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Abstract

Purpose is mathematical modeling of fracturing as well as influence of gaseous products of explosive detonation on the
changes in rock strength.

Methods. Mathematical model, using foundations of Griffith theory, has been developed. To explain conditions of bridge
formation while exploding lead azide charges, a two-stage description of solid particle condensation at a crack surface and
inside it has been applied using the smoothed particle hydrodynamics. The analysis, involved electronic microscope, has
helped verified the results experimentally.

Findings. The effect of rock mass disturbance, resulting from explosive destruction, is manifested maximally right after the
action. Subsequently, it decreases owing to the gradual relaxation of the formed defects. Therefore, an urgent problem is to
develop ways slowing down strength restore of the blasted rock mass fragments. The process of rock fragment strength
restoring may be prevented by microparticles getting into the microcrack cavities together with the detonation products. The
research simulates their action. The data correlate to the simulation results confirming potential influence of the blasted rock
on the dynamics of changes in the strength characteristics of the rock mass. Various compositions of charges with shells
made of inert solid additions have been applied which solid particles can avoid the process of microcrack closure.

Originality. For the first time, the possibility of deposition formation within rock micro- and macrocracks has been pro-
posed and supported mathematically.

Practical implications. Strength properties of the finished product and the energy consumption during impulse loading as
well as subsequent mechanical processing of nonmetallic building materials depend on the strength properties of rock mass
fragments. Hence, the ability to control the strength restore has a great practical value. Moreover, it can be implemented
during the blasting operations.

Keywords: deposits, disturbance, labradorite, lead azide, dust, sublimation, smoothed particle hydrodynamics method,
microcracks, macrocracks, Griffith theory

1. Introduction

The majority of engineering and building materials are of
heterogeneous structure; they contain many defects of crystal
lattice, microcracks, and foreign inclusions with different
physicomechanical and physicochemical properties. Current-
ly, considerable attention is paid to theoretical and experi-
mental studies of their fracture mechanism [1]-[3].

Mostly, mineral raw materials, represented by rocks, are
mined by means of commercial blasting. Blasting power is
characterized by a stress wave within the rock mass, neigh-
bouring the charge, as well as by gas-dynamic processes in
detonation products within the cavities of micro- and mac-
rocracks they get in. Influence of the factors varies parame-
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ters of the microcracks; moreover, density of defects in the
crystal lattices of minerals and rocks increases.

It has been identified that destruction process of various
materials (even if they are relatively homogeneous) results in
crack formation under the effect of external loads. The pro-
cess is followed by origination of arches, connections, divid-
ers, and other formations generally called “bridges” [1], [2].
In the context of rocks, both origination and subsequent
evolution of artificial bridges in the process of blasting are
associated with the characteristic parameters of impulse
action making it possible to simulate formation of the bridg-
es, determine mathematical, physicomechanical, and physi-
coche-mical mechanisms of the process.
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Lately, a tendency has been appeared to use the results of
studies of energy intensity level of various rock mass zones
to substantiate rational parameters as for the location of both
main and additional charges while huge blast scheduling in
open pits. Papers [1], [4], [6] analyze disturbance processes
as well as processes of destructive explosion action in solid
media; residual rock strength in terms of non-destructive
explosive and mechanical impacts; and intensity and uni-
formity of models and rock mass fragmentation depending
on location parameters of additional and main charges. Au-
thors describe blasting results as for the samples and rock
masses with block and layered structure; and stress-strain
state of the layered and cracked media in the blast [5], [6].
Residual strength of samples, subjected to non-destructive
impulse influences, is determined experimentally making it
possible to estimate the coefficient of the explosion energy
transfer into a rock mass without fundamental difficulties.
Estimation of a transfer coefficient of the total charge energy
shows that the power consumption for the collision of indi-
vidual parts of the block rock models cannot exceed 0.5%; in
turn, the stress wave energy losses may achieve up to 50%
even in terms of transition through the tightly closed cracks.

