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Abstract: Since each rock type represents different deformation characteristics, prediction of the
damage beforehand is one of the most fundamental problems of industrial activities and rock
engineering studies. Previous studies have predicted the stress—strain behaviors preceding rock
failure; however, quantitative analyses of the progressive damage in different rocks under stress have
not been accurately presented. This study aims to quantify pre-failure rock damage by investigating
the stress-induced microscale cracking process in three different rock types, including diabase,
ignimbrite, and marble, representing strong, medium-hard, and weak rock types, respectively. We
demonstrate crack intensity at critical stress levels where cracking initiates (o), propagates (o.q),
and where failure occurs (o,

P
the progression of rock damage was quantified for each rock type through the fractal analyses of

cak) based on scanning electron microscope (SEM) images. Furthermore,

crack patterns on these images. Our results show that the patterns in diabase have the highest fractal
dimensions (Dg) for all three stress levels. While marble produces the lowest Dg value up to o
stress level, it presents greater Dg values than those of ignimbrite, starting from the o4 level. This is
because rock damage in ignimbrite is controlled by the groundmass, proceeding from such stress
level. Rock texture controls the rock stiffness and, hence, the Dy values of cracking. The mineral
composition is effective on the rock strength, but the textural pattern of the minerals has a first-order
control on the rock deformation behavior. Overall, our results provide a better understanding of
progressive damage in different rock types, which is crucial in the design of engineering structures.

Keywords: progressive cracking; rock damage; SEM analysis; fractal dimension

1. Introduction

Because rock deformation and failure processes are controlled by the initiation, propa-
gation, and coalescence of microcracks, the stability of engineering structures (e.g., dams
and tunnels), based on various rock types, is primarily dependent on robust assessments
of the cracking process. Since the pioneering work of Griffith [1], researchers have pro-
duced numerous methods and theories to explain progressive rock damage regarding such
stress-induced microcracking [2-12].

In order to obtain a better understanding of the micro-interaction mechanisms within
rocks, laboratory loading experiments have been accompanied by mineralogical analyses.
For instance, Simmon et al. [13] and Kranz [14] classified microcracks on thin sections to
detect the source of stress concentration. Zhao et al. [15] observed the failure development
of marble under compression through SEM images. Similarly, Eberhardt [16] identified the
changing orientations of stress-induced cracks on SEM images as well.

Moreover, studies focusing on the quantification of rock texture [17,18] have provided
a solid basis for the investigation of the effects of mineralogical composition and textural
distribution on rock strength and deformation characteristics. Fahy and Guccione [19]
identified the strength of sandstones by using the mineralogical properties of quartz.
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Shakoor and Bonelli [20] studied the effects of grain properties and the textural structure
of sandstones on compressive strength. Ulusay et al. [21] determined rock engineering
properties through petrographic characteristics using correlation and multivariate statistical
techniques. Ersoy and Waller [22] proposed a relation between the mechanical properties
and the textural coefficient of various rock types. El Bied et al. [23] suggested that the
textural features control damage localization, forming shear bands in rocks. Later on,
Coggan et al. [24] revealed the effect of mineralogical changes on strength reduction. Oztiirk
et al. [25] proposed regression models to predict the approximate value of compressive
strength from the textural coefficient. Undiil [26] determined the effect of textural and
mineralogical properties on the strength and deformation parameters of volcanic rocks.
More recently, Askaripour et al. [27] summarized the influences of rock textural features on
the geomechanical properties of a rock by regression equations.

Besides these microscopic insights, it has also been discovered that cracking patterns in
rocks causing failure and deformation have fractal characteristics [28-33]. More specifically,
fractal properties of crack propagation and crack network development in rock specimens
have been investigated at various types and levels of stresses in the laboratory. For instance,
Zhao etal. [15] and Zhao [34] captured images of crack initiation, extension, and coalescence
from direct SEM observation of microcracks developing on marble plates. To understand the
extent of deformation and cracking behavior, authors calculated the box fractal dimension
of the cracks, showing that the fractal dimension increases with increasing stress. On the
other hand, the results of these studies can not be considered for the evaluation of the
findings derived from the standard testing methods because they were obtained from
an unconventional strength test. Ju et al. [35] recently developed a methodology that
incorporates computed tomography (CT) and servo-controlled triaxial test techniques.
Namely, box-counting fractal dimensions of crack networks developed inside coal cores for
different stages of axial stresses show that the fractal dimension of the crack network tended
to decrease initially before subsequently increasing during the further stages of loading.
Accordingly, Wang et al. [36] performed X-ray CT scans of coal samples under uniaxial and
triaxial compressive loading conditions. The 3D box-counting fractal dimensions of crack
networks that developed within the coal samples exhibited a good linear correlation with
crack volume, crack rate, crack density, and crack connectivity.

