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Foreword

In the framework of the European Joint Programme on Radioactive Waste Management
(EURAD) — Work Package 6 — GAS, GRS investigated gas transport and impact on self-
sealing of fractures in the indurated Callovo-Oxfordian (COX) and Opalinus (OPA) clay-
stones. Core samples were extracted from four lithological facies relatively rich in clay
mineral, carbonate and quartz, respectively. They were artificially cracked to different
fracture intensities. Self-sealing of the fractures was measured by fracture closure, water
permeability variation, gas penetration, and recovery of gas-induced pathways. Most of
the fractured samples exhibited a dramatic reduction in water permeability to very low
levels close to that of the intact clay rocks, depending on their mineralogical composition,
fracture intensity, confining stress, and load duration. The self-sealing capacity of the
clay-rich samples is higher than that of the carbonate-rich and sandy ones. Significant
effects of sample size and fracture intensity were identified. The sealed fractures become
gas-tight for certain injection pressures. However, the measured gas breakthrough pres-
sures are still lower than the confining stresses. The gas-induced pathways can reseal
when contacting water. These important findings imply that fractures that will be gener-

ated by excavation of a repository in such a clay host rock can seal with time.
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1 Introduction

Clay formations are world-widely investigated for deep geological disposal of radioactive
waste due to their favourable properties such as large homogeneous rock mass, stable
geological structure, extremely low hydraulic conductivity, certain self-sealing potential,
diffusion-dominated transport, and high sorption capacity for radionuclides. In France
and Switzerland, for instance, the potential repositories were proposed to be constructed
in the hardened Callovo-Oxfordian (COX) and Opalinus (OPA) clay formations respec-
tively /AND 05/ /INAG 02/. In Germany, exemplarily for different geological conditions,
two generic models were developed based on the known data for the Lower Cretaceous
Clay (northern Germany) and the Opalinus Clay (southern Germany) /JOB 17/. The main
purpose was to elaborate the methodology of demonstration of the safety of a repository
for high-level radioactive waste (HLW) in clay formations according to the German reg-

ulations.

Excavation of an underground repository will unavoidably generate a damaged zone
(EDZ) around the openings and can rise the permeability up to several orders of magni-
tude, as observed in the Underground Research Laboratories (URLs) at Bure /ARM 14/
/DE 15/ and at Mont-Terri /BOC 17/ /HAL 21/. Thanks to the self-sealing capacity of the
claystones, a gradual hydraulic recovery of the EDZ can be expected during the post-
closure phase limiting water flow and radionuclides transport to the biosphere. Another
concern is gas generation and migration. Over thousands of years, gases will be pro-
duced mainly from anoxic corrosion of metallic materials remained /ROD 99/. With ac-
cumulation of gases in the closed repository, gas pressure could rise and may exceed
certain thresholds to damage the integrity of the host rock and engineered barriers. Two
important questions on the gas issue are to be answered: a) whether the EDZ after seal-
ing can still allow gas release without over-pressurisation to damaging the geological-
engineered barrier system; and b) whether the gas-induced pathways can reseal again

to hinder transport of water and radionuclides.

In the last two decades, water and gas transport behaviour in fractured COX and OPA
claystones have been extensively investigated on samples in laboratory experiments
/BOC 10/ /ZHA 11/13/15/ /AUV 15/ /GIO 18/ /DON 19/ and in field experiments at URLs
Bure /DE 15/ and Mont-Terri /MAR 17/. Most of the studies focused on self-sealing of
fractures in the clay-rich facies of COX and OPA formations. Significant self-sealing ca-
pacities of the clay-rich claystones were evidenced by fracture closure and permeability

reduction under combined impact of mechanical compression and water-induced clay



swelling. Micro- and macrocracks in the clay-rich claystones can strongly self-seal to
very low water permeability values of 108 — 102! m? close to the intact rock, even at low
confining stresses of 2 — 4 MPa within months to years. For gas entry and penetration
through water-saturated and sealed fractures, even if pressures required to overcome
the capillary thresholds of the sealed pathways are high, they are still lower than the
confining stresses and lower than the threshold pressure in the intact rock. This implies
that gases generated in a repository can release preferably through the EDZ without

compromising the integrity and barrier functions of the host rock and engineered barriers.

As well known, the sedimentary clay formations consist of layered lithological facies with
different mineralogical compositions, petrophysical and hydro-mechanical properties
/HOR 96/ /MAZ 08/ /BOC 10/. The OPA formation can be divided into three layered lith-
ological facies: 1) clay rich shaly facies — a dark grey silty calcareous shale and argilla-
ceous marl in the lower half of the sequence; 2) sandy-carbonate rich facies — a grey
sandy and argillaceous limestone in the middle of the sequence; and 3) sandy facies —
silty to sandy marls with sandstone lenses cemented with carbonate in the upper part
/THU 99/ /PEA 03/ /BOS 17/. Figure 1.1 shows the geological structure of the OPA for-
mation at URL Mont-Terri. The COX formation consists of three major geological units:
clay rich unit (UA) at the base, transition unit (UT) and silty-carbonated unit (USC) /ROB
15/ /CON 18/. Figure 1.2 shows the variations of the major mineralogical compositions
across the thickness of the COX formation. For the safe isolation of radioactive waste in
the clay host rocks, all the lithological facies are to be precisely characterized and well

understood.

Following the previous studies on the self-sealing behaviour of the clay-rich claystones
/ZHA 11/13/15/, more recent investigations focused on self-sealing performance of frac-
tures in the COX carbonate-rich and OPA sandy claystones in the framework of the Eu-
ropean Joint Programme on Radioactive Waste Management (EURAD). The work was
involved in the Work Package WP 6 - GAS focusing on the mechanistic understanding
of gas transport in natural and engineered clay barriers. One task (Task 3) investigates
hydro-mechanical phenomena and processes associated with gas-induced failure of the
clay barriers (Subtask 3.1) and with self-sealing of gas-induced pathways in the clay
barriers (Subtask 3.2). For Subtask 3.1, GRS measured water permeability, gas pene-
tration and resealing of gas-induced pathways in the intact COX claystone. For Subtasks
3.2, long-term consolidation tests with water and then gas injection were undertaken on
artificially fractured samples of different sizes and fracture intensities. Large samples of

multi-decimetric length were used to cover the mineralogical variability of the clay rock,



particularly the COX carbonate-rich unit. Two specific apparatuses were developed for
parallel testing on several samples under identical hydro-mechanical conditions. The
self-sealing performance of fractures was characterized by fracture closure, water per-
meability change, gas breakthrough pressure, and recovery of gas-induced pathways,

respectively. The research work and results achieved are presented in this report. Chap-
ter 2 describes the basic characteristics of the sample materials and experimental meth-
ods applied. Experimental results obtained from the intact and fractured claystones are

presented and analysed in chapter 3. Main conclusions will be drawn in chapter 4.
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Fig. 1.2 Variation in mineralogical composition across the thickness of the COX for-

mation (Andra, 2018). Data come from different boreholes and the relative
depth is between the top of the USC unit and the bottom of the UA unit —
locations of the studied samples



2 Characterization of samples

21 Mineralogical composition

Core samples were extracted from the sandy facies of OPA at URL Mont-Terri, from the
three units of clay-rich (UA), transition (UT) and carbonate-rich (USC) of COX at URL
Bure, respectively. They have different mineralogical compositions, petrophysical and
hydro-mechanical properties. Table 1 summarises the variation ranges of their main min-
eralogical components: clay minerals, quartz, and carbonates. Compared to the COX
clay-rich unit and OPA shaly facies, the COX carbonate-rich unit and OPA sandy facies
have less clay minerals but more carbonates and quartz. The mineralogical composition
of each facies displays a spatial variability. The OPA sandy facies is more heterogeneous
on mm — cm scale than the shaly facies /KAU 13/ /HOU 14/. For instance, the samples
taken from the OPA sandy facies for the present tests showed a large mineralogical
variability ~within a short interval of 5 m with clay contents of
24 — 39 %, quartz of 34 — 39 %, carbonates of 15 — 33 %, and feldspar of 8 — 9 %
(table 2). Similarly, a mineralogical heterogeneity appears in the COX carbonate-rich unit
on cm — dm scales as observed at a drift front at the -445 m level of the URL Bure (figure
2.1). A sample from this area showed a large carbonates content of 50 %, quartz of 25
%, and a small clay content of 21 % (table 2). The mineralogical heterogeneity can lead
to local differences in deformability, swelling capacity and thus self-sealing capacity of
the rock mass. Generally, the swelling capacity of a claystone is determined by the frac-
tion of clay minerals. The previous swelling experiments /ZHA 10/17/19/ showed that the
studied claystones have swelling capacities to a large volumetric increase up to 10 % at
the COX clay rich and OPA shaly facies and to 5 % at the OPA sandy facies. The swelling
upon water uptake leads to degradation of the inner structure and reduction of the stiff-

ness and strength.



