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Key points:
e Importance of stress history on fracture flow.
e Stress dependency of fracture flow described by a power-law or cubic relationship.

e Fracture flow dependent on fracture roughness, thickness of gouge material, saturation

state, permeability of the host material, clay mineralogy, and the degree of shearing.
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Abstract: The flow of water along discontinuities, such as fractures or faults, is of paramount
importance in understanding the hydromechanical response of an underground geological
disposal facility for radioactive waste. This paper reports four experiments conducted on
kaolinite gouge on a 30° slip-plane and on realistic fractures created in Callovo-Oxfordian
mudstone (COXx) from France. Test histories were conducted that initially loaded the gouge
material in step changes in vertical stress, followed by unloading of the sample in similar
steps. This loading-unloading history showed considerable hysteresis in hydraulic flow, with
only partial recovery of fracture transmissivity. This demonstrates the importance of stress
history on fracture flow; consideration of just the current stress acting upon a fracture or
fault may result in inaccuracies of predicted hydraulic flow. The stress dependency of
fracture flow in both kaolinite and COx can be described by a power-law or cubic
relationship, which is likely to be dependent on the fracture roughness, thickness of gouge
material, saturation state, permeability of the host material, and clay mineralogy (i.e.
swelling potential). The observed response of fracture transmissivity to normal stress in COx
is a complex superposition of mechanical response of the fracture and the swelling of clay
in the fracture surface. The stress-dependency of flow was also seen to be dependent on
orientation with respect to bedding. A fracture perpendicular with bedding accommodates
greater compression and results in a lower transmissivity. The orientation dependence is

related to the anisotropic swelling characteristics of COXx.

Keywords

Fracture flow; multiphase flow; kaolinite; shear testing; stress history; Callovo-Oxfordian

mudstone.
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1. Introduction

Discontinuities (fracture, faults, joints, interfaces, etc.) play a key role in controlling the
movement of water and gas around an underground Geological Disposal Facility (GDF) for
radioactive waste. High Level Waste (HLW), Intermediate Level Waste (ILW) and some long-
lived low-level radioactive waste and spent fuel are planned to be disposed of in a GDF within
stable geological formations at depth (~200-800 m) by a number of countries. The disposal
concept incorporates waste isolation and containment by engineered and geological barriers in
such a facility. At depth the rock mass may be a naturally fractured environment, as in the case
for crystalline rocks. The stress re-distribution resulting from the excavation of tunnels in both
crystalline and clay-rich host rocks will result in the formation of the Engineered Disturbed
Zone (EDZ), where an intricate range of discontinuity orientations are present in a complex
localized stress field (Bossart et al., 2002, 2004; Rutqvist et al., 2009, Armand et al., 2014).
Therefore, most current disposal concepts will include a multitude of discontinuities as part of
the natural and engineered environment, which will be present for varying time-scales
dependent on the host-rock; i.e. the EDZ is likely to self-seal in a clay-rich formation, whereas
it will persist for extended periods in a crystalline rock type. Depending on the in situ stress
conditions and whether self-sealing has resulted in fracture closure, preferential pathways for

fluid movement may form along any, all, or none of these discontinuities.

There are a number of potential events that may change the stress state that acts upon any
fractures present in a GDF host rock. The modelling work of Barla and co-workers (Barla,
1999; Bonini et al., 2001) showed that during the excavation of a tunnel the stress field is
altered and the surrounding rock-mass follows a stress path. This results in changes in stress
acting on existing discontinuities and, following their formation, a change in the stress acting
on EDZ fractures. The process of closing a GDF is likely to be achieved by backfilling open

spaces (access tunnels, etc.) with bentonite/sand mixtures or crushed host rock material
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(depending on disposal concept). This will result in swelling of clay-based materials on
resaturation and the transmission of stress to the EDZ, resulting in a further change to the stress
experienced by any discontinuities present in the host rock. Over geological timescales in
certain parts of northern and northwestern Europe, there may be increased stress on the GDF
as the result of glacial loading, or a reduction in stress as the result of erosion of some of the
over-burden, although this is unlikely in France. Therefore, over the full history of the GDF
several scenarios may occur that could result in changes in the stress acting upon discontinuities

of varying time-scales.

The evolution of permeability in rocks under hydrostatic stress conditions has been widely
reported. The stress dependency of permeability has been reported under hydrostatic stress
conditions in a number of different rock types (e.g. Zoback & Byerlee 1975; Walsh & Brace
1984; Morrow et al., 1984; Neuzil et al., 1984; David et al., 1994; Dewhurst et al., 199912
Katsube, 2000; Katsube et al., 19962, Kwon et al., 2001; Zhang & Rothfuchs, 2004).
However, in the field, rocks are subject to an inhomogeneous stress-field, where the vertical
stress (determined by the weight of the overburden) exceeds the orthogonal maximum and
minimum horizontal stresses (Holt, 1990). This has led to investigations of the sensitivity of
matrix permeability to non-hydrostatic stress conditions, especially in sandstones (e.g.; Zhu &
Wong, 1994; Zhu & Wong, 1997; Keaney et al., 1998). The reported permeability for intact
shale, mudstones, and clay-rich rocks subjected to hydrostatic pressures varies from 1016 m?
to 1022 m? (Kwon et al., 2001). Many researchers have shown that the permeability of shale
decreases with externally applied stress (Neuzil et al., 1984; Katsube et al., 1996>2; Dewhurst
et al., 199912; Katsube, 2000; Kwon et al., 2001;) and decreased porosity (Schloemer & Kloss,
1997; Dewhurst et al., 1998). A number of non-linear relationships have been proposed

between permeability, porosity, and pressure in shale and mudstones, including exponential



90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

and power laws between permeability and pressure (Katsube et al., 1991; Dewhurst et al.,

1999Y).