While Ju et al. [35] and Wang et al. [36] have provided quite important insights into the
progressive crack development in rocks, but the influence of mineralogical composition on
rock damage evolution has not been considered. Considering the mineralogical properties
in the cracking process, Liu and Zhao [37] examined the effects of impact times on crack-
ing in various rock types under dynamic loadings to represent the field (outcrop) -scale
deformation processes (e.g., faulting). Under quasi-static loading conditions, Lai et al. [38]
studied the role of various loading rates on the box fractal dimension of the fragmentation
distribution and microcracks of the internal structure. Nevertheless, Lai et al. [38] did not
identify the cracking process along different stages of loading for the demonstration of
damage progression in rocks.

The novelty of this study is in revealing the progressive damage by comparing the
microcracking processes in three different rock types through a combined assessment of
experimental measurements, mineralogical analysis, and fractal characterizations. Since
the identification of the critical stress levels, where cracking initiates (o), propagates (o.4),
and failure occurs (0peak) has been required to reveal the incremental damage accumulation
in rock [8,16,39,40], the microcracking in the examined rocks was captured during different
stages of the loading. The effects of mineralogical composition and textural features on the
cracking evolution, quantified by fractal dimensions, have been interpreted. As is different
from previous studies, our study was conducted under quasi-static loading conditions
through conventional laboratory strength tests.

For this purpose, the macro mechanical parameters of three different rock types,
such as diabase, ignimbrite, and marble, were determined in the laboratory, and then
their critical stress levels (0ci, 0cq, and Opeak) related to microcracking were detected in
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representative numerical models generated through the discrete element method (DEM).
Core samples recovered from each rock type were subjected to uniaxial compressive loading
up to these critical stress levels using a stress-controlled press. These samples were then cut
parallel to the loading direction to reveal the traces of cracks along such parallel surfaces,
through which thin sections and SEM images were taken. Through the box-counting
technique, fractal dimension values were calculated to quantify the crack patterns on digital
reconstructions derived from SEM images. The fractal dimension values corresponding to
each stress level were evaluated together with the mineralogical properties. The damage
developments in different rock types were compared to each other to explain the role of
rock microstructure on the damage.

2. Material

Three different rock types, diabase, marble, and ignimbrite, are used in this study.
These rocks have no visible (macro) fractures/cracks and a relatively homogeneous internal
structure. This property enables the minimization of the effect of pre-existing defects
on mechanical behavior (Figure 1). For each rock type, 40 cylindrical (core) samples in
ASTM [41] standards (2 < L/D < 2.5, L: length, and D: diameter) were subjected to uniaxial
and triaxial compressive strength tests and tensile strength tests. From these experiments,
four fundamental mechanical parameters of these rocks, such as uniaxial compressive
strength (UCS), tensile strength (UTS), Young’s (Elasticity) Modulus (E), and Poisson’s ratio
(v), were determined, and Hoek-Brown failure envelopes [42] were plotted. These macro
properties were then used in the calibration of numerical models whose details are given in
the following section.

Figure 1. Rock types used in this study: (a) Marble; (b) Diabase; (c) Ignimbrite.

3. Method
3.1. Three-Dimensional DEM Modeling

A numerical modeling technique based on the discrete element method (DEM) was
used to determine the critical cracking stress levels in rocks. The macro mechanical
properties determined from laboratory experiments were used in the calibration of three-
dimensional DEM-based numerical models. Numerical models were generated through
Yade open-source DEM code [43]. According to the bonded particle model (BPM), first
proposed by Potyondy and Cundall [44] and later modified by Scholtes and Donze [45], a
rock material consists of an assembly of polydisperse, discrete, rigid, and spherical particles
(discrete elements, DEs). The particles are bonded together in an interaction range and
follow the elastic-brittle contact law. Following the elastic-brittle contact law, the particles
are bonded together in an interaction range (yint) such as:

Deq < Yint X (RX +Ry) (1)

Here, Deq is the initial equilibrium distance and Ry and Ry are the radii of particles x
and y. This parameter (yint) adjusts the average number of bonds per particle, N (coordina-
tion number), and is defined before the start of the test simulation. The interaction forces
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between the particles are subdivided into a normal component F,, and a shear component
Fs. Fy is calculated in Equation (2) as:

Fo=k, X up 2)
Ry x R
kn=2Y x —— 7
n X Rx+Ry 3)

where kj, is the normal stiffness as a function of equivalent elastic modulus Y (in Pa), and un
is the normal relative displacement. Under compression, F, can increase indefinitely. How-
ever, under tension, F,, can increase up to a significant threshold such as Fp max=t X Ajp.
t is the interparticle tensile strength (in Pa) and A is a surface regarding the size of the
particles (Ajnt = 71 X [min (Ry; Ry)z]). When F,, > Fj, max, the bond breaks, and a tensile
crack occurs at the bond location.

Fs is the shear force and is calculated incrementally, as shown in Equation (4):

Fs=Fgt—at + ks X Aus 4

Here, ks, the shear stiffness computed as ks= P X k;, and P is as a constant between
ks and the normal stiffness, k;,, between the values 0 < P < 1. Ay is the relative incremental
displacement and Fg;_a; is the shear force at the previous timestep. The maximum shear
force, Fsmax, is calculated according to the generalized Mohr—Coulomb criterion:

1:"s,maX: ¢ X Ajnt + Fax tan((p) ®)

In Equation (5), c (in Pa) is the cohesion, and ¢ (in °) is the friction angle. When
Fs > Fs max, shear failure develops, and a shear crack occurs at the bond location.

The calibration process is driven by micromodel parameters, given above (Y, P, t, ¢, ¢,
and N), that are assigned to these particles to obtain the macro mechanical rock parameters
(UCS, UTS, E, and v). The calibrated microparameters of each rock type are given in
Table 1. The details of the methodology are presented in Scholtes and Donze [45], and some
applications regarding simulation procedure can be found in Ding Gogtis [46] and Ding
Gogilis and Avsar [47].

Table 1. Calibrated microparameters of DEM model samples based on macro mechanical properties
obtained in the laboratory.

Parameter Diabase Marble Ignimbrite
Elastic modulus Y (GPa) 13 12 10
Stiffness ratio P (—) 0.4 0.4 04
Micro 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

A total of 149 uniaxial and triaxial compression and tensile strength test simulations
were performed with the same stress conditions in the laboratory (e.g., the same lateral
pressures, using frictionless plates to apply loading, etc.). Numerical samples with the
dimensions of 1 x 2 x 1 (model unit), each containing 10,000 particles (discrete element,
DE), represent accurately the failure and deformation parameters of real rocks (Table 2). In
the simulation of the uniaxial compressive strength test, the loading is applied to the model
sample through two rigid and frictionless plates, placed at the bottom and top surfaces of
the sample (Figure 2). The strain rate was chosen as 0.025 m/s, according to the preliminary
sensitivity analysis results.
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Table 2. Comparison of macro mechanical parameters obtained from laboratory measurements and
DEM modeling.

Rock Type Method UCS (MPa) UTS (MPa) E (GPa) v (=)
Diab LAB 72.57 + 9.68 9.14 +1.15 10.88 + 1.46 0.25
1abase DEM 755 9.2 9.68 0.15
lenimbrite LAB 54.41 + 7.67 6.67 £+ 0.78 7.23 +1.07 0.15
& DEM 47 6.53 6.4 0.13
Marbl LAB 41.46 +7.03 4.85 4 0.43 832+ 1.79 0.14
arble DEM 385 5.1 7.5 0.13
(b) 80 o
70t —— Diabase e
—— Ignimbrite
© 60r Marble e
s %9 o Oea
. ea
= 40 L O-C ci T k p
pea
B30 oF
D 20 | Ocd
.

2 4 6 8 10 12
€, (milistrain)

Figure 2. (a) Configuration of 3D DEM model under uniaxial compressive loading; (b) stress—strain
responses and critical stress levels of the rock materials.

