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ABSTRACT

Purpose. The objective of this study is to demonstrate a method to select the optimal slope angle related to three
principal factors: safety, productivity and mining costs. Also, it aims to investigate the accuracy of numerical analy-
sis using different element types and order.

Methods. Series of two-dimensional elasto-plastic finite-element models has been constructed at various slope
angles (e.g. 40°, 45°, 50°, 55°, 60°, 65°, and 70°) and different element types (e.g. 3-noded triangle (73), 6-noded
triangle (7%), 4-noded quadrilateral (Q4) and 8-noded quadrilateral (Qs).The results are presented, discussed and com-
pared at various slope angles and element types in terms of critical strength reduction factor (CSRF) or its equivalent
factor of safety (FOS), total rock slope displacement, mine production and mining costs.

Findings. The results reveal that, the mine productivity increases as slope angle increases, however, slope stability
deteriorates. Alternatively, the factor of safety (FOS) decreases as slope angle becomes steeper (e.g. minimum factor
of safety is obtained at highest steep angle of 70°). Despite of the increasing in computation time, the analysis shows
that, the accuracy of the modelling increases when adopting high-order element types (e.g. 8-noded quadrilateral and
6-noded triangle elements).

Originality. This study provides a methodology for the application of the numerical modelling methods on open pit
mine. As a result, the mine planners will be able to know ahead of time the optimal slope angle with respect to safety,
production and mining costs.

Practical implications. This study sheds light on the usefulness of adopting numerical modelling analysis in the
feasibility studies to determine and compare mining costs against safety and slope angle.

Keywords: slope stability, open pit mine, critical strength reduction factor (CSRF), open pit excavation sequence,

finite-element method (FEM), numerical modelling, strength criterion

1. INTRODUCTION

Safety and productivity are the keys for the success of
open pit mine extraction. The stripping ratio should be
minimized to decrease the overall mining costs. Slope
instability is expensive and usually has negative impacts
on the mine profitability (Kumar & Parkash, 2015).
Therefore, it is imperative to design slope angle that
maintains open pit compete. Stability of open pit is
governed by the slope geometry (e.g. height and slope
angle), presence of ground water and characteristics of
rock mass (e.g. quality, strength, presence of geological
features such as joints, faults, etc.).

Geological features determine the pattern of slope
failure and its mechanism (e.g., planar, wedge, toppling
and/or circular failure) (Hoek & Bray, 1981; Bye & Bell,
2001; Hossain, 2011; Marndi, 2011; Fleurisson & Co-

jean, 2014; Kumar & Parkash, 2015). However, these
factors are always unique to a particular site, therefore, it
is difficult to generalize the slope angle for all open pit
mines (e.g. due to the heterogeneity/variability of rock
mass properties) (Jaeger, 1971; Goodman, 1989; Wyllie
& Mah, 2004; Li, Merifield, & Lyamin, 2011).

Open pit mine may extend to hundreds of meters (e.g.
South Africa Sandsloot is; located at an elevation of
1100 m, the largest open pit mining platinum in the
world, about 1500 m long, 800 m wide and projected
depth of 325 m). Consequently, millions of dollars may
be lost if inappropriate overall slope angle is designed.
Slope angle affects the stripping ratio (e.g. ratio of ton-
nage or volume of overburden to be removed-to-tonnage
or volume of ore to be extracted) and hence, overall mine
profitability (Bye & Bell, 2001; Marndi, 2011). Alterna-
tively, the higher the stripping ratio, the more expensive
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mining and the less profit is then earned. Reducing of the
stripping ratio (e.g., less waste rock to be removed) re-
quires keeping the ultimate slope angle as steep as possi-
ble (e.g., increase ore recovery). But, the steeper slope
angle the more instability issues are encountered. Thus,
the successful design of open pit slope has to combine
stability, productivity and mining costs altogether.

Accurate information is required about geology, site
characteristics (e.g. slope geometry, rock mass proper-
ties, ground water conditions and associated discontinui-
ties, etc.). The final design of optimal slope angle of open
pit is controlled not only by ore grade distribution and
operational cost, but also by the overall rock mass pro-
perties. So, it is recommended that, the potential for
failure should be incorporated into the ultimate open pit
design. Thus, it helps, in advance, to know temporally
(e.g., when) and spatially (e.g., where) actions have to be
taken (Brahma, 2009).

