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The role of mineralogical and
textural complexity in the damage
evolution of brittle rocks

Ozge Ding G6gis'™, Elif Avsar?, Kayhan Develi & Ayten Calik?

In brittle rocks, deformation is characterized by the initiation and propagation of cracks at both
microscale and mesoscale levels. This study explores how rock texture influences the evolution of
cracking networks and progressive rock damage results under uniaxial compression. 3D discrete
analyses were employed to identify the critical stresses of three different rock types. Thin sections
were prepared from uniaxially loaded core samples at these stresses and crack patterns were captured
under a polarizing microscope. The fractal box dimension method was used to quantitatively analyze
the crack patterns for each rock type at each stress level. The novelty of this research is revealing the
relationship between the development of microcrack patterns and textural properties such as mineral
orientation/distribution, interlocking, crystal cleavage/hardness, and the groundmass. Results show
that the cracking tendency varies with rock type at each critical stress level. Specifically, diabase
exhibited the highest crack intensity, attributed to the interlocking of hard plagioclase and pyroxene
crystals. Furthermore, the cleavages in pyroxenes make diabase particularly susceptible to cracking,
especially when they are oriented parallel or semi-parallel to the applied load. These findings highlight
that rock texture is a crucial factor influencing microcrack development, which should be considered in
rock engineering applications.
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Rock damage begins with micro-scale crack initiation and gradually progresses to macroscopic fractures at
failure due to external stresses, such as tension and compression, applied to the rock. These stresses are often
disturbed during engineering operations like excavation and tunneling. The fracturing mechanism and faulting
that lead to rock failure occur in mediums such as intact rock, rock masses, and the Earth’s crust. Since the 1920s,
scholars (e.g!'"!*). have focused on the complexity of microscale deformations and distinguishing the primary
fact unraveling the mechanism of microscale deformation underlying the subsequent mesoscale and macroscale
damage in rocks reflects the importance of this phenomenon and the continuing interest in investigating it.
Developments in microscope technology have enabled observational studies at the microscale, offering clear
insights into the complex microcracking processes in rocks. For instance, the study of Howarth and Rowlands'®
has provided a solid basis for comprehending the effect of texture and mineralogical composition on rocks’
strength and deformation properties. Similarly, Fahy and Guccione!® and Shakoor and Bonelli!” have made
substantial contributions by revealing the impact of grain characteristics with mineralogical and textural
properties on the strength of sandstones. In addition, the findings of some other studies'®-2! that investigate the
effects of textural properties on the mechanical responses of rocks enrich our understanding of the multifaceted
relationship between microscopic features and macroscopic behavior.

Martin?, Eberhardt et al.>?*, and Moradian et al.?* have described critical stress levels that govern rock
damage. Specifically, they identified crack initiation (0,) and crack damage (o ;) stress thresholds which
microcracks initiate first and propagate toward irreversible destruction. Finally, the ultimate stress (o, ) leads to
macro fracture that signifies complete rock failure. Acoustic emission (AE) measurements have conventionally
been employed in laboratories to assess crack density at various loading stages?>~3*. However, this method has
some limitations, particularly in generating excessive noise in high-strength rocks or exhibiting low resolution,
especially in heterogeneous rock formations?>>%. In recent years, there has been a notable shift toward integrating
X-ray tomography and digital image correlation techniques into laboratory tests to scrutinize crack progression
with increasing axial stress at high resolutions®-*!. However, applying these advanced techniques effectively
requires both experience and significant financial investment.
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Some pioneering studies were published by Barton and Larsen??, Anderson?3, Hirata*!, Barton*’, Berkowitz
and Hadad*® and Roy et al.*’ that used principles of fractal geometry for quantitative assessment of irregular
and random patterns of rock fractures and fault systems. Examining the evolution of cracking patterns under
different stress conditions, Zhao et al.*® and Zhao* calculated the fractal dimension of microcracking initiation
and propagation in marble slabs using SEM images and the box-counting method. Their findings revealed an
increase in the fractal dimension with increasing stress levels. In more recent investigation by Ju et al.*, a servo-
controlled triaxial experimental method incorporating with a computerized tomography (CT) was employed to
capture the images of coal samples. Employing the box-counting method to the CT images, they observed that
the fractal dimension of crack networks initially decreased but exhibited an increase in later stages of loading.
Similarly, Wang et al.>! conducted X-ray CT scans on coal samples subjected to uniaxial and triaxial compression
and suggested a linear correlation between three-dimensional box fractal dimensions and crack volume, crack
speed, crack density, and inter-crack connections. Liu and Zhao®? also used fractal dimension theory to explore
the effect of impact durations on cracking mechanisms in different rock types under dynamic loads, considering
mineralogical properties. Meanwhile, Lai et al.>® scrutinized the influence of various loading rates on the
fragmentation fractal dimension. However, these comprehensive studies, have yet to define cracking intensity or
the evolution of the cracking process at different loading stages referring to the critical stresses. This collective
body of research underscores the multifaceted nature of rock damage, incorporating both mineralogical
considerations and fractal property.

This research conducts an examination of stress-induced cracking mechanisms from the microscale to the
mesoscale in three different rock types under uniaxial compression loading. A novel approach is introduced to
quantitively represent the evolution of rock damage, integrating experimental data with numerical modeling
based on the discrete element method (DEM) while considering the mineralogical properties and fractal
dimension. Critical stress levels (o, 0_, O'Pmk) associated with microcracks were determined and the cracking
patterns corresponding to these levels were correlated to the mineralogical composition and texture of diabase,
ignimbrite, and marble. In detailed observations made on numerous thin sections extracted directionally from
cores loaded up to the critical stresses: the impacts of the textural properties in terms of crystal hardness, cleavage
in crystals, anisotropic distribution of minerals, interlocking, and groundmass on the evolution of cracking
patterns were investigated.

Methodology

Sampling and laboratory tests

The laboratory testing program comprises mainly of the triaxial and uniaxial compressive strength and splitting
tensile tests. The uniaxial and triaxial compression tests and tensile tests were conducted at the Rock Mechanics
Laboratory of Dumlupinar University (Tiirkiye) and a stress-controlled press in the Concrete Laboratory at
General Directorate of State Hydraulic Works (Tiirkiye) was used for the uniaxial compressive loading up the
critical stresses. The thin sections were prepared and examined in laboratories at Istanbul Technical University.
A total of 120 cylindrical core samples extracted from cubical rock boulders gathered from outcrops in the
cities, of Bolu, Kayseri, and Afyon of Tiirkiye (Fig. 1a). The cores were prepared to be 54 mm in diameter with
length-to-diameter ratios of 2.0 to 2.5 and sampling studies were performed in line with the procedures of
ASTM D4543%%. The uniaxial compressive strength tests were carried out following the ASTM D7012-14%
method using a deformation control hydraulic press with a maximum load capacity of 1000 kN. The axial loads
were arranged to increase continuously at constant strain rates of 0.005 mm/s, 0.004 mm/s, and 0.03 mm/s for
diabase, ignimbrite, and marble samples, respectively until the complete failure of the rock samples was observed.
Elasticity (tangential) modulus (E) and Poisson’s ratio (u) values were calculated from the measurements
recorded through linear variable differential transformers (LVDTs) that were implemented to the uniaxial
compressive test device. In the triaxial compression strength tests (ASTM D7012-14%), a press with a maximum
load capacity of 2000 kN and a Hoek cell capable of applying lateral pressure up to 420 bar were employed
(Fig. 1b). The confining stresses o, were increased as 2, 5 and 8 MPa and the peak stresses at the failure (o, levels)
were determined, afterward the failure envelopes were obtained from the 0,-0, data pairs. In the splitting tensile
strength tests, disk-shaped samples with a thickness-to-diameter ratio (t/D) of 0.5 to 1.0 were used. Disk samples
were loaded to failure within an average time of 25 to 30 s. The tensile strength of disk samples was determined
following the ASTM D3967-16°* testing procedures. Fracture patterns (failure planes) observed in the failed
rock cores after the uniaxial compressive strength tests are presented in Fig. 1c.

