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Evaluation of rock mass characteristics is the basis for designing the technology of mineral deposits development, which indicates the relevance of
the work.

The purpose of the present work is to establish the laws of spatial distribution of rock mass properties. Their establishment requires the solution of
the following problems: determination of the probability of a trend; identification and elimination of emissions (local component) and construction of
a trend line.

The research methodology consists of using the tools of fractal geometry to determine the properties of a random spatial series. The use of the
apparatus of classical trend analysis, based on purely statistical analysis, in relation to the specifics of research data does not provide an adequate
solution to these problems. This paper discusses the results of implementing the fractal representation of the spatial series in case of the rock mass
strength distribution in the Yubileynoye deposit (Bashkortostan). The quantitative estimation of the trend line as a fractal object is to determine its
fractal dimension by the method of “fractal lengths”. Step-by-step implementation of this method allowed identifying areas of the rock mass with
natural variability of properties by depth. The variation of the values of a number (the random component) obeys an equation of the fractal Brownian
motion (FBM). Determination of the parameters of this equation makes it possible to predict the characteristics of the rock mass in those areas where
engineering-geological testing was not carried out. For this purpose, a statistical model of variability of the characteristics of the array, based on the
Monte Carlo method was developed. Implementation of the model allows us to add the spatial series (replicate sample), i.e., to predict the properties
of the array between the points of sampling.

Summary. The proposed techniques and software that forms the methodology of fractal analysis of variability of a rock mass at depth and along strike
of the deposit. The methodology provides additional information for engineering and geological studies of deposits, especially with a limited amount
of sample data. It allows increasing the reliability of the forecast of mining conditions for the construction of mines and mining operations.
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ntroduction
The technology of mineral deposits development is largely determined by the properties of rocks, which compose the
rock mass. One of the most important goals of engineering-geological substantiation of design solutions is the prediction
of variability of rock properties along the stretch and depth of the deposit. This forecast is based on trend analysis. The classical
trend analysis solves the following problems [1]: assessment of the presence of regularity in the variability of the parameters
studied; identification and elimination of the local component of the series; establishment of the trend line; determination of
its natural and random component. The solution of these problems with the help of the correlation analysis does not provide a
reliable picture of the trend due to the natural variability of the array, which causes the presence of values that do not fit into the
framework of the accepted statistical function of the distribution of “popping up” meanings. Classical methods of estimation of
such local values using Bayesian regression analysis [1] or Hoeke-Brown criterion [2] are overly formalized. They do not take
into account the geological history of rock formation. Trend analysis based on the classification of rocks by properties [3] is a too
rough approximation. This analysis does not provide a high-quality design of mining technology. Consideration of the spatial
trend of rock strength from fractal positions provides additional opportunities.

Results

Let us consider the possibility of trend analysis on the example of the variability of rock strength by the depth of the
Yubileynoye deposit (Bashkortostan). Strength characteristics of rocks were determined by means of the laboratory studies of
cores extracted from exploratory wells. To assess the rock mass strength, corrections for rock pressure, humidity, scale effect and
fractured rock mass structure were introduced to the laboratory data [5-7]. Fig. 1 shows the spatial range of the strength of the
rock mass variability based on depth.

The appropriate computer software was developed for the classical trend analysis procedure. The first goal is to assess the
probability of a trend. The analysis of quite numerous methods of solving this problem [5] showed that the Wald criterion [1, 8]
was the most informative and reliable for spatial series of variability of rock properties. To test the hypothesis about the existence
of a trend according to this criterion is determined by the number of crossings of the graph of the variability of the index in its
median value. The computer program determines deviations from the median (“+1” or “~1”) and the number of intervals greater
than the median -7, and less than the median #,. The value of the criterion Z is calculated based on the mathematical expectation
and variance of deviations. The probability of trend absence is determined with the help of the normal distribution function. For
the given series, this probability is 0.077. Therefore, the probability of a trend (P = 0.923) is quite high.

Another goal is to determine the trend equation (line). Our experience in analyzing the spatial series of rock properties has
shown that even higher order polynomials were not able to reliably describe the natural variability of rock properties. The use of
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Figure 1. A chart of the strength of the rock mass according to the depth of the Yubileynoye deposit.
PucyHok 1. [lnarpamma npo4yHOCTH NOPOAHOro MaccuBa no rny6uHe KO6uneitHoro MmectopoxaeHus.

different methods of “alignment” is also associated with an unacceptable loss of information about the distribution of properties.
Additional important information is given by considering spatial series from fractal positions.

If a spatial series has fractal properties, the dependence of its length L(5) on the measurement step J is subject to the power
law (Richardson’s law) [7, 8]:

L(8) ~ 8¢ at B < 0. (1)

There are several ways to calculate the fractal dimension of a series. The method of fractal lengths is one of the most informative
and amenable to computer formalization [9, 10]. It determines the procedure for calculating L (). In this case, the whole series,
consisting of Ni members, is divided into intervals of [i§ — (i + 1) §]. Within each interval, the value of the < Y(i§) > function is
defined as the arithmetic mean of all points within that interval. The curve length at a given step 0 is calculated as the sum of the
function increments by the formula:

L(s)= i‘< Y (i8) > - < Y ((i-1)9) >\. )

i=1

The fractal dimension of the series is determined on the basis of linear approximation of the dependence (1) in double
logarithmic coordinates. From this equation follows:

InL()=pInd+Ina, 3)

where In o0 = const.

Here { is the angular coeflicient of the equation graph (3) associated with the fractal dimension of the series: d.= 1 - . Then,
ignoring the constant, you can write log L ~ (1 - d) log 8. Thus, to determine the fractal dimension of the d_series, it is necessary
to find the dependence of the length of the I series on the measurement step J. If in logarithmic coordinates this dependence turns
out to be linear, then the series will be a fractal, i. e., it will have the property of self-similarity. The parameters of equation (3) will
be determined by the method of “least squares”

For Fig. 2 the trajectories of the considered trend are shown at successive change of the measurement step. The results
obtained (Fig. 3) are a good match with the linear dependence (3). The coefficient of reliability of approximation is R* = 0.94.
Therefore, the considered series of variability of strength of the massif by the depth is a fractal object. Its total fractal dimension
isd.=1.82.

The obtained data refer to the entire strength chart. A step-by-step fractal trend analysis allowed identifying the intervals
of depths with a steady pattern of strength changes. For the purposes of mining technology design it is sufficient to determine
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Figure 2. The trajectory of the trend line with different measurement step.
PucyHok 2. UsmeHeHMe TpaeKTopuu NIMHUM TpeHAa NpY pasnUYHOM Luare u3mMepeHui.
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| Parameters of the equation .
6.0 Depth intervals, m o, = kH + aq Corrglgtlon
55 F P VR coefficient
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Figure 3. The graph of the trend equation (2).
PucyHok 3. Npadmk ypaBHeHus (2) TpeHaa.

the tendency of strength change with depth in these areas, i. e. to use a linear equation of the form: o = kH + a [11, 12]. The
parameters of the equation in the selected areas are shown in the Table. These areas are marked with red lines in the Fig. 1.

While exploration drilling extraction of cores for testing rocks is extremely uneven. In particular, for the considered series
testing intervals reached 30-50 meters in depth [5]. At these intervals, the strength values of the pattern remain unknown. In
order to form a reliable trend of variability of rock mass strength in depth, such intervals should be filled in, i. e. to give a forecast
of strength at these depth intervals. As shown earlier, the considered strength series is a fractal object, therefore, it has invariance
to scale transformation (self-similarity) [13, 14]. Then for the solution of the specified problem it is necessary to use methods of
fractal geometry.

In this case, the variability of rock strength can be described by the process of fractal Brownian motion [15]. Its implementation
can serve as a method of the “middle displacement” [11]. The idea of this method is to calculate the random displacement of a
point located in the middle of a line segment connecting the nodal points. Then, the mean displacement of the obtained data is
determined 2, 4, 8, ... , 20""V2 segments, where # is the number of steps (iterations) required. With each modeling step, the length
of the considered segments decreases, and in this regard, the median displacements Ay should also decrease in proportion:

Natbiwes 0. T., Kazak 0. 0. TpeHp-aHan13 cBOMCTB MOPOAHOro MaccMBa Ha 0CHOBe ¢paKTanbHOro npeacrasnexHus 81
MpOCTPaHCTBEeHHbIX psanos // M3sectus YITY. 2018. Boin. 2(50). C. 79-84. DOI10.21440/2307-2091-2018-2-79-84



TEXHWYECKHWE HAYKU O. G. Latyshev, O. O. Kazak / News of the Ural State Mining University 2 (2018) 79-84

After step 2 After step 5
Strength, MPa Strength, MPa
25 30 35 40 45 25 30 35 40 45
-505 -505
=510 -510
—515 | -515
=520 -520
€ _525 ¢} g -525
£ 530t g 530
8 sz 8 53
—540 | -540
—545 -545
-550 -550
-555 L -555

Figure 4. Implementation of the “mean displacements” method.
PucyHok 4. Peanusauusa metoga «CpeAnHHbIX CMELLEeHUN».