Compared to mechanical fragmentation and grinding, ex-
plosive fracture is characterized by much more energy share
consumed to disturb the rock [1]. Explosive fracture occurs
owing to the development of long cracks under the action of
tensile stresses and wedging action of blasting fumes. Cracks
are not accidental. Usually, they result from macrodefects in
the rock structure. In addition, during explosive action,
cracks originate. They do not propagate in future instead
affecting the strength of the resulting raw material.

Thus, the solid medium destruction by an explosion prior
to separation into parts [6] includes accumulation, develop-
ment, and closure of different size cracks. Initial stage of the
process is associated with an increase in the microcracks
concentration largely determined by physicomechanical
properties. Consequently, control of the parameters will
improve efficiency of the explosive rupture.

It is known [7], [8] that explosion impact by industrial
explosives is characterized by two parameters — stress inten-
sity at the front of the disturbance wave and pressure of the
gaseous detonation products within the charging chamber
and the microcrack cavities.

Penetration of the gaseous detonation products into mi-
cro- and macrocracks contributes to rock destruction owing
to the wedging effect affecting changes in the strength of the
fragments formed during the explosion. For a time, the gase-
ous detonation products are retained within the cavities of
cracks at the surfaces of their walls at the expense of adsorp-
tion. Certain gas share trapping complicates their collapse.
As the pressure in the charging chamber decreases, potential
collapse of certain microcracks increases due to the tensile
stresses by bridges [4].

It is possible to decelerate the recovery of the rock
strength or avoid it while introducing finely dispersed inert
solid particles into the explosive charge, which, together with
the detonation products, can penetrate into the microcracks
cavities and, settling on the walls, prevent them from closing.

Artificial bridges within microcrack cavities may result
from the ingression of detonation products containing the
substances sublimating during the explosion; then, tempera-
ture decrease makes them condense on their walls in the
form of deposits (for example, iodine). Tensile stresses are
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either nonavailable within artificial bridges or values of the
stresses are minor.

Solid adsorption layers (deposits) may originate at the
surfaces of the microcrack cavities; thickness of the layers is
one or several molecules. Within certain section, thickness of
the deposits may exceed the microcrack width, stipulating its
widening and, hence, strength reduction of rock fragments
after blasting is over.

In terms of impulse loading and subsequent mechanical
processing of nonmetallic building materials, strength proper-
ties of the finished product as well energy consumption depend
upon strength properties of rock fragments. At the same time,
rock mass processing at rock-crushing plants has an ambiguous
effect on the crushed stone strength. On the one hand, reduction
in the fragment sizes improves their strength at the expense of
the scale factor; on the other hand, in terms of impulse mechan-
ical actions, the abovementioned microcracking nature reduces
it. Numerous experiments have been carried out to support the
proposed hypothesis; however, no unified mathematical model
describing the mechanisms has been developed.

Therefore, the cracking process modelling and influence
of gaseous detonation products (DPs) of explosives (Es) on
the changes in nonmetallic rock strength characteristics is of
scientific and practical interest being the research purpose.

Based on the foregoing, the main problems of the study are:

—analysis of modern scientific research in the field of
fracture closure and disturbance processes during the hard
rock extraction;

— substantiation of deposit (bridge) formation within mi-
cro- and macrocracks during the hard rock fragmentation
developed to prevent their closure;

— confirmation of the proposed hypothesis while mode-
ling and making experiments.

2. Methods

The initial stage of the research involved the development
of a mathematical model based upon Griffith theory founda-
tions. The theory describes crack behaviour as well as forces
arising in it.

To explain the conditions of deposit formation during the
model blasting by means of lead azide charges, a description
of condensation mechanism of solid particles at the surface of
crack and inside them was applied using a two-stage approach
of the smoothed particle hydrodynamics (SPH) [9]-[11].

