GEOFLUIDS IS

Geofluids (2015) 15, 3747 doi: 10.1111/gf1.12107

Normal stress-induced permeability hysteresis of a fracture
in a granite cylinder
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ABSTRACT

The paper examines the influence of axial stress-induced closure of a fracture on its permeability. The experi-
ments were conducted on a cylinder of Barre Granite measuring 457 mm in diameter and 510 mm in height,
containing a central cylindrical cavity of diameter 75 mm. Radial flow hydraulic pulse tests were conducted in a
previous research investigation (Selvadurai et al., PAGEOPH, 2005) to determine the permeability characteristics
of the intact granite. In the continuation of the research, a fracture was introduced in the cylinder with its nomi-
nal plane normal to the axis of the cylinder. Axial compressive stress was applied normal to the plane of the
fracture. An increase in the compressive normal stress acting on the fracture caused a reduction in the aperture
of the fracture, which resulted in the reduction in its permeability. Steady state radial flow tests were conducted
on the fractured axially stressed sample to determine the variation of fracture permeability with axial normal
stress. The analytical developments also take into account flow through the matrix region as the normal stress
increases. The results of the experimental investigations indicate that the complete stress relief of a fracture pre-
viously subjected to a normal stress of 7.5 MPa can result in a permeability increase of approximately three
orders of magnitude. These findings are relevant to shallow depth geotechnical construction activities where
enhanced fluid flow can be activated by stress relief. As the fracture aperture closes with high normal stress, the
flow through the matrix can be appreciable and if this factor is not taken into consideration the interpretation of
fracture permeability can be open to error. This factor can be of interest to the interpretation of permeability of
fractures in deep crustal settings where the stresses acting normal to the fracture surface can inhibit flow in the
fracture.
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INTRODUCTION ics and those with specific relevance to the role of fractures
on the containment strategy are given by Noorishad ez al.
(1984), Boulon ez al. (1993); Selvadurai & Nguyen (1995,

1997), Nguyen & Selvadurai (1995, 1998), Rutqist &

Fractures are geological features that can dominate the fluid
transport characteristics of geologic media. Fractures are

important to groundwater hydrology, environmental earth
science and, particularly, environmental geomechanics prob-
lems associated with energy resources recovery from gas
bearing shales, geologic sequestration of greenhouse gases
and deep geologic disposal of hazardous material including
heat-emitting radioactive wastes. The literature covering
these areas is vast, and no attempt will be made to provide a
comprehensive literature review. Articles covering these top-
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Tsang (2002), Chan et al. (2005) and Selvadurai & Yu
(2005). The importance of fractures and other defects will
invariably depend on the scale at which such defects enter
the description of the flow processes in naturally occurring
geological media. For example, in laboratory scale testing of
granitic rocks, the fractures can be intergranular cracks in
the three major minerals, coincident grain boundary cracks
and trans-granular cracks. In contrast, at regional scales the
fractures are largely well defined, distinct defects with geo-
metrical characteristics that enable the definition of features
such as gouge, debris fill, etc., that can be treated as separate
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material regions. An intermediate scale can refer to condi-
tions that can be encountered at a fracture intersecting a
borehole and packer system installed for measurement of
hydraulic properties. A hydraulically created fracture will, in
general, involve originally nearly mated surfaces; these can
experience either closure, opening or relative movement
depending on the state of stress existing in the vicinity of the
borehole. The scale of the problem is such that a typical situ-
ation involving a borehole intersecting a fracture can be
investigated at near field scale in the laboratory. Investiga-
tions involving both laboratory and field determination of
the permeability of mechanically inactive or stationary frac-
tures are numerous and references to these studies can be
found in the volumes and articles by Snow (1968), Louis
(1974), Raven & Gale (1985), Gale (1990), Makurat et al.
(1990a,b), Boulon et al. (1993), Yeo et al. (1998), Pyrak-
Nolte & Morris (2000), Bart ez 2/.(2004), Hans & Boulon
(2003), Sausse & Genter (2005), Selvadurai ez al. (2005),
Giacomini e al. (2007) and Selvadurai & Selvadurai (2010).