Discrete modeling
The discrete element method (DEM) was employed for the numerical modeling analyses. DEM is a robust
computational technique that simulates the interactions between discrete particles, allowing the simulation of
complex rock behaviors. The primary objective of employing this method is to detect critical stress levels (o,
0 p apmk) associated with microcracking for each rock type. This is achieved through experimental simulations
conducted on numerical models designed to accurately represent the mechanical behavior of real rocks. For
this purpose, the 3D Yade open-source Discrete Element Method (DEM) software®® was employed and the
numerical models were established based on the bound particle model (BPM), initially proposed by Potyondy
and Cundall® and subsequently refined by Scholtés and Donzé*(Fig. 2a and b).

A rock model is generated with an assembly of particles that is arranged based on an interaction rate (y,,)
and a “constitutive contact law” expressed by the equation:

Deg =7 jny * (Ra + Ro) (1)
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Fig. 1. Views from (a) cubical samples, (b) triaxial testing apparatus while testing, (c) macrocracks at the end
of the UCS tests, and the angle of failure planes of (from left to right) diabase, ignimbrite, and marble.

where D, represents the primary distance between two particles, y, >1 is the interaction rate, and R, and R,
denote the radii of particles a and b, respectively. Here, R . /R _. =2,andy, <1.5in model samples. All rock
models share the same particle size distribution in the discrete analysis. It is worth noting that particle size
distribution has significantly affected the mechanical properties of rocks, so it has been extensively studied taking
the heterogeneity into account in the numerical calculations (e.g**~%!). Nevertheless, many of these studies have
been focused on crystalline rock types, specifically granite and even though they are heterogeneous in terms of
crystalline size, their textures are distributed homogeneously in the entire rock sample. Conversely, for instance,
the ignimbrite used in this study has a heterogeneous texture, with a groundmass containing phenocrysts that
vary in quantity from place to place. Therefore, to prevent complex model generation and to keep the numerical
samples as much as simple for precisely detecting damage evolution, heterogeneity has not been considered in
this study.

The average number of bonds per particle (N) is determined based on the degree of interlocking (y, ) established
at the initiation of the simulation. A lower y,  value signifies reduced interlocking, representing a relatively weak
rock mass. The incorporation of this feature by Scholtes and Donze®” stemmed from the unsatisfactory UCS/UTS
ratios reproduced by traditional BPM>® and offers a relatively straightforward alternative to the advanced contact
formulations advocated by Potyondy®?, Ding and Zhang>®. Interaction forces between particles are categorized
into normal force (F,) and shear force (F,). The normal force in the normal direction (F,) is expressed as:

Fp = kn *up (2)
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Fig. 2. (a) 3D DEM rock model sample generated based on BPM, (b) interparticle contact model with the
normal and the shear stiffness, (c) interparticle failure criterion modified from Scholtés and Donzé*, and
configurations of (d) uniaxial compressive strength test, (e) uniaxial tensile strength test and (f) triaxial
compressive strength test simulation.

kn = 2Y [(Ra * Rb)/(Ra + Rb)] (3)

where kn is the normal stiffness value, a function of the equivalent elastic modulus (Y), and u, is the normal
relative displacement. Under compression, F, increases without limit, reaching the threshold value F, = =t-A
where ¢ is the tensile strength. Upon surpassing F, ., the bond between particles breaks, resulting in a tensile
crack (modeI).

The shear force (F) in the shear direction is calculated using:
Fo=F2" 4 ko« Au,g (4)

where k_is the shear stiffness, determined by P-k,, with P being a model constant in the range 0<P<1. A
represents the relative incremental displacement, and F___ , the maximum allowable shear force according to the
Mohr-Coulomb criterion, is given by:

F" = c* Aint + Fn xtan (¢) (5)

here c denotes the micro cohesion, and ¢ is the intergranular micro internal friction angle. When F_ surpasses F,
, shear failure occurs, leading to the development of a shear crack (mode II) at the location of the bond between
particles. This detailed constitutive contact law governs the interactions and failure modes within the simulated
rock model (Fig. 2¢). Each micro-parameter (Y, P, t, ¢, ¢, and N) delineated in the preceding description plays
a pivotal role in the calibration process, influencing macro properties that govern the mechanical behavior of

rocks. The interplay between these micro-parameters and their impact on macro-properties is elucidated below:

Y directly influences the Young (tangential) modulus (E) and the Poisson ratio (v). The macro-properties E and
v are determined through simulations of uniaxial and triaxial compression as well as direct tensile tests.
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The shear stiffness model constant (P) is calculated as the ratio of normal stiffness (k) to shear stiffness (k).
It affects the calibration process by influencing the shear behavior of the rock material.

t controls the Ultimate Tensile Strength (UTS) value as it represents the tensile strength of the particles, while
c influences the Uniaxial Compressive Strength (UCS) as it denotes the cohesion value of the particles.