The permeability, or transmissivity, of discontinuities and its associated relationship with stress
has not been widely reported. The Compression of the Damaged Zone (CDZ) experiment
conducted at the Meuse/Haute-Marne Underground Research Laboratory (URL) at Bure,
approximately 300 km east of Paris, demonstrated that the transmissivity of fractures formed
around the EDZ was sensitive to the loading experienced (de La Vaissiere et al., 2015). Only
a small effect was seen in the transmissivity to gas, but clay/water interactions led to a decrease
of water permeability of several orders of magnitude. In Opalinus Clay (OPA), the load plate
experiment at the Mont Terri URL observed a fracture transmissivity decrease with increasing
load pressures by up to a factor of 60 (Buhler et al., 2003). Careful experimental design proved
that the decrease in transmissivity follows the stepwise increase of the load pressure and was
due to mechanical compression of the fracture network. A longer-term reduction in
transmissivity was also observed, which may be related to swelling and rearrangement of clay
minerals. In the load plate experiment the transmissivity seen at the highest load was still
greater than that for intact OPA. However, at the Meuse/Haute-Marne URL, permeability has
been observed to return to that of the intact material within the uncertainty of water
permeability for COx. Several laboratory experimental studies have been conducted examining
fracture flow in Callovo-Oxfordian mudstone, including Davy et al. (2007), Foct et al. (2012),

Zhang et al. (2013), and Auvray et al. (2015).

Gutierrez et al. (2000) experimentally investigated the hydromechanical behaviour of an
extensional fracture in Kimmeridge Shale under normal and shear loading. At the time the
fracture was created it had a higher permeability than the equivalent permeability of the intact
shale. Increasing the contact normal stress across the fracture reduced the fracture permeability

following an empirical exponential law. However, loading the sample to an effective normal
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stress twice as much as the intact rock unconfined compressive strength did not completely
close the fracture, although it did reduce the permeability by an order of magnitude. Cuss et al.
(2011) showed that fracture transmissivity in OPA decreased linearly with an increase in
normal load over a limited stress range. This study also showed that shear movement along the
fracture resulted in effective self-sealing in OPA and reduced hydraulic fracture transmissivity
to similar levels to that of the intact material. A one order of magnitude reduction in fracture
transmissivity of OPA just in response to re-hydration of the fracture because of the swelling
of the clay minerals has been reported (Cuss et al., 2014; Cuss & Harrington, 2014). A further
order of magnitude reduction was observed in response to shearing along the fracture, this may
be in part due to clay smearing and mineral rearrangement and/or due to a greater number of
clay minerals coming into contact with water and swelling as a result of the formation of

microfractures sub-parallel to the main fracture.

The objective of the current experimental program was to investigate the water flow properties
of a discontinuity at 30° to changes in vertical load and to compare these observations with the
recorded flow in a horizontal fracture formed in Callovo-Oxfordian mudstone (COx). This
would simulate effective stress changes, such as pore-pressure variations on faults or stress
changes associated with GDF closure. As stated above, the response of fracture flow to changes
in normal stress are dependent on the rock-type that the fracture exists. Previous experimental
work at the British Geological Survey (BGS) on fracture transmissivity in Opalinus Clay (Cuss
etal., 2011; 2014; Cuss & Harrington, 2014) showed that hydraulic flow is a complex, focused,
transient property that is dependent upon normal stress, shear displacement, fracture topology,
fluid composition, and clay swelling characteristics. The current experimental program aimed
to extend this knowledge by investigating the influence of vertical stress on water flow through
gouge-filled discontinuities and in COx. The response of discontinuities has two clear

components; a mechanical response to load and a response from swelling effects of clay
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minerals. Comparing results from two experimental geometries would allow mechanical and
swelling effects to be determined. The observations from the 30°discontinuity also are relevant

to non-swelling fractures, such as those seen in crystalline environments.

2. Experimental setup

Experiments were performed using two similar bespoke shear apparatus, designed and built at
BGS. The Direct Shear Rig (DSR, Figure 1a) was designed to study fracture transmissivity in
clay-rich rock samples. The Angled Shear Rig (ASR, Figure 1b) was designed to study fault

flow in a generic synthetic fault gouge at varying angles to the stress field.

Both the DSR and ASR are comprised of six key components:

1. Rigid steel frame that had been designed to deform as little as possible during the

experiment;

2. Vertical load system comprising an Enerpac hydraulic ram that was controlled using a
Teledyne/ISCO 260D syringe pump, a rigid loading frame and an upper thrust block (up to
20 MPa normal stress, 72 kN force). The Enerpac ram had a maximum stroke of 105 mm,
which meant that it could easily accommodate the vertical displacement of the top block of
the ASR as it rode up the fault surface at constant vertical load. Vertical travel of the thrust
block was measured by a high precision non-contact capacitance displacement transducer,

which had a full range of £ 0.5 mm and an accuracy of 0.06 um;

3. Shear force actuator comprised of a modified and horizontally mounted Teledyne/ISCO
500D syringe pump designed to drive shear as slow as 14 microns a day at a constant rate
(equivalentto 1 mm in 69 days) or as fast as 0.5 mm per second along a low friction bearing.
The movement of the bottom-block was measured using a linear variable differential

transformer (LVDT), which had a full range of + 25 mm and an accuracy of 0.5 pum;
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4.

6.

Pore pressure system comprising a Teledyne/ISCO 500D syringe pump that could deliver
either water up to a pressure of 25.8 MPa. The syringe pump delivered water directly to the

fracture surface;

A state-of-the-art custom designed data acquisition system using National Instruments
LabVIEW™ software facilitating the remote monitoring and control of all experimental

parameters;

A sample assembly, which was the main difference between the DSR and ASR. In both
experimental setups, the bottom block was actively sheared and the top block was
connected through a linkage system to a force gauge measuring the shear stress along the

slip plane.

a. DSR: two samples of 60 mm x 60 mm x ~25 mm were held by two stainless steel
holders. Vertical load was applied to the rock samples by means of a steel thrust block.
A 4 mm bore the same length as the upper fractured block delivered pore fluid through

the top sample directly to the fracture surface.

b. ASR: the sample assembly consisted of polished precision-machined 316 stainless steel
top and bottom blocks (thrust blocks) with a dip of 30 degrees with respect to horizontal.
Fluid was introduced through a 4 mm filter in the centre of the top block. Two additional
4 mm diameter filters positioned orthogonally to each other at 15 mm from the central
pore fluid inlet were connected to pore-pressure transducers in order to monitor pressure
within the gouge (see Figure 1b). The lower thrust block was longer than the 60 mm x
60 mm upper thrust block in order to maintain a constant contact area during shearing.
Two high precision eddy current non-contact displacement transducers were located

either end of the top thrust block and recorded gouge thickness directly and determined
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non-parallel alignment of the two thrust blocks. These submersible devices had a full

range of + 1 mm and an accuracy of 0.2 um.
2.1 Test material and experimental protocols

For the tests conducted using the DSR, a sample of Callovo-Oxfordian mudstone! (COx) was
used from material extracted from the Meuse/Haute-Marne underground research laboratory at
Bure in France. Yven et al. (2007) report three main mineral phases; clay minerals, quartz and
calcite. Secondary mineral phases include dolomite, feldspar, pyrite, hematite and traces of
siderite. Calcite and quartz represent 40 — 55% of the rock. Clay represents 20 — 55%, with
secondary minerals forming less than 5%. Clay minerals include illite and illite-smectite with
subordinate kaolinite and chlorite. Upon receipt of the preserved core barrels at BGS, the
material was catalogued and stored under refrigerated conditions of 4°C to minimize biological
and chemical degradation. The preserved core barrels consisted of a multi-layered arrangement
designed to re-stress the core to in situ stress and to environmentally seal it in order to reduce
chemical, biological and drying effects. Both test samples were prepared from core material
from borehole OHZ1607, which was drilled horizontal to bedding with a diameter of 100 mm.
Table 1 summarizes the origin of the core material and the properties of the test samples. The
test samples were prepared by dry cutting an approximate 60 x 60 x 50 mm block from core
barrel material. The faces were ground flat and parallel using a diamond mill so as produce a
good fit into the sample holders. The starting water saturation is reported in Table 2, along with
the geotechnical properties of the starting material. The samples were wrapped in cling-film

and between test stages were stored in two sealed bags to reduce the possibility of drying.

! The Callovo-Oxfordian mudstone (COx) from the Meuse/Haute-Marne URL is often referred to as the Callovo-
Oxfordian claystone. However, it does not always consist of clay minerals greater than 50 % volume and as
such is not necessarily a true claystone. Therefore, the term mudstone is used. Please note COx is also referred
to as Callovo-Oxfordian claystone/argillite/formation/clay rock/mudstone/argillaceous rock/shale.
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A fracture was created in the cubic sample by shearing in the DSR apparatus. As the sample
was rigidly held by two steel holders, the shearing action resulted in a realistic fracture being
formed at the junction between the two holders. This created two samples of approximately 25
mm thickness. A bore of 4 mm diameter was drilled in the top fracture sample in order to
accommodate the pore injection pipe of the upper thrust block. During fluid injection a
chemically balanced synthetic pore fluid was used similar to that found at Bure (Gaucher et al.,
2007). This was manufactured at BGS with the following composition: 227 mg It Ca?*, 125
mg It Mg?*, 1012 mg 1"t Na*, 35.7 mg It K*, 1240 mg It CI-, 1266 mg I"* SO4%*, 4.59 mg I

Si, 9.83 mg I SiO2, 13.5 mg It Sr, 423 mg I total S, and 0.941 mg I total Fe.

Following fracture creation, the two fracture surfaces were scanned using a NextEngine 3D
Scanner HD. This produces a 3D mesh model of the fracture surface accurate within an error
of £ 65 microns. Algorithms inbuilt within the data acquisition ScanStudio HD software
produced clean surface data which were used in subsequent empirical and statistical analysis.
Fracture roughness and other standard measurements were made using TrueMap 5.0 surface
topography software. A small quantity of disaggregated clay may have been lost during the
scanning process, although this was minimal, with only a few milligrams of clay dislodged
from the fracture surface. The fracture surfaces were exposed to air for a maximum of five
minutes during scanning and were placed in sealed sample bags at all other times. This was to

reduce moisture loss, which over this short period of time is assumed to be negligible.

