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Common Evolution of Mechanical and Transport Properties in Thermally
Cracked Westerly Granite at Elevated Hydrostatic Pressure

M. H. B. NASSERI,l A. SCHUBNEL,2 P. M. BENSON,1’3 and R. P. Young!

Abstract—Increasing the damage and crack porosity in crustal rocks can result in significant changes to
various key physical properties, including mechanical strength, elastic and mechanical anisotropy, and the
enhancement of transport properties. Using a Non-Interactive Crack Effective Medium (NIC) theory as a
fundamental tool, we show that elastic wave dispersion can be inverted to evaluate crack density as a
function of temperature and is compared with optically determined crack density. Further, we show how the
existence of embedded microcrack fabrics in rocks also significantly influences the fracture toughness (Kjc)
of rocks as measured via a suite of tensile failure experiments (chevron cracked notch Brazilian disk).
Finally, we include fluid flow in our analysis via the Guéguen and Dienes crack porosity-permeability
model. Using the crack density and aspect ratio recovered from the elastic-wave velocity inversion,
we successfully compare permeability evolution with pressure with the laboratory measurements of
permeability.

Key words: Effective medium theories, transport properties, fracture toughness, thermal cracks,
hydrostatic stress.

1. Introduction

The mechanical and transport properties of crustal rocks are profoundly influenced
by cracks and pore spaces. The existence of embedded microcrack fabrics in rocks
significantly influences the elastic moduli and inferred permeability (HEARD and PAGE,
1982), fracture toughness (K;c) (Nasserl et al., 2005, 2006 and 2008), elastic wave
velocities (REUSCHLE et al., 2006; ScHUBNEL and GUEGUEN 2003; ScHUBNEL et al. 2006),
and the permeability of rocks (GUEGUEN and ScHUBNEL 2003; BENsoN ef al., 2006).
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The need for understanding of a coupled hydro-thermo-mechanical effect on fracture
toughness, elastic properties and permeability in rocks is increasingly in demand.
Seismic and velocity field data and its relation to complex, coupled phenomena is
important and has a role in many applied engineering fields, such as enhanced oil
production methods, hydro-fracturing, and the improved understanding of the stability
of underground waste repositories (RuTQvisT et al., 2005; EnGvik et al., 2005). By
performing controlled thermal cracking experiments, we investigate quantitatively the
influence of thermal damage on fracture toughness, elastic wave velocity, and
permeability. Until now, few experimental studies have been performed on the effect
of thermal cracking on the mechanical strength, K;- and permeability of granitic rocks
together. A small number of studies have successfully measured an in-situ K;c data,
which shows a strong dependence upon other rock physical parameters, such as
elastic-wave velocities and permeability (MEREDITH and ATKINSON, 1985; DAROT et al.,
1992; BALME et al., 2004; FunaTsu et al., 2004). Conversely, however, measurements
of heat-treated specimens after cooling (ATkiNsoN, 1984) have suggested that
embedded microcrack fabrics in rocks significantly influence both elastic-wave
properties and permeability (Smmmons and BRracg, 1965; Kern, 1978, 1997). NASSERI
et al. (2007) studied the coupled evolutions of fracture toughness and elastic wave
velocities at high crack density in thermally treated Westerly granite and used a
noninteractive crack theory to predict K;c relatively well at high crack density and
therefore will not focus on the said subject in the present study. Recently, BEnsoN
et al. (2006) used inverted elastic-wave velocities inversion and permeability models
of GuEGueN and Dienes (1988) to predict the evolution of permeability with increasing
pressure, from elastic-wave velocity variations.

Despite the fact that fractures generally represent only small amounts of porosity, the
theoretical evolution of elastic properties with damage can generally be predicted using
models developed in the framework of Effective Medium Theory (EMT), (e.g.,
O’ConNELL and Bubpiansky, 1974; CHENG and Toks6z, 1979; KacHAaNov, 1994; SAYERS and
Kacnanov, 1995; LE RavaLec and GUEGUEN, 1996; Mavko et al., 1999). These models are
used in order to predict the material properties as a function of a single non-dimensional
damage parameter, the crack density and/or the porosity. Although elastic-wave
velocities and the fracture toughness are both known to decrease with microcracking
and permeability to increase with the latter, few attempts have been made until now to
link all the three properties and compare quantitatively their coupled evolution. The
present study presents the following, experimental and modeling study on samples of
thermally stressed (up to 850°C) Westerly granite: i) the experimental evolution of
fracture toughness and elastic-wave velocities under a dry unconfined state for a series
of chevron notched Brazilian discs, (ISRM, 1995); ii) the experimental evolution of
permeability as a function of effective pressure up to 35 MPa, contemporaneously with
the evolution of elastic-wave velocities up to 75 MPa of effective pressure; and (iii) the
theoretical evolution of permeability with increasing pressure, from elastic-wave velocity
variations.
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2. Experimental Methods and Procedures

