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The complication of geomechanical conditions with an increase in the depth of field de-
velopment requires improved calculations of drilling and blasting parameters based on
studies of the patterns of changes in the stress-strain state and fragmentation of the blasted
massif with an increase in rock pressure in various directions. This paper presents the re-
sults of studies of a section of a rock mass with a bare surface under conditions of flat
deformation by the smoothed-particle hydrodynamics (SPH) method when blasting
blasthole charges of sparing and crushing action. Regularities of change in time and space
of the destruction zones of the massif and stresses with the formation of cracks as a result
of the impact of an explosion in the presence of external pressure and in its absence are
established. The results of calculations of the influence of physical and mechanical prop-
erties on the trigger effect of the destruction of the blasted rock are presented. To obtain
preliminary estimates of the growth and branching of crack-like defects in real rocks under
plane deformation conditions, numerical experiments were carried out. Diffraction patterns
of fracture development on cracks filled with sand are obtained.
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1. INTRODUCTION

To date, there is an extensive literature devoted primarily
to the study of the static distribution of stresses and frac-
ture zones near cracks and cuts. In this case, the basic so-
lution is the solution of problems for an elastic plane with
an elliptical hole, which makes it possible to apply the
methods of the theory of functions of a complex variable.
Dynamic problems in the theory of cracks and problems
of wave diffraction by cracks have been studied to a much
lesser extent. This is primarily due to the difficulty of ob-
taining an effective mathematical solution, since the clas-
sical method of separation of variables is not applicable to
an elastic body with a crack in the dynamic case.
Dynamic problems for bodies with cracks are divided
into two classes: wave diffraction on stationary cracks and
crack propagation. Recently, some studies have also ap-
peared that consider the interaction of elastic waves with
moving cracks. In this paper, problems of the first class

are considered. Typical results are given on crack for-
mation and diffraction of fracture zones on stationary
cracks filled with inert material.

The relevance of the research is due to the need to ex-
pand the possibilities of controlling the action of an explo-
sion in order to obtain a rational fragmentation of the rock
mass due to rapidly changing mining conditions for the
development of deposits and the tightening of require-
ments for industrial safety of mining operations.

The research is aimed at developing the theory of rock
mass destruction and geomechanical substantiation of in-
novative mining technologies in the complex development
of subsoil. The research methodology is based on the com-
bined use of computer modeling and experiments on com-
positional simulation models for calibrating numerical
calculations. Simulation compositional models contain
color-coded zones of explosion action at three levels by
distance from the center of the charge and include inclu-
sions of rock samples and crystalline raw materials [1-5].

* Corresponding author: N.N. Efremovtsev, e-mail: noee7@mail.ru

© ITMO University, 2023


https://doi.org/10.17586/2687-0568-2023-5-3-24-29
mailto:noee7@mail.ru

Numerical Simulation of the Failure Localization for Rock Massive Under Rock Pressure Conditions... 25

The subject of research is the fundamental regularities
that characterize the destruction of rock masses by an ex-
plosive method in complex mining and geological condi-
tions at great depths, as well as explosive media in the pro-
cess of special blasting.

2. DESCRIPTION OF THE SIMULATION

Studies are being carried out on the regularities of the in-
fluence of the explosive characteristics of industrial explo-
sives (IE) and external pressure on:

— intensity of crushing and parameters of fracture
zones and propagation of radial cracks under various load-
ing conditions of explosive media, including rocks;

— changes in time of the voltage values arising in the
explosive medium at different distances from the charge;

— changes in the output of fine fractions;

— changes in the speed and distance of fragments scat-
tering.

An explosion as a trigger effect is often responsible
for triggering one or another process that radically
changes the geomechanical state of the developed rock
mass. Trigger effects in studies of the action of detonat-
ing explosive charges consist, in particular, in the de-
struction or disruption of contacts between individual
blocks of rocks, which are considered in conjunction
with an increase in the level of stresses in the massif un-
der the influence of the energy of the explosion. Peculi-
arities of the impact on the rock of the impact of a “spar-
ing” explosion with the use of explosives ANFO and the
crushing action of explosive charges of TNT and other
energy-intensive materials are considered.

Interpretation of the results of experiments on the explo-
sive destruction of geomedia requires realistic modeling of
the behavior of materials. When studying explosive pro-
cesses with significant displacements and destruction, com-
mensurate in scale with the structural inhomogeneities of
the medium, it is necessary to use the mesomechanical ap-
proach. This makes it possible to study directly from the re-
sults of numerical simulation those physical features of the
response of the geo-environment to the impact of an explo-
sion that cannot be obtained, for example, using mixture
models that replace a structurally inhomogeneous medium
with a homogeneous medium with effective parameters.