¢ is the micro-internal friction angle and is determined from triaxial compression test simulations by
controlling the slope of the failure envelope of the rock.

N is determined prior to simulation commencement based on the ratio of UCS to UTS. It is directly related
to the interaction ratio (y, ) and is a crucial parameter in defining the particle interactions within the model.

During the modeling process, a non-viscous damping ratio of 0.4 was selected for quasi-static loading
conditions, ensuring stability in all simulations. The numerical models had dimensions of 1x2x1 (model
unit) and comprised 10,000 discrete elements (DE), providing a high-resolution representation of the material.
The simulations imitate standard laboratory tests, including uniaxial compression strength tests, direct tensile
strength tests, and triaxial compression strength tests (True triaxial (TT) test setup).

Uniaxial Compression Strength Test Simulation (Fig. 2d):

Model samples were confined between two rigid frictionless plates, and a load was applied perpendicular to
the sample axis.

Direct Tensile Strength Test Simulation (Fig. 2e):

Particles at the upper and lower boundaries of the samples moved in opposite directions along the vertical
axis. To mitigate stress concentration at the boundaries, a recovery zone was established, prohibiting interparticle
bond breakage within it. Consequently, the sample’s complete failure could transpire distant from the boundaries,
thereby safeguarding the intrinsic nature of the measured tensile strength.

Triaxial Compression Strength Test Simulation (True Triaxial Setup, Fig. 2f):

Samples were positioned between six rigid and frictionless plates, and once the desired lateral pressure was
achieved, the upper and lower plates moved vertically at a constant unit deformation rate. The lateral stress applied
in triaxial compression tests was controlled by the position of the side walls. The consistent movement speed
was upheld throughout all experimental simulations, with a numerical loading speed of 0.025 m/s established
based on preliminary sensitivity analysis findings. It's important to emphasize that this loading speed is purely
numerical. To streamline modeling studies, it was assumed that all samples were devoid of discontinuities, and
microcracks were initiated solely by the applied stresses. Calibrated microparameters for the model samples,
representing the mechanical behavior of different rock types, are presented in Table 1.

In the 3D-DEM model samples, to determine the critical stresses (oa., op and ¢ eak), 150,000 iteration steps
have been performed in numerical modeling. When the simulation was completed, the data set in “vtu” format
for every 10,000 steps was imported into the Paraview software to determine the number and amount of cracks
that developed until the relevant iteration steps. The total number of cracks in 15 separate levels and their
localization regions where they concentrated in the model were detected. During the process, we determined
the strain levels of the state of the cracks when they first emerged (0;) and progressed toward uncontrolled rock
damage (g, ;). Then, the stresses corresponding to these strain levels (iteration numbers) were recorded from the
stress-strain curve as characteristic stresses (o, 0, and apeak).

Mineralogical examination

Disk-shaped samples with a thickness of 3 cm were carefully cut through the upper-three-centimeter portion of
each rock sample (Fig. 3a). Thin sections extracted from these samples ascertained the core samples’ undeformed
original (or initial) texture. This method enabled the identification of primary cracks existing before laboratory
loading, which were not taken into consideration in subsequent fractal analyses, as detailed in the following
section. On the other hand, the core samples were subjected to uniaxial compression using a stress-controlled
hydraulic press, gradually reaching the predetermined critical stress levels (Fig. 3b). Following that, the samples
were cut both parallel and perpendicular to the loading direction. A total of 144 thin sections were prepared
from the cut surfaces to examine under a polarized microscope (Fig. 3¢).