2.1. Sample Selection

Westerly granite was chosen in this study due to its evenly textured, isotropic
initial microstructure (BRACE et al., 1968). In addition, the physical and mechanical
properties of Westerly granite are well known, with numerous studies performed on
this rock type over the years at elevated temperature and pressures (e.g., HADLEY,
1976; Heuzg, 1983; BAURE and JounsoN, 1987; THompsoN et al., 2006). Composition-
ally, Westerly granite is composed of 27% quartz, 36% microcline, 30% plagioclase,
6% phyllosilicates and 1% accessory minerals. The mean grain size is 0.75 mm with a
total porosity of less than 1% (MEeREDITH and ATKINSON, 1985). Two types of samples
were prepared. Firstly, standard chevron notched Brazilian disc (CCNBD) of 75 mm
diameter and 30 mm thickness for K;c measurement and, secondly, right cylindrical
cylinders of 38 mm diameter and 78 mm length for permeability and elastic-wave
velocity measurement.

2.2. Experimental Methods

Isotropic crack damage was generated in sixteen CCNBD samples and four
cylindrical samples of Westerly granite (isotropic in nature) by thermally stressing the
samples to temperatures of 250°C, 450°C, 650°C and 850°C at a rate of 1.5°C/min using
a standard laboratory furnace. After cooling at the same rate, azimuthal elastic-wave
velocities (Vp) were measured at an interval of 30° circumferentially around each
CCNBD specimen in order to confirm and measure the level of isotropic crack damage in
each sample. Four samples were prepared at each temperature in the case of the CCNBD
samples, with a single example at each temperature for the cylindrical samples. Notches
were machined within the disc specimens only after this step, according to the standard
ISRM (1995) procedure (Fig. 1). Four additional CCNBD and one cylindrical sample
were not subjected to heating to provide an ‘unfractured’ room temperature (RT)
example.

Fracture toughness was determined using the standard ISRM (1995) technique
(Fig. 1) utilizing a stiff, servo-controlled loading machine to record displacement and
force as each sample was loaded until failure at a constant rate of 0.01 mm/sec. Fracture
toughness is given by:

Pmax K
Y:. | 1
B\/R min ( )
= pe¥ Yiin is a critical dimensionless stress intensity value for the
specimen, determined by the specimen geometry dimensions oy, o; and o (Fig. 1); ¢t and
Y are constants determined by o, g (ISRM 1995, Table 2); P, is the maximum load at
failure; B is the disc’s thickness; and R is the radius of the disc.

Kic =

where Y*

min
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Figure 1
Geometry of the CCNBD and related parameters (after ISRM, 1995), R = Radius of disc; B = Thickness of
disc; D = Diameter of disc; Rg = Radius of saw; a = Length of crack; a, = Initial half length of chevron
notch; a; = Final half length of chevron notch.

Permeability was measured as a function of effective pressure (Pesr = P.—P,,, where
P, is the confining pressure, and P, is the pore pressure) up to 35 MPa. For cylindrical
specimens thermally stressed to 450°C, 650°C and 850°C, the steady-state flow method
was used, whilst for the RT and 250°C samples, the pulse decay method of BRACE et al.,
(1968) was employed, due to the much lower sample permeability. Calibration of the two
methods was made using the 450°C specimen tested at 2.5 MPa of effective stress. At
2.5 MPa of effective stress for 450°C heat-treated specimen steady-state flow method
was applied to measure permeability value and the result was compared to the
permeability value obtained for a similar situation using the pulse decay method. This
approach helps to calculate the water dead volume in the system which is an essential
input parameter in the pulse decay method. Permeability was measured using a
hydrostatic (instrumented Hoek-type cell made by Ergo Tech Ltd.) pressure vessel
equipped with platens allowing fluid flow through the cylindrical sample (Fig. 2).
Upstream and downstream pressures were maintained at approximately 5.5 to 4.5 MPa
respectively, using a high precision servo-controlled microvolumetric syringe pump
(Quizix QX20 k) capable of measuring cumulative fluid volume. Using this setup allows
permeability to be calculated via the application of Darcy’s law (e.g., GUEGUEN and
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Figure 2
Hoek cell for measurement of contemporaneous permeability, elastic-wave velocity (V), Vs;, Vsz) and porosity
change as a function of effective pressure to 100 MPa.

