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The object of research is the processes of impact fracture of materials of different strengths and rheological properties.

The problem of determining the force and energy parameters remains the lack of a generally accepted model of the processes of
[racture of materials of different strengths and their rheological properties. In most crushing machines in the crushing chamber, the
destruction of materials is accompanied by impact loads or is generally shock (impact crushers).

The work includes studies of material destruction using the example of granite. The analysis of Johnson-Holmquist models was

carried out, according to the plastic fracture model, which is designed to model the behavior of brittle materials, according to the
fracture model of porous materials, especially concretes, which are subjected to large deformations, high strain rates and high pres-
sure. It was found that during impact loading, maximum stresses arise on the impact surface, and also spread along the beam to
the inner edges of the supports. The difference between the internal and kinetic energies for the JH2 body was 9.2 J, while for the
JHI body it was 15.3 J. The study on the pendulum impactor allowed to estimate the energy spent on the fracture of the material
sample. It was established that if the crack crosses the intergranular boundary due to the action of local stress concentration, new cracks
appear in the corresponding cleavage planes of neighboring grains, which require additional energy input to the sample. To estimate
the dissipated energy in the fracture process, it was proposed to introduce an appropriate resistance coefficient. Based on experimental
data, the resistance coefficient value was established for various rocks. The obtained research results can be used in the development
and study of equipment for crushing materials. The value of the specific fracture energy can be used to study dynamic processes in

building structures under excessive loads.
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1. Introduction

The processes of material destruction are widely used in various
industries, in particular in construction. One of the most common
examples is the grinding of materials for the preparation of aggregates
for concrete mixtures, which determines the quality and durability of
structures. At the same time, understanding the patterns of material
destruction is a necessary condition for the correct determination of
stresses and deformations that arise in structures under the influence of
dynamic loads. During the operation of technical facilities for various
purposes, there is a need to take into account not only the normative
loads acting on structural elements, but also the loads that may arise in
the event of unforeseen events [1, 2]. Most of the research conducted
in the world concerns the protection of buildings from seismic loads,
however, military operations in Ukraine show the need to find solu-
tions to protect buildings and their elements (equipment, machinery
and equipment) from the dynamic destructive effects of ammunition.
A comprehensive approach to modeling complex dynamic systems can

be adapted to building structures to analyze their stability, vibration
sensitivity, and behavior under conditions of unpredictable factors [3].
However, the lack of generally accepted physical models that take into
account rheological properties in the processes of material destruction
makes it difficult to determine the real values of stresses and strains
in modeling and assessing the technical condition. Classical energy
laws (Rittinger, Kirpichov-Kik, Bond, Rebinder) are widely used to
describe the processes of crushing and destruction, but their use has
anumber of limitations associated with the h eterogeneity of materials
and the complexity of real dynamic processes. In [4] it is shown that
none of the traditional approaches provides a universal result, which
necessitates the search for new methods for estimating energy para-
meters. Similar conclusions are confirmed in other sources that analyze
energy dissipation in the processes of destruction and earthquakes [5].
The problem of multi-cracked rock failures is widespread in such fields
as mining, civil engineering, petroleum engineering and geohazard as-
sessment. Significant progress has been achieved in theory, experiments,
modeling and engineering applications. Thus, the study [6] is devoted
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to the processes of crack propagation under dynamic loading. The cre-
ated crack propagation model is suitable only for brittle materials, but
the results apply to polymeric materials, which have properties differ-
ent from rocks. Significant development has been made in numerous
modeling methods, in particular finite element analysis, which allows
determining the stress-strain state of structures and materials under
dynamic loading.

In the study [7], numerical modeling of the fracture of brittle ma-
terials using the FE-FEM method was considered, namely, modeling
of rapid crack motion without mesh mixing. That is, the results do not
reflect the real process of material fracture. The destruction of rocks and
the prospects of numerical modeling were considered by the authors in
the work [8]. The destruction processes were considered in the model-
ing of blasting operations during the development of rock materials
in the form of a continuous mass of large mass. The process of mixing
technological media also depends on the process of crushing rock.
As shown in the study [9], it is the quality of crushing that determines
the efficiency of mixing, which confirms the need for a comprehensive
analysis of the force and energy parameters of the fracture processes.
In the work [10], an analysis of methods for determining the dynamic
fracture viscosity is presented. The results of the study confirm the
hypothesis of the need to develop new methods to take into account
the dynamic fracture viscosity. An important addition to numerical
studies are experimental methods that provide verification of the ade-
quacy of models and allow obtaining real data on the fracture processes.
In works [11, 12], measurements of amplitudes and frequencies of oscil-
lations were carried out, which confirmed the presence of wave processes
and allowed to determine critical loading modes. Experimental stud-
ies of dynamic rock failure were performed in [13]. The studies were
performed using the quasi-static triaxial loading method, after which
shock loads (SHPB) were applied to it. The disadvantage of the work
is that this model is more suitable for describing rocks at their location
and does not take into account the parameters of the dynamic action of
technological equipment. In work [14], a study of dynamic sandstone
failure is presented. The disadvantages include the use of high-speed
tensile loading and failure to take into account machine parameters. In
the source [15], studies of the process of rock failure during blasting
operations are given. The disadvantage of the work is the consideration
of high-speed loading on rock masses, failure to take into account ma-
chine parameters. In [16], numerical modeling of dynamic rock fail-
ure was considered, using the method of discrete deformation analysis
and based on Voronny tessellation. The disadvantage of this work is the
lack of experimental data, the load was modeled in the form of applying
a high-speed impact. Research [17] is devoted to modeling the behavior
of metals under impact loading and determining the dynamic fracture
toughness, the authors note the consistency of the modeling and ex-
perimental results. The convergence of the results for plastic materials
suggests that this approach can be applied to brittle building materials.
Similar experimental studies [18] were performed for rocks,
the results are useful for understanding dynamic effects, but
require more experiments on different samples and materials.

The absence of values of force and energy parameters
in the processes of material failure makes it impossible to
make a reasonable choice of machines and equipment for
both technological processes and for the restoration of de-
stroyed objects.

The relevance of research is due to the fact that the de-
struction processes have a complex force and energy nature,
which depends on the strength and rheological properties
of materials. Therefore, there is a need for a comprehensive
approach that combines a review and analysis of existing
methods for determining force and energy parameters in
the destruction processes of materials, numerical modeling
and experimental studies.

The object of research is the processes of impact destruction of ma-
terials of different strength and rheological properties.

The aim of research is to determine the force and energy parameters
in the destruction processes of materials of different strength and their
rheological properties.

To achieve the aim, the following objectives were formulated and
solved:

- numerical modeling of the process of dynamic destruction of

prismatic specimens with different rheological properties;

- perform experimental studies of dynamic destruction of speci-

mens with different physic-mechanical properties;

— based on experimental data, determine the value of the resis-

tance coeflicient for different rocks.

2. Materials and Methods

The modeling of the impact failure process was performed in the
Ansys Ls-Dyna environment. A model of a rectangular beam supported
by two supports and a prismatic impactor located at a certain distance
from the beam was created. Granite was used as the material for the
beam, and steel for the supports and impactor. The research was per-
formed in time (Time History) with modeling of the contact between
the impactor and the material.

The impactor model is considered as a rigid body and is described
by the Hooke elastic model.

To describe the model of the studied material, two models Mat_
Johnson_Holmquist_Ceramics and Mat_Johnson_Holmquist_Con-
crete were used, which allow obtaining results under dynamic loading.
The corresponding models best reflect the physics of fracture of brittle
materials under complex loading. Models such as Coulomb-Mohr or
Drucker-Prager do not contain an algorithm that can qualitatively de-
scribe the dynamic loading pattern. In addition, the proposed models
adequately describe the processes of fracture, cracking of the material
under dynamic loads, which is critical for the problems of impact inter-
action and crushing of rocks.

The Mat_Johnson_Holmquist_Ceramics model is a plastic fracture
model designed to simulate the behavior of brittle materials and reduce
their strength under impact loads. Such materials include ceramics,
glass, and others. The Mat_Johnson_Holmquist_Concrete model is
used to simulate concretes that are subject to large deformations, high
deformation rates, and high pressure.

Experimental studies were performed at the Building Structures
Testing Center of the Kyiv National University of Civil Engineering and
Architecture. A pendulum impactor (Fig. 1, a) KM-30 (manufacturer
ZIM, USSR, 1970) was used for the experiments, a distinctive feature
of which is its modernization by the authors of the research. The test
stand (Fig. 1, b) consists of a pendulum beam with an installed encoder,
a control unit, and a personal computer.