For tests conducted using the ASR, a gouge material for the experiments was prepared from
powdered kaolinite (Supreme Powder); 16 + 0.1 g of de-ionized water was added to 20 £ 0.1 g
of kaolinite powder. The water and kaolinite were then stirred for five minutes giving a
kaolinite paste with a gravimetric water content of 80 £ 1%, or a saturation state close to 100%
(see Table 2). The paste was smeared uniformly onto the surface of the top block, which was

then carefully lowered onto the bottom block thus forming a kaolinite paste gouge. The initial
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thickness of the gouge was determined to be of the order of one millimetre. However, as no
lateral confinement was made of the clay gouge, thickness decreased to approximately 70 + 10
pm with loading and clay was squeezed from between the thrust blocks. The apparatus was
designed without lateral gouge confinement as this would require sealing elements that would
have a high frictional component along the fault surface compared with the low frictional
properties of kaolinite. Initial loading resulted in excess clay being squeezed out from the fault
surface; this excess material prevented water from the shear bath entering the fault gouge or

from causing sloughing.

In the ASR, a constant pore pressure of approximately 1 MPa was created carefully once a
small vertical stress had been imposed on the fracture surface. Care was taken to ensure that
kaolinite was not eroded from the slip plane by limiting flowrate to sub-100 pl ht. At low
normal stresses, the fractures in COx could not be limited to 100 pl h™t at such a high pore-
pressure. For test DSR_COx_01, pore pressure was slowly increased in steps from 120 kPa to
500 kPa during the hydration stage, with 750 kPa used during the flow test. At all steps flow
was kept below sub-500 pl h. For test DSR_COx_02 an initial flow rate of 100 pl h* was
imposed until a pore pressure of 150 kPa was achieved, all further testing was then undertaken
at a constant pore pressure of 150 kPa. All measures were taken to limit erosion of clay from
the fracture surfaces in all tests. Once stable flow had been achieved, the vertical stress was
increased (or decreased) in regular steps. The flow rate of the injection system was monitored

and used to determine fracture transmissivity.
2.2 Data reduction

Fracture transmissivity was calculated assuming radial flow from the injection hole given the
steady state fluid flow rate Q and the pressure head H at the injection point. Steady flow in a

cylindrical geometry is given by:



256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

27T (h, —hy)
=" 11 0l 1
Q In(r,)—In(r,) ]
where T is the transmissivity, hj is the head on the inner surface with radius ri, and ho is the
head on the outer surface at radius ro (Gutierrez et al., 2000). For the experimental setup ro =
30 mm, ri = 1.96 mm, ho = 0.05 m and h; ~ 100 m. Substituting these constants into equation 1

gives transmissivity (m? s?):

T=1183x102 2 2]
P

p

if the fluid flux (Q in ul h) and pore pressure (Pp in kPa) are known. This relationship was
used to calculate the transmissivity of the fracture throughout the experiment. It should be noted
that Equation 1 relates to a circular sample, whereas the fracture is created in a cubic sample.
Therefore, it is assumed that the shortest distance between the injection point and the edge of
the sample is the controlling factor. It should also be noted that as the fracture is sheared the
contact area between the top and bottom face of the fracture reduces. As a result, the shortest
distance to the edge of the sample (ro) effectively reduces. Scoping calculations showed this

had a negligible effect on the overall calculation.
3.0 Experimental results for Angled Shear Rig (Kaolinite gouge)

Two load-unload experiments were conducted using the ASR apparatus with water as the
injection fluid, both on a 30° slip-plane (Table 2). Figure 2 shows an example of the data
recorded during hydraulic flow for test ASR_Tau05_30wLU plotted against time, whereas data
plotted against vertical stress are shown in Figure 3. Vertical stress was sequentially increased
in stages of 0.2 MPa per day from an initial 0.2 MPa to a maximum vertical stress of 2.6 MPa
(Figure 2b). The pore fluid injection pressure was maintained at a constant value of 1 MPa.

Although no horizontal stress was applied, the increase in horizontal stress as a consequence
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of vertical stress increase was logged throughout the duration of the experiment. During the
unloading stage, the vertical stress was decreased in steps of 0.2 MPa from 2.6 MPa to 0.2
MPa. Temperature remained uniform at 20.5 + 0.1°C throughout the entire duration of the
experiment (Figure 2a). The flow rate decreased an order of magnitude from 50 pl h* to 5 pl
h't during loading from 0 to 2.6 MPa. During unloading from 2.6 to 0.2 MPa, flow rate doubled
from 5 pl h' to 10 pl h™t. From 2.6 MPa to 1.0 MPa vertical stress, the flow rate remained
constant at 5 pl.ht irrespective of the significant reduction in vertical load (Figure 2c, Figure
3a). Pore pressure within the slip plane recorded much lower pressures (50 — 80 kPa and 5 —
25 kPa) than the injection pressure (1 MPa) (Figure 2d). During loading, fracture transmissivity
decreased from 5 x 10 m? s t0 0.6 x 10"%* m? s™X. However, during unloading transmissivity
recovered to only 1.1 x 1024 m? s, The thickness of the kaolinite gouge decreased with loading
from 54 um at a vertical stress of 0.2 MPa to 42 um at a vertical stress of 2.6 MPa. During
unloading, the slip plane width continued to decrease further to 40 um before finally recovering
to 43 um after full unloading (Figure 2e, Figure 3b). Vertical displacement was seen to reduce
by nearly 350 um during the loading stage, with a hysteretic recovery during unload (Figure
2f, Figure 3c). No significant differences were seen between tests ASR_Tau05 30wLU and

test ASR_TauO01_30wLU, as shown in Cuss et al. (2013).