A striking feature in the modelling of fractures in a hy-
drogeological context is that, by and large, the fractures
are treated as stationary features that experience no
response to either mechanical or thermal phenomena or
changes to the fluid pressure. This is at variance with the
well established approaches in geomechanics of rocks
where response of the fracture to mechanical effects and
failure is generally the norm in terms of modelling the
mechanical performance of the fracture. The earliest inves-
tigations in this area are due to Patton (1966) who con-
ducted experiments on artificial fractures, and the focus
was primarily on evaluating the strength of the joint. Pro-
cesses such as dilatancy during shear, which can contribute
to drastic alterations in the permeability of fractures, were
left uninvestigated. The investigations by Ladanyi & Archa-
mbault (1970), Jaeger (1971), Barton & Choubey (1977)
and Bandis ez al. (1983) proposed strength criteria which
were departures from the bi-linear form of the shear
strength criterion for the fracture. A great deal of attention
has been focused on the mechanical characterization of the
performance of the fracture, and these efforts are also
described in the literature (Selvadurai & Boulon 1995;
Nguyen & Selvadurai 1998; Jafari ez al. 2004). Permeabil-
ity alterations during shear were investigated by Wither-
spoon et al. (1979), Barton (1982), Elliot et al. (1985),
Benjelloun (1993) and Adler (1997). The work of Nguyen
& Selvadurai (1998) dealing with dilatant fractures, builds
on the model proposed by Plesha (1987), incorporating
the influences not only of empirical relationships based on
commonly used fracture topography measures such as the
Joint Roughness Coefficient (JRC) and Joint Compressive
Strength (JCS) but also a mathematically consistent elasto-
plasticity model that accounts for asperity degradation
(Makurat et al. 1990a,b). The transformation of asperity
degradation in fractures to gouge development, which

ultimately has a significant influence on mechanically
induced alterations to the permeability of fractures,
requires alternative approaches that can involve continuum
to discrete transformation of a fracture zone and continual
degradation of the fragments with mechanical action (Sel-
vadurai & Boulon 1995; Selvadurai & Sepehr 1999a,b;
Selvadurai 2009; Massart & Selvadurai 2012, 2014). Such
procedures, without provision for a proper algorithm that
transforms a continuum region to a discrete system, will be
of marginal value to modelling gouge development in frac-
tures. Recent investigations of the influence of permeability
evolution during stressing of rocks have been prompted by
an interest in identifying the development of excavation
damage zones around opening that are planned for the
deep geologic disposal of heat-emitting radioactive wastes
(Hudson et al. 2008; Nguyen & Jing 2008; Rejeb ez al
2008; Rutqvist ez al. 2008; Najari & Selvadurai, 2014; Liu
et al. 2013). The evolution of micro-mechanical damage in
rocks and the consequent alteration in the deformability
characteristics have been documented by Zoback & Byerlee
(1975), Shiping et al. (1994) and Kiyama et al. (1996)
but the extension of the concepts to permeability evolution
is largely theoretical (Mahyari & Selvadurai 1998; Selvadu-
rai 2004; Selvadurai & Shirazi 2004, 2005). Recent inves-
tigations by Shao et al. (1999), Souley et al. (2001), Zhou
et al. (2006), Hu et al. (2010) and Massart & Selvadurai
(2012) have developed permeability evolution concepts
that match experimental data derived from testing of rock
cores. Other examples of permeability evolution, particu-
larly under isotropic compression, have been discussed by
several investigators including Zhu & Wong (1997), Sel-
vadurai & Glowacki (2008), Selvadurai et al. (2011) and
Selvadurai & Jenner (2012). In these studies, the emphasis
is on micro-mechanical defect generation under complex
stress states, which contributes to either permeability
enhancement or permeability reduction depending on the
state of stress.