Stage one of the experiment simulated lead azide (LA)
molecularly using (7-10*m) particles. The following was
assumed while selecting the theoretical model [12], [13]:

1) lead azide purity is 96%;

2) the charge is of spherical shape; initiation takes place
in the central share of the sphere; and a massless (noninertial)
single particle acts as an initiator;

3) detonation is followed by the reactions:

Pb(N3)2 — Pb + N3
N3z — N2+ N
N3+ N — N+ Nz*
(asterisk denotes electronic excited triplets);

4. at collision, N2 transfer energy to metal atoms (proba-
bility is 67%);

5) detonation products expand within inert gas with ato-
mic mass 29, and 101 kPa pressure.

Stage two of the experiment involved macroscopic simu-
lation. Following crack geometry was selected as the initial
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parameters: 0.3 mm length (Y-axis); 0.6 mm height (Z-axis);
and 2-10% m mouth (X-axis).

It should be mentioned that while blasting, artificial
bridges may be developed in a number of different ways:

1) getting into microcracks with gaseous detonation
products and mechanical movement of fine inert solid parti-
cles within them;

2) delivery of an inert gaseous substance by detonation
products with its subsequent condensation on the cold walls
of microcrack cavities;

3) filling the cavities of microcracks with solid particles
while using explosives, which detonation products contain
components prone to coagulation (fusion) and adsorption in
terms of temperature as well as pressure drop.

For experimental confirmation of the above, the first
method was selected. Construction cement in the form of an
outer shell of explosive charge was used as a finely dispersed
inert additive for the series of experiments [14], [15]. Labra-
dorite samples were used. When a non-destructive explosive
charge containing fine dust as a shell was blasted, the model
was divided into parts using a metal wedge; the fracture sur-
faces were analyzed with the help of an electron microscope.

3. Results and discussion

3.1. Theoretical substantiation of the gaseous
detonation products behaviour in a crack

Since rock disturbance results from microfissuring, use Grif-
fith theory to analyze some aspects of the phenomenon [16].
According to the theory, brittle materials contain randomly
oriented microcracks, within which tips (or near them) stresses
concentrate (Fig. 1); hence, crack propagation takes place and,
ultimately, macroscopic fracture. For a unit thickness layer, the
maximum stress omax at an elliptical crack tip depends on the
curvature radius p within the tip and the crack length 2c:

1
jz
where:

oo — an average stress within the sample.

c

P

o))

Omax = 200 [

UO UU“\aX
Pyttt
y
il 5, X
c ¢ |2
P
0o

Figure 1. Stress distribution at the tip of an elliptical crack

The difference between the energy values of a unit thick-
ness layer and constant length with an elliptical crack and
without it is:

2 2
TC~ 0o
UezTo' 2)
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where:
E — longitudinal elastic modulus of the material.
Surface energy during crack formation is:

Ug =4cT, ?)

where:
T — surface tension.
Consequently, an elliptical crack reduces the total energy U:

B ﬁczag

U=U,-Ug —A4cT . 4)
Following condition determines both unstable state and
the beginning of a crack development:

a_u 2ET
oc 7C

=0; 0'5 = = o-f, , ®)
where:

op — tensile strength of the material.

Hence, a crack propagation process starts when oo stress-
es, applied to the sample (Fig. 1), achieve the ultimate tensile
strength of the material.

During the explosive impact, rocks are mainly subjected
to compressive loads. Based on Griffith theory, consider the
conditions for a microcrack growth and rock sample disturb-
ance under uniaxial compression. It should be taken into
account that Griffith model of an elliptical crack roughly
represents actual tightly closed microcracks in rocks. There-
fore, use a model of a perfectly thin closed crack which
can be considered as a limiting case of an elliptic one when
p — 0. Then, in accordance with the Formula (1), the maxi-
mum stresses are omax — o0; however, their values are limited
due to the material transition into a plastic state.

Plastic deformations occur within the crack tip as well as
within the adjacent region, which dimensions are determined
by r1 (Ori<r) distance; consequently, the considered de-
pendences are valid in the range of rry values.

