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Abstract

Purpose. Rock fragmentation is the first result of blasting, and is directly related to the costs of mining. It is therefore im-
perative to predict the best possible way to achieve more economic and efficient fragmentation by blasting.

Methods. The study was carried out on two pits of Dangote crystalline limestone quarry at Obajana, Kogi State, Nigeria.
The average uniaxial compressive strength (UCS) obtained from the rock samples from both pits of the quarry (i.e. OP1 and
OP2) was determined in accordance to the international standard. The in-situ block sizes of the rock mass distribution were
determined using AutoCAD, while the average percentage values of F50 was obtained from the Split-Desktop analyses. The
total charge of explosive was obtained at each location. All these variables were used to develop a model for prediction of
effective fragmentation.

Findings. With the aid of artificial neural network (ANN), the proposed model was found to be suitable for prediction of
blast efficiency. Interestingly, the model uses pre-blasting parameter of in-situ block size which can be determined using
AutoCAD and post blasting parameter of fragmentation size distribution that can be determined using Split-Desktop.

Originality. The findings compared the predicted value obtained with the measured efficiency, and the value of coefficient
of determination, R? obtained is 0.9733, which makes it suitable.

Practical implications. The outcomes of the investigation have significant implications for the practical application. The
model was used at the Freedom quarry, and it predicts good fragmentation during blasting. However, it does not consider the

timing effect on the mining operation.
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1. Introduction

Fragmentation is a critical process in quarrying and
mining operations, as it directly affects the efficiency and
cost of subsequent processing stages [1], [2]. In limestone
quarries, efficient fragmentation is particularly important due
to the increasing demand for high-quality aggregates and
cement raw materials [3]. However, achieving optimal frag-
mentation in limestone quarries remains a challenging task
due to the inherent heterogeneity of the rock mass and the
complex interactions between blasting parameters, rock
properties, and fragmentation outcomes.

The efficiency of a blast in fracturing a rock mass
depends on the block size and the size distribution of the
block [4]. The strengths of the joint sets generally are so
small compared to the intact rock strength that most of the
fracturing occurs along the joints rather than through the
rock [5]. A realistic mechanical understanding of fundamen-
tal rock fracture modes is necessary in the search for greater
efficiency and effectiveness of excavation techniques, partic-
ularly relevant in cases of rock fragmentation by blasting [6].
Blasting operations involve breaking or loosening the rock,
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ore and waste into minimum size and extracting the largest
possible size at minimum cost. Drilling and blasting are
essential to penetrate and fragment the rock mass [7].

Mining and its derivatives are very essential to our eve-
ryday lives. The challenges faced by Nigeria mining industry
include not just finding enough mineral resources to meet
demand, but also producing these minerals in a way that
causes least harm, and conveys maximum advantage to the
environment and society.

As a result of the growing concern about the effect of air
pollution released into the environment, flyrock and excessive
ground vibration after blasting, and cost of explosives used
for blasting, there is need to identify, characterize, evaluate
and possibly specify control measures for effective blast de-
sign to aid maximum recovery in the mining industry [8]-[11].

Several factors can influence the fragmentation process,
including blasting parameters, rock properties, and joint
orientation. Blasting parameters such as burden, spacing, and
charge concentration, can significantly affect the fragmenta-
tion outcomes [7], [12]. For instance, increasing the burden
can lead to larger fragment sizes, while increasing the charge
concentration can lead to smaller fragment sizes [13]. Rock
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properties, such as rock type, texture, and strength, can also
influence the fragmentation process [14]. For example, rocks
with higher strength and lower porosity tend to produce lar-
ger fragment sizes. Additionally, joint orientation can also
play a significant role in the fragmentation process [15]. For
example, the orientation of the joints perpendicular to the
blasting can lead to smaller fragment sizes.

Blasting is carried out in mining to reduce the in-situ
rocks to smaller size fragments that can be easily handled by
loading and haulage equipment [2], [3]. The process involves
breaking or loosening the rock to extract largest possible
tonnage of smaller size fragments at a reduced cost. To
achieve this objective, quantitative and qualitative require-
ments of blast fragmentation are essential conditions that
must be met [3], [16].