PaLciauskas, 1994). In addition, contemporaneous elastic-wave velocities (V),, V) are
calculated axially using transducers embedded into the platens (Fig. 2). Elastic-wave
velocities were measured up to effective pressures reaching 75 MPa. Finally, porosity
change was determined at each step change in effective pressure by measuring the
volume of pore volume expelled via the pore volumometers for all the heat-treated
specimens. Permeability measurements were not continued beyond 35 MPa of effective
stress and the K value was significantly reduced and application of the pulse decay
method would take considerably longer and in practicality is not of great interest.

2.3. Determination of Optical Microcrack Density, (poptical)

Thin sections (35 mm x 22 mm) perpendicular to the fracture propagation plane
were made from the failed CCNBD specimens. Microstructural mapping, including
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intragranular and grain boundary microcrack mapping, and length measurements were
conducted using digital images taken from the thin section. In order to be certain that this
analysis was not affected by the crack propagation plane, these analyses were conducted
at some distance from the thoroughgoing fracture (approximately 15 mm away from the
area where test crack interacts with rock matrix). For intragranular crack measurement
length HADLEY’s (1976) definition of crack was applied where the crack’s orientation does
not deviate more than 20 degrees on any rolling 5 mm section of its length. A set cut off
limit of 0.05 mm was selected for the crack length mapping from the optical images to
ensure repeatability. Grain boundary microcrack lengths measurement involved unfold-
ing of the curved boundaries into straight lines where the latter vary between 0.07 to
3.6 mm as the temperature for the specimens varied from room temperature to 850°C.
For specimens treated at 650 and 850°C, where most of the grain boundary contacts were
cracked, maximum grain boundary length could not exceed the perimeter of the
maximum grain size. In addition to thin section analysis, scanning electron micrographs
(backscatter) were also prepared, allowing the average widths of intragranular and grain
boundary microcracks (50 measurements for each) to be directly measured as a function
of thermal stressing temperature (NASSERI et al., 2007).

The analysis of the thin section and SEM images were performed using the program
“Intercept” developed by LAauneau and RoBIN (1996). This software allows the rapid
determination of microcrack density by scanning images along sets of parallel lines, and
counting the number of boundaries intercepted by those lines. The total number of
intercepts is then converted into an optical crack density, expressed in (mm/mm?) which
corresponds to the accumulated microcrack lengths (a;) from area (A) using:

(pomiea =52 @

3. Experimental Results

3.1. Microstructural Analysis for RT and Heat-treated Specimens

Figure 3 shows the evolution of both grain boundary (pgg) and intragranular
microcrack (p;s) densities with temperatures reaching 850°C determined through optical
microscopy. The initial ratio of p;c /pgp (RT specimens) decreased from approximately
2.85 to approximately 1.73 and 1.25 for 250°C and 450°C specimens respectively due to
the rapid increase in pgp. This ratio attains a value of ~1.54 for 650°C specimens,
reflecting the fact that intragranular density increased more than grain boundary crack
density. Whereas this ratio reaches its lowest value of ~0.95 for 850°C specimens,
reflecting a further increase in pgp especially observed due to the thermal splitting of
individual quartz and feldspar minerals at 850°C. A similar trend of observation has been
reported by FrReDrICH and WonG (1986) on thermal cracking of Westerly granite.
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Figure 3
Variation of intragranular and grain boundary cracking density as a function of temperature in thermally-treated
Westerly granite obtained using an optical method.