Investigations that examine the influence of stress states
on the permeability characteristics of fractures are rare.
Major obstacles for incorporating the influences of
mechanical actions on the fluid transport characteristics of
fractures can arise from the following: (i) the size of sam-
ples or scale effects that are representative of the fractures
(Witherspoon et al. 1979), (ii) the precise identification of
the alteration in the stress states relevant to problems in
hydro-geomechanics (Haimson 1975; Stephansson 1985;
Ingebritsen et al. 2006), (iii) the physical arrangements of
a test large enough to apply, with a degree of control, the
variety of relative motions that can result from alterations
in the ambient stress state, (iv) the development of sound
experimental procedures that can be used to observe per-
meability alterations in the fracture regions as the stress
state is altered and (iv) the relationship of the evolving
permeability to processes such as fracture closure and
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gouge generation, particularly as a function of the
attainment of the failure threshold in regions of the frac-
ture. Simultaneous consideration of all these factors is an
almost impossible task in experimental geomechanics
research and to date attention has focused on extremely
small scale investigations that may not completely capture
the in situ characteristics of fractures at scales of interest to
hydro-geomechanical applications.

This paper presents the results from a series of fracture
flow experiments conducted on a large cylinder of Barre
Granite measuring 457 mm in diameter and 510 mm in
height containing a 57 mm diameter cylindrical cavity
located at the centre of the cylinder over its entire height
(Fig. 1). To the author’s knowledge, this is one of the few
instances where a large cylinder of the scale indicated has
been used in a laboratory experiment. The experimental
facility was designed in such a way that transient radial flow
pulse tests could first be conducted on the intact cylinder
through pressurization of the central borehole. In a previ-
ous study (Selvadurai ez al. 2005), the experimental facility
was used to determine the intact permeability of the Barre
Granite, which corresponds to the matrix permeability of
the material. In this paper, we consider the situation where
the cylinder contains a fracture at a central plane perpen-
dicular to its axis. The alteration in the permeability of the
fracture due to an axial normal stress is determined by con-
ducting steady state radial flow experiments. The influence
of the radial flow through the intact segments of the frac-

Fracture Pormeability Test

Granite Cylinder

o5 10

20cm

Fig. 1. The cylindrical sample of the Barre Granite used in the experimental
investigations. Cylindrical sample containing the V-notch for creation of
fracture [After Selvadurai et al. (2005)]
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tured cylinder is included in calculation of the fracture per-
meability.

THEORETICAL ASPECTS

Radial flow hydraulic pulse testing of the intact cylinders

The theoretical background and modelling of the radial flow
hydraulic pulse tests conducted on the intact Barre Granite
was presented by Selvadurai ez al. (2005). The conventional
approach for estimating the permeability from hydraulic
pulse tests relies on the piezo-conduction equation, and der-
ivations of the equations are given in standard texts (Bear
1972; Philips 1991; Selvadurai 2000; Ichikawa & Selvadurai
2012). The pressure transients are assumed to occur in a
fluid-saturated porous medium that can be described by the
classical theory of poroelasticity proposed by Biot (1941)
(see also Selvadurai & Yue 1994; Selvadurai 1996, 2007)
that takes into account the coupling between the deforma-
tions of the porous skeleton and the compressible pore fluid.
In conventional treatments of hydraulic pulse tests, it is
implicitly assumed that the pressure transients can be
described by the uncoupled piezo-conduction equation,
which accounts for the compressibility of the pore fluid, the
compressibility of the porous skeleton and the compressibil-
ity of the material constituting the porous fabric. A compari-
son between results for the one-dimensional hydraulic pulse
test derived from the piezo-conduction equation, and Biot’s
theory of poroelasticity was performed by Wang (2000) and
generally, the results for the two approaches compare
favourably for low permeability materials. More recently,
Selvadurai & Najari (2013) conducted similar studies and
arrived at the conclusion that the piezo-conduction equa-
tion can be used satisfactorily for estimating the permeability
characteristics of low permeability materials such as Westerly
Granite, Indiana Limestone and Stanstead Granite from
Quebec, Canada. The simplest analytical result that can be
used to interpret two-dimensional axisymmetric radial flow
hydraulic pulse tests assumes that the pulse test is conducted
in a cylindrical cavity located in a fluid-saturated porous
medium of infinite extent. Selvadurai & Carnaffan (1997)
have investigated the validity of this assumption particularly
when hydraulic pulse tests are conducted in annular fluid-
saturated regions and provide constraints that allow the
application of the theoretical results to infinite domains. The
influence of air voids within the pressurized cavity on the
interpretation of the conventional hydraulic pulse test was
examined more recently by Selvadurai & Ichikawa (2013).
Avoiding details, it can be shown that the pressure decay in
a fluid-filled cylindrical cavity located in a fluid-saturated
porous medium due to transient radial flow in the infinite
region is given by

2(2) = po exp(4af) erfe(2/) (1)
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In (1) p(r¢) is the transient pressure potential in the
porous region, ¢ is the time variable, 7 is the radial coordi-
nate, erfc(x) is the complementary error function, p, is the
initial pressure, and

TEﬂZS ) ( nlrt )
o=|F— = 55— 2
(VW Cwyw ’B Vi Cwyw ( )
where
S= ZVW(WCW + Ceﬁ”)§ TR = ktl = I(il“/wl’] (3)

Also, in (2) and (3), S is the storage coefficient (nondi-
mensional); Tk is the transmissivity of the cylinder of
height / (L?/T); n is the porosity (nondimensional); C,, is
the compressibility of the pore water (LT?/M); C,ris the
compressibility of the porous skeleton (LT?/M); K; is the
permeability of the intact rock (L?); k; is the hydraulic con-
ductivity of the intact rock (L/T); V,, is the volume of the
pressurized region (L?); i is the dynamic viscosity (M/
LT); and 7,, is the unit weight of the fluid (M/L*T?).

Hydraulic pulse tests conducted previously by Selvadurai
et al. (2005) estimate that the permeability of the intact
granite is between 0.40 x 107'® m? and 1.20 x 10~ % m?
Steady state flow tests conducted on the intact cylinder gave
121 x 107 m*  to
1.46 x 107'® m?. Considering these ranges, the permeabil-

values  that ranged from
ity of the intact granite is taken to be approximately

1.20 x 10718 m?

Radial steady flow testing of fractured cylinders

In this series of experiments, the intact granite cylinder
containing the central cavity was fractured by diametral
compression along a pre-cut groove located on the outer
surface of the cylinder (Fig. 1). The fracture is obtained by
inducing a near tensile stress field at a diametral plane.
When dealing with gouge-free plane fractures, the issue of
fracture topography, fracture roughness etc., and their
influences on the fluid transport characteristics have been
investigated extensively in the literature (Raven & Gale
1985; Cook 1992; Pyrak-Nolte & Morris 2000; Méheust
& Schmittbuhl 2003). The objective, here, is to use the
parallel plate analogue as an elementary model and to
establish the pattern of reduction in the permeability of
the fracture as the stress normal to the fracture plane is
subjected to quasi-static stress cycling. Considering the
parallel plate model and fluid flow through the fracture
with an aperture 22, it can be shown that

¢ 19 log(b/)

41 2 (pa — po)
where Qyis the flow rate through the fracture (L3/T), b is
the external radius of the fracture (L); and p, and p, are
the hydraulic fluid pressures (M/LT?) at the inner and
boundaries