Figure 4 shows the results of flow achieved for the two tests conducted injecting water into a
30° discontinuity during loading from 0.1 to 2.6 MPa and unloading from 2.6 to 0.2 MPa. As
can be seen, the starting flow rates of the two tests were different by nearly a factor of 2. Both
tests were setup in identical ways using the same pre-mixed weight of kaolinite and deionised
water. The difference is likely to be related to differences in gouge thickness. As normal load
was increased in steps, the flow along the slip plane steadily reduced. In both experiments,
although starting from dissimilar flow rates, a flow rate of approximately 6 pl h™ at a vertical

stress of 2.6 MPa was achieved. As both experiments resulted in a similar flow, it is suggested
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that the final gouge thickness was similar for both tests following expulsion of excess clay
during loading. The difference may also be due to variation in starting saturation of the kaolinite
gouge, although every care was taken to produce gouge material that was identical. As reported
in Cuss et al. (2013), shear is seen to be an effective self-sealing mechanism in kaolinite gouge,
significantly reducing flow. Therefore, differences in starting transmissivity may also be
related to the degree of shearing experienced during the setting up of the experiment. On
unloading, this flow rate did not significantly alter until a vertical load of approximately 0.75

MPa was reached.

3.1 Experimental results for Direct Shear Rig (COXx)

Two experiments were conducted using the DSR on samples of COXx, as described in Table 2.
The first test (DSR_COx_01) was a simple loading history in order to describe the stress
dependency of fracture transmissivity. The second test (DSR_COx_02) was a more detailed
load-unload-reload test history. It should be noted that the orientation of the two tests were
different, with test DSR_COx_01 fractured parallel to bedding, while DSR_COx_02 was

fractured perpendicular to bedding.

The results from the first test that was performed are shown in Figure 5. The test history is
shown as two separate tests due to the behaviour recorded. Previous testing conducted in
Opalinus Clay (e.g. Cuss et al., 2011) showed that the injection of pore fluid or the change in
normal load resulted in a transient response in fracture transmissivity that would equilibrate
within a few days. As shown in Figure 5e, the initial test step showed a short transient, giving
an average flow rate of 99 pl h't at 2.07 MPa after 72 hours. Normal load was increased to 2.5
MPa and a considerable transient was observed. As clearly seen, a full asymptote of the flow
rate had not been achieved after 1,512 hours (2 months). As well as a continually changing

response for flow, a small component of normal displacement was seen that similarly had not
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reached equilibrium (Figure 5g). It was not feasible to continue the experiment at such a slow
rate and the decision was taken to begin a new phase of experimentation with step changes in
normal load being conducted on 24-hour periods. This was deemed sufficient to allow the
transient associated with a change in normal load to equilibrate and to be a good representation
of the mechanical change in flow properties without the influence of long-term changes in flow
properties associated with clay swelling. This phase of experimentation is shown in Figure
5b,d,f,h. Results shown in Figure 5b are affected by the air conditioning in the laboratory,
which was not stable at the time these results were collected due to an intermittent fault (this
fault affected no other experiments). Overall, air conditioning issues did not have a detrimental
influence on flow in relation to results shown in Figure 5f, although a short-term variation is
seen. It was still possible to determine an average flow for each normal load step. During the
full duration of the experiment, flow reduced from 100 pl h' at 2.07 MPa to 40 pl ht at 3.85
MPa. Figure 8 shows that a good relationship was observed with a decreasing fracture
transmissivity from 1.6 x 10 m? s* to 4.2 x 10 m? s as normal load increased from 2 to

3.85 MPa.

Figure 6 shows the data recorded during hydraulic flow test DSR_COx_02 during a load-
unload-reload (LUR) history plotted against time, data plotted against normal stress is shown
in Figure 7. Normal stress was sequentially increased in steps of 0.15 or 0.4 MPa from an initial
0.54 MPa to a maximum normal stress of 1.67 MPa (Figure 6b). Each step was conducted until
flow rate stabilized and ranged in duration from 1 to 24 hours. Due to high flow rates seen at
low normal stresses, the pore fluid injection pressure was maintained at constant values of
between 0.15 and 0.25 MPa, as shown in Figure 6b. During the unloading stage, the normal
stress was decreased in steps of 0.25 or 0.45 MPa from 1.67 MPa to 0.53 MPa. The reload

stage saw normal stress increased in steps of between 0.2 and 0.45 MPa from 0.53 MPa to a
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new maximum normal stress of 3.42 MPa. Temperature remained uniform at 21.25 + 0.1 °C

throughout the entire duration of the experiment (Figure 6a).

The early flow rate history was very complex (Figure 6c, Figure 7a). The observations stated
above for tests conducted on kaolinite gouge showed a distinct hysteresis during unloading;
therefore, it was vital that normal load was increased from a starting low normal stress. This
was complicated by issues related to erosion along the fracture surface and the necessity to
ensure that excessive flow rates were not sustained. This resulted in variations in pore injection
pressure and duration of stages. Post experiment examination of the sample did not highlight
any features of erosion on the fracture surface. The initial stage had a high flow rate of 1,600
ul h't at 0.54 MPa, which reduced to 142 pl h*! at 1.67 MPa. During the unloading stage there
was a partial recovery of flow to 257 pl h'* as normal stress was reduced to 0.53 MPa. During
reloading to the previous maximum normal stress of 1.67 MPa the flow reduced to 120 pl h?,
which is similar to the flow rate that was recorded at the end of the initial loading phase. As
normal stress was increased to the new maximum of 3.42 MPa the flow rate reduced to 7.3 pl
ht. Therefore, during the duration of the experiment the fracture transmissivity reduced from
1.3 x 10 m?2 st to 5.7 x 10 m? s, Figure 6d and Figure 7b show the results for normal
displacement. As shown, a near linear reduction in normal displacement was observed during
loading, with a small degree of hysteresis seen on unloading. Only 0.25 mm of normal

displacement was seen during the full test history.

