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Abstract
Purpose. This study aims to evaluate the slope stability of open pit comprising massive and jointed rock mass.

Methods. Mohr-Coulomb yield function (MC) with shear strength reduction technique (SSRT) are incorporated in finite
element analysis (FEA) and four different slopes with varying geometry and geological structural features with an ultimate
slope angle of 34° are analyzed using the two-dimensional FEA Program RS2D. The first slope comprises blocky rock
mass; the second slope has a network of joints parallel to slope face; the third slope has a parallel joint networks dip out the
slope face, and the last slope has a cross-joints network.

Findings. The critical strength reduction factor (CSRF) indicates whether the slope face is stable (if CSRF > 1) or not. The
minimum CSRF of 0.53 (e.g. compared to 0.55 for parallel joints dip out to the slope face, 0.58 for joints parallel to slope
face and 0.65 with no joint existed) is obtained with cross-joints network existed. The CSRF (e.g., CSRF = 0.49) reduces
when the MC slip criterion is adopted with the jointed rock mass.

Originality. This study attempts new stability indicator namely critical strength reduction factor (CSRF) embedded in shear
strength reduction technique (SSRT), based on finite element (FEM) to assess the slope of open pit with respect to presence
of geological discontinuities.

Practical implications. The slope stability of rock mass is significant to design parameters in open pit mines. Unexpected
instability is eventually costly, hazardous to personnel/machinery, disrupted to the mining operation and time-consuming.
Therefore, this study Provides a methodology for the application of shear strength reduction technique (SSRT) when eva-
luating the slope stability of open pit mines with respect to existence of geological features. As a result, the mine planners
and engineers will be able to know a head of time when and where necessary support is needed.

Keywords: open pit slope stability, shear strength reduction technique (SSRT), factor of safety (FS), critical strength reduc-
tion factor (CSRF)

1. Introduction sion), presence of groundwater and existence of geological

structures (e.g., the plane of weakness, faults, joint sets, etc.).

Open pit mining is one of the most economical mining
methods when extracting large volumes of mineral ore de-
posits, which can accommodate different size equipment.
Scrapers and bucket wheel excavators are employed when
excavating very soft rocks, draglines are used to excavate
weak to medium strength rocks, while, trucks and shovels are
commonly used to excavate weak to very strong rocks. The
geometry of open pit (i.e., bench/berm height and width) is
determined according to the reach of the equipment,
dip/shape of the ore body, safety considerations, and most
notably rock slope stability. Thus, the slope stability of the
open pit is a crucial design factor and has to be considered.

The deterioration of slope stability has severe economic
and environmental impacts. Several factors affect the slope
stability of open pit such as rock mass strength properties,
slope geometry (i.e., overall slope angle and slope exten-
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Geological structures determine the slope failure mechanism
associated with rock mass and its pattern such as planar,
wedge, toppling and/or circular failure [1]-[11]. Therefore,
the purpose of this analysis is to evaluate the slope stability
of open pit without/with the presence of geological structures
(e.g., joint networks). The analysis has been conducted em-
ploying shear strength reduction technique (SSRT) imple-
mented in FE analysis.

2. Shear strength reduction technique (SSRT)

In SSRT, the factor of safety is determined from elasto-
plastic finite element modelling when using Mohr-Coulomb
(MC) failure criterion by artificially weakening/decreasing
rock strength properties (i.e., cohesion, ¢ & tangent of fric-
tion angle, tang) in steps/stages until rock slope
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fails/collapses. In the numerical analysis, failure occurs when
the converge of the solution could not be reached. The factor
of safety (FS) is then taken as the value by which the rock
strength has to be reduced to reach failure [12]-[17]. This can
be explained mathematically as given in Equation (1) and
depicted graphically as illustrated in Figure 1.
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where:

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

¢ and ¢ — the rock shear strength input values/parameters
(e.g., cohesion and friction angle respectively);

¢r and ¢r — the rock shear strength reduced or mobilized
values used in the analysis (e.g., values at which rock slope
of open pit will have instability/failure).