Tab. 2.1 Main mineralogical components of the sandy and shaly facies of OPA for-
mation and the carbonate-rich, transition and clay-rich unit of COX formation

Main OPA' OPA" COX? COX? COX?
component sandy shaly carbonate- transition clay-rich
(%) facies facies rich (USC) unit (UT) unit (UA)
Clay minerals | 20—40 | 55-75 15-40 30-55 40-55
Carbonates | 15-40 | 5-30 20-80 20-40 20-35
Quartz 30—45 | 5-25 20-40 20 - 40 17 -27

1: estimated based on /THU 99/ /MAZ 08/ /BOC 10/ /KAU 13/
2: estimated based on /AND 06/ /ROB 15/ /CON 18/ /GIO 18/

Fig. 2.1 Heterogeneous distribution of carbonates (light grey) in the COX carbonate-
rich unit observed in a drift at the -445 m level of the URL Bure (Andra)

Tab. 2.2  Main mineralogical components of some tested samples

Core Borehole Clay Quartz | Carbonates | Feldspar | Others

samples depth (m) (%) (%) (%) (%) (%)
OPA sandy facies

BDM-B9-9 8.2 24 34 33 9 <1
DBM-B9-18 10.2 36 39 15 9 <1
DBM-B9-29 12.8 39 38 15 8 <1
COX carbonate-rich unit

EST52337 2.9 21 25 50 4 <1




2.2 Sample preparation

221 Intact samples

For testing intact claystone, two COX cores EST58148 and EST60765 of 80 mm diameter
and 300 mm length each were extracted from a horizontal borehole OHZ3007 parallel to
the bedding plane at the main level (-490m) of the URL Bure. After drilling, the cores
were immediately sealed and confined in specific cells and stored in a storage hall at the
surface. A year later, they were delivered to GRS for testing. Two samples were prepared
to a diameter of D = 70 mm and lengths of L = 40 mm and 50 mm, respectively. Figure
2.2 shows some pictures of the sample preparation. After unpacking the cores from the
cells, the top part of about 80 mm length with some damage was sawed off for measuring
water content. From the intact part, samples were sawed off and prepared by shaving
the peripheral and end surfaces in a lathe to a cylinder of D=70 mm and L = 40 mm for
EST58148 and L = 50 mm for EST60765. In order to minimize desaturation, the sample
was wrapped in thin plastic foil during the preparation. Figure 2.3 pictures the prepared
sample EST60765. It shows very compact without visible fissures. Another prepared

sample EST58148 was also quite intact without visible fissures.

The prepared sample was characterized by measuring the basic petrophysical proerties
according to the testing methods suggested by International Society for Rock Mechanics
/ISR 81/. The properties include grain density, dry density, bulk density, porosity, water

content, and degree of water saturation, which are defined as follows:

_ M

Grain density: ps =7, (2.1)
M, = mass of solids, ¥, = volume of solids.
Bulk density: Pp = % = @ (2.2)

M = mass of bulk sample, VV = volume of bulk sample,

M, = mass of solids, M,, = mass of water.

Dry density: Pad = % (2.3)

- VW _({_rd
Porosity: ®=7 (1 ps) (2.4)

7, = volume of voids.



Water content: w = % (2.5)

Degree of water saturation:

—Yw _ paw
Sw = Vo Pwo (2.6)

The water content was measured on the top parts with a weight of ~750 g. They were
dried in an oven at temperature of 105 °C for two days. The bulk density of the intact
samples was determined by measuring the volume and weight. On basis of the meas-
ured bulk density and the water content, the dry density was calculated. The grain density
was measured on the powder produced during sample preparation by means of pycnom-
eter with helium gas. The porosity was obtained on basis of the measured grain and dry
densities according to equation (4). The degree of water saturation was determined from
the calculation according to equation (6). The basic characteristics of the intact samples
are summarized in table 2.3. Because the samples were perfectly preserved against

water loss, high degrees of water saturation remained at 93 — 100 %.

Delivered c

ore EST60765

Cutting the damaged piece for N
measuring water content

¢

Shaving the peripheral su}face

Planishing the end face

Fig. 2.2 Pictures of of the sample preparation
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Peripheral surfaces 0-180°

Peripheral surfaces 180-360°

Top end face

Bottom end face

Fig. 2.3 Some pictures of the prepared sample EST60765
Tab. 2.3  Basic characteristics of the intact samples
Sample Size Grain Bulk Dry . Water | Saturation
D/L M(ais density | density | density PO(I;?S)Ity content degree
(mm) 2 (g/cmd) | (glem®) | (g/cmd) ° (%) (%)
EST58148 | 70/40 | 375.85 | 2.695 2.442 2.273 15.67 6.92 100.0
EST60765 | 70/50 | 458.75 | 2.700 2.401 2.230 17.30 717 93.0
2.2.2 Fractured samples

Ten samples were tested: four OPA sandy, two COX clay-rich and four COX carbonate-

rich. They were prepared to different sizes of diameter/length D/L = 50/(75 — 100) mm

and 80/(280 — 300) mm. Their initial characteristics were determined before testing and

are summarized in table 2.4. The grain densities of the OPA and COX samples are nearly




equal to 2.7 g/cm3. The dry densities of the OPA sandy samples are slightly higher than
that of the COX carbonate- and clay-rich ones. Due to the sampling and long storage

durations of 1 — 2 years, the samples were desaturated to some low degrees.

As observed in situ at URLs Bure and Mont-Terri /ARM 14/ /DE 15/ /BOS 17/ /HAL 21/,
drift excavation generated mostly tensile fractures near the opening walls, which are re-
sponsible for increased hydraulic conductivities. For laboratory testing, similar fractures
were artificially created in most of the samples by tensile cracking and/or direct splitting.
Figure 2.3 shows fracture patterns in the samples illustrated with some photos made
before testing and computed tomography (CT) images made after testing. The CT-im-

ages represent only the situations of the dismantled samples after unloading.

Group 1: Three samples COX1-2 and OPA1 (D/L = 50/(75-100) mm) were inserted in
rubber jackets and then cracked by Brazilian tensile loading along the sample length. A
single major fracture was creased in each sample parallel or subparallel to the axis. The

fracture apertures reached to ~1 mm. Some minor fissures appeared near the major one.

Group 2: Three (sub)parallel fractures were generated in two samples OPA2-3 (D/L =
50/90 mm) at distance of ~15 mm. A fracture in OPA2 was however inclined to the out-
side surface and did not cross the other end face. The fracture apertures reached to
~1 mm. In OPA4, a regular fracture was produced by cutting an aperture of 30 mm width
and 2 mm opening through the length. The extremely high fracture densities in OPA2-3

and the single wide aperture in OPA4 do not or rarely appear in situ.

