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Abstract

An experimental study has been conducted on natural materials such as sandstone and andesite, which are commonly
used in the mining, oil and gas industries, as well as in road construction. Cylindrical samples were tested under qua-
si-static and dynamic loads in fragment preservation conditions. X-ray tomography was used to determine the stages
and mechanisms of destruction and the spread of cracks in the material before and after testing. The quasi-static
uniaxial compression tests were performed, in which the deformation fields were measured, in situ, by using the
digital image correlation method and acoustic emission signals. Analysis of the results revealed the specific fea-
tures of fracture of andesite and sandstone samples. The destruction of andesite, which consists of hard and soft
phases, follows a quasi-brittle scenario in the soft phase, with the size of the resulting fragments corresponding to
the solid phase. When main vertical cracks spread throughout the entire volume of sandstone, which is a homoge-
neous material and consists of strong, loosely interconnected grains of sand, there was no sharp drop in its bearing
capacity because friction forces between sand grains contribute significantly to holding them together, especially
under compression conditions. Once the load was taken off, the sample broke up into pieces. The destruction of the
tested samples subjected to quasi-static loading proceeds in two steps. The first step involves the accumulation of
damages in the form of multiple main cracks coinciding with the direction of the maximum stress. During the second
step, multiple daughter cracks are formed, which promotes the failure of the sample. In the case of dynamic compres-
sion, complete fragmentation of the sample occurred when the energy of the loading pulse was sufficient, and this
was accompanied by the separation of the formed fragments. The results of this study are promising for the develop-
ment of numerical fracture models intended to investigate the kinetics of defect nucleation and growth in rocks.
These models can also be used to optimize the drilling processes.
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Introduction

Rocks play a pivotal role in geological processes and are crucial for understanding the evolu-
tion of the Earth's crust. Studying their mechanical properties and the stages at which they transition
to destruction [1] under the influence of various loads is an urgent task for modern geology and ma-
terials science. Quasi-static compression enables the study of slow, gradual processes in rocks,
while dynamic compression models rapid, intense loads characteristic of natural disasters [2, 3] and
geological processes [4-6], as well as mining processes, including explosive methods [7, 8].

Experimental and theoretical works [9] have studied mechanisms leading to deformation and
destruction of condensed media, such as stony rocks [10-12], sandstones (clays) [13-15], glasses [16],
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liquids (as integral binders in rock) [17, 18], glass ceramics [19], ceramics (composites) [20, 21] and
others [22, 23], in a wide range of loading speeds of 104-10° sX. Such works are relevant to many
areas of human activity, including motor engineering, machine engineering, aircraft engineering,
shipbuilding, architecture, construction [24-26], mining, the oil and gas industry, [27-29] and space
engineering [30]. Experimental [31, 32] and theoretical [33, 34] studies provide interpretations of
forecasts and descriptions of the dynamics of the destruction process of rock samples.

In this research, in addition to the authors' fundamental study [35], a comprehensive study has
been carried out on the most prevalent rocks encountered during drilling in the mining industry and
during the construction of roads and railways: sandstone and andesite. Due to the diversity of these
rocks, samples from different deposit sites may have significantly different strength properties.
The dynamic destruction of sandstone and andesite is poorly documented. In order to establish the
stages and mechanisms of the destruction of these rocks, an experimental study of materials under
quasi-static and dynamic loads was conducted, with the simultaneous recording of acoustic emission
signals (AE) [16] and deformation fields using digital image correlation method (DIC) [36, 37].
AE and DIC are currently becoming increasingly popular as methods for studying rock fracture.
AE provides high sensitivity to changes in rock structure and enables the dynamics of fracture to be
observed in real time, while image correlation analysis accurately determines the geometric parame-
ters of cracks and their distribution. Together, these methods help evaluate the mechanical proper-
ties of rocks, predict their behaviour under stress and assess the stages of transition from damage to
destruction.

Methods

Specimens. Research has been focused on two distinctive rocks that are frequently encountered
during drilling, quarrying and road construction. The sandstone was provided by STC Gazpromneft
(Botuobinsky horizon, intake depth 2920-2950 m, outside the exploration well field). Andesite is col-
lected in the installation area of chairlift supports. This is on Elbrus, at an altitude of 2350 m above
sea level. Elbrus is in the Kabardino-Balkarian Republic (Russia), in a village Terskol. Both types
of material contain suspected quartzite elements. Cylindrical samples were cut out for testing. The
maximum sample size was limited by the size of the diagnostic testing facility. To achieve the same
initial conditions, the quasi-static compression samples were shaped identically. The scale factor
was not investigated in this study. However, based on tomography data of sandstone and andesite
samples, the characteristic scales of structural heterogeneity are smaller than the sample size. There-
fore, it can be assumed that a sandstone sample of this size represents the formation from which it
was taken; consequently, the scale factor has no influence on such samples. The sample parameters
and loading conditions are presented in Table 1. The difference between the andesite and sandstone
samples was that the density of the sandstone sample varied over a wider range — 2057-2600 kg/m?.

Table 1
Parameters and conditions of loaded samples
. . Average Average . .
Material Sample number Loading method diameter d, mm height h, mm Density p, kg/m?® Initial mass m, g
Sandstone | Sanl, San2, San3, San4 DL 10.80+0.01 10.20+0.01 2057-2600 1.82-2.58+0.0001
San5, San6 QSL 1.9777+0.0001
2.0448+0.0001
Andesite Moul QSL 11.06+0.01 11.79+0.01 2534 | 2545+48 | 2.8712+0.0001
Mou2 11.04+0.01 10.23+0.01 2528 2.4763+0.0001
Mou3 DL 11.05+0.01 11.24+0.01 2553 2.7522+0.0001
Mou4 11.06+0.01 11.48+0.01 2563 2.8278+0.0001

Note. DL — dynamic loading; QSL — quasi-static loading.
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Examination of the material composition by scanning electron microscopy and X-ray analy-
sis methods. The elemental composition was studied using an X-ray K-series with the energy dis-
persion analysis system of the Oxford Instruments INCA X-ACT Spectrometer for a Hitachi S-3400
electron microscope. Knowing the chemical composition is necessary for identifying samples, as
rocks from different deposits can vary. The chemical composition of the materials under study was
examined using a Hitachi S-3400N scanning electron microscope with an INCA X-ACT spectrome-
ter (under the supervision of V.P.Bachurikhin at the Laboratory of Electron Microscopy at Perm
State National Research University). The composition of the San6 sandstone sample is presented in
Table 2. The following elements predominate in this material: O (53.2-53.91 %), Si (23.26-25.28 %),
i.e., quartzite that contains inclusions of Al (8.63-8.86 %), Fe (4.00-4.37 %), Na (2.08-2.79 %),
K (2.37-2.62 %), and small amounts of Cl, Mg, Ca, Ti, S.

Table 2
Sandstone composition
Test 1 Test 2
Element
Quantity, wt.% Volume, at.% Quantity, wt.% Volume, at.%
OK 53.20 67.85 53.91 68.36
Na K 2.79 2.48 2.08 1.83
Mg K 143 1.20 1.32 1.10
Al K 8.86 6.70 8.63 6.49
SiK 23.26 16.90 25.28 18.26
SK 0.24 0.15 - -
CIK 2.19 1.26 1.27 0.73
KK 2.62 1.37 2.37 1.23
CakK 0.59 0.30 0.68 0.34
TiK 0.44 0.19 0.46 0.20
Fe K 4.37 1.60 4.00 145
Total 100 100

The composition of andesite (a fragment of the massif from which the samples were cut was ana-
lyzed) is presented in Table 3. The following elements predominate in the material under study:
O (61.08-63.26 %), Si (23.79-24.63 %), Al (5.94-6.28 %), Na (2.86-3.58 %), K (1.46-1.50 %), the
presence of Ca (0.77-0.95 %), Fe (0.37-0.89 %) is not excluded.

Andesite had white inclusions, which were analyzed with a microscope additionally (Table 4).
The most abundant inclusions were quartzite SiO. (O: 57.9-58.53 %, Si: 23.73-23.99 %) with a
small admixture of Al, Na, Ca, Mg, K, and Fe.

For the purposes of comparative analysis, an additional study was carried out using electron
scanning microscopy on quartzite obtained from the Central Plateau of Uganda (Africa) (Table 5):
The SiO; elemental content was found to be O 61.12-63.06 %, Si 36.94-38.88 %, with a small
admixture of inclusions containing the following elements: O (53.3 %), Si (21.73 %), Al (13.53 %),
K (6.76 %), Fe (2.83 %), Mg (1.16 %) and Na (0.68 %).