4 Discussion

The current study has utilized both kaolinite gouge as an analogue fracture and a shear fracture
created in COx. The use of a kaolinite gouge was in order to reduce the number of variables in
the experiments by effectively eliminating fracture roughness and the presence of asperities.

The selection of kaolinite was determined by the low swelling capacity of the clay, facilitating
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quicker experiments and the study of a greater number of features of fracture flow. The limited
swelling capacity also means that the fluid flow behaviour is dominated by the mechanical
response of flow to loading. In contrast, COx has a high content of swelling clay (illite and
illite-smectite), which means that observations listed above are a combination of the
mechanical response of loading and the swelling response of the clay minerals on the fracture
surface. However, comparisons can still be made in the behaviour observed in both kaolinite
and COx fractures, with the kaolinite results aiding the separation of mechanical and swelling
responses in COx. Figure 8 shows that when viewed in log vertical stress versus log fracture
transmissivity space, linear regions of the data are clearly defined, signifying a power-law

relationship between stress and fracture transmissivity for all the current tests.

As seen in Figure 8, the only exception to the power-law behaviour is test DSR_COx_02,
although this discrepancy can be explained. As stated earlier, the initial test history was
dominated by the need to minimize flow through the fracture and to ensure that erosion of the
fracture surface did not occur. The created fracture would have had mismatch between the
fracture surfaces, resulting in asperities and a higher transmissivity than for a perfectly matched
fracture surface. As vertical stress was increased in the experiment, these asperities became
less dominant and flow reduced, and during this phase of the test history a linear relationship
can be used to describe the dependence of transmissivity on stress. During this period of the
test, swelling would also have been a dominant process and the necessity to keep test stages
short meant that full equilibration per stage had not been reached. However, at approximately
1.7 MPa vertical stress, the behaviour changed: at this stress level the asperities have closed
and the fracture began to show a power-law relationship between stress and flow. This
transition was not seen in test DSR_COx_01 for two reasons. Firstly, the minimum stress

exceeded 2 MPa, therefore asperities created by mismatch may have closed. Secondly, the first
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stage of the test resulted in a prolonged period of rehydration and swelling on the fracture

surface may have caused the mismatch to have been sealed.

Close examination of test data for DSR_COx_02 suggests that a further change in behaviour
may have happened at around 2.75 MPa. This can be interpreted as a slip event on the fracture
surface. The increasing vertical stress has become sufficient that the mismatch has resulted in
a small movement along the fracture. Shear has been shown to be an effective self-sealing
mechanism in fracture experiments (e.g. Cuss et al., 2011; 2013; 2014) and this would result
in a decrease in fracture transmissivity. Close examination of all recorded data is not conclusive
on whether movement occurred or not. However, a decline in shear stress around this time
suggests movement did occur. Therefore, the alternative power-law fit shown in Figure 8a and
Table 3 is more representative of the relationship between stress and flow. It has to be
acknowledged that true steady-state conditions were not achieved in all test stages and that as
well as the mechanical closure of the fracture there is an ongoing reduction in flow related to
self-sealing and swelling of clay minerals. These observations are in contradiction to the CDZ

field test (de La Vaissiére et al., 2015).

Berkowitz (2002) extensively reviewed flow though fractures and fractured rocks. Several
models of relationships of fracture flow with increasing normal stress exist, based on linear,
cubic, exponential and power-laws. During the current study, no appraisal has been made of
the validity of the available models. However, as shown in Figure 9 and Table 4, the data from
the current study have been fitted using a range of empirical relationships between flow and
vertical stress. In Table 4 the highlighted values represent the relationships that have the highest
value of R? and therefore are statistically the best fit to the data, although this approach does
not necessarily represent the best fit to the data in a physical sense. All relationships (power-
law, exponential, logarithmic and cubic) offer a good approximation of the data, although the

linear relationship is poor in most tests. It can be seen that a cubic relationship offers the best
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fits to the loading data, although good fits are achieved with power-law, exponential and
logarithmic relationships. Both cubic and power-law relationships offer good descriptions of
the flow behaviour during unloading. Table 4 suggests that a cubic relationship best describes

the flow properties of fractures during loading and unloading.

Figure 9c shows data from the CDZ (Compression of the Damaged Zone) in situ experiment
conducted at the Meuse/Haute-Marne URL (de La Vaissiere et al., 2015). Data is shown for
boreholes CDZ1305 and CDZ1306, which were behind a hydraulic loading plate installed in
the GET drift. The hydraulic ram loaded the walls of the tunnel and resulted in the closure of
the damage zone around the tunnel. As shown, data for conductivity at different loading
stresses are also well described by a cubic law. These data are not well described by a power-
law relationship. Therefore, a cubic law describes the relationship between loading and flow

seen in Callovo-Oxfordian mudstone.