Group 3: Four large cores COX2/4-6 (D/L = 80/(280-300) mm) were taken for examining
scale effect on fracture sealing. Fractures were created by pressing a steel wedge along
the sample length, which caused several separate pieces with irregular shapes and sur-
faces. These pieces were then assembled in rubber jackets but could not be exactly
matched together. The fracture patterns were very complex with various directions, ap-
ertures, densities, and connections, as shown by the CT-images of the samples after
testing. Note that white flecks on the CT-images reflect the carbonates with high density,
which are more distributed in the samples COX4-6 from the carbonate-rich unit than in

COX2 from the transition unit.
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Tab. 2.4 Basic characteristics of the prepared samples before fracturing
Lithological Drilled Depth/ Sample Size D/L Bulk density Dry density Porosity Water Degree of
facies core orientation number (mm) (g/cm3) (g/cmd) (%) content (%) | saturation (%)
BLT-A10 OPA1 50/75 2.487 2.445 94 1.72 44
OF’é\ BDM-B9-9 OPA2 50/90 2.515 2.478 8.2 1.49 45
sandy
facies DBM-B9-18 OPA3 50/90 2.563 2.532 6.2 1.22 50
DBM-B9-29 OPA4 50/90 2.559 2.527 6.4 1.27 50
COX | Estane3 | 2™V | cox1 | 50100 2.383 2.262 16.2 5.35 75
clay-rich unit
coxtansiton | gstszaez | ™V | coxa | 80r208 2.400 2.291 15.1 476 72
COX EST51223 -444m/H COX3 50/80 2.437 2.369 12.2 2.87 56
Carb°Sr?itte'”°h EST52318 -437TmIV COX4 80/283 2.584 2.553 5.4 1.21 56
EST52335 -445m/H COX5 80/300 2.425 2.397 11.2 1.14 25
EST52337 -445m/H COX6 80/280 2.434 2.405 10.9 1.21 27




Generally, most of the created fractures with wide apertures of 1 — 2 mm and high con-
nectivity levels exhibited a similar scale of the in situ macro-fractures near the rock walls
but much larger than those microfractures in the deep areas of the EDZ in the ULRs Bure
and Mont Terri /ARM 14/ /DE 15/ /BOS 17/ /HAL 21/. Moreover, the artificially created
fractures in the samples are more intensively interconnected than the realistic fractures
within the EDZ.

"COX1 COX3 OPA1

D/L= 50/100 mm D/L= 50/80 mm D/L= 50/75 mm
a. group 1

50m 2mm

\ Omm

N

OPA2 OPA3 OPAd

D/L= 50/90 mm D/L= 50/90 mm D/L= 50/90 mm
b. group 2
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coxa COX5 COX6
D/L =80mm/298mm D/L =80mm/283mm D/L=80mm/300mm D/L =80mm /280mm

c. group 3

Fig. 2.4 Fracture patterns in the claystone samples illustrated with photos made

before testing and CT-images after testing
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3 Experimental methodology

3.1 Tests of the intact samples

A triaxial apparatus was upgraded with a new hydraulic system to determine water and
gas conductivities of the intact claystone under the hydro-mechanical conditions of the
rock mass. Figure 3.1 shows the test layout and setup. The apparatus allows a maximum
radial stress (o) of 70 MPa and a maximum axial stress (c.) of 200 MPa. The hydraulic
system consists of two syringe pumps (Model 260D) and line connection elements. The
pumps allow a maximum volume of 266 mL, a maximum pressure of 500 bar and flow
rates in a range of 1 uL/min to 100 mL/min. The resolution of the pressure is about 0.1bar

and the accuracy of the fluid volume measurement is better than £0.5 .

pressure
I—
load piston = transducer
P ¥ (1'—“
rubber jacket >
porous disc .
lateral ring = pumpB
sample — B
T "1— i
a. Schematic layout & pumpA

b. Sample installation c. Testing machine

Fig. 3.1 Test layout and setup for measurements of water and gas conductivities of

intact claystone under in situ hydro-mechanical conditions
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A sample is inserted in a rubber jacket with a thickness of 2 mm. Sintered porous metallic
discs and filter papers are placed at its top and bottom. The upper and lower load pistons
were manufactured to a size of 70 mm diameter and 140 mm length. Two thin holes (D
= 6 mm; L = 83 mm) drilled in the pistons serve to hydraulic connection between the
sample and both pumps. In order to monitoring porewater pressure (or backpressure) in
the sample, two pressure transducers are installed respectively at the inlet (Pwi) and
outlet (Pwo) close to the sample. During mechanical loading, axial deformation (e.) is
recorded by a linear variable differential transducer (LVDT) installed outside the cell,
while radial strain (&) is measured by a circumferential extensometer mounted around
the sample outside the jacket. The volumetric strain is obtained approximately by
&v = &a + 2é&r. The testing apparatus is positioned in a large hall, where unfortunately the

temperature could not be controlled but recorded at 23.0+2.5 °C during the tests.

Before testing, the system was calibrated using a steel cylinder of D/L = 70/50 mm and
two porous metallic discs. The volume of the inlet (bottom) and outlet (top) reservoirs
with the porous discs and lines connecting to the pumps were measured with water filling

into them. The results are Vi, = 11.75 cm? for the inlet and Vou = 11.30 cm? for the outlet.

To limit osmotic swelling of the samples, a synthetic porewater of COX formation was
produced for use as permeant fluid. The main chemical components of the synthetic
porewater are summarized in table 3.1, which are consistent with the COX porewater
/AND 05/. The densities and viscosities of the synthetic water were measured at
temperatures of 20 — 80 °C. The results are presented in figure 3.2 compared with the
distilled water and the synthetic OPA porewater. It is obvious that the density and

viscosity of the waters decrease with increasing temperature.

The rock stress state at the sampling position at the -490 m level of the URL Bure is
characterized with a major horizontal component of oy = 16 MPa and a minor horizontal
and vertical ones on = oy = 12.5 MPa /ARM 14/ /DE 15/. The mean stress om = 14 MPa
and the in situ porewater pressure of Py, = 4.5 MPa were applied in the tests. Water
permeability was measured under pressure differences of AP, =
0.4 — 3 MPa, corresponding to hydraulic gradients of 1000 — 7500 m/m. Following the
water flow testing, gas penetration testing was undertaken by helium gas at a controlled

flow rate of 0.01 cm®/min until breakthrough.
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Tab. 3.1  Main chemical components of the synthetic COX and OPA water (in mmol/L)

Component Na Cl Mg Ca SO4 K Derived from

COX water | 27.7 31.1 11.0 13.3 25.0 6.8 Andra (2005)

OPA water | 24.0 30.0 16.9 25.8 141 1.6 Pearson (2003)

1.03 .
—+—data for COX synthetic water
——data for OPA synthetic water
1.02 ——density of pure water
\ ——model for COX/OPA synthetic water
= 1.01
£
o
I .
>
I
£ 0.99
(a] \
0.98 1 =~
B 1+ AR -Fo)+aT
Plo
0.97 1 T T 1
10 20 30 40 50 60 70 80 90
Temperature (°C)
0‘001 —e—data for COX synthetic water
~+—data for OPA synthetic water
0.0009 o
—viscosity of pure water
— —model for COX/OPA synthetic
»  0.0008 water
1]
o \
> 0.0007
A7)
(o]
& 0.0006
>
0.0005
=AeXp| —n—— \
# Xp[273.15+r] \.Q‘\.
0.0004 h

10 20 30 40 50 60 70 80 90

Temperature (°C)

Fig. 3.2 Density and viscosity of the synthetic COX, OPA porewater and destilled

water as a function of temperature

17



3.2 Tests of the fractured samples

3.21 Test setups

Two setups were developed and used for water and gas flow testing on the fractured
claystone samples under mechanical compression. Figure 3.3 illustrate the layouts and
apparatuses. The first setup (figure 3.3a) consists of three triaxial cells, which allow test-
ing three samples of 50 mm diameter and 70 — 120 mm length in parallel under identical
conditions. Axial and radial stress are controlled by two respective syringe pumps. One
more pump is applied for injecting water or gas into the samples via inlet lines and sin-
tered porous discs at bottom. The inlet pressure is measured by a pressure transducer
for each sample. The fluid outflow is recorded at the top of each sample using a scaled
burette at atmospheric pressure. Deformation of each sample is recorded axially by a
LVDT installed at the top of the cell and laterally by a circumferential extensometer
mounted at the middle of the length. The fractured samples in group 1 and 2 (figures

2.4a-b) were tested in this setup.
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axial strain axial stress
transducer transducer
il axial
radial strain _| e — e — i pressure
transducer | [l 7 o
inlet > < N b - <
> ] >
pressure N 3 B 5 i g E t
o O 4 i I ). 0 _
: < : < : - radial
> « > < > -« pressure
» [+ » < |] > <+
—— |
I— &7 &
I .
pump ressure radial stress . pump
ransducer transducer three coupled triaxial cells

r.—

a. three parallel tests in coupled triaxial cells under identical conditions
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b. four parallel tests in a pressure vessel under identical conditions

Fig. 3.3 Two setups used for water and gas testing on fractured claystone samples

Four large samples in group 3 (figure 2.4c) were tested in a pressure vessel (figure 3.3b)
allowing a maximum pressure of 25 MPa. Each sample is inserted in a rubber jacket and
covered by two sintered porous discs and two pistons. A same confining stress is applied
to the samples by a pressure/volume GDS-controller. The water or gas injection is con-
trolled by means of a syringe pump. The fluid outflow is recorded at the outlet of each

sample using a burette at atmospheric pressure.

