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Dimension stone blocks modelling based on digital surface model methods

The size and shape of natural stone parts, that are defining the rock jointings, are also affecting
mining technology and field of operations. Besides, it influences monolith optimal cutting scheme for
commercial dimension stone blocks, corresponds to required geometrical dimensions. Prediction and
selection of rational ways of cutting structural blocks is really important issue, because stone losses
depend on the cutting pattern and also further inaccuracies in measuring the size of commercial blocks
due to different factors. The main problem in this field is improving the accuracy of measuring the size of
block at the dimension stone quarries which is based on the simulation of natural individualities and the
introduction of indirect methods for determining the qualitative and quantitative characteristics of
commercial blocks. The main factors that can cause the accuracy of determining the commercial blocks
volumes under traditional methods of their calculation are also considered in this work. The authors
analyzed the main indexes of the commercial block passport, as well as the possibility of adjusting the
individual technological parameters for the separation of monoliths into blocks. Classification of block
products is proposed for classes depending on qualitative indicators. Possible models of the formation of
the basic parameters when separating the monolith on commercial blocks are considered, as well as the
formed cost component for the possibility of rapid accounting in mining enterprises.
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Introduction and formulation of the problem. In accordance with the international standards, blocks are
characterized by the shape, size, volume and quality of the surface, which depends on the extraction technology.
If we are taking into account the tendency to increase the volume of extraction of blocks of decorative stone, the
actual determination of the commercial volume is very important for both the buyer and the seller. Measurement
inaccuracy can be caused by many factors, among which there are the human factor, the roughness of the faces of
the block, the volume of the block and the conditions under which the measurements are performed.

Objectives. The main goals of this article is to determine the optimal pattern of cutting monoliths of regular
and irregular shapes in order to reduce stone losses and increase profits of stone-mining enterprises and also
automation of selecting process the optimal cutting pattern.

Analysis of previous studies and publications. The study of the main standings of ground-based
photogrammetrics was devoted to scientific works by Russian scientists Bobir M.Ya. [3], Dubinovskyi V.B. [11],
Lobanov O.M. [10, 11] and Ukrainian scientists Mogilnyi S.G. [12], Sobolevskyi R.V. [9, 20-22], Dolgikh O.V. [6],
Dolgikh L.V. [5, 6].

Permanently work is ongoing on automating the process of processing images. Significant contribution to the
development of digital image processing, focused on the solution of photogrammetric problems, was made by
Russian scientists Gelman R.N. [4], Chibunichev O.G. [22], Knizhnikov Yu.F. [8] and others.

Problems of surveying works automation on the basis of digital photogrammetric methods were involved
Dolgikh O.V. [6], Dolgikh L.V. [5, 6], Maletskyi M.M. [6], Fedorenko P.I. [21].

The obtained results show that digital image analysis method has a very good accuracy in assessing the fine
structures, and also it collects data in a much shorter time [17]. A software for analyzing the geometric
characteristics of fracturing in a rock mass was developed by Turanboy & Ulker [18] and Gonzalez-Aguilera [19].

Methods. Research of the linear dimensions of blocks measuring process using traditional methods made it
possible to determine the main factors that affecting the accuracy of measurements and the calculation of the
volume of commercial blocks. These factors include:

1. The shape and size of natural rock monoliths (jointings). The following types of jointings are
characteristic of decorative stone deposits:

— parallelepiped (cubic, rhombic, prismatic) type;

—  formation type;

— many-sided type.

2. The volume of the block. The relation of measurement accuracy on the volume of blocks was considered in [1].

3. Irregularities of the faces and chipped ribs of the block. Depending on the method of preparing the blocks
for excavation, all blocks are divided into two groups — splitted and sawn. For these two groups, the standard
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deviation values are determined (table 1), which are required to be adhered to both in assessing the quality of the
blocks and in measuring their sizes [2].