Table 3
Andesite composition
Test 1 Test 2
Element
Quantity, wt.% Volume, at.% Quantity, wt.% Volume, at.%
OK 61.08 73.33 63.26 74.99
Na K 2.86 2.39 3.58 2.95
Mg K 2.15 1.70 0.49 0.38
AlK 5.94 4.23 6.28 4.41
SiK 24.63 16.84 23.79 16.06
K K 1.50 0.74 1.46 0.71
CaK 0.95 0.46 0.77 0.36
Fe K 0.89 0.31 0.37 0.13
Total 100 100
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Composition of the white inclusions of andesite

Table 4

Test 1 Test 2
Element
Quantity, wt.% Volume, at.% Quantity, wt.% Volume, at.%

OK 57.90 70.88 58.53 71.45
Na K 3.47 2.96 3.67 3.12
Al K 9.76 7.09 8.83 6.39
SiK 23.73 16.55 23.99 16.68
K K 1.17 0.59 1.35 0.67
CakK 3.96 1.94 3.00 1.46
Fe K - - 0.62 0.22
Total 100 100

Composition of quartzite and its inclusions

Table 5

. . Test 1 Test 2 Composition of inclusions
emen
Quantity, wt.% Volume, at.% Quantity, wt.% Volume, at.% Quantity, wt.% Volume, at.%

OK 61.12 73.40 63.06 74.98 53.30 67.88
Na K - - - - 0.68 0.61
Mg K - - - - 1.16 0.98
Al K - - - - 13.53 10.22
SiK 38.88 26.60 36.94 2.02 21.73 15.76
K K - - - - 6.76 3.52
Fe K - - - - 2.83 1.03
Total 100 100 100

The phase composition of the presented rocks (quartzite, andesite and sandstone) was
determined using X-ray diffraction analysis. The studies were carried out using the powder
method, and an URS-60 X-ray machine with an RCU camera (d = 114.6 mm) was used to take
photographs on photographic film?, the anode emits Co radiation. The X-ray images obtained are
shown in Fig.1. All of the rocks presented have a crystalline structure. There is no halo corresponding
to the amorphous phase. Based on the elemental composition data, it can be assumed that the
quartzite material is pure SiO2 (Fig.1, a). Interplanar distances were estimated from the X-ray image
in Fig.1, a, and compared with tabular values? which made it possible to suggest that o-quartz domi-
nates in quartz. The lines on the X-ray images in Fig.1, a coincide with those in Fig.1, b, c, there-
fore, materials from andesite and sandstone also contain large quantities of a-quartz, which is

Fig.1. X-ray radiograms of the studied rocks: quartzite (a); andesite (b); sandstone (c)

1 Kitaygorodskiy A.l. X-ray structure analysis. Moscow; Leningrad: State Publishing House of Technical and Theoretical

Literature, 1950, p. 650 (in Russian).
2 Mirkin L.1. Reference book on X-ray structure analysis of polycrystals. Moscow: State Publishing House of Physical and

Mathematical Literature, 1961, p. 862 (in Russian).
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consistent with the elemental composition results. However, andesite and sandstone contain addi-
tional phases. The elemental composition shows that natural materials contain a small amount of
dolomite (CaCO3-MgCO3). The radiograph (Fig.1, b) shows the three most intense lines of inter-
planar distances d/n = 2.89; 2.19; 1.80, which correspond to dolomite; in Fig.1, ¢ there is one most
intense line with an interplanar distance d/n = 2.89, which also corresponds to dolomite (marked
with an arrow)?,

Although the determination of the phase composition of rocks via X-ray diffraction analysis
can be a cumbersome process, the use of this method in combination with the method of identifying
the elemental composition and comparing the diffraction patterns of known substances can ensure
the rapid determination of the phase composition of rocks and the presence of amorphous or crystal-
line phases.