In thin-section studies, a 4X magnification objective was utilized with a scaling parameter set to “mm”
and clear images of the thin sections were captured. First, thin sections obtained from unloaded core samples
were thoroughly examined using polarizing microscope (Fig. 4). Initial texture and inherent micro-cracks
were detected, and conventional petrographic and mineralogical determinations were carried out through
detailed thin section observations. The mineral names were abbreviated according to the definitions provided
by Whitney and Evans®®. Diabase primarily consists of plagioclase, pyroxene, and olivine (Fig. 4a). Euhedral to
subhedral opaque minerals were observed as accessory minerals. Euhedral to subhedral plagioclase laths exhibit
polysynthetic twinning. The rock displayed a typical ophitic texture, with high-relief, anhedral pyroxene crystals

Parameter Diabase | Marble | Ignimbrite
Elastic Modulus Y (GPa) 13 12 10

Stiffness ratio P (-) 0.4 0.4 0.4
Interparticle tensile strength t (MPa) | 11 7 9

Micro cohesion ¢ (MPa) 77 56 74

Micro internal friction angle ¢ (°) 1 1 1
Coordination number N (-) 10 9 9

Table 1. Calibrated micro parameters of 3D-DEM models.
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Fig. 3. (a) Cutting axes of disk-shaped and core samples concerning the loading direction, (b) stress-
controlled loading set-up (c) polarized microscope set-up.
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Fig. 4. (a) The primary texture and mineral composition of undeformed rock samples under a parallel-
polarized light view (4X) PI: Plagioclase, Px: Pyroxene, Afs: Alkali feldspar, Bt: Biotite, Chl: Chlorite, Cal:
Calcite. (b) thin-section images of ignimbrite presenting inherent texture and mineral composition (left) and
stress-induced texture after loading (right).

randomly enclosed within the plagioclase laths. Olivine crystals appeared as small, rounded grains, constituting
a smaller proportion relative to other minerals. In ignimbrites, the groundmass is primarily composed of
flattened vitric shards and crystal fragments. The phenocrysts in ignimbrites consist of alkali feldspar (sanidine),
plagioclase, biotite, and a smaller amount of quartz (Fig. 4a). Broken phenocrysts may have formed due to the
intensity of the eruption and mechanical breakdown during turbulent pyroclastic flow. Chloritization was also
observed in the groundmass (volcanic glass). The mineral composition of marbles primarily consists of calcite
minerals (see Fig. 4a). Anhedral calcite minerals are accompanied by small amounts of opaque minerals. Calcite
crystals exhibit an anhedral form with cleaved, rhombohedral twins and are characterized by a granoblastic
texture. Examining the primary texture of the rocks and the pre-existing cracks within this texture, it was noted
that marble presented relatively smoother, crack-free, and more homogeneous surfaces compared to ignimbrite
and diabase.
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Crack patterns observed on thin section surfaces perpendicular to the loading direction predominantly are
tensile cracks. In contrast, surfaces parallel to the loading direction tend to display a slightly higher occurrence of
shear cracks compared to those in perpendicular sections. Nevertheless, tension cracks predominantly develop
in all rocks along both directions. In this regard, the type of cracks has been identified considering both cracking
tendencies with respect to the surface orientations and the properties such as pattern, shape, infilling, and
aperture (separation) of the cracks examined through polarizing microscopy studies on thin sections. It has been
observed that natural cracks were infilled, while the cracks induced by loading were identified as passing through
both individual minerals and, in some areas, the entire texture. While the shear cracks have stepped paths and
narrow or closed apertures, the tensile cracks are smoother and have more separated apertures (Fig. 4b).

Fractal box-counting method

The geometry of natural objects, spanning from the atomic scale to the vastness of the universe, plays a
central role in the models aimed at comprehending the complexity of nature®. Unfortunately, the definition
and quantification of the shape of many complex objects in nature are not adequately possible with the use
of traditional Euclidean geometry. Introducing of the fundamentals of fractal theory by mathematician
Mandelbrot® has provided a distinctive approach to quantify the geometry of natural objects that appear to be
irregular and random with the concept of a very new dimension.

Discontinuities exist across a wide spectrum of scales, from microcracks to large faults, and this scale
diversity, as well as three-dimensional distribution, geometry, and frequency, are mainly responsible for the
overall mechanical behavior of fractured rock masses*%-68, Therefore, in many previous studies, the fractal
geometry has extensively been utilized for the quantification of in-situ discontinuities such as joints, fractures,
and faults across various scales*>*4~176° as well as relatively in smaller scale samples induced by stresses in the
laboratory conditions**-31->70, Fractal geometry provides a framework to quantify both size scaling and spatial
clustering within fracture networks, capturing the full spectrum of complexity inherent in such systems. Note
that, in fractal theory, higher fractal dimensions correspond to more complex networks of fractures/cracks.

