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EVALUATION OF BLAST WAVE PARAMETERS WITHIN
THE NEAR-EXPLOSION ZONE IN THE PROCESS OF ROCK BREAKING
WITH BOREHOLE CHARGES

Purpose. To analyse the experimental results, to describe physical mechanism of blasted rock disintegration and develop meth-
odology to calculate blast-wave parameters within the near-explosion zone, and to study possible role of thermoelastic stresses in
rock fragmentation to ultradisperse fractions in the near-explosion zone.

Methodology. The experiments involved a method to measure dynamic compressibility of bituminous coals based on the de-
termination of both velocity of blast waves and mass velocity of particles beyond the front. A reflection method is used to construct
isentropes of the explosive detonation products and their impact adiabat.

Findings. Experimental studies are carried out to analyse compressibility parameters of bituminous coals — blast wave velocity
and mass velocity of particles beyond the blast wave front. Impact adiabats for emulsion explosive EPA P-3 and bituminous coals
are constructed. A set of theoretical studies is performed.

Originality. Methodology to evaluate blast-wave parameters within the zone near the borehole or blasthole charge explosion is
proposed. Physical mechanism for rock breaking to ultradisperse particles is proposed. It has been specified that thermoelastic
stresses may be one of the possible causes, if not the main one, of the rock breaking within the near-explosion zone. A mechanism
stipulated by the transition of microstructure of the rock crystalline components to the instable state is considered as the alternative
(or additional) factor. The cause is in the oversaturation of the rock microstructure with the linear and point defects. Exceeded
value of critical concentration of those defects results in the excessive reserves of internal energy with the following spontaneous
breaking of chemical bonds. Impact adiabats of coking coals of three grades as well as isentrope and impact adiabat of the detona-
tion products of emulsion explosive EPA P-3 are constructed. In terms of the “pressure — mass velocity of particles” coordinates,
curves of adiabats of the bituminous coals differ by not more than 4 %.

Practical value. Analysis of the scientific results may be the required condition to develop additional safety measures in the
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sphere of environmental protection during blasting operations in terms of open-pit and underground mining.
Keywords: explosion, rock, impact adiabat, isentrope of explosion products, thermoelastic stresses

Introduction. Rock breaking by blasting affects consider-
ably the economic expediency and technological efficiency of
further operations: excavation of the rock mass, its transporta-
tion, dressing, processing and others. Thus, the main objective
of blasting rock breaking while mining is to obtain the speci-
fied granulometric composition [1, 2]. Breaking of rock within
the charge-adjacent zone to the micron-range particles and
even to the nanoscale sizes is one of the negative results of
blasting of the borehole and blasthole charges [3]. Compared
to the microparticles, particles of the nanoscale class turn to be
more aggressive in terms of their effect on human organisms
|4]; generally, that problem belongs to the priority tasks of the
labour protection as a complex of technical, biomedical sci-
ences, and some others. Newly formed particles with a chemi-
cally active surface characterized by certain value of the distri-
bution of electric charge density are especially hazardous [5].
Apart from biomedical, social, technical, and environmental
problems, excessive mineral fragmentation results in overall
economic damage stipulated among other things by consider-
able losses of mineral raw materials [6], e.g. as a result of large-
scale blasts during non-metallic open-pit mining [7, 8].

Analysis of the environmental situation in the atmosphere
of mining and industrial regions shows that the potential of
current models for atmospheric air control is almost exhausted
[9]. Such a negative phenomenon as excessive rock fragmenta-
tion during blasting rock breaking requires development of new
models and active search for innovative engineering solutions.
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The main problem is in the “negative” effects which are
inevitable within the explosive — rock (E-R) interface. Based
on that fact, there is an opinion that E-R interface will always
demonstrate the excessive rock fragmentation; in this context,
fragmentation volume and degree will depend on both its
physicomechanical properties and blasting characteristics of
the explosive. It becomes quite obvious that in terms of the
known rock characteristics, selection of the explosive [6]
makes it possible to calculate rational blasting pattern and pro-
vide minimal losses of mineral raw material. However, selec-
tion of the explosive with decreased brisance may be the cause
of the increasing oversize material output [10]. To solve the
problem partially, different designs of blasthole charges were
proposed: with the dispersed air gaps [11, 12] and with the gaps
between the charging chamber walls and explosive charge [13,
14] filled with the inert material.

Paper [6] carries out comparative analysis of the blasting
action from the powder charges to the brisant explosives; dif-
ferent mechanisms of rock breaking within the near zone in
terms of the immediate contact of the explosive with the charg-
ing chamber walls. The results obtained by the authors [6] ex-
press regular connection of the qualitative indices while blast-
ing in terms of the models. It is possible to use the author’s
conclusions as the approved tendency in case of blasting of real
boreholes. Taking into consideration excessive rock fragmenta-
tion, fraction mismatch in terms of the lower loss limit may be
from 8.5 to 45 % at non-metallic mining enterprises. In this
context, according to the estimations of different authors, ra-
dius of the zone where rock is fragmented to the unconditioned
fractions may be from 1.5 to 12 radii of the explosive charge.
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The authors of paper [15] believe that there is no excessive
rock fragmentation, if there is no immediate contact with the
explosive charge in case of pressure of the blasting products on
the charging chamber walls. That suggested mechanism may
be characteristic when explosion products affect the plastic
and elastoplastic rocks. In terms of such elastoplastic rock as
coal, application of even flameless substances (Aerodox) re-
sults in the formation of a great number of fine fractions.

Results of the analysis of rock breaking within the near zone
taking into account rock properties, explosive charge design, and
physicomathematical and explosive properties of the charge are
not always enough to select one or another rock breaking scenar-
io. Estimation of impact wave parameters within the E-R inter-
face taking into account elimination of the E-R contact may be
used as the additional and required factor for correct understand-
ing of the breaking mechanism. Such an approach makes it pos-
sible to reduce brisant action of the explosive and introduce new
controllable parameter — gap between the explosive and rock
made from any nonexplosive substance being in any aggregate
state. Efficiency of that approach is proved by practical cases [13].

Thus, studies on the rock breaking mechanisms and devel-
opment of the methods to control them are among the main
tasks of the science dealing with the rock breaking by blasting.

Objective of the research is to analyse experimental results,
to describe physical mechanism of rock fragmentation after
blasting, and to develop a method for calculation of blast wave
parameters within the near-explosion zone as well as to study
possible role of thermoelastic stresses in rock breaking to the
ultradisperse fractions.

Working hypotheses, assumptions. It is assumed that ther-
moelastic stress plays the main role in rock breaking to the ul-
tradisperse fractions within the near-explosion zone. Role of
the plasticity phase of the rock is in the fact that the plasticity
“removes” the thermoelastic stresses. Development of ther-
mal stresses is possible only in terms of the rock cooling when
it is already in the elastic state. In the latter case, thermoelastic
stresses become tensile ones, which reduces the threshold of
the blast wave pressure resulting in the thermal breaking.
Those assumptions make it possible to consider that thermo-
elastic stresses are one of the possible, if not the main, mecha-
nisms of rock breaking within the near-explosion zone.

Radius of rock fragmentation during blasting may be de-
termined using experimental dependences of stress changes in
the rock mass [17]. However, that approach appears to be rath-
er time-consuming as it is based on the experimental data
which do not take into consideration physical processes, oc-
curring during rock breaking, and parameters of stress waves
within the zone of formation of finely-dispersed fractions.

Rock breaking within the near-explosion zone will con-
tinue up to the moment when the pressure in the blast wave
front will not be less than the maximum stress value at which
rock breaking takes place. Blast wave experiences its attenua-
tion as a result of energy dissipation in the rock; that process is
especially intense in the fractured rock mass. According to dif-
ferent researchers [6], radius of the zone of excessively frag-
mented rock is from 1.0 to 5.0 and more of the radii of the
borehole explosive charge.

Increasing radius of the charging chamber (borehole) is the
result of the action of expanding explosive gases and blast wave
passing in the rock. Rock of the chamber walls is subject to in-
tense heating and complex deformation — pressure with shear-
ing. Under such conditions, microstructure of the rock-forming
minerals gains maximum concentration of defects which may
tell about considerable reserves of the internal energy as in case
of the formation of solid bodies [17, 18]. Vacancies and disloca-
tions are the main defects which may be responsible for energy
accumulation by the crystal microstructure. Energy accumulat-
ed by the crystalline lattice at the expense of vacancy formations
is many times less than the energy accumulated by dislocations
[19]. M. P. Volarovich and his colleagues (1953) were the first to
identify experimentally the release of internal energy reserves ac-

cumulated at the expense of pressure action with shearing; they
found that “blasting” rock breaking took place during the treat-
ment of rock samples (sample thickness was 0.1—0.2 cm, sample
diameter was 0.1—0.2 cm) of different genesis and different min-
eralogical composition. Minimal pressure value at which the
breaking takes place depends on the amount of elastic energy
accumulated by the rock. In his papers, M. P. Volarovich stresses
that the accumulated elastic energy depends mainly on the plas-
tic properties of the rock. In particular, in terms of marble, max-
imum compression pressure is more than 3 - 10° Pa being by
3—7 times higher than the minimal pressure for bituminous
coals of different grades. Similar results were obtained by
N. C. Yenikolopov and his colleagues during their experiments
on the treatment of ionic crystals, polymer and other materials
with the unidirectional pressure with shearing deformation. The
phenomenon observed by the experiment authors showed that
irrespective of the material, all the tested samples were broken in
the way similar to the blasting-mechanism model.

Formation of lumps in the next zone, being about 10 and
more of the charge radii, is explained by the mechanics in terms
of standard approach to breaking, i.e. tensor of elastic stresses is
calculated, and one of the known failure criteria is applied. Rock
breaking within the zone of radial fractures has its satisfactory
theoretical explanation. However, there is no such theoretical
clarity for the case of the near-zone breaking. Virtually, reference
to the fact that pressure exceeds the tensile strength does not ex-
plain anything as the continuous solid body is not broken under
the effect of omnidirectional hydrostatic pressure of any value.
Proper explanation of the rock breaking mechanism within the
near-explosion zone should also clarify why there is no powder
formation in case of explosive compression of the metal even if
the pressure is by many times higher than its tensile strength.

Thus, one of the possible causes of excessive rock fragmenta-
tion within the near-explosion zone is in the thermoelastic
stresses arising after the passing of intense blast wave [3, 16]. In
this case, breaking scenario within the near-explosion zone is as
follows. After detonation of the explosive charge into the sur-
rounding rock, there is the propagation of the intense blast wave.
After that blast wave passing, the rock remains heated up to the
considerable temperature being the result of irreversible, up to
70 %, losses of the blast wave energy [20]. Increased temperature
causes thermoelastic stresses provoking rock breaking by the type
of successive scaling of layers beginning from the free surface.

Along with the distancing from the explosive, heating tem-
perature decreases, and, beginning from certain distance, ther-
moelastic forces cannot cause rock breaking anymore. Every-
thing that happens to the rock in such a concept is clearly di-
vided into two successive processes: first — heating by a blast
wave, second — breaking by the thermoelastic stresses. Both
phenomena are well known separately; each of them has its own
theoretical model making it possible to consider them in the
totality [3]. Consequently, zone of the action of thermoelastic
stresses, being capable of excessive rock fragmenting, will be
limited by certain stress range beginning from the maximum
value within the “explosive product — rock” interface up to
some minimal value at which excessive rock fragmentation is
still possible. In terms of each rock, radius of excessive fragmen-
tation zone corresponding to the minimal stress value will have
its well-defined value. Within the framework of rough approxi-
mations, it is possible to suppose that the radius of excessive
fragmentation zone is comparable to the distance at which mass
velocity of particles beyond the blast wave front tends to zero.

Materials and methods of research. The research involves
such rock samples as: sandstone, quartz, dolomite, limestone,
bituminous coals — gas coal with carbon content of 86.3 % and
volatile matters of 31.7 %, coking coal with carbon content of
88 % and volatile matter of about 21 %. The following samples
have been selected at the open pits of Ukraine: sandstone (Bu-
danivske deposit, Ternopil oblast), dolomite (Skhidnyi dolo-
mite open pit, Donetsk oblast), limestone (Horodnytsia open
pit, Ternopil oblast), and granite (Tokovske deposit, Dniprop-
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etrovsk oblast). Blast wave parameters obtained in [21] have
been applied for the quartz samples.

Blast wave parameters of the rock samples were identified
by defining the equation of state based on the impact adiabat for
each rock sample under analysis. Experimental studies were
carried out involving methodologies represented in [21, 22].
The impact adiabat of quartz was taken from [23]. Experimen-
tal determination of linear dependence (1) for gas and cocking
coals, curves of deceleration of detonation products of emulsion
explosive EPA P-3 and safety emulsion explosives for coal
mines were obtained according to the methodologies given in
|21, 22]. Moreover, detonation and impact adiabats of the prod-
ucts of emulsion explosive EPA P-3 and experimental samples
of safety explosives of class IV were identified (Table 1). Emul-
sion explosive EPA P-3 is used for blasting operations at non-
metallic open pits; safety explosive is applied for blasting opera-
tions in coal mines dangerous in gas and coal dust explosion.

Impact adiabat is convenient to express as linear depen-
dence [21]

D, =S+ bu,

where D,,, is blast wave velocity; Sand b are coefficients; u is mass
velocity of the medium particles beyond the blast wave front.

Since acoustic impedance of rock p,S, exceeds acoustic
impedance of explosive products p,, S,, for the rocks under
study, blast waves will propagate in the rock and explosive
products when the blast wave front goes the rock-explosive in-
terface. In Fig. 1, pressure and velocity beyond the front of both
P*and u” waves are on the intersection of the impact adiabat of
the rock (OD), Fig. 2, and detonation products (AC).

The experiments have involved a method of measurement
of dynamic impact compression of bituminous coals based on
the determination of the velocities of a blast wave and mass
velocities of particles beyond the front [21, 22]. A method of
reflection has been used to draw an isentrope of the explosive
detonation products [22].

To determine P* and u*, analytical calculations were per-
formed with the use of the following expressions [21—23]

pp(Dy —up) =p*(D; —u’);
P = Pp=pp(Dy—up)(up—u’);
pi1D,=p" (D, —u");

P=p Dy,
P*=p(a+bu)u*;
P*=Ap’k,

where, according to Fig. 1 as well, I is state beyond the front of
detonation wave with pressure P;, density p, and mass velocity
of particles beyond the wave front up; II is state in plane wave
beyond the front of the wave reflected from the rock surface (in-
terface) with the corresponding pressure values P*, mass veloc-
ity of particles beyond blast wave u* and density of the environ-
ment beyond the blast wave propagating from the interface p*;
111 is state in the rock beyond the blast wave front correspond-
ing to pressure P*, mass velocity of particles u*, and density p**;

Table 1
Explosive characteristics of some explosives
Parameters
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Fig. 2. General view of P—u diagram [22]

IV is initial rock state corresponding to the initial parameters
(pressure P, mass velocity of particles # and density p,).

Results. Intersection points of the impact adiabat of rock
with isentrope of the explosive detonation products (explosive
EPA P-3, safety explosive of class [V) correspond to the initial
pressure in the rock within the explosive-rock interface.

All the evaluations were performed for the conditions of
normal fall of the detonation wave front on the explosion
chamber walls. According to the experiment results within the
D-u coordinates, impact adiabats of coals (gas and coking
ones) have insignificant deviations (up to 54 %) from certain
averaged curve 1 shown in Fig. 3. Thus, approximate estima-
tion of the pressure within the explosive-bituminous coal in-
terface requires knowing just a pressure value at the Chapman-
Jouguet point (Fig. 3) and D-u diagrams of the rock states
(Fig. 4). Area of pressures at which blast wave parameters were
analysed, was not more than 30 hPa.

Fig. 3 demonstrates impact adiabats of emulsion explo-
sives (1 — EPA P-3; 2 — safety explosive of class IV), P-u dia-
grams of rocks (3 — averaged adiabat for gas and coking coals;
4 — quarts; 5 — sandstone; 6 — dolomite; 7 — limestone). In-
tersection points of curves 2 and 3, I and 3 correspond to the
parameters and impact compressions within the explosive-
coal interface. Intersection point of curves / and 3 coincides
with the Chapman-Jouguet point of emulsion explosive EPA
P-3. Since impact adiabats of the analysed coals practically
coincide, generally, pressure evaluations within the explosion-
coal interface may be considered as correct. Fig. 4 represents
the results of studying blast wave velocity as a linear function of
mass velocity of particles beyond its front.

To define threshold pressure, at which thermoelastic rock
breaking takes place, use the methodology proposed in |3, 16].
If condition V/V; ~ 1 is met (where V, and V are specific initial
volume and specific volume after compression respectively) at
which compression is neglected, determine heating temperature

n+1\V2p?
)T 0
1285
where 7 is constant; for solid bodies (# = 4 is considered to be
good approximation ); p is blast wave pressure; S is sound ve-
locity; c is specific heat capacity.
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Fig. 4. D-u diagrams of the rock states

In terms of sandstone, we will obtain blast wave heating of
about 530 K at blast wave pressure p = 15 - 10° Pa (it is taken that
n=4,V,=3.5-10"*m/kg, S=4400 m/s, c = 830 J /kg x K).

Different mechanisms of microparticle break-away have
been proposed. One of them is in the fact that the heated surface
is instable relative to heaving. Use the following formula to eval-
uate temperature, at which thermal breaking starts, as follows

T :1.5(1—u)0
s E-a

where T is threshold temperature of the beginning of scaling;
E is the Young modulus; p is the Poisson ratio; o is the coef-
ficient of thermal linear expansion; ¢ is uniaxial compression
strength.

Using expressions (1, 2), we obtain the expression to esti-
mate threshold pressure p, in a blast wave; if that pressure is
exceeded, surface scaling starts (proposed by A. E. Voitenko)

1/3
- 2 (1_“)62
Py =268 [(n+l)E~a-VOZ} . (3)

> 2

It should be noted that expression (10) has only estimating
accuracy; that estimate shows only the fact that the pressures
resulting in thermal breaking are within the range of the pres-
sures developed during detonations of condensed explosives.
Estimating character of expression (3) is stipulated by the exis-
tence of additional factors which are hard to take into consid-
eration; obviously, those factors reduce considerably the pres-
sure threshold which increase results in the beginning of
breaking by thermal elastic pressures. There are several most
obvious circumstances of that kind, e. g.:

- blast wave causes rock disintegration; moreover, experi-
encing its decrease along with the distancing from the explo-
sive charge, disintegration degree is unknown within the near-
zone boundaries [22];

- the number of ultradisperse fractions within the break-
ing, depending on the degree of oversaturation with the de-
fects of rock crystal microstructures [23, 24], reduces the ther-
mal breaking threshold;

- porosity and fissility of the environment causes increased
heating beyond the blast wave front [21].

Threshold pressure for sandstone is p, = 8.8 - 10° Pa (the
following values are specified: s = 9.7 - 107 Pa, p = 0.25, o =
=045-10° K, E=6.2- 10" Pa; S = 4400 m/s; p = 15 x
x 10° Pa). Similar values of threshold pressure were obtained
for limestone (p, = 6.5 - 10° Pa), granite (p, = 16 - 10° Pa), and
dolomite (p, =21 - 10° Pa). In terms of the analysed coal, pres-
sure is not more than p, = 2.8 - 10° Pa. Calculation values of the
threshold pressure in terms of blast wave effect differ insignifi-
cantly from the value of critical stresses for analogue rocks in
the experiments by M. P. Volarovich in case of pressure with
shearing. Fig. 3 and P-u diagrams contain points of the corre-
sponding values of thermoelastic pressures.

During their studies on the mechanism of fine rock sample
breaking in terms of uniaxial compression with shearing,
M. P. Volarovich and his colleagues (1953—1956) pay attention
to the fact that the accumulated elastic energy depend mainly
on the plastic properties of rock. Increasing uniaxial pressure
results in the growing amount of the accumulated elastic en-
ergy — rock breaking takes an explosive form. The paper repre-
sents the results of calculations showing the necessity to apply
much higher pressures for plastic rocks, which corresponds
generally to the tendency highlighted in papers by M. P. Vola-
rovich, N.S. Yenikolopov and others.

The main stages of the breaking process will be as follows:

- detonation of the explosive charge generates a blast wave
within the near zone; that wave transforms the rock into plastic
state as well as heats, consolidates, and displaces it in the ra-
dial direction;

- after the blast wave passing, the unstressed rock trans-
forms into the other state, i.e. displacing along the radius, that
state remains the same; the stresses tend to zero, in this con-
text, residual rock temperature exceeds considerably the initial
temperature before the explosion load;

- rock breaking results in tensile thermoelastic stresses oc-
curring during its cooling;

- explosions in coal results not only in coal fragmentation
to the ultradisperse dust and gas generation but also in the for-
mation of chemically active microparticles whose certain share
has potential capability to continue active structure breaking
with gas emission [25—27].

If the rock is in plastic state, then no thermoelastic stresses
occur in it. Formation of thermal stresses is possible only in
terms of rock cooling, when it has already passed into elastic
state. In this case, thermoelastic stresses become tensile ones,
which is known to reduce significantly the threshold of blast
wave pressure resulting in thermal breaking.

Thus, thermoelastic stresses may be the cause of one of the
possible (or even the main) mechanism of rock breaking to ul-
tradisperse fraction within the near-explosion zone. That ef-
fect is almost impossible to eliminate as there is no explosive
whose detonation causes no rock heating. Replacement of ex-
plosive or changes in design and method of charge placement
in a borehole may be one of the techniques to get rid of that
negative effect. For instance, a gap is required between the
charge surface and borehole wall filled with air [13] or other
inert material with the known impact adiabat.

To evaluate pressure on the borehole walls with the con-
sideration of gap, it is possible to use a scheme similar to the
one shown in Fig. 1, i.e. taking into account expansion of the
explosion products into the air gap [28]. In this case, surface of
the explosion products, expanding with the ultrasound veloc-
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ity, represents the blast wave front moving in the air up to its
fall on the borehole wall (unstressing continues to the pressure
in the air blast wave). To evaluate parameters of blast wave
propagation in the air before its impact on the explosion
chamber walls and pressure on the chamber walls, it is possible
to use calculation methodology proposed in [28].

Conclusion. Impact adiabats have been determined in
terms of the rocks, whose samples were selected at Ukrainian
open pits, and bituminous coals (gas and coking). Isentropes
of detonation products and impact adiabats for two EPA-class
explosives produced at Pavlohrad Chemical Plant were con-
structed. Impact adiabats are represented in the form of P-u
diagrams for graphic representation of the pressure within the
explosive-rock interface.

A methodology is proposed to evaluate blast wave parame-
ters within the near-explosion zone of the blasthole or borehole
charge. Thermoelastic stresses and critically high concentration
of crystalline structure defects may be the causes of rock break-
ing to ultradisperse fraction within the near-explosion zone.

Alternative mechanism of the transition of microstruc-
tures of crystalline rock components in the unstable state was
considered as well. For instance, it is possible that rock break-
ing within the near-explosion zone is stipulated by the effect of
some additional physical factors. Explosive nature of the rock
sample breaking is not the direct consequence of a uniaxial
compression with shearing. The cause is in the oversaturation
of the structure with the linear and point defects. Exceedance
of the value of critical defect concentration results in the ex-
cessive reserves of internal energy with the following sponta-
neous breaking of chemical bonds.

Impact adiabats of coking coals of three grades and isentrope
of the detonation products of emulsion explosive EPA P-3 have
been constructed. In terms of the coordinates “pressure — mass
velocity of particles”, curves of impact adiabats of bituminous
coal differ by not more than 4 %. Thus, use of certain averaged
impact adiabat in the calculations will not cause a crude error.

To reduce a degree of rock fragmentation within the near-
explosion zone, it is recommended to use borehole charges
with a gap; in this context, physical effect specified in the
1970s should be taken into consideration. Its essence is in the
fact that the pressure of impact compression of maximum am-
plitude always occurs when a blast wave goes out from the po-
rous material onto the surface of stiff barrier. That pressure is
always much higher than the pressure formed in case of nor-
mal reflection of the air blast wave from the stiff barrier. Gen-
erally, it is necessary to take into account considerable increase
in costs for the drill-and-blast operations.

Analysis of the scientific results may be the required condi-
tion to develop additional safety measures in the sphere of en-
vironmental safety during blasting in terms of both open-pit
and underground mining.

The authors express their gratitude to the colleagues of
State Enterprise “Research-Industrial Complex “Pavlohrad
Chemical Plant” and Scientific and Research Institute of
High-Energy Materials for their help in the organization and
conducting the research of blast-wave rock treatment.
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Meta. AHaji3 eKCrepuMMeHTaJbHUX Pe3yJIbTaTiB, OIUC
(hi3UHOTO MeXaHi3My MOAPIOHEHHS TTOpia i po3podKa MeTo-
NIUKU PO3PaXyHKY YAapHO-XBUJIbOBUX MapaMeTpiB y OJMKHiM
30HiI BUOYXY; MOCHIIXKEHHSI MOXJIMBOI POJIi TEPMOTIPYKHUX
Hanpyr y pyilHyBaHHi OPOAU A0 YJbTpaauciepcHux dpak-
it y OJVKHI 30HI BUOYXY.

Mertoauka. B ekcriepMeHTax BUKOPUCTAaHO METOJ BUMi-
PIOBaHHS AMHAMIYHOI CTUCIMBOCTI KaM’THOTO BYTIJUISI, 3aCHO-
BaHUI Ha BUM3HAUYEHHI LIBUIKOCTI YIApHUX XBUJIb i MacoOBOL
IIBUIKOCTI YaCTMHOK PEUYOBMHM 3a (ppoHTOM. MeTon BimoOpa-
>KEHHSI BUKOPUCTAHO JUIsl TIOOYIOBU i30€HTPOIU MPOMYKTiB
JeToHallii BuOyxoBux peuoBrH (BP) i ix ynapHoi amiabatu

Pesyabratu. [1poBeneHi ekcriepuMeHTaIbHI JOCIiIXKEH-
HSI TlapaMeTpiB AMHAMIYHOI CTUCIMBOCTI KaM’STHOTO BYTiJI-
JIst — LIBUIKOCTI yAapHOI XBWJIi i1 MAacOBOI IIIBUAKOCTI YaCTH -
HOK pEYOBMHM 3a (poHTOM ymapHoi xBuii. I[ToOymoBaHi
ynapHi agiadatu mist emysbciiitHux BP EPA P-3 i kam’sHoro
BYTiJLI1. BUKOHAaHO psii TEOPETUYHUX TOCTIIXKEHD.

HaykoBa HOBM3HA. 3aIipoOIIOHOBAHO METOJIMKY OILIIHKU
YIAPHO-XBWILOBUX MapaMeTpiB y OJIMXKHIN 30HI BUOYXY
CBEPUIOBUHHOTO abo0 IIIypOBOro 3apsiay. 3amporoHOBaHO
GbiznyHMII MexaHi3M PYMHYBaHHSI TOpPia OO YJIbTpagucIepc-
HUX YaCTUHOK. [TpMUMHOI0 OTHOTO 3 MOXJIUBHUX, & MOXE OyTU
i1 TOJIOBHOTO MeEXaHi3My pyMHYBaHHSI TipCbKOI TOPOIU Y
OJIKHIN 30HI BUOYXY, MOXYTb OyTH TEPMOIIPYKHi HATIPYTH.
B gaxocti anbTepHaTMBHOrO (a00 K AOJATKOBUIT (haKTOP)
PO3TIISITAETHCST MEXaHi3M, OOYMOBJIEHUH TIepeXoIOoM MiKpo-
CTPYKTYPH KPUCTaTiYHUX KOMIIOHEHTIB MOPOJU 10 CTaHy He-
criiikocTi. [lpruunHO0O € TepeHacu4YeHHsT MiKpOCTPYKTYpU
MOpoAY JIIHIHHUMMU 1 ToukoBUMU nedekTtamu. [lepeBuieH-
HsI 3HAUeHHST KpUTUYHOI KOHLIEHTpallii AeeKTiB pU3BOAUTD
JI0 HaIMipHOTO 3aracy BHYTPILIHbOI €Heprii 3 MoaJblIuM
CIIOHTAHHUM PYWHYBaHHSIM XiMiYHUX 3B’s3KiB. [1oOGymoBaHi
yIapHi afgiadaTy KOKCiBHOTO BYTIJLISI TPhOX MapoK, i30€HTPO-
ra Ta ynapHa ajiabaTa MpoayKTiB I€TOHallil eMYJIbCiiiHOT BU-
oyxoBoi peyoBuHu EPA P-3. Y koopauHaTax «TUCK — MacoBa
IIBUIKICTh YACTMHOK» KPUBi yIapHUX afiadat KaM’STHOTO BY-
TiJUTS BiIpi3HSIIOThCS He Ginbiie HiX Ha 4 %.

IIpakTnyna 3HAYMMICTh. AHATI3 HAyKOBUX pE3Y/IbTaTiB
MOXe OyTU HEeOOXiZHOIO YMOBOIO ISl PO3POOKHM AOAATKOBUX
OXOPOHHUX 3aXOMiB B OOJIACTI €KOJIOTIYHOI 0e3MeKu HaBKO-
JIULITHBOTO CEPEIOBUILIA ITPU MTPOBEAIECHHI BUOYXOBUX POOIT MpU
BIIKPUTOMY ¢ MiA3eMHOMY BUIOOYTKY KOPUCHUX KOMAJIMH.

KurouoBi cioBa: subyx, nopooa, ydapna adiabama, izoemn-
mpona npodykmie udyxy, mepmonpysicHi Hanpyeu

OueHka yJIapHO-BOJHOBBIX MapamMeTpoB
B OJIDKHE# 30He B3pbIBA NMPH pa3pylleHUH
TOPHBIX MOPOJ CKBAXKHHHBIMHU 3apsiIaMu
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eab. AHanM3 3KCIEPUMEHTATBHBIX Pe3yIbTaTOB, OIH-
caHue (U3NYECKOTO MeXaHN3Ma U3MeJIbYEHMS TTIOPOJ U pas-
paboTKa METOIVKHU pacuéTa yIapHO-BOJHOBBIX ITapaMETPOB
B OJIMDKHEM 30HE B3pbIBa; MCClIeIOBaHUE BO3MOXKHOI PO
TEPMOYIIPYTUX HANIPSIKEHWI B pa3pyIIeHUH ITOPOIBI 10 YJIb-
TpaaucrepCcHbIX (pakiivii B OJIMXKHEN 30He B3pbIBa.
Metoauka. B skcriepuMeHTax MCTIOIb30BaH METOMI M3Mepe-
HMSI TMHAMUYECKON CXKMMaeMOCTU KaMEHHBIX YTJIeil, OCHOBaH-
HBIIl Ha OIpeeSIcHUM CKOPOCTH YIApHBIX BOJIH M MaCcCOBOM
CKOPOCTM YacTHll BellecTBa 3a (ppoHTOM. MeTon oTpakeHust
WICITOJTb30BaH TSI TIOCTPOCHUST M309HTPOITBI IIPOIYKTOB JIETO-
Halumu B3pbIBUaThIX BellecTB (BB) 1 ux ynapHoii anuadarsb!.
PesymbraTbl. [IpoBeneHbI SKCIIepUMEHTAIBHBIE MCCIIENO0-
BaHMSl MapaMeTPOB TMHAMUYECKOM CXXMMAEMOCTU KaMEHHbBIX
yIJIeil — CKOPOCTH YIapHOM BOJTHBI 1 MACCOBOI CKOPOCTH Ya-
CTMII BelllecTBa 3a (DPOHTOM yHapHOU BOJHBI. [locTpoeHbl
yaapHble anradatsl st SMyIbcoHHBIX BB EPA P-3 1 kameH-
HBIX yIJICH. BBITIOJTHEH psil TEOPETUUECKIUX MCCIeIOBaHWIA.
Hayunas nosusna. [IpemioxeHa MeTonrKa OlIeHKHY yaap-
HO-BOJTHOBBIX TapaMeTpOB B OJIVMKHEH 30He B3pbIBa CKBa-
JKMHHOTO WJIU IIImypoBoro 3apsina. [IpemtoxeH puznueckuia
MEXaHW3M DPa3pylIeHUs TOPOI IO YIbTPAIUCIIEPCHBIX Ya-
cruil. [IpnymHOI OTHOTO M3 BO3MOXHBIX, @ MOXET OBITH 1
[JIABHOTO MEXaHM3Ma pa3pylieHUs TOPHOU TOPOIBI B OJIMXK-
Heil 30He B3pbIBa, MOTYT OBITh TEPMOYIPYTHE HATTPSIKEHMSI.
B kauecTBe anbTepHAaTUBHOTO (JIMOO KakK MOIOJTHUTEILHOTO
(akTopa) paccMarpuBaeTcss MeXaHU3M, OOYCIOBJIEHHBIN
MePEX0IOM MUKPOCTPYKTYPBI KPUCTAJUTMYECKUX KOMITOHEH-
TOB MOPOIbI B COCTOSIHUE HEYCTONYMBOCTU. [IpuumnHOil sB-
JISIETCS TIePEChIIEHUEe MUKPOCTPYKTYPHI TTOPOIbI IMHEIHBI-
MM U TOYEYHBIMU AedekTamu. [TpeBbilieHre 3HaUeHUST KpU-
TUYECKOI KOHILEHTpAUUH Ie(PEeKTOB MPUBOIUT K MU30BITOU-
HOMY 3aracy BHYTPEHHeEl SHEepruu ¢ MOCIeAYIOIIUM CITOH-
TaHHBIM pa3pylIeHUEeM XUMHUUYECKUX CBs3ei. IlocTpoeHbl
yaapHble aarabaThl KOKCYIOUIMXCS YIJIei TpeX Mapok, U30-
SHTpOIIA U yIapHas agrabaTa MpOAyKTOB IETOHALIMY SMYTb-
cMOHHOTO B3pbiBYaTOro BeliectBa EPA P-3. B koopauHaTax
«JIaBJICHUE —MaccoBasi CKOPOCTh YaCTHUIl» KPUBBIC YIapHBIX
annadaT KaMeHHBIX YIJIEi oTInyaioTcd He 6oJiee yeM Ha 4 %.
IIpakTidecKkas 3HAYMMOCTb. AHAIM3 HAYIHBIX PE3YJIbTaTOB
MOXET ObITh HEOOXOIMMBIM YCIOBUEM /IS pa3pabOTKU 0O~
HUTEJIBHBIX OXPAaHHBIX Mep B 00J1aCTU SKOJIOTMIECKOM Oe3011ac-
HOCTHU OKpY>Kalolleit cpeibl Mpy MPOBEACHUM B3PbIBHBIX pabOT
IIPY OTKPHITOM U MIOA3EMHOM JOOBIYE TIOJIE3HBIX HCKOITAeMBbIX.
Kurouessle ciioBa: 63pui6, nopoda, ydapras aduabama, u3o-
SHMPONA NPOOYKMOE 83Dbled, MepMOynpyeue HanpsaiCeHus
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