In the DEM analyses, the models were examined in an open-source interface program
called Paraview to determine the stress levels (o and o4, respectively) at which cracks
emerge and progress by coalescence. In the uniaxial compressive strength test simulations,
150,000 iterations were made for each sample, and cracking was examined from the begin-
ning of the loading. During the analysis, it was determined how many cracks occurred in
the model sample at which stage of the iteration, and the stress level corresponding to the
relevant strain was determined. The detected critical stress thresholds from DEM modeling
are presented in Table 3.

Table 3. Critical stress levels (0¢i, 0cd, Opeak) for the rock types.

Stress Levels (MPa) Diabase Marble Ignimbrite
O 38 21 25
Ocd 55 30 37
Opeak 75.5 38.5 47

3.2. Experimental Setup

Core samples were loaded up to the determined stress levels under uniaxial compres-
sion (see Table 3). The tests were carried out in a stress-controlled hydraulic press and the
loading rate was set up to 0.1 MPa/s for ignimbrite and marble, and 0.2 MPa/s for diabase,
according to the preliminary experimental results.

Three micro-cameras with 90x magnification at 4 cm and 20x at 15 cm and a
1.3-megapixel sensor were integrated into the experimental setup to observe the cracking
at the mesoscale as well (Figure 3). Camera images were recorded by using Dino Capture
software on two different computers. Synchronously, stress—strain responses of rocks were
recorded through the control panel. Three samples of each rock type were loaded up to the
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stress level 0, and then the experiment was ended. After that, 3 new samples were loaded
up to the o4, and the experiment was stopped again. Finally, 2 core samples were loaded
up to the opeqx until reaching the ultimate rock failure (up to the UCS value). Looking
at the digital micro-camera recordings (Figure 4), one can see that there is no mesoscale
cracking in the diabase and marble cores loaded up to the o, level. In addition, just a few
cracks are observed in all samples at the o4 levels. The most prominent mesoscale cracking
develops in samples of ignimbrites once the sample reaches its ultimate stress level (0peax)-
All loaded core samples and the unloaded samples representing the primary texture of the
rocks were cut parallel to the loading direction, as shown in Figure 5. A total of 72 thin
sections and 51 polished sections were prepared from these cut surfaces to be analyzed
mineralogically under the polarized microscope (PM) and scanning electron microscope
(SEM), respectively. The images taken under microscopes and the details of the analyses
are given in the following section.

Hydraulic Press

Figure 3. Experimental setup for the stress-controlled uniaxial compressive strength test.

Rock Type

Stress Levels —>| O

Figure 4. Incremental cracking (mesoscale) with increasing stress under uniaxial compressive loading
(i: 0¢i, ii: 0, iii: Opeak stress levels, and yellow lines: mesoscale cracks).
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Undeformed disk-shaped samples

4 Loading
~ | direction

Thin sections

Polished sections

Figure 5. (a) Loaded core- and unloaded disk-shaped samples; (b,c) thin and polished sections
prepared from these samples.

3.3. Mineralogical Analysis

In the mineralogical analysis, firstly, thin sections taken from unloaded samples were
assessed, and the primary texture and mineralogy of the rocks were identified. Then the
general pattern of pre-existing microcracks in the texture of rocks at different microscales
was determined on both the thin sections and the SEM images to be able to distinguish the
new cracks induced by stress. The undeformed (unloaded) views of the rock samples in
both under the SEM and thin section imaging are shown in Figure 6.

Figure 6. Images of all rock types under the polarizing microscope (top) and SEM (bottom): (a) di-
abase; (b) ignimbrite; (c) marble. (The thin sections were viewed at 4x in crossed polarized light
(XPL). Mineral abbreviations based on the study by Whitney and Evans [48]: Afs—alkali feldspar,
Bt—Dbiotite, Cal—calcite, Chl—chlorite, Pl—plagioclase, Px—pyroxene).
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In the mineralogical analysis, the composition of the diabase sample was determined
mainly as plagioclase, pyroxene, and olivine (Figure 6a). There are also secondary opaque
minerals. Plagioclase crystals are euhedral and subhedral, columnar, or flat prismatic. They
show polysynthetic twinning. A typical ophitic texture is identified because of observing
high-relief anhedral pyroxene crystals among plagioclase crystals. Olivine crystals are in
the form of small, circular grains and are relatively less abundant than other minerals in the
samples. In the ignimbrites, mainly volcanic glass and fragments of existing crystals were
detected in the fine-grained groundmass (Figure 6b). The crystals are plagioclase, alkali
feldspar (sanidine), and biotite minerals. Quartz is observed in very small amounts. There
is also some chlorination in the groundmass. The third rock type, marble, only consists of
calcite. There are also small amounts of opaque minerals. Anhedral calcite crystals with
cleaved, rthombohedral twins present granoblastic texture (Figure 6c).