The box-counting method is a well-known and reliable technique to calculate the fractal dimension values of
crack networks as well as rough profiles®*”172, The crack traces are covered by a grid of square boxes with a side
length of r. Afterward, the number of square cells N, , ., surrounding any part of crack traces, is counted over
the whole area of the thin section image. This process is run iteratively by decreasing the box sizes for a sequence

of grids the relationship between N, and r is given as;

_ 109 Npoz
log (1/r) (6)

If the slope (B) of linear fit adjusted to the data in log N,
fractal dimension (Dy) through the following relationship:

Dp =-p (7)

Dp

(r) vs. log r plot is read, this slope is related to the

In this study, we applied the box-counting method using the Fraclac plugin in the open-source software Image]
to find the fractal dimensions of 2D microcrack patterns digitized as 8-bit black and white binary images that
have been captured from thin-sections. In Fraclac, the smallest box size was set to 2 pixels, and the largest box
size was taken to be 30% of the binary image size. Here, “logN, = (r)-log r” graphs were obtained and the slopes
(B) of the linear fits adjusted to the data on these plots were recorded as fractal dimension (-Dj). An example
of “log N . (r) vs. log r” graph derived from box-counting analysis is given in Fig. 5 with the coefficient of
determination (R?) of the relation.

Results
The results of the cracking evolution of diabase, ignimbrite, and marble, obtained through the combined
methodologies described above, are presented as follows.

Based on the laboratory test results, the mean and standard deviation values of UCS, UTS, E, and v of
marble, ignimbrite, and diabase are presented with the results of the numerical model analysis in Table 2. The
comparison of macro mechanical parameters obtained from laboratory experiments and 3D-DEM numerical
simulations (Table 2) revealed a high level of compatibility between the two methods. Furthermore, the analysis
of stress-strain behavior and Hoek-Brown failure envelopes, prominent failure criteria derived from triaxial
compressive tests, showcased that the numerical models accurately represent the mechanical characteristics of
actual rocks (Fig. 6). These findings confirm the reliability of determining critical stress levels for each rock type
from discrete modeling.

In section "Methodology", the critical stresses detected for three rock types within the time interval of
150,000 iteration steps are as follows: for ignimbrite 0_,=25 MPa, 0,,=37 MPa, g, . =47 MPa; for marble g ;=21
MPa, 0,,=30 MPa, 0, , =38.5 MPa; and for diabase 0,=38 MPa, 0 ;=55MPa,0, , =75.5. These values indicate
that in all rock types, the o, stress level corresponds to approximately 50% of the UCS, while the o, stress level
corresponds to 75%. Normalizing o, values with the UCS confirmed that these rocks exhibit characteristics of
typical brittle rocks with low porosity”. Figure 7 illustrates the stress-strain behavior of all rocks under uniaxial
loading conditions, depicting 0.0 and o ek StTESS levels, as well as the number of iterations at these levels. All
rock samples display linear-elastic behavior up to the g ; value during the early stages of loading (Fig. 7). With the
incremental axial stress, microcracks accumulate significantly that causes disrupting the material’s rigidity and
deviation of the stress-strain curve from linearity. This deviation also signifies the o_, stress level of the respective
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Fig. 5. A representative “log N, __(r) vs.log r” graph of marble obtained through the box-counting method for
0. Stress level.
pea
Diabase Ignimbrite Marble
Parameter LAB DEM | LAB DEM | LAB DEM
UCS(MPa) 72.57+9.68 | 755 |5441+7.67 |47 | 41.46%7.03 | 385
UTS(MPa) 9.14£1.15 | 92 |667+0.78 |653 |4.85£043 | 5.1
E (GPa) 10.88+1.46 | 9.68 |7.23£1.07 |64 |832£L79 | 7.5
v () 025 0.15 | 0.15 013 |0.14 0.13
Table 2. Macro mechanical parameters of each rock type obtained from laboratory experiments (LAB) and
3D-DEM experimental simulations.
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Fig. 6. Stress-strain responses under (a) uniaxial and (b) triaxial compressive loadings (Lab: Laboratory
experiments, DEM: Laboratory test simulations based on discrete element method).
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Fig. 7. Stress-strain responses of rock model samples under uniaxial compression (a) Diabase, (b) Ignimbrite,
(c) Marble (red arrows: microcrack intensity relevant to iteration numbers at the critical stress levels).