~ Pendulum
| copper

Control
7 unit

Fig. 1. Experimental equipment:
a — pendulum copper; & — measuring and recording equipment
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The research is based on the principle of changing the energy of the
pendulum before and after the impact, the difference between which is
the work done by the fracture.

In order to register the parameters of the pendulum motion, an
OMRON E6B2-CWZ6C encoder (Japan) was installed on its axis of
rotation. The control unit is made on the basis of the STM32F103C8T6
board (Malaysia), with a TTL UART 1 interface converter mod-
ule (China) for data transmission to a PC.

Using the encoder, the angle of rotation of the pendulum axis was
registered in time. With further processing of the data stream, the angle
before and after the impact and the speed at the moment of impact were
determined.

The following materials were selected: granite, gabbro and marble.

3. Results and Discussion

3.1. Numerical simulation of the dynamic fracture process of
prismatic specimens with different rheological properties

The Johnson-Holmquist rheological model describes the behavior
of a material in two stages. In the first stage, the material is considered
elastic up to a certain stress level. The second stage is beyond the yield
point. When the yield point is exceeded, the material begins to accu-
mulate damage, which reduces its strength.

The equivalent strength is defined as a function of pressure, strain
rate, and damage. Pressure is defined as a function of volumetric strain
and takes into account the effect of permanent fracture. Damage ac-
cumulates as a function of plastic volumetric strain, equivalent plastic
strain, and pressure.

Initially, the Mat_Johnson_Holmquist_Ceramics_JH2 model was
investigated.

The total stress is defined as

0'"=0',”—D(0',.”—0';), (1)
where
0',."=a(p”+t")k(1+clné”), (2)

where a - the parameter of the normalized strength of the intact mate-
rial; ¢ — the strength parameter that takes into account the dependence
of strength on the strain rate; £” - the normalized rate of plastic deforma-
tion; t" =[0 1/ pryey » P" = P/ Prysy > where py, — the pressure component
at the Hugoniot yield point, [, - the maximum tensile strength, p — the
pressure; k — the pressure index for the integral material, determined by
the variable .

The stress in formula (2) reflects the behavior of the material before
its damage (stress in the material that has not started to collapse). The
index n in dependencies (1) and (2) indicates the normalized value.
The stress and pressure are normalized by the equivalent stresses at the
Hugoniot yield point. The strain rate is normalized by the reference
strain rate determined in the initial data.

The parameter D represents the accumulation of fracture, which is
based on the increase in plastic deformation per computational cycle
and plastic deformation before fracture. It is determined based on the
dependence

»

— ®)
In turn, the plastic deformation before failure is defined as
a;:dl(p”ﬂ”)dz, (4)

the parameter o7} reflects the behavior of failure and is determined

o) 1)z, -

where Gping, — the maximum cracking strength (when set to 0.0 by the
program, then Gy, = 10%°); b - the normalized strength of the damaged
material (indicates how much the material can withstand the load after its
failure); m — the pressure exponent for the damaged material (determines
how much pressure affects the strength of the damaged material). The
parameter d controls the rate of damage accumulation. If the value d; = 0
is set, then complete failure occurs instantly in one time step.

The hydrostatic pressure in an undamaged material during com-
pression is determined by the following equation

p=kE+kE +kE". (6)
Under tensile conditions, equation (6) is somewhat simplified
p=ké, 7

where & :p/p0 —1, p - the density of the material during loading;
po - the initial density of the material in the unloaded state. Part of the
elastic energy loss is converted into hydrostatic potential energy. This
part of the energy is determined by the parameter £ and is program-
matically set in the range from 0 to 1.

The limit The Hugoniot elasticity determines the maximum stress
at which a material behaves elastically under impact loads. This limit is
determined by the equality

Ot =k1§h +k2§12 +k3§]3 +£G[i} (8)

N ' "3 1+¢,
where &, - the density of the material up to the Hugoniot elasticity
limit; G - the shear modulus of the material; k; — a coeflicient equiva-
lent to the bulk modulus of elasticity; k; and k; — the coefficients. The

relationship between the bulk modulus of elasticity and Young’s modu-
lus is determined by the equation

K==t _ ©)

3(1-2v)

The component of the stress at the Hugoniot elastic limit is de-
termined by formula (6), in which the corresponding density of the
material is assumed.

In a simplified form, formula (8) can be written

O = I'S(Thel P ) (10)

It is necessary to separately mention the parameters that are clearly
not included in the dependencies described above, but require deter-
mination when modeling high-speed loads. So, in the program map
there is a parameter EPS0, which determines the threshold of the de-
formation rate at which the material is considered to be loaded quasi-
statically. That is, if the deformation rate is less than this parameter, the
material behaves quasi-statically. Otherwise, when the deformation rate
exceeds the parameter EPSO0, the program starts to act with a logarith-
mic increase in strength, which is controlled by another parameter - s.

The second parameter FS, which is the criterion for removing the ma-
terial. That is, when an element is considered destroyed, it can be removed
from the computational grid to simulate cracks or material destruction.

Based on the above, the corresponding parameter values were
taken within the permissible limits for granite. The stress pattern in the
z-axis direction and the equivalent Mises stress are presented in Fig. 2.

It follows from Fig. 2 that during impact loading, maximum stresses
occur on the impact surface, as well as in places near the internal sup-
ports of the beam. Based on this statement, it can be assumed that
cracks can divide the beam into 3 parts. In addition to the stress pattern,
the internal and kinetic energies were also determined, the graphs of
which are presented in Fig. 3, 4.

s
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Fig. 2. Stress pattern under impact load on a beam, using the JH2 model: 2 — stress in the direction of the Z axis; & — equivalent Mises stresses
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A comparison of energies (Fig. 3, 4) shows what part of the kinetic
energy has been converted into internal energy of deformations and
damage. It should be noted here that during impact, part of the kinetic

0.01
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3.69e+01)

0.03

Time

0.04

0.06

Average value of Y-axis=29.12

Fig. 4. Change in kinetic energy under dynamic loading of the body JH2

energy also goes to work on friction and damping forces at the impact
site. This part of the energy is reflected by the Sliding Interface Energy
program parameter, the change of which is presented in Fig. 5.
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Fig. 5. Change in energy spent on contact and damping at JH2

As follows from the graph in Fig. 5, the maximum value of Sliding
Interface Energy is 1.82 .

Next, let’s consider the JH1 or Mat_Johnson_Holmquist_Con-
crete_JH1 model. Although the model is similar to the previous one
in some respects, it also has many differences. JH1, as noted earlier, is
well suited for describing porous materials or concrete. The normalized
equivalent stress for the model is defined as

, (11)

where o — the equivalent stress; f " — the quasi-static axial compressive
strength.

The following dependence is used to determine the normalized
equivalent stress (11) in the program

o :[A(l—D)+BP“”][HCln(g'")} (12)

where D - the failure parameter; P"=P/f - the normalized pres-
sure; £"=£/€, - the dimensionless strain rate. The model gradually
accumulates damage D from equivalent plastic deformation and from
plastic volumetric deformation. The dependence that determines the
gradual accumulation of damage is written

Ae +A0O
___r P (13)
D,’

Dl(P” +T")

where Ag, - the equivalent plastic strain; AHP — the volumetric plastic
strain; D and D, — the material constants; T" =T/ﬁ’ — the maximum
normalized hydrostatic tensile pressure.

Strength at a certain damage (DS), provided that P > 0 and the
action of compressive loads

DS=f min] o, A(1=D)+BP" [1+Clné" ] (14)
under the action of tensile loads and P" < 0
L P" .
DS=J max[O,A(l—D)—A(TH[H—Clns ] (15)

where A — the normalized cohesive strength; C - the strain rate coef-
ficient; N - the exponential index of strengthening under pressure;

O max — the maximum allowable strength of the material in the normal-

ized form; B - the normalized strengthening under pressure.
The pressure for a completely dense material is determined
P=k0'+k0" +k0", (16)

where ky, ky, k3 — the material constants; &' — the modified volumetric

strain.
Modified volumetric strain is defined

9/ 0 - elouk

1+ Glm‘k

(17)

where @, — the closed volumetric strain.

Here it is necessary to give an explanation of the above dependen-
cies. Closed volumetric strain is a strain at which the material becomes
completely compacted, i. e. after this deformation, additional compres-
sion of the material is no longer possible. That is, here it is necessary to
imagine that there may be pores in the rock, which are closed during
deformation. Modified volumetric strain is a corrected strain that is
used to determine the pressure and behavior of the material, taking into
account that the material may not always be dense.