The primary purpose of blasting is rock fragmentation
and displacement of the broken rock. Blasting operations
may cause excessive noise and vibration in communities.
The levels of structural vibration caused by ground vibration
from blasting can result in damage to, or failure of, struc-
tures. The intensity of ground vibration depends on various
parameters which can be categorized into two; controllable
parameters and uncontrollable parameters [1]-[3].

Controllable parameters are mainly related to explosive
characteristics (initiation system, initiation sequence, number
of free faces, buffers, explosives energy, charge geometry,
loading method) and blast hole design parameter (hole diame-
ter, hole depth, subdrill depth, hole inclination, collar height,
stemming, blast pattern, the burden to spacing ratio, blast size
and configuration, blasting direction, initiating system, initiat-
ing sequence, number of free faces, explosive types, explosive
energy, charge geometry, loading method), while others are
uncontrollable parameters, which are natural and related to
geological conditions and lithology of the rock mass [1]-[3].

Blasting operations are usually accompanied by various
unwanted phenomena such as flyrocks, back-break and vi-
bration. Meanwhile, some proposed mathematical models for
blast fragmentation have failed [2],[16]. The ambiguity
therefore triggers the question: how consistent can the frag-
mentation arising from rock blasting be improved optimally?
The magnitude of the anticipated benefits can be varied,
especially given the different types of rocks.

Recent research has focused on developing predictive
models for fragmentation of various rock types, including
limestone [17], [18]. These models often rely on empirical
correlations between blasting parameters, such as burden,
spacing, charge concentration, fragmentation outcomes, such
as mean fragment size and fragmentation uniformity [12].

Numerous fragmentation prediction models have been
developed to estimate the size distribution of fragments
resulting from blasting. These models can be broadly clas-
sified into three categories: empirical, analytical, and nu-
merical models. Empirical models are based on statistical
relationships between blasting parameters and fragmenta-
tion outcomes. Examples of empirical models include the
Kuz-Ram model [19] and the Cunningham model [20].
However, these models are often site-specific and may not
account for the unique geological and geotechnical charac-
teristics of the limestone [13], [21].

Analytical models, on the other hand, are based on the
principles of rock mechanics and blasting dynamics. Exam-
ples of analytical models include the model developed
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by [22] and the model developed by [15]. These models can
provide valuable insights into the underlying mechanisms of
fragmentation, but may require complex mathematical for-
mulations and extensive computational resources.

Numerical models, such as discrete element modelling
(DEM) and finite element modelling (FEM), have also been
used to simulate the fragmentation process. Examples of
numerical models include the DEM model developed by [23]
and FEM model developed by [15]. These models provide
detailed information on the fragmentation process, but may
require significant computational resources and expertise.

In effect, the process of objectively analyzing the effec-
tive relationship between the blast results and adopted
models, and the overall economics of the mining operation is
often far from the obscurities to provide conclusive results [3],
[24]. Despite the progress made in understanding the factors
influencing fragmentation in limestone quarries, several
unresolved aspects remain, such as; the effects of joint orien-
tation, rock texture, and moisture content on fragmentation
outcomes are not well understood; the development of pre-
dictive models that can account for the variability in lime-
stone properties and blasting conditions is still a topic of
ongoing research; and the majority of existing fragmentation
models are based on 2D analysis, which may not accurately
represent the complex 3D rock mass nature [12], [14], [15].

This research is aimed to address these knowledge gaps
by investigating the factors influencing efficient fragmenta-
tion in a typical crystalline limestone quarry. The research
objectives were to analyze the effects of blasting parameters,
rock properties, and joint orientation on fragmentation out-
comes in limestone quarry, develop a predictive model for
fragmentation in the limestone quarry that accounts for the
variability in rock properties and blasting conditions, and
evaluate the performance of the developed model using field
data from a limestone quarry.

2. Study area

The study area is located within the Guinea Plain of Ni-
geria, characterised by sedimentary and metamorphic rocks.
The dominant geological formation is the Anambra Basin,
which comprises shale, limestone, and sandstone. The rock
composition of the area is primarily sedimentary and meta-
morphic in nature. The region geology is characterised by
crystalline limestone, primarily composed of calcium car-
bonate (CaCO3) from ancient marine organisms. This makes
the rock composition of the area crucial for mining and con-
struction activities, as well as for environmental assessments.