Shear stress, T

MC vield surface before
strength reduction

MC yield surface
after strength
reduction

U Normal stress, ¢

Figure 1. Mohr-Coulomb yield surface/envelope before and after
strength reduction (re-plotted after [15])
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It is worth noting that SRF is set to 1.0 at the beginning
of the calculations (i.e., rock strength properties are set to
their input values, ¢ and ¢). When failure is reached, SRF
corresponds to the value of factor of safety, i.e. [18]:

T

FS=—,
Tt

)

where:
7—the actual shear strength of the rock mass slope of

open pit and is calculated employing MC criterion:
T=C+optane;

©)

7t —the shear stress on the sliding/failure surface along
two discontinuity plane, and is given by:

T =C¢ +op tangs ; 4)
on — the normal stress.
Thus, Equation (2) can be re-written as:
c tan
Fs =% aN® (5)

C; +optang;

One advantage of using FE analysis for evaluating the
slope FS is that no assumptions are made regarding the
shape or location of the failure surface. Rather, the failure
occurs through the zones within the rock mass at which the
rock shear strength is unable to resist the applied shear
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stress [13]. In the current analysis, static dry conditions are
assumed considering effective shear strength and defor-
mation parameters, hence ignoring the effects of seismicity
and groundwater.

3. Numerical analysis and model set up

Several commercially available FEM codes enable simu-
lating very complex mine geometry efficiently, with the
ability to generate discrete fracture networks. Consequently,
the SSRT has successfully replaced the conventional limit
equilibrium methods in estimating the factor of safety of rock
slope. SSRT allows combining slip along joints with failure
through intact material. Thus, it offers several advantages in
modelling jointed rock mass problems. Also, it allows de-
termining the failure mechanisms without any prior assump-
tions to its pattern and location[12], [13], [19].

In this study, numerical modelling has been carried out us-
ing RocScience RS2D software [20], adopting the elasto-plastic
MC vyield criterion. The geomechanical properties of all rock
masses considered in the analysis are listed in Table 1. Four
models have been constructed to evaluate the slope stability of
open pit associated with blocky and jointed rock mass.

Table 1. Geomechanical properties of rock mass [20]

Property/rock mass LIJpper Coal Lower
ayer seam layer
Density, KN/m?3 22.80 15.50 18.82
E, KPa 75000 2255.12 55100
Poisson’s ratio, v 0.18 0.35 0.22
Cohesion, KPa 29.40 9.80 294.00
Tensile strength, KPa 1300 2750 1500
Friction angle, ¢ 12 5 40
Dilation angle, ¢ 3.00 1.25 10.00

4, Results and discussion

The following sections present the results of the four
modelled cases (i.e., no joints (blocky) rock mass, joint
networks parallel to the slope face, parallel joint networks
dip out the slope face, and cross-joint networks) in terms
of CSRF, maximum total displacement and maximum
shear strain.

CSRF has been estimated employing the SSRT. The
model geometry was kept the same for all cases considered:
slope dimensions (height x width) of 20x30 m; and overall
slope angle of 34°) as shown in Figure 2. The applied loading
stress field is gravity type considering actual ground surface
and Ko =1 (i.e. ov=o0h). The results are presented and dis-
cussed in terms of CSRF, maximum shear strain and maxi-
mum total displacement.

Figure 2. Model geometry (in meters), dimensions and boundary
conditions (BCs) — base model
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4.1. Case I-no joints existed (blocky) in the rock mass

In this case, the rock slope comprised blocky rock mass
in open pit slope. Figure 3 shows the calculated contours of
maximum shear strain at the CSRF. The maximum shear
strain was found to be 2.338 and occurs at CSRF of 0.65.
The contours of the maximum total displacement are dis-
played in Figure 4, which shows an absolute total displace-
ment of 15.82 m.
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Figure 3. Contours of maximum shear strain (e.g., max. shear
strain = 2.338 at CSRF = 0.65)
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Figure 4. Contours of maximum total displacement (max. dis-
placement = 15.82 m at CSRF = 0.65)

Table 2 gives the maximum shear strain and the
maximum total displacements at various strength reduction
factors, for this case study.

