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ABSTRACT

Microcracks can affect the mechanical properties of rocks, such as their stiffness and strength. To provide a link
between the microstructural parameters and the mechanical behaviour of rock, micromechanical models use
parameters that represent a quantitative description of the microcrack population. However, these parameters
are difficult to constrain. With the aim of better constraining micromechanical models for rock strength and
stiffness, we provide here robust measurements of microcrack characteristics. We developed an algorithm to
process optical micrographs of rock, automatically creating binary images of the microcrack network. We ap-
plied this procedure to optical micrographs of fine-grained granite samples that have undergone varying degrees
of thermal microcrack damage. From these processed images, we calculate the mean microcrack length and the
number of microcracks per unit area (and therefore the 2D microcrack density). We also create heat maps
showing the spatial distribution of microcracks and their lengths. The results of our automated image analysis
are in very good agreement with those of widely-used stereological techniques, and we show that our method
can be applied to other rock types (sandstone and andesite) that contain microcracks. Using the measured
microcrack characteristics as inputs for Ashby and Sammis’ (1990) 2D micromechanical sliding wing crack
model, we predict the uniaxial compressive strength of the granite and compare the predictions with strength
measurements made in the laboratory. We find good agreement between the model and the experimental data
for granite heated to temperatures below the alpha-beta transition of quartz (~573 °C). Rock strength is over-
estimated above this threshold, possibly due to variations in fracture toughness, which is considered constant in
our modelling. Finally, we use the 2D sliding crack model of David et al. (2012) to infer microcrack density and
aspect ratio from the mechanical response of the thermally microcracked samples to cyclic stressing. We show a
good agreement between inferred and measured crack densities if a scaling factor is introduced.

1. Introduction

and numerous micromechanical models exist to perform such a func-
tion. For example, one type of upscaling model relies on the scale in-

Rocks commonly contain microscopic cracks.'* Microcracks in rock
have a length of typically 0.1 mm or less' and an aspect ratio, i.e. the
ratio of their aperture and their length, of less than 102, generally in
the range of 107 °-10"°. They can be mechanically, chemically, or
thermally induced and significantly affect the thermal® and transport™°
properties of rock, which may have important implications for geo-
thermal or hydrocarbon reservoirs, or for the underground storage of
nuclear waste.” Microcracks also reduce the stiffness®'? and
strength”'? of rocks, an important consideration for industrial geo-
mechanical problems such as borehole breakouts'® and natural geo-
physical phenomena, including the formation and properties of fault
zones."”

As a result, the detailed microscale characterisation of rock must
inform on the mechanical response at the laboratory scale and beyond,
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variance of fracture processes.'” Another type assumes a clear re-
presentative elementary volume at the micro-scale and upscales to
greater lengthscales using micromechanical damage mechanics models.
Examples of the latter include micromechanical models that explore the
influence of microcracks on rock stiffness®'"'® and strength.'”*° The
reliability of these micromechanical models depends on the accuracy of
the micro-scale characterisation, along with the adequacy of the model
assumptions for a given rock. For instance, micromechanical models for
failure require an accurate description of the initial microcrack density
and geometry. In the case of Ashby and Sammis’ 2D sliding wing crack
model,? which predicts the compressive failure of microcracked ma-
terials and has been widely applied to the failure of rocks,*' ** an initial
crack damage parameter is required, itself a function of the microcrack
length and the number of microcracks per unit area (herein referred to
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(b) Garibaldi Grey Granite, heated to 600 °C
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Fig. 1. Cropped 3 mm X 3 mm optical micrographs of Garibaldi Grey Granite: (a) a thin section of the unheated granite and (b a thin section of the granite which has been heated to

600 °C.

as the number density). However, these micromechanical models ty-
pically show some limitations when the crack density becomes large
and multiple crack interactions are in play up to the limit of microcrack
coalescence.’*?° A central issue of modelling damage mechanics is the
consideration of microcrack interactions for high microcrack densities
(e.g. Refs. 27-29).

To obtain information on the microcrack distribution, microscopy is
one of the most commonly used tools. For example, a quantification of
the microcrack density may be obtained “manually” using the stereo-
logical techniques of Underwood®° (see Refs. 31-37). These established
techniques involve placing a grid over a microscope image and
counting intersections between microcracks and the grid to calculate
their area density. However, this manual approach can be time con-
suming and is open to subjectivity. Microcrack characteristics can also
be determined numerically from digital images of the microcrack net-
work (dedicated analysis tools are available, for example FracPaq>®).
These images can be generated manually by tracing over micrographs
(which has subjectivity and reproducibility issues) or automatically,
using image segmentation techniques to create binary images of the
microcracks. For example, Refs. 39,40 used image processing software
to segment backscattered Scanning Electron Microscopy (SEM) micro-
graphs of Carrara Marble. From the processed SEM micrographs, they
are able to calculate the microcrack length, aspect ratio and surface
density. For studying microcracks, SEM micrographs have the ad-
vantage over optical micrographs in that they are sensitive to mass
density. However, compared to optical microscopy, SEM is more ex-
pensive, time consuming, and technically demanding. For analyses of
large sets of micrographs, it is therefore of interest to develop an au-
tomated and robust procedure targeting optical micrographs.