The principal results of the mineralogical analyses under the polarized microscope
can be summarized as follows:

e Diabase and marble consist only of crystals. The ignimbrite has a groundmass-
dominated structure, and the crystals are dispersed within the groundmass. Diabase
has an equidimensional and interlocking texture. Similarly, calcite crystals in marble
also clamp together.

e In SEM images, marble presents a relatively smoother surface than ignimbrite and
diabase in the undeformed state (Figure 6). However, the increase in the number of
cracks with increasing stress was clearly observed in the SEM images of all three rock
types (detailed hereafter in the following section).

e Looking at the compositions of all rock types, plagioclase, pyroxene, and alkali
feldspars are the hardest minerals. Calcite and biotite have relatively lower hard-
ness. However, since biotite is very cleaved, it deforms more easily under loading (for
instance, the bending of biotites in ignimbrites is demonstrated in Figure 6b).

3.4. Fractal Analysis

The concept of fractal geometry [49] has been a very useful and robust tool in the
practical solution of many complex problems in the earth sciences and, especially, in rock
mechanics, as in many other disciplines. With the recognition of the fractal properties of
metal crack surfaces [50], the application of the fractal concept of topologically 2D rock
crack surfaces and 1D profiles taken from these surfaces is of great interest and many works
have been published in the literature for this purpose, e.g., [51-63].

Fractal characterization of the cracks has been investigated at various scales. For
instance, Barton and Larsen [28], by using the box-counting technique, examined the
fractality of three crack-trace network maps prepared from tuff outcrops at Yucca Mountain
in the western US, and they found that these complex networks were fractal with fractal
dimensions values such as 1.12, 1.14, and 1.16. Later on, Hirata [30] studied the fractal
properties of fault systems in Japan and revealed that the fractal dimensions varied between
1.05 and 1.60. Barton [31] provided a series of crack trace maps at various scales and listed
the calculated fractal dimensions for each, ranging between 1.32 and 1.70. This study also
introduced variations of the conventional box method, such as the box-rotate, box-flex, and
box-density methods, to improve the box method’s accuracy and reproducibility. Some
authors, on the other hand, have claimed non-fractal structures for the crack network
patterns, e.g., [64—66]. Further, it was emphasized that natural crack patterns might not
be characterized by a single fractal dimension over a significant scale range [67]. Due
to these contradictory findings, Berkowitz and Hadad [32] addressed the fundamental
question of whether crack networks are fractal or not. They analyzed the fractality of a
series of natural crack trace maps as well as several synthetical crack networks generated
using various probability distribution functions. The authors concluded that both crack
network types exhibited fractal properties [32]. Later, by using a modified version of the
box-counting technique, the previously obtained results of Barton [31] were re-examined by
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Roy et al. [33]. It was also highlighted that some crack networks are certainly self-similar,
such that their geometries should be described by a single fractal dimension.

In this study, for the calculation of fractal dimension values of 2D microcrack pat-
terns that developed at different stress levels and were then visualized through the SEM
inspections, we performed the box-counting (grid) technique [68,69]. The technique is quite
practical and applicable to one- and two-dimensional data sets [70]. A map of crack traces
is covered by a grid of square boxes or cells with a side length of r. Then the number of
square cells Ny (1), including any part of crack traces, is counted. Recursively running this
process for a sequence of grids with decreasing box sizes will result in an increase in the
number of boxes occupied by any portion of the cracks. The relationship between N, (1)
and r is given as:

Niox (1)1/17 ©6)

If the log-log plot of Ny (1) versus r is drawn and the slope 3 of the linear fit adjusted
to the data in this plot is read, the fractal dimension (Dg) is estimated by the following
relationship:

Dp = —f @)