Table 1
Surface of decorative rock blocks quality requirements
Indicators Splitted by groups Sawn by groups
111 1IV-VI I-111 1IV-VI
The deviation from the perpendicularity of
two adjacent faces per 1 m of the height of the <60 <60 <110 <110
face, mm
Depth of the block contours, mm <150 <100 <150 <150
The height of the ledges and the depth of the
depressions in the maximal gap under the
ruler, mm: <100 <40 <100 | <100
for top and bottom faces <150 <100 <200 <100
for other faces - - - -
The number of reflected angles <3 <3 <3 <3
The splitting line length of reflected angle
along the edge of the block, mm =150 =60 =200 =80
The total length of the splitting line of 1 m <150 <150 <200 <300
edges block, mm - - - -

4. The human factor. As a result of inaccuracies in the application of dimensional tools and the correct choice
of two points on one face of a block to find the distance between them by net dimensions, an error occurs in
measuring the linear dimensions of a block.

5. The temperature at which the measurement is carried out. The effect of temperature on the stretching or
compression of a measuring instrument is characterized by a correction coefficient for thermal expansion.

The determining factor for creating the optimal pattern of cutting natural monoliths is their shape and size.

Studies have shown that a directly proportional relationship is observed between the actual volume of a block
and the errors in determining the commercial volume, as well as economic losses for different types of deposits of
a decorative stone.

Up to this day the calculation of the useful volume of the block is carried out according to its net dimensions,
and this leads to an overestimation of prices for block products, unreliable calculations of raw materials for the
manufacture of finished products, degradation of their quality. And also the net volume of blocks does not take
into account the technological impact of mining blocks on their quality.

Modern technical equipment (theodolites, electronic tachometers), electronic and registration methods and
digital measurement processing made it possible to develop and conduct research on the method of determining
the volume of commercial blocks of a decorative stone, which is based on creating a spatial formed model using
reference points defined in the conventional coordinate system. The use of this technique minimizes the
disadvantages of the traditional method of determining the volume of a block (improves accuracy) and allows us
to create a product block passport based on the obtained data.

The passport of the commercial blocks will be included in the official mine survey documentation for the
quarry monolith blocks, for which the main surveyor will maintain and update. The passport contains the following
information: digital image of the block, spatial 3D model of the block, commercial, gross and net block volumes,
group and quality class of the block [3], coordinates of reference points, description of technical means (theodolite,
digital camera) for land-based surveying of the block, the main parameters of the survey, the accuracy of
determining the volume of the commercial block, as well as the presence of defects and some technological
parameters (output of slabs, the optimal direction of sawing).

It should be also noted that the indicator of the quality class of block monoliths is introduced in order to
systematize and divide the blocks into four classes with respect to the gross dimensions and the commercial
dimensions of the block and the presence of defects, which further makes it possible to predict the output of
finished products. Blocks are divided into the following quality classes:

— class «A» — the difference between gross and commercial volume is up to 15%; no defects (inclusions,

cracks, changes of shade);

— class «Bx» — the difference between gross and commercial volume is up to 30%; some defects on the

surface;

— class «C» — the difference between gross volume and commercial volume up to 50%; There are some

penetrating defects, but they are not taken into account when measuring a block, because they are assigned
to an ineffective volume.
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— class «D» — the difference between gross volume and commercial volume more than 50 %; There are

some penetrating defects (cracks, inclusions, color changes).

The effectiveness of measurement work and periodic replenishment of graphic surveying documentation can
be increased by using modern computer technologies, digital cameras to obtain information about the object of
study and its subsequent processing. Therefore, the introduction of digital photogrammetric methods at decorative
stone quarries, which can satisfy a given accuracy, is an important task, one of the ways to solve which is the use
of terrestrial stereo-photometric recording with high-precision surveying instruments and digital cameras.