In this study, we aim to address the influence of microcrack density
on the mechanical response of rock. To keep other rock attributes such
as the mineralogy and grain size constant, we selected a fine-grained
granite (Garibaldi Grey Granite) in which we induced varying amounts
of thermal microcracking by heating samples to temperatures ranging
from 100 to 900 °C. To assess the thermal microcrack damage on the
microscale, we present here a new automatic procedure, coded in
Python, that rapidly extracts quantitative microcrack statistics from
optical microscope images. The details of the micrograph processing
stage, which produces binary images of the microcracks, are described
in Supplementary materials. From the processed images, we calculate
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the microcrack length and number density, thus quantifying the mi-
crocrack damage present within the rock (scripts for both the image
processing and the microcrack quantification are available on demand
from the corresponding author). We then performed uniaxial de-
formation experiments to study the influence of thermal microcracking
on rock stiffness and uniaxial compressive strength (UCS). We compare
our experimental UCS measurements on the thermally microcracked
granite samples with the upscaled predictions from Ashby and Sammis’
micromechanical sliding wing crack model®® (using data from our
quantitative microcrack analysis). Finally, we followed a downscaling
approach by using the sliding crack model of David et al.'® to infer
values of the microcrack density and aspect ratio using data from stress-
cycling experiments on the thermally microcracked granite, and we
compare these values to the direct microscale measurements.

2. Materials and methods

Previous studies that focus on the influence of microcrack density
on the physical and mechanical properties of rock have performed ex-
periments on variably thermally microcracked samples of the same rock
(e.g. Refs. 41,42). In this way, the microcrack density may vary, whilst
other rock properties such as composition and grain size remain con-
stant. Here we follow the same approach by preparing a suite of vari-
ably thermally microcracked granite samples for our measurements.

2.1. Sample preparation

Garibaldi Grey Granite from British Columbia, Canada, was chosen
for this study due its homogeneity and small crystal size (between 0.5
and 1 mm) with regards to the dimensions of a thin section and a la-
boratory sample. The composition of the granite, estimated from an
optical micrograph of the unheated granite (a cropped micrograph is
shown in Fig. 1a) is 45% quartz, 45% feldspar, and 10% mica. For the
laboratory measurements, we prepared 11 cylindrical samples of
20 mm diameter and nominally 40 mm in length and thermally mi-
crocracked them to varying degrees by heating them in a furnace at
room pressure to temperatures of 100, 200, 400, 500, 550, 600, 650,
750, 800, and 900 °C. One sample was left intact. The heating proce-
dure consisted of drying the rock in a vacuum pump at 40 °C over 24 h
before placing the sample in the furnace, programmed to heat at 1 °C/
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min to the desired maximum temperature. The rock remained at the
target temperature for a dwell time of two hours before being cooled at
1 °C/min back to room temperature. Considering the low heating and
cooling rate of 1°C/min, we assume that the temperature gradient
across our samples to be negligible. Indeed, the time constant for
thermal equilibrium of a cylindrical sample is equal to ?/d where r is
sample radius and d is the thermal diffusivity®®. If we take the diffu-
sivity of our 20 mm diameter granite samples to be that of Westerly
Granite (~1 X 10~ °m?/s)***** the time constant is equal to 100 s. The
time constant is within an order of magnitude of the 60 s the furnace
takes to heat by 1 °C and, as such, we can expect a low thermal gradient
across the sample. Fig. 1 shows cropped optical micrographs of the
intact granite (Fig. 1a) and the granite heated to 600 °C (Fig. 1b). The
granite heated to 600 °C clearly contains more microcracks than the
intact sample (Fig. 1).

2.2. Crack density and crack length measurements

Thin sections of the granite samples were prepared in a plane par-
allel to the sample axis. Optical microscope images at 2500 X optical
zoom (2592 X 1944 pixels, or 5.2 X 3.9 mm) were taken across the
entirety of each of the thin sections (that have an area of roughly 20 x
25 mm, i.e. 100% of the sample width and 62% of the sample length).
Fig. 1 shows examples of cropped micrographs of the intact sample and
the sample heated to 600 °C. All the cropped micrographs were pro-
cessed to create binary images of the microcracks, following the fil-
tering and segmentation procedure described in  detail
in Supplementary materials. Microcracks were automatically identified
and characterized in the processed images in windows of 1 X 1 mm and
their lengths were approximated by the distance between their end
points.

Examples of entire thin section of the granite heated to 550, 600,
and 650 °C are shown in Fig. 2. Fig. 2 also shows the spatial distribu-
tions (heat maps) of the number of cracks per unit area (or number
density), N4, and the mean microcrack length, calculated from the
processed optical micrographs in windows of 1 x 1 mm. We see no
spatial preference for the location of microcracking, which supports our
conclusion that the heating/cooling rate is sufficiently low to ensure a
homogeneous temperature distribution within the sample. If this was
not the case, we might expect a higher number of microcracks per unit
area at the periphery of the sample. In these examples, we generally
observe an increase in N, and a decrease in the mean microcrack length
with temperature (Fig. 2).

The final results of the image analysis are shown in Fig. 3: the mean
number of cracks per unit area, or number density N4, and the mean
microcrack length as a function of thermal stressing temperature (data
also available in Table 1). Error bars represent one standard deviation
from the mean microcrack length and number density. We see that N,
remains constant (~75mm™2) up to a temperature of 550 °C. N, is
doubled from 550 to 600 °C (from ~75 to ~150 mm ~2), but remains
approximately constant (between ~150 and ~175 mm ~ %) between 650
and 900 °C (Fig. 3). The calculated values of the microcrack lengths
(100 pm or less) are compatible with values of microcrack lengths in
the literature (see Refs."? and references therein). The mean micro-
crack length increases slightly with temperature up to around 550 °C
(Fig. 3). Above 550 °C, the mean microcrack length decreases to
~60 um and remains constant up to the maximum temperature of
900 °C (Fig. 3).

