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RESUMO

A eficiéncia e a qualidade das operagdes de perfuracio e detonagédo no desenvolvimento de depdsitos
minerais dependem amplamente da variabilidade das propriedades da massa rochosa. Gragas a um estudo
detalhado de varios objetos geolégicos — depdsitos minerais ou elementos estruturais da crosta terrestre de
qualquer ordem, até uma camada ou bloco, & possivel criar os modelos digitais tridimensionais. O artigo
considera a possibilidade de variabilidade espacial das propriedades da massa rochosa no Cazaquistao Central
utilizando a modelagem matematica com uso de dados do arquivo de controle de processo de perfuragao do
sistema Aquila da unidade de perfuragdo DH-M. Para avaliar a estrutura e condigao do macicgo, foi construido
um modelo digital de uma seg¢éo bidimensional, que mostra a variabilidade espacial das propriedades fisicas e
mecanicas. A aproximagao pseudo-linear entre os vetores dos arquivos foi selecionada como um método para
construir se¢ées bidimensionais. O artigo mostra a aplicagdo do método matematico de interpolagdo pseudo-
linear, que permite avaliar com um grau suficiente de confiabilidade as propriedades fisicas e mecénicas (PFM)
das rochas no espacgo entre pogos e entre linhas da massa rochosa. Com base nos resultados do estudo, foi
desenvolvido um software que fornece uma avaliagéo rapida e eficaz das propriedades fisicas e mecanicas da
massa rochosa, com visualizagdo do resultado. A abordagem e o software desenvolvidos podem ser usados
para aumentar a eficiéncia das operagdes de perfuracdo e detonacao pelas empresas de mineragao existentes,
bem como na implementacédo de estudos cientificos e industriais sobre modelagem matematica do estado da
massa rochosa.

Palavras-chave: previsdo de variabilidade espacial, propriedades fisicas e mecénicas de rochas, modelo
geolégico tridimensional digital, processo de perfuragao, software.

ABSTRACT

The efficiency and quality of drilling and blasting operations in the development of mineral deposits largely
depend on the variability of the properties of the rock mass. With a detailed study of various geological objects-
mineral deposits or structural elements of the earth’s crust of any order, up to a single layer or block, it is possible
to create three-dimensional digital models. The article considers the possibility of spatial variability of rock mass
properties in Central Kazakhstan by means of mathematical modeling using data from the drilling process control
file of the Aquila system of a DH-M drilling rig. To assess the structure and condition of the rock mass, it was
constructed two-dimensional sections digital model, which shows the spatial variability of physical and mechanical
properties. A pseudolinear approximation between the file vectors is chosen as a method for constructing two-
dimensional sections. The application of the mathematical method of pseudo-linear interpolation is shown, which
allows with a sufficient degree of reliability to evaluate the physical and mechanical properties (PMP) of the rocks
in the inter-well and inter-interval space of the rock mass. Based on the results of the study, the software was
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developed that provides an operational and effective assessment of the physical and mechanical properties of
the rock mass with the visualization of the result. The developed approach and software can be used to improve
the efficiency of drilling and blasting operations of existing mining enterprises, as well as in the implementation of
scientific and industrial research on mathematical modeling of state of the rock mass.

Keywords: prediction of spatial variability, physical and mechanical properties of rocks, digital three-dimensional
geological model, drilling process, software.