Quasi-static loading of rocks. The quasi-static uniaxial compression tests of the samples
made of sandstone and andesite were carried out on an electromechanical universal compression
testing machine, Shimadzu AG-X plus, in conjunction with the TRAPEZIUM X application. The
deformation fields were measured in situ by digital image correlation methods. The AE detection
sensors were attached to the upper and lower rails of the Shimadzu AG-X plus loading machine.
The LaVision Imager pro X camera was installed in front of the sample in order to record the de-
formation fields. The fragments were preserved due to the application of a cylindrical, transparent
PMMA screen mounted on the lower traverse. The loading rate for all samples (San5, San6, Moul
and Mou2) was the same: 0.5 mm/min (8.3-:10° m/s) and the deformation rate was ~107 s,
The dependence of the load force on the upper traverse stroke is shown in Fig.2, a, b. The curves
plotted for the andesite samples (Moul and Mou2) show jumps associated with the formation of
cracks that do not result in the sample losing all of its bearing capacity. After reaching the peak load
(~9 and 13.2 kN, respectively), the samples were destroyed. In contrast to sandstone, the behavior
of the andesite samples was similar to that of composite ceramics [20]. When the sandstone samples
were destroyed, the maximum load forces (before destruction) were ~2.75 kN (San6) and ~2.85 kN
(San5), but then the samples are probably compacted (Fig.2, ¢); in Fig.2, b the exit to the plateau is
observed at the same F value of ~0.8-1.2 kN (~8-12 MPa). Consequently, sandstone behaves like
plastic materials with a pronounced yield strength, meaning that the destruction of the material oc-
curs as a result of sliding (shifting) of its layers along certain planes in a manner similar to that ob-
served for plastic materials. Sandstone retains its bearing capacity and shape after reaching its ulti-
mate strength.

The average strain value was estimated for the following andesite samples: Moul ~3 %,
Mou2 — 5 %, sandstone 2.5 %. The strain modulus values are estimated at ~3.1-2.8 GPa for andesite
and 1.2 GPa for sandstone. The data obtained under quasi-static loading was then used to determine
the length and speed of the impactor for the dynamic loading of the samples. Fig.2, c-e shows the
appearance of some sandstone and andesite samples immediately after loading. These samples are
characterized by the presence of multiple main cracks along their height and the formation of a
large number of fragments of a similar height. Fig.3. presents the results of signal processing by
the AE registration system for andesite and sandstone samples subjected to quasi-static loading.
At the first stage, single pulses (in the first 50-70 s) associated with the nucleation of main cracks
are recorded, the occurrence of multiple pulses (from 70-80 s onwards) is characteristic of the stage
of consolidation of cracks, which leads to the complete destruction of the sample. Fig.3, e, f, demon-
strates the probability of pulse energy distribution being greater than a certain set value. Kinks are
associated with the transient mechanisms occurred during the process of sample destruction. The
extended step in the cumulative pulse energy distribution for sandstone (Fig.3, f) can be related to
the mechanism responsible for the pseudoplastic destruction of these samples.

3 Mirkin L.1. Reference book on X-ray structure analysis of polycrystals. Moscow: State Publishing House of Physical and
Mathematical Literature, 1961, p. 862 (in Russian).
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Fig.2. Dependences of the applied force on the stroke of the upper crosshead of the Shimadzu AG-X plus
testing machine for andesite (a) and sandstone (b), and the appearance of sandstone San6 (c) and andesite Moul (d),
Mou2 (e) specimens after QSL