3.2. Fracture Toughness and P-waves Velocity Evolution with Temperature

Figure 4a shows the fracture opening displacement as a function of thermal stress
level. There is a clear dependence on the damage level and both peak stress intensity
factor K; (normalized to the peak fracture toughness of 1.48 MPa.m">, measured in the
RT sample) and maximum fracture displacement. A 60% reduction of the fracture
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toughness (from 0.98 to 0.43 MPa.m"”) is observed for the heat-treated specimens
ranging from 450 to 650°C. Figure 4b displays the coupled evolution of K¢ as a function
of temperature treatment as compared to normalized P-wave velocities, as a proxy to
damage level (normalized to RT specimen values). There is a clear negative correlation
of K¢ and normalized V,, with thermal stressing temperature. However, the evolution of
K;c and V), appears well coupled. Therefore, it is likely that V), is a good geophysical
indicator of the deterioration of K;c. The maximum P-wave velocity was measured in RT
specimens (4.55 km/s), which rapidly decreased to 0.94 km/s at 850°C. This corresponds
to the 80% decrease in V), which compares favorably with the 85% decrease in K;¢. The
biggest drop in velocity occurs between 450°C and 650°C as a result of the a—f§ quartz
phase transition. In general, the peak stress becomes ill-defined beyond 650°C and is
characterized with lower stress drops and increased post failure plasticity. These
observations are in close agreement with the previous results obtained on Westerly
granite (HEuzg, 1983; MEREDITH and ATKINSON, 1985).
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Figure 4
(a) Evolution of relative stress intensity factor K1, versus displacement, and as a function of temperature. (b) A
comparison of the fracture toughness (K;c) and the mean P- wave velocity as a function of temperature
treatment. Both K¢ and the V,, were normalized to that of the untreated specimens (after NAsseri et al., 2007).
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4. Experimental Results: Elevated Isostatic Pressure

4.1. Permeability and Seismic Wave Velocities at Elevated Hydrostatic Pressure to
35 MPa

Permeability was measured with an increasing effective pressure in a Hoek type
triaxial cell equipped with an elastic-wave measurement system (shown in Fig. 2).
Figure 5 shows that an approximately exponential decrease of permeability (k) occurs
with increasing effective pressure (where P.; = Pc—Pp), together with appreciable
hysteresis during depressurization. The phenomenon of ‘crack lips sticking’ is thought to
cause irreversible crack closure; this effect is more pronounced for the RT and heat-
treated specimens to 450°C as compared to the 650°C and 850°C specimens. This is best
illustrated by reference to the change in elastic-wave velocity (both Vp and V) shown in
Figure 6. During pressurization, elastic-wave velocities increased as a response to crack
closure, which, in turn, cause a concomitant reduction in permeability. During subsequent
depressurization, the viscoelastic property of the microcracks dominates and therefore the
complete restoration of permeability and elastic-wave velocities does not occur. The
permeability decreases by an order of magnitude (from 4.13E-19 m” to 4.9E-20 m?) as
effective pressure increases from 2.5 MPa to 35 MPa (RT specimen). However, this
hysteresis (for RT specimen) is not as obvious when measured via the P-wave velocity,
which returned to within 5% of its initial values. This trend is also seen for S-wave data
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1.0E-20
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Figure 5
Variation of permeability (k in log values) with effective pressure for thermally-treated Westerly granite; the
solid lines show the path during the pressurization cycle and the dashed lines show the path for depressurization
cycles for different specimens.
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(Fig. 6b), which returned to within 4% more than their initial values. Whereas such a
hysteresis in terms of V, and V; as a function of effective stresses for heat-treated
samples, especially the second group, is quite distinguishable during depressurization.
For the specimens thermally stressed to 250°C and 450°C, a similar trend was
observed. However, there is considerable overlap with the RT data, and it is clear that the
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Figure 6
(a) Variation of measured V,, and (b) V, with effective pressure for RT and thermally-treated specimens; the
solid lines show the path during the pressurization cycle and the dashed lines show the path for depressurization
cycles for different specimens.
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enhancement of permeability does not appreciably occur until a thermal stressing
temperature threshold, at between 450°C and 650°C, is crossed. 250°C and 450°C
samples show a reduction in permeability with increasing effective pressure, decreasing
respectively from 9.18E-19 m” and 2.36E-18 m” to 5.69E-20 m” and 9.05E-20 m”. The
P-wave velocity experiences an increase of approximately ~7-8% during pressurization
for both specimens. S-wave velocity for these two specimens increases about 19% for
both specimens (Fig. 6). On depressurization, elastic-wave velocities returned to within
4-5% above their initial values measured at 2.5 MPa of effective stress. Variation of
permeability for 650°C and 850°C specimens as a function of effective pressure up to
35 MPa shows a reduction of one to two orders of magnitude respectively. V,, and Vg both
increase ~ 13% for 650°C specimen where as this increase for 850°C is about 13% and
35% respectively as function of effective stress rising up to 35 MPa. On depressurization,
both elastic-wave velocities recover to within approximately 4—5% more than their initial
values, i.e., measured at 2.5 MPa of effective stress before pressurization.