AHHOTALUA

O hekTMBHOCTL N KavyecTBO OypoB3pbiBHLIX paboT npu paspaboTke MECTOPOXAEHUN MOMe3HbIX
MCKONAeMbIX BO MHOrOM 3aBUCAT OT WM3MEHYMBOCTM CBOWCTB FOpHOro maccumea. brnarogapsa getanbHoMy
N3YYEHUIO PasfMYHBLIX FeONOrMYECKUX OOBLEKTOB — MECTOPOXKAEHUA MOME3HbIX UCKOMAaeMbIX UMM CTPYKTYPHbIX
3N1EeMEHTOB 3eMHOM KOpbl Ntoboro nopsaka, BAAOTb O O4HOMO Criosi unu 6rnoka, MOXHO co3aBaTb TPEXMEPHbIE
undposble mogenu. B ctatbe paccmaTpuBaeTCsi BO3MOXHOCTb MPOCTPAHCTBEHHOW WU3MEHYMBOCTM CBOWCTB
ropHoro maccumBa B LleHTpanbHOM KasaxcTaHe C MOMOLLbID MaTeMaTU4ecKoro MOAenMpoBaHua C
MCMNonb30BaHNEM AaHHbIX U3 dhaina ynpasneHus npoueccom bypeHus cuctembl Aquila 6ypoBoii yctaHoBkm DH-
M. YTOGbI OLLEHMTb CTPYKTYPY M COCTOSIHME TOPHOro MaccuBa, bbina nocTpoeHa uudpoBas Mogernb ABYMEPHON
cekuusi, KoTopasi MoKasblBaeT MPOCTPAHCTBEHHYID  M3MEHYMBOCTb  (PU3NKO-MEXAHUYECKUX  CBOWMCTB.
lMceBmonuHeriHoe NpubNMXeHNe Mexay BekTopamu ¢anrnoB BblbpaHO B KavyecTBe MeToda MOCTPOEHUs
OBYMEpPHbIX ceyeHun. lMokaszaHO npuUMeHeHWe MaTeMaTM4YecKkoro mMetoda MCEBAOSIMHEMHOW MHTEPnonsaummu,
KOTOPbLIN MO3BONSET C AOCTAaTOMHOW CTeneHbl LOCTOBEPHOCTM OueHuBaTb hU3UKO-MEeXaHU4YeCcKne CBOMCTBA
(®MI1) ropHbIX NOPOA B MEXCKBaXKUHHOM U MeXOypsSAHOM NPOCTPaHCTBE MaccuBa ropHbIX nopog. Ha ocHose
pes3ynbTatoB wuccrnenoBaHus Obino paspaboTaHo nporpammHoe obecneveHne, koTopoe obecnevnBaeT
onepaTMBHY0 N 3OMEKTUBHYO OLIEHKY (PU3NKO-MEXAaHUYECKMX CBOWCTB FOPHOIMO MaccuBa C BU3yanusauumen
pesynbTata. PaspaboTaHHbIi noaxon 1 nporpaMmHoe obecneveHme MoryT ObiTb UCNOMNb30BaHbl ANS NOBbILLEHMWS
3(bhEKTUBHOCTN GYpPOB3pPbIBHLIX PabOT OEWNCTBYIOLWMX FOPHBLIX NpeanpuaTuiA, a TakKe MpU OCYLLECTBIEHWM
Hay4YHbIX Y NPOMBILLNIEHHbLIX UCCINEeL0BaHUI N0 MaTeMaTUYECKOMY MOZENMPOBAHUIO COCTOSIHUSI MacCMBa rOpPHbIX
NMopog.

KnroueBble croBa: rnpoeHo3 npocmpaHcmeeHHOU U3MEeHYU8OCMU, (hU3UKO-MexaHuUYyeckue ceolicmea 20pHbIX
nopod, yughposasi mpexmepHasi 2eosioaudeckasi Mooesb, npouecc bypeHus, npozpamMmmHoe obecreyeHue.

1. INTRODUCTION

The efficiency and quality of drilling and
blasting operations in the development of mineral
deposits largely depend on the variability of the
properties of the rock mass (Liu et al., 2017;
Chicco et al., 2019). Since the study of natural and
technogenic variability of the rock mass is carried
out mainly by a selective method, using a network
of natural and artificial outcrops, the set of initial
data is limited and has a random nature (Chen et
al., 2017; Jiang et al., 2017; Uyanik et al., 2019).
The limited experimental data and discreteness of
observation networks lead to the need to create
generalized models (Zhang et al., 2018; Menegoni
et al., 2019; Xu et al.,, 2019). The peculiarity of
modeling of mining and geological structures that
are modeled, but representations about them or
variability of properties observed at the studied
level of the object structure. The complexity of the
spatial variability of physical and mechanical
properties and limitations of empirical data prevent
the direct application of deterministic models (Qiu
et al., 2019; He et al., 2019). The manifestation of

random variability of the studied properties
testifies not to the absence of geological
regularities, but only the lack of knowledge at this
stage of the study of the subsoil (Grib, 1999;
Mordensky et al., 2018; Baldik et al., 2018).

With a detailed study of various geological
objects-mineral deposits or structural elements of
the earth’s crust of any order, up to a single layer
or block, it is possible to create three-dimensional
digital models (Zhang et al., 2019; Zhang and
Shen, 2019; Wu et al., 2019). Their development
significantly facilitates the research process by
visualizing the structure of the contact surfaces of
individual layers and sections in any planes, and
adjusting the model as new mining and geological
information is obtained (Alekseev et al., 2003;
Grib, 2013; Grib and Kuznetsov, 2018; Kovaleva
et al., 2018).

In the general case, the creation of the
model is carried out in the following sequence:
models of the relief of the earth’s surface of the
blasting block and the network of wells are formed,
then the places of their intersection of geological

Periédico Tché Quimica. ISSN 2179-0302. (2020); vol.17 (n°34)
Downloaded from www.periodico.tchequimica.com

719



boundaries and heterogeneities are attached to
the wellbores. Interpolation predicts the
configuration of boundaries in the inter-well space
within the block, which is a connected area. At the
final stage of development, it becomes possible to
create two-dimensional cross-sections of the
variability of physical and mechanical properties
with depth and strike, in this case, on the basis of
the vectors of the “drilling process control files” F
of the “Aquila” system of the DM-H drilling rig
obtained by drilling blast holes, further files
(Martynov, 2011).

2. MATERIALS AND METHODS

Modern computer technologies allow
visualizing the values of physical and mechanical
properties corresponding to each point of a two-
dimensional section of a geological body. For this
reason, to assess the structure and condition of
the rock mass, it was sufficient to construct not a
complete three-dimensional digital model, but its
approximation by two-dimensional sections, which
show the spatial variability of physical and
mechanical properties: the velocity of elastic
waves (Vp), the pressure strength (or), the tension
strength (o7), the volume density (o).

A pseudolinear approximation between the
file vectors is chosen as a method for constructing
two-dimensional sections: let Y1 and Y2 be the
observed values at points X1 and X2, and the
authors want to estimate the values of Y’ at point
X. Considering the dependence in the
intermediate points linear, the calculations are
carried out according to Equation 1
(Korobeynikov, 2009; Martynov, 2011; Kuznetcov
etal., 2018).

It is assumed that the difference of values
in two adjacent points is a linear function of the
distance between them. The method gives
satisfactory results when the number of evenly
spaced points and observation points s
approximately equal. If the source data is irregular
and intermediate values have to estimate for each
pair of observations, then linear interpolation is
justified. In previous studies (Alekseev et al.,
2003), linear interpolation was used to construct
models of homogeneous blocks.

Analyzing the experimental results
(Alekseev et al., 2003) establishing links and
dependencies between the physical and
mechanical properties of the drilled rocks and the
values of the “drilling process control file” F, which
were performed for overburden rocks of the
Centralny Kazakhstansky, Slavgorodsky,
Kenterlausky sections at the experimental site,

where 15 wells were drilled at a distance of 1 m
from each other, and wells 1, 3, 5,7, 9, 11, 13 and
15 were drilled by the DM-H drilling rig using the
Aquila system, and wells 2, 4, 6, 8, 10, 12, 14 were
drilled by the exploration drilling machine with full
core selection throughout the trunk wells. The
study of physical and mechanical properties of
core samples from wells 12-14 was carried out in
the petrophysical laboratory. According to the test
results, the following parameters of physical and
mechanical properties were obtained:

— the velocity of propagation of elastic
longitudinal waves in rock Vp, km/sec;

— compressive strength of rocks on
compression op and tension ot MPa;

— volume density of rocks, &, g/cm3;
— porosity coefficient, %;
— humidity, %.

Next, a regression analysis was performed
between the data of the “drilling process control
file” F, and the experimentally obtained values of
physical and mechanical properties (Alekseev et
al., 2003).

The established correlations are described
by the regression equation of the form
(Equation 2).