Select a thin layer with an arbitrarily oriented crack in a
sample subjected to uniaxial compression (Fig. 2). Normal o,
stress and shear 7, stress will act on the crack surface.
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Figure 2. Stress state near a thin crack within a compressive stress
field (c are normal compressive stresses)
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Normal compressive stresses do not affect the stress dis-
tribution near an ideally thin closed crack; therefore, it can be
assumed that only shear stresses are applied to the crack
surface, i.e. the stressed state is characterized by pure shear.

In this case, the stress components near the crack tip are:

cl2.. 0 0 30).
Ox =T4| -~ | SiN—|2+C0OS—-COS— |;
2r 2 2 2
1
cl2_. 0 0 30
oy =Tg| — | sin--COS—-COS—;
2r 2 2 2

(6)

c

1
2 0 .0 . 3
— |7 cos—| 1-sin—-sin—
2r 2 2

j
2 )
where:

r — distance from the crack tip to the point under consi-
deration (Fig. 3).

Txy = T¢[

Figure 3. Stress components in front of the tip of a thin crack (r:
is the radius of plastic deformations)

Crack propagation potential depends on its orientation.
The development of cracks, at which maximum stresses z,
occur, is the most probable idea since in terms of pure shear:
7 :%~sin2¢, )
then 7, = tmax = oc / 2 when ¢ = 45°,

The stress state analysis of the material near the crack tip
has showed that under otherwise equal conditions, strength
degradation of rock samples during compression is most
likely due to the microcrack development oriented at an
angle of 45° toward the compressive load. The abovemen-
tioned helps assume that strength degradation of the samples
should manifest itself not only in the operative direction of the
impulse non-destructive load but also perpendicularly to it.

Growth of the macrocracks and their formation can be
represented as a continuous process of their initiation crea-
tion and coalescence ahead of the fracture front edge. Taking
into consideration the high degree of rock heterogeneity,
there is a high probability of a developing microcrack enter-
ing an area with higher strength characteristics. Within the
area, no rock discontinuity takes place; stress state is deve-
loped; and the crack development discontinues. Right the
undisturbed areas form bridges drawing together crack edges
behind the fracture front.
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3.2. Experimental study of a crack treatment process

Stage one of the simulations has helped understand
the following:

1. In terms of percentage by weight, detonation product
cloud contains:

a) 4.0% of impurities, i.e. inert particles;

b) 6.7% of undetonated LA fractures. Since particle size
is first determined by a model (type) of the initiating charge,
the mentioned particles cannot be used for further conclu-
sions and interpretations at a macroscopic level;

c) 27.7% of N, N2, N2*, and N3;

d) 41.7% of lead particles (average characteristic size of a
lead particle is 1.7-10° m;

e) 19.9% of lead atoms.

2. According to the calculation, at a 2.55 mm distance,
average velocities of detonation products are:

a) 2.9-10° m/s by solid particles;

b) 1.8-10° m/s by gaseous products.

The stage findings have been used to model a mechanism
of detonation product entering the microcracks at a solid wall
surface. The experiment has demonstrated that the model
walls experience both elastic and elastoplastic deformations
as well as brittle failure.

Findings of stage two of the calculations are as follows:

1. The microcrack geometry is:

a) length is 0.324 mm;

b) height is 0.817 mm;

¢) mouth is 2,16-10% m.

2. Lead particles with [1-107...1-10°m] diameters
(~0.03x%...0.1x of a micro-crack opening). First, in the
neighborhood of crack mouths, some particles move along
the surfaces of their walls approaching the tips. The fact
can be explained by “pushing” at the expense of particles
joined them later. The abovementioned particles produce
larger formations.

In terms of 60% of cases, the process results in the
formation of rather large particles able to be bridges
through microcracks preventing from their collapse while
widening them.

The photographs, obtained with an electron microscope,
demonstrate microcracks cavities filled with cement parti-
cles. Surface of the sample split surface, assumed as a model,
(Fig. 4a), has an empty characteristic crack. Maybe, it will
close up with time under the influence of external forces. At
the same time, Figure 4b shows cavities of microcracks filled
with cement particles. Hence, getting into microcracks dur-
ing explosion, cement dust almost completely fills their cavi-
ties, preventing subsequent collapse and rock strength resto-
ration, which is confirmed by the simulation results.

