characterization
A Stress paths followed

A Gastest protocols

A Test results at different scales (macroscopic results and microstructural
features)

5. Final comments . Future challenges

eu.
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Marine sediment of the Cenozoic (Rupelian age, 30 My)

m SGL Mol

26
Sands of Mol
W Antwerpen Lommel E =0
B O O M C LAY : ‘\101 /.-\ z 5 |— Sands of Kasterlee
7_-_-__/\_./'~
Sands of Diest and Desszel
NEOGENE L
= = -139 Sands of Antwerp
~16b — Sands of Voort
NETHERLANDS ~ Boom Clay
Antwer
® Bruges . -262 Sands of Ruisbroek
Ggent Mechelen 287 S.um". thndud.zZe
BOOM CLAY] 2 - Sands of Lede and Brussel
e Kortrijk BRUS%ELS ® Leuven " /33
BELGIUM  Litgee \_\ § L i ol s
; 100 m g
Charle:m ® Namur ] 425 _
I }— Sands of Landen
|— | y
=510 Landen Clay
G B enee ‘ =540 Marl of Gelinden
Bastogne L p
FRANCE ) -560 5 : : : : . . Tuff of Maestncht
€m Water flow direction in the aquifer 5 Leakage direction through the aquitard F faltaea 000000000

LUXEMBOURG

Sillen & Marivoet (2007)

Samples retrieved atHADES URLIlevel (223 m
depth) in boreholes horizontally drilled

¢ First shaft
1980-1982

Borehole Core,

et Ring 70/71, =
Bpr hole Core 2012 TestDrift 1982-1983 . :
Second skl 6667Wnnucting allery ”u— ==
l‘)‘)7-l‘ﬁbl 2001-2002 — e U
) = L J

PRACLAY gallery Experimental shaft & gallery
20062007 1983-1984
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EXPERIMENTAL CHARACTERIZATION a2 B
Q >, 60 — /= This study
—= conoon
Parameter Value éq:; 7] —_—— Rzm(ero (1)999)
Geotechnical properties LR 20 — , - t::gz 8332;
Density of soils, O, (Mg/m 3) 2.67 2 / — — — Rhattas (1994)
LIqUId I|m|t WL(%) 67 0 [ IIIIII| T IIIIII| L IIIIII| [ T TTTTH
Plasticity index, | » (%) 38 H O article size (mm) 1
Initial conditions 60
Density, 3 ( Mg/ m 2.02-2.06 R e
Dry density, O, (Mg/m 3) 1.63-1.69 § O franoele v (2009)
osiy s 0570.59 R vt
Void ratio, e 0.58-0.63 § | O Romero (1999)
Water content, w (%) 22.6-24.0 > o socoon
Degree of saturation closeto 1 % 20 cL
Total suction aftesi 2.45 - M & OH
Air -entry value from MIP (MPa) 4.8 0 o | e ok I . .
Dominant pore mode from MIP(nm) 70 T T eU

0O 10 20 30 40 50 60 70 80 90 100 - B
Liquid limit, w,_ (%) 35




EXPERIMENTAL CHARACTERIZATION

1
g |
=3 MIP
© 0.8
S - = = BJH
= B
206
N
cC _
()
Q04
(0]
N .
o)
0 0.2
g | '
O I \HHH\ I \HHH\ I H—W\H\ T TTTTIT
10° 10" 102 10* 10°

Entance pore size, x (hm)

Mono -modal pore size distribution from

MIP:

A dominant pore mode around 70 nm

A AEV~ 4.8 MPa

Suction, s (MPa)

100

N
o

Drying path of the water retention

curve.