5. Theoretical Analysis and Comparisons to Laboratory Data

The effective mechanical and physical (elastic and transport) properties of an initially
isotropic cracked medium depend on a number of key parameters combining linear
fracture mechanics and statistical physics. In the present method, the following key
parameters are defined:

¢ Fluid bulk modulus (Ky) and matrix elastic properties with Young’s modulus E, and
Poisson ratio v,,.
e Crack geometry (penny shaped cracks) with an average aspect ratio defined by:

= (w/2c).
e Crack density p, defined by: p = 1/V Zg c?, where c; is the radius of the i™ crack, N
being the total number of cracks embedded in the representative elementary volume V.
e Percolation factor f.

5.1. Elastic Properties

For an isotropic matrix containing a random distribution of cracks, the effective
Young’s modulus of a rock E* is a linear function of the crack density which can be
written in the form (first perturbation order):

— =1+ Hp. (3)

A similar expression can be written for the effective shear modulus (u*). In equation
(3), Young’s modulus E, is that of the crack-free matrix, and H is a positive scaling
parameter which is dependent upon the matrix and fluid properties, the geometry of the
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Figure 7
Crack densities determined optically and by P-wave velocity inversion as a function of temperature for the
Westerly granite.

cracks and the interactions between them. The scalar H has been calculated by many
authors for a wide variety of crack geometries and fluid properties. In this work we use
an appropriate and widely used scalar for non-interactive penny shaped cracks
(KacHaNov, 1994; SchuBNEL and GUEGUEN, 2003; ScHUBNEL et al., 2006). One of the
most straightforward methods is KacHanov’s (1994) non-interactive effective medium
theory, as it neglects stress interactions between cracks, and can therefore represent a
valid approximation for low crack densities (up to ~0.5). However, it is important to
point out that above 0.5, the calculation remains physical (the elastic moduli fall
asymptotically to zero) such that the non-interactive theory remains a useful physical tool
to quantitatively evaluate damage. Because we neglect stress interactions between cracks,
calculations using the non-interactive approximation overestimate the actual crack
density within the samples and in the following, we evaluate only an upper bound for
crack density. More realistic values of crack density could be obtained using alternative
effective medium theories taking into account stress interactions such as the Extended
Differential Self Consistent scheme (LE RavaLEc and GUEGUEN 1996). Comparing both
theories at high crack densities would probably demonstrate that non-interactive theory
continues to give physically interpretable results up to considerably higher crack densities
than ~0.5. However, this last observation is beyond the scope of this paper.

In the present work we use the case of a random crack distribution (KacHanov, 1994;
ScHuBNEL and GUEGUEN, 2003). When neglecting crack interactions, effective elastic
moduli of a cracked solid can be calculated exactly and rigorously in a unique manner
that depends solely upon the average crack orientation and distribution. For certain
distributions, where stress interactions are compensating geometrically such as a random
(isotropic) or aligned crack distributions, it was shown that the non-interactive
approximation is the most effective scheme when compared to other effective media
theories (KacHaNov, 1994; Sayers and KacHanov, 1995). Moreover, in our case such a
model is pertinent because cracks are elastically opening and closing due to isostatic
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Comparison between sample’s measured bulk porosity with microcrack porosity deduced form microstructural
parameters (after NASSerI et al., 2007). IG = intragranular, GB = grain boundary microcracks.

pressure solely, whereas stress interactions are most important in the case of crack
propagation only. In such a scheme, the evolution of elastic-wave velocities can be used
to quantify uniquely both the crack density and aspect ratios. As all of these methods and
concepts have been well discussed in previous publications (e.g., BENsoN et al., 2006;
SCHUBNEL et al., 2006), the precise details are not reproduced here.