3.2.2 Test procedure

These specific setups make it possible to test the fractured samples in parallel by appli-
cation of the dynamic EDZ conditions in acceptable time periods. A common test proce-
dure was designed and performed sequentially in the following steps: a) reconsolidation
and water flow under effects of rock stress and porewater pressure; b) subsequent gas
generation and migration through sealed fractures; and c) resealing of gas-induced path-

ways after gas escape.
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The reconsolidation and water permeability changes of the fractured samples were
determined by injecting synthetic water into them under multistep increased stresses.
Synthetic COX and OPA porewaters were injected into the respective COX and OPA
samples. The hydrostatic stress ¢ was stepwise increased up to 10 MPa for the
samples of group 1, 13 MPa for group 2, and 4 MPa for group 3, respectively. The
stress range of 10-13 MPa selected for groups 1-2 covers the lithostatic stresses
surrounding the potential repository at a depth of ~500 m below the ground surface.
The application of the low stress of 4 MPa to group 3 is to examine impact of swelling
pressure of a draft/shaft seal on the EDZ. Each step lasted for 1 to 4 months. The water
injection pressure Py was adjusted in a range of 0.1 — 1.0 MPa much below the
confining stresses to avoid hydraulic fracturing. During steady-state water flow,
apparent water permeability was determined according to Darcy’s law for
incompressible fluids /HOR 96/:

_ Qw Hw L
W_A(Pwi_Pwo) (31)

where Ky is the water permeability (m?), Qu is the water flow rate (m%s), yw is the
dynamic viscosity of the water (0.95x10 Pa-s for both the COX and OPA water), L is
the sample length (m), A is the cross section of the sample (m?), Py and Py, are the

inlet and outlet water pressure (Pa), respectively.

. Gas flow testing followed at the last load step by injecting helium gas into the water-

saturated and fracture-sealed samples. Before gas injection, an attempt was made to
remove the water remained in the inlet and outlet reservoirs. The gas injection pressure
P4 was stepwise increased at small increments of 0.1 — 0.2 MPa per day. As first gas
bubbles were detected at the outlet side, the gas pressure in the inlet was defined as
the breakthrough pressure P,. Beyond that, the gas injection continued for
determination of apparent gas permeability according to Darcy’s law for compressible
fluids /ROD 03/:

_2QgHgPgol

= () (32)

where K, is the gas permeability (m?), Qg is the gas outflow rate (m?®s), v, is the dy-
namic viscosity of helium gas (1.96x10° Pa-s), Py and Pg, are the inlet and outlet gas

pressure (Pa), respectively.

Resealing of the gas-induced pathways was examined by measuring water

permeability, which is compared with that before gas penetration.
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4 Results and discussion

4.1 Results from the intact samples

411 Water permeability

Sample COX-EST58148 was prepared to a size of D/L = 70/40 mm and fully saturated.
Its basic properties are summarized in table 2.3. The test on this sample focused on
determination of its water permeability under a hydrostatic stress of 14 MPa and a mean
porewater pressure of 4.5 MPa (corresponding to the rock conditions at the sampling
position at URL Bure). The conditions were applied sequentially in several steps. Figure
4.1 depicts the evolution of applied hydrostatic stress (o), water pressure in the inlet (Pwi)
and outlet (Pwo), and resulting axial and radial strain (ga, &), and accumulated water vol-

ume measured in the inlet and outlet (Vwi, Vo).

l. Consolidation

The sample was firstly reconsolidated in drained condition without contacting water. A
hydrostatic load was applied at a load rate of 5-10* MPa/s up to 9.5 MPa, being equiva-
lent to the “effective” mean stress of the clay rock at the sampling position. The loading
led to a compression in axial and radial directions. The relatively higher axial strain might
be due to unperfected assembly of the sample, porous discs and load pistons. The ap-
plied load was kept for a period of about 3 days to reconsolidate the micro-fissures cre-
ated by sampling. Then an unloading/reloading cycle was performed at the same load
rate down to 1 MPa and up to 9.5 MPa again. From the reloading path, a bulk modulus
is obtained to E, = Ac / Aey = 55 GPa.

II.  Water injection

Keeping the stress constant, the synthetic water was injected into the inlet and outlet
reservoirs at a unique pressure of Pyi = Pwo = 0.7 MPa. Then both the inlet and outlet
were switched off. Whereas Py, rose gradually with time, Py fell slightly and then turn
over to rising. The water pressures at both sides reached to a same value of 3.0 MPa at
day 20. During the saturation phase, a gradual swelling occurred in axial and radial di-

rections (figure 4.1a). The axial and radial swelling strains are quite similar Aea = Agr =
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-0.04 %. The swelling of the sample might compress the water in the porous discs and

increase the inlet and outlet pressures in the shut-off conditions.
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Fig. 4.1 Results obtained on the intact claystone sample COX-EST58148
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M. Reconsolidation

In order to compensate the swelling, the confining stress was increased to 14 MPa in the
undrained condition. The stress increase caused a rapid increase of the backpressures
up to Pwi = Pwe = 6.0 MPa and then to 7.0 MPa over 5 days. These data with Ac = 14.0
—9.5=4.5MPa and APy (= APwi = APwo) = 7.0 — 3.0 = 4.0 MPa yield Skempton’s pore
pressure coefficient B = AP/Ac = 0.89. Subsequently, an unloading/reloading cycle was
performed in the range of o = 9.5 to 14.0 MPa. The unloading led to a decrease in the
backpressures down to 3.5 MPa, yielding B = 0.81. The reloading led to a gradual in-
crease in the backpressures to 8.0 MPa over 6 days, yielding B = 1.0. This value sug-

gests full water saturation of the sample.

IV.  Measurement of water permeability

First, the backpressures were adjusted to the in situ porewater pressure of 4.5 MPa by
reducing the increased pressures. This resulted in a rapid axial compression of Aga =
0.035 % and radial one of Ag; = 0.025 % (figure 4.1a). Then water inflow was observed
into both the inlet and outlet by volume increase of AVyi = 0.56 cm® and AV = 2.25 cm?®
over 3 days (figure 4.1b). This phenomenon cannot be yet reasonablly interpreted. Water
permeability was measured at four hydraulic gradients by keeping the mean pore
pressure of 4.5 MPa:

a. In the first phase over 4 weeks, the inlet pressure Py was increased to 5 MPa while
the outlet pressure P, decreased to 4 MPa. The resulting pressure difference is
APw =1 MPa, corresponding to a hydraulic gradient of i = 2500.

b. In the second phase over 2 weeks, the backpressures were adjusted to
Pwi = 5.5 MPa and Pw, = 3.5 MPa, AP,, =2 MPa (i = 5000).

c. In the third phase over 2 weeks, Pywi = 6 MPa and Py, = 3 MPa were applied,
APy = 3 MPa (i = 7500). Following that, the in- and outlet were switched off for 1 day
and then the previous pressures were adjusted again.

d. In the final phase, a low pressure gradient of AP,, = 0.4 MPa (i = 1000) was applied
by Pwi = 4.7 MPa and Pw, = 4.3 MPa for a longer duration of 1.5 months.

During each water injection phase, the water volume accumulated at inlet V; and outlet
Vwo were recorded. Figure 4.1b shows that both V;and V., increase almost linearly with
time. However, inflow rate is slightly higher than the outflow one at each step, due to a

minor leakage of the inlet reservoir (detected after testing). From the linear parts of
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Vwi—t and Vwo—t curves during each flow phase, apparent water permeability can be ob-
tained according to Darcy’s law (equation 2.7). The measured data are summarized in
table 4.1. The data indicate no dependency of the water permeability on the applied
pressure gradients. The average value of Ku, = 8x102' m? obtained from the outflow is
reasonable for the true water permeability of the sample, while Kui = 1.4x10%° m?2 from

the inflow is too high due to the leakage of the inlet.