1 2H-2
Ay(t):FcVI—Z g
4)

t=k/2"whenk=0,1, ..., 2"

where H is the index of the Gelder, H = 2 - d;; g is the normally distributed random numbers generated by the computer program
Microsoft Excel. The magnitude of the scale factor ¢ is determined by the variance of the original series §* = 770 MPa*

(5)

where |t, — ¢| is a forecast step (distance between node points).

To implement this procedure, a statistical (simulation) model based on the Monte Carlo method was developed [18]. By
averaging the multiple implementation of the model, the most probable points of the series are determined. Let us consider the
implementation of the program on a specific example. In the depth interval of 508—551 meters there are no experienced points.
Sequential replenishment (replication) of the sample in this interval is illustrated by graphs in Fig. 4.

The left graph shows the probabilistic strength values after two iterations of the model. After the fifth step, there is sufficient
information about the probable strength of the array in a given depth interval. In principle, you can get a smooth curve of strength
for any part of the array. At the same time, it should be noted that the zones of rock crushing, clearly fixed in exploration drilling,
should be excluded from consideration.

The next goal of the analysis is to assess the reliability of the forecast, i.e. to determine the natural and random components
of the trend. The variance of the trend’s natural component is determined as the difference between the total variance S, and its
random component S: S; =S, - .. For the series considered, the total variance as a measure of the variation in strength relative
to the total average is S, = 1972 MPa” The random variance is determined by the sum of squares of deviations of experimental
values from trend lines in the selected areas (Fig. 1). The value of the random dispersion is . = 118 MPa> In this case a natural
component of variance defined as the difference S. = 1854 MPa2 Therefore, it can be affirmed that the strength of rocks naturally
varies with the depth of their occurrence. Indeed, the natural component in the total variance exceeds 94 %. The average coefficient
of variation of experimental values from the trend line is 8.2 %.

Conclusion

Thus, fractal studies of spatial series allow predicting the measure of variability of rock properties expressed in their fractal
dimension. They allow allocating depth intervals with different trends of property changes with depth. They also make it possible
to replicate the sample by using a simulation model based on the method of “average displacement”. All of this allows us to obtain
additional information that increases the reliability of the design of mining processes.

REFERENCES
1. Latyshev O. G., Kazak O. O. 2013, Matematicheskiye metody v gornom dele [Mathematical methods in mining]. Ekaterinburg, 146 p.
2. Contreras L. F., Edwin T., Brown M. 2018, Bayesian data analysis to quantify the uncertainty of intact rock strength. Journal of Rock Mechanics
and Geotechnical Engineering, no. 10, pp. 11-31.
3. Hoek E., Brown E. T. 1997, Practical estimates of rock mass strength. International Journal of Rock Mechanics and Mining Sciences, no. 34
(8), pp- 1165-1186.
4. Miranda T., Sousa L. R., Gomes A. T., Tinoco J., C. Ferreira C. 2018, Geomechanical characterization of volcanic rocks using empirical systems
and data mining techniques. Journal of Rock Mechanics and Geotechnical Engineering, no. 10, pp. 138-150.
5. Khani A., Baghbanan A., Norouzi S., Hashemolhosseini H. 2013, Effects of fracture geometry and stress on the strength of a fractured rock
mass. International Journal of Rock Mechanics & Mining Sciences, no. 60, pp. 345-352.

82 NatbiweB 0. T., Kasak 0. O. TpeHp-aHanu3 CBOWCTB MOPOAHOr0 MaccMBa Ha OCHOBe (PaKTasbHOro npepacTaB/ieHUs
MpOCTPaHCTBEeHHbIX pARoB // U3secTtna YITY. 2018. Boin. 2(50). C. 79-84. DOI10.21440/2307-2091-2018-2-79-84



O. G. Latyshev, O. O. Kazak / News of the Ural State Mining University 2 (2018) 79-84 ENGINEERING SCIENCES

6. Latyshev O. G., Karasev K. A., Martyushov K. S. 2013, Fraktalnyy trend-analiz izmenchivosti viemennykh i prostranstvennykh ryadov svoystv
gornykh porod i massivov [The fractal trend-variability analysis of the temporal and spatial series properties of rocks and arrays]. Izv. vuzov. Gornyi
zhurnal [News of the Higher Institutions. Mining Journal], no. 2, pp. 73-79.

