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The mechanism of destruction under the influence of shock waves
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Abstract. The spectra of the plasma emitted from the studied samples consist of several dozens of
narrow bands superimposed on each other. Tables of spectral lines were used to interpret the
spectra. It turned out that the largest number of bands corresponds to the radiation of positively
charged ions and atoms of elements that make up the crystal lattices of minerals that make up the
studied rocks. Thus, the spectra of the plasma emitted from quartz corresponded to the radiation of
atoms and positively charged silicon ions, the charge of which varied from 1 to 4, as well as atoms
and positively charged oxygen ions, the charge of which varied from 1 to 3. Positively charged ions
and atoms of Si, O, K, Ca, Al and Na, which are part of the crystal lattices of quartz and feldspar,
flew out of granites. Positively charged ions and Ca, C and O atoms flew out of the calcite.
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Introduction
An experimental technique that allows finding out the mechanism of destruction with such fast-
flowing effects of shock waves was previously absent. It was judged mainly by the results of the
study of the fracture surfaces after the action of shock waves. A few years ago, we built installations
that allow studying the mechanism of destruction with a time resolution of 2 ns. This made it
possible to experimentally study the mechanism and dynamics of rock destruction directly during
the action of a shock wave. In the plasma spectra of granites, the spectra of positively charged
impurity ions - Fe and Mn, as well as Cu ions that flew out of the walls of the copper chamber, and
nitrogen ions formed when air nitrogen molecules were bombarded by plasma flows were observed.
After the destruction, fragments of samples with sizes from several microns to several mm
remained. Their weight was ~ 20% of the original sample weight. The plasma released from the
minerals also mainly consists of positively charged ions. This allowed us to suggest that the shock
wave, reflecting from the rock surface, distorts the crystal lattices of minerals so much that the
interatomic bonds in them disintegrate. As a result, the rock surface evaporates by the departure of
positively charged ions and electrons. The improvement and application of fundamental and field
studies of shock wave parameters for the analytical assessment of geomechanical stability and
operational safety of various large-scale underground structures, such as hazardous waste storage
facilities, tunnels and liquefied gas tanks, remains relevant [1-5]. The main research method is the
analysis of acoustic emission pulses (AE), which is widely used to study the process of pre-
destruction (nucleation and accumulation of microscopic cracks) in heterogeneous materials, such
as rocks [6-10]. Unlike homogeneous materials-glasses, single crystals destroyed according to a
quasi-critical scenario due to the growth of a localized foci with the release of energy from a limited
number of simultaneously growing cracks, the development of damage under mechanical loading of
brittle heterogeneous bodies occurs through the gradual accumulation of microcracks, since there
are many "weak points" in such materials, primarily in the intergranular layers.

The recent creation of increasingly large infrastructure facilities and the emergence of new
technologies, in particular, the spread of the method of hydraulic fracturing in the oil and gas
industry has led to an increase in attention to the problem of the stability of systems that are in a
metastable state, since the destruction of such systems remains unpredictable and leads to
irreparable economic and human losses. This determines the relevance of research on trigger states,
which is confirmed by a sharp increase in the number of publications on the development of the
concept of a trigger mechanism in geosystems in the last decade [11]. At the same time, the main
areas of research in the world are full-scale observations and the construction of mathematical
models of the phenomenon, as a rule, only for specific objects. There are very few reports in the
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scientific literature about laboratory studies of the trigger phenomenon, which are necessary to
identify the criteria for the danger of certain natural phenomena and anthropogenic factors on the
stability of engineering structures.The factors influencing the danger of metastable states for large-
scale infrastructure facilities (spent nuclear fuel storage facilities, underground coal gasification,
mining workings, etc.) are largely known, but the mechanism of occurrence of such states in
geosystems is currently understood only in general terms. In this paper, the accumulation of
structural defects under double loading will be observed by the methods of acoustic emission (AE),
electromagnetic emission (EME) and fractoluminescence (FL). The combination of these methods
makes it possible to register elementary processes of destruction — breaks of interatomic bonds
(FL), the occurrence of microcracks (AE) and their relaxation (annihilation, EME) during the
collapse of the crack banks, that is, during their spontaneous healing. Statistical processing of time
series of emission activity of these types will consist in constructing distributions of the released
energy in pulses and intervals between pulses, which, as can be expected, reflect the stability of the
sample or the approach of the material to a critical state. VVarying the values of loads of two types
and directions in different combinations will allow one to assess the "dangerous™ load combinations
for granites from different deposits. As far as we know, neither emission methods nor experiments
on the combination of shock and static load have ever been used to study the trigger destruction of
rocks.