5.2. Dimensionless Microcrack Density, Inversion Method (KACHANOV)

Figure 7 plots the dimensionless crack density p as a function of temperature. As
temperature increases, K;c decrease from 1.4 to 0.2 MPa.mo'S, and p increases from 0.26
to approximately 10. The optically determined crack density popiical. Which is not a
dimensionless parameter, is also plotted for comparison. Although pgpicar and Prachanov
are correlated and show a very similar trend, it is hard to compare two parameters of
different dimensions. In order to palliate to any misinterpretation this comparison could
lead us to, microcrack aspect ratios { measured optically (using high resolution SEM
images) were calculated by simply using { = (w)/(2c) where w is the crack width and ¢
the crack radius. Remembering the fact that for penny-shaped cracks with constant aspect
ratio distribution, the total microcrack porosity is also equal to ¢ = mpw/c, then the
aspect ratio can be expressed as a function of the porosity and the crack density, i.e.,
{ = ¢R2np. Figure 8 shows the close comparison between the microcrack porosity as
deduced from the microstructural parameter (shown in detail in NAssErI et al., 2007) with
the porosity measured on the bulk samples as a function of temperature. Figure 9 shows
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Figure 9
Evolution of intragranular and grain boundary crack length as a function of temperature at zero effective stress
(measured from thin sections prepared for each heat-treated specimen).

the evolution of thermal crack length (intragranular and grain boundary) measured from a
thin section prepared at various temperatures. Needless to emphasize that it is not
physically possible to monitor such an evolution at various effective stresses and the
responses of crack length to applied pressures.

5.3. Simultaneous Inversion for Crack Porosity and Concomitant Permeability

In order to link the effect of microcrack aspect ratio, density, and aperture to crack
connectivity (and therefore permeability), the GuEGUEN and Dienes (1989) crack
permeability model may be employed. Any crack represents a void space of non-zero
size, with the aperture being defined as the maximum width. If the cracks intersect, this
will produce a crack permeability based on the fluid movement through the network of
linked crack elements. GUEGUEN and DIengs (1989) quantify the effect of penny-shaped
cracks on the permeability of an otherwise impermeable host matrix, and derived the
following relation:

1
kcracks = EfCracksWZ CP ) (4)

where, p is the crack density, w and { are the crack aperture and average aspect ratio
(ratio of crack aperture to crack length), respectively, and f; .cxs 1S the percolation factor
(GutGueN and Dienes, 1989; ScHuBNEL and GUEGUEN, 2003), approximated via:

42 1\’
fCrackswg(Zp_§> )

and valid for 1/3 < pn2/4 < 1. In essence, f. acks describes the probability of two cracks
intersecting (pn?/4), in which case the volume element created by the intersecting cracks
is discounted in the method (an excluded volume). In all cases, 0 < f.acs < 1. Here and
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Figure 10
(a) Variation of crack density obtained from inversion of V,, (b) aspect ratio and (c) crack aperture as a function
of effective pressure measured in instrumented Hoek-type cell for RT and treated specimens.

for the sake of simplicity, we assume crack network to be always fully connected so that
Seracks = 1 in all the following. As we shall see later, even a simple model can provide
useful insight in helping estimate which factors dominate the bulk permeability and the
permeability changes.

Figure 10 shows the variation of crack density, aspect ratio and crack aperture as a
function of effective pressure for heat-treated and non-treated Westerly granite obtained
from the inversion methodology explained above. The evolution of crack aspect ratio is
shown up to 35 MPa of effective pressure. All the mentioned properties respond to
applied pressure with a decrease in magnitude. Figure 11 shows the comparison between
the experimental and modeled values for V,, V,, porosity (up to 75 MPa) and
permeability (up to 35 MPa) as a function of effective pressure. A detailed description
of the said figures is included in the next section.