Tab. 4.1  Water permeabilities obtained from the stationary inflow and outflow through

the sample at different pressure gradients

Pressure Test Inflow Permeability | Outflow | Permeability
gradient duration | volume from inflow volume | from outflow
APW (MPa) At (day) Vwi (cm3) Kwi (m2) Vwo (Cm3) Kwo (m2)
1 8 0.32 1.3-10%° 0.83 1.1-10%
2 12 2.32 1.1-10%° 0.91 5.3:10%
3 6 1.51 1.2:10%° 1.38 1.0-10%°
0.4 34 2.52 2.1:10%° 0.77 6.1-10%
Mean value 1.4-10%° 8.0-10%

Sample COX-EST60765 was prepared to a size of D/L = 70/50 mm and not fully satu-
rated. Its characteristics are given in table 2.3. The test on it aimed at determining water
permeability, gas penetration and resealing of gas-induced pathways under a hydrostatic
stress of 14 MPa and a mean porewater pressure of 4.5 MPa. The test was performed
in four sequential steps with (l) reconsolidation and resaturation; (Il) measurement of
water permeability; (Ill) gas penetration testing; and (IV) examination of re-sealing of
gas-induced fractures. The total test evolution is illustrated in figure 4.2. Results of the

gas testing will be presented later in next section 4.2.

l. Reconsolidation

The sample was reconsolidated and resaturated under hydrostatic stress of ¢ =
9.5 MPa and injection of the synthetic water at in-/outlet pressure of Pyi = Pw, = 0 and
1.5 MPa for a total duration of 7 days. The first load phase at zero water pressure over
1.6 days caused a compression to an axial strain of ea = 0.29 %, a radial strain of g =
0.25 %, and a volumetric strain of ¢, = 0.79 %. The volume reduction decreased the
porosity from 17.3 % to 16.2 % and thus increased the degree of water saturation from
92.5 % to 100 %, as shown in figure 4.3. The subsequent water injection at pressure to

1.5 MPa did not cause significant deformation.
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[I.  Measurement of water permeability

In the first, the hydrostatic stress was increased to 14 MPa, which caused compressive
strains to ea = 0.37 %, & = 0.28 % and &y = 0.93 %. The corresponding porosity is about
16 %. Secondly, the water pressures in inlet and outlet were increased to 4.5 MPa, which
yielded a small expansion of Aes = -0.007 %, Aer = -0.01 % and Ae, = -0.027 % over 3
days. Keeping the mean porewater pressure of 4.5 MPa, the inlet and outlet pressure
were adjusted to Pw = 6 MPa and Pw, = 3 MPa, respectively. Under the pressure
difference of AP, = 3 MPa (i = 7500), the volume of water inflow Vi and out flow Ve
were monitored for a month. Both increased linearly with time, but the inflow rate is higher
than the outflow one due to the minor leakage of the inlet. Therefore, the water permea-
bility was determined from the outflow to a value Kwo = 4x102" m?, a half of the value of
the first sample COX-EST58148.

The water permeability values of 4x102" to 8x10' m? obtained on the intact COX sam-
ples under the hydrostatic stress of 14 MPa and porewater pressure of 4.5 MPa are
consistent with those of 1x102° to 1x102' m? obtained on two COX samples in oedometer
cells (D/L = 50/10 mm) /ZHA 13b/.
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4.1.2 Gas penetration and resealing of gas pathways

Following the water flow testing, gas penetration testing was undertaken to determine
gas migration properties of the intact sample under the in-situ stress and porewater pres-
sure conditions (step Ill). In the first, the water in the inlet reservoir was removed by
vacuum pumping, while the water backpressure of Pw, = 4.5 MPa at the opposite side
was kept. Helium gas was then injected into the inlet reservoir at a high pressure of Py
= 5.3 MPa for a day. No remarkable response of the axial strain appeared (figure 4.2a),

while the measurement of radial strain failed before.

Subsequently, the gas was injected at a controlled flow rate of 0.01 cm®*min up to a
pressure of 10 MPa, which took 12 days, as shown in figure 4.4. The maximum pressure
was then kept for another day. During the gas injection, very negligible small outflow
rates were recorded to be below 3-107'2 cm?®/s, which was predominantly induced by gas
diffusion and the data noise was resulted from the fluctuation of uncontrolled room tem-

perature. That means no advective gas flow took place.

The gas injection continued at the same rate up to a high pressure of 12 MPa, at which
the injection pump was switched off. Just at this point, the gas outflow rate increased
rapidly, indicating a breakthrough event. Obviously, the high gas pressure generated
micro-fissures forming a network spanning both the ends of the sample. This injection
pressure is defined as the gas breakthrough pressure, P, = 12 MPa. The subsequent
shut-down of the gas injection led to a slow declination of the pressure to 11.9 MPa over
a day. This is due to the continual outflow of the residual gas in the pathways with slowed
rates. However, the pathways tended to seal with a rapid reduction of the gas outflow to
zero (Qq < 10'2 cm?/s). The sealing of the network might be attributed to combined im-
pact of consolidation of the gas-occupied micro-fissures under the increased effective
stress and water resaturation of the fissures at the outlet side due to the reduction of the

inner gas pressure.

According to /HAR 17/, the gas pressure declined to termination of flow can be referred
to the apparent capillary threshold of the pathway at the downstream end of the sample,
defined as P = Pgo — Pwo, Where Py is the gas pressure at the sample end. Assuming
the pressure of the residual gas being the same along the pathways, Py = Py, the ap-

parent capillary threshold can be estimated to be P, = 11.9 - 4.5 =7.4 MPa.
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When the gas pressure was increased again to the same level as the breakthrough pres-
sure that had induced the pathways, no gas outflow could be detected over a day, indi-
cating a complete closure of the pathways. To reopen the pathways, the capillary pres-
sure was increased to 8 MPa by decreasing the water backpressure down to P¢ =
12 — 8 = 4 MPa, which yielded a jump of the gas outflow rate by an order of magnitude.
Further increasing the capillary pressure by reducing P, to 3.5, 3 and 1.5 MPa acceler-
ated the gas flow. Particularly during the last phase at Pw, = 1.5 MPa, the acceleration
of the gas flow was very significant. It seems that new micro-fissures were created by
decreasing the water backpressure or by increasing the capillary pressure. In contrast,
the increase of the water backpressure to Py, = 2.5 MPa slowed the gas flow. When the
gas injection was terminated, the residual gas still flowed into the outlet reservoir and

rose the outlet (water + gas) pressure again.

Assuming the gas outlet pressure Py is equivalent to the water backpressure Pwo, One
can calculate apparent gas permeability Kg according to equation (8). Figure 4.5 shows
the evolution of the apparent gas permeability. The Kg-value increases with decreasing

the outlet pressure P, = Pwo Or increasing the pressure gradient APy = Pgi — Puo.

In order to examine re-sealing of gas pressure-induced pathways, a second measure-
ment of water permeability was measured again by injecting the synthetic water at the
same pressure as before. The measured water inflow (Vi) and outflow (Vwo) are illus-
trated in figure 4.2b, based on which the water permeability is calculated according to
equation (7). Two similar values are obtained: Kwi = 7x102' m? from the inflow and Kuo
= 5x102' m?2 from the outflow. They are very close to that measured before the gas pen-
etration. Obviously, the gas-induced pathway can reseal completely under the combined

impact of mechanical load and water-induced clay swelling.
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4.2 Results from the fractured samples

421 Fracture closure and permeability change

4.2.1.1 Fracture closure

The fracture closure was measured by radial strain &, (sub)normal to the fracture planes
along the sample length. Figure 4.6 shows the typical process of fracture closure ob-
tained on two fractured samples OPA2/4 during water flow under multistep increased
stresses, together with axial strain ¢, parallel to the fracture planes and water permea-
bility Kw in axial direction. As already shown in figure 2.4b, OPA2 consisted of three
axially (sub)parallel fractures with apertures of ~1 mm and at distance of
~15 mm; and OPA4 had a regular fracture geometry with a length of 30 mm and a wide

aperture of 2 mm along the axis.

Firstly, a low hydrostatic stress of 0.5 MPa was applied without water injection to stabilize
the fracture structure. Over a month, the fractures closed with time to ¢ = 0.1 % at OPA2
and & = 0.04 % at OPA4, respectively. The closure of the regular fracture in OPA4 is
very limited because of the strong resistance of the wide pillars on both end sides. In
contrast, the closure of the irregular fractures in OPA2 is larger due to effect of high

stress concentrations on smaller contacting areas between the rough fracture walls.

As the synthetic water was injected into the fractures, a rapid swelling took place in all
directions to strains of 5 = & = 0.2 % at OPA2 and 0.3 % at OPA4, respectively. The
radial swelling observed externally indicates high local swelling pressures acting in con-
tact areas between rough fracture surfaces, which excess the external stress. Moreover,
the fracture walls expanded into the non-stressed interstices. This was demonstrated by
submerging a fractured discs in the synthetic water without mechanical loading (figures
4.7 a-b). The initial fracture opening of 2 mm was quickly filled by swelling of the fracture
walls as contacting water. The filling material became mud with low density and can be
easily compacted under stress (figure 4.7c). The subsequent increase of the hydrostatic
stress to 2, 3, 4, 6, and 10 MPa resulted in more normal compaction compared to the
parallel one, & = 2 g5. Under each constant stress, the strains evolved gradually with
decreased rates until stabilization. In correspondence with the compaction over a long
period of 1.7 years, the water permeability decreased significantly by three to four orders

of magnitude to low values of 9x102° m? at OPA2 and 1x10"7 m? at OPA4, respectively.

30



15 15

_ 13MPa s
& a | =
= 10 |: z
=~ 10 - £ - 10 Q
© o/, ®
3 6 1 2
o 5 |water L5 o
") - . -
n injection o
£ 5
n =01- =
0 | e .PW 0.1I 0.6 Mlea . 0 =
0 100 200 300 400 500 600 700
1E-15
06 1 =% OPA2
& K, - 1E-16 ‘:g
W . 3
o§ 0.4 - . X
- 1E-17 2
c =
s t - 5
i~ water ©
? 0.2 Hiniecti Q
5 injection | 1E18 E
3 2
5 g
£ 00 - oo L 1E19 S
© Tcompaction o,
‘02 Swe”ing T T T T T T 1 E'20
0 100 200 300 400 500 600 700
0.6 1E-13
* OPA4
< 04 | . failed | 1E-14 NE
“ >
cu“ X
c 0.2 - 1E-15 2
g z
7 ©
5 :
5 0.0 - 1E-16 £
g 2
2 T _ o
© 0.2 - compaction | 1E-17 g
)
é swelling ’.“&-’t
0.4 . . . . . . 'l 1E-18
0 100 200 300 400 500 600 700

Time (day)

Fig. 4.6 Evolution of axial/radial strains and water permeability obtained on the
fractured sandy claystone samples OPA2 with three subparallel fractures

and OPA4 with a regular fracture during water flow under stresses

31



In order to examine shearing effect on the fracture sealing, a deviatoric stress was ap-
plied by decreasing the radial stress to zero and increasing the axial stress to 13 MPa,
ca — or = 13 MPa. This caused shear fractures inclined to the axis at angles of 30° — 35°
(figure 4.7d). The relative shear movements of the separated matrixes disconnected the
filled fractures partly. Figure 4.7e sketches the combined effects of local normal compac-
tion to close fracture aperture, shear deformation to disconnect fracture network, and

clay swelling/slaking to seal fracture void.

a. a fracture of 2 mm b. fiIing of the fracture by c¢. normal compaction of
opening in a sandy water-induced swelling/ the fracture under hydro-
claystone sample OPA4 slaking of fracture walls static stress

OPA2 OPA4 Sketch

d. shear fractures generated e. effects of normal/shear strains
at a deviatoric stress of 13 MPa and clay swelling on fracture sealing

Fig. 4.7 Fracture sealing observed in the OPA sandy claystone samples under
combined effects of water-induced swelling/slaking (es), local normal and

shear deformation (en, €t) under hydrostatic and shear stresses

4.21.2 Water permeability

As a key parameter of fracture sealing, water permeability of each fractured sample was
measured during water injection under increased stresses. The results are depicted in

figure 4.8 for all the samples.
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Initially, the permeabilities of the fractured samples were determined by gas injection at
a pressure of 0.03 MPa and under the low stresses of 1 MPa for groups 2/3 and 2 MPa
for group 1. High gas permeability values were obtained to 10" — 102 m? for all the
samples. As soon as the water was supplied, the fracture walls were wetted and ex-
panded into the interstices and clogged the pathways (figure 4.7b). This decreased the
permeability tremendously by several orders of magnitude to values of 108 — 10”"" m?
at the clay-rich samples COX1-2, 10-'¢ — 10-"* m? at the sandy ones OPA1-4, and 10"
—10"® m? at the carbonate-rich ones COX3-6. The permeability reduction continued with
time to lower values of 10"® — 10" m? within 1 — 2 months at most of the samples.
However, the carbonate-rich sample COX3 with a low clay content of 21 % and two
sandy ones OPA3-4 with high fracture intensities exhibited a limited permeability reduc-
tion to 10-'° — 10-"* m2. During further consolidation at higher stresses, COX3 and OPA3
showed some fluctuations of the permeability. The dropping might reflect local collapse
of fracture walls and clogging of the pathway, and on contrary, the rising might be caused
by widening of some narrower pores due to possible erosion and movement of fine par-
ticles from the surfaces under the applied injection pressures (Pw =
0.1 — 1.0 MPa). As mentioned earlier, the deviatoric stress applied to OPA2-4 in group 2
sheared the matrix, disconnected the pathways locally, and hence decreased the per-
meability too. Moreover, by comparing the results from the different samples, one can

identify some more effects as follows.

Effect of mineralogical composition

The samples in group 1 with similar initial fractures (figure 2.4a) and under same load
conditions (figure 4.8a) showed large differences in water permeability. Kw—values of the
clay-rich COX1 are one and four orders of magnitude lower than those of the sandy
OPA1 and the carbonate-rich COX3, respectively. This is also true for the large samples
with high fracture intensities in group 3 (figure 4.8c), i.e. Kw—values of the clay-rich COX2
being one order lower than those of the carbonate-rich COX4-6. As discussed above,
the fracture sealing is determined mainly by the swelling capacity of the claystone, which
is in turn determined by its mineralogical composition, particularly the fraction of clay
minerals. The more clay content can take up more water, leading to more swelling and

slaking of the fracture walls and clogging the interstices more effectively.

33



12 1E-12

i Kw Group1 sample size:
©
% 10 o _
o™
= - 1E-14 E
2
o 8 F
@ - 1E-15 i
=1 -
n =
B 6 - - 1E-16 8
= ©
> £
g . CME7 §
©
> 1E-18 ;
0w 2
g Pw= 1'ME[F W 1E-19
n
0 l T T T 1E-20
0 100 200 300 400 500
Time (day)
14 1E-13
s OPA3 Group 2 G, 13 MPa
Tao | ® sample size: T
s 12 K, “$3, sk % D=50mm;L= 90mm B4
S AR t £
10 o [1ES
2 >
3 g - 1E-16 &
2 3
= ©
o | L 4pq7 @
5 6 T 1E17 €
© [
2 4 C1E8 o
s 2
0
8 2 - r\‘W{ 1E19 =
] P, = 0.1-0.6 MPa
0 T ,\-——’W‘ T T T T 1E'20
0 100 200 300 400 500 600 700
Time (day)
5 1E-13
. b Ky =cOxs Group 3
& % - COX6 sample size: O =4 MPa - 1E-14
= 4 - D= 80mm; o
~ N} » COX4 _ ) ’ &
- N + COX2 L= 280-300mm eqs £
o | ¥ 3 X
537 ¢ % - - 1E-16 5
a3 00 © =
= Qo
s |° s L 1E17 §
[] > B "% b 18 £
© etk T VR T o
3 %"@ A 2tinn. Mgz;:’ 4 Y teg. - 1E18 2
5 ! o “AR e 0] g
7)) T o oo o o ; ©
8 N - 1E-19 =
7 0.15 P, = 0.45 MPa 1
0 T T T T T 1E'20
0 50 100 150 200 250 300
Time (day)