The current study has highlighted the significance of stress history with the non- or partial-
recovery of flow during unloading. In all tests that included unloading stages, irrespective of
whether gouge or fractured rock was used, a memory of the maximum load experienced was
retained. This is evidenced by considerable hysteresis on the unloading cycle of the test history
(Figure 4, Figure 7, Figure 8b). The unloading response can also be seen to be described by a
power-law or cubic relationship. For COx, a power-law of 18.5 5% is observed. The situation
for kaolinite gouge is somewhat different. Initially there is no recovery of flow, until at a
threshold vertical stress the flow recovers as described by a power-law. However, a cubic
relationship adequately describes the full unload response. Similar hysteresis has been noted in
Opalinus clay (Cuss et al., 2011; 2014). The unload history of three tests are shown in Figure
10. The data for Opalinus clay (Cuss et al., 2011) were not originally reported in terms of

hysteresis. However, a reinterpretation of the data shows the initial testing state was to increase
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vertical stress to a maximum value and measure flow during unloading steps. As shown, little
recovery of flow was experienced. Figure 10 also shows hydraulic flow data measured on
fractured COx within an isotropically loaded test configuration (COx_4; Harrington et al.,
2017). This dataset was also measured from a maximum stress state in lowered stress steps and
can be defined by a power-law relationship. The observation of such behaviour in tests
conducted in isotropic and shear test configurations demonstrates that the power-law unloading

response is not purely an artefact of the test geometry used.

The observation of hystersis can be explained using classical soil mechanics. The loading stage
of the fracture follows the virgin consolidation line (VCL) with the change in flow described
by a power-law relationship. Unloading follows the rebound reconsolidation line (RRL), with
a partial recovery of flow properties, due mainly to a recovery in void ratio in response to a
lowering of stress. However, in all tests described there are considerable differences seen at
stress levels depending on whether observed during a loading or unloading stress state. This
illustrates the importance of stress history on predicting flow along discontinuities and has been
used to explain the non-applicability of the critical stress approach in its simple form for a UK
site (Sathar et al., 2012). Other processes, such as surface charge of clay minerals opposing
recovery of porosity on unloading and non-recovery of flow related to clay swelling in response
to increasing stress changes, may also be contributing to the observed hysteresis; these
processes require further investigation. Therefore, stress history is an important control on
fracture flow and consideration only of the current stress state may lead to inaccuracies in the

prediction of flow in fractured mudrocks.

Figure 8 shows that a power-law can describe the relationship between flow and vertical stress
for COx. Different slopes are noted, as are different intercepts. For instance, at 3 MPa vertical
stress the fracture transmissivity is 6.8 x 10 m? s for test DSR_COx_01 compared to 1.9 x

10 m? s for test DSR_COx_2. This difference can be attributed to the orientation of the test
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samples, or may be due to the difference in durations of test stages in the two experiments. Test
DSR_COx_01 was orientated with a fracture parallel to the bedding, whilst test DSR_COx_02
was fractured perpendicular to bedding. These differences are also noted in the vertical
displacement (dilation/contraction of the fracture) seen during the experiment. For test
DSR_COx_01, a total of 0.07 mm of displacement was noted, whereas nearly 0.25 mm was
seen in test DSR_COx_02. This suggests that a fracture perpendicular with bedding
accommodates greater compression and explains why a lower fracture transmissivity is
observed. The swelling characteristics are also dissimilar between the tests. As stated earlier,
test DSR_COx_01 showed a considerable time-dependent response early in the test history,
suggesting that a fracture parallel to bedding exhibits greater time-dependent swelling
compared with a fracture oriented perpendicularly. Test DSR_COx_02 would be expected to
show greater swelling characteristics given a lower starting saturation of the test sample. These
results show that fracture orientation with respect to bedding may play a role on the flow
properties, both magnitude and stress sensitivity of flow. However, it has to be acknowledged
that the test histories of the two experiments are considerably different and the super-position

of mechanical and swelling responses may be the cause of these observations.

Comparisons can be made between the current experiments and those conducted on fractures
in Opalinus Clay (OPA). Cuss et al. (2009; 2011) describe the variation of fracture flow
dependence on normal stress for an idealized planed fracture in OPA. A hydraulic
transmissivity of approximately 5 x 10* m? st was observed, which is comparable with the
0.5 -6 x 102 m? s seen in the current study for kaolinite and 0.8 — 16 x 101 m? s seen in

COx.

The current study has shown that hydraulic flow along fractures within the engineering
disturbed zone (EDZ) surrounding an underground geological disposal facility for radioactive

waste in Callovo-Oxfordian mudstone will have a stress-dependent response. This can be



498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

defined by a cubic-law relationship for either individual fractures, as determined from
laboratory experiments, or for the bulk rock mass, as determined from in situ experiments.
Fracture flow reduces as the stress acting across a fracture increases. Therefore, swelling of
Callovo-Oxfordian mudstone or engineered sealing components will result in a reduction in
flow and if sufficient, this will reduce to that seen in the intact rock. This study also showed
that the flow along EDZ fractures will have a stress-memory and will be similar to the
maximum stress that has been experienced by the rock. This hysteresis means that future

reductions in loading of the rock will not resort in significant recovery of enhanced flow.