A initial total suction after
retrieval 2.45 MPa
A AEV~ 4.5 MPa

\
] o
_ ﬂ%%%
1 O Psychrometer measurements hﬁaﬂ
7 van Genuchten’s model: \
S =[1+(s/py)""-M]*(p,=10 MPa, 1=0.6)

— 1 T T T T T T r

0.0 0.2 0.4 0.6 0.8 1.0 @ U

Degree of saturation, S,

1

-



New oedometer cell with

EXPERIMENTAL SEJUPS

Water

ata injector - OiIir:tj.ect'or
; ) [ vertica
Old oedometer cell acaquisition Y ™ & J stress PVC
g % y "'! j | S
PVC: oll \ gl o ‘
8] Vertica'jI stress Sample size : Giifeltnlge\?(t‘;or "l iR - g ; A
- 20 mm in height < " Cosse
_ H H Y S ; S — "o ir bottl yn' NS 7]
-\ N P—— 50 mm in diameter < S I : arborte
® PVC: air e f < . /r
Compressed £

Inlet line (bottom) > y T« ; . . {
5 Water injector | 24 Helium bottle

inletPVC [/ . —7 / &

PVC: water

Inlet line (bottom)
LVDT (
(€] = PT __
=" < LVDT F ----
s
RECOVERY SYSTEM , PV N N ||
PVC: water / \
Outlet line (top) / RV \
| I LC
\ /
\ /
\ DPT P
N k s
- W \ ~ = _ -

Data S— - ——
acquisition ! LICLL::S;r;?/sCL;re | |PVC I-:

yte '! _(max. 2 MPa ’ LVDT
% : / f‘_:' Bl — PVC
— WSS e o - PPT

Sample size

%

- . _ - - MFM _
Air pressure . Liq;::ﬁ;;?éure Airinjectio - 25 mm In helght ---:
outlet PVC - iniet PVC i - 50 mm in diameter

max. 2 MP ‘ max. 20 MPa I




s |

EXPERIMENTAL SEJUPS

New oedometer cell with lateral stress measurement

Deformable Ring to indirectly
measure the lateral stress

Measure range: 1 mm
Lateral displacement measurement with 2 LVDTs =< Accuracy:0.3% FS
Resolution: 0.15>m

Maximum lateral displacement 35 >m ——> LVDTmeasures233 steps

0.14% come small loss of K, condition ) between 0.02% and 0.15% for semirigid systems

Resolution in terms of lateral stress = Fu |l | Sc kPae /( o= 204ASP |




TEST PROTOCOL

1la

o,=0 > 3 MPa

l l l l vL(ls kPa/mln)

3 2> 6 MPa 3
lll l lOSkPa/mm)
u,,=0. a

lllll

0,=6 MPa

u,,=0.5 MPa

u,=0.5 - 4 MPa (2 or 100 mL/min)

NoOahkwh

Pre-conditioning path

la. Undrained loading

1b. Contact with water

1c. Water pressurization
Drained loading
Water permeability
Gas injection/dissipation
Re-saturation for self-sealing
Water permeability
Undrained unloading

lllll

0,=3 > 6 MPa
(0.5 kPa/min)

u,=0.5 MPa

Oh

u,=0.5 MPa

o, =6 - 0 MPa

m l

_ _ A|r+Water u

=0
=50 N
. ‘_ oh
Y —

-

Additional tests:

to study the K, evolution

to analyse the post-yield
behaviour

to determine the water
permeability variation with
porosity

to see the effect of a second
gas injection




1a o, =0 > 3 MPa
(15 kPa/min)
-l L)L i
SO y 3

PRECONDITIONING STAGE Sy e

Objectives:
- to apply similar stress state thanin situ
- to reduce initial suction

- Water
]

Sivuen

Water

- to avoid expansion and degradation of the sample o "
. . . — @ - experimental data
iInduced by suction reduction at low stress levels ‘ Mt v e B
0.7 ~ 07e
, ® 10 0 O £ | Contact ; b
’ o 5w o 06 - H 08
At223mdepth | 6 G& WO & LA i N\ | y
(in situ conditions) . C8& WL W e b Contact
U& 0 C) W 05 ——— numerical simulation 08 with
01 1 10
— . ” P. o vm(;i:-l stfm,q,(M;’a) " vertical stress, o, (MPa)
3 P, ©30 0|3, =0(3, 3
114 rB" 13} . O- ( ) L d f - h
After retrieval | 0 pMo pjo ) Ss;?(?n ea?romgmpzv e Soaking at 3 MPa
(undrained unloading) | 36 —— 3N= @0V ® gat®.
0 0 30 & WL w Della Vecchiaet al (2011)
Post.st w ¢& W0 o High initial suction eu g
oSt storage "Yd wa €00 §02 due to stress relief 40 r



Loading at constant water content

| >
111l lds kjlla/mNiirj\D)ao
RN 0

PRECONDITIONING STAGE: AXIAL STRESSTRAIN

Some deformation occurred:
Def ormati on due to sucti on

changes and stress changes Slightly higher compressibility on
loading of sample with bedding planes

:z?"?t‘l " > 't;i_p..