7. Martyushov K. S. 2013, Prognoz prochnosti porodnogo massiva [Prediction of strength of rock mass]. /zv. vuzov. Gornyi zhurnal [News of the
Higher Institutions. Mining Journal], no. 1, pp. 44-47.

8. Kobzar’ A. |. 2006, Prikladnaya matematicheskaya statistika: dlya inzhenerov i nauchnykh rabotnikov [Applied mathematical statistics: for
engineers and scientists]. Moscow, 816 p.

9. Mandelbrot B. 2002, Fraktal’naya geometriya prirody: per. s nem. [Fractal geometry of nature: Translated from German]. Moscow, 656 p.

10. Feder E. 1991, Fraktaly: per. s angl. [Fractals: Translated from English]. Moscow, 262 p.

11. Krylov S. S., Bobkov N. Yu. 2004, Fraktaly v geofizike [Fractals in Geophysics]. Saint Petersburg, 138 p.

12. Kronover R. 2006, Fraktaly i khaos v dinamicheskikh sistemakh: per. s angl. [Fractals and chaos in dynamic systems: Translated from English].
Moscow, 488 p.

13. 2007, Teoreticheskiye osnovy prognoza i upravieniya svoystvami geologicheskoy sredy pri podzemnykh tekhnogennykh vozdeystviyakh.
pod red. O. G. Latysheva [Theoretical bases of forecasting and management of properties of the geological environment upon underground
anthropogenic influences. Edited by O. G. Latyshev]. Ekaterinburg, 216 p.

14. Walter Wittke. 2014, Rock Mechanics Based on an Anisotropic Jointed Rock Model (AJRM). Wilhelm Ernst & Sohn. 865 p.

15. Sadovsky, M. A., Golubeva T. V., Pisarenko V. F., Schnierman M. G. 1984, Kharakternyye razmery gornoy porody i iyerarkhicheskiye svoystva
seysmichnosti [Characteristic dimensions of rock and hierarchical properties of seismicity]. /Izv. AN SSSR. Fizika Zemli [News of the USSR.
Academy of Sciences. Physics of the Earth], no. 2, pp. 3-15.

16. Sadovsky M. A. 2004, Izbrannyye trudy: geofizika i fizika vzryva [Selected works: Geophysics and physics of explosion]. Moscow, 440 p.

17. Potapov A. A. 2005, Fraktaly v radiofizike i radiolokatsii: topologiya vyborki [Fractals in Radiophysics and radiolocation: topology of sample.
Moscow, 848 p.

18. Sobol’ I. M. 1978, Metod Monte-Karlo [The Monte-Carlo method]. Moscow, 64 p.

The article was received on November 12, 2017

Natbiwes 0. T., Kazak 0. 0. TpeHp-aHan13 cBOMNCTB MOPOAHOro MaccMBa Ha 0CHOBE GpaKTanbHOro npeacTasnedns 83
MpOCTPaHCTBEeHHbIX psanos // M3sectus YITY. 2018. Boin. 2(50). C. 79-84. DOI10.21440/2307-2091-2018-2-79-84



TEXHWYECKHWE HAYKU O. G. Latyshev, O. O. Kazak / News of the Ural State Mining University 2 (2018) 79-84

YOK 622.278 DOI10.21440/2307-2091-2018-2-79-84

TpeHA-aHaAn3 CBOMCTB MOPOAHOIO MAacCMBA HA OCHOBE (PPAaKTAALHOIO
MPEACTaBAEHMSI MPOCTPAHCTBEHHLIX PSIAOB

Oner MeoprneBuy JlatbilweB., Ypanbckuii rocyaapCTBEHHbIN FOPHbIN YHUBEPCUTET
gtf.shs@ursmu.ru Poccus, EkatepuHOypr

Onbra OneroeHa Kasak
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OLeHKa XapaKkTePUCTUK MOPOAHOTO MACCHBA SIBASIETCSI OCHOBOW MPOEKTUPOBAHMSI TEXHOAOTMM Pa3pabOTKM MECTOPOYKAEHMI MOAE3HBIX UCKOMAEMBIX, YTO
CBMAETEALCTBYET 00 AKTYAALHOCTH Pa6oTLI.

LleAbto paboTbl SIBASIETCSI YCTAHOBAEHME 3aKOHOMEPHOCTEN MPOCTPAHCTBEHHOTO PACTIPEAEAEHMsI CBOVCTB MOPOAHOIO MAaccMBa. AAsl MX YCTAHOBAEHMSI
TpebyeTcsl peleHne CAEAYIOWMX 3aAa4: ONPEAEAEHME BEPOSITHOCTM HAAMUYMSI TPEHAQ; BLISIBAEHME U MCKAIOYEHUE BLIGPOCOB (AOKAALHOV COCTABASIIOWLEN);
MOCTPOEHNE AMHUM TPEHAA.