Table 2. Maximum shear strain and maximum total displacements
at various strength reduction factors: case 1-blocky

rock mass
SRF Max. shear strain di Max. total
isplacement, m
0.49 0.256 0.00
0.50 0.312 0.40
0.62 1.804 11.63
0.63 2.004 13.13
(CSRF) 0.65 2.338 15.82
0.66 3.984 23.53
0.67 4.318 26.31
0.74 5.337 37.18
0.99 10.792 93.41
1.00 11.267 97.86

Figures 5 and 6 depict the maximum shear strains and
maximum total displacements at different SRFs respective-
ly. Figure 5 illustrates that the maximum shear strain
increases gradually as strength reduction factor increases
till SRF of 0.65, after that, a sharp increase occurs beyond
the SRF > 0.65.
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Figure 5. Maximum shear strain at various SRFs
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Figure 6. Maximum total displacements at various SRFs

On other meaning, the slope stability eventually deterio-
rates if the strength properties of the rock mass (c and ¢) are
decreased to such value where strength reduction factor goes
beyond 0.65 and no converge is reached.

Figure 6 yields the maximum total displacement at various
SRFs. It can be seen that, as SRF increases, the maximum
total displacement slightly increases. The CSRF is 0.65 where
maximum total displacement sharply increases to 15.82 m.

4.2. Case ll-parallel joint networks to the slope face

In this case, the base model is modified to involve a set of
joint networks spaced 5 m apart, parallel and inclined to the
slope face at 350 as shown in Figure 7. It also shows the one set
parallel joints with the domain of discretization (e.g., meshing).
The geomechanical properties (e.g., strength properties) of joint
networks are listed in Table 3. Two assumptions have been
postulated here; the first one assumed that there is no slip oc-
curred along with joint networks but the second one assumed
that joint slip is occurred and followed MC slip criterion.

Figure 7. A model set up, meshing and boundary conditions
(BCs)-case Il (set of parallel joints existed)
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Table 3. Geomechanical properties of joint networks

Joint property

Normal stiffness

Shear stiffness

Initial joint deformation

Pressure from groundwater analysis
Additional pressure inside joint

250000 MPa/m
175000 MPa/m
allowed
included

not included

no slip allowed

Slip criterion MC slip criterion

The results of this analysis, for both two assumptions, are
presented and discussed in terms of maximum shear strain and
maximum total displacement. Figure 8 depicts the contours of
maximum shear strain at CSRF, assuming no slip has occurred
to joint sets. The maximum shear strain (e.g., 1.561) occurs
when the CSRF, is 0.55 (e.g., less than that obtained in case I-
no joints existed). The contours of maximum total displace-
ments are shown in Figure 9. The maximum total displace-
ment is 6.76 m (e.g., less than half of what has been obtained
in case I-no joints existed). The maximum shear strain and
maximum total displacements at various SRF are listed in Ta-
ble 4 and plotted as shown in Figures 10 and 11 respectively.

zax_(stage): €.76 m | (W2

Figure 8. Contours of maximum shear strain (e.g., max. shear
strain = 1.561 at CSRF = 0.55)

Figure 9. Contours of maximum total displacement (max. dis-
placement = 6.76 m at CSRF = 0.55)

The second assumption (e.g., joint slip occurs and fol-
lows MC slip criterion) is modelled. The analysis shows that
no iteration convergence reaches. On other meaning, the
CSRF is not identified in this case. The maximum shear
strain and maximum total displacement at different values of
SRFs are listed in Table 5 as well depicted in Figures 12 and
13 respectively. According to these results, the CSRF is 0.49.
This simply because abrupt change (e.g., suddenly increase)
has occurred beyond that value (e.g., SRF =0.49) in the
values of maximum shear strain and maximum total dis-
placements after that value.
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Table 4. Maximum shear strain and maximum total displacements
at various strength reduction factors: case Il-parallel
joint networks existed (no joint slip occurred)

SRF Max. shear strain . Max. total
displacement, m
0.49 0.379 0.00
0.50 0.529 0.80
0.51 0.717 1.84
0.52 0.921 2.98
0.54 1.349 5.43
(CSRF) 0.55 1.561 6.76
0.56 2.019 10.51
0.62 3.625 22.61
0.74 5.980 45.38
0.99 11.629 116.65
1.00 12.468 122.56
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Figure 10. Maximum shear strain at various SRFs
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Figure 11. Maximum total displacements at various SRFs

Table 5. Maximum shear strain and maximum total displacements
at various strength reduction factors: case Il-parallel
joint networks existed (MC-joint slip occurred)

SRF Max. shear strain . Max. total
displacement, m
0.01 0.090 0.54
(CSRF) 0.49 0.443 2.21
0.99 10.034 99.13
1.00 10.228 102.31

No CSRF is detected as no convergence
occurred in the numerical analysis

4.3. Case lll-parallel joint networks
dipping out of slope face

In this case, the base model is modified to include a set of
joint networks spaced 5 m apart, parallel and dip out of the
slope face at —1350 as shown in Figure 14.
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Figure 12. Maximum shear strain at various SRFs (MC joint slip
occurs-case 1)
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Figure 13. Maximum total displacements at various SRFs (MC
joint slip occurs-case 11)

Figure 14. Model set up, meshing and boundary conditions
(BCs)-case Il (set of parallel joints existed dipping out
the slope face)

The contours of maximum shear strain and maximum
total displacements at CSRF are shown in Figures 15 and
16 respectively.
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Figure 15. Contours of maximum shear strain (e.g., max. shear
strain = 1.493 at CSRF = 0.58)
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Figure 16. Contours of maximum total displacement (max. dis-
placement = 8.53 m at CSRF = 0.58)

Assuming that there is no joint slip occurs, Figure 15
shows that the maximum shear strain reaches to 1.493 (e.g.,
little bit small compared with the previous, 1.561) at CSRF
of 0.58 (e.g., a little bigger than that obtained when dipping
of joints parallel to slope face, 0.55). Also, the contours of
maximum total displacements are presented in Figure 16.

The maximum total displacement is found to be 8.53 m
at CSRF of 0.58. Hence, only the maximum shear strain
becomes smaller when the joint networks dipping out to
slope face. However, the maximum total displacement and
CSRF become a little bit higher. The maximum shear
strain and maximum total displacement at different
SRF are given in Table 6, as well as plotted in Figures 17
and 18, for joint networks dipping out to the slope
face, respectively.

Table 6. Maximum shear strain and maximum total displacements
at various strength reduction factors: case Il1-joint net-
works dipping out to slope face (no joint slip occurred)

. Max. total
SRF Max. shear strain displacement, m
0.49 0.328 0.00
0.50 0.432 0.61
0.51 0.566 1.46
0.56 1.203 6.38
0.57 1.361 7.48
(CSRF) 0.58 1.493 8.53
0.59 2.291 12.76
0.62 3.091 17.95
0.74 5.661 38.06
0.99 11.972 109.58
1.00 12.020 112.58
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Figure 17. Maximum shear strain at various SRFs (parallel joints
dipping out to the slope face)
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Figure 18. Maximum total displacements at various SRFs (paral-
lel joints dipping out to slope face)

Assuming that, the parallel joint slip occurs and obeys the
MC slip criterion. The analysis does not show solution con-
verges. Alternatively, the critical strength reduction factor
(CSRF) could not be identified. The maximum shear strain
and maximum total displacement at different values of SRFs
are listed in Table 7 as well depicted in Figures 19 and 20
respectively. According to the results, the maximum shear
strain is 0.554 at CSRF of 0.49 and the maximum total dis-
placement is 1.85m. This because a sharply increase has
occurred beyond that value (e.g., CSRF = 0.49) in the values
of maximum shear strain and maximum total displacements
after that value.