To validate the proposed automatic procedure, we compared our
analysis to the widely-used manual stereological techniques of
Underwood.?® The latter technique extracts information on the 3D
microstructure from 2D microscope images to provide the surface area
per unit volume, Sy (mm™1Y). For this, parallel test lines are drawn
across the 2D image and the number of intersections between these
lines and the features are counted. The number of intersections per unit
length of test line is written Py, (mm™Y). Assuming that the surfaces of
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the feature are randomly distributed within the volume and that a large
number of parallel test lines are drawn, we have Eq. (1).%

Sy = 2P, (€9)]

If we now consider two sets of test lines drawn in perpendicular
directions, we have two values, P;, the number of intersections per test
line length in the first direction, and Py, the number of intersections per
test line length in the second direction. Sy is then equal to the sum of
the intersections per unit length in both directions (Eq. (2)).

Sy =P+ Py (2)

In our case, the features we consider are microcracks, and Fig. 4a
shows a grid of test lines overlaying a 2 X 2 mm micrograph of the
granite sample heated to 600 °C. Here the grid test lines are spaced at
regular intervals of 0.1 mm, as used in Refs. 33,34. This example mi-
crograph has also been processed following our algorithm (Fig. 4b) and
the resulting microcrack network is shown in green. In this way, we can
compare the Sy values from manually counting intersections between
test lines and the microcracks in the original (i.e. unprocessed) micro-
scope image with Sy values resulting from the automatic counting of
intersections with the microcracks in the processed image. The result of
this analysis is presented in Fig. 5a. We see that Sy values obtained from
manually counting intersections in the original image are very similar
to those obtained by counting intersections programmatically in the
processed image (Fig. 5a). We note that the manual method is open to
subjectivity and that results may vary from user to user.

For our analysis method, rather than use a grid, we chose to directly
calculate N, by automatically locating and counting cracks within 1 x
1 mm windows of the processed micrographs. To compare the two
methods, Sy can be related to N,y through the Walsh 2D crack density,®
¥, which is defined by Eq. (3), where c is the crack half-length.

Y = Nyc? 3

Through direct measurements of the mean crack length, 2c, and Ny,
Hadley et al.*® showed an agreement between the product of these two
values and the microcrack length per unit area of Underwood® (Eq.

(4)).
La~r2cN,y 4

Ly, is related to Sy via Eq. (5)°° and therefore Sy can be used to
calculate the 2D crack density, y (Eq. (6)).

/9
Ly = —S
AT )
~ Sy c
8 (6)

For all thin sections, y was calculated from both N, and Sy (Fig. 5b).
Both methods give similar results, especially for lower values of y. The
strong agreement between the calculated values of N4 and Sy serves to
validate the method (including the crack length approximation) and the
accuracy of the stereological methods.

2.3. Physical properties (porosity and P-wave velocity)

The connected porosities of all granite samples were measured using
the triple weight water saturation method. The P-wave velocities, noted
Vp, were measured under ambient pressure and temperature conditions
along the length of the oven-dried cylindrical samples (placed in a
vacuum oven for at least 24 h at 40 °C). The porosity and Vp of the 11
samples were measured following the heating procedure and ranged,
respectively, from 0.009 and 4.37 km/s for the intact rock to 0.037 and
1.48 km/s for the sample heated to 900 °C (Table 2; Fig. 6a). The
porosity increases with the maximum heating temperature, whilst Vp
decreases with temperature (Fig. 6a). In both measurements, large
changes are observed from 500 to 600 °C (Fig. 6a). Since we observe no
pores in the microstructural images (Fig. 1) we assume that all porosity
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(a) Garibaldi Grey Granite, 550 °C

15

5

is cracks.

2.4. Stiffness measurements

We conducted a series of deformation experiments in which we
uniaxially loaded and unloaded each of the 11 oven-dry (under vacuum
at 40 °C for at least 24 h) samples (examples of these curves are shown
in Fig. 7a). Samples were loaded up to a maximum stress (within the
elastic domain) at a constant strain rate of 10™°s~ 1. The maximum
stresses for cycling were therefore chosen to be well below the UCS of
the rock as not to induce cracking: 100 MPa for all samples heated up to
650 °C and less, and 75 MPa for the samples heated to 750, 800, and
900 °C. The axial strain was measured using a single strain gauge
(Vishay Micro-Measurements 125UT general purpose strain gauge)
glued halfway along the length of the sample, this way we eliminate
any deformation of the load-train from the recorded data. A lubricating
wax was applied to either end of the samples to limit any stress due to
friction between the rock and the pistons.*”
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Fig. 2. Original optical micrographs of thin sections
of Garibaldi Grey Granite samples heated to (a) 550,
(b) 600, and (c) 650 °C, alongside heat maps of the
number of microcracks per unit area (N4) and the
mean microcrack length (2c) overal x 1 mm area,
as calculated from the processed micrographs (data
given in Table 1).
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2.5. Uniaxial compressive strength (UCS) measurements

