https://doi.org/10.33271/nvngu/2020-2/024

1 — Natural Ressources and Planning Laboratory, Badji
Mokhtar University, Annaba, Algeria, e-mail: mohamed.
fredj@univ-bejaia.dz; abderrazak.saadoun@univ-bejaia.dz

2 — Mining and Geology Department, Abderrahmane Mira Uni-
versity, Bejaia, Algeria, e-mail: riadh.boukarm@univ-bejaia.dz

3 — Department of Earth Sciences, Sétif-1 University, Sétif,
Algeria, e-mail: hadji.rihab@univ-setif.dz

M. Fredj'2, Dr. Sc. (Tech.),
orcid.org/0000-0002-0560-4941,
A.Hafsaoui', Dr. Sc. (Tech.), Prof.,
orcid.org/0000-0002-1720-9527,
H. Riheb?, Dr. Sc. (Tech.), Prof.,
orcid.org/0000-0002-9632-0812,
R.Boukarm?, Dr. Sc. (Tech.),
orcid.org/0000-0002-9387-5812,
A.Saadoun'?, Dr. Sc. (Tech.),
orcid.org/0000-0001-7860-6107

BACK-ANALYSIS STUDY ON SLOPE INSTABILITY
IN AN OPEN PIT MINE (ALGERIA)

Purpose. To analyze the sliding from the geotechnical point of view and to identify the plausible causes that influence it.

Methodology. To analyze the sliding from the geotechnical point of view and to identify the plausible causes that influence it,
our study follows the following chronological order. Firstly, a feedback reconstructs the slip from the geotechnical point of view; a
back-analysis is required to confirm the surface failure. Next, a check will be made of the surface failure through the finite differ-
ence method and using the shear strength reduction by finite difference method (SSR-FD). A parametric study on the influence
of the geometric parameters is performed to see the influence of the latter on the stability. The plausible cause that has directly
influenced this sliding is shown.

Findings. This paper considers the application of three methods: limit equilibrium method (LEM), finite element method
(FEM) and finite difference method (FDM) to perform back analysis and find out the layer of slope failure in an open pit mine.

Originality. Three different approaches LEM, FEM and FDM were used to perform the back-analysis the rock mass properties
and to investigate the slope failure mechanism and the accuracy of this method in mining engineering field.

Practical value. This study has illustrated that non-compliance with the art, open pit mining standards and early planning of
the mining method can most often lead to critical situations and catastrophic results. The back analysis of the slip site allowed us
to reconstruct the break already observed and to draw maximum lessons on the mode, location and mechanical parameters that
triggered this break.
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Introduction. Study and analysis of slope stability are rou-
tinely performed in quarries and open pit mines. They are
found at the planning and slope design stages to ensure the
long-term stability of the mine, on the one hand, and, on the
other hand, to minimize the volume of waste rock to be exca-
vated [1].

The stability analyses of slopes (mines and quarries) re-
quire an understanding of the geology, hydrogeology, seismol-
ogy and geotechnics of the site in addition to knowledge of
analytical and numerical methods [2, 3]. In order to properly
use an analysis method, the degree of investigation done on
the site and the amount of data retrieved must be similar to the
complexity of the analysis method used [4, 5]. These analyses
are also carried out at the production stage when the slopes
show signs of instability or breakage [6]. At this stage, it is
common to perform analysis on events that have already oc-
curred. This is called a back-analysis of the slopes instability.

The back-analysis is a technique that allows reconstruct-
ing the failure already observed to draw maximum informa-
tion on the mode, location and mechanical parameters that
have triggered this failure. The geometry of the failure surface
represents a primordial and essential step to characterize a
natural or anthropogenic landslide [7—9]. In the area of slopes
and embankments, Sakurai work (2017) [10] is a reference in
the field. The back-analysis involves sensitivity analysis using
the limit equilibrium method by 2D slope stability software.
Sensitivity analysis is used to determine the material property
with the most significant influence on the stability of the
slope.

The concept of the back-analysis is to assume that a safety
factor equal to 1.0 characterizes the slope in the moment of
critical failure and to determine the parameters of the sliding
layer at the moment of this critical state.
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On September 8, 2007 at 5:00 a.m., a spectacular event oc-
curred in the phosphate open pit mine. It is a major landslide,
which had completely filled the pit. For this reason, the main
objective of this paper is to analyze the sliding from the geo-
technical point of view and to identify the plausible causes that
influenced it.

Analysis Methods. Limit Equilibrium Methods. Limit
equilibrium methods (LEMs) are mostly used for slope stabil-
ity studies. In this work, the software SLIDE 2D limit equilib-
rium analysis of slope stability by Rocscience is applied to per-
form back analysis and find out the material property of the
layer generating the movement.

Numerical Methods. With an important progress in com-
puter technology along with low cost, the application of nu-
merical methods (NMs) in slope stability analysis has become
progressively common. The NMs are a powerful tool for solv-
ing many engineering problems. The FEM and FDM are two
of these methods. In our work, this analysis is performed
through the software Phase2 finite element analysis for excava-
tion by Rocscience Inc., and FLAC (Fast Lagrangian Analysis
of Continua) by Itasca. In the FEM and FDM, the factors of
safety were obtained by technique of the Shear Strength Re-
duction (SSR). One main advantages of the SSR technique
over LEM slope stability analysis is the critical slide surface is
found automatically, and it is not necessary to specify the
shape of the slide surface in advance. In this SSR technique,
slope stability is defined using rock strength characteristics as
follows

C =—C; (1)

o= arctan[;*tan(pj, )

where C* and ¢~ are rock reduced strength characteristic, (cohe-
sion and friction angle) in proportion to the real values (C, ).
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Methods. To analyze the sliding occurring in the phos-
phate open pit mine from the geotechnical point of view and to
identify the plausible causes that influenced it, our study fol-
lows the following chronological order. Firstly, a feedback re-
constructs the slip from the geotechnical point of view; a back-
analysis is required to confirm the nature of the slip and the
location of the surface failure. Next, a check is made of the
surface failure through the finite difference method and using
the shear strength reduction by difference finite method (SSR-
FD). In addition, a parametric study on the influence of the
geometric parameters (bench height and dip angle) is per-
formed to see the influence of the latter on the stability. Fi-
nally, we show the plausible cause that has directly influenced
this sliding, namely the method of exploitation.

Project Background. Kef Essnoun mine is located on the
southern flank of Jebel EI-Onk (Northeast of Algeria), about
10 km Southwest of Bir El-Ater city. This deposit, which was
commissioned in 2001, was the heart of the mine in the years
preceding the landslide, with annual production exceeding
3.5 million tons for national and international markets.

On September 8, 2007 at 5:00 a.m., a spectacular event oc-
curred in the phosphate open pit mine. It was a major land-
slide, which had completely filled the pit (Fig. 1, ). Following
the landslide movement, the slipped mass covered an area of
almost 11 ha with an average thickness of about 75 m (30 m of
phosphate and 45 m of overlying terrain); the volume of the
slipped mass was estimated at 7.7 million m? [11].

Before sliding occurred, the pit was cut at 70 m depth and
had an overall face angle of 70° (Fig. 1, a), made up of two
benches of waste rock, the first of which extended over a length
of 1778 m with a height of 15 m (H = 15 m). The second had a
length of 2130 m and a height of 30 m (A = 30 m). For the
phosphate-producing layer the height of the bench was of the
order of 30 m (H = 30 m) with a length of 1536 m. All the
benches had a slope of 80° (o = 80°) [12].

Observation of the landslide area and Geotechnical model.
Based on the direct observations carried out on the landslide,
the North-South geological section of the landslide (Fig. 1, b)
and its structure, the documentation communicated and the
research work that has been done, the characteristics of the
failure surface can be described as follows:

1. The terrain affected by the movement consists mainly of
the exploited phosphate layer surmounted by overlays of marly
limestone.

2. The existence at the base of the phosphate layer of a
Pelitic and clay formation of the lower Thanetian represents a
weak resistance compared to the phosphate layer.

From the above, it follows that the sliding surface is locat-
ed at the level of the marl layer and that its shape follows the
topography thereof.

Fig. 2 represents the limit equilibrium model that inte-
grates the topographic and geological data used to carry out
the back analysis of sliding of the north flank of the Kef-Ess-
noun Mine.

The main geotechnical parameters of the rocks for the four
layers constituting the geological formation of the Kef-Ess-
noun deposit are presented in Table 1.

Reflection on the possible causes of the sliding. To under-
stand and analyze the sliding mechanism, one must take into
account several influencing factors such as: hydrological and
hydrogeological conditions, geometric parameters (slope
height and dip angle) and dynamic effects (blasting effects).

Hydrological and hydrogeological parameters play a major
role in the analysis of stability. Since the Jebel EI-Onk area is
considered an arid area. So the effect of these parameters had
no direct relation to the triggering of the movement.

In the Kef-Essnoun mine, vibrations can come from two
main sources. The first being the vibrations caused by earth-
quakes and the second being those caused by blasting. These
vibrations are an important destabilizing element to take into
account in stability analyses.
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Fig. 1. Geological section of the Kef Essnoun mine:
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Fig. 2. Limit equilibrium model used in the back analysis

Vibrations caused by an earthquake are rare, but can affect
the entire slope at the same time. According to the Algerian
seismic regulation RPA99/Version 2003, the Tebessa province
is located in seismic zone 1 in the seismic zoning map of the
national territory; therefore, the seismicity effect was weak and
had no relation to the landslide.

Explosive blasting is widely used in the Kef-Essnoun mine.
The vibrations created by the blasting of explosives have two
fields of action on the rock massifs. On the one hand, they af-
fect the integrity of the rocks or their parameters of resistance
to compression and, on the other hand, can cause a sliding of

Table 1
Geotechnical parameters of soils
Materials ues fa £ ¢ i hd
(MPa) | (kN/m%) | (kPa) | (kPa) ) )
1 58.84 27 27000 | 5400 37 7
2 49 21 24000 | 2300 35 5
3 9.58 23 1000 C* [0} 0
4 19.17 27 27000 | 3600 37 7
C*and ¢*: Unknown values (to be determined).

UCS: Unit compressive strength, y,: dry unit weight, v: Poisson’s
ratio, E£: Young’s modulus, C: cohesion, ¢: Internal friction angle, :
dilatancy

ISSN 2071-2227, E-ISSN 2223-2362, Naukovyi Visnyk Natsionalnoho Hirnychoho Universytetu, 2020, N 2 25



the slope when destabilizing actions are introduced. These vi-
brations are the result of the propagation of the shock wave in
the rock mass. In this context, production shots fired repeat-
edly can contribute to worsening the stability of the mine.

To check the influence of geometric parameters and felling
work on the sliding of our site a parametric study will be car-
ried out.

Results and Discussions. LEM Back Analysis. In this study,
the LEM and FDM methods were used to perform the back-
analysis of the rock mass properties and to investigate the slope
failure mechanism. Firstly, the shear strength parameters of
the marl layer were back-calculated using the 2D limit equilib-
rium analysis of slope stability and sensitivity analysis were
conducted. Then, incorporating the back analyzed parameters
of the marl layer; the slope failure mechanism was numerically
studied through FDM modelling.

Sensitivity analysis. Sensitivity analysis helps researchers
evaluate the impact of an individual unknown variable, as-
suming all other parameters of the slope are known. In this
analysis, one parameter varies and the other input parameters
are kept constant. A sensitivity analysis indicates which input
parameter may be essential to the assessment of slope stability
and which of these parameters has a lesser effect on instability.

During the sensitivity analysis, the cohesion and the fric-
tion angle of the marl layer were analyzed. The results are pre-
sented as sensitivity graphs in Fig. 3.

According to the analysis of the graphs (Fig. 3) showing
the variation of the SF as a function of the cohesion and the
internal friction angle of the marl layer, it is noted that for a
safety factor of 1, the values of cohesion (C*) and angle of fric-
tion (¢*) were 120 kPa and 16.47°, respectively.

FDM Analysis. In this section, the SSR-FD method was
used to provide a better understanding of the shape and loca-
tion of the surface failure. The slope was modelled by FLAC2D
software, which uses a two-dimensional explicit solution, al-
lowing simulation of large deformations and instabilities. The
geotechnical parameters of the marl layer, i.e. cohesion and
friction angle, which were obtained from the LEM back analy-
sis, were assigned to the model and the other geomechanical
parameters of the north flank of kef Essnoun mine used in the
SSR-FD modelling are given in Table 1. The calculated safety
factor was equal to 0.87 (SF=0.87).

Fig. 4 shows that the surface failure is also situated along
with the marl layer, which allows us to draw a certain conclu-
sion: SSR-FD confirms slope instability and only possible
sliding surface is along with the layer of marl.

LEM Parametric Study. In this section, the objective is to
verify that they would have been the conditions of stability
during the excavation work at the place where the landslide has
developed, had the height and the angle of embankment being
previously decreased. LEM analyses are performed, in order to
calculate the safety factor (SF) by three methods (Bishop sim-
plified, Spencer and GLE/M-Price’s) for different angles and
bench heights, along their critical failure surface. These analy-
ses will be done in 3 possible cases. The first case consists in
reducing the angle of inclination to 75 degrees (o = 75°) to ob-
tain an edge angle of 63 degrees without modifying the bench
height (H =30 m). The second is to reduce the bench height to
15 meters (H = 15 m) with a tilt angle of 80 degrees (o = 80°).
Finally, we reduce the angle of the slope to 75 degrees (o = 75°)
while leaving the bench height of 15 m (H = 15 m). These anal-
yses are all done both in static and dynamic load. Measure-
ments on the ground of speed and seismic waves are frequent-
ly made with a seismograph. In our case, the values of hori-
zontal and vertical accelerations are 0.05 and 0.0125 m/s re-
spectively. The calculation results obtained are summarized in
Table 2.

After analysis (Table 2) (Fig. 5), all the safety factors given
by the different methods are higher than the minimum thresh-
old allowed for slope stability (SF> 1), which allows us to draw
certain conclusions.
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Fig. 4. Surface failure and SF value from FLAC

In the first case, all the safety factors given by the different
methods in both cases (static and dynamic loads) are lower
than the accepted minimum threshold for slope stability
(SF < 1), which implies that the flank North of Kef-Essnoun is
unstable, with a minimum safety factor, given by the Bishop
simplified method (SF,,; = 0.938 and SFyy,, 4 = 0.825).

In the other cases, for the first approach where we did not
take into account the seismicity coefficient (static load), all the
safety factors are in critical condition (SF= 1), which confirms
the influence of the angle and bench height on the flank stabil-
ity of the mine with a minimum safety factor given by the
Bishop simplified method SF=1.063 and SF=1.073.

Under dynamic load conditions, all the security factors
given by the different methods are less than or equal to 1
(SF< 1), with a minimum security factor, given by the Bishop
simplified method SF=0.932 and SF=0.940.

In light of all these results, it can be concluded that the
parameters studied did not have a direct influence on the slide
of 2007. This leads us to make reservations about the choice of
the operating method: from bottom to the top. Our study will
focus on simulating a sinking operation method (from top to

Table 2
Summary of Safety Factors (SF) Calculation Results

Methods
Parameters Cases Bishop GLE/
R Spencer | Morgenstern-
simplified .
Price
H=30m, | Static load 0.938 0.984 0.962
a=75 Dynamicload | 0.825 | 0.886 0.852
H=15m, Static load 1.063 1.124 1.100
=80 Dynamic load 0.932 0.996 0.970
H=15m, Static load 1.074 1.135 1.112
a=75 Dynamicload | 0.940 | 1.006 0.980
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Fig. 5. Safety Factors under static and dynamic load from SLIDE

bottom) and analyzing the state of the slope under the same
conditions that led to the slip.

Simulation of the operating method. In this part, we will simu-
late the exploitation method while analyzing the effect of the ex-
ploitation (digging of cutting trenches) on the north flank stabil-
ity of the Kef-Essnoun mine. The calculation was done in phases
(excavation sequence) taking into account the phase before op-
eration. These different sequences are illustrated in Fig. 6.

Work Phasing. We will proceed by a calculation in phases
(Fig. 7). The first phase consists of studying the stability of the
north flank of the mine before any excavation is excavated. The
second phase consists of opening of the mine and the begin-
ning of the exploitation works. The following phases are the
excavation phases as planned, according to the long-term
planning, at regular intervals, leading to the last phase which
represents the end-of-life flank.

The stability analysis will be done using the finite element
method through Phase? finite element analysis for excavations
software Rocscience Inc. The calculations will be in static and
dynamic loads.

Stability analysis under Static load. The results of the calcu-
lation are summarized in Table 3 and maximum shear stresses
and safety factors (in static condition) for different excavation
phases are shown in Fig. 7.

According to the results of the numerical modelling, ob-
tained by the shear strength reduction by finite element meth-
od (SSR-FE) under static load (Fig. 7) (Table 3), we find that:
before exploitation (Phase 1) (Fig. 7), the safety factor given by
SSR-FE is greater than the minimum admitted threshold for

----- Phase 2

Fig. 6. Excavation sequence

slope stability (SF=4.35), which implies that the natural slope
is stable in the long-term.

After excavation (Fig. 7), all the safety factors given by dif-
ferent excavation phases are greater than the allowable slope sta-
bility threshold (SF> 1.3). It implies that the north flank of the
mine is stable despite the excavation work that has been done.

Stability analysis under dynamic load. The purpose of this
analysis is to verify the stability of the northern flank of the
Kef-Essnoun mine under dynamic solicitation. The principle
of this analysis is to apply a constant acceleration to the rock
mass equivalent to the maximum acceleration felt during a
blasting. The calculation results obtained (Fig. 8) are summa-
rized in Table 4.

Based on the results of the numerical modelling of safety
factors under dynamic load (Table 4) for different excavation
phases, it can be seen that the values are above the accepted

Fig. 7. Maximum shear stress and safety factor under static load

Table 3
Safety factors for different phases under static conditions

Excavation Phase | Phase | Phase | Phase | Phase | Phase
phases 1 2 3 4 5 6

Safety factors 435 | 5.70 | 2.52 1.53 1.37 4.10
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Fig. 8 Maximum shear stress and safety factor under dynamic

load
Table 4
Safety factors for different phases under dynamic load
condition
Excavation Phase | Phase | Phase | Phase | Phase | Phase
phases 1 2 3 4 5 6
Safety factors - 4.63 2.19 1.32 1.1 3.81

minimum slope stability threshold (SF > 1.1) (Fig. 8), which
implies that the north flank of the mine remains stable in the
long run.

Conclusions. The back analysis of the slip site allowed us to
reconstruct the break already observed and to draw maximum
lessons on the mode, location and mechanical parameters that
triggered this break. These parameters were estimated for a
critical state (SF = 1), with 120 kPa for the cohesion (C) and
16.47 ° for the internal friction angle (¢).

The stability analysis carried out on the northern flank of
the Kef-Essnoun mine using a rigorous numerical approach (fi-
nite difference method) showed that the rupture occurred in the
marl layer; which confirmed the observations made in the field.

The parametric study showed us that the flank of the Kef-
Essnoun mine remains unstable even if the height and angle of
dip are sufficiently reduced, the safety factors under static and
dynamic loads estimated at 1.074 and 0.940 respectively by the
simplified Janbu method for steps of 15 m of height and 75° of dip.

The slip analysis performed on the north flank of the Kef-
Essnoun mine shows that non-compliance with the art, open pit
mining standards and early planning of the mining method can
most often lead to critical situations and catastrophic results.

The sinking operation (top down) of the north flank of the
Kef-Essnoun mine has ensured greater stability of the entire
slope along the exploitation phase.
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Meroauka. 11106 nmpoaHaizyBaTu 3CyBHE IEepeMillleHHS
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noBepxHi. [lai Oyne rnposeneHa nepeBipka pyiHyBaHHS 110-
BEPXHi 32 JOMOMOTO0I0 METOAY CKiHUEHHUX Pi3HUIIb Ta BUKO-
PUCTAHHS 3MEHIIEHHS MIIlHOCTi Ha 3pYIIeHHST METOIOM KiH-
1eBux pizHuilb (3M3-KP). BukoHaHo rnapameTpuyHe A0CJTi-
TDKEHHST BIUTMBY TEOMETPUIHUX MTapaMeTpiB, MI00 modaunTu
BIUIMB OCTaHHiX Ha cTilikicTh. [TokazaHa iiMOBipHa MpUYM-
Ha, 110 6e3MocepeTHbO BIUTMHYJIA Ha 11€.

Pesyabratu. Y naniit poOoTi po3risinaeTbes 3aCTOCYBaH-
HSI TPbOX METOiB: MEeTOIy I'paHU4HOi piBHOBaru (MI'P), me-
Tony ckiHuyeHHUuX ejqeMeHTiB (MCE) i MeTony CKiHUeHHUX
pizaub (MCP), 11106 BUKOHATH pEeTPOCIIEKTUBHUIM aHai3 i
3’gCyBaTH IUIACT PyIHYBaHHS CXWIY B Kap’epi.

Haykosa HoBu3Ha. [Tossirae B Tomy, 1110 OyJI BUKOPUCTA-
Hi Tpu pizHux ninxoau MI'P, MCE i MCP mis perpocriek-
TUBHOTO aHaJIi3y BJIACTUBOCTEM TipChbKOI Macu i JOCTiIKEH-
HSI ME€XaHi3My pyiiHYBaHHS CXWJIy Ta TOYHICTb LILOTO METOIY
B 00J1aCTi NipHMYOro MAIIMHOOYIYBaHHSI.

IIpakTnyna 3naunMicTb. [laHe MOCHTiIKEHHS MPOIEMOH-
CTpyBaJIo, 1110 HEBIAIMOBIAHICTb PiBHIO TEXHIKU, CTaHAApTAM
pPO3pOOKU BIIKPUTUM CIIOCOOOM i PAaHHBOMY TUIAHYBaHHIO
METOJy BUAOOYTKY HaifyacTile Moxe MPU3BECTH 10 KPUTHUI-
HUX cUTyalliil i katacTpodiuHux pesynabTaTiB. PeTpocmek-
TUBHUI aHaJli3 MicCLs 3CYBY JIO3BOJIMB HaM BiHOBUTU OOBa-
JIEHHSI, 110 BXe CITOCTePiranocs, i 3aCBOITH MaKCUMYyM YpO-
KiB LIOAO PEXUMY, MiCLIsl pO3TalllyBaHHS il MEXaHIUHUX Ta-
paMeTpiB, 1110 BUKJIMKAIU 1ie OOBAJICHHSI.

KunrouoBi cioBa: o6sas, memoo epanuuHoi pienosaeu, me-
Mmoo KiHyesux pizHUUb, Memoo KiHueeux eiemenmis, Kap’ep,
cmitikicms cxuny

N3yuyenne cTaOMIBLHOCTH CKJIOHOB B Kapbepe
HA OCHOBE PETPOCIHEKTHBHOIO aHAJM3A
(Axup)
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Iens. [TpoaHamu3upoBaTh OINOJI3HEBOE MepeMelleHHe
TOPHBIX TOPOJ C TEOJOTO-TEXHUYECKOU TOUKM 3PEeHUS] 1
OIPENe/INTh BEPOSITHbIE TMPUYMHBI, KOTOPbIE BIUSIOT Ha
3T0.

MeTtoauka. YToObl MpoaHAIM3UPOBATh OIMOJI3HEBOE Ie-
peMelleHre TOPHBIX MOPOJ C TeOJOTO-TEXHUYECKON TOUKU
3pEHUS M OTIPEICTUTh BEPOSITHBIC TTPUUMHBI, KOTOPBIE BIIUS-
0T Ha 9TO, HAIlle UCCIIEIOBAHNE ObLIO BBITIOTHEHO B CIIEAYI0-
IeM XPOHOJIOTMYECKOM TopsinKe. Bo-TiepBBIX, oOpaTHast
CBSI3b BOCCTAHOBUT IPOIIECC CMEIIEHUSI C TE0TIOr0-TeXHUIe-
CKOIf TOUKY 3PEHMSI; aHAJIN3 PETPOCTICKTUBHBIN HEOOXOIMM
TUTST TIOATBEPKACHUST pa3pylieHust nmosepxHoctu. lanee Oy-
NIeT TIpOM3BeieHa ITPOBepKa Pa3pylIeHUsI TTIOBEPXHOCTH C I10-
MOIIIbI0O METONAa KOHEYHBIX DPa3HOCTEH U MCMOJIb30BAHUS
YMEHBIIIEHUsI TIPOYHOCTHU Ha CABUT METOIOM KOHEUHBIX pa3-
Hocreli (YIIC-KP). BrolmoaHeHO mapameTpuyeckoe uccie-
NMOBaHWE BIUSHUS TEOMETPUUYECKUX IapaMeTPOB, UYTOOBI
YBUIETh BIUSIHUE TOCIEAHUX Ha ycToitunBocTh. [lokazaHa
BEpOSITHAsI MPUINHA, KOTOpasi HEMOCPENCTBEHHO TTOBIIUSIIA
Ha 3TO.

PesynbraThl. B nanHoit pabote paccmatpuBaeTcs IpuMe-
HEHME TpeX METOAOB: METOAa IMpPeaeJbHOr0 PaBHOBECHUS
(MIIP), meTona koHeuHbIX 2JeMeHTOB (MKD) 1 MeTona Ko-
HeuHbIX pazHocTell (MKP), 4TOOBI BBITOTHUTD PETPOCTIEK-
TUBHBIN aHAW3 W BBISICHUTH TUTACT Pa3pylleHUs] CKJIOHA B
Kapbepe.

Hayunas nosusna. CocTOUT B TOM, YTO OBUIM UCTIONB30-
BaHbI TpyU pa3Hbix noaxoga MITP, MK®D u MKP mns perpo-
CIIEKTUBHOTO aHAJIN3a CBOWCTB TOPHOI MacChl M MCCIIe0Ba-
HMSI MeXaHU3Ma pa3pylIeHus] CKIOHA U TOYHOCTb 3TOTO Me-
Tona B 00J1aCT TOPHOTO MAITUHOCTPOCHMUSI.

IIpakTHyeckas 3HayMMocThb. JlaHHOE Hccen0BaHue TPo-
NEMOHCTPUPOBAJIO, YTO HECOOTBETCTBUE YPOBHIO TEXHUKMU,
CTaHIapTaM pPa3pabOTKU OTKPBITBIM CIIOCOOOM U PaHHEMY
TJIAHUPOBAHUIO METOAA MOOBIUM Yallle BCETO MOXKET TIpUBe-
CTU K KPUTUYECKUM CHUTYalUsIM U KaTacTpoPUUECKUM pe-
3yabTataM. PeTpocTieKTUBHBII aHAIN3 MeCTa CMEIIeHUST TI0-
3BOJIMJI HAM BOCCTAaHOBUTb OOpYLIEHUE, KOTOPOE yXe Ha-
0JII0MaI0Ch, ¥ U3BJIeYb MAKCUMYM YPOKOB KacaTeTbHO PEXU-
Ma, MECTOIOJIOXKEHUS] U MEXaHUYECKUX MTapaMeTpoB, KOTO-
pbIe BBI3BAIM 3TO OOpYIIIEHUE.

Kiiouesbie cioBa: 066a1, memod npedeavHo2o pasrogecus,
Memoo0 KOHeHHbIX pasHocmell, Memod KOHeUHbIX INeMEeHMO08,
Kapwep, ycmou4u8ocmy CKAOHA
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