Dangote cement quarry in Obajana, Kogi State, Nigeria is
an open pit mine, operating in three different pits code-
named OP1, OP2 and OP3. Dangote quarrying operations
involve the extraction of limestone, granite and other miner-
als, which are used in various industries, including construc-
tion and manufacturing. The quarrying operations are a sig-
nificant part of its business, with a focus on sustainability
and environmental responsibility. The company emphasizes
health and safety in its operations, and ensures a safe work-
ing environment for better performance and efficiency.

The study was carried out in two of the three pits (OP1
and OP2). The two mine pits produce crystalline limestone
aggregates, and both are in operation. Figure 1 shows the
Map of Dangote cement quarry in Kogi State as extracted
from the Geological Map of Nigeria.
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Figure 1. Location Map of the Study Area Showing the Pits [25]

Dangote cement quarry is located geographically
between the latitude 06°30'55"N — 08°06'10"N and longitude
06°20'10"E — 07°10'00"E at 230 m above the sea level and
it is approximately about 200 km southwest of Abuja, the
capital of Nigeria.

3. Methods

3.1. Uniaxial compressive strength

The uniaxial compressive strength test is typically cha-
racterized and determined by loading a cylindrical rock sam-
ple with a diameter of approximately 50 mm and length to
diameter ratio of 2.5:1 axially until the sample fails. It was
carried out in accordance with international standards [26],
[27]. The test is mainly intended for dynamic strength classi-
fication and characterization of intact rocks [28].

3.2. In-situ block size distribution

The in-situ rock block sizes are determined with the use
of AutoCAD tool. AutoCAD has become a standard pro-
gram for producing technical drawings of all types [29].
This may be used for structural or non-structural model.
The required geotechnical data for the model include the
relative position of the outcrop on the earth’s surface,
the spacing of joints, the persistence of fracture and the
orientation of joint sets.

The individual blocks generated by the intercept of the
joints are banded together and extruded to the required height
based on the distance between sub-vertical features. Based
on the model created, the surface area and the volume of
each block is estimated to generate in-situ block size distri-
bution within the required outcrop.

3.3. Fragment size distribution analysis
of blasted rocks at OP1 and OP2

Split-Desktop digital image analysis was used to deter-
mine the rock fragmentation gradation distribution of ave-
rage 50% passing of fragment sizes. High precision camera
was used to capture the accurate images of the blasted muck-
piles. This involves five phases for each image captured, and
at the fifth stage, the size distribution results are displayed in
the form of diagrams [30].

The blast design parameters for the blast operations car-
ried out at OP1 and OP2 are presented in Table 1.

However, the only difference between the two pits is
the burden value, which is reduced by 1 m, bench height
is reduced by 5 m, and powder factor is reduced by
0.7 kg/ton in OP2.
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Table 1. Data for drilling and blasting of OPI and OP2

S/N Parameter Value for OP1  Value for OP2

1 Burden, m 5 4

2 Spacing, m 3 3

3 Bench height, m 14.5 9.5

4 Hole diameter, mm 125 125

5 Stemming, m 3 2.5

6 Sub-drill, m 1 1
Powder factor,

7 ke/tons 32 2.5

g  Quantityofexplo-\\po_16  ANFO-16
sive per meter, kg
Explosive type:
Low explosive, kg 18 18
Bulk emulsion, kg 22 22

10 Delay time/ 17 17
interval, ms 25 25

4. Results and discussion

4.1. The average uniaxial compressive
strength of rock samples

The average uniaxial compressive strength (UCS) ob-
tained from five samples, each from OP1 and OP2 of Dan-
gote Obajana quarry, is 68.20 MPa and 76. 74 MPa, respec-
tively, as shown in Tables 2 and 3.