Table 7. Maximum shear strain and maximum total displacements
at various strength reduction factors: case Il1-joint net-
works dipping out to slope face (MC-joint slip occurred)

SRF Max. shear strain . Max. total
displacement, m
0.01 0.114 0.54
(CSRF) 0.49 0.554 1.85
0.99 10.236 91.68
1.00 10.317 95.46

No CSREF is defined as solution does not converge
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Figure 19. Maximum shear strain at various SRFs (MC joint slip
occurs-case 111)

4.4. Case IV-cross-joint networks

Here, the base model is modified to involve two set
cross-joint networks. These cross-joints provide free surfaces
for rotation of the blocks. The two-set cross-joint networks
with domain discretization are shown in Figure 21. The ge-
omechanical properties of cross-joints are listed in Table 8.
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Figure 20. Maximum total displacements at various SRFs (MC
joint slip occurs-case 111)
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Figure 21. Model geometry shows two set cross-joint networks,
meshing and boundary conditions (BCs)

Table 8. Geomechanical properties of cross-joint networks

Joint model Cross-jointed
Bedding joint property joint1
Cross joint property joint2 M
Orientation: use trace plane yes
Trace plane dip direction 0 deg
Bedding dip 35 deg
Bedding dip direction 135 deg
Cross-joint dip —55 deg
Cross-joint dip direction 135 deg
Bedding spacing mean 5m
Bedding spacing distribution normal
Bedding spacing std. dev. 1m
Bedding spacing rel. min. 3m
Bedding spacing rel. max. 3m
Cross-joint spacing mean 10 m
Cross-joint spacing distribution normal
Cross-joint spacing std. dev. 2m
Cross-joint spacing rel. min. 6m
Cross-joint spacing rel. max. 6m
Joint ends all closed

The maximum shear strain and the maximum total dis-
placement contours are shown in Figures 22 and 23 respec-
tively. Figure 22 shows that the maximum shear strain reach-
es to 0.707 when CSRF was 0.53, while the maximum total
displacement becomes 4.03 m as depicted in Figure 23.

The maximum shear strain and maximum total displace-
ment at different SRFs are listed in Table 9, as well as plotted
in Figures 24 and 25, for cross-joint networks, respectively.

It can be seen that the maximum shear strain reaches
0.707 and the maximum total displacement becomes 4.03 m
at CSRF of 0.53.
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Figure 22. Contours of maximum shear strain (e.g., max. shear

strain = 0.707 at CSRF = 0.53)

Figure 23. Contours of maximum total displacement (max. dis-

placement = 4.03 m at CSRF = 0.53)

Table 9. Cross-joints networks at different strength reduction

factors (no joint slip occurred)

SRF Max. shear strain . Max. total
displacement, m
0.49 0.301 0.00
0.50 0.387 0.62
0.51 0.506 1.63
0.52 0.607 2.80
(CSRF) 0.53 0.707 4.03
0.54 1.451 7.83
0.56 1.719 9.86
0.62 3.110 23.37
0.74 6.323 48.32
0.99 12.743 125.50
1.00 13.101 127.69
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Figure 24. Maximum shear strain at various SRFs (cross-joint
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Figure 25. Maximum total displacements at various SRFs (cross-
joint networks)

Alternatively, there is no converge that exists after CSRF
of 0.53. Table 10 introduces the values of maximum shear
strain and maximum total displacement at different SRFs, as
well as depicted in Figures 26 and 27 respectively, assuming
the joint slip has taken place. It can be seen that CSRF is
found to be 0.49 after which no solution could be identified
by numerical modelling analysis.