Despite the positive results of the research, the proposed
method should be tested under the field conditions to assess
its effectiveness, taking into account the scale factor.

4. Conclusions

The effect of rock mass disturbance is manifested maxi-
mally right after explosive destruction; subsequently, it de-
creases with time due to gradual relaxation of the formed
defects. Therefore, an urgent task is to develop the ways to
slow down the process of restoring the blasted rock mass
pieces. The process, restoring rock mass strength, may be
prevented by microparticles getting into cavities of the mi-
crocracks with detonation products.
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Figure 4. The nature of the microcracks cavity filling with solid
inert particles during the explosion of explosive charges:
(a) free microcracks of the model after the explosion of
a uniform charge; (b) cavities of microcracks filled with
inert particles after the explosion of charges, having a
shell of fine dust

A process of the formation of deposit (i.e. bridges) within
micro- and macrocracks of rocks has been simulated using
fracture theory with the smoothed particle hydrodynamics
(SPH) method in terms of lead azide.

The obtained data correlate with the simulation results
confirming the possibility of influencing the change dyna-
mics in the rock mass strength characteristics obtained by the
explosion using various charges compositions with shells
from inert solid additives, which solid particles can interfere
with the process of microcrack closing.
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MopeoBaHHS BIUIMBY Ia30NM0Ai0HNX NPOAYKTIB eTOHAII BHOYXOBHX PeYOBHH
HA NPoLeCH 3aJ1iKOBYBaHHS TPIlllMH NpH BHOYXOBIil Bin0iiili ckeJbHUX ripCbKUX MOPix

B. Kynunny, B. YUebenko, P. ITy3up, 1. [leeBa

Meta. MopenoBaHHs IPOLECY YTBOPEHHS TPILKMH i BIUIMBY HA HHOTO ra30MOAIOHUX MPOAYKTIB ACTOHALT BHOYXOBUX PEYOBHH Ha 3Mi-

HY MII[HOCTI HEpYZAHHUX TiPCHKUX MOPIJ.

MeTtoauka. [ToGyroBaHO MaTeMaTHYHy MOJENb i3 BUKOPUCTaHHSIM OcHOB Teopii I'piddirca. Ananiz MexaHi3My KOHJIEHCAIil TBEpANX
YaCTHHOK Ha MOBEPXHi Ta BCEpEIUHI TPIIUHY (IJIsI TOSICHEHHSI YMOB YTBOPEHHS MOCTIB IIiJl 4ac BHOYXY 3apsiB a3ua CBHHIIIO) IIPOBEICHO
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3a JIOTIOMOTO0 IBOSTAIHOTO MiAXO0Y i3 BUKOPUCTAHHSIM TiPOAMHAMIKH 3TJIaDKEHUX YaCTUHOK. JIJIsl eKCHepUMEHTAIBHOTO MiATBEPIKECHHS
OTPUMAHHX Pe3yJbTaTiB MPOBEICHO EKCIEPUMEHTAIIbHI JOCIIIKCHHS 13 BAKOPUCTAHHIM €JIEKTPOHHOTO MiKPOCKOIIA.