Fig. 4.8 Evolution of the water permeability measured on the fractured COX and
OPA claystone samples during water injection under increased confining

stresses
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Effect of fracture intensity

The OPA sandy samples in groups 1 and 2 had been fractured to different geometries
or intensities (figures 2.4a-b). The water permeabilities of samples OPA3 with three par-
allel fractures and OPA4 with a wide aperture of 2 mm (figure 4.8b) are two to three
orders higher than those of the relatively less fractured ones OPA1 with a single fracture
(figure 4.8a) and OPA2 with three but one inclined to a dead end (figure 4.8b). This
demonstrates the significance of fracture intensity (density, aperture, connectivity, etc.)
for the fracture permeability, particularly for the initial value. With water flow, the initial
sharp fracture patterns tend to disappear to mud, in which the fracture voids are redis-
tributed more homogeneously (figure 4.7b). Further variation of the permeability is dom-
inated by the fraction of mud and its density. The larger the fracture aperture and density,
the more fraction of mud, and thus the higher the porosity and permeability of the sample.
Therefore, the initial permeability differences between the samples with different fracture
intensities maintained relatively during the later consolidation. As mentioned earlier, the
extremely high fracture density in OPA3 and the single wide aperture in OPA4 do not or

rarely represent the realistic fractures in the EDZ.

Scale effect

A scale effect can be recognized by comparing the water permeabilities of the large
samples COX 4-6 (D/L = 80/(280 — 300) mm; figure 4.8c) and the small one COX3 (D/L
= 50/80 mm; figure 4.8a) from the same borehole in the carbonate-rich unit. The large
samples, even though more intensively fractured (figure 2.4c), showed low K—values of
~3x10'® m? at a stress of 4 MPa, being four orders lower than that of the small sample
even at higher stresses up to 10 MPa. As mentioned earlier, the distribution of car-
bonates is heterogeneous in form of bands on cm — dm scale (figure 2.1). If a fracture
network is distributed through both carbonate-rich and clay-rich regions, the self-sealing
performance of the entire network is determined mainly by the part of the network in the
clay-rich region due to high sealing capacity, less dependent upon the other part in the
carbonate-rich region with high stiffness. Therefore, it is important to take representative
sample sizes for laboratory tests and large areas for field experiments for providing reli-

able data transferable for the realistic damaged rock mass.
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4.21.3 Stress dependence of fracture sealing

The two key parameters of the fracture sealing, the fracture closure (or compaction) and
water permeability, are strongly dependent on the applied stress. As a typical example,
the radial and volumetric strains (¢r and ¢,) and the water permeabilities K. obtained on
samples OPA2/4 at the end of each load step (figure 4.6) are depicted in figure 4.9 as a
function of effective hydrostatic stress (cerr = 6 — %2 Pw). As mentioned earlier, the radial
strain reflects the closure of the fractures parallel to the sample axis. In case of the tests,
there were also some micro-fractures randomly distributed and connected to the fracture
network. Therefore, the volumetric strain is also needed for characterising the sealing of
the fracture network. The measured data in figures 8a-b show that the fracture closure
(er, &v) increases non-linearly with increasing the effective stress and the associated wa-
ter permeability decreases non-linearly too. In fact, the water permeability is directly re-

lated to the fracture closure, which can be approximately approached by

K, = K,,; exp(—a &,) 4.1)

where Ky is the initial water permeability and a is a fitting parameter. The K, — ¢ data
in figure 4.9¢ can be reasonabily fitted by the empirical model with o = 8 and K, = 8x10"
8 m? for OPA2 and o = 12 and K = 2x10"'* m? for OPA4, respectively. The underesti-
mation of the initial value for OPA2 is due to a lack of swelling/slaking effect at the be-
ginning. A similar modelling result is also provided for the relation of water permeability
to volumetric strain (Kw — &) with different o - values of 3 for OPA2 and 4.5 for OPA4
(figure 4.9d). Because the fractures in the claystones lose the initial features with closing
and clogging during water flow under confining stress, it is difficult or impossible to es-
tablish a constitutive model for the permeability in direct relation to the fracture feature

for such a claystone as usually done for conventional geomaterials.

For comparison, these K,—data are summarized in figure 4.10 as a function of the effec-
tive stress for most of the samples including the previous results from the clay-rich sam-
ples COX7-10 /ZHA 13/. The data from samples COX3 and OPA3-4 with unrepresenta-
tive sizes und fracture intensities are not involved. The dependence of water permeability

on effective stress can be approximated by an exponential equation

Ky = Kyo exp(_ﬁ Geff) (4.2)
where Kuo is the initial water permeability at zero stress ooy = 0 and £ is a parameter

characterising the compressibility of the pathways.
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Fig. 4.9 Dependences of fracture closure (radial and volumetric compaction) and
water permeability on effective hydrostatic stress; and fracture closure —
water permeability relationship

As discussed above, the water-induced sealing of fractures and the associated permea-
bility reduction is strongly dependent on the clay content. As shown in figure 4.10, the
clay-rich samples COX1-2 and COX7-10 exhibited low initial permeabilities Kuo = 1071° —
1077 m?, lower than Ky, = 107" — 107"® m? of the carbonate-rich COX4-6 and the sandy
OPA1-2. The high permeabilities are consistent with those of the EDZ near drift walls
and the low values represent those in the deep EDZ region as observed at URLs Bure
and Mont-Terri /ARM 14/ /DE 15/ /BOS 17/ HAL 21/. The slope of the log(Kw)—oce curve
varies mainly with mineralogical composition and fracture intensity, which is reflected by
the parameter S ranging from 0.15 to 0.8 MPa™" for the samples. A high f-value implies

a high significance of the mechanical impact on the fracture sealing.
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Generally, the test results from the representative samples showed significant self-seal-
ing of fractures in the clay-, carbonate- and sand-rich claystones. Most of the fractured
samples reached very low water permeabilities of 10™'® — 10%° m? even at relative low
stresses of 2 — 4 MPa. These values are close to that of the intact claystone, determined
to 102° — 102" m? on the intact clay-rich COX samples under the in-situ rock conditions
of a hydrostatic stress of 14 MPa and a pore pressure of 4.5 MPa (s. chapter 4.1). By
extrapolation of the test data to the in-situ conditions, a complete recovery of the EDZ
can be expected with a long-term consolidation phase of tens of thousands of years. This
important conclusion needs to be confirmed further with more representative samples in

size and fracture intensity like in-situ.
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Fig. 410 Water permeabilities of the fractured claystone samples as a function of
effective stress (blue colour for the clay-rich COX, red for the carbonate-rich

COX, green for the sandy OPA)

4.2.2 Gas penetration and resealing of gas pathways

Gas testing followed the last consolidation stage at respective constant stress of 10, 13

and 4 MPa for the samples in group 1, 2 and 3 in order to investigate gas penetration
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through sealed fractures and recovery of gas-induced pathways. The results obtained

are illustrated in figures 4.11, 4.12 and 4.13, respectively.

4.2.21 Gas penetration

Gas injection pressure Py was stepwise increased with small increments of 0.1 to
0.3 MPa at time intervals of 1 — 3 days. As gas bubbles were detected at the outlet side,
the inlet pressure was defined as the gas breakthrough pressure P,. In each group, the
gas breakthrough event took place sequentially starting from a weakly sealed sample at
a low pressure to the strongly sealed one at an increased pressure. For instance, the
data in figure 4.11 show that the gas breakthrough event occurred firstly at a pressure
P, = 1.1 MPa at the weakly sealed COX3 with a water permeability of K,, = 2x10-"° m?
and then followed at P, = 5.5 MPa at the strongly sealed OPA1 with a lower Ky — value
of 2x107'® m2. Similar results were also obtained on the other samples, as shown in fig-
ures 4.12 and 4.13. This suggests that the strongly sealed fractures possess high capil-
lary thresholds, which are to overcome by higher pressures for gas entering and perco-
lating through the sealed fractures. After a network of gas pathways is generated at the
breakthrough pressure, its gas permeability increases with further increasing gas pres-
sure as shown in figures 4.12 and 4.13. That may be caused by newly generated fissures
and dilatation of the pathways. As the gas injection was switched off after breakthrough
(figure 4.11), the gas pressure fell and declined gradually with time to a lowest constant
value. The minimum pressure is referred as the shut-in pressure Pi,, at which the path-

way network is disconnected.