The correlation coefficient between the
parameters of the file vectors varies within
0.5<R<0.95, the coefficient of variation S/X<0.2 —
with confidence not lower than 95%. Where: S is
the mean square deviation, X is the mean. This
was the basis to consider the exploding block as a
connected geological body, and to build its model
in the form of a smooth manifold of dimension >3.
The spread of the parameters of the file vectors is
explained by the natural heterogeneity and
technogenic fracturing of rocks. The regression of
the species is constructed (Equation 3).

Where: X-the average values of the
studied parameters calculated for all analyzed
wells, and Y-the variance estimate of the average
values of the studied parameters; parameters: A =
-0.1941769, B= 3.225438 E-02. The correlation
coefficient for this regression is R = 0.9014131,
which according to the theory of A.B. Vistelius
(1980), means that the entire exploding block was
formed as a result of one process and that the
block is of one petrographic composition.

Processing, interpretation, modeling of the
structure, composition, and state of the rock mass
are based on the assumption that the three-
dimensional geological space can be successfully
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approximated by a system of two-dimensional
layers (Matheron, 2009; Demyanov, 2010). In
work (Alekseev et al., 2003), the method of
approximation of three-dimensional distributions
of parameters of physical and mechanical
properties by means of two-dimensional sections
is offered. Not random variability allows estimating
the character of anisotropy of properties of a
massif of rocks and consistency of its structure in
various directions. Its characteristic serves as the
basis for the choice of distances between wells
and the design of the charge mass. Random
variability has a direct impact only on the statistical
evaluation of the average characteristics of
physical and mechanical properties, the
anisotropy of which is manifested in the difference
of non-random variability of the studied parameter
in different directions. A measure of the anisotropy
| am the ratio of the average number n of
heterogeneity elements intersected by lines drawn
in a given direction to the lengths of these lines |
within the studied block (Equation 4).

Thus, the ideas about the anisotropy of the
properties and structure of the rock mass depend
on their natural properties and on the location of
the wells of the drilled network. As a tool for
constructing two-dimensional sections, it was
used the Delphi programming environment and
the package of functions of the OpenGL open
graphic library (Flenov, 2011; Ginsburg and
Purnomo, 2015), the capabilities of which allow us
to obtain reliable and visual pictures of sections.
The developed application program allows to
quickly build two-dimensional sections and maps
of arbitrary orientation to determine the most
informative types of sections and maps. In
addition, the current version of the program allows
to visualize cracks in blocks (provided that the
angle of incidence of the crack is not very large
(Equation 5), where h is the distance between the
horizontal lines, / is the distance between the
wells).

3. RESULTS AND DISCUSSION:

The program of an automated geological
modeling system divided into three blocks: input-
output, matrix transformation, and forecasting
geological boundaries. The input-output unit writes
to the matrix information file about one section on
the same network: a series of wells, output of this
information, and construction of sections of iso-
areas. At the same time, control is carried out on
the minimum and maximum permissible values to
eliminate typical errors. In the construction of
contours, interpolation is applied using the method
of rectangles and trapeziums. Variation in scale,

additional smoothing of the boundaries of iso-
areas, their display in different colors are provided.
In the absence of information in certain parts of the
numerical model on the map of iso-areas, these
areas are marked in white.

When visualizing strength sections, the
interpolation points are evenly spaced at a
specified interval. At these points, the values of
physical and mechanical properties are
determined by interpolation and used as initial
points within a square with a side equal to the step
of the network model. The data conversion unit is
developed on the basis of the established
correlations of physical and mechanical properties
of rocks with the data of the file F. Regression
equations are obtained for four parameters: op, or,
Vp, & (Equations 6-9).

Where Fn-values was taken from the
drilling control file of the machine “Aquila”
(Vistelius, 1980; Korobeynikov, 2009). The
program provides data input from a file and from
the keyboard. The data is presented in the form of
Table 1, in which the first column is the parameter
Fn (entered by the user), the columns (op, o7, Vp,
&) are calculated according to the above formulas.

