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ABSTRACT
The study presents an investigation of the consequences of explosive impacts during blasting

operations at the Zhairem deposit using numerical modeling in the Ansys LS-DYNA software
package. Based on literature data and the physico-mechanical properties of rock materials, two
modeling scenarios were implemented: the explosion of a single blast hole and a group of blast
holes. Dependencies of internal and kinetic energies, displacements, velocities, and accelerations
of the rock mass, as well as the distribution of stresses and pressures within the rock, were
obtained. It was shown that the maximum equivalent stress during the explosion of a single hole
reaches 923.73 MPa, corresponding to the zone of intensive rock mass destruction. For a group of
blast holes, energy release increases by several orders of magnitude, reaching 1.2x10° J.
Characteristic phases of energy transformation and blast wave dynamics were identified, allowing
the assessment of hazardous zones and potential consequences of unauthorized explosions. The
results of the study can be used to improve the safety of blasting operations and to predict the
impact of air-blast overpressure on buildings and structures.
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Introduction

As part of the literature

review, modern

and assessing the impact of the blast wave,
considering distance and scaling.
In studies [2], the authors focused on the blast

domestic and foreign studies on the modeling,
analysis, and prediction of explosion consequences
were examined. The studied materials range from
empirical relationships and regulatory methods to
numerical models.

In their article [1], Qiang W. et al., based on
collected data from accidental explosions (at a US
plant in 2013, at the Tianjin port in China in 2015,
and at the Beirut port in Lebanon in 2020), studied
the consequences and effects of ammonium nitrate
(AN) explosions based on the Chinese national
standard GB6722-2014. The main focus is on
calculating the TNT equivalent of various explosives

wave propagating from the source to the object. The
article analyzes different mathematical models used
to determine the magnitude of explosion pressure.
Two cases of their application were analyzed. In the
first case, the distance to the explosive was varied
while the explosive weight was constant. In the
second case, the explosive mass was varied at the
same distance. The results showed that the
difference in calculations for different cases is least
noticeable at large distances.

Work [[3], [4], [5]] examines the propagation of
hydrogen combustion products in numerical
modeling. The model accounts for pressure
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distribution and made it possible to determine the
maximum overpressure at control points. It was
found that with an increase in explosion power, the
maximum overpressure increases. This increase is
associated with the combustion radius and the
amount of destroyed materials.

Based on the literature analysis, it has been
established that explosion parameters (pressure,
radius, impulse) significantly depend on:

- physicochemical properties of the explosive
materials (EM);

- density of the medium;

- cloud shape (in the case of a gas or vapor-air
mixture);

- initiation mode;

- conditions of wave propagation.

Based on the relevance of the topic, the aim of
this work is to determine the scale and nature of
possible consequences using numerical sumalation.

Experimental part

The object of study in this research work is the
Zhairem barite-polymetallic deposit, specifically the
Dalnezapadny open-pit mine, where mining is
carried out by open-pit method. It is located in the
Zhan-Arka district of the Karaganda region within
the Atasu ore district. The geographical coordinates
of the deposit are: 48°17' N latitude and 70°20' E
longitude (Figure 1).

The main activity of JSC "Zhairem Mining and
Processing Plant" is the extraction and processing of
polymetallic, manganese, and iron ores, as well as
the production of zinc and lead concentrates. The
leading economic sector in the region is represented
by the Kazzinc company, which is controlled by the
Glencore group [6].

Figure 1 — Overview map of the study area

The collected data on drilling and blasting
operations formed the initial basis for this scientific

research. According to the drilling and blasting
records, a consistent blast hole pattern of 5.2 x 5.7
m and a vertical drilling angle (90°) were used across
the horizons.

In accordance with the deposit development
plan, the following explosives are used in open-pit
blasting operations: ANFO, Explo P, and Explo E 70.
The effective energy relative to ANFO at a density of
0.8 g/cm?® is 2.30 MJ/kg, according to the stated
characteristics [[7], [8], [9]]. These energy values are
based on ideal detonation calculations at a limiting
pressure of 100 MPa [[10], [11]].

To analyze the impact of explosions on the
environment and structures, the LS-DYNA software
package is used based on the aforementioned data.
These methods allow for considering the complex
geometry of objects and the heterogeneity of the
medium, providing visualization of the dynamics of
shock wave propagation in space and time.

In the numerical simulation, calculations were
performed to analyze the physical processes of the
explosion using the physico-mechanical
characteristics of the rock from the deposit (Table 1).

Table 1 — Initial Parameters

Rock type Rock mass
Rock density, kg/m3 2400
Young’s modulus, MPa 19360
Poisson’s ratio 0.25
Compressive strength, MPa 94.2
Explosive type Anfo
Charge length, m 9.2
Stemming length, m 3.3
Explosive charge mass in the 150
borehole, kg

Explosive density, g/cm? 0.8
Detonation velocity (D), m/s 42
Borehole diameter, mm 171
Effective energy, MJ/kg 2.30

Two variants of geometric models were
considered in this study for a comprehensive
assessment of blasting effects: a single borehole
model for investigating the effect of an individual
charge and a full block model for analyzing the
interaction of charges and their overall impact on
the rock mass (Figures 2—3). According to the drilling
and blasting design parameters, the borehole
diameter was 171 mm, with a spacing pattern of 5.5
x 5.5 m. The charge configuration consisted of 9.2 m
of explosive column and 3.3 m of stemming.
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The mathematical description of rock mass
behavior was implemented using the
MAT_PLASTIC_KINEMATIC (Type No. 3) material
model. This model was selected because it
effectively describes the elastoplastic behavior of
the medium, taking into account isotropic and
kinematic hardening. In addition, the model is
computationally efficient for solid elements and
allows consideration of strain rate effects.

To simulate the expansion process of
detonation products of the explosive material
(ANFQ), the JWL (Jones—Wilkins—Lee) equation of
state was used [[12], [13], [14], [15]]:

w w wE
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p ( RlV)e * AT

In this equation, the parameters A, B, and E have
the dimension of pressure, while Ry, Rz, w, and V are
dimensionless quantities. For modeling processes
involving explosives, it is recommended to use the
'gram-centimeter-microsecond' unit system. Within
this coherent unit system, pressure is expressed in
megabars (Mbar) [[16], [17], [18]].

Option 1. Single-borehole model

L
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Figure 2 — Single borehole model

Option 2. Model of the entire block for analyzing
the interaction of charges and the overall impact on
the rock mass. According to the deposit's blast
pattern passport, this model studied boreholes
arranged in a staggered pattern with a 5.5 x 5.5 m
grid and a delay interval of 42 ms (Figure 3).

The model shows dimension lines and values
indicating the parameters of the block and the
design of the blast holes. The block with a staggered
arrangement of blast holes has the following
dimensions:

- Length: 20 m;
- Width: 15 m;
- Height: 12 m;

Figure 3 — Model of a full block of blast holes.

Results and Discussion

From the numerical modeling for Option 1,
graphs of the internal energy, the kinetic energy of
the system, and the velocity of the destroyed
materials versus time were obtained (Figures 4-11).

Internal Enargy (E+8)
I

Figure 4 — Graph of internal energy variation

Analysis of the internal energy graph shows that
characteristic phases of energy transformation can
be identified. At the initial moment, a positive value
of internal energy is observed. The main stage of
energy absorption occurs in the interval from 0 to 50
ms, where the internal energy monotonically
increases to a maximum value of 2.5x108 J,
indicating an intensive process of plastic
deformation and damage accumulation in the
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material. The subsequent phase from 50 to 200 ms
is characterized by a monotonic decrease in internal
energy to near-zero values. These internal energy
dynamics correspond to a typical scenario of intense
dynamic loading.
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Figure 5 — Graph of kinetic energy variation

Based on the analysis of the kinetic energy
dependence, a characteristic dynamic process of
energy transformation under impulse loading is
revealed. At the initial stage, an intensive increase in
kinetic energy from zero to a maximum level of
0.65x10° J at T = 42 ms is observed, which
corresponds to the phase of active energy input and
the transformation of external impact energy into
mechanical motion. The subsequent monotonic
decrease in kinetic energy continues in the interval
of 50-200 ms.

Resultant Rigid Body Displacsment

Figure 6 — Total displacement vs. time

From the graph of the velocity parameter
versus time, a characteristic nonlinear development
of the dynamic process under impulsive loading is
observed. In the initial period, an intensive increase
is recorded under the action of the external load.
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Resultant Rigid Body Accsleration

Figure 7 — Dependence of total acceleration on time

At the initial stage of the process, the
acceleration remains near zero, indicating the
absence of significant external influences. A sharp
increase in acceleration, observed at T = 40 ms,
reaches an extreme value of @
0.083-0.084m/s? at T = 50 ms, corresponding to the
primary impulsive loading on the structure. The
subsequent dynamics are characterized by rapid
attenuation, manifested as distinct peaks at T = 90
ms (a = 0.055) and T = 140 ms (a = 0.018). The
amplitude of successive peaks decreases within the
interval 100-150 ms.
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Figure 8 — Dependence of total velocity on time

The seismic effect is characterized by a sharp
increase to a maximum value at the moment of
detonation, followed by attenuation, manifested as
a decrease in peak amplitudes within the 100-150
ms interval.
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Figure 9 - Equivalent stress distribution in the rock
mass after the blast

Also, from the simulation results, it was found
that the maximum equivalent stresses under the
blast impact at 42 ms reach 923.73 MPa near the
borehole axis, which corresponds to the zone of
greatest destruction of the rock mass. As the
distance from the explosion source increases, the
stresses decrease, reflecting the attenuation of the
shock wave. Analysis of the destruction process
allows for determining the boundaries of intensive
impact zones for designing safe blasting operation
parameters.
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Figure 10 — Equivalent stress distribution in the rock
mass after the blast
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Figure 11 — Distribution of stress pressure in the massif
after detonation

Analysis of normal stresses showed that during
an explosion in the axial direction, alternating zones
of compression and tension are observed with
extreme values ranging from -1544.8 to 603.74
MPa. The main impact is concentrated along the
borehole axis, where maximum rock compression
occurs. The stress distribution indicates the
formation of cracks as a result of tensile stresses in
the peripheral zones.

When processing the results of Option 2, graphs
of the energy, displacement, velocity, acceleration,
as well as the distribution of stresses and pressure in
the rock mass were obtained (Figure 12).

Figure 12 — Parameters of the rock mass under
blast loading

The graphs from option 2 of the numerical
simulation allow the following key features to be
highlighted:

Graph No. 1. The main part of the explosion
energy (J) is converted into internal energy over a

very short period of time, which corresponds to the
phase of intensive plastic deformation and rock
fracture. After the shock wave passes, the system
quickly stabilizes.

Graph No. 2.The peak of kinetic energy (J)
occurs slightly later than the peak of internal energy,
which is associated with the transition from
deformation to movement of the rock mass.

Graph No. 3.The velocity impulse (m/s)
confirms the development of high-speed movement
of rock mass fragments at the moment of explosion.
Rapid attenuation indicates the absence of
prolonged displacement; the main response is
impulsive, which is typical for the impact of a shock
wave.

Graph No. 4. The acceleration (m/s?) confirms
the presence of a powerful short-term impulse
corresponding to the passage of the shock wave and
the transfer of maximum force to the rock mass.
Secondary oscillations indicate high-frequency
vibration of the rock after the primary impact, which
is characteristic of the seismic response during an
explosion.

All four graphs demonstrate a typical picture of
a short-term but extremely powerful dynamic
process. In 2-3 ms, the main transfer of explosion
energy to the rock mass occurs. Internal energy
increases - then the energy transitions to kinetic -
the rock acquires high velocities - and maximum
accelerations.

The pressure distribution in the rock mass model
at time t = 2.8722 ms after the 42 ms detonation
time is shown (Figure 13). The pressure contours
applied to the elements of the mass are displayed.

00 (3069155

BRI L1
v v

Figure 13 - Distribution of pressure in the rock mass

The distribution scale shows pressure
amplitudes in the range: max = 1.127e+00 Pa, min =
—3.992e-03 Pa. At a time of about 2.87 ms, the shock
wave has already formed a region of high pressure
in the central zone. At the periphery, the pressure
remains low, indicating incomplete propagation of
the wave at the early stage of the process.

The summarized simulation results for both
options are presented in Table 2.
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Table 2 — Comparative analysis of simulation results

Parameter of comparison Single borehole (Option 1) Group of boreholes (Option 2)
Total energy release 1.2x103% ) 1,2x10°J
Max. internal energy 2 5x106 J Several orders of magnitude higher (intensive plastic
deformation)
Max. kinetic energy 0.65x10° J Exceeds the values of a single borehole (transition to
mass movement)
Ch terized by the interacti f st fields of
Max. equivalent stresses 923.73 MPa :'arac erized by the interaction of stress fields o
adjacent charges
Max. acceleration of the rock ) Short-term impulse and force transfer to the entire
=0.084 m/s
mass (a_max) block
Max. pressure Concentrate.d along the Up to 1.127 Pa (at time t = 2.87 ms)
borehole axis

The analysis of the results allows for a well-
founded practical interpretation to be formulated:

- seismic safety and vibration impact;

- stability of structures and failure zones;

- assessment of hazardous zones based on
flyrock and pressure;

The quantitative indicators obtained in Ansys LS-
DYNA are the basic data for designing safe blasting
operation parameters and developing measures for
the protection of buildings and structures [[19],
[20]].