[Units(length)?) (4)

outer of the fracture. (Considering the

overflow locations shown in Fig. 2, the fluid pressure at
the outer boundary of the fracture will be maintained at
nearly atmospheric pressure.) As the axial stresses increase,
the fracture aperture will be reduced and the flow through
the intact matrix can influence the flow process, although
the flow rate measured in the steady state flow experiment
is the combined flow rate Q occurring through both the
intact region and the fracture. Because the pulse testing of
the intact cylinder provides an estimate for the matrix per-
meability K; we obtain the following result for the perme-
ability of the fracture (Kf ) that also accounts for the fluid
flow through the intact matrix:

2/3
1 _ (nQlog,(b/a) Kl nits(length)*
K = (4n\/§(pﬂ—pb) 2@) ol

These results can be used to examine the influence of

matrix flow in accurately interpreting the permeability of a
fracture that is subjected to a stress normal to its plane.

As the magnitude of K,/ becomes small in comparison
to the first term on the right hand side of (5), the perme-
ability of the fracture can be calculated using the result
(4), where

_ (31Qlog, (b/a)\'"*
I = (m) [Units(length)) (6)

The permeability of the fracture can be represented by
the parallel plate model (Selvadurai 2000) where

Ky = % (Units(length)’] 7

The permeability of relatively open fractures (KfH ) can be
obtained from the result
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Fig. 2. Detail of the experimental arrangements for application of external

loads and for the pressurization of the central fluid-filled cavity.

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 37-47



2/3
I _ nQ log, (/) wits(len 2
Kl = (F N m) [Units(length)’) (8)

which is the expression obtained when Kj is set to zero in

(5).

EXPERIMENTAL PROCEDURES

Aspects of the experimental investigations dealing with
hydraulic pulse testing of the Barre Granite are docu-
mented by Selvadurai et al. (2005). A petrographic analysis
conducted by Hardy (1991) indicates that the Barre Gran-
ite, a blue-grey granodiorite, contains approximately 23%
quartz, 61% feldspar and 11% micas. The large diameter
cylindrical samples of the Barre Granite used in the experi-
mental investigations were obtained from Vermont, USA.
The mechanical and physical properties of the granite were
determined from ASTM and ISRM Standard Tests. [ These
results are summarized in Table 1 of Selvadurai et al.
(2005).] Diametral compression was then used to create
the fracture. The V-notch ensured that the fracture plane
was nominally perpendicular to the axis of the cylinder.
The plane ends of the cylinder were machine polished to a
mirror finish (Fig. 1) by the suppliers to ensure parallel
end planes that could be mechanically sealed both during
the transient pulse tests and the steady state fracture per-
meability tests.

The details of the test frame used to apply stresses nor-
mal to the plane of the fracture are described by Selvadurai
et al. (2005). Separate stainless steel plates of thickness
25 mm were provided at the plane ends of the cylinder to
prevent corrosion of the loading plates in the event of
water leakage from the pressurized central cavity. The
stainless steel plates were also fitted with O-rings to pro-
vide an adequate seal during pressurization of the central
cavity. The effectiveness of this sealing technique was veri-
fied by pressurization of a hollow stainless steel cylinder,
which maintained the pressure without loss (except for
fluctuations of ambient temperatures) for a period of
8 days. Neoprene mats (thickness 6 mm) were also pro-
vided at the upper and lower contact surfaces to minimize
any stress concentrations that could occur due to uneven
contact between the test cylinder and the stainless steel
plates. The plates specially
designed couplings to provide access to sensors and instru-

stainless  steel contained
mentation within the fluid-filled cavity. The stainless steel
base plate incorporated a pressure transducer (maximum
pressure of 2.07 MPa) to measure fluid pressure. The
upper stainless steel plate contained a specially designed
coupling unit that provided access for the inlet and outlet
water supply ports. A thermocouple located in this cou-
pling was used to measure water temperature in the cavity
during the tests. All inlet and outlet leads for water supply
were made of stainless steel, and Swagelok valves