4. Analysis of Progressive Rock Damage

In the SEM analysis, 522 images were taken at different magnitudes of scales rang-
ing between 40 um and 500 um. The images were selected in which cracks are obvi-
ously visible and that also demonstrate the overall crack pattern for the fractal analysis
(Figures 7a, 8a and 9a). Therefore, the scale magnitude of the images was selected as
200 pum (equivalent to 400 x magnification), which is the same for all of the images taken
in high vacuum mode, 10,000 kV with an ET detector. These images that represent the
cracking in samples for three different critical stress levels, 0, 0¢q, and 0peak, were scaled
in pixels through the digital image processing technique by using Image] software. The
stress-induced cracks in the images were first drawn as lines representing crack traces.
To distinguish these crack traces from the rest of the image, they were converted to 8-bit
images, and then black-and-white thresholds were applied to them. As a result, binary
images with white backgrounds and black crack traces were derived, and the crack pattern
for each image was digitized (Figures 7b, 8b and 9b). The box-counting method in the
FracLac plugin was applied to these binary images. The image type was selected as binary
and the background was set as white. Six grid positions (scan types) in fixed grid scanning
were used to find an optimal covering. The scale was arranged such that the smallest box
size was 2 pixels and the largest box size was 30% of the binary image size. By running
the software with this configuration of input parameters, log Npo(r) vs. log r plots were
drawn and the slopes (3) of the linear fits adjusted to the data on these plots were read. By
substituting these slope values in Equation (7), the fractal dimension (Dg) values of the
crack patterns for three loading stages were determined (Figures 7c, 8c and 9c¢).

Our results show that the Dg values increase with increasing stress, indicating that
the microcrack intensity in the rocks increases as well. The diabase has the greatest Dg
values for all three stress levels (Dggjapase = 1.161, 1.329, 1.394). For the o; stress level, the
Dg value of the ignimbrite (1.044) is greater than that of the marble (1.025), while the Dg
value of the marble is greater than the ignimbrite’s once the 0.4 is reached (Dpmarble = 1.215
and Dgignimprite = 1.133). Similarly, the Dg value of marble is more than that of ignimbrite
at the opeax stress level (Dpmarble = 1.345 and Dgignimbrite = 1.284).
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Figure 7. (a) SEM images of the diabase; (b) the 8-bit black and white binary images of the crack
patterns for different stress levels; (c) the logN(r)-log(r) graphs derived from the fractal analyses of
these images.
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Figure 8. (a) SEM images of the ignimbrite; (b) the 8-bit black and white binary images of the crack
patterns for different stress levels; (c) the logN(r)-log(r) graphs derived from the fractal analyses of

these images.
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Figure 9. (a) SEM images of the marble; (b) the 8-bit black and white binary images of the crack
patterns for different stress levels; (c) the logN(r)-log(r) graphs derived from the fractal analyses of
these images.

5. Discussion

Increasing Dp values has been interpreted as increasing microcrack intensity in
rocks [34,36,37,71]. Although the calculation of the Dg values to assess the cracking process
in rocks has paramount importance, it has to be interpreted accompanying the mineralogical
composition of the rock to have a better understanding of progressive rock damage [37,38].
Therefore, the cracking process in three different rock types here was quantified by fractal
analysis, and Dg values were interpreted together with mineralogical observations in terms
of their hardness, interlocking, and texture.

Our results show that the Dp values increase with increasing cracking intensity in-
duced by the incremental stress in all rock types. The greatest Dg values were obtained
in diabase, demonstrating that it displays the most intensive cracking at all critical stress
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levels. It consists of hard minerals (pyroxene and plagioclase) representing strong rock char-
acteristics [72]. Furthermore, its interlocking texture has a great influence on its strength
properties as increasing rigidity [19,23-25,27]. These findings point out that the diabase is
the most brittle rock compared to the others.

Marble is the weakest rock in terms of strength parameters (UCS and UTS) in this
study (see Table 2) However, it has a greater ratio of UCS to UTS and the E value than
ignimbrite. It has the lowest Dg value at o stress level. On the other hand, once the
0.4 stress level is reached, it has a greater Dp value than that of ignimbrite. This shows a
more significant decrease in stiffness in marble, compared to ignimbrite, with increasing
stress, so the Dp values become greater with more intense cracking. This is because the
groundmass-dominated texture in ignimbrite exhibits a more plastic (ductile) behavior than
the granoblastic texture in marble, which consists of only crystals (calcites) [24,26,27]. In
other words, the laboratory measurements show that the strength values of ignimbrite are
greater than those of marble, but ignimbrite’s groundmass-dominant composition [20-22]
controls the rock damage starting from the o4 stress level.

These findings show that the mineralogical composition and texture exert an impor-
tant control on the rock stiffness and, hence, the Dy values. However, mineral hardness
is strongly effective on the rock strength parameters, and the textural pattern of the min-
erals predominantly drives the rock deformation behaviors. Therefore, since the damage
accumulation strongly depends on textural characteristics, each rock type exhibits different
cracking intensities at the relevant critical stress level. The Dp values during the loading
paths are marked on the stress—strain curves, representing the quantitative progressive rock
damage for each rock type (Figure 10). The damage regarding the cracking process in all
rock model samples is predominantly driven by tensile/extensional mechanisms rather
than shearing, representing brittle rock response. Please note that the blue and red dashed
lines in Figure 10 demonstrate the tensile and shear microcrack numbers, respectively.
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Figure 10. Cont.
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Figure 10. Quantification of progressive rock damage regarding the cracking process in all rock types
based on fractal calculations (a) Ignimbrite (b) Marble (c) Diabase (Blue and red dashed lines show
the numbers of tensile and shear microcracks, respectively).

Overall, the Dg values of cracking patterns at the critical stress levels demonstrate an
explicit increment with increasing stress (Figure 11). Thus, the progressive crack accumula-
tion was assessed using fractal theory to have an explicit quantitative data platform for the
damage mechanics in rocks.
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Figure 11. Variation of the Dp values of crack patterns at the critical stress levels.

6. Conclusions

In this study, progressive rock damage was investigated through laboratory tests,
numerical modeling, and mineralogical observations integrated with fractal analysis. Macro
mechanical parameters of three different rock types, diabase, ignimbrite, and marble,
representing strong, medium-hard, and weak rock types, respectively, were calibrated
through a 3D DEM modeling technique according to the laboratory measurements (see
Table 2). The critical stress levels where cracking initiates (o), propagates (0.4), and failure
occurs (Opeax) Were detected in 3D DEM model samples in order to reveal the progressive
rock damage. After that, the core samples of these three different rock types were subjected
to uniaxial compressive loading up to the critical stress levels (0, 0cq, and Opeai) in the
laboratory. Thin section and SEM images taken from these loaded samples were examined
to identify the cracking intensity and pattern developing at the relevant stress levels. The
progression of rock damage in each rock type was quantified through the determination of
the fractal dimension (Dg) of the crack patterns.
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The main results of our research can be summarized as follows:

1. The 3D DEM model predictions are in good agreement with the laboratory measure-
ments in terms of mechanical parameters. In all DEM samples, the rocks display
brittle rock response, and damage is most likely driven by the tensile mechanisms.

2. During the recording of the loading process, the mesoscale cracking patterns could not
be detected in marble and diabase by digital cameras, while ignimbrite presented visi-
ble crack development. Contrarily, at the microscale (under polarizing and scanning
electron microscopes), intensive cracking is mostly detected in marble and diabase.

3. In the mineralogical analyses, it is identified that diabase has the hardest minerals,
with an equidimensional and interlocking texture. Marble consists only of crystals
clamping together. On the other hand, the ignimbrite has a groundmass-dominated
texture, and the crystals are dispersed in this groundmass.

4. Inall rock types, the Dp values increase with increasing critical stress levels (o, 0cq,
and Opeak)- The diabase has the greatest Dg values at all stress levels, demonstrating
that it displays the most intensive cracking during the loading due to the hard minerals
and interlocking texture.

5. Marble is the weakest rock in terms of strength parameters, and it has the lowest
Dg value at o stress level. However, marble has a greater Dg value than that of
ignimbrite once the o4 stress level is reached. This is because the groundmass-
dominated texture in ignimbrite controls the rock damage, and it presents a more
plastic behavior than the one in crystalline marble after the o4 level.

The mechanical parameters obtained from the rock mechanics laboratory experiments
give fundamental information about the rock’s strength and deformation properties. More-
over, the evaluation of both results of fractal dimension and mineralogical analyses show
that the entire damage process of rocks may exhibit different tendencies depending on
micro-interactions under stress. Therefore, the quantification of progressive damage and
mineralogical assessments in various rocks at the microscale provides a more accurate and
robust interpretation of the load-bearing capacity and deformation issues encountered in
rock engineering applications.
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