rock, as experienced in previous studies'>7*~7’. Furthermore, 3D-DEM numerical model analyses revealed that
microcracks in all rock types predominantly are tensile cracks (mode I), and only 1% of microcracks display
shearing responses (mode II) (see Fig. 2c).

The results of box-counting analyses on microcrack patterns captured from thin-section images are
summarized in Figs. 8 and 9 as well as Dy values at 0.0, 0, Stresses of diabase, ignimbrite, and marble. The
findings indicated that the D values increase as the intensity of cracking increases accompanying incremental
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Fig. 8. Cracking evolution on the thin sections parallel to the loading direction (Y axis) and converted binary
images of crack networks and Dy, values at o, 0, 0, . stresses (a) diabase, (b) ignimbrite, (c) marble (Pl
Plagioclase, Px: Pyroxene, Cal: Calcite, Afs: Alkali feldspar).

critical stresses across all rock types. The Dy, values belonging to thin sections parallel to the loading direction
among all three rocks, diabase exhibited the highest crack intensity (Dyy ;o 1.048, 1.095, 1.248). Marble
and ignimbrite shared the same Dy y . . value of 1.046 at the crack initiation () stress level. However, upon
reaching the crack damage thresholci (o, 3 stress level, marble exhibited a higher D, value compared to ignimbrite

d
1.092; D 1.054). With increasing stress, marble shows a significant decrease in

(DB(Y—axis)Marble: B(Y—axis)Ignimbrite:
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Fig. 9. Cracking evolution on the thin sections perpendicular to the loading direction (X axis) and converted

binary images of crack networks and D values at 0, 0, 0, stresses (a) diabase, (b) ignimbrite, (c) marble
peak

(PI: Plagioclase, Px: Pyroxene, Cal: Calcite).

strength compared to ignimbrite, creating a rock behavior more prone to cracking. On the other hand, cracking
patterns emerged perpendicular to the loading direction, and ignimbrite exhibited the highest D, value at all

stress levels, starting from the o, stress level (DB(X-axis)ignimbrite: 1.026, 1.112, 1.391). Comparatively, marble has

lower D, values (DB(X_axiS) marble 1-018, 1.086, 1.29), and diabase presented the lowest values (DB(X_axis) diabase"

1.011, 1.040, 1.114).
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Fig. 10. Variation of the Dj; of crack patterns at the critical stress levels along surfaces (a) perpendicular and
(b) parallel to the loading direction.

Discussion

An increase in Dy, values is observed with the intensification of microcrack patterns in rocks*>*"*2. Since the
Dj, values is directly related to cracking processes, it is essential to consider the rocks’ micro-composition and
textures. In this context, we quantified the cracking process in three different rock types using fractal analysis,
interpreting Dy, values alongside our mineralogical examinations.

Considering the individual minerals in rocks, plagioclase, pyroxene, and alkali feldspars have similar
hardness (=5-6). Calcite and biotite, on the other hand, have lower hardness levels (=2.5- 3). Biotites, with
their layered structure, are more susceptible to deformation under pressure, leading to bending. Therefore, one
can see that rocks comprising hard minerals tend to have higher strength. Nevertheless, our results show that
despite the minerals’ hardness, their distribution relative to each other within the entire rock is the primary
factor influencing the damage process of a rock under stress. For instance, the texture formed by the significant
interlocking of hard plagioclase and pyroxene crystals in diabase contributes to its rigidity and resistance to
deformation. Thus, diabase exhibits both the highest strength and deformation parameters among the investigated
rock types depending on its texture and crystallized hard minerals (see Table 2). On the other hand, the cleavage
planes of hard pyroxenes make diabase the most susceptible to cracking among the rocks when these planes are
oriented parallel or semi-parallel to the loading direction. This causes the diabase to exhibit the highest D, value
at all stress levels on the crack images along the Y-axis. A similar observation is noted in marbles. Although
marble shares the same D}, value with ignimbrite at the initial stage of the loading (o) the twinning cleavages of
calcite minerals (see Fig. 4a) being parallel to the loading direction led it to be more pronounced microcracking
compared to ignimbrite with the increase in stress (¢, and o, ,, respectively). This result may first suggest that
the weakness planes of the crystals in ignimbrites are not parallel to the loading direction.