UCS tests were conducted on the 11 oven-dry (under vacuum at
40 °C for at least 24 h) granite samples at a constant strain rate of
10~° s~ ! until failure, whilst measuring axial stress and strain (Fig. 7b).
Strain was calculated using data from a linear variable differential
transducer (LVDT) that monitored the displacement of the piston re-
lative to the static base plate. Displacement measured by the LVDT was
corrected for the strain accumulated in the load-train. For all UCS tests,
a lubricating wax was again applied to both ends of the sample to limit
friction at the piston/sample interfaces. The measured values of UCS
(Table 2) are shown in Fig. 6b as a function of thermal stressing tem-
perature. UCS generally decreases with temperature. For example, UCS
was decreased from 287 MPa for the ambient sample to 122 MPa for the
sample thermally stressed to 900 °C (Fig. 6b). As for the porosity and Vp
measurements (Fig. 6a), we observe a notable change in UCS from 550
to 600 °C (Fig. 6b).
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Fig. 3. Results of the micrograph analysis of all Garibaldi Grey Granite thin sections.
Shown are the mean number of microcracks per unit area (N,) and mean microcrack
lengths (2c) as a function of the maximum temperature to which the sample was heated.
Error bars give one standard deviation from the mean number of cracks and their average
lengths per mm? across each thin section.

Table 1

The results of the micrograph analysis of all Garibaldi Grey Granite thin sections. For each
thermal stressing temperature, we report the calculated mean crack number density, N,
and mean crack length, 2c. From these values, we calculate the crack density, y (Eq. (3)).

Thermal stressing Cracks per unit Mean crack 2D crack
temperature [°C] area N, [mm 2] length 2¢ [um] density y
ambient 79.6 56 0.062
100 64.4 71 0.081
200 75.7 68 0.088
400 69.7 72 0.090
500 68.9 75 0.097
550 78.9 72 0.102
600 140.4 61 0.131
650 168.6 57 0.137
750 176.0 55 0.133
800 155.4 60 0.140
900 165.6 57 0.135

3. Micromechanical modelling
3.1. Upscaling using the Ashby and Sammis 2D sliding wing crack model

Brittle failure is the result of the propagation, interaction, and
coalescence of microcracks and as such, micromechanical models of
rock failure, which are based on the work of Griffith,*® must consider
microcrack geometry. This is achieved by considering a certain mi-
crocrack density, often expressed as a single damage parameter, which
evolves during brittle deformation. One of the most popular models is
the 2D sliding wing crack model of Ashby and Sammis.?° This model is
based on linear elastic fracture mechanics applied to the failure of rocks
in compression.””***° It considers a planar far-field stress in which
there is a microcrack of half-length c at a given angle to the maximum
principal stress direction. As the far-field axial stress increases, the
Coulomb condition for sliding is satisfied. The microcrack tips locally
concentrate the tensile stress, which increases further with frictional
slip along the microcrack. In this case, wing cracks may nucleate from
each tip when the mode I (opening) stress intensity factor reaches a
critical value, noted Kjc. The wing cracks then follow a curved path
before aligning with the principal stress direction.
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(a)

]
1 mm

Fig. 4. (a) Cropped micrograph of the thin section of Garibaldi Grey Granite sample
heated to 600 °C. A grid has been superposed to show the working of the stereological
method of Underwood, 1967.%° (b) The same micrograph as in panel (a) with the results
of micrograph processing (details provided in Supplementary materials) superposed in
green (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.).

The sliding wing crack model”° was developed for brittle failure of a
material containing a certain density of microcracks, which propagate
in the direction of the major principal stress if the material is loaded in
compression. For geometrical simplicity, the model considers that all
microcracks have the same half-length and the same orientation of 45°
to the principal stress direction. Then, if the wing cracks become suf-
ficiently proximal, microcrack interactions will lead to microcrack
coalescence and, ultimately, macroscopic failure. For uniaxial com-
pression, the sliding wing crack model®® gives an expression for the
applied stress o; as a function of y, the friction coefficient of the frac-
ture, Kj, the fracture toughness, c, the crack half-length, D the damage
parameter, and D, the initial damage parameter Eq. (7):
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Fig. 5. (a) Comparison between the mean crack surface area per unit volume (Sy) from
manually counting intersections between microcracks and test lines in the original 25,
200, and 600 °C micrographs (cropped to 10 X 10 mm) and Sy given by the number of
intersections between the generated microcrack network and the test lines across the
entire thin section. (b) The measured microcrack density (y,,) for each thin section of
Garibaldi Grey Granite as calculated from both the microcrack number density N, (Eq.
(3)), and the crack surface per unit volume Sy (Eq. (6)).

Table 2

The physical properties of all Garibaldi Grey Granite samples measured at room tem-
perature and pressure. For each maximum heating temperature, we report the connected
porosity, the P-wave velocity, Vp, and the measured uniaxial compressive strength (UCS).

Thermal stressing Connected Vp [km/ Measured UCS
temperature [°C] porosity s] [MPa]
Ambient 0.009 4.37 287
100 0.010 4.09 241
200 0.011 3.98 261
400 0.011 3.35 254
500 0.014 3.05 240
550 0.015 2.79 229
600 0.021 2.08 191
650 0.024 1.98 165
750 0.028 1.77 145
800 0.027 1.75 163
900 0.037 1.48 122
Cy4

cos (45°) N

Kic 0.1
\' V Do - 1+cos (45°)

g =

1+

J7Do

1-VD

(

)

Where C, = % The initial damage parameter Dy, is proportional
Ni+ps —p
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Fig. 6. Physical and mechanical properties of the Garibaldi Grey Granite samples as a
function of thermal stressing temperature: (a) the measured values of connected porosity
and P-wave velocity, and (b) the uniaxial compressive strength (UCS).

to the 2D microcrack density, y, of Walsh® by Eq. (8), which is in turn a
function of the microcrack half-length, ¢, and the microcrack number
density, Ny (Eq. (3)).

w
Dy ==
0=57 ®)

The applied stress, oj, is therefore a function of the microcrack
density, as the interaction between microcracks is important in the
deformation process. The model predicts that for a certain level of
damage D (increasing with the wing crack length), the applied stress, oy,
will reach a peak: the UCS of the rock. An iterative procedure is
therefore necessary to determine the UCS using this model.