(o=
o
o

0.2 — orientated normal to the axis
0 i (anisotropy in the elastic domain ) 0.4 —
s -
~ X
w 0.2 — e
- T77 /[ [T W
N i :
S 04 — s
@ — »
m —
-Ig 0.6 ] § ) .\..
() ] ®.
=~ 08 — -
- b i 1.2 T T T T T
1 | | | |
| 0.1 1 10
0 1 2 3 4 3 ol 0 O Total stress, o, (MPa)
Total vertical stress, o, (MPa) z o 7 r 3
3MYye cCHL L W ey
*Values of initial compressibility have been corrected after ; ;
the new calibration of the cell compressibility 41 r



Loading at constant water content

LA

A|r

s |

PRECONDITIONING STAGE: HORIZONTAL STRESS

AN
|

®
o

w

Initial total horizontal
stress calibrated:
PUL R

H1° H2

*Total horizontal stress
computed as the average
stress measured at both
Sensors

—

Total horizontal stress, c, (MPa)
N

o

H1> H2

Total vertical stress, o, (MPa)

eurad,

P




Contact with SBCW

PRECONDITIONING STAGE: SWELLING STRAIN

0.4 —
S 03
CQ>
IS 7 i Swelling strains recorded during
£ 02 | 050000090 soaking due to some remaining
® suction
:.c_.i) 77/ /[ Ir
;01 i —
= Samples with bedding planes normal

to flow underwent higher swelling
(anisotropy in the elastic domain)

000 2000 3000 4000
Time, t (min)

At, ocD0®
v g | easured
v 8 | omputed i i

eu
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PRECONDITIONING STAGE: HORIZONTAL STRESS

=4 Values after restoring the in 1.6 —
= situ conditions* _
6 3 0 pg T, oD 1 1.2 —
g v o w ¢80 X
B2 — O pEtw ., oR 1 08
s ) ° ™0
51— L p8tc , O8TW 04 —
-C —
g *Slightly affected by the initial 0

0 | ‘ | ‘ | ‘ | ‘ horizontal stress and very

sensitive to the sensor location
0 1000 2000 3000 4000
0 1000 2000 3000 4000 with respectto bedding planes Time, t (min)

Time, t (min)

1

eu

e



Drained Ioading

"o
DRAINED LOADING uu G5 kpaimin)
S Water R 05 MPe
. . . . AR :
- Small anisotropy in elastic domain — B h
0.0 —
' ' u,=0.5 MPa
| 7777
0.4 —
9 _
' 0.8 —
=
5 |
w12 —
I
>< —]
<
1.6 —
2.0 I | I I
2 3 4 5 6 7
Effective vertical stress, ¢', (MPa) e U :

45
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ADDITIONAL HYDRO-MECHANICAL PATHS TO STUDY K

g8
0 — <OC9 =
. RSIOad ©
o\o 1 o \ Cﬁ 6 |
- 7]
W N o .
S 2 — Iz
[CR— T 4 —
B0 g
.f:) | ‘(\ S 5 T
S , | ny, < ] -
= 4 g g
- 3
5 = £ 0
2 4 6 8 2 4 6 8
Effective vertical stress, ¢', (MPa) Effective vertical stress, ¢', (MPa)

eu.
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l Drained unload stage
0 0 0O

ADDITIONAL HYDRO-MECHANICAL PATHS TO STUDY K . OBk T@C gith% oo

m- Cc- M C
C

= L
E T8 T

Valuesreported by Dao (2015)

0 X Y T @
0 ™ U T

1

OCR is computed in terms of the vertical 3
effective stress, but it can be also expressed e UL J

in terms of mean effective stresses r
47