PesyabTatu. EQext 3HeMilIHEHHS Tipchkoi MacH Micis BHOYXOBOTO PyHHYBaHHS B MaKCHUMAJIFHOMY CTYIICHI NPOSBISETHCS BiApasy i
HaJaji 3 9acoM 3HIDKYEThCS BHACIIIOK IOCTYIOBOI peakcalil yTBOpEeHHX Ae(EKTiB, TOMy aKTyalbHHM 3aBJaHHSIM € po3poOKka crocoOiB
YIOBUIBHEHHSI IIPOLIECy BiTHOBJIEHHS MIIHOCTI IIMATKIB BifOMTOI BUOYXOM TipchKkoi MacH. IIporiecy BiJHOBICHHS MIIIHOCTI MOXYTH ITepenl-
KOJUKaTH MIKpPOYaCTHHKH, IO TOTPAIUIIIOTE BCEPEIUHY ITOPO’KHUH MIKPOTPIIIKH 3 MIPOIYKTaMH JeTOHAMIi, MOJIEIFOBAHHS Jii SIKMX OIHCAHO
B po6oTi. OTpuMaHi eKCIIepUMEeHTaNIbHI JaHi KOPETIOI0Th 3 HaBeJCHUMH pe3yIbTaTaMi MOJEIIOBAHHS 1 MiATBEPUKYIOTh MOKIIMBICTD BILTH-
By Ha JMHAMIKy 3MiHH XapaKTEPUCTHUK MIITHOCTI 0/iep»KyBaHOi BHOYXOM TipChKO1 MacH, BUKOPUCTOBYIOUH Pi3Hi CKIaIH 3apsAaiB 3 000JIOHKA-
MHU 3 IHEPTHHUX TBEPIHX N00ABOK, TBEPAl YACTHHKHU SIKUX MOXKYTh HEPEUIKOJUTH MPOLECy 3MUKAHHSA MIKPOTPIILIUH.

HayxoBa HoBHM3Ha. Briepiiie 3anponoHOBaHO Ta MaTEMAaTHYHO MiATBEPAKEHO MOXKIMBICTh YTBOPEHHS BIIKIAICHb (IEMO3UTIB) Y MIKpO-
1 MAaKpOTPILIMHY TPCHKUX TOPiL.

IIpakTHyna 3HAYUMicTh. MIIHICTE TOTOBOTO BHPOOY Ta €HEPrOBUTPATH IIPH IMITYIECHOMY HaBaHTaXKEHHI W IOJANBIIIH MeXaHIdHINA
00po0mi HeMeTaTiYHUX OyAiBEIPHUX MaTepiasiB 3alexarsb BiJ (i3MKO-MEXaHIYHUX BIACTUBOCTEH IIMATKIB TipchbKoi MacH, TOMY 3[aTHICTbH
KepyBaTH BITHOBJICHHSIM MIIIHOCTI Ma€ BEJIMKE NPAKTHYHE 3HAUYCHHS 1 MOJKe BIIPOBAKYBATHCS IIPH NIPOBEIECHHI BHOYXOBHX POOIT.

Knrwuosi crosa: denosumu, 3nemiynents, 1abpadopum, azud CGUHYIO, NUJ, CYORIMayis, Memoo 2iOpoOUHAMIKU 32NA0HCEHUX YACTUHOK,
MiKpompiwunu, makpompiwunu, meopis I pighgpimca

MojaenupoBaHue BJIMSIHUS ra3000pa3HbIX MPOIYKTOB 1eTOHAIIMH B3PhIBYATHIX BeLeCTB
HA Npouecchl 3aj1eYMBAHNS TPEIMH NPU B3PBIBHOM 0T00IKe CKAJBHBIX TOPHBIX OPOJ

B. Kynunuy, B. Uebenko, P. Ily3sips, 1. IleeBa

Leas. MonenupoBaHue mponecca TPEIMHOO0Pa30BaHUs U BIMSHUS Ha HETO ra3000pa3HBIX MPOAYKTOB JETOHAIMH B3PBIBUATHIX Be-
IIECTB HAa N3MEHEHUE IIPOYHOCTHBIX XapaKTEPUCTHK HEPYAHBIX TOPHBIX TIOPOJI.

Metoauka. [ToctpoeHa MaTeMaTuueckasi MOJIeb C UCHONB30BaHHEM OCHOB Teopuu I 'puddurca. [[nsa oOwsicHeHns ycnosuit o6pa3oBa-
HHSI MOCTOB IIPH B3PBIBE 3aps/I0B a3Ma CBHHIIA OBLIO MCIIOJIB30BAHO ONMCAHHE MEXaHH3Ma KOHJICHCALMH TBEPIBbIX YaCTHUIl Ha TOBEPXHOCTH
U BHYTPH TPEIIVHBI JBYXATAIHBIM ITOJXOJOM C HCIIOJb30BAHUEM T'MAPOAMHAMHKHN CTJIQKEHHBIX 4acTUIL. [ SKCIIepUMEHTAIbHOTO MOA-
TBEPXKI€HUS IIOTy4YEHHBIX pe3yIbTaTOB HCIOIb30BAIUCH UCCIEOBAHMS C IIOMOILBIO 3JIEKTPOHHOTO MUKPOCKOIIA.