However, the initial damage in the rock, Dy, is often ill-constrained
in studies that use the Ashby and Sammis model®’ as it requires
knowledge of the microcrack distribution. Here we determine D, from
the rock microstructure by processing optical micrographs to calculate
the mean microcrack length (2c) and number density (N4). From the
mean values of N, and ¢, Dy was calculated using Egs. (3) and (8) for
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Fig. 7. Mechanical testing of thermally stressed Garibaldi Grey Granite samples. (a) Axial
stress against axial strain during uniaxial stress-cycling tests on samples heated to 200,
500, 600, and 800 °C. The 200, 500, and 600 °C samples were loaded to a maximum
uniaxial stress of around 100 MPa, the 800 °C sample was loaded to a maximum stress of
around 75 MPa. (b) Axial stress against axial strain for all uniaxial compressive strength
(UCS) tests on the thermally stressed samples (25-900 °C).

Table 3

The calculated values of the initial damage parameter Do, %CC, and the predicted uniaxial
compressive strength (UCS) provided by the Ashby and Sammis sliding wing crack
model® for temperatures between ambient and 900 °C.

Thermal stressing temperature [°C] D, % [MPa] Predicted UCS [MPa]
e
Ambient 0.098 58.0 293.0
100 0.127 51.5 241.0
200 0.137 526 240.9
400 0.142 51.2 231.9
500 0.152 50.1 222.6
550 0.161 51.2 223.6
600 0.205 55.6 226.1
650 0.215 57.5 230.7
750 0.209 58.5 236.8
800 0.220 56.0 223.4
900 0.211 57.5 231.9
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Fig. 8. The laboratory-measured uniaxial compressive strength (UCS) and the UCS pre-
dicted by the sliding wing crack model®® as a function of thermal stressing temperature
for Garibaldi Grey Granite.

each thin section (Table 3). We include all cracks, regardless of their
orientation, in the calculation of Dy, and the sliding crack model as-
sumes that they are all at 45° to the stress direction. We find that the
unheated granite has a Dy of 0.098, which is comparable to that of
Westerly Granite, a granite with similar porosity and crystal size, at
0.13.°° D, increases with temperature up to a temperature of 650 °C,
after which Dy remains roughly constant up to the maximum tem-
perature of 900 °C (Table 3).

The sliding wing crack model*° (Eq. (7)) was then used to predict
the UCS of the 11 samples (Table 3; Fig. 8). The value of the fracture
toughness Kjc and the friction coefficient, u, for the unheated granite
were inferred by fitting the wing crack model to triaxial deformation
experiments on unheated, oven-dry samples of Garibaldi Grey Granite
at confining pressures of 0, 5, and 10 MPa. The calculated values of K¢
and p are 0.54 MPam'/? and 0.7, respectively, and were assumed
constant for all samples. The values of D, that result from our micro-
structural analysis are given in Table 3. We highlight that under some
conditions, 2D modelling may require particular care when applied to
3D fracture processes®’, however, for predicting the stiffness, me-
chanical behaviour, and failure of 3D rock samples, 2D modelling has
been used to great effect in a range of rock types.’>°>>*

3.2. Downscaling using the David et al. sliding crack model for the stiffness
of damaged rock

The stiffness of rock is strongly influenced by microcracking (see
Fig. 7a). During the uniaxial loading of microcracked rock, the stress-
strain curves are characterized by a strong non-linearity and hyster-
esis.®'® With increasing uniaxial load, the first microcracks to close are
those perpendicular to the direction of the applied stress, followed by
those at lower angles. Once microcracks are closed they may begin to
slide if the friction between the faces of the crack is overcome, meaning
that the rock is always less stiff than it would be in the absence of
microcracks.®'® The Walsh 2D sliding crack model® provides the stiff-
ness of a microcracked material during uniaxial compression as a
function of the mean microcrack aspect ratio and microcrack density.
The model was recently extended by David et al.'® to include the un-
loading of the material.

For a given uniaxial stress, a microcrack may be open, closed, or
closed and sliding. If the microcrack is open or sliding, then it con-
tributes to the stiffness of the rock. The contribution of the microcrack
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to the bulk Young's modulus depends on its aspect ratio, its orientation
with regards to the applied stress direction, and the friction coefficient
on the crack face. During loading, the effective Young's modulus is a
function of the intact Young's modulus of the uncracked rock E,, and
the sum of the compliances of the open (Copen) and sliding (Cgiiding)
microcracks (Eq. (9)):

Eo

Eloading = —————————
¢ 1+Copen + Csliding

(C)]
The Young's modulus during unloading is a function of the intact
Young's modulus of the uncracked rock E,, and the sum of the com-
pliances of the open (C,pen) and reverse sliding (Creyerse) microcracks
(Eq. (10)):
Eo

Eunloading = —
¢ 1"’Copen + Creverse

10

During loading, a microcrack may begin sliding once the applied
stress reaches a certain value, depending on the crack orientation with
regards to the stress and the friction coefficient. The stress-strain curve
is initially steeper than previous because, for the microcracks to slide
back towards their initial position, the Coulomb criteria along the crack
face must be fulfilled in the opposite direction, thereby overcoming
resistance to frictional sliding twice. Microcracks that were closed and
sliding are now stuck and do not contribute to the effective Young's
modulus. As a result, the slope of the curve at the very beginning of
unloading is closer to the Young's modulus of the uncracked rock.®
Microcracks begin sliding in the opposing direction only once the ap-
plied stress is sufficiently decreased and as such, this model predicts the
hysteresis that we observe experimentally (Fig. 7a).

To infer the microcrack density and aspect ratio of microcracks in
the thermally stressed granite samples, we used the David et al. model*®
to fit our uniaxial cyclic loading experimental curves (Fig. 7a). The
intact Young's modulus, equal to 65 GPa, was provided by the slope at
the beginning of the unloading cycle. For comparison, the Voigt-Reuss-
Hill average estimate®® of the intact Young's modulus is 76 GPa if we
assume: no porosity; a mineralogical composition in volume of 45%
quartz, 45% feldspar and 10% mica; and the elastic moduli of the mi-
nerals provided from Ref. 55. The Voigt-Reuss-Hill estimate is similar
but greater than the measured value as it does not account for any
microstructural elements which may contribute to rock stiffness (e.g.
grain boundaries or pressure-independent microporosity), justifying
our value of 65 GPa for the intact Young's modulus. The friction coef-
ficient was set to 0.7, as for our UCS modelling. The microcrack aspect
ratio and microcrack density were then selected manually to best fit the
shape of the stress-strain curve. Fig. 7a shows examples of the experi-
mental curves (solid curves) and the best-fit curves (dashed curves)
predicted by the model.

The inferred microcrack aspect ratios using the David et al. mode
range from 2.4 X 10™*to 5 x 10~ %, within the typical 1073-10"*
range for microcracks® (Fig. 9). The inferred microcrack densities range
from 0.5 to 4.9 (noted y,,, in Fig. 9) and are similar to those inferred by
Ref. 16 from uniaxial cycling data of thermally stressed La Peyratte
granite, which range from 0.2 for an intact sample to 4.4 for a sample
heated to 600 °C. We see that both the inferred microcrack densities and
aspect ratios increase with temperature, showing a marked increase
between 550 and 650 °C (Fig. 9).

116

4. Discussion
4.1. Automated procedure for quantifying microcrack characteristics

We present here a new automated procedure (described in detail in
Supplementary materials) for rapidly processing optical micrographs of
microcracked materials to quantify their microcrack characteristics. We
calculate the mean microcrack length and number density to obtain the
mean microcrack density (Eq. (3)). Further, we can create heat maps
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Fig. 9. The mean microcrack density (y,,) and aspect ratio in the thermally stressed
Garibaldi Grey Granite, as inferred from the rock compressibility using the David et al.
sliding crack model,'® against thermal stressing temperature. Some example experimental
and modelled stress-strain curves are shown in Fig. 7a.

showing the spatial distribution of microcracks and their lengths
(Fig. 2). We found that for a suite of thermally microcracked granites,
our automated procedure provides microcrack characteristics in very
good agreement with those measured using widely-used stereological
techniques®® (Fig. 5). Our program therefore offers a reliable method to
quickly and robustly determine microcrack characteristics of micro-
cracked granites from optical micrographs. Although automated pro-
grams exist that can extract microcrack characteristics from images
(e.g. Refs. 39,40) they, so far, have relied on SEM images, which are
more time-consuming to collect and more expensive than optical mi-
croscope images.

We have shown that our automated image analysis procedure works
for optical micrographs of granite. To explore whether our algorithm
works well for rock types with different microstructures, we analysed
two additional thin sections: a deformed sample of Darley Dale
Sandstone and an intact (but naturally microcracked) andesite from
Volcan de Colima (Mexico). Unlike the granites analysed herein, the
Darley Dale Sandstone sample (Fig. 10a) contains pores (high aspect
ratio features) and was deformed triaxially in the brittle regime until
failure (under a confining pressure of 50 MPa and a pore fluid pressure
(distilled water) of 20 MPa) in an experiment from Ref. 33. In this re-
gime, failed samples of Darley Dale Sandstone typically show a shear
band (that hosts intensely comminuted grains) and microcracks pre-
ferentially aligned to the direction of maximum principal stress outside
the band.>> We find that the image processing performs well outside the
shear band, isolating inter- and intra-granular microcracks (Fig. 10b).
We notice that the extent of microcracking increases with proximity to
the shear band (Fig. 10b). Inside of this shear band, however, no mi-
crocracks are located because the shear band constitutes a zone of
crushed grains, rather than discrete fractures (the quantification of
crack density within areas of grain crushing, automatically or other-
wise, is beyond the scope of this study).

The andesite from Volcan de Colima was selected for analysis be-
cause it contains a network of naturally occurring microcracks within a
groundmass that hosts crystals and irregularly-shaped pores®*>°
(Fig. 11a). Our algorithm works well at locating microcracks and crystal
boundaries are correctly ignored (Fig. 11b). However, the algorithm is
unable to distinguish between pore boundaries and microcracks, which
appear similar in this case. The algorithm will therefore overestimate
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Fig. 10. (a) Micrograph of Darley Dale Sandstone exhibiting strain localisation. The sandstone was deformed under a confining pressure of 50 MPa and a pore pressure of 20 MPa pore
pressure until failure.”® (b) The results of the image analysis procedure. Cracks have been dilated to improve visibility for the reader.

the microcrack density and would need further development to avoid
counting pore boundaries as microcracks. An alternative solution would
be to use SEM micrographs of the andesite, where pore boundaries will
appear much sharper.