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 37-47
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(maximum pressure rating of 20.7 MPa) were used to seal
the fluid pressure in the cavity during hydraulic pulse tests
on the intact sample. The compression of the intact sample
during application of sealing stresses was found to be neg-
ligible. During permeability testing of fractures, however,
the lower stainless steel plate was incorporated with a Plex-
iglas reservoir to collect any fluid migrating through the
fracture (Fig. 2). Testing of fracture permeability also
required measurement of the closure of the fracture during
application of axial stresses. Three linear variable differen-
tial transformers (LVDTs) (Fig. 3), located at orientations
of 120° around the circumference of the cylinder, were
used to measure closure of the fracture. The three values
were averaged to arrive at the closure of the fracture dur-
ing the application of axial stress. A schematic detail of the
sample and test arrangement used when performing steady
radial flow tests through the fracture is shown in Fig. 4.
The experimental facilities also included a Shimadzu preci-
sion pump for saturating the granite cylinder, for applying
the pressure pulse required to conduct the hydraulic pulse
tests and for maintaining a steady flow when conducting
permeability tests on the fractured cylinder. The data sets
from all the experiments were recorded with a computer-
ized data acquisition system that uses LabView Data Pro-
cessing.

Prior to fracturing the granite cylinder, four markers
(Demec Gauges) were installed on the surface of the cylin-
der to allow re-assembly of the split specimen at the cor-
rect orientation (Fig. 5) and for the measurement of the
fracture aperture prior to the application of normal stresses.
In the central cavity of the granite cylinder, a steel bar was
secured with end plates and rubber pads to allow axial
expansion during splitting about a plane normal to the axis
of the cylinder but to prevent relative movements between
the separate parts of the fractured cylinder, which could
lead to unwanted asperity shear. Splitting action was initi-
ated by applying point loads through hardened steel wedge
shaped regions. The plane of the fracture can exhibit an
uneven configuration depending upon the microstructural
fabric of the granite. The provision of the mid-plane
groove localized the plane of failure, but where the groove

Fig. 3. The LVDT arrangement for movements of the fracture.
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Fig. 5. Demec markers used for mated alignment of the fractured seg-
ments of the cylinder and measurement of the initial aperture width.

was absent, the fracture plane could be nonplanar, which
presents an obstacle for inducing pure compression on the
fracture plane. The splitting test generally produced a rela-
tively planar fracture with some evidence of compression
failure near the point of applications of the loads. This
result is, however, not the norm, and on occasions, the
fracture surfaces can deviate from the position of the
groove; this can result in a warped fracture surface and can
also lead to edge fractures. The surfaces of the fractures of
the sample tested were cleared of debris and loose particles
by air blowing prior to laser scanning of the surfaces. Laser
scanning of the surfaces was conducted at the Center for
Intelligent Machines at McGill University. Laser scanning
was used as a visual guide to establish the topography of
the fracture and for assessing any damage to the surface
during axial compression. The scanning accuracy of the

L
De-aired water
supply

SRS,
Air trap

Fig. 4. Schematic view of the radial flow per-
meability testing arrangement.

laser device was approximately 0.1 mm. The surface topog-
raphy is shown in Fig. 6. The fracture does not display any
dominant features that would negate the use of the parallel
plate model.

The re-assembled sample was placed in the testing
machine, and LVDTs were installed to measure the reduc-
tion in the fracture aperture width during application of
compressive stresses. A reservoir collected the fluid migrat-
ing through the fracture during attainment of a steady flow
rate. The outlet of the reservoir was maintained at approxi-
mately the level of the fracture plane.