As the experience of calculations has shown, the
method of smoothed particles is the most suitable for solv-
ing problems of mesomechanics, in which the processes
of explosive destruction on the scale of the structure of the
geomedium are considered [3—11]. The absence of a com-
putational grid makes it possible to naturally calculate ar-
bitrary rotational and shear displacements of the material,
the decay of simply connected and the merging of multiply
connected computational domains. Moreover, the chosen

method gives a physically correct picture of the evolution
of the displacement of material fragments in cases where
the use of numerical Lagrangian grid methods becomes in
principle impossible due to unacceptable distortions of the
computational grid.

To study the regularities of controlling the impact of
explosive destruction of blast-hole and borehole explosive
charges having different designs and explosive character-
istics, three types of approaches were tested for numerical
modeling of the processes of initiation of dynamic events
and interpretation of observational data — these are the
solutions of a number of problems of plane deformation
with layer symmetry, an axisymmetric problem, and also
three-dimensional problem of destruction within the area
of the blasted block of rock. The design schemes of ax-
isymmetric and plane problems allow, on the one hand,
enough describe in detail the behavior of real simulation
models, on the other hand, they greatly simplify the com-
putational analysis of the process.

To solve the problems under consideration, boundary
value problems were formulated within the framework of
the model of an elastoplastic body of continuum mechan-
ics [12,13], which were solved by the method of
smoothed particles, which positively recommended in
solving dynamic problems of geomechanics [6—11]. The
advantages of the Lagrange, gridless ideology of the
smoothed particle method make it possible, when using
it, to reveal the features of wave processes and the nature
of the destruction and fragmentation of the geo-environ-
ment. Peculiarities of the influence of energy saturation
of charges on the kinetics of fragmentation of destroyed
rocks were revealed [3].

Solution of the axisymmetric problem of the impact of
an explosion of charges with air gaps [4] made it possible,
in particular, to establish the effect of the gap between
TNT explosive charges and the charging cavity on the
yield of fractions less than 1 mm, as well as to reveal the
nature of the change in the fine fraction yield with a
change in the gap between the charge and the wall of the
charging chamber and when replacing individual high-en-
ergy explosives with mixed compositions containing am-
monium nitrate.

An assessment was made of the influence of air gaps
and well diameters on the uniformity of rock mass crush-
ing [4,5].

As a result of the research, the functions of changing
the fragmentation of individual sections of explosive me-
dia depending on the change in tangential and radial
stresses at characteristic points in solving problems of the
action of borehole charges under plane deformation con-
ditions, on the nature of the change in the first invariant of
the stress tensor when using three-dimensional models, as
well as on the following influencing factors:
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— physical and mechanical properties of rocks;

— distances from charges of industrial explosives (IE)
with different kinetics of energy release;

— specific consumption of PVV;

— distances to the free surface and its configuration;

— charge diameter and distance between wells;

— the size of the air gaps between the charge and the
wall of the charging cavity;

— density of PVV.

Figure 1 presents in the form of a diagram the results
of studies of the effect of a change in the density of explo-
sives on the critical strength of the geo-environment at
which the trigger effect of its destruction occurs.

In the present study, under conditions of plane defor-
mation, the method of smoothed particles simulated the
process of loading and destruction of a section of rocks
with blasthole charges with a diameter of 28 mm and
30 mm of gentle and crushing action under conditions of
external pressure up to (25 MPa) and in its absence.

The formation of cracks subperpendicular to the axis
of simple tension occurs when the normal tensile stress on
the surface perpendicular to the axis of tension becomes
higher than the value 6, = £/100 — the tensile strength
of rock cohesion. Rocks are not a homogeneous continu-
ous medium. There are small cracks and inhomogeneities,
including defects at the grain boundaries. The criterion of
fracture by separation used in the calculations makes it
possible to determine the zones of the destroyed material
under explosive loading.

Figure 2 shows the patterns of localization of cracks
that arose as a result of the explosive action of ANFO and
TNT charges on a section of the massif that initially had
no cracks. An analysis of the data obtained during the sim-
ulation showed that the crack propagation zone is at least
70 cm from the charge and the free surface.
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Fig. 1. Influence of deconsolidation of the explosive medium on
the critical strength of the explosive medium at which the trigger
effect of its destruction occurs.

In this case, the average distance between newly
formed cracks in the near zone of action of an explosion
with a radius of 25 cm is 4.54 cm and 2.22 c¢m, respec-
tively, for a charge of sparing and crushing action. The av-
erage distance between cracks outside the near zone of the
explosion was 20.4 cm and 13.3 cm, respectively. Calcu-
lations using the method of smoothed particles showed
that the use of TNT instead of ANFO leads to a decrease
in the average piece of the exploded mass by 51% and
35%, respectively, in the near and in the area of radial
crack formation, respectively, however, this increases the
yield of small fractions. The influence of the kinetics of
the release of explosion energy and the systematization of
explosive media according to the degree of resistance to
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Fig. 2. Localization of cracks when using a charge of sparing (a) and crushing action (b) TNT without external pressure on a section
of the geo-environment destroyed by the explosion, which initially does not have cracks.



Numerical Simulation of the Failure Localization for Rock Massive Under Rock Pressure Conditions... 27

B 10 21 a0 an == = o

Fig. 3. Localization of cracks with simultaneous impact on the
destructible massif of an explosion of a sparing action charge
ANFO and pressure in two directions.

the effects of an explosion are considered in Refs. [1,2].
The peculiarities of the change in time and space of
stresses arising in a medium being destroyed under the in-
fluence of ANFO and TNT charges are considered by us
in Ref. [3]. To calibrate the models, the deformation-
strength characteristics of the medium and the energy pa-
rameters of the means of destruction of simulation com-
posite models used in full-scale physical experiments con-
ducted in 2021-2022 at the IPPC RAS test site were taken
as a basis [5].

Figure 3 shows the results of modeling by the method
of smoothed particles of the localization of destruction as
a result of the combined action of an explosion of charges
with different energy saturation and pressure on the de-
stroyed section of the rock. The compression of the array
was carried out with the same intensity in two directions:
parallel and perpendicular to the free surface.
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Fig. 4. Dependences of the stress index in an explosive environ-
ment using a TNT blasthole charge on the duration of the explo-
sion in the absence of external pressure (1) and its presence (2).

An analysis of the localization of fracture zones shows
that under the explosive action of ANFO and TNT charges
on the compressible section of the massif, the propagation
zone of radial cracks was significantly reduced, and the
yield of fine fractions in both zones of the explosion in-
creased. As a result of the impact of pressure, linear sec-
tions of pre-fracture were formed, oriented mainly at an-
gles of 35-45 degrees to the boundary of the free surface
of the section of the array. The average distance between
the fracture planes formed by the impact of bilateral pres-
sure and explosive load with a sparing and crushing charge
was 15.5 cm and 11.38 cm, respectively.

The time dependences of the voltage indicator that oc-
curs in an explosive environment with the use of a TNT
charge in the absence and presence of external pressure are
shown in Figure 4.
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Fig. 5. Localization of cracks in a monolithic array (to the left of the charging cavity) and an array with stationary cracks 10 mm wide
(a) and 20 mm wide (b) as a result of the explosion of a charge with ammonium nitrate EHV in a well with a diameter of 200 mm.

Z — camouflage cavity; 1, 2, 3, 4 — stationary cracks filled with sand.
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Fig. 6. Change in the value of the first stress tensor invariant before the first crack (line 1) and after (line 2) and before the second crack

(line 3) and after (line 4) for cracks 10 mm (a) and 20 mm (b) wide.

Numerical experiments were carried out by the method
of smoothed particles [5] of the influence of cracks of vari-
ous widths on the formation of zones of localization of de-
struction of a rock mass under explosive loading. Figure 5
shows a “map” of crack propagation in a 5x5 m block from
an explosion of an ammonium nitrate explosive charge with
a diameter of 200 mm. An analysis of the results obtained
indicates that during the explosion of a mass near a station-
ary crack 10 mm wide and filled with sand, the radius of the
fragmentation zone by a system of longitudinal and trans-
verse cracks decreased from 5.0 m to 2.0 m, while near a
crack 20 mm wide, the radius of the fragmentation zone
system of longitudinal and transverse cracks decreased
fromup to 1.5 m.

According to the nature of destruction, rocks can be
classified as brittle or quasi-brittle materials. The destruc-
tion of rocks under plane deformation conditions depends
on the type of loading and rock structure. Branching and
fracture of crack trajectories under the combined action of
tensile and shear stresses shows that the rock fracture oc-
curs in quasi-brittle and brittle types.

Using the results of the numerical experiments, the
curves of the change in the values of the first invariant of
the stress tensor at characteristic points directly in front of
and behind the location of stationary cracks were plotted
(Fig. 6).

Figure 6 shows that an increase in the width of the
crack weakens the stress-strain state of the rock. Pro-
cessing and comparison with theoretical assumptions of
the obtained dependences of the fracture angles and the
length of fracture trajectories on the parameters of the
stress state under explosive loading make it possible to re-
veal the effect of crack sizes on the nature of fracture and
rock fragmentation during blasting.

3. CONCLUSION

1. Numerical experiments were carried out by the
method of smoothed particles of the combined impact on
the area of the rock mass of pressure and energy of the
explosion of charges of sparing and crushing action.