Overall, we find that the procedure works well for microcracked
rocks and therefore is useful for a wide range of applications.

4.2. Evolution of microcrack characteristics and physical properties with
thermal stressing temperature

Our microstructural characterisation of the thermally microcracked
granites shows that the mean microcrack length increases slightly be-
tween the unheated and the 550 °C sample (from 56 to 72 um), but the
number of microcracks per unit area remains roughly constant (within
the range of 64.4-79.6 mm~2), as the thermal stressing temperature is
increased to 550 °C (Fig. 3). Between 550 °C and 600 °C, the microcrack
number density sharply increases to 140.4 mm ™2 and the mean length
sharply decreases to 61 um (Fig. 3). The 2D microcrack density, y, is
proportional to both the microcrack number density and the square of
the microcrack length (Eq. (3)). We found that the measured micro-
crack density increases with temperature up to 600 °C (from 0.062 for
the unheated sample to 0.131 for the 600 °C sample) and is roughly
constant above 600 °C (between 0.13 and 0.14) (Fig. 5b).

For temperatures of up to 600 °C, the aforementioned increase in
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microcrack density manifests as changes to the rock physical properties.
In agreement with previous studies of the physical properties of ther-
mally microcracked granite, our measurements (Fig. 6) show that
porosity increases*'°"°° whilst Vp decreases,’’>”°%° and that the
UCS decreases,®’ as a function of thermal stressing temperature. Fur-
ther, we observe a large increase in porosity and a large decrease in Vp
and UCS between the samples heated to 550 and 600 °C (Fig. 6). This
latter observation is due to the alpha-beta transition of quartz at around
573 °C, which is accompanied by a large expansion in volume and
therefore increased intergranular thermal stresses.®®:°>* Although we
see a decrease in UCS with thermal stressing temperature, it is worth
noting that the influence of thermal microcracks on compressive
strength decreases significantly under confinement.**%°

Above 600 °C, the physical properties (porosity, Vp, and UCS) con-
tinue to evolve (Fig. 6) whilst the measured microcrack density is al-
most constant (Fig. 5b). One explanation for the constant microcrack
density between thermal stressing temperatures of 600 and 900 °C is
that cracks grow to a maximum length, depending on the lengthscale of
the microstructure (i.e. the grain size). This does not seem to be the
case, however, as the mean microcrack length (~60 pm) is much lower
than the average grain size (~1 mm, Fig. 1a). The low value for the
mean microcrack length, compared to the average grain size, is likely
due to the presence of intracrystalline microcracks, which are usually
much smaller than the crystals.” Another possible explanation for the
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Fig. 11. (a) Micrograph of thin section of andesite from Volcan de Colima (Mexico). (b)
The results of the image analysis procedure. Cracks have been dilated to improve visi-
bility for the reader.

constant measured microcrack density could be that, at these high
temperatures, microcracks are growing into one other, creating a mesh
of microcracks that are considered as many individual microcracks by
the algorithm. This would result in a decrease in microcrack length, but
it would also result in an increase in microcrack number density, which
we do not observe (Fig. 3).

Another explanation for the low variation in the measured micro-
crack density values at high temperature could be that there is much
less microcracking between temperatures of 600 and 900 °C. Although
this explanation appears unlikely, because we observe changes to both
the porosity and Vp between 600 and 900 °C (Fig. 6a), perhaps there is
an increase in the aperture of microcracks between these temperatures,
rather than an increase in the number of microcracks. We can explore
this further by plotting V» and porosity as a function of the measured
microcrack density (noted v, in Fig. 12). We find that as microcrack
density increases, we see a decrease in Vp and an increase in porosity.
More specifically, the increase in porosity accelerates at higher micro-
crack densities. This observation could be explained by an increase in
the aspect ratio of microcracks, rather than the growth of new micro-
cracks. Indeed, studies of thermal microcracking in Westerly Granite
suggest that thermal microcrack aperture greatly increases as
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Fig. 12. The measured porosity and P-wave velocity (Vp) of the 11 Garibaldi Grey Granite
samples against the measured crack density.

temperature is increased above the quartz alpha-beta transition.®*:°°

Qualitatively, we observe this increase in microcrack aperture in the
micrographs of samples heated to temperatures of 600 °C and above.
The increase in microcrack aperture would explain how physical
properties (Fig. 6) continue to evolve as temperature is increased be-
yond 600 °C whilst the microcrack density (a function of the number of
microcracks and their lengths) shows much less variation (Fig. 5b).

4.3. Upscaling: predicting uniaxial compressive strength from
microstructural measurements

We used the Ashby and Sammis micromechanical model®° to predict
the UCS of the thermally microcracked granite from the microcrack
characteristics determined by our image analysis. These predicted va-
lues are in good agreement with our measured values for temperatures
of up to 550 °C. However, the model overestimates the strength for
600 °C and above (Fig. 8).

Our quantitative microstructural analysis shows that the number of
microcracks per unit area and the microcrack length do not change
significantly from 600 to 900 °C (Fig. 3). Thus, the calculated values of
microcrack density (Fig. 5b) and therefore D, (Table 3) also do not
change significantly from 600 to 900 °C. Since D, and c are the only
model parameters we update for in Eq. (7), if they show no variation
then neither will the predicted UCS (as shown in Fig. 8).