Table 10. Maximum shear strain and maximum total displace-
ments at various strength reduction factors: case IV-
cross-joint networks (MC-joint slip occurred)

SRF Max. shear strain di Max. total
isplacement, m
0.01 0.144 0.56
(CSRF) 0.49 0.423 2.06
0.99 11.316 104.96
1.00 11.494 107.10

No CSRF is detected as no converge occurred
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Figure 26. Maximum shear strain at various SRFs (MC joint slip
occurs-case 1V)
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joint slip occurs-case 1V)
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5. Conclusions

The slope stability of rock mass is significant to design pa-
rameters in open pit mines. Unexpected instability is eventual-
ly costly, hazardous to personnel/machinery, disrupted to the
mining operation and time-consuming. Many factors are influ-
encing the slope stability such as slope geometry, rock mass
properties, overall slope angle, presence of groundwater and
existence of geological structures/discontinuities. The latter
factor was considered the focus of this study. Geological struc-
tures (e.g., discontinuities/joints) weaken the strength of rock
mass slope (e.g., increases the rock mass deformability). Thus,
this study aims to evaluate the slope stability of rock mass
associated with joints networks. Shear strength reduction tech-
nique (SSRT), based finite element (FEM), has been adopted
in this analysis. The SSRT reduces the shear strength parame-
ters (c, ¢) of rock mass in stages until the slope fails/collapses
(e.g., numerically no convergence in solution is reached).

Four cases have been studied and analyzed; the first
model comprises blocky rock mass while a network of paral-
lel joints exists in the second model (e.g., parallel to slope
face), the third model includes a parallel joint networks dip
out to the slope face and the last model involves two sets of
cross-joint networks. The slope stability, for the four mod-
elled cases, is evaluated in terms of CSRF, maximum shear
strain and absolute total displacement. Maximum shear strain
gives a good insight into affected zones where slip takes
place. The CSRF indicates whether the slope face is stable
(CSRF > 1) or not. The minimum CSRF (e.g., CSRF = 0.53
compared to 0.55 for parallel joints dip out to the slope face,
0.58 for joints parallel to slope face and 0.65 with no joint
existed) is obtained with cross-joints network existed. The
CSRF (e.g., CSRF = 0.49) reduces when the MC slip criterion
is adopted with the jointed rock mass. The CSRF, maximum
shear strain and total displacement for all modelled cases are
depicted in Figure 28 as well listed in Table 11 below.

15.82 mCritical hear S trensth Reduction Factor (C3RF)
7 ohEmimum 2hear S train
mAbsclute Total Displacament
3.53
6.76

Parallel joints to Parallzl joints dip
slope face outto slops face

Mo joints (bloclky)
Fiock mass zeolozical strcturzs of modelled caze

Figure 28. Stability indicators with respect to existence of geologi-
cal discontinuities

Table 11. Summary of the numerical analysis results for different
modelled cases

Modelled case CSRE Max shear  Absolute total

strain displacement
No jo_ints (blocky) 0.65 2338 15.82
associated ' ' '
Parallel joints 055 1561 6.76
to slope face
Pgrallel joints 058 1493 853
dip out to slope face
Cross-joints 0.53 0.707 4.03
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AHani3 cTiiikocTi yKocy ripcbkoro MacuBy MeT00M 3MEHIIIEHHS ONOPY 3CYBY

B.P. Aoaenax, M.IO. Xyceiin, C.C. Im0a6i

Mera. [locmimKeHHs CTIKOCTI YKOCY TP BIIKPHUTIH po3po0li ByTUIBHOTO IJIacTa B yMOBaX TBEPAUX 1 TPIIIMHYBATUX MOPiJ HA OCHOBI
YHCEIHLHOTO MOJICTIOBAHHSI.

Metoanka. Oynkuis mmmHHOCTI Mopa-KynoHa i MeTo/ 3MEHIICHHS ONOpY 3CyBY BUKOPHCTaHI Pa3oM 3 aHAJi30M KiHIIEBHX €JIEMEHTIB,
npuuoMy 4 YKOCH 3 BiJMiHHOCTSIMH B T€OMETpIl Ta Ie0JOTiYHIX CTPYKTYPHHX XapaKTEPUCTHKAX (3 ONTHMAaJIBbHUM KyTOM cXuily 34°) mpo-
aHaJi30BaHi 3a JomoMoror aBoMipHoi nporpamMu FEA Program RS2D. Tlepmuit ykic nmpeacTaBieHU# OpHIaCcTO TipchKol MOPOIO0, APY-
THH YKiC TIOKPUTHH CITKOIO TPILlIMH, MapalelbHUX MOBEPXHi YKOCY, TPETil YKiC Ma€ mapayenibHi TPILIMHYU, NePHISHIUKYIISAPHI 10 MOBEPXHI
YKOCY, 1 OCTaHHI} YKic IOKPUTHH CITKOIO IIEPECiYHUX TPIiIIUH.

PesyabTarn. [loka3ano, mo CTymiHb CTIHKOCTI YKOCY XapaKTepU3yeTbcs 1HIEKCOM 3MeHIIeHHs KputuuHoro omopy (I3KO) i mpm
I3KO > 1 ykic BBaxaeThcs cTiiikuM. BeranosneHo, mo MiHiManbae 3HaueHHS [3KO mopisHroe 0.53 (0.55 — mist mapanenpHAX TPIMuH, mep-
MEHIUKYISIPHAUX 10 TOBEPXHi yKocy; 0.58 — mis TpimuH mapanenbHUX MoBepXHi ykocy; 0.65 — mpu BiACyTHOCTI TPIlIMH) 1 BIATIOBiTAE YKOCY,
SIKMH TIOKPUTHUH ciTKOI0 mepeciganx TpimuH. I3KO 3menmryerses (Hanpukiaz, 1o 0.49), konm 3cyBHE 3MileHHS QyHKIIT IiHHOCTI Mopa-
KynoHa 3acTOCOBYETECS ISl aHANI3Y TPIIIMHYBATHX HOPI.

HaykoBa HoBH3HA. 3aPONIOHOBAHO iHIEKC 3MEHIICHHS KPUTUYHOTO OIOPY B SIKOCTI HOBOTO IHJIMKATOPA CTIHKOCTI, IKUH € KIIOYOBHM
(haxTOpOM METOy 3MEHILCHHS OMOpY 3CYBY, 3aCHOBAHOTO HA METO/Ii CKIHUEHHHUX SJIEMEHTIB, i 3aCTOCOBYETBCS JUIsl BUSIBIICHHS T€0JIOTTYHHX
HECYIIJIBHOCTEH YKOCy Kap epy.

IIpakTH4yHa 3HAYMMIiCTh. 3aIIPOIIOHOBAHO METOJ] 3MEHIIICHHS ONOPY 3CYBY IPH OLIHII CTIMKOCTI CXHIy B Kap’€pax 3 ypaxyBaHHSIM ic-
HYIOUYHX Te0JIOTIYHIX 0coOmuBocTel. CTIHKICTh MOPOJHOTO MACUBY € BAXKIMBHUM (DaKTOPOM IPH MPOSKTYBaHHI MMapaMeTpiB Kap €piB, a IpH
MPOEKTYBaHHI MAaXT — JUII BUOOPY MicCIb Ta CIIOCO0iB KPIIJICHHS.

Knrouosi cnosa: cmitikicms ykocy kap epy, Memoo 3MeHUERHs ONopYy 3Cy68Y,, pakmop 6e3neKu, IHOeKc 3MEeHWEeHHS KPUMUYHO20 ONopy

AHAIN3 YCTOHYNBOCTH 0TKOCA TOPHOI0 MACCHBA METO0M YMEHBIICHHSI CONPOTHBJICHHS CIBUTY

B.P. Aogemnax, M.1O. Xycceitn, C.C. IM6abu

Hean. UccnenoBanue ycTOMIMBOCTH OTKOCA IPU OTKPBITOI pa3paboTke yrobHOrO IJacTa B YCIOBHAX TBEPIbIX U TPEUIMHOBATHIX MO-
POJ Ha OCHOBE YHCIIEHHOTO MOJAEITHPOBAHUS.

Metoauka. Oyakius Tekydectn Mopa-KynoHa 1 MeTox yMEHBIICHHUS CONPOTUBIICHUS CABUTY HCIOJIB30BAaHEl BMECTE C aHATH30M KO-
HEYHBIX 3JIEMEHTOB, IpUUeM 4 OTKOCA C PA3IHYMSIMU B TEOMETPHH M TEOJOTHYECKUX CTPYKTYPHBIX XapaKTePHCTHKAX (C ONTHMAaJIbHBIM
YIJIOM CKJIOHA 34°) IpoaHaIM3UPOBAHBI ¢ IOMOLIBI0 AByxMepHOil mporpaMmsl FEA Program RS2D. IlepBrrit oTkoc mpezcTaBieH TIIBIOH-
CTOU TOPHOH MOPOJOH, BTOPOH OTKOC IOKPBIT CETKOH TPELIMH, Napaslle/IbHbIX IOBEPXHOCTU OTKOCA, TPETHH OTKOC UMEET MapajliesIbHbIe
TPELIUHBL, IEPICHIUKYIISIPHbIE K TOBEPXHOCTU OTKOCA, U MOCIETHUNA OTKOC IOKPHIT CETKOH NepeceKaronxcsl TPeIlnH.

PesyabTatel. [loka3aHo, 4To CTENEHb YCTOHYHMBOCTH OTKOCA XapaKTEPU3YETCs MHAEKCOM YMEHBUIEHUS KPUTUYHOTO COINPOTUBIECHUS
(MVYKC) 1 mpu UYKC > 1 oTkoc cynMTaeTCsl YCTOMYMBBIM. Y CTaHOBJIEHO, YTo MuHuMaibHoe 3Hauenne MYKC pasuo 0.53 (0.55 — mns ma-
paJUIeNbHBIX TPEIINH, MEPIEHIUKYIIAPHBIX K TOBEPXHOCTH 0TKOca; 0.58 — Ayst TpemuH, mapaaieabHbIX TOBEPXHOCTH oTKoca; 1 0.65 — mpu
OTCYTCTBHHM TPEIIUH) U COOTBETCTBYET OTKOCY, KOTOPBII MOKPHIT ceTKoH mepecekatomuxcsa Tpemud. MYKC ymenpmaercs (Hanpumep, 10
0.49), xorza ciBurosoe cMmeleHne GyHKuun Tekydectn Mopa-KynoHa nmpuMeHsieTcs UIsl aHalIu3a TPEIHHOBATHIX TOPO.

Hayunas HoBu3Ha. [IpennoxeH NHAEKC yMEHBIICHNS KPUTUIHOTO COMPOTHUBIIEHHS B Ka4eCTBE HOBOTO MHMKATOpa YCTOWYNBOCTH, KO-
TOPBIH SBIISETCS KITIOYEBBIM (haKTOPOM METOJla YMEHBIIECHHUSI CONPOTUBIICHUS CIIBUTY, OCHOBAHHOTO Ha METOJE KOHEYHBIX JJIEMEHTOB, U
MIPUMEHSETCS JUIS BBISBJICHUS I'€0JIOTMYECKUX HECIUIOIHOCTENH 0TKOCa Kaphepa.

IIpakTHyeckasi 3HAYUMOCTb. [IpeanoxkeH METO yMEHBIIEHHS CONPOTHBICHUS CABUTY IIPU OLICHKE YCTOWYMBOCTH CKJIOHA B Kapbepax
C Y4YETOM CYIIECTBYIOIIUX T'€0JOTHUECKUX 0COOCHHOCTEH. Y CTOWYMBOCTh MOPOJTHOTO MacCHBa SIBISIETCS BaXKHBIM (haKTOPOM TPH MPOCKTH-
POBaHMY MAPAMETPOB KaphEPOB, a MIPU MPOEKTHPOBAHUH IIAXT — A BHIOOpPAa MECTa M CIIOCOO0B KPEILICHHSI.

Knioueewie cnoea: ycmoiiuugocms omxoca xapbepa, Memoo YMeHbUieHUus Conpomueienus coguey, gaxmop beszonacHocmu, uHOexc
YMeHbuleHUs. KPUMUYHO20 CONPOMUGIEHUS
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