The strain field data obtained by the DIC method during the quasi-static compression tests of
andesite (Fig.4, @) and sandstone (Fig.4, b) samples are presented. Cracking of the material and
formation of a mesh structure along quartzite grain boundaries are observed in the Moul and Mou2
samples during loading (Fig.4, @). At a critical moment, the sample breaks into a large number of
medium-sized, three-dimensional fragments and collapses. In the sandstone samples (Fig.4, b), a
vertical trunk crack is clearly visible, and many daughter cracks appear throughout the volume at a
critical stage of the experiment. The sample breaks down into large fragments and individual grains
of sand. As the X-ray tomography data showed, cracks in natural material samples cannot be ruled
out prior to testing.
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The dynamic loading of the samples (sandstone and andesite) was carried out under fragment
preservation conditions on a modified Hopkinson split bar (RSG-25) in the Laboratory of Physical
Foundations of Strength at the ICMM UB RAS in Perm. The experimental parameters (the length
and speed of the impactor) were chosen so that the maximum possible pressure and deformation on
the sample would be sufficient to destroy it. The quasi-static loading data were used to estimate
these values. The dynamic loading of the andesite samples (Mou3 and Mou4) was carried out at
impactor velocities of 9.8 and 20.8 m/s. When the maximum stress values were obtained for (loading
stress ¢ = 143 MPa, strain € = 7.5-107%) the strain rate ¢ was 430 s, for Mou4 (c = 428 MPa,
e =15.3-10"%) it was 1353 s7* (Fig.5, a). The fracture energy value was determined as the area under
the deformation curve up to omax for the Mou3 sample (0.84 out of a possible 1.7 J) and for the
Mou4 sample (5.2 out of a possible 9.8 J). As the Mou3 sample was subjected to a lower impactor
velocity, it was not completely destroyed; however, X-ray tomography analysis revealed that it was
riddled with cracks throughout the volume. The other sample was completely fragmented, and its
fragmentation statistics was analyzed. Despite the bulk content of quartzite in the material, the frac-
toluminescence of these samples could not be properly detected; the signals were weak.

The dynamic loading of the cylindrical sandstone samples was carried out at strain rates
ranging from 863 to 1447 s* and stresses ranging from 603.8 to 44.8 MPa. The results of the data
processed from the RSG-25 recording equipment are shown in Fig.5, b. The loading energy of the
samples was estimated as the area under the stress — strain curve: Sanl — 2.3; San2 — 1.75; San3 —
8.3; San4 — 6.38 J. All samples were destroyed in fragment preservation mode (at least 98 % of the
initial mass of the sample was retained).
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Fig.5. Dependence of loading stress and strain rate on the strain value of andesite (a) and sandstone samples (b)
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X-ray tomography examination of samples. To determine the spread of cracks and the for-
mation of the fracture surface, samples were examined on a Bruker X-ray tomograph (ICMM, UB
RAS, Perm) before and after testing. The final destruction of the material is influenced by both the
loading conditions and the material's properties and any defects (e.g. pores or cracks) present prior
to testing. This report presents an analysis of X-ray tomography of sandstone (San7 is a sample
from the same batch as San5 and San6), and andesite (Mou3 and Mou4) samples. Before testing,
the andesite and sandstone samples were found to be heterogeneous, containing inclusions of other
materials, as confirmed by Hitachi S-3400N electron scanning microscopy and X-ray diffraction
analysis. Cracks were observed in the sandstone samples (Fig.6, a-c), unlike the andesite samples
(Fig.6, d-f). The samples contain inhomogeneities of the same density, which are highlighted in
one color in the below images. After the tests, samples that had not fragmented completely were
examined.

Despite the presence or absence of small cracks in the sandstone samples, destruction by quasi-
static compression proceeded according to a single scenario: damage accumulation throughout the
sample's volume, followed by the formation of main cracks along its height and subsequent destruc-
tion (see Fig.4, b). Some photographs showing the cross sections of the San5 sample after quasi-
static compression are presented in Fig.7, a. While the large fragment has not collapsed, cracks are
visible inside it along the entire height of the sample. The main fracture surface of the large frag-
ment is hourglass-shaped.

Following dynamic loading at an impactor velocity of 9.8 m/s, cracks were recorded through-
out the entire volume of the deformed andesite Mou3 sample (Fig.7, b) using an X-ray tomograph.
Despite the presence of white and grey inclusions in the material, the cracks spread through them
rather than along their boundaries, indicating that these inclusions have little influence on the nature
of crack propagation.

Fig.6. X-ray tomography results before loading: appearance of sandstone samples (San7)
and andesite (Mou4) (a, d); image of their cross sections (b, e) and 3D images of specks in the samples — gray and white areas (c, f)
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Fig.7. Results of Bruker X-ray tomograph data processing: a — photos of the sandstone sample (San5)
and its height cross sections at 1.5-2 mm intervals after quasi-static compression; b — image of the andesite sample (Mou3)
after dynamic compression (from left to right): lateral view, height section near the upper base, lateral section

Discussion

Experiments and data analysis have shown that andesite consists of hard and soft phases. The
sizes of the fragments correspond to the hard phase and destruction occurs in the soft phase. Such a
material undergoes quasi-brittle destruction. Sandstone is a homogeneous material consisting of
strong, loosely interconnected grains of sand. Therefore, despite vertical cracks forming throughout
the sample’s entire volume, there is no sharp drop in bearing capacity as the grains of sand continue
to be held together by friction forces under compression conditions. Once the load is removed, the
sample disintegrates into fragments.