Conclusion

Based on the conducted research on forecasting
the possible consequences of an explosion of a
single borehole and an entire block, the following
conclusions can be drawn:

The analysis of the equivalent stress distribution
and plastic deformation zones (up to 923.73 MPa)
makes it possible to optimize the blast hole pattern.
The obtained data on the crushing zone radius
provide the opportunity to reasonably change the
distance between charges to achieve the required
quality of rock mass fragmentation while
simultaneously reducing the specific consumption of
explosives.

The obtained dependences of peak
accelerations and displacement velocities of the
rock mass serve as a tool for assessing seismic safety.
This makes it possible to predict the degree of

vibration impact on buildings and structures located
near the work zone and, if necessary, to adjust the
mass of simultaneously blasted charges.

Modeling the dynamics of the air shock wave
and rock flyout zones allows for establishing the
boundaries of hazardous areas. This is critically
important for protecting mining and transport
equipment and personnel, as well as for preventing
the impact of overpressure on infrastructure
facilities.

Thus, the developed numerical model is an
effective tool for the operational management of
blasting operation parameters, ensuring a balance
between blast productivity and industrial safety.

CRediT author statement: B. Bakhtybayev:
Conceptualization, Methodology, Software, Data
curation, Writing draft preparation, Reviewing
and Editing; A. Bakhtybayeva, S. Suiintayeva:
Visualization, Investigation, Supervision; K.
Atageldiyev and O. Abil: Software, Validation.

Formatting of funding sources. This research
was carried out within the framework of research
and development work (R&D) under Contract No.
3110/2025-2043 dated August 8, 2025, on the topic:
"Forecasting the possible consequences of a
potential hazard arising from an unauthorized
explosion at blasting operation sites in zones ranging
from the explosion of a single borehole to the
explosion of an explosive material storage site and
an entire block containing the maximum possible
number of explosive materials.".

Cite this article as: Bakhtybayev NB, Atageldiyev KT, Abil OA, Bakhtybayeva AS, Suiintayeva SYe. Application of a Numerical
Model for Forecasting the Consequences of an Explosion. Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral
Resources. 2027; 343(4):116-123. https://doi.org/10.31643/2027/6445.45

— 121 ——


https://doi.org/10.31643/2027/6445.45

Kompleksnoe Ispolzovanie Mineralnogo Syra = Complex Use of Mineral Resources

¥apbinbic cangapbiH 60/mKay YWiH caHAbIK Mogenbai KongaHy
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TYRIHAEME

Foinbimn kymbicta Ansys LS-DYNA 6afmapnamanbiK KeweHiHAe CaHAblK MoAenbaeyai KongaHa
oTbipbIn, MKalipem KeH OpPHbIHAA XKaPbI/bIC }KYMbICTapbl Ke3iHAEeri }KapblablC dcepiHiH, cangapbiH
3epTTey YCbiHbIFaH. DAe6U AepeKTep MeH Tay XblHbICTapblHbIH, GU3MKa-MeXaHMKaNbIK KacueTTepi
Heri3iHAe eKi moAenbaey HYCKacbl OPbIHAANAbI: KEKE YHFbIMAHbIH, }Kapbl/bICbl YKaHe YHFbiMmanap
TOObIHbIH,  KapbinbiCbl.  [WKi  KaHe  KUMHETUKAaNblK  3SHEepruanapAblH,  KO3Fa/jblCTapbiHa,
KbINAAMAbIKTApbl MEH MAcCCUBTIH, YAey/iepi, COHAalM-aK Tay KbIHbICTApbIHAAFbI KEpHeyaep MeH
KbICbIMAAPAbIH, TapanyblHa Tayenginikrep anbiHAbl. eKe YHFbIMaHbIH, apblibiCbl KesiHae
3KBMBANIEHTTI KEpHeyAiH eH »Kofapfbl MaHi 923,73 Mla-fa KeTeTiHi KepceTingi, 6yn maccusTiH,
KapKbIHAOb! By3bly aliMmafbiHa CaliKkec Keneai. ¥YHFbimanap Tobbl ywWwiH sHeprua 6eniHyi bipHewe ece
aptbin, 1,2x10° [ wamacbiHa AeiiH KeTedi. JHeprusHbiH, TypaeHy ¢asanapbl oaHE COKKbl
TO/NIKbIHbIHbIH,  AMHAMMKacbl aHbIKTanbiN, KayinTi alimakTapabl KSHE pyKcaT —eTiimereH
KapbINbICTapAbIH bIKTUMaN canaapbiH 6aFanayfa MyMKiHAIK 6epeai. 3epTTey HaTUXeNepi Kapblabic
YKYMbICTApbIHbIH, Kayinci3giriH apTTbipyfa XoHe COKKbl aya TONKbIHbIHbIH, fUMapaTrap MeH
KYpbINbICTapFa acepiH 6oKayFa KoNAaHbIYbl MYMKiH.