EXPERIMENTAL PROCEDURES AND RESULTS

The fracture was subjected to axial stresses and constant

! were main-

flow rates varying from 0.1 to 10 ml min~
tained to achieve steady flow conditions depending on the
level of axial stress and the resulting aperture closure. Alto-
gether, three loading-unloading cycles were performed on
the fracture and the permeability of the fracture was
calculated using Equation (5). Fig. 7 illustrates the closure
of the fracture during application of the axial normal stress
6,. The width of the
270 ~ 0.0707 mm. The fracture exhibits significant closure
during the first cycle of loading up to 2.5 MPa. At the
peak load of 7.5 MPa, applied during the third cycle
of loading, the fracture aperture reduces to (24) . =~

min

initial fracture  aperture

0.0022 mm. Upon complete unloading of the fracture
in the third cycle, the residual fracture aperture of

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 37-47
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Fig. 6. The fracture surface topography [All
dimensions are in mm].
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Fig. 7. Fracture closure during application of
normal stresses. [It should be noted that the
starting position of the fracture during cycle 3
does not coincide with the end position of cycle
2. This is most likely due to unloading effects
and the release of elastic stain energy in the
system. The discrepancy, however, does not
affect the third cycle of loading and the aper-
ture closure trend with increasing axial stress is
consistent with that observed in cycles 1 and
2.1

0.40

0.20 |

0.00
0.00

(24),¢s > 0.0321 mm. Figure 8 illustrates the variation in
the permeability of the fracture during three loading-
unloading cycles of applied axial stress o,. The first cycle
of loading was performed by subjecting the fracture to a
maximum normal stress of 2.5 MPa. At this level of axial
stress, the flow rates need to be increased to approximately
10 ml min~! to ensure an accurate measurement of fluid
pressure within the cylindrical cavity. The experiments were
repeated for two other cycles of loading and unloading
where the peak stresses were 5.0 MPa and 7.5 MPa. At lar-
ger axial stresses, the lower flow rate of 0.1 ml min~' was
sufficient to develop accurately measurable pressures within
the central cavity. The first cycle of axial loading establishes
a reduction in permeability that persists for subsequent
load cycles despite the apparent absence of mechanical
alteration of the fracture during the loading-unloading
cycles. The permeability of the fracture reduces from
approximately 1.0 x 107 m? to 1.2 x 107"* m? over
the axial stress range zero to 7.5 MPa. In theory, axial
stresses could be further increased, but the maximum stres-
ses achievable are governed by both the capacity of the
loading device and the tensile strength of the granite. With

© 2014 John Wiley & Sons Ltd, Geofluids, 15, 37-47
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-200

-100

Water pressure was allowed to increase until it
reached a stable value

Time needed to stabilize the pressure ranged
between 15 and 80 min depending on the fracture
aperture,

The average normal stress acting on the fracture is
denoted by o, and the tensile strength of Barre

Graniteis o, =9.0 MPa

Cycle 1

Cycle 2 5

Cycle 3 |
il :
0.60

Normalized axial stress (o,/a;)

0.20 0.40 0.80 1.00
increasing axial stress on half of the sample a tensile frac-
ture developed, similar to those that can occur in a Brazil-
ian Test.

In the experiment, the parameters that are measured are
the pressure in the cylindrical cavity and the flow rate. The
permeability of the fracture can be calculated by either
1 Including the flow through both the fracture and the

intact matrix (Equation [5])

or
2 By assuming that the flow takes place in the fracture only

(Equation [8]). Because an estimate of permeability of
the intact matrix is available from hydraulic pulse tests
conducted previously (Selvadurai ez al. 2005), it is possi-
ble to examine the combined influences of axial stresses
on the fracture and permeability of the matrix on the
interpretation of the fracture permeability.