2. METHOD OF ANALYSIS

Several methods have been existed to assess open pit
slope stability such as method of limit equilibrium, ana-
lytical and numerical modelling methods. The limit equi-
librium method (LEM) is widely used to estimate the
FOS. Such method assumes the shape, location of failure
and horizontal forces act upon the sides of the slides and
their directions. It is developed and analyzed based on
the actual case histories (Ching & Fredlund, 1983;
Krahn, 2003; Singh, 2006; Krahn, 2007; Chatterjee &
Elkadi, 2012; Berisavljevi¢, Berisavljevi¢, Cebasek, &
Raki¢, 2015). The FOS is estimated as per Equation (1):

T

Fs=-L, (1)
Tm

where:

77— the actual shear strength of rock mass;

77— the mean shear stress on the assumed surface of
failure mobilized to maintain body in equilibrium.

As introduced in Equation (1), the FOS is defined as
the ratio of rock shear strength at failure to the mobilized
shear stress on the surface of failure. LEM has shortcom-
ings such as it does not consider the stress-strain behaviour
of rock mass when estimating the FOS. In addition, it uses
trial and errors to estimate the pattern of critical slip sur-
face (Roosta, Sadaghiani, & Pak, 2005; Hamade, 2013;
Berisavljevi¢, Berisavljevié¢, Cebasek, & Raki¢, 2015). For
more details about LEM, the reader is directed to work of
Morgenstern & Price (1967) and Fredlund & Krahn (1977).

Numerical methods (e.g., finite-element methods
(FEMs), finite-difference methods (FDMs) and/or dis-
crete-element methods (DEMs)) are powerful tools, (e.g.,
they efficiently handle complex mine geometry), which
provide an approximate solutions to the boundary value
problems for partial differential equations (Hammabh,
Yacoub, & Corkum, 2005; Maleki, Mahyar, & Mesh-
kabadi, 2011; Soren, Budi, & Sen 2014; Berisavljevic,
Berisavljevi¢, Cebasek, & Raki¢, 2015). They satisfy all
requirements that have to be met for a complete solution to
slope stability problems. The behaviour of the material can
be modelled with various constitutive equations and nu-
merical simulation techniques, e.g. perfect elasto-plastic
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analysis with Mohr-Coulomb failure criterion, creep de-
formation with Burger’s model and jointed rock mass with
interface elements (Brinkgreve & Bakker, 1991; Potts &
Zdravkovic, 1999). Also, hybrid techniques have widely
become acceptable in the assessment of rock slopes. These
tools combine LEM and FEMs ground water flow and
stress analysis (GEO-SLOPE...,2010; Marndi, 2011;
RocScience..., 2011). This study does not represent a real
case study. But, it uses representative geological properties
(e.g. they are obtained from Jiang & Cao, 2013) and
general open pit mine geological features. Also, it is con-
ducted to demonstrate a method to demonstrate an optimal
slope angle while maintaining FOS, maximize mine
productivity and minimize mining costs. For such purpose,
series of models have been built using Rock-Science, RS?P
(RocScience..., 2016), finite-element code at various slope
angles and different element types. The slope stability is
evaluated using CSRF or its equivalent FOS, maximum
shear strain and total displacement. The following section
briefly presents the different element types and their orders
that are adopted in this study.

3. ELEMENT TYPES/ORDERS

When modelling a structure/orebody, its geometry is
discretized into small pieces known as “elements”. Such
elements could be one-, two- or three-dimensional.
Alternatively, there are three types of elements namely:
line, surface/area and solid/volume elements. Each ele-
ment is connected to another through the nodes using
shape function. The latter, shape function, defines the
distribution of the displacement across the elements and
it varies according to element type and order. The
demonstration of the shape function for each element
type and its mathematical formula is beyond the objec-
tive of this study. In this study, two-dimensional triangu-
lar and quadrilateral element types with different orders,
as depicted in Figure 1, have been adopted to investigate
their influence on the accuracy of the numerical results.
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Figure 1. The geometry, type and order of the two-
dimensional finite-elements employed in this analy-
sis: (a) 3-node triangular element; (b) 4-node quad-
rilateral element; (c) 6-node triangular element;
(d) 8-node quadrilateral element (Norton, 2006;
Boeraeve, 2010; Neupane, 2014)
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4. NUMERICAL MODELLING ANALYSIS