The assumption was made that the phase composition could have an impact on the formation of
cracks when the samples were subjected to quasi-static and especially dynamic loading. To test these
theories, X-ray tomography of the samples was carried out before and after fracture, and the DIC
method was used during the experiment. Analysis of andesite using the DIC method revealed that
fractures occur along the boundaries of inclusions of different phases. In contrast, in sandstone with a
more homogeneous phase composition, one main crack and one or more daughter cracks form at the
final critical stage of deformation (see Fig.4). X-ray tomography enabled us to observe how the main
cracks pass through samples with an inhomogeneous phase composition and to identify areas of
damage. Only by comparing DIC and tomography data can a complete picture of rock destruction
during loading be created. However, DIC data alone are insufficient to draw unambiguous conclusions
about the process of rock destruction and the development of damage throughout the entire sample. This
is because the locations of the cracks on the sample surface (see Fig.4) do not provide a comprehen-
sive overview of the experiment and the destruction is of a completely different nature (Fig.7).
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Conclusion

Rock samples (sandstone and andesite) were tested under quasi-static and dynamic loads at
various deformation rates (103-10° s!) with preservation of the fragments. Some of the experi-
ments were performed with in situ registration of acoustic emission, fractoluminescence, and DIC.
Analysis of the resulting data has shown that the destruction of natural materials is influenced by
both loading conditions and the characteristics of the material under study, such as density, defec-
tive structure (pores and cracks), and elemental composition. The destruction of the samples un-
der quasi-static loading occurred in two stages. The first stage was the accumulation of damage.
This was the appearance of many minor cracks. The second stage was subsequent complete de-
struction [35]. In the case of dynamic compression, complete fragmentation of the sample occurred
when the energy of the loading pulse was sufficient, and this process was accompanied by the sepa-
ration of the formed fragments.

To obtain a complete picture, it is necessary to compare the acoustic emission (AE) and digi-
tal image correlation (DIC) data with the results of the analysis of rock fragmentation statistics
and the morphology of the fracture surface. The study of acoustic emission during loading was
carried out to analyze the stages of the transition process from damage accumulation to macro-
scopic material loading. For andesite samples (see Fig.3, a, b), two stages were distinguished based
on the pulse energy. At the initial stage, the pulse energy almost does not exceed the threshold value;
as the critical stage is approached, high-energy pulses appear. For sandstone samples (see Fig.3, c, d)
the energy of the acoustic emission signals remains at the same level, except for some bursts during
the formation of sliding cracks. Analysis of the graphs for the probability distribution of the pulse
energy plotted for tested andesite and sandstone (see Fig.3, e, f) makes it possible to reveal an
inflection point that corresponds to the transition of AE pulse energy from the stage of damage
accumulation to the critical stage of destruction. The separation of destruction stages shows that
the validity of the methodology of controlled fragmentation can be effectively tested in laboratory
conditions.

These results are used to create numerical models of rock fracture. These models consider the
multiscale kinetics of defect nucleation and growth as a critical phenomenon (structural scaling
transitions). Currently, the number of samples tested is insufficient to draw conclusions about the
reliability of the results, but it is planned to use these data to optimize the actual drilling processes
in the future (with a larger sample size).

Determination of the model parameters based on the laboratory experiments on the fragmenta-
tion of rock samples in the required range of loading intensities is an issue of great interest. Statisti-
cal and Kinetic fragmentation patterns are recorded using independent methods, such as size (mass)
distribution of fragments, fractoluminescence signal kinetics and acoustic emission. Processing of
the statistical distributions of fragments in terms of the size and fracture kinetics permits the as-
sessment of criticality patterns. The optimal modes for implementing drilling processes correspond
to the multiple self-sustaining fragmentation and are determined by the dynamics of load applica-
tion. Fluctuations in acoustic emission signals can be associated with rock fragmentation and the
formation of structures during drilling.

The authors would like to thank STC Gazpromneft for providing the materials and Perm State
National Research University's Laboratory of Electron Microscopy for providing the research
equipment.
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