Table 1 presents results that consider the two theoretical
estimates outlined by (i) and (ii) and indicates the relative
error associated with the two estimates. As the normal
stress acting on the fracture increases, omission of the
component of flow through the intact matrix can lead to
errors in the estimation of the permeability of the fracture.
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Table 1 Estimates for the permeability of a fracture in a Barre Granite cylin-
der during normal stress-induced fracture aperture reduction

Maximum Overestimation

Loading Normal Permeability Permeability of fracture
cycle stress Estimate (5) Estimate (8) permeability
() ) ) (&5)
1 25MPa  233x10"m? 233x10""m?> 0%
2 50MPa 337x10"m? 343x10"”m? 1.78%
3 75 MPa  1.95x10°m? 4.10x10""®m? 102%

1.0 E-10
1.0 E-11
K (m%)
i

1.0E-12 ¢

10E-13 }

1.0 E-14 B )
0 1 2 3 4 5 6 7 8
Axial stress (MPa)

Fig. 8. Evolution of the permeability of the fracture during quasi-static
application of loading-unloading cycles.

The assessment of heterogeneity of fracture permeability
is an important topic (Boulon 1995; Armand 2000; Giaco-
mini et al. 2007), but requires a detailed sensing of fluid
flow patterns both within the fracture and at the outer
boundaries. After the series of axial compression cycles, the
surfaces of the fracture were scanned and superposed to
assess asperity degradation during pure axial stressing. The
results of the laser scanning are shown in Fig. 9 with
colours indicating the level of mismatch. Red and purple
colours indicate the level of strong mismatch that is
expected at the boundary of the V-groove, and the points
at which loads were applied to fracture the specimen. The
blue colour indicates a perfect match between the two
surfaces, and the yellow colour indicates a mismatch that is
accurate to within 0.1 mm. There is no major deteriora-
tion of the mated fracture during axial compression.

CONCLUDING REMARKS

The paper presents the results of a series of permeability
tests conducted on cylinders of intact and fractured Barre
Granite. The intact permeability measured via pulse tests

Fig. 9. Fracture topography mismatch after three cycles of axial compres-
sion normal to the plane of the fracture to a maximum stress of 7.5 MPa.

Axial stress o, normal to the
plane of the fracture

Fluid influx —‘

bl bl

SRR

SIS SR

Fig. 10. Leakage through the matrix region during fracture permeability
testing using a double packer system.

provides a basis to accurately interpret the permeability of
a cylindrical specimen containing a plane fracture subjected
to normal stress. The range of axial stresses applied to the
fracture is indicative of geostatic stresses that can be pres-
ent in shallow earth environments (<100 m), and as such,
the results are of particular interest to geomechanical and
groundwater resources applications. Reduction of the in
sitw normal stress acting on a fracture to zero, for example
by either excavation or stress relief, can result in a perme-
ability increase of around three orders of magnitude. The
tests were conducted on a mated set of fracture surfaces,
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which is representative of fractures unaffected by shearing
action. The relatively large scale of the experiments is rele-
vant to interpreting the hydro-mechanical performance of
near surface fractures. For in situ permeability measure-
ments of fractures at significant crustal depths, the conven-
tional procedure is to employ packer systems to estimate
the permeability. At significant depths, it is entirely possi-
ble that the fractures can remain tight owing to the in situ
stress conditions, so that flow through the tight fracture
can be comparable to leakage from the intact zone
(Fig. 10). If the flow through the matrix is not accounted
for, this will lead to an erroneous interpretation of the per-
meability of the fracture (Table 1). This effect will also be
important for more highly permeable materials, such as
sandstone and limestone where the intact permeability can
approach that of the fracture at normal stress levels well
within those required to induce diametral splitting of a
fractured specimen. The aperture closure during the appli-
cation of axial stresses exhibits hysteresis during the three
loading-unloading cycles. The hysteretic behaviour is char-
acteristic of interfaces that can consist of mated surfaces
but with the possibility of displaying frictional phenomena
at the scale of the asperities [Selvadurai & Boulon 1995;
Selvadurai and Nguyen, 1997; Nguyen & Selvadurai 1998;
Massart and Selvadurai, 2012, 2014]. This is a complex
interface process where asperities can deform at contact
points but release the elastic energy to create frictional
unloading that can lead to a persistent hysteresis until the
asperities experience damage and failure.
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