6. Discussion and Interpretation

Two groups of samples based on intensity of induced thermal damages are
distinguished in this study. The first group of samples, treated up to 450°C, is
characterized with a comparable range of data in terms of porosity, crack density, elastic-
wave velocities (including the nature of depressurization responses), fracture toughness
and permeability (including the nature of depressurization responses) as a function of
temperature. These properties are substantially different from the same properties shown
by the second group of samples, which have been treated at 650° and 850°C (Figs. 3 to 6).
The modeled or predicted properties as well follow the similar overall trend with respect
to the range of thermal treatment acquired in this study (Figs. 10 and 11). A similar trend
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(a)Variation of experimentally determined and modeled V,, (b) Vs, (c) porosity and (d) permeability (k) as a
function of effective pressure for RT and treated Westerly granite. The solid lines show the experimental values

and square symbols show the modeled values.

of observations was noted in correlating between the fracture toughness and fracture
roughness as a function of temperature for Westerly granite, (NAsSERI et al., Fig. 8, this
issue). Such a division based on distinctly different mechanical, physical and transport
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properties is directly related to the extend of thermal damages caused by o—ff quartz phase
transition in granitic rocks, (DAROT et al. 1992).

The stress intensity factor generated at the tip of propagating test crack (unconfined,
dry specimens) drops 25% for the 450°C specimen in comparison to the RT specimen,
whereas the stress intensity factor drops about 75% and 80% for the 650°C and 850°C
specimens, respectively. Increased crack density above a—ff quartz phase transition for
the 650°C specimen and further enlargement of grain-grain boundary apertures at the
850°C specimens is responsible for lower resistance to cracking at the onset of test crack
propagation. It has been concluded that during CCNBD testing, a macroscopic effective
medium approach can grasp the reduction of K;c- with crack density and might well
explain the strong correlation observed experimentally between P-wave velocity and K¢
reduction (NASSERI et al., 2007).

Figures 12a and 12b show the evolution of porosity and P-wave velocities as a
function of effective pressure for RT and thermally treated specimens. In this graph each
measured value for porosity and V), (® or V,,) is divided by its corresponding values (@,
or V,,,) measured at 2.5 MPa of effective pressure. Porosity in RT and treated specimens
at 250°C and 450°C responds quickly to effective pressure increases, decreasing 55%-45%
respectively up to 45 MPa of effective pressure, followed with a more or less constant
decrease up to 75 MPa of effective pressure. This trend for 650°C and 850°C specimens
follows a decrease of 25% and 15%, respectively as effective pressure increases up to
75 MPa. P-wave velocity, on the other hand, increases linearly about 10% as a function
of effective pressure for RT, 250°C and 450°C specimens whereas 650°C and 850°C
specimens show a maximum increase of 20% and 35%, respectively. It is shown that in
the saturated specimens in the range of RT to 450°C, induced thermal cracks which are
characterized with lower crack density, smaller crack aperture and lower crack aspect
ratio (Fig. 11), behave differently to the sets of samples treated at 650°C and 850°C when
subjected to various levels of effective pressure. In the first group of specimens, thermal
crack density being less (~1) and characterized with much lower aspect ratio
({, = ~5.00E-4) comply with the applied stress quickly, and as a result porosity drops
instantaneously up to a threshold effective pressure in the range of 45 MPa. Whereas for
the second range of specimens, characterized with high initial thermal crack density
(~2-3), much higher crack aspect ratio ({ = ~2.00E-3) and bigger crack aperture
(0.5 um) do not comply with applied pressure, immediately resulting in comparatively
little porosity reduction (15%-25%) as a function of effective pressure. The variation of
V,, with effective pressure for the said two ranges of heat-treated rocks follows a similar
trend. The first group of rocks show no large improvement in V), (Fig. 12b) with applied
pressure during pressurization due to their lower porosity and lack of interconnected
saturated pores, where as the second group of rocks show an increase (20%-35%) in V),
with effective pressure increasing to 75 MPa. During depressurization, crack opening is
delayed, suggesting irreversible closure of the cracks (Figs. 6a and 6b). Opening of
cracks results in a larger V, and V for the second group of rocks in comparison to first



M.H.B. Nasseri et al. Pure appl. geophys.,

—%— RT —8— 250C —A— 450C

—— 650C - 850C

(b) 1.40 -

1.30

Vp/Vp,

1.20

1.10

0 20 40 60 80
Effective Pressure, MPa

Figure 12
(a) Evolution of porosity and (b) P-wave velocities as a function of effective pressure for RT and thermally-
treated specimens. In these graphs each measured value for porosity and P-wave velocity (® or V,,) is divided by
its corresponding lowest value (®, or V,,,) measured at 2.5 MPa of effective pressure.

group of rocks. Similarly the hysteresis between the closing and opening sequence is
more pronounced for the second group of rocks than for the first group.