To date, numerous attempts have been made to study the mechanism of destruction and
deformation of rocks under the influence of shock waves [12]. The main difficulty faced by the
authors of these works is that the speed of shock waves coincides with the speed of the longitudinal
acoustic wave, which is greater than the speed of the transverse sound wave. At the same time,
cracks in the rockbody can grow at a speed of no more than ~ 0.3-0.5 of the speed of the transverse
wave [13, 14]. Therefore, during the action of the shock wave, cracks do not have time to form and
grow.

Most of the papers describing the results of studies of destruction due to the impact of a shock
wave were published in the journals "Physics of the Solid State" and "Journal of Applied Physics".
Here is a brief overview of the works performed by us, in which the mechanism and dynamics of
the destruction of quartz, granites, gabbro-diabase and marble are studied.

Before moving on to its presentation, we note that studies of the mechanism of other solids
(metals, crystals, polymers and composites) with a time resolution of 2 ns have not been carried out
until now. Therefore, the question of to what extent the results described below can be valid for
other solids remains open.

Materials and Methods

The samples were prepared from quartz crystals, granites (alaskite and plagiogranite), gabbro-
diabase and calcite. Each of them was a parallelepiped with dimensions of ~ 4x2. 7x6 cm (Fig. 1),
in which a slot was cut with a depth of ~ 1.3 cm and a width of ~ 2-3 mm.

4 cm

electrodes

Figure 1. View of the granite sample

It contained copper electrodes, the distance between which is ~ 3 mm. The slot was closed by
another parallelepiped having dimensions of 4x1,3x6 cm. The samples were placed inside a copper
chamber, which was part of the installation.
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Block schematic diagrams of the installation for studying the destruction under the influence of
shock waves. A block schematic diagram of the installation for studying the destruction mechanism
is shown in fig. 2.
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Figure 2. Block schematic diagram of the installation for studying the radiation spectra of rock
samples that occur during destruction: 1-a capacitor, 2-an electronic start circuit, 3-electrodes
between which an electric breakdown occurs, 4-a sample, 5-a copper chamber, 6-a quartz light
guide, 7-a window in the chamber for the output of light radiation, 8-an AvaSpec-ULS3648
spectrometer, 9-a computer

The capacitor (1) with a capacity of 40 uF was charged to 2 kV, which corresponds to the stored
energy of 80 J. Using the electronic start-up circuit (2), it was discharged through the air gap
between the electrodes (3), which led to an air breakdown and an electric discharge between them.
To obtain sufficiently intense luminescence spectra arising under the action of shock waves, the
discharge power was 8 MW.

During the discharge, a shock wave appeared in the sample, which, having reached the sample
surface, caused the plasma jet to fly out (Fig. 3).

40 60 80

Figure 3. A photo of a plasma ejected from quartz under the influence of a shock wave

Results and Discussion

The length of the jet was several tens of centimeters. The plasma radiation fell on the input of a
quartz light guide (6) located at a distance of ~ 1 m from the sample. The second end of the light
guide was located in front of the entrance window of the AvaSpec-ULS3648 (8) spectrometer. The
signal from the output of the spectrometer was fed to the input of a personal computer (9). The
spectra of the plasma emitted from the studied samples are shown in fig. 4.
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Figure 4. Radiation spectra of plasma emitted from a- quartz crystal, b - calcite, ¢ - alaskanite,
d - plagiogranite

The plasma spectra consist of several dozens of thin bands superimposed on each other. Tables
of spectral lines were used to interpret the spectra. It turned out that the largest number of bands
corresponds to the radiation of positively charged ions and atoms of elements that make up the
crystal lattices of minerals that are part of the studied rocks [15,16]. Thus, the spectra of the plasma
emitted from quartz corresponded to the radiation of atoms and positively charged silicon ions, the
charge of which varied from 1 to 4, as well as atoms and positively charged oxygen ions. Their
charge varied from 1 to 3.Positively charged ions and atoms of Si, O, K, Ca, Al and Na, which are
part of the crystal lattices of quartz and feldspar, flew out of the granites [17]. Positively charged
ions and Ca, C, and O atoms flew out of the calcite [18].

What is the reason for the different values of charges in ions? During the existence of the
plasma, ions collide with electrons and with each other. This leads to a decrease in the charge of the
ions down to zero, i.e. the appearance of atoms.