5. Conclusions

This paper describes an experimental study of four loading-unloading experiments conducted
on kaolinite gouge on a 30° slip-plane and shear fractures created in COx. The main

conclusions of the study are:

a. The observed response of fracture transmissivity to normal stress in COXx is a complex
superposition of mechanical response of the fracture and the swelling of clay in the fracture
surface;

b. During a loading (vertical stress) and unloading cycle, hysteresis in flow was observed
signifying the importance of stress history on fracture flow. Consideration of just the
current stress acting upon a fracture, and not a history of stress variation, may therefore
result in an inaccurate prediction of hydraulic flow;

c. The stress dependency of fracture flow in both kaolinite and COx can be described by a
power-law or cubic relationship. Sufficient data are not yet available to fully understand

the physical controls on the parameters of the relationship observed,;
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d. During unloading stages only partial recovery of flow was observed in kaolinite and COXx.
This partial recovery of flow has been observed in isotropically-loaded samples and shows
that the behaviour is not a simple artefact of the test geometry;

e. COx showed a considerable time-dependent behaviour, indicating that it has a good self-
sealing potential as clay minerals swell once they are hydrated:;

f. Fracture orientation with respect to bedding may play a role on flow properties, both
magnitude and stress sensitivity of flow. A fracture parallel with bedding accommodates
greater compression and results in a lower transmissivity;

g. Observations of flow within a clay-filled gouge showed a consistent behaviour to the
mechanical response seen for COx, showing that the simplified experimental geometry
effectively replicated the flow observed in real fractures. However, the addition of swelling

in COx gives a more complex stress-dependent flow.
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683  Figure 2 Example results from a hydraulic test conducted on a kaolinite gouge plotted against
684  time (ASR_Tau05_30wLU): a) Temperature; b) Vertical and horizontal stress; c) Hydraulic

685  flow; d) Pore pressures within the slip plane; e) Fracture width; f) Normal displacement.
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Figure 3 Example results from a hydraulic test conducted on a kaolinite gouge plotted against

vertical stress (ASR_Tau05 30wLU): a) Hydraulic flow; b) Fracture width; c¢) Normal

displacement.
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Figure 5 Results from hydraulic test DSR_COx_01 conducted on COx plotted against time: a-

b) Temperature; c-d) Normal stress; e-f) Hydraulic flow; g-h) Normal displacement. Figure a,

c, e and f represent stage 1 of the test, whilst b, d, f, h represent stage 2.
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703 Figure 6 Results from hydraulic test DSR_COx_02 conducted on COx plotted against time: a)

704  Temperature; b) Normal stress and pore pressure; ¢) Hydraulic flow; d) Normal displacement.
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709  Figure 7 Results from two hydraulic tests conducted on fractured COx against vertical stress:

710  a) Hydraulic flow; b) Normal displacement (Note: test DSR_COx_02 only).
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719  Figure 9 Comparing five best-fit relationships to the experimental data; a) test ASR_Tau05,

720 b) DSR_COx_02. The power-law fit is seen to best describe the data, especially at the initial



721 loading stage at low vertical stress, ¢) Cubic-law fit to test data from the in situ Compression
722 of the Damage Zone (CDZ) test conducted at the Meuse/Haute-Marne URL (de La Vaissiere

723 etal, 2015).
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725  Figure 10 Flow history observed during unload testing of fractures in COx and Opalinus Clay.



726

DSR_COx_01 DSR_COx_02
Borehole OHZz1607 OHZz1607
Sample number EST44339 EST44342
Borehole depth 8.37-8.67m 9.08 -9.38m
Date drilled 21/10/11 21/10/11
Drilling direction Horizontal Horizontal
Sample preparation 5/11/13 10/11/14
Sample orientation with Perpendicular Parallel

respect to bedding

Sample dimensions (mm)

59.9 x 60.1 x 54.3

60.0 x 59.9 x 50.2

Weight (g) 470.6 426.1
Volume (cc) 195.5 181.1
Density (g/cc) 2.43 2.37
Porosity (%) 14.9 17.7
Saturation 0.935 0.80

Table 1 Properties of core and sample material for shear tests conducted on COXx.




727

728

729

Experiment Start date I\S/Iz?;?ilzil satu\r/\;litgrz (%) oritla:r?tlgttion
ASR_Tau01_30wLU | 09-Nov-10 Kaolinite 98 30°
ASR_Tau05_30wLU | 27-May-11 Kaolinite 98 30°

DSR_COx_01 6-Nov-13 COx 93.5 0°

DSR_COx_02 10-Nov-14 COx 92.0 0°

Table 2 List of experiments described in the current study. ASR = Angled Shear Rig; DSR =

Direct Shear Rig; w = hydraulic test; LU = Load-unload experiment; COx = Callovo-Oxfordian

mudstone.




Experiment Loading Unloading
ASR_Tau01_30wLU 6.0 on1? 1.0 5,9
ASR_Tau05_30wLU 1.5 ¢, 10 0.5 6,04

DSR_COx_01 56 o -0 -
DSR_COx_02 53 on 34 18.5 6,06
DSR_COx_02 (alternative) 23 o 23 -

730 Table 3 Power-law relationships derived for loading and unloading sections of the

731  experimental data. Note: fit to flow (ul h™) data.



732

733

Experiment Power-law | Exponential | Logarithmic | Linear | Cubic
L 0.99 0.97 0.94 0.76 0.99
ASR_Tau01_30wLU
U 0.94 0.63 0.86 0.50 0.99
L 0.99 0.97 0.98 0.83 0.99
ASR_Tau05_ 30wLU
U 0.73 0.41 0.71 0.39 0.98
DSR_COx_01 L 0.94 0.92 0.86 0.80 0.95
L 0.86 0.94 0.96 0.99
DSR_COx_02 L 0.97 0.99 0.98 0.95 0.91
U 0.94 0.91 0.95 0.89 0.99
Average unload U 0.87 0.65 0.84 0.59 0.99

Table 4 Comparison of R? values for best-fit relationships for loading (L) and unloading (U)

sections of the experimental data.