Figure 10 compares the experimental V,, V,, porosity and permeability with the
modeled data during the pressurization sequence. Using the crack density and aspect ratio
recovered from the elastic-wave velocity inversion together with the model of Guéguen
and Dienes and initial porosity data; the recovered permeability variation can be mapped
(Fig. 11d) with pressure. Increase of elastic-wave velocities due to pressure is large and
controlled by crack density for specimens RT 250°C and 450°C (~ 10%). For specimen
650°C and 850°C the increase is larger because the crack density is indeed larger and also
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because cracks are fully open, as seen by the permeability inversion which shows that for
these samples, the crack aperture jumps almost one order of magnitude. In this case, the
variation of crack density is larger during pressurization, thus a larger variation of V,,. In
fact, the crack density p is an indirect measure of the average crack length X number of
cracks. For a given specimen, the variation of p with pressure can only be interpreted as
an average diminution of crack length (because the number of cracks remains constant)
due to the increase of crack surface contact points. However, the increase of crack length
with temperature treatment is harder to infer using wave velocities because both the
average crack length and number increase. In this case, only our optical analysis can give
bounds only for zero effective pressure (Fig. 9). However, in all cases, the permeability
order of magnitude is controlled by the aperture and the jump between 450°C and 650°C
samples is interpreted in a jump of crack average half aperture. However, the RT sample
shows a decrease in aspect ratio and crack density, but a slight increase in crack aperture
with effective pressure (Fig. 10c), which is counter-intuitive and probably shows the
limitation of our microstructural inversion that neglects the important problem of crack
connectivity. However, this could certainly be interpreted by introducing a percolation
factor f nonequal to 1, which shows that the latter probably plays an important role at low
effective pressures. The same observation can be performed in the case of the 650°C and
850°C samples, for which the crack aperture increases at low effective pressure while the
aspect ratio and crack density decreases.

The excellent fit is a confirmation that the model, based on a network of cracks, is
appropriate for this type of rock, which is consistent with previous experience with this
type of hybrid experimental-modeling approach (BENsoN et al., 2006). While this strategy
does not predict permeability from base properties, the fact that the variation of
permeability with pressure is driven almost solely by crack aspect ratio, the crack density
and crack aperture thus allows important controls to be placed on how damage in rock
masses (natural or induced) controls and affects transport properties. This has important
implications in many areas of applied science and engineering, for example geothermal
reservoir production and mining.

7. Conclusions

In this study a series of 20 heat-treated CCNBD samples of Westerly granite were
tested in order to evaluate the effect of thermal damage on fracture toughness (K;¢). Four
heat-treated and one untreated cylindrical samples were tested in a Hoek type of cell,
designed to measure contemporaneous permeability (up to 35 MPa of effective pressure),
elastic-wave velocity (V,, V) and porosity change as a function of effective pressure to
75 MPa. The decrease in P-wave velocity matched well with that of fracture toughness in
samples heat-treated up to 850°C. Crack densities p obtained from wave-velocity
inversion showed similar trend to that determined optically. Thermal cracking was found
to induce a significant decrease in the mechanical and dynamic elastic properties, and to
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increase the permeability of Westerly granite of three orders of magnitude. Seismic wave
velocity measurements are a good geophysical indicator of the damage and hence the
deterioration of K, and the enhancement of permeability with microcracking, and could
be used as a nondestructive technique to monitor the evolution of these parameters in the
laboratory and field. Permeability was estimated based on a method involving the
GUEGUEN and DIenEes (1989) crack permeability model, and prediction of the evolution of
permeability with increasing pressure from elastic-wave velocity variations is in good
agreement with the experimental data for the pressurization cycle. These constitute part
of an ongoing research project endeavoring to link mechanical properties (fracture
toughness, elastic constants) and physical properties (permeability, elastic-wave veloc-
ities) to quantitative microstructural parameters (crack density, aspect ratio).
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