Pe3yabTathl. OddexT pasynpodyHeHHs TOPHOI Macchl OCEe B3PBIBHOTO Pa3pyIICHUs] B MAKCUMAIBHOH CTEIIEHH MPOSBIISETCS Cpasy U B
JambHEHIeM cO BPEMEHEM CHIDKACTCSI BCIEACTBHE ITOCTENICHHON perakcanuy oOpa3oBaBIINXCS Ae(EKTOB, IO3TOMY aKTyalnbHOH 3amadeit
ABJAETCS pa3paboTka crocoOOB 3aMeICHHUsI MPOIecca BOCCTAHOBICHUS! IIPOYHOCTH KyCKOB OTOMTOM B3pBIBOM rOpHOI Macchl. IIpomeccy
BOCCTAHOBJICHUS] IIPOYHOCTH KyCKOB FOPHOI MacChl MOTYT NPEMSTCTBOBATh MUKPOUYACTHIIBI, TTONAJAIONINE BHYTPh OJIOCTEH MUKPOTPEITHH
C MPOIYKTaMH JETOHAINH, MOAEIMPOBAHNE JIEeHCTBUS KOTOPHIX OMUCaHO B pabore. [lomydeHHbIe TaHHBIE KOPPEIUPYIOT C IMPHBEACHHBIMU
pe3yJibTaTaMH MOJIEIMPOBAHMS U HOATBEPKAAIOT BO3MOXKHOCTh BIMSHUS Ha JUHAMHKY M3MEHEHHs IIPOYHOCTHBIX XapaKTEePUCTHK ITOJIydae-
MOH B3pBIBOM T'OPHOW MaccChl, UCIIOJIB3YsI Pa3IMYHBIE COCTaBbI 3apsI0B C 000JOYKAMH U3 WHEPTHBIX TBEPABIX J100aBOK, TBEP/bIe YaCTHIIBI
KOTOPBIX MOT'YT OMEIIATh IIPOIECCY CMBIKaHHUsI MUKPOTPEIINH.

Hayunas HoBu3HA. BriepBrie npemmonokeHa 1 MaTeMaTHYECKH TTOATBEPKICHA BO3MOXHOCTh 00Pa30BaHUS OTIOKEHUH (JETO3UTOB) B
MHKPO- ¥ MAaKPOTPEIIIHAX TOPHBIX TIOPOJ.

IIpakTHyeckas 3HAYUMOCTb. [IpOTHOCTHBIE CBOWCTBA TOTOBOTO M3/SIHS U SHEPT03aTPaThl IPU UMITYJIECHOM HarpyK€HHH H MOCIeLy-
fomIei MexaHUIecKoii 00padoTKe HEMETAIIMIECKHX CTPOUTENBHBIX MaTepPHalOB 3aBUCAT OT MPOYHOCTHBIX CBONCTB KyCKOB TOPHOM MaccCHl,
MOATOMY CHOCOOHOCTH YHPaBJSATh BOCCTAHOBJIEHHEM INPOYHOCTHBIX XapaKTePUCTUK MMeeT OOJIbIIOEe NMPAKTHYECKOe 3HAYEHHE U MOXKET
BHEJIPSITHCS P MIPOBE/ICHUH B3PBIBHBIX paboT.

Knioueswie cnosa: omnoscenus, pasynpounenue, 1adbpadopum, azud céuHyd, nulib, CyOnUMayus, memoo 2uOPOOUHAMUKY CCNAHCEHHBIX
yacmuy, MUKpompewunbsl, Makpompewunsl, meopus I pudpdumca
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