Table 2. Uniaxial compressive strength of rock samples from OP1

. Cross- Mass Comp.
Sample Failure .
sectional before strength,
No. load, KN 2
area, mm rest, g MPa
OP1 A 155 22.8 136 68.06
OP1 B 150 22.8 132 66.61
OP1C 170 22.8 149 74.57
OP1 D 145 22.8 127 62.99
OP1 E 160 22.8 140 68.78
Average 68.20

Mean = 68.202; Standard Deviation = 25.100

Table 3. Uniaxial compressive strength of rock samples from OP2

. Cross- Mass Comp.
Sample Failure .
sectional before strength,
No. load, KN )

area, mm rest, g MPa

OP2 A 170 22.8 149 73.85

OP2 B 210 22.8 184 92.67

OoP2C 140 22.8 123 62.26

OP2D 170 22.8 149 75.30

OP2 E 180 22.8 158 79.64

Average 76.74

Mean = 76.744; and Standard Deviation = 9.618

The UCS of rock samples from the crystalline limestone
quarry of OP1 and OP2 vary from 62.99 to 74.57 MPa and
from 62.26 to 92.67 MPa, respectively. The variation in the
UCS of the rock type is basically due to their mineralogical
compositions. According to [31] and [32], the UCS classifi-
cation of the rocks is of moderate strength.

4.2. In-situ block size distribution of rock mass

For the in-situ block size distribution of the rock type,
AutoCAD software was used. In each of the two locations
for the study, the in-situ rock mass conditions for the five
different blasts with similar dimensions were modeled and
their cumulative graph curves were plotted to obtain the
average in-situ block size distribution.
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The AutoCAD block size distribution for ten different  distribution of 4.07 m> and D with the highest block size
blasts, five at OP1 and five at OP2, are shown in Figures 2 distribution of 5.62 m?. Figure 3 reveals the average in-situ
and 3. The AutoCAD model dimension of the in-situ rock  block size distribution for the five blasts at OP2, with C
mass for each blast at OP1 is 90x50 m with a bench  having the least block size distribution of 3.07 m? and B with
height of 14.5 m, and for OP2, it is 75x50 m with a bench  the highest block size distribution of 5.41 m>.
height 0of 9.5 m. This actually helps in assessing the rock mechanical

Figure 2 reveals the average in-situ block size distribution ~ properties, such as strength, stiffness and stability of the rock
for the five blasts at OP1, with A having the least block size =~ mass as it affects the fragmentation process.

(a) (b)

(d)

-

- —r =

Figure 2. AutoCAD Block Size Distribution of Blasts A — E at OP1

(b)

(d)

N

& —

Figure 3. AutoCAD Block Size Distribution of Blasts A — E at OP2

The cumulative graph curves of the in-situ block size dis- Figure 5 shows the cumulative graph curves at OP2 with
tributions for each of the five blasts A to E at OP1 and OP2  block sizes varying from 3.07 to 5.41 m?, in which C is the
are presented in Figures 4 and 5. These cumulative curves  lowest and B is the highest, respectively.
help in better understanding the distribution of block sizes, The cumulative curves, as shown in both Figures 4 and 5,
which is very important in assessment of rock fragmentation  provide a visual representation of the block size distribution,
characteristics. Figure 4 shows the cumulative graph curves = making it easier to interpret the data. Additionally, the curves
at OP1 with block sizes varying from 4.07 to 5.62 m?, where  help to compare the block size distribution with other data,
A is the lowest and D is the highest, respectively. such as rock strength and image analyses.
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Figure 4. Cumulative graph of in-situ block size distribution for blasts A — E at OP1: (a) block A; (b) block B; (c) block C; (d) block D;

(e) block E
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Figure 5. Cumulative graph of in-situ block size distribution for blasts A — E at OP2: (a) block A; (b) block B; (c) block C; (d) block D;

(e) block E

4.3. Image analysis

The particle size distribution curve analyses of the muck-
piles obtained from the ten different blasts of both OP1 and
OP2 using Split Desktop model are shown in Figures 6 and
7. The results of the Split-Desktop processing of the blasted
rock fragments are recorded in all the blasts.

The Split-Desktop analyses in Figure 6 show a very
closely related particle size distribution for the five blasts at
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OP1 with uniformity index of 1.26. The average values of Fso
obtained from the Split-Desktop analyses of OP1, as present-
ed in Table 4, are approximately 67.38 cm.

The Split-Desktop analyses in Figure 7 show different
particle size distribution for the five blasts at OP2 with uni-
formity index of 1.38. The average values of Fsy obtained
from the Split-Desktop analyses of OP2, as presented in
Table 4, are approximately 69.40 cm.
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Figure 7. Cumulative grain size curves of image analysis of blasts A — E at OP2

Table 4. Average 50% passing of fragment sizes for blasts A — E at

OPI and OP2
Blast OP1, cm OP2, cm
A 64.8 67.1
B 62.9 69.8
C 66.9 73.5
D 63.8 73.7
E 78.5 62.9
Average 67.38 69.40
4.4. Model development

Table 5 shows the variables used for the blast prediction
model development.