So we can model the main parameters for cutting monoliths into commercial blocks, taking into account the
following limitations:

1. The linear dimensions of the blocks should, in approximation, correspond to the size of trolleys for rock
cutting machines:

b<b;; h<hy; 1<y, 1)
where b, h,| are respectively, the width, height and length of the block, m; by, l; are respectively, the width,

height and length of the receiving frame of the trolley, m; h; is the vertical distance between the trolley and the

frame of the rock cutting machine, m.
2. The weight of the block must ensure the possibility of loading it with a crane into the automobile transport:

Qpi < Qy» (2)
where Qy, is block weight, t; Q. is crane capacity, t.
When we creating an economic-mathematical model for cutting a monolith, we assume that n monoliths with
a volume V,, can be used to obtain n block sizes from a monolith 5; (j = 1, n). Let’s say V;j is the volume of block
number j. It is required to find the scheme of layouts (X1, Xo,..., Xn) in which there profit F from the sale of the

received blocks and profit from the sale ¢; block number j are maximal.
The model of the task is:

n
max F =>"c;xj, (3)
j=1
- with monolith volume limits:
n
D Vixj <V, @
j=1

- condition of non-negative: Xj = 0, Cj= 0.
- integer condition: X j is integral.
Profit from the sale Cj of the j-th block can be determined using the equation:
Cj = BJ - Sj y (5)
where BJ- is market price of the j-th block, $; S j is cost of production the block, $.

The cost of production block unit (excluding the cost of mining and transport works) consists of the following
components:

[ c,, |
sj:LAp-fp+Ak.fK+K—-J-vj, (6)

u

where A D and A, are the cost of exposure of 1 m? of the surface of the deposit, respectively, cutting and splitting
$/m?; fp and f, is specific area of exposure to cutting and splitting (per 1 m® of the deposit), m*m?;, C, , is

costs of mining preparatory work (per 1 m? of the deposit), $; K, is blocks output ratio.
After substituting into equations (5), (6) in (3) we get:

s Ca.n

Thus, the optimization of the process of cutting the monolith consists of choosing such a sequence of edges of
a directed graph, which ensures a minimum of operating costs. The economic-mathematical model (1-8) is linear.
Managed variables are all indicators that take non-negative values. Thus, the developed economic-mathematical
model for cutting the monolith satisfies the conditions of the general linear programming problem.
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To determine the output rate of K, blocks, we use the method of estimating the blockings by prof. N.T.
Bakka [4], [5], the essence of which is to create models of natural blocks based on a detailed study of
fracturing in a specific area of the field and comparing natural and artificial blocks. In this case, the output
of the blocks is considered as:

V,, —Vie

K :(1_’”’”‘"}100%-1{01, (8)

v :
np

is volume of artificial block, m3; K, is the general coefficient

, .
where V,,, is natural block volume, m% V.

that takes into account the influence of all factors on the propagation of fractures in the deposit.
The volume of natural jointing can be determined using the formula:

V}’lpde'dS'dL’ (9)
where dQ is average distance between transverse cracks at that area, m; dg is average distance between

longitudinal cracks at that area, m; d | is the average distance between the reservoir cracks at that area, m.

The volume of an artificial rectangular monolith (block) is determined by one of two equitation, the choice of
which depends on the values of the average angles between the fracture systems:

Ve =LBH =(dg —d| -ctgag )-(dg —d -ctgag, ) -d, (10)

Vi =LBH =(dg —dg -ctgagg)-(dg —d -Ctgag, )-d, (11)
where L, B, H are monolith length, width and height, m; g is the average angle between the system of
longitudinal and reservoir cracks in the area, grad.; agL is the average angle between the system of transverse

and reservoir cracks in the area, grad.; ags is average angle between the system of longitudinal and transverse
cracks in the area, grad.

Such pairs of angles are selected that most incline the respective faces of natural separation, and the condition
must be fulfilled. Equation (10) is used for arg < aqg,and (11) for ags < ag -

With a known volume of an artificial rectangular monolith, it is possible to calculate the volumes and a number
of commodity blocks, taking into account the losses associated with the equipment used for cutting:

v - Vuo ~[(NgL ~1)B+(Ng,g ~DL]-HO. 12)

N on.L ° N on.B
where n is the number of blocks into which the monolith is divided; N, | , N, g are the number of blocks in

length and width of the monolith; b is crack width, which depends on the monolith cutting tool, on the roughness
of the faces and requirements for the quality of the surface of the blocks, m.