To achieve more accurate insights, we conducted a second series of fractal analyses, since the thin sections
perpendicular to the loading direction also needed to be examined. The results of these analyses show that
ignimbrite exhibited the highest D, value at all stress levels, starting from the o, stress level while marble has
lower Dy values and diabase presented the lowest values. In the mineralogical examinations, it is monitored
that the mineral orientations in ignimbrite exhibit more complex distributions, and they are surrounding by
groundmass in significant amounts. In addition, some chloritization was observed in this fine-grained volcanic
glass (see Fig. 4a). This suggests that the groundmass is the predominant factor on rock damage when the loading
is oriented perpendicular to the core surface. This kind of content in ignimbrite also makes it to behave more
ductile than the others. Verifying these findings, the angles concerning the loading direction of the mesoscale
rock fractures measured in laboratory (at the post failure stage, o mk), one can see that diabase and marble
fractured parallel-semi-parallel to the loading axis (approximately 94° and 88° from the x-axis, respectively),
while ignimbrite exhibited a more oblique fracture pattern (approximately 75°) (see Fig. 1c). This alignment of
mesoscale fractures is consistent with the microscale analysis results. In marble and diabase, cracks primarily
developed parallel to the cleavages of crystals (calcite and pyroxene cleavages), while in ignimbrite, the clayey
groundmass led to the microcracks development and caused the ductile behavior?278,

Figure 10 illustrates the graphical relationship between the critical stresses and the Dy, highlighting variations
based on loading direction and rock type. Notably, diabase exhibits a distinct trend compared to ignimbrite and
marble in Fig. 10a. Moreover, the Dj, values of ignimbrite exhibit a narrower range of change along the surfaces
that are parallel to the loading direction (Fig. 10b). Overall, the D values consistently demonstrate an increasing
trend in both axes in three rock types.

Conclusions

In this comprehensive study, we employed the box-counting method for fractal calculations to assess the
cracking regarding rock damage in three brittle rock types, diabase, ignimbrite, and marble at critical stress
levels. Our combined approach consists of three methodologies to investigate the qualitative and quantitative
relations between the strength and deformation properties and structural features of rocks.
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The stress-strain responses of rocks obtained from 3D-DEM modeling are consistent with those determined
by laboratory tests, confirming that critical stresses (¢, 0, and Upeak) can be detected reliably from numeri-
cal models used in this study.

Identification of the mineralogical composition and textural structures of rocks shows that mineral hardness
plays a critical role in rock strength at the early stages of the loading (o)) whereas their distribution within
the entire rock that forms the texture, controls the deformation behavior at incremental stress (0,,and o, ).
The composition and interlocking of crystals, presence of groundmass, and weakness planes (cleavages) are
the most effective mineralogical properties on microcracking during the damage evolution of rocks.

Fractal analysis revealed that diabase exhibited the highest cracking intensity among the rock types, which
is attributed to its complex texture formed by interlocking hard crystals. In addition to controlling rock
strength, the planes of weakness within crystals and their alignment with the direction of applied stress in-
fluence crack susceptibility, as observed in both diabase and marble.

Even though ignimbrite exhibited higher compressive and tensile strength than marble, the presence of
groundmass affects the rocks’ behavior, presenting more cracking tendencies with increasing critical stress.
The fractal box-counting method can be used as an effective method to quantify progressive damage if the
mineralogical observation is revealed accurately.

Data availability

This work is based on the data derived from numerical and laboratory experiments that are available through
contacting the authors. The “numerical data” and the formulations used here can also be reproduced by follow-
ing the equations in the text. Meanwhile, documentation and the details for the numerical code (called open
source Yade DEM code) can be found online (at http://yade-dem.org and https://zenodo.org/record/34073#.Ygn
-9d9BxPY). The data supporting this study’s findings are available from the corresponding author upon request.
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