The ANN model is developed for predicting the blasting
efficiency. The numbers of input and hidden neurons are
three, while the neuron in the output layer is one.

Table 5. Variables for the blast prediction model development

Average size

Total In-situ
S/N Blast charge, kg of fragmgnt UCs, block
e 50% passing, MPa . 2
[(i +ii)n] om size, m
1  OPIlBlast A 5600 64.8 68.06  4.07
2  OPlBlastB 5750 62.9 66.61 4.12
3 OPIBlastC 6720 66.9 7457  5.26
4  OPI BlastD 4940 63.8 6299  5.62
5 OPlBlastE 6900 78.5 68.78  4.60
6  OP2Blast A 4800 67.1 7385 4.53
7 OP2BlastB 4500 69.8 92.67 541
8 OP2BlastC 6160 73.5 6226  3.07
9 OP2BlastD 4940 73.7 7530  3.92
10  OP2BlastE 5880 62.9 79.64  3.84
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The feed forward back propagation training algorithm was
used. The obtained weights and biases were extracted from the
ANN and then used to formulate mathematical model for
predicting the blast efficiency, as presented in Equation (1).

The prediction of the proposed model in Equation (1)
is compared with the measured efficiency, as presented
in Figure 8.

3
%Eﬁ”:7.8tanh(z X; +30.3384j+70.7, (1
i=l

where:

% Eff'— the blast efficiency;

xi in Equation (1) is as listed in Equations (2)-(4):
x =30.0798tan /- (0.012237TC - @
—0.4495UCS +4.735681B — 76.5322);
xy =30.4429tan i - (0.00438TC - 3)
—0.5088UCS +0.825391B + 6. 140406);
X3 = 30.30669tanh-(—0.01582TC+ @

+0.96968UCS —13.890141B + 69.52566).

R2=09733 o
1 .’_‘_%.
e me
.""IV'

52 | ov’e
= 60 4
T 50 : ‘ . .

50 55 60 65 70 75 80

Measured %Efficiency
Figure 8. Comparison of the measured and predicted blasting

efficiency using ANN

The prediction of the proposed model using ANN is
compared with the measured efficiency and the value of the
coefficient of determination, R? obtained is 0.9733.

5. Conclusions

Rock mass is composed of two parts of in-situ rock and
discontinuities. Discontinuities include structures in rock
mass such as joints, faults, fractures, bedding and other
weakness surfaces that significantly influence the enginee-
ring and mechanical properties of rock mass.

The results of average UCS obtained from the rock sam-
ples of OP1 and OP2 are 68.20 and 76.74 MPa, respectively.
This shows that the strengths of the rock types considered in
the study area are moderate rock strength classes.

For the in-situ block size distributions of rocks using Au-
toCAD, the dimensions for the in-situ rock masses of each
pit vary from each other. The allowable and acceptable block
sizes of 50% frequencies of the cumulative graphs of the in-
situ block size distributions were recorded for each location.

The research also investigated the particle size distribution
of blast-induced fragmentation of two pits (OP1 and OP2) of
Dangote Obajana Quartry using the digital image processing
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of Split-Desktop to evaluate the degree of fragmentation of
muckpiles produced from the blasting operations.

The Split-Desktop analyses show that different rock
masses subjected to similar blast design will produce varied
degrees of fragmentation as a result of inherent resistances of
the rock mass during blasting.

These average values of Fso percentage passing of the
muckpiles produced are considered suitable for the quarry
operations in the study area as a result of close values to the
allowable value of 100 cm of the crusher.