In this analysis, Mohr-Coulomb yielding-based crite-
rion has been adopted using rock-soil, RS?P, software
(RocScience..., 2016). Table 1 lists the geomechanical
properties of rock mass which are used as model input
parameters (Jiang & Cao, 2013). Modelling set up and
boundary conditions are presented in section 4.1. The
results of numerical modelling analysis are introduced
and discussed in section 5. The stability of rock slope is
evaluated in terms of CSRF or its equivalent FOS,
maximum shear strain and total displacement. Then, ore
productivity and its corresponding extraction costs at
various slope angles have been estimated, presented and
discussed in section 5.4.

Table 1. Geomechanical properties of open pit rock mass used
in the analysis (Jiang & Cao, 2013)

Hanging wall Orebody Footwall
Rock mass property (Meta- (Copper-  (Green-
sediment) nickel) stone)
Density, MN/m?3 0.0261 0.0251 0.0273
UCS, MPa 73.4 40.3 93.0
E, GPa 44.7 57.0 61.2
Poisson’s ratio, v 0.17 0.20 0.19
Cohesion, C, MPa 0.757 0.257 0.245
:te‘if[‘f,z strength, 7.34 4.03 9.30
Friction angle, ¢, deg 49 50 48
Dilation angle, 7, deg 0 0 0

4.1 Modelling set up

Figure 2a — d depicts the geometry and boundary con-
ditions of the reference model at overall slope angle of 70°
and several element types of different orders. The dimen-
sions of the model are 300 x 120 m (e.g. width X height).
The orebody comprises of Copper-nickel and the host
rock mass consists of Greenstone (e.g. footwall) and
Metasediment (e.g. hanging wall). The bottom of the
model is fixed in both X- & Y-directions, while the verti-
cal boundaries are fixed only in X-direction. The upper
boundary (e.g., ground surface) of the model is simulated
as free surface.

5. RESULTS AND DISCUSSION

As stated before, series of two-dimensional elasto-
plastic finite-elements models have been developed at
various ultimate slope angles (e.g. 40°, 45°, 50°, 55°,
60°, 65° and 70°) and different element types/order to
examine their effect on the slope stability of open pit
mine, the amounts of ore to be extracted and the corre-
sponding mining costs. Moreover, several element types
of different orders have been employed to investigate
their influence on the accuracy of numerical results. The
numerical modelling results of open pit at overall slope
angle of 70° are presented, discussed and compared at
different element types/orders in terms of CSRF or its
equivalent FOS, maximum shear strain and total dis-
placement of rock slope.
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5.1 Critical strength reduction factor (CSRF)

CSREF refers to the value by which strength properties
of rock mass (e.g., cohesion & friction angle) have to be
reduced to reach failure. Mathematically SRF is
expressed as follows, Equation (2):

tangp C

SRF = -,
tangy Gy

2

where:

SRF — strength reduction factor, which is used to
define the value of rock mass strength parameters at a
given stage of the analysis;

C and ¢ —the soil/rock mass shear strength input
values/parameters;

Cr and ¢,— the soil/rock mass shear strength reduced
or mobilized values used in the analysis.

It is worthy to mention that, SRF is set to 1.0 at the
beginning of calculations (e.g., rock mass strength
properties are set to their input values, cohesion & fric-
tion angle). While in case of failure the SRF, which is
defined by Equation (2), corresponds to the FOS afore-
mentioned in Equation (1). Figure 3a—d shows the
CSRF for rock slope of open pit mine at overall slope
angle of 70° and different element types. The CSRF
varies according to element type/order for the same
slope angle. For instance, the highest CSRF (e.g.
CSRF = 3.40) is obtained when using 4-noded quadri-
lateral element (e.g. Os); whereas, the least CSRF (e.g.
CSRF =1.60) is obtained with 8-noded quadrilateral
element (e.g. Os).

The CSREF or its equivalent FOS at different element
types and various slope angles, is shown in Figure 4.
Table 2 lists the values of CSRF or its equivalent FOS
and maximum shear strain at different slope angles.

—&— CSRF 3 Noded triangl es element (73)
—@— CSRF 4 Noded quadr ilateral element (Q4)
== -- CSRF_6 Noded triangl es element (7s)
—6— CSRF_8 Noded quadr ilateral element (Qs)

[ T N Y Y
o U o n o W
L

equivalent factor of safety (FOS)

N
W

Critical strength reduction factor (CSRF) or its

50 55 60 65 70

Overall slope angle, degrees

45

Figure 4. CSRF at various open pit slope angles and different
element types

As illustrated in Figure 4, the FOS decreases as slope
angle becomes steeper. Alternatively, the minimum fac-
tor of safety is obtained at highest steep angle (e.g. 70°)
for all element types/order.
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Figure 2. Boundary conditions of the reference model at slope angle of 70° and different element types/order: (a) 3-noded trian-
gle element; (b) 6-noded triangle element; (c) 4-noded quadrilateral element; (d) 8-noded quadrilateral element
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Figure 3. Maximum shear strain at slope angle of 70°: (a) 4-noded quadrilateral element (Q4); (b) 3-noded triangle element (T3);
(c¢) 6-noded triangle element (Ts); (d) 8-noded quadrilateral element (Qs)

Table 2. Strength reduction factor and factor of safety and shear strain at various slope angles and different element types

Overall slope CSRF or FOS Maximum shear strain

angle, (a), deg. T3 Ts Os Os T3 Ts Os s
40 5.40 4.12 6.45 4.08 0.000967  0.0001030 0.001310  0.0001900
45 5.20 3.76 6.39 3.72 0.000432  0.0000803 0.000891  0.0000998
50 3.72 2.85 4.64 2.86 0.000486  0.0001290 0.001270  0.0001430
55 3.15 2.23 3.98 2.23 0.001370  0.0001480 0.002550  0.0001480
60 2.60 1.86 3.52 1.80 0.001220  0.0001800 0.001610  0.0002330
65 2.55 1.70 3.18 1.70 0.001700  0.0001750  0.001450  0.0002090
70 2.17 1.64 3.40 1.60 0.000904  0.0001600 0.002980 0.0001940
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5.2 Maximum shear strain

Figure 5 displays the maximum shear strain at various
overall slope angles and different element types (e.g. also
see Table 2). It can be shown that, maximum shear strain
increases as overall slope angle increases and element
order decreases. Therefore, the more stable slope is
found at small overall slope angle (e.g. 40°) and high-
order element types (e.g., Ts and Qs).

0.0035 1 ——— Max shear strain_3 Noded triangles element (73)

——@— Max shear strain_4 Noded quadrilateral element (Q4)
0.0030 A

===~ Max shear strain _6 Noded triangles element (76)

——6— Max shear strain_8 Noded quadrilateral element (Os)
0.0025 4

0.0020

Maximum shear strain

55 60 65 70

50

Overall slope angle, degrees

Figure 5. Maximum shear strain at various slope angles and
different element types/order

5.3. Total rock slope displacement

Displacement may be adopted as an indicator to
measure the movement/deformation of the rock mass.
The slope stability deteriorates as rock mass deformation
increases. Figure 6 illustrates the total displacement oc-
curs at various ultimate slope angles and different ele-
ment types/order.

& Total displacement_3 Noded triangles dement (13)
——— Total displacement_4 Noded quadrihteral element (Q4)

0.18 7

0.16 1

==4=-Total displacement_6 Noded trimgles element (T6)
=8 Total displacement_8 Noded quadrihteral element (Q8)

0.14 1

0.12 4

Total displacement, m

— S
50 55

e g 2
60

Overall slope angle, degrees

Figure 6. Total displacement occurs at various slope angles
and different element types

The results show that, the rock slope displacement
increases as slope angle increases and element
types/order decreases. The total displacements, at over-
all slope angle of 70°, are 0.175, 0.0448, 0.0067 and
0.0006 m when adopting element types/order 4-noded,
3-noded, 6-noded and 8-noded respectively. Table 3 lists
the total displacements obtained at various slope angles
and different element types/order. Figure 6 depicts the
total displacements against the ultimate slope angles for
each element type.
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Table 3. Total displacement at different slope angles and
various element types

Overall slope Total displacement, m

angle, (o), deg. T Te O4 Os
40 0.0226  0.001000 0.0472 0.000700
45 0.0185 0.001010  0.0482  0.000605
50 0.0206  0.001010  0.0826  0.001020
55 0.0663 0.001080  0.1350  0.001090
60 0.0537  0.000955  0.1060  0.000850
65 0.0982  0.000736  0.1190  0.000727
70 0.0407 0.000664  0.1570  0.000594

5.4. Tonnage of extracted ore and mining costs

The tonnage of ore to be extracted and its associated
mining cost are estimated at different slope angles. It is
noteworthy to mention that, the mining costs should
include both cost of overburden removal and cost of ore
extraction. Generally, the cost of overburden removal
decreases as slope angle increases and vice versa.
However, when slope angle becomes steep, the slope
stability deteriorates (e.g. factor of safety decreases).

Alternatively, low slope angles result in higher factor
of safety, but larger costs than steep slope angles. In this
study, for simplicity, only the cost of ore extraction is
considered (e.g. cost of removal of overburden is not
taken into account in addition to costs of machines,
transportation, mine operators, blasting and explosive,
drilling, milling, concentration, storage, etc.). Figure 7a — g
gives the dimensions of expected ore to be extracted at
various slope angles.

The analysis shows that, the expected amount of ore
to be mined out is directly proportional to slope angle.
The highest tonnage of ore will be obtained at slope
angle of 70° (e.g. about 0.02560451 million tons and its
extraction cost is about M$ 0.05863). The calculation
methodology dimensions and boundaries of amounts ore
to be extracted at different slope angles and their corre-
sponding operating costs are given at the end of this
manuscript (Table 4, Appendix A). Also, Figure 8 de-
picts the estimated total tonnages of excavated ore and
their corresponding costs at different rock slope angles. It
can be shown that, the ore productivity and its mining
cost increase as slope angle increases.

0.07 1
—o—Cost of excavation (M$ USD)

—4— Tonnage removed, million
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Figure 8. Expected amounts of ore to be extracted and their
extraction costs at various slope angles
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Figure 7. Dimensions of expected ore to be extracted at various slope angles: (a) 40°; (b) 45° (c) 50°; (d) 55° (e) 60°; (f) 65° (g) 70°

6. CONCLUSIONS

Stability of slope is the major concern in open pit
mines. Otherwise, slope instability leads to hazards to
personnel, machinery and loss of mine profitability. The
Overall slope angle has crucial impact on the stability of
open pit mine and therefore, its productivity. To maximize
the productivity of open pit, the ultimate slope angle
should be designed as steep as possible. However, the
FOS decreases as slope angle becomes steeper.

In this study, numerical modelling analysis has been
conducted to propose a methodology to select the opti-
mal slope angle based on three major factors namely:
safety, productivity and costs. Also, the study aims to
investigate the effect of different types/order on the accu-
racy of the modelling results. The results reveal that, as
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slope angle increases the stability of open pit deteriorates
(e.g. factor of safety decreases). Therefore, the better
stability is obtained at low slope angle. In addition to, the
expected total amount of ore to be excavated is increased
as slope angle becomes steep. Furthermore, the analysis
shows that, the mining cost increases as slope angle
increases. However, this cost does not include the cost of
removal of overburden, mine machinery, operators, dril-
ling, blasting, transportation, oil, milling and crushing,
etc. Generally, the cost of removal of overburden de-
creases as slope angle increases. Despite of the computa-
tion time, the results show that, the accuracy of the nu-
merical analysis increases when employing high order
element type (e.g. 8-noded quadrilateral and 6-noded
triangle elements).
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APPENDIX A

Table 4. Tonnage of ore to be excavated and its assumed corresponding mining costs™

Overall slope

Area of excavated blocks

angle, o Block 1 Block 2 Block 3 Block 4 Block 5

20 2% (05%19%x20)+ 2% (0.5 19 x20) + — — —
+(102x20)=2420 -+ (44 x 20) = 1260

45 2% (0.5%15%20)+ 2% (0.5x 15 x20) + B B B
+ (110 x 20)=2500  + (61 x 20) = 1520

s 2% (0.5x10%x20)+ 2x(0.5%x10x20)+ 2% (0.5 % 10 x 20) + B B
+(120 X 20)=2600  +(79 x20)=1780  + (38 x 20) =960

55 2x(05x6%20)+  2x(05x6%x20)+  2x(0.5x6x20)+  2x(0.5%6x20)+ B
+(128 x 20)=2680  +(95x20)=2020  +(62x20)=1360 -+ (30 x 20) = 720

0 2x(05x4%x20)+  2x(0.5x4x20)+  2x(05x4x20)+  2x(0.5x4x20)+ 2% (0.5x4x20)+
+(132%20)=2720  +(106 % 20)=2200  +(79x 20)= 1660  +(52x20)=1120 -+ (24 x 20) = 560

6 2x(05%1x20)+  2x(0.5x1x20)+  2x(0.5x1x20)+  2x(0.5x1%x20)+  2x(0.5%1x20)+
+(138x20)=2780  +(115x20)=2320  +(92x20)=1860  +(69x20)=1400 -+ (47 x 20) =960

o 2%(0.5%0.71 x20)+ 2x(0.5%0.71 x20)+ 2% (0.5%0.71 x20)+ 2 x (0.5 0.71 x 20)+ 2 x (0.5 x 0.71 x 20) +

+(138.58 x 20)=2785.8

+(121.92 x 20)=2452.6

+ (102 x 20) = 2054.20

+ (82 x20) =1654.20

+ (62 x 20) =1254.20

Continuation of Table 4

Ovjrréllle,s};)pe Total area, m? Excavated depth, m Volume, m? Exca;lzzdxt;rtmage M$ USDC(%S;.29/t0n)
-6 —

40 3680 40 3680 3680 x 2.51 = 9236.8 93\6/['? 3322191 s llngf

45 4020 40 4020 4020 x 2.51 = 10090.2 10:0?\23!;20%22'3219 f&gg -

50 5340 60 5340 5340 x 2.51 = 13403.4 13101\34'3 3.35%97 Els(l); -

55 6780 80 6780 6780 x 2.51 = 17017.8 17:0;;3!;80%23599;[}3; -

60 8260 100 8260 8260 x 2.51 = 20732.6 201354'; 8.342795 Els(l); -

65 9320 100 9320 9320 x 2.51 = 23393.2 233 91\3/[32; 3352396 Els?; -

70 10201 100 10201 10201 x 2.51 = 25604.51 2520&21()35282693 Eg -

*Some assumptions have been made:
— cost of extraction of 1-ton of ore is assumed to equal $2.29 USD;

— as 2D-analysis has been conducted, thus, the projected length of open pit in the third dimension is taken as unity;
— other mining costs such as hauling, hoisting, crushing, labour, supporting and upgrading are not considered here;
The costs may be changed according to market prices and ore type and therefore, net profit of ore can be practically estimated.
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OIIIHKA CTIMKOCTI BOPTY KAP’EPA ITPH PI3HUX
KYTAX MOI'O HAXWJTY 3 BAKOPUCTAHHAM
EJIEMEHTIB AHAJII3Y PI3HOI'O THITY

B.P. A6agennax, M.M. Be6nasi, M.T. Moxamez

Meta. Po3poOka MeTouku Ajst Mia0opy ONTUMAaIbHOTO KyTa HaXuiry 0opTa Kap’epy 3 BUAOOYTKY MiJHO-HIKEIEBUX
PYZ 3 ypaxyBaHHSAM TPbOX T'OJIOBHHX YMHHHKIB: Oe3leKa, NPOLYKTUBHICTb Ta BUTPATH, a TAKOX IepeBipka TOYHOCTI
YHCETHHOTO aHANI3Y IPH BUKOPUCTAHHI €JIEMEHTIB Pi3HOTO THUITY i MOPSIKY.

MeTtoaunka. [ToOynoBaHo cepii IBOBUMIpHHX IPY>KHO-IIACTUYHUX KiHIIEBO-eneMeHTHUX moneneit (KEM) mis piz-
HUX KyTIB Haxuiy Oopta kap’epy (Hampukmazn, 40°, 45°, 50°, 55°, 60°, 65° i 70°) Ta 3 ejeMeHTaMH PI3HOIO THUILY
(3-By3noBuii TpuKyTHUK (73), 6-By3m0oBHUil TpUKyTHUK (7T5), 4-By310BUi YOTUPUKYTHUK ((O4) 1 8-By3IOBUI YOTHPUKYT-
HUK ((s)). UncenbHe MOJIGIIOBaHHSI BUKOHAHO Y mporpaMHoMy npoaykTti Rock and Soil 2-Dimensional Analysis Pro-
gram. B sikocTi kpuTepito pyitHyBaHHsI NpUitHATO KpuTepiit minHocti Kynona-Mopa.

PesyabTaTn. JlocmipkeHHS MMOKa3ald, MO MPOAYKTHBHICTh IIAXTH 3pOCTaE 3i 30UIbIICHHSIM KyTa Haxwiy OopTa
Kap’€epy; OJHAK NPHU I[bOMY 3MEHIIYETHCS HOTO CTIHKICTh, 1 HAaBINAKH, YMM KpYyTillle KyT Haxuiy OOpTa, TUM MEHIIEe
koediienT Oe3nexku. Tak, MiHIMaIbHOMY 3Ha4Y€HHIO KoedilieHTa Oe3neKH BiJIoBijae HalOLIbIIMK KyT Haxwiny 70°.
HesBaxkaroun Ha OinbII TpUBaIi OOYHCIIEHHS, aHAJ3 TIOKa3aB, 10 TOYHICTh MOICIIOBAHHS 3POCTA€E IIPH BUKOPHUCTAHHI
€JIEMEHTIB BUCOKOTO TOPSAKY (8-By3JI0BOT0 YOTUPUKYTHHKA 1 6-BY3JI0BOTO TPUKYTHHKA).

HaykoBa HoBm3Ha. P03p0o0seHO HOBHH METOIWYHHMN MiAXiJ AJsl 3aCTOCYBaHHS YHCEIBHOTO MOJENIOBAHHS IS
OLIIHKH CTIMKOCTI OOPTIB Kap’€piB 3 TOUKH 30py MPAaHUYHOrO KOe(illieHTa 3HWKEHHS MIITHOCTI a00 HOr0 eKBiBaJIEHTHO-
ro KoedimieHTa Oe3MeKH, 3aralbHOTO 3CyBY CXMIIIB, IPOAYKTHBHOCTI Ta BUTPAT Ha BUIOOYTOK.

IpakTnyna 3HaunMicTh. JlocmipkeHHS NOBOISTH €(EKTUBHICTh 3aCTOCYBAHHS YHCEIHLHOTO MOJICIIOBAHHS IS
BU3HAUECHHS TOUIBHOCTI BUTPAT IPH PI3HUX KyTaxX Haxuity OopTa st 3abe3nedeHHs Oesnexu podit. B pedynbrari iioro
3aCTOCYBaHHS NMPOEKTYBAJIBHUKH Kap’ €piB 3MOXKYTb 3a3J1aJIeTilb CINIAHYBAaTH ONTHMAIBHUHA KyT HAXHITy O0pTa 3 ypaxy-
BaHHSIM O€3MeKH, ITPOTyKTUBHOCTI 1 BUTpAT.

Knrouoei cnoea: cmitikicmo 60opmy, kap’ep, epanuunuil koeiyicum 3uudicenus miynocmi (I'K3M), memoo cxinuen-
nux enemenmis (MCE), uucenvhe moOentosants, Kpumepii MiyHoCmi
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OLIEHKA YCTOMYUBOCTHU BOPTA KAPHEPA ITPU PA3JIUYHBIX
YI'JIAX EI'O HAKJIOHA C UCIIOJIb30BAHUEM
SJIEMEHTOB AHAJIM3A PAZHOI'O THUITA

B.P. A6gemnax, M.M. be6nasu, M.T. Moxamen

Hean. Pazpaborka MeTtomuku Juiss nmoadopa ONTHUMAalbHOIO Yria HakjIoOHa Oopra Kapbepa Mo J00blYe MEeIHO-
HHKEJIEBBIX PYJ] C yYETOM TpeX IJIaBHBIX (haKTOPOB: OE30MaCHOCTh, IPOU3BOIUTEIBHOCTD U 3aTPATHI, & TAKXKE MPOBEPKa
TOYHOCTHU YUCJICHHOT'O aHaJIn3a IIpHU UCIIOJIb30BAHUH 3JIEMECHTOB PA3JIMYHOIO THIIA U TOPA KA.

MeTtoauka. ITocTpoeHbI cepun JBYMEPHBIX YIPYToIIACTHYECKUX KOHEYHO-JIeMEeHTHBIX Mozeinel (KOM) s pas-
HBIX YIJIOB HakJIoHa OopTa Kapwepa (Hampumep, 40°, 45°, 50°, 55°, 60°, 65° u 70°) u ¢ sIeMEHTaMH Pa3HOTO THIIA
(3-y3moBoii TpeyronpHUK (713), 6-y310B0i TpeyronbHUK (7¢), 4-y31M0BON YeThIpeXyToNbHUK ((4) U 8-y3II0BOH YETHIpEX-
yronsHUK ((s)). UnciieHHOE MOJETUpOBaHHE BHIONHEHO B mporpamMmHOM Tmponykre Rock and Soil 2-Dimensional
Analysis Program. B xauecTBe kputepus pa3pymieHus IpUHAIT KpuTepuid npounoctu Kynona-Mopa.

PesyabTarsl. MccinenoBanust mokasaiay, 4TO NMPOM3BOAMTEIBHOCT IIAXTHI PACTET C YBEIMYEHHEM YIa HAKIOHA
6opTa Kapsepa, OHAKO IIPU ITOM YMEHBIIAETCS €r0 yCTOHYUBOCTh, U HA0OOPOT, UM Kpyde Yrosl HaKJIoOHa OopTa, TeM
MeHblIe ko3hdunueHt 6e3onacHocTu. Tak, MUHUMAILHOMY 3HaueHHI0 Kod(duineHTa 6€30MacHOCTH COOTBETCTBYET
cambIii OonbiIoN yron HakiaoHa 70°. HecMoTps Ha Oosiee ATUTEIbHBIC BBIYMCICHHS, aHAIN3 MOKA3al, YTO TOYHOCTh
MOJICJIMPOBAHUSI BO3PACTAET IPU HCIOJIb30BAaHUU SJIEMEHTOB BBICOKOTO MOpsKa (8-y3J0BOr0 YETHIPEXYroJbHUKA U
6-y3JI0BOTO TPEYTOJIbHHKA).

Hayunas HoBmu3Ha. Pa3paboTaH HOBBIM METOAMYECKHUH ITOIXO[ Ul NPHUMEHEHUS! YUCIEHHOTO MOJEIUPOBAHUS JUIS
OLICHKH YCTOWYMBOCTH OOPTOB KaphepoB C TOYKH 3PEHHS IPENEILHOr0 KO QUIMEHTa CHIKEHHS MPOYHOCTH WM €ro
SKBHBAJICHTHOTO KO3(h(hHrIreHTa 6e30I1acHOCTH, OOIEro CMEIIEHHS CKIIOHOB, TPOM3BOUTEIHHOCTH 1 3aTpaT Ha JOObITY.

IpakTHyeckasi 3HAYUMOCTb. VccrenoBanus 10Ka3bIBalOT 3(P(PEKTUBHOCT NPUMEHEHUS YHCICHHOTO MOJIEIHPO-
BaHUS JUIA ONpEIeNICHHus IIeNIecO00Pa3HOCTH 3aTpaT Py Pa3IMIHBIX yIilaX HakIIoHa OopTa mis obecnedeHus Oe3omac-
HocTH paboT. B pesynbrare ero mpuMeHEHHs MPOEKTUPOBIIMKH IIAXT CMOTYT 3apaHee CIUIAHMPOBATh ONTHMAaJIbHBINA
yroJ HaKJIOHa 00pTa ¢ yueToM 0€30MacHOCTH, IPOU3BOIUTEIBHOCTH U 3aTpaT.

Knrwuesvie cnosa: ycmoiiuusocms 60pma, xkapvep, npedenvHuvlii kKodguyuenm cuuscenus npournocmu (IKCII),
Memoo Koneunwix dnemenmos (MKD), yucnennoe modenuposanue, Kpumepuii nNpoYHOCmu
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