Formulas (10), (11), (12) can be effectively used with a parallelepiped form of natural separation with a
maximum deviation of the average angles between cracks from perpendicularity of not more than 10°.

To confirm this and choose the optimal cutting scheme, we will consider a specific variant of modeling natural
separation in the conditions of the Korninsky deposit of decorative granite (table 2).

Table 2
The main parameters of natural separation (monolith) of the Korninsky decorative granite deposit
\Y
dS’M dQ,M dL’M ags asL aqL np 1 VMCK"
M3 M3
9,1 5,4 2,8 86° 81° 83° 137,592 122,553

Mining operations at this quarry provide for the drilling and wedges technology for cutting monoliths. The
cutting pattern of natural separation is shown in Fig. 1.
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Fig. 1. The cutting pattern of parallelepiped natural separation into commercial blocks

We find the optimal cutting scheme using the proposed economic-mathematical model, which will have the
following parameters: Na.g (X1, X2,...xn), Na.L (1, n). As a result of the analysis of the n-th number of schemes
provided x1 =1, x2 = 2, x3 = 3, x4 = 4, we get the dependence of the volumes of commercial blocks on their quantity
using the drilling and wedges technology of cutting with 10 cm (Fig. 2).
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Fig. 2. The dependence of the volume of blocks V;, on their number n in different schemes of cutting monolith

From fig. 2 we can see that the x4 scheme is the most advantageous, since it allows you to get more blocks n
with the same volume V5 . For example, a monolith cutting scheme x4 will give 48 blocks with a volume of 2,08

m?3, a scheme xs with 48 blocks with a volume of 2,01 m3, a scheme x, with 48 blocks with a volume of 1,82 m?,
and a scheme x; with 48 blocks with a volume of 1,17 m®. A further increase in the number of blocks across the
width of the monolith does not have a significant effect, therefore for the subsequent analysis we choose the Xa

scheme, which provides for N, g = 4.

To obtain the coordinates of the points of the commercial block, the subsequent construction of its three-dimensional
model and determine the volume, it is proposed to use three methods and schemes for phototheodolite survey:
surveying from four base points around the block and the direct serif method;
surveying from two base points with the visibility of all faces of the block;
surveying from one base point using a leveling rod and the visibility of two faces of the block.

It is possible to achieve a higher surveying efficiency and a smaller amount of geodetic calculations using a
Bosch DLR-25 laser rangefinder with a measurement range of 25 m and an error of 2 mm.

To substantiate the results of the methodology, studies were carried out, calculations in which and the
development of the methodology relied on the required accuracy. The technique involves taking reports of
horizontal angles and calculating the coordinates of a certain number of points on each side of the block, and all
other coordinates are determined by interpolation with a certain step. The accuracy of determining the volume of
a block depends on the accuracy of determining the coordinates of control points along the perimeter of the block
and the accuracy of the interpolation method.

It is possible to use AutoCAD Civil3D as a software for building a model of a block using the known
coordinates of its points, also for stereophotogrammetric processing of images that were obtained when surveying
a block with a digital camera, you should use the Delta CFS. The latter allows you to take into account the distortion
of the lens and the offset of the coordinates of the main point of the digital camera. The program determines the
coordinates of the reference points on two or more images, taking into account the focal length of the camera and
the basis of photographing.
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Digital surface model of granite block was created in Agisoft Photoscan (Fig. 3).

Fig. 3. DSM of granite block

It should also be noted that the impact of the N ;, g on the volume of the resulting blocks depends on the

equipment for cutting the monolith i.e. the larger the gap width b, the larger the difference between the different
cutting patterns. This is relevant since most quarries use drilling wedges technology for cutting, for which the
value b reaches 15 cm.