2. The nature of the effect of decompaction of explo-
sives on the critical strength of the geo-environment has
been established. The dependence of the critical strength
of the geo-environment destroyed by the explosion at
which the trigger effect of its destruction occurs on the ex-
plosive density is linear within the studied range of values.

3. Features of the localization of radial cracks from the
impact of the energy of the explosion of ANFO and TNT
charges in the area of an unloaded rock and under constant
external pressure are established. When loading the rock
mass model in two directions, a system of cracks appears
that prevents the propagation of radial cracks located at an
angle of 3540 degrees to the free surface.

4. A comparative assessment of the change in the av-
erage distance between cracks and the output of fine frac-
tions was carried out. The output of small fractions under
the combined effect of pressure and explosive load on the
massif with ANFO and TNT charges increased by 2.8
times compared to similar indicators of the impact of the
explosion of blast-hole charges on an unloaded massif.
This is due to a significant difference in the values and
nature of the change in time of stresses in the geo-environ-
ment in the presence and absence of external pressure.

5. Numerical modeling by SPH method for fragmenta-
tion of fractured and monolithic sections of a rock mass
makes it possible to determine the change in the zone of
controlled crushing under the influence of the explosion
energy of various explosives. The presence in the array of
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YucsieHHOE MO/IeIMPOBaHMe JIOKAJIU3AIMU Pa3pylIeHUs] TOPHOTO
MacCcHBa B YCJIOBUSIX TOPHOTO JaBJIeHUs NMPHU B3PbIBHBIX padoTax
3aps/IaMy U3 NPOMBIILJIEHHBIX B3PbIBYATHIX BElIECTB

H.H. E¢pemonuen, U.E. llIunosckui

WuctutyT npobiieM komiiekcHoro ocBoenust Henp PAH, Mocksa.

AHHOTAIMSA. YCIOKHEHHE FT€OMEXaHNYECKUX YCIIOBUI C YBEIMYECHHUEM IIIyOHHBI Pa3pabOTKH MECTOPOKICHUS TPEOYET COBEPIIEHCTBO-
BaHMS PACUETOB MAPaMETPOB OypOB3PBIBHBIX pa0OT HA OCHOBE M3YYCHMS 3aKOHOMEPHOCTEIl M3MEHEHHs HANpPsHKEHHO-IeOopMHUPOBaH-
HOT'O COCTOSTHUSI M ()parMEeHTAIMH B30PBAHHOTO MAacCHBa IPH MOBBIIIEHHN TOPHOTO JAaBIEHNUS B PA3IMYHBIX yCIOBHAX. B crathe mpen-
CTaBJICHBI PE3yJIbTaThl UCCIICAOBAHUI Y4acTKa FOPHOTO MAacCHBa C OTOJICHHOH MOBEPXHOCTBIO B YCIIOBHSAX IIIOCKOTO 1e()OPMUPOBAHMS
METO/IOM THPOJHMHAMHKHU CIIIKEHHBIX YaCTHUI MPH MOAPBIBAX 3apsI0B MAAIIETO U APOOSIIEro AeHCTBUS. Y CTaHOBIEHBI 3aKOHOMEP-
HOCTH M3MEHEHHMS BO BPEMEHHU U IIPOCTPAHCTBE 30H Pa3pyIIEHHUs MAaCCHBA M HANPSHKEHHUH ¢ 00pa30BaHNEM TPEILHH B Pe3yNbTaTe BO3/AeH-
CTBHS B3PbIBA IIPY HAJIMYMH BHELIHETO JABJICHUS U IPU €ro OTCYTCTBUH. [IpencTaBieHsl pe3ysibTaThl pacyeToB BIMAHUS (QH3UKO-MeXa-
HHMYECKMX CBOWCTB Ha TPHITEPHBIH 3Q(QeKT paspylieHus B30OpBaHHOW MOpospl. J[ist mosiydeHus: NpeBapUTeNbHBIX OLIGHOK pocTa M
Pa3BETBIICHHS TPEIIMHOOOPA3HBIX 1e(EKTOB B PEaIbHBIX TOPHBIX MOPO/IAX B YCIOBHSAX IIOCKOrO Ae(opMHUpOBaHUS ObLIN IPOBECHBI
YHCIIEHHBIE SKCTepuMeHThI. [lomydens! qudpakTorpaMMbl pa3BUTH pa3pyLIeHUs IO TPEMIMHAM, 3aTI0OJHEHHBIM ECKOM.

Kniouesvie crosa: mIOTHOCTH B3pbIBYUATOTO BEIIECTBA; 30HBI B3PBIBA; TEOMEXAaHUYECKUE YCIIOBHUS; YUCICHHOE MOACIUPOBAHUE; TH/I-
POOMHAMHYECKUN METO]] CITIaKEHHBIX YaCTHUIL
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