The results obtained from the findings were used to de-
velop a model for prediction of blast efficiency. The predic-
tion of the proposed model using ANN is compared with the
measured efficiency and the value of R? obtained is 0.9733,
which is suitable for prediction of blast efficiency.
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IIporno3yBaHHs e)eKTHBHOI (pparMeHTanii B TUIIOBOMY Kap’€pi 3 BUAOOYTKY KPUCTATIYHOI0 BATHAKY
K.A. Inosy, I'.H. [Jakan, . Cyneiiman, 3. Anamy, M.I". Caitsani, X.A. Kyrman

Mera. [locnipkenns ¢gparMenTanii TipCbKUX MOPiJ NMPH 3AiHCHEHHI BUOYXOBUX pOOIT y BamHIKOBOMY Kap’€pi Ul MPOTHO3YBaHHS 1X
HalKpaIx eKOHOMIYHUX MOKa3HHUKIB.

Metoauka. locnikeHHs IPOBOIMIOCS Ha JIBOX IIAaXTaxX Kap’epy KpHCTalnidHUX BamHskiB J[anrore B OOamkawni, mrat Kori, Hirepis.
CepenHst Mexa MilTHOCTI Ha oqHO0ChoBHH cTHCK (UCS), oTpMana 3i 3paskiB mopoau 3 000x maxt kap’epy (to6to OP1 i OP2), 6yna BcTaHO-
BJICHA Y BiJIOBIIHOCTI 3 MDKHAPOIHIM CTaHIapTOM. Po3Mipu GIIOKIB po3noAiTy TipHIHYOT MacH Ha MicIli BHIOOYTKY BU3HAUEHI 32 JOMOMOT OO
AutoCAD, Toni six cepenHi BincoTkoBi 3HadeHHs1 F50 Oy orpumani 3a mormomoroto anamizy Split-Desktop. Ha xoxHiif okamii oTpumaHo
3aranpHuil 3aps BHOyXiBKu. 3a3HaueHi 3MiHHI OyJIM BUKOPHCTAHI I po3poOKH MOJIelNi MPOrHO3yBaHHS epeKTHBHOI (hparMeHTarii.

PesyabTaTi. BusnaueHo, 1o 3a gornomMororo mry4Hoi Heiiponuoi Mepexi (ILIHM) po3pobiena Mozaens BUsSBHIACS IPUAATHOIO VIS TIPO-
THO3YBaHHs €()eKTUBHOCTI MiJPUBHHUX pOOIT. Pe3ynbTaTy MOPiBHIHHS OTPUMAHOIO MPOTHO30BAHOTO 3HAYEHHS 3 BUMIPSHOIO €()eKTHBHICTIO
MOKa3aJIH, 1110 OTPUMaHe 3HaYCHHS KoedilienTa nerepMinarii cranoButh 0.9733, 1110 € mpuitHATHUM. 3a3HaueHO, 10 e(heKTUBHICTh (hparme-
HTallii y po3po0JieHiii Mozeni MPOTrHO3YEThCS HAa OCHOBI JBOX OCHOBHHX MapaMeTpiB, a came, MOMEPEIHbOTr0 10 BHOYXY po3Mipy OJOKiB
TipHUYO] MacH, SIKUH BH3HAYaeThes 3a gornoMoroio AutoCAD, Ta posmozinxy po3MipiB ¢paxmiit mcis BUOYXy, IO aHAII3Y€ETHCS Y IPOTrpaM-
HOMY cepenosui Split-Desktop.

HaykoBa HoBu3Ha. CTBOPEHO IPOTHO3HY MOAENH €(EeKTHBHOCTI BHOYXOBHX POOIT B yMOBaX BAaIHSKOBHX Kap’€piB, SKa BHEpIIE MOE-
Hy€ XapaKTePUCTUKH TiPChKOTO MacUBY J0 BHOYXY Ta CTyIiHb (pparMeHTamii mcis BUOyXy Ha OCHOBI IITyYHOI HEHPOHHOT MEpExi.

ITpakTHyHa 3HaunMicThb. CTBOpeHa Mojeib Oya BUKOpHcTaHa Ha Kap’epi Freedom i mpoaeMoHCTpyBasia BUCOKHIT piBeHb HPOTHO3Y
(parMeHTaLil ripcbKUX MOPIi Mig yac BUOYXOBHX POOIT, MPpOTe, He BPaXOBY€ BIUINB Yacy Ha BUAOOYBaHHSI KOPUCHUX KOTIAIUH.

Kniouosi cnosa: pooosuwye xpucmaniunux eanHsxis, gpacmenmayis nopoou, npozpamue 3sabesneuenns Split-Desktop, AutoCAD,
Artificial Neural Network
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