The stress pattern (Fig. 6) reflects the first seconds of the impact.
As is seen, there are differences between these patterns. The maximum
stresses are clearly expressed at the point of impact and contact of the
beam with the inner faces of the beam supports.

The change in internal and kinetic energies is shown in Fig. 7, 8.
The maximum value of internal energy is 21.6 J.

The change in contact interaction energy is shown in Fig. 9, the
maximum value of which is 3.47 J.

3.2. Experimental studies of dynamic fracture of materials with
different physical and mechanical properties

The results of the experimental studies were listed in Table 1.

Fig. 10, a shows the samples that were tested, the characteristic
fracture on the example of sample No. 1 is shown in Fig. 10, b.

The following parameters are included in Table 1:

1) E;- total fracture energy;

2) E, - energy per fracture site;

3) Egpec - specific fracture energy, related to the cross-sectional
area of the sample.

Based on the data (Table 1), an analysis of the distribution of the
spent fracture energy depending on the cross-sectional area of the
sample was performed (Fig. 11).

;10
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Fig. 6. Stress pattern under impact load on the beam, rheological model of beam JH1: 2 — stresses in the direction of the Z axis; & — equivalent Mises stresses
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Fig. 8. Change in kinetic energy at dynamic loading of the body JH1
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Table 1
Results of experimental studies
Cross-section characteristics Results obtained
Sample No. | Cross-sectional area, m” Length, mm Type lod L E,] EL] Egeer ]
1 0.00142 405 granite 33.187 15.142 27.796 13.898 9787
2 0.00142 210 granite 40.432 33.637 15.454 15.454 10883
3 0.00071 98 granite 47.79 37.26 26.854 26.854 37822
4 0.00179 65 granite 69.48 59.535 33.875 33.875 18924
5 0.00121 65 gabbro 62.325 58.41 12.855 12.855 10623
6 0.00121 60 gabbro 62.19 52.695 30.204 30.204 24962
7 0.00123 217 gabbro 47.745 40.005 20.254 10.127 8233
8 0.00247 98 marble 62.235 49.05 41.036 10.259 4153
9 0.0011 106 marble 62.46 57.015 17.763 17.763 16148
10 0.00138 108 marble 62.257 54.472 25.025 25.025 18134

a b

Fig. 10. General view of the samples: 2 — before testing; & — destroyed sample No. 1
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Fig. 11. Distribution of the fracture energy of the sample depending on its cross-sectional area

3.3. Determination of the resistance coeflicient for different
rocks based on experimental data

The study of the effect of velocity on the fracture parameters was
carried out based on the equation of free oscillations of the pendulum

mi+bx+cx =0, (18)
where m — the mass of the pendulum; b and ¢ - the resistance coeffi-
cient (Ns/m) and the elasticity coeflicient (N/m); x — displacement, m.

The general solution of equation (18) has the following form

x=e " (A1 cos(@t)+A, sin(a)ot)). (19)

Based on (19) the solution of equation (18) an expression for deter-
mining the frequency of natural oscillations is obtained

bt Y
o, = C—(] . (20)
m \2m
The elasticity of the system is determined by the formula
A=apm. 1)

The indicator b#/2m in formula (20) reflects the resistance and
the rate of damping of oscillations of the system and is the logarithmic
decrement of oscillations

§=Ino,

X

n+l

(22)

where x,, X, — the amplitude of the damping oscillations correspond-
ing to the beginning and end of the oscillation period.
The logarithmic decrement of oscillations J can also be determined
through the energy absorption coefficient y
W =26, (23)
where y = AE/E; AE = E, - the energy absorbed by the system during
one oscillation period; E - the total energy of the system.

Then, taking into account the condition y = AE/E, the depen-
dence (23) will have the form

5-2L

o (24)

Based on (23) and (24), the formula for determining the resistance
coeflicient will have the form

b AEc
2Enew’

(25)

For the numerical values from the experiment m = 21.318 kg for
W = 4188 and ¢ = 374.045 n/m and taking into account (25), the
values of the parameters were obtained to assess the influence of speed
on the fracture parameters (Table 2).