A possible explanation for the overestimation of UCS for tempera-
tures of 600-900 °C is that the fracture toughness K;c, which we kept
constant at 0.54 MPa m'/?, decreases with temperature. Indeed, Ref. 60
shows the fracture toughness of thermally microcracked Westerly
Granite to decrease with thermal stressing temperature from
1.43 MPam'/? at ambient temperature, to 0.22 MPam'/? at 850 °C.
They observe a large decrease in K¢ for temperatures above that of the
quartz alpha-beta transition, which in our case would lead to a decrease
in the predicted UCS (Eq. (7)). Below 600 °C, the difference between the
measured and predicted UCS due to smaller variations in Kj¢ is small
and likely therefore hidden by the natural sample variability.

4.4. Downscaling: predicting microcrack characteristics from stress cycling
experiments

We used the David et al.'® sliding crack to infer the microcrack
characteristics of the rock using mechanical data from stress cycling
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Fig. 13. Comparison between crack densities from the David et al.'® sliding crack model
and the optical measurements. (a) Inferred and measured microcrack densities as a
function of thermal stressing temperature. Inset is a zoomed plot of the measured crack
densities. (b) The inferred crack densities against the measured crack densities; the da-
shed line is their least squares linear regression.

experiments (example stress-strain curves are shown in Fig. 7a). We
find that the microcrack densities inferred from the model follow a si-
milar trend to the direct measurements (Fig. 13), despite a difference in
magnitude. If we plot the inferred microcrack density (y,,,) against the
measured microcrack density (y,.) (Fig. 13b) we see a linear trend
whereby the David et al. model'® overestimates the actual microcrack
density systematically by a constant factor of around 55 (Fig. 13). An
explanation for the difference in magnitude could be that the model
does not account for microcrack interactions, which may become sig-
nificant at high crack densities. Indeed, Ref. 16 also infers unexpectedly
high microcrack densities from the sliding crack model and highlights
the importance of selecting an adapted effective medium theory to
account for microcrack interaction.

The inferred microcrack aspect ratio inferred from the sliding crack
model increases with temperature, and continues to do so for tem-
peratures above the alpha-beta transition in quartz (~573 °C). As dis-
cussed previous, this increase in aspect ratio could explain why we
continue to measure large changes in the physical properties of the rock
for thermal stressing temperatures higher than 600 °C (Fig. 6) whilst the
measured microcrack density (a function of the length and number of
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cracks) shows much less variation (Fig. 5b).

5. Conclusions

To look specifically at the role of microcrack density on the stiffness
and strength of rock whilst keeping other rock attributes constant (such
as the mineralogy and grain size), we chose to study a fine-grained
granite (Garibaldi Grey Granite) in which we induced varying degrees
of thermal damage (up to a temperature of 900 °C). We then quantified
the 2D microcrack density using a newly developed algorithm to pro-
cess optical micrographs to provide measurements of the number of
microcracks per unit area and their lengths.

We measured an increase in microcrack density with thermal
stressing temperature for temperatures of up to 600 °C. Above 600 °C,
the measured microcrack density within the granite is roughly constant.
Measurements of the physical properties of the granite showed an in-
crease in porosity and a decrease in Vp with heating temperature for
temperatures of up to 900 °C. We therefore measure variations in
physical properties where the microcrack density (a function of the
number and length of microcracks) shows little variation. We suggest
that the continued evolution of physical properties at temperatures of
600 °C and above is due to a widening of existing microcracks rather
than their formation or propagation.

Using a combined experimental and modelling approach, we bridge
the gap between our measurements of microcrack density at the mi-
croscale, and our measurements of mechanical properties at the sample
scale. First, we applied an upscaling approach using our calculated
microcrack densities as an input in Ashby and Sammis’ sliding wing
crack model® to predict the uniaxial compressive strength of the
granite. The UCS predictions are comparable with our laboratory
measurements for granite thermally stressed to temperatures of below
600 °C. For the granite heated to 600 °C and above, the compressive
strength is overestimated by the model, perhaps due to a decrease in
fracture toughness above the alpha-beta transition of quartz. Next, we
took a downscaling approach by using the sliding crack model of David
et al.’® to infer microcrack density and mean microcrack aspect ratio
from laboratory measurements of stiffness. Whilst the inferred micro-
crack density (y,,,) is proportional to the measured microcrack density
(Yme)» the inferred values are greater by a factor of around 55 (Fig. 13).
A possible explanation for the difference is that the model does not
account for microcrack interactions, which amplify their influence on
rock stiffness.

Although we focused on the case of a fine-grained granite in this
study, we propose the use of our image analysis procedure (see
Supplementary materials for details) for quantifying microcrack da-
mage in rock types with vastly different microstructures. To demon-
strate the power of the model, we analysed optical micrographs of a
triaxially deformed sandstone (Darley Dale Sandstone) and a naturally
microcracked andesite (from Volcan de Colima). Our method can ac-
curately find the microcracks in both samples, although it falls short of
characterising the grain crushing within the shear band of the sand-
stone sample, and treats some pore boundaries as microcracks in the
andesite sample. Nevertheless, we anticipate that the image processing
algorithm presented here will emerge as a useful tool in the quantifi-
cation of microcrack characteristics in a range of microcracked mate-
rials and may be used provide input images for dedicated fracture
pattern quantification tools such as FracPaq.*®

Through the measurements and modelling presented in this study,
we demonstrate how the microscale can inform on the laboratory or
sample scale, and vice-versa. Uniting laboratory scale and micro-
structural observations through constrained up- and downscaling
methods permits a deeper understanding of the mechanical behaviour
of rocks.
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