Results. Taking into account the market price of Korninsky granite (table 3), we can rate the dependence of
the mining enterprise profit on the number of commodity blocks of the respective category [3] and their volume
in the drilling wedges cutting technology (Fig. 3, Fig. 4). This takes into account the price from the sale of a certain
number of commercial blocks of the respective category and the cost of exposing 1 m? of the surface of the massif
by the drilling wedges method.

Table 3
Market prices for Korninsky granite deposit of different categories
Block categor
Parameter hatd
1 11 111 v Vv VI

Volume of commercial
blocks Vs, , m?
Block price B, $ 255 215 190 140 80 80

>5,01 3,51-5,0 2,01-3,5 1,01-2,0 0,71-1,0 <0,7

32

28

N

2
=
= 20
§ \\H\i\\::“‘}_ﬂ_‘_q —o— 20 $/m2
£ 16 — —o— 40 $/m2
= N _"”“D—;\\ —— 60 $/M2
= 12 —x=280 $/m2
2
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4
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Blocks number, n
Fig. 4. Dependence of profit F on the number of blocks n at different costs for exposing 1 m? of the rock
deposit surface

Dependencies in Fig. 4 have a step-like shape due to the division of blocks by volume into 6 categories. The
maximum profit in this case is obtained by extracting a smaller number of blocks, the volume of which increases
accordingly. Considering the limitations on linear dimensions and weight of blocks given at the beginning of the
article, we construct the dependence of the profit on the volume of blocks (Fig. 5).
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Fig. 5. Dependence of profit F on the volume of blocks V5, at different costs for exposing 1 m? of the array surface

Dependencies in Fig. 5 allow to make the following conclusions: 1) it is not profitable to produce blocks of
up to 1 m3 (V-1V category); 2) the profit grows in proportion to the volume of blocks from 1 m® to 5,5 m?; 3) the
extraction of blocks with a volume of more than 5,5 m® does not give the expected increase in profit, therefore it
is advisable to extract large blocks only for order or for export.

The optimal cutting scheme must be chosen with a view to the equipment that will be used for cutting the
monolith, and the equipment with which the commercial block will be cut. Cutting monoliths into blocks of
maximum sizes is not always an effective and economically convenient option, that is why the cutting scheme
needs to be coordinated with the processing enterprise, taking into account the product range and technical
parameters of the processing equipment. This will allow minimizing losses in both excavation and further
processing with natural stone.

In this case, the optimal scheme for cutting the natural separation of volume V,, = 137,592 m? of the

Korninsky granite deposit is cutting it into 20 blocks (N4, | =5, N, g = 4) of 5,48 m3 each, at which the

maximum profit of the quarry reaches about 27 thousand dollars.

Conclusions. The problem of modeling optimal cutting scheme can be solved in the presence of the size of
natural entities and their shape, which are quite difficult to obtain with direct measurement methods in a quarry.
Therefore, the current state of the stone mining industry requires the introduction of remote sensing methods,
which include digital ground-based photogrammetric survey. With the help of the latter, it is possible to create
surveying documentation i.e. basic information for modeling and analyzing natural separation, determine the
geometric dimensions of natural separation on the basis of digital images and draw up an optimal cutting scheme
using them, using the above method and economic and mathematical model.

For surveying support of dimension stone quarries, namely, keeping accounting logs and passports of
commercial blocks, it is recommended to use the first survey method from four base points, as the most accurate
and effective. One of the rational ways to increase the speed of surveying and processing its results is the additional
use of a laser rangefinder.

Further studies in this direction include a multifactor analysis of the process of cutting monoliths by different
technological complexes, taking into account the subsequent processing stage and the optimal configuration
schemes for cutting rates. This will allow to fully automate and predict the maximum yield of finished products at
the stage of natural separation based on the processing of digital images taken directly in the face of the current
mining operations.
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