It is known that luminescence occurs during fracture, friction and impact with a striker on the
rocks surface [19-21]. It turned out that the luminescence spectra arising from such effects differ
from the spectra of the plasma caused by the shock wave. For example, figure 5 a, b shows the
luminescence spectra of granite (alaskanite) and calcite under friction.
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Figure 5. Radiation spectra of alaskite (a) and calcite (b) under friction

They consist of several superimposed bands that have a Gaussian shape. Thus, a maximum of
1.39 eV in the granite spectrum occurs when electrons pass from the conduction group into empty
traps, which are formed when Si-O-Si and Si-O-Al bonds break in feldspar. The maximum of ~
1.93 eV occurs during the relaxation of the electronic excitation of radicals =Si-Oformed during the
breaks of Si-O-Si bonds in feldspar and quartz [21]. The maximum of 1.6 eV occurs when the
electron excitation is relaxed in Fe** ions [21], which replace Si*‘ions in the crystal cells of
feldspar. The maximum of 1.8 eV is attributed to the radiation of CO™ radicals formed during the
breaks of C-O bonds in calcite.

These data show that the mechanism of destruction under friction and impact differs from the
mechanism of destruction under the influence of shock waves [22-23].
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Discussion of the results and some features of the method in teaching materials science.

Measurements with nanosecond time of light, acoustic and electromagnetic radiation under
pulsed impacts and the kinetics of the nucleation of microcracks in solid inhomogeneous materials
(quartz, glass, concrete, granite, gneiss, marble) to determine their diagnostic parameters and the
relationship between the characteristics of the structure and characteristics of mechanical properties
(strength , durability) are important in their new "kinetic" understanding.

Modern trends in the development of diagnostic methods and the selection of these objects are
due to the significant prevalence and importance of these types of solid natural inhomogeneous
bodies. We have created a methodology and, with a resolution of 10 nanoseconds, conducted
studies of the dynamics of natural vibrations and microcracks in rocks and polymer composites
upon impact.

The question turned out to be debatable.Does the formation of cracks occur immediately
afterwards - during the path of elastic waves [24-26]. This was due to the lack of direct methods for
observing the formation and growth of microcracks. It is not known whether the waves of
destruction previously found in glass exist in rocks.

The setup created made it possible to record the appearance of these emission phenomena and
the growth of cracks with a nanosecond resolution. Figure 6 shows the spectrum of
fractoluminescence of granite and broken chemical bonds in quartz [13].
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Figure 6. Spectrum of fractoluminescence of granite.
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Figure 7. Disruption of the chemical bond in quartz

Presumably, conclusions are drawn on the composition of the plasma. First, the plasma spectrum
consists of several tens of narrow (~ 0.5-1 nm wide) lines. They correspond to positively charged
ions Si, O, K, Ca, Al, Na, Fe and Mn. Second, we can say that the surface of the granite evaporates
into ions.

Conclusion
An installation and a method of simultaneous measurements of light, acoustic and
electromagnetic radiation (FL, AE and EME) under pulsed effects on samples of heterogeneous
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material with nanosecond time resolution have been developed, which allow tracking the shape of
shock and elastic waves, allowed us to study the difference between the mechanism of destruction
on impact and the mechanism of destruction under the influence of shock waves, as well as some
characteristics of the material under study. The speed of the time of passage of the wave to the other
end, on which the piezoceramic sensor CTS-19 was installed, was equal to = 5 km/s. A more
accurate value of the velocity of 4.8 km / s was obtained as a result of the analysis of the shock
wave interference in a granite sample. It turned out that it is equal to the velocity of the longitudinal
acoustic wave in granite-4.8 km /s, at the same time, the crack growth rate cannot be higher than ~
0.3 - 0.5 acoustic wave velocity. For example, the velocity of a transverse acoustic wave in granite
iIs~ 3 km /s, i.e. the maximum rate of crack formation is ~ 1.0-1.5 km/s, which is ~ 3-5 times less
than the velocity of the longitudinal wave. This difference in speeds (~ 1.5 and 4.8 km/s) is the
main reason for the difference in the mechanisms of destruction. Conclusion: with strong
distortions of the crystal lattice, the intersection of the main binding and excited non-binding
molecular orbitals in crystals is possible. This can lead to the decay of interatomic bonds into
positively charged ions. We note that the plasma released from minerals also mainly consists of
positively charged ions. This allowed us to assume that the shock wave, reflecting from the surface
of rocks, distorts the crystal lattices of minerals so much that the interatomic bonds in them
"disintegrate”. As a result, the rock surface "evaporates"” due to the departure of positively charged
ions and electrons.
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