TyliiHn ce30ep: »KapblabIC XYMbICTapbl; caHAbIK moaenbaey; Ansys LS-DYNA; Keke yHFbIMa;
YHFbIManap TOObl; COKKbl aya TOJNKbIHbI; apTbIK KbICbIM; 3KBUBANEHTTi KepHeysiep; apblibic
AMHAMUKaChl; apblabiC cangapbiH 6onxkay.
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NMpumeHeHuUe YUCNEHHOM moaenu ana nporHo3snpoBaHuUA ﬂOCIIe,qCTBMﬁ B3pbiBa
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AHHOTALMUA

B HayyHol paboTe npeacTaBneHO McCAefoOBaHWe MOCNEACTBUM B3PbIBHbIX BO3AENCTBUIA Npu
BEeAEHUN B3PbIBHbIX PaboT Ha MKalpemMcKoM MeCcTOpPOXKAEHWU C UCMO/b30BaHMEM YUCNEHHOTO
MOAenMpoBaHMA B NnporpammHom Komnsiekce Ansys LS-DYNA. Ha ocHoBe anTepaTypHbIX AaHHbIX U
DU3NKO-MEXaHNYECKUX CBOWMCTB FOPHbIX MOPOJA, BbINOJHEHO MOAeNVpOBaHWE ABYX BapUaHTOB:
B3pblBa OOMHOYHOW CKBa)KMHblI W TPynnbl CKBaXKMH. [loNyyeHbl 3aBUCMMOCTM BHYTPEHHWUX W
KUHETUYECKUX SHEPTUIA, MepeMeLLeHUI, CKOPOCTEN U YCKOPEHUI Macc1Ba, a Tak»Ke pacnpeaeneHmns
HanpAXeHW U AaBneHUn B ropHoi nopoge. MoKasaHo, YTO MaKCMMasibHble 3KBUBAJIEHTHblE
HanpsAeHWs NpU B3pbiBe OANHOYHOWM CKBaXKMHbI AocTuratoT 923,73 Mla, 4To COOTBETCTBYET 30HE
WHTEHCUBHOIO paspylleHMAa maccuea. [na rpynnbl CKBaKWMH SHEProsblAeseHne Bo3pacTaeT Ha
HECKO/IbKO Mopaakos, gocturas 1,2x10° [xK. YcTaHOBAEHbI XapaKkTepHble dasbl npeobpasosaHuma
3HEPrUn U AMHAMWKM YAAPHOW BOJIHbI, YTO MO3BO/IAET OLEHWUTb OMACHble 30Hbl M BO3MOMKHblE
nocneacTBuA  HECaHKUMOHUMPOBAHHbLIX  B3pbiBOB. Pe3y/ibTaTbl  WUCCNeAOBaHUMA  MOryT  6biTb
MCMNONb30BaHbl AN NOBbIWEHUA 6e30MacHOCTU B3PbIBHLIX PAaboT M MPOrHO3MPOBAHWUA BAUAHMA
YOAPHOM BO3A4YLWHOW BOMHbI Ha 34aHWUIN U COOPYKEHM.

Kntoyesble cn108a: B3pbiBHble PaboTbl; uMcieHHoe mogenunposaHue; Ansys LS-DYNA; oamHouHas
CKBaXKMHa; rpynna CKBaXkWH; yAapHas BO3AyLWHaA BOHA; U3BbITOYHOE AaB/ieHWe; SKBUBANEHTHbIE
HanpAXXeHWs; AMHAMMKA B3PblBa; MPOrHO3MpPOBaHME NOCAeACTBUI B3pbIBa.
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