In practice, three methods are used to
describe maps of isolines: coordinates of vertices
of polygons approximating the isolines;
coordinates of characteristic points of the surface;
numerical matrices, the elements of which are the
depths or altitudes of the described surface in the
nodes of a rectangular network. Based on the data
obtained from the” drilling process control file “of
the Aquila system, we adopted the third method-
the description of the contour maps in the nodes
of the rectangular network. At the same time, the
maximum angle of bodies described by contact
surfaces cannot exceed (Equation 10), where AH
is the depth difference at neighboring points, AL is
the horizontal step of the network.

It should be emphasized that the contact
surfaces can be described large relative to the
applied network of the body, as with a small
number of points that fall into the contour, the
approximation may be unacceptably rough. The
density of the network should ensure satisfactory
accuracy of determining the contact surface at any
point of the site by linear interpolation of the matrix
elements corresponding to the nodes of the cell
within  which the defined point is located
(Matheron, 2009; Demyanov, 2010; Martynov,
2011; Moiseev, 2011). When interpolating, the
following technique will be applied. It is natural to
assume that in the center of the cell, the value is
equal to the average of the values specified in the
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nodes (Matheron, 2009; Demyanov, 2010;
Martynov, 2011; Moiseev, 2011). Based on this in
the center of the cell (Figure 1), set a point with a
value equal to the average value. Now it is
possible to form four triangles in a cell, and within
each of them, it is possible to determine the values
by drawing planes through the known values at the
vertices of the triangle.

Let's introduce notation (Equation 11).
Then it is easy to get expressions to calculate the
values within the first — fourth triangle, respectively
(Equations 12-15).

Similar results can be obtained by linear
interpolation in two mutually perpendicular
directions. The resulting surface will not be a
plane, so the interpolation is called pseudolinear
(Matheron, 2009; Demyanov, 2010; Martynov,
2011; Moiseev, 2011). Experience shows that
depending on the complexity of the relief of contact
surfaces, the density of the network should be
sufficiently detailed (Alekseev et al., 2003;
Kutuzov, 2011; Fokin, 2015). Therefore, to display
two-dimensional vertical sections along the rows
of wells, a uniform network with a step of Y = 8m
and a step of X = 0.5 m is used, condensed to a
uniform network with steps of 0.05 m and 0.1 m
along the x and Y axes, respectively. This
thickening of the network avoids complex and
time-consuming calculations of the passage of
isolines and proceed to the direct display of the
values of the resulting matrix pixel by pixel, using
the capabilities of OpenGL (Figure 2).

4. CONCLUSIONS:

To represent a three-dimensional image of
the results of calculations of the interpolation of
physical and mechanical properties of rocks, a
cube is used, the faces of which are two-
dimensional sections along the rows of the block
under study. Each pair of opposite faces contains
the same number of displayed wells. A separate
image is constructed for each pair of wells. After
building images of all pairs of wells displayed in the
volumetric figure, the resulting textures are
superimposed on the faces of the cube in
accordance with the spatial position. After
displaying the image on the screen, the user can
rotate the cube with the cursor keys, studying in
detail the images of each pair or three faces, which
allows to more clearly represent the spatial
variability of physical and mechanical properties in
the block under study.

Thus, using the data file management
system drilling Aquila drilling machine DH-M, their
correlation with the strength and elastic

characteristics of rocks, pseudobinary
mathematical method of interpolation and the
proposed software may reliably predict physical
and mechanical properties of rocks in the interwell
space that is prepared for the explosion of the unit,
to determine the optimal conditions for blasting.
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Yy = (2-YDX'-Xy) +Y,
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Table 1. Example of calculation of physical and mechanical properties

Fn Vp, km/sec dog/cm?® op, MPa o1, MPa
7.84 1.968 1.914 7.220 0.653
18.96 3.077 2.313 41.570 2.566
48.64 4.088 2.541 96.682 5.476
29.71 3.604 2.443 68.379 3.967
44.08 4.000 2.525 91.377 5.189

33.338 3.727 2.470 75.309 4.332
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Figure 1. The interpolation cell; 1-4 the numbers of triangles

—GP from 50 to 75 MPa

— OF more than 75 MPa

Figure 2. General view of the running program window
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