MeToAorOorMaA MCCAEAOBAHMI 3aKAIOYAETCSl B MCTMOAL30OBAHUM MHCTPYMEHTapusl (PPAKTAALHOW T€OMETPUM AAsl OMPEAEAEHUs] CBOWCTB CAyYallHOro
MPOCTPAHCTBEHHOTO psiAd. [pMMeHeHue annapara KAACCUYeCKOro TPEHA-aHaAM3a, OCHOBAHHOTO Ha YMCTO CTaTUCTUHYECKOM aHaAM3e, MPUMEHMUTEALHO K
creunuKke AAHHLIX MICCAEAOBAHUI HE AQeT AAEKBATHOTO PELleHMsT YKa3aHHDIX 3aAad.

PesyabTaTol M mx npumeHenme. B paborte 0OCY)KAAIOTCSI PE3YALTAThl PEAAM3ALMM (PPAKTAALHOTO TMPEACTABAEHUsI MPOCTPAHCTBEHHLIX PSIAOB HA
NMPUMEPE PACTPEAEAEHMs] MPOYHOCTM MOPOAHOTO MaccuBa tO6uAelHOro mectoposkaeHmst (bawkopToctaH). KoAMYecTBEHHAsI OLEHKA AVHUM TPEHAA
Kak (PPAKTAALHOrO OOLEKTA 3AKAIOYAETCSl B OMPEAEAEHUM €€ (PPAKTAALHOM PA3MEPHOCTM METOAOM «(PPAKTAALHLIX AAMH». [lowaroBasi peaamsaumsi
METOAA MO3BOAMAA BLISIBUTL YYACTKM MOPOAHOTO MACCMBA C 3AKOHOMEPHOM M3MEHUYMBOCTLIO CBOVCTB MO TAyOMHE. Bapuaumst 3Ha4eHmin psiaa (CAydaiHast
COCTaBASIIOILAST) TOAYMHSIETCS YPABHEHMIO (PPAKTAABLHOIO GPOYHOBCKOrO ABMYKeHUs ((PBA). OnpeAeAeH e NapameTpoB STOrO YPaBHEHMsI AAET BO3MOXKHOCTb
MPOrHO3MPOBATh XaPAKTEPUCTVKM MOPOAHOTO MACCMBA HA TEX YHACTKAX, FA€ MH)KEHEPHO-TEOAOTMYECKOTO ONPOOOBaHMSI HE MPOBOAMAOCL. AAsl STOTO
paspaboTtaHa CTaTUCTMYECKasi MOAEAb U3MEHUYMBOCTM XapAKTEPUCTMK MACCMBA, OCHOBAHHAsl HA meToae MoHTe-Kapao. Peaansaunisi MOAEAM MO3BOAsIET
AOTIOAHSITh MPOCTPAHCTBEHHDIE PSIALI (TMPXKMPOBATL BLIGOPKY), T. €. MPOrHO3MPOBATh CBOMCTBA MACCHBA MEXKAY TOHKaMyM OMPOOOBaHMsI.

BbiBoAbl. COBOKYMHOCTb MPEAAOYKEHHBIX METOAOB U KOMILIOTEPHLIX MPOrpamMmm (DOPMUPYET METOAMKY (DPAKTAALHOTO aHaAM3a WM3MEHYMBOCTM
XaPAKTEPUCTMK MOPOAHOTO MAcCMBA MO TAYOMHE U MPOCTUPAHMIO MECTOPOXKAEHMSI. METOAMKA AAET AOTIOAHUTEABLHYIO MH(DOPMALIMIO MPYU MHXKEHEPHO-
rEOAOrMHYECKMX MCCAEAOBAHMSIX MECTOPOXKAEHUM, OCOBEHHO MPY OrPAHNYEHHOM OObLEME BLIGOPOYHBIX AAHHDLIX, M MO3BOASIET MOBLICUTL HAAEXKHOCTD
MPOrHO3a rOPHOTEXHUYECKMX YCAOBUIM CTPOUTEALCTBA WAXT U AOOLIYM MOAE3HBIX MCKOMAEMDIX.

KaroueBble croBa: ropHbIe MOPOALI; MPOYHOCTL MOPOAHOTO MACCMBA; (PpPaKTaAbHLI TPEHA-aHAAMS.
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