4.2.2.2 Gas breakthrough pressure

The gas breakthrough pressures determined for the samples are summarized in table
4.2. As mentioned above, the gas breakthrough pressure depends on the sealing inten-

sity of the fractures, which can be represented by the intrinsic or water permeability.
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Tab. 4.2  Results of measured gas breakthrough pressure Py, water permeability Kwa

before and Kwy after gas penetration through the water-saturated and frac-

ture-sealed samples under various confining stresses o

Group Sample c (MPa) | P, (MPa) | Kua (M?) | Kup (M?)

1 COX3 10 1.1 2x1071° -
OPA1 10 55 2x10°"® -

2 OPA2 13 2.0 3x1020 8x1020
OPA3 13 1.3 1x1018 3x1071°

3 COX2 4 2.3 3x10%0 6x102°
COX4 4 1.0 6x107"® 3x107°
COX5 4 1.1 3x107° 1x10719
COX6 4 1.2 3x107° 2x1071°
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Extensive theoretical studies and experimental measurements in laboratory and in situ
in different rocks such as plastic clay, hardened shale, limestone, anhydrite, and bedded
salt /VOL 95/ /HOR 96/ /ROD 99/ suggest that the gas breakthrough pressure Py, is re-

ciprocally dependent on the cube root of water permeability Kw

P, = B (K,,)~'/" (4.3)

where B and n = 3 are parameters. This relationship is also confirmed by the previous
experiments on the COX and OPA claystone samples with sealed fractures /ZHA 15/.
An empirical model was also proposed there for a relationship of the gas breakthrough

pressure to the minimum principal stress omin

P, = B (Kyo) Y™ exp(A 0ynin) (4.4)

By fitting the present data in table 4.2 and the previous ones in /ZHA 15/, average values
of the parameters are obtained: B = 3.5x107 MPa-m?3, n = 3, A = 0.2 MPa™', but different
Kwo — values in a range of 8x1072° to 1x10-"" m? representing the sealing intensities of
the fractures in the samples. Figure 4.14 shows a reasonable agreement between the
model curves and test data. Obviously, the gas breakthrough pressure increases with
increasing the hydrostatic stress and with decreasing the water permeability. This model
also fits the data obtained on the intact COX and OPA samples in our own and other
tests /HAR 17/ /ROM 13/ and observed in-situ at URL Bure /DE 15/. The gas break-
through pressures of the intact samples and rock mass are quite high up to 10 — 12 MPa,
but still below the applied confining stresses and the gas fracturing boundary of the intact

rock:

Pb < PfT = Onmin + or (45)

where or is the tensile strength of 1 — 2 MPa for the intact claystones /BOC 10/. Because
the gas breakthrough pressures of the sealed claystone are always lower than the intact
one, the EDZ, even when highly sealed, can still act as preferable pathways for gas

release without compromising the integrity and barrier function of the host rock.
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4.2.2.3 Resealing of gas pathways

Recovery of the gas-induced pathways was examined by measuring water permeability
again and comparing with that before the gas penetration. The measurements were car-
ried out at different injection pressures to examine effect of porewater pressure: Py =
1.4, 1.8 and 0.9 MPa for the samples OPA2-3 (figure 4.12); and P» = 2, 1 and
0.4 MPa for COX2/4-6 (figure 4.13). Though the selected injection pressures are limited
below the in-situ porewater pressures (4.5 MPa in the COX formation at URL Bure), the
corresponding hydraulic gradients are much higher than the in-situ ones and may affect
the pathways. At a high stress of 13 MPa, samples OPA2-3 exhibited insignificant vari-
ation of Ky with Py,. In contrast, samples COX2/4-6 at a low stress of 4 MPa showed
relatively high initial K, — values at a high injection pressure P,, = 2 MPa, indicating a
dilatancy of the pathways. However, the subsequent reduction of the injection pressure
increased the effective stress, compressed the pathways, and thus decreased the per-

meability.

It is interesting to compare the water permeabilities measured before and after gas pen-

etration. Most of the samples (OPA3, COX4-6) exhibited somewhat lower Ky, — values
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after the gas penetration than before, suggesting more consolidation of the pathways
with time. In contrast, the strongly resealed samples OPA2 and COX2 with very low Ku—
values of 6x102° — 3x102° m? showed a slight increase of K, after gas penetration. This
might be attributed to the effect of the previous dilatancy of the pathways caused by the
high injection pressures. Further consolidation and permeability reduction of the path-
ways could be expected if the load continued for longer time periods. Generally, the very
low water permeability values measured after gas penetration yield an important conclu-
sion that the gas-induced pathways in the different kinds of claystones can reseal again

against water flowing through.

4.2.2.4 Long-term gas migration

In order to understand long-term gas migration through the resealed pathways, the gas
was injected simultaneously into the resealed gas pathways in the four large samples
COX2 and COX4-6 for longer time periods. Figures 4.15 and 4.16 show the evolution of
the inlet gas pressure and outflow rates of the samples as “a whole resealed EDZ” during
the first and second injection phases of more than two months each, respectively. The

confining stress was kept at 4 MPa.

During the first phase, the gas pressure P4 was stepwise increased with a controlled gas
inflow rate of 0.04 mL/min. At P4 = 1.3 MPa, gas outflow was firstly detected on samples
COX2 and COX 5-6 (point A in figure 4.15a). With gas escape, the pressure dropped
down slightly. The pressure rising/dropping repeated sequentially to the next higher
peaks of 1.5 and 1.8 MPa. From the maximum, the pressure dropped largely down to
0.9 MPa due to more quick release of gas. After a slight pressure increase again, a
breakthrough occurred at the last sample COX4 (point D in figure 4.15b) with very quick
gas release. This resulted in a further reduction of the gas pressure to a low level of 0.23
MPa over ~5 days. After shutting off the inlet, the gas pressure decreased to a low con-

stant shut-in pressure of 0.14 MPa.

The second gas injection followed in the same way, yielding a maximum breakthrough
pressure of 1.1 MPa, at which a rapid gas outflow was recorded at COX2. During the
relaxation of the gas pressure, gas outflow was sequentially detected at COX6 at Py =
0.7 MPa, COX5 at Pg = 0.4 MPa and COX4 at Py = 0.3 MPa. As the pressure reached
at the minimum of 0.23 MPa, it increased slowly again to a constant at 0.25 MPa. The

following shut-off led to a pressure decrease of 0.16 MPa.
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The test data indicate that the advective movement of gas through the resealed samples
varies temporally and spatially, reflecting unstable pathways with multiple opening/seal-
ing processes. A question, if a steady gas flow will be reached over the much longer time

periods under the repository conditions, needs to be answered in the future.
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5 Conclusions

The self-sealing performance of fractures in the clay- and carbonate-rich units of COX
and the sandy facies of OPA clay formations was investigated on artificially fractured
samples by measurements of fracture closure, water permeability, gas penetration, and
recovery of gas-induced pathways. Most of the fractured samples with different sizes

and fracture intensities represent the excavation damaged zone.

Under the combined impact of mechanical compression and water-induced clay swelling,
the fractures in the different claystones tend to seal to very low water permeabilities close
to the intact rock, depending on mineralogical composition, fracture intensity, confining
stress, and time. The self-sealing capacity of the clay-rich claystone is higher than that
of the carbonate-rich and sandy ones. A significant scale effect was identified, which
indicates the importance of representative sample size and fracture intensity for provid-

ing reliable data transferable for the realistic damaged rock.

The sealed fractures become gas tight for certain pressures. The gas breakthrough pres-
sure increases as the reciprocal of the cube root of water permeability and exponentially
with increasing confining stress. However, the gas breakthrough pressures observed on
the sealed and intact claystones are still lower than the applied confining stresses and
lower than the gas-fracturing pressure of the intact rock. This implies that the EDZ can
act as a preferable route for gas release without compromising the integrity of the host
rock. Moreover, the gas pathways can reseal again to hinder water transport. The signif-
icant self-sealing capacities of the studied claystones guarantee the long-term insolation
of radioactive waste. These important conclusions need to be confirmed further with

more precise experiments in laboratory and in situ.
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