Table 2
Numerical values of the parameters

No. Vs ) E,] b v, m/s
1 0.843 0.421 32.951 11.996 1.757
2 0.32 0.160 48.246 4.555 2.126
3 0.405 0.202 66.292 5.761 2.492
4 0.258 0.129 131.204 3.671 3.506
S 0.118 0.059 108.19 1.689 3.184
6 0.28 0.140 107.768 3.985 3.178
7 0.306 0.153 66.175 4.352 2.49
8 0.38 0.190 107.909 5.408 3.179
9 0.204 0.102 107.768 2914 3.178
10 0.714 0.357 108.19 10.167 3.184

Further, using the obtained results, graphs of the change in the
dynamic coeflicient versus relative frequency for different materials
were constructed (Fig. 12).
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Fig. 12. Dependence of the dynamic coefficient on the relative frequency: 2 — gabbro; & — marble; ¢ — granite

The graphs given are an estimate of the energy consumption dur-
ing the destruction of materials that have different physical properties.
At the same time, it was found from the obtained destructions of the
samples that the crack surface, namely its cut, is different in the en-
ergy consumption for the destruction process of individual samples.

Analyzing the graphs of Fig. 3-5, which correspond to the rheo-
logical model JH2, a difference was noted in the energy supplied to
the sample due to impact and the energy usefully spent on internal
deformations that lead to its destruction. The difference in total is
Ep - Ejy = 369 - 27.7 = 92 ]. Thus, it can be noted that during the
impact, a part of the energy in the amount of 9.2 J is dissipated and
does not go to the useful work of deformation of the body. The dissi-
pated energy includes the energy of contact interaction, which is 1.82 ].

When studying the rheological model JH2 (Fig. 7-9), it was found
that the difference between the supplied energy and the energy spent
on useful work reaches 15.3 J.

From the scattering of the data presented in Fig. 13, it follows that
the total supplied energy of fracture of the sample with a cross-sectional
area within 0.001-0.0015 m? has a value of 10-30 J. Thus, it can be
noted that a significant part of the energy is spent on accompanying
processes: the formation of fragments, elastic waves, microfracture in
the volume, heat and friction, losses in the installation supports. And
not a significant part goes to the formation of cracks.

The scatter of the data can be explained by the following state-
ments. In the destruction of polycrystalline materials, grain boundaries
play a large role and the grain size is an important structural parameter
that determines the regularity of this process. In intergranular fracture,

grain boundaries are barriers to mobile dislocations and contribute to
the formation of dislocation clusters. Therefore, grain boundaries are
the best place for crack initiation and crack propagation.

In intragranular fracture, grain boundaries are obstacles to crack
propagation. A crack can cross the boundary without changing its
trajectory only in the case of very small angles of mutual orientation
of crystals. In other cases, the grain boundary is an insurmountable
obstacle to crack development. If a crack nevertheless crosses the
intergranular boundary, then under the action of local stress con-
centration in the crack breakthrough zone, new cracks appear in the
corresponding cleavage planes of neighboring grains. The formation
of new cracks and cleavage steps when they merge — all this requires
additional energy input to the sample and prevents the propagation
of the main crack.

Thus, for samples with a homogeneous structure, the crack devel-
opment occurs according to the intergranular mechanism, respectively,
the sample is destroyed in one plane with the expenditure of minimal
energy. In the case of an impact on a solid grain, the crack is initiated
on both sides of the grain, as a result of which the destruction occurs
in at least two planes. The result of such an action is the separation of
the sample into three or more parts. Another case of the occurrence of
a fracture plane that has an angle with the plane of the cross-section of
the sample. In this case, the main crack falls on the boundary of grain
separation, as a result of which it begins to move along the boundary,
itself changing the direction of movement.

Analyzing the graph of Fig. 12, it should be noted that the range
of change of the dynamic coefficient curve is somewhat wide, this is

C _u
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explained by additional factors that must be taken into account. The
obtained result is explained by the different origin of the tested samples,
which are selected from several deposits. Also, the structure of the
grains and their orientation relative to the impactor were not taken into
account before the test. These factors are decisive and affect the energy
required for the destruction of materials. A special case is when the load
is applied to the grain boundary interface, but a solid grain is located
in the path of the crack, then the crack can go around the grain surface,
changing the direction of movement. All this leads to differences in the
energy expended for destruction. In work [6], crack branching during
dynamic destruction is studied, but the values of the crack propagation
energy for different materials are not given. Instead, a scale parameter
is introduced - the ratio of the fracture energy to the elastic modulus.
In addition, for the quality of experimental data, polyacrylamide gel is
used in the work, which may introduce a corresponding error when
transferring the results to rocks. On the other hand, it is proved that
the energy required to create a unit area of a crack affects its trajectory,
but it is not clear how energy dissipation is taken into account. It should
be noted separately that the work does not specify the rate of load ap-
plication, but only the rate of crack propagation, which complicates the
assessment of the correlation of the research results with real fracture
processes in machines. In the source [7], the fracture energy is taken
as an input parameter for the study of crack formation in concrete. To
describe the behavior of the material, a nonlinear damage model based
on the concept of distributed cracks is used. The damage itself in the
model is determined on the basis of the stress-strain curve. The ad-
vantages of the Johnson-Holmquist model are the ability to determine
a physically justified value of the accumulated damage, which allows
taking into account the effect of the deformation rate. In the model used
in [7], material damage is taken into account implicitly, and through
the stress drop due to the achievement of peak strength. In addition,
it should be noted that the work does not consider the issue of energy
dissipation, but proposes a numerical model for modeling crack growth
under conditions of applying dynamic loads. Similarly to the study [6],
the work does not specify the speed limit for applying dynamic loads
to a concrete structure.

The research results can be used in the development and study of
equipment for crushing materials. The value of the specific fracture
energy can be used to study dynamic processes in building structures
under excessive loads.

3.4. Limitations and directions of research development

The research concerns materials of natural origin and cannot be
used to analyze similar processes for artificial materials, which limits
the application of the obtained results.

However, the used method for determining the fracture energy
can be applied to building materials in the study of crushing and reuse
processes, which requires additional research. An important factor is
the shape of the sample surface, its initial dimensions and conditions
of fixation. Determining the patterns of influence of such factors is
a promising direction of this research and is planned by the authors in
further projects.

A quantitative assessment of the effect of implementing the research
results can be estimated on the basis of a series of further studies, since
the task is complex in relation to crushing machines. But in general,
it can be noted that taking into account the energy and force parameters
of the material fracture process, which are accompanied by the forma-
tion of a crack, the dissipation of part of the energy into the contact
interaction, and also taking into account energy losses in the machine
components, the geometry of the crushing plates and the operating
parameters of the power equipment can be optimized. On the other
hand, the research results encourage the search and creation of energy-
efhicient crushing equipment, which will use the principle of directional
material destruction.

4. Conclusions

1. The work performed numerical modeling of the destruction
process of prismatic samples using the LS-DYNA software, determined
the corresponding stresses and deformations and established the values
of the corresponding energy costs, namely the change in kinetic energy,
the energy spent on contact interaction 1.82 J. For the JH2 model, the
difference between the supplied energy and the energy spent on useful
work reaches 15.3 . The Johnson Holmquist Ceramics model is better
suited for describing brittle materials, while the Johnson Holmquist
Concrete model is better suited for describing concrete and materials
with combined behavior, where it is important to take into account,
in addition to brittleness, plasticity and frictional effects (internal and
interfacial friction in the material).

2. Based on experimental studies, the energy costs of the process
of dynamic destruction of rocks were determined. For a sample cross-
sectional area of 0.001 m? to 0.0015 m? the total energy expended on
the dynamic fracture process is within 10-30 J. This value takes into
account the sum of the process energies: formation of fragments, elas-
tic waves, microfracture in the volume, heat and friction, losses in the
installation supports, and crack formation. For each sample, resistance
coefficients were calculated, on the basis of which the corresponding
amplitude-frequency characteristics of the dependence of the dynamic
coeflicient on the relative frequency for the corresponding material
were constructed. Numerical modeling of the loading process of sam-
ples, taking into account experimental data and based on the Johnson
Holmquist Ceramics and Johnson Holmquist Concrete models, was
performed in order to reflect the stresses and strains that arise in the
material under conditions when the material does not collapse. When
the load application rate approaches that in the experiment, significant
mesh deformations occur in the finite element model, which indicates
fracture. The difference in kinetic energy between theory and experi-
ment is 14%.

3. It is proposed to estimate the dissipated energy based on the
corresponding resistance coefficient. Using experimental data, the
ranges of change in the resistance coefficient values are established:

1) granite - 0.747-11.996;

2) gabbro - 1.689-5.409;

3) marble - 2.325-5.408.
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