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ANALYSIS OF THE DIFFERENCES OF THE RESULTS
OF CALCULATIONS OF THE STABILITY COEFFICIENT
OF THE LANDSLIDE SLOPE

Purpose. Improving the accuracy of determining the stability of landslide slopes in some cases requires the use
of several methods to find the coefficient of stability. Therefore, it is necessary to analyze the discrepancy between
the results of the calculation of the coefficient of stability of landslide slopes. Methodology. The solution to the
problem of finite element slope modeling in the LIRA-SAPR 2016 software package is based on the creation of a
spatial finite element model. With its help, the nonlinear problem of geomechanics was solved with the introduction
of special finite elements, which simulates the work of the soil. As a reference, the coefficient of stability was calcu-
lated by the round-cylindrical sliding surface method. Landslide slope in the software package «OTKOS» was creat-
ed and calculated. Results. The results of the calculation of the finite element model of the landslide slope in the
LIRA-SAPR 2016 software package were obtained. The value of the coefficient of stability of the landslide-
hazardous section of the slope in the «OTKOS» was obtained using eight methods. The calculation results in the
«OTKOS» are compared with the coefficient of stability determined by the method of a circular-cylindrical sliding
surface. Originality. The results of the calculation of the coefficients of stability in the «OTKOS» allowed us to
divide the curves of the sliding surface into two groups: that which do not belong to circular-cylindrical, and that
which satisfy the results of finite element modeling. Practical value. After a series of calculations and after analyz-
ing the results, it turned out that not all methods equally solve the problem of the stability of landslide slopes. This is
due to the different limitations of each of the methods, so as a criterion for the adequacy of the results obtained, it is
necessary to analyze the magnitude of the discrepancy between the obtained values of the coefficient of stability.
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Introduction tive documents.

Purpose

To calculate the slope stability and to find the
sliding surface, it is advisable to apply several

When designing any kind of protection against
landslides of slopes, during construction on unsta-
ble slopes or when placing mechanisms on the

slopes, or the sides of the ravine, work should
begin with an assessment of the state of stability of
the inclined surface of the earth. Such an estimate
has been making by calculating the stability coeffi-
cient, which is characterized by the ratio of holding
forces to the forces that shift the body of the slope.
To design the landslide protection, it is often nec-
essary to determine the amount of soil pressure
(shear pressure) from the displacement of the body
to the protective structure. For such calculations
there is a very large number of calculation meth-
ods, which, in essence, are not regulated by norma-
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methods of calculation, since when using different
methods, the results are always slightly different,
and increasing the accuracy of the calculation in
some cases requires the using of several methods at
once.

Methodology

Most of the existing methods for calculating the
stability of the slopes have been developed to cal-
culate the slope stability coefficient. Then these
calculations are transformed to determine the shear
pressure, that is the pressure, transmitted from the
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unstable earth masses of the slope. At the same
time, for calculating the protection retaining struc-
tures, methods of constructing a shearing diagram
of the displacement are developed.

All calculating methods for assessing the state
of stability of slopes are based on the application
of the theory of boundary equilibrium, which con-
siders the boundary stress state of the soil massif.
In the calculation model, a number of conditional
assumptions are adopted:

1) the hypothesis of a solid body is used (the
prism of a possible displacement is considered as a
hardened wedge);

2) the narrow slope of the slope is considered
1 m wide, the conditions of its work are kept for
the whole slope;

3) a certain form of surface of a slip is allowed,;

4) when using the main strength criterion
(t=otge+C), the stresses are replaced by forces;

5) in some methods, the force of interaction be-
tween the compartments on which the shrink block
is split is not taken into account;

6) the following assumptions regarding the val-
ues and manifestations of ground water pressure
and seismic force are adopted;

7) in some methods, when considering equilib-
rium of the slope, on equation of statics is taken;

8) In some cases, the theory of boundary equi-
librium is applied to a soil slope located in an out-
of-bound state (with C <1).

In calculations of shear pressure, the position of
the most dangerous surface of a landslide, as a
rule, is taken already found.

It is often, when the surface of the slide is de-
termined by the geological structure itself, for ex-
ample, when the cover soils slide over the indige-
nous rocks. However, in such cases, caution should
be applied to the analysis. If the indigenous soils
are semi-skeletal soils (argillites, aleurolytics,
limestones, etc.), then the surface of sliding can
pass both above and below the surface of such
rocks. In the final form, to simplify the calcula-
tions, the sliding surface should be taken in the
form of the simplest forms — from broken lines,
from the arcs of the circle, etc. (Ignatenko, Tiutkin,
Petrenko, & Alkhdour, 2019; I'uu30ypr, 2007).

The position of the sliding surface, as well as
the value of the characteristics of soil strength (C
and ¢) (Crpoxosa, 2008), established on the basis

of engineering geological surveys, should be veri-

fied by inverse calculations based on the value of
the coefficient of stability of the slope, approxi-
mately corresponding to its value at the actual state
of the slope (in the unstable position of the slope
C. ~1). At the same time, according to the results

of studies of many scientists (T"onpamreiin, 1971;
Hopdman, & Typosckas, 1975; Mansimies, 1980;
Macnos, 1977; Tepuaru, 1961), the value of land-
slide characteristics of soils at the surface of the
sliding surface can be reduced due to the possible
change in their time in the light of creep. Such a
decrease in the strength of soil properties (especial-
ly clay) in some conditions may be significant,
which must be taken into account during design.

Results

The software complex «LIRA CAD 2016» al-
lows us to calculate the nonlinear problem of geo-
mechanics using special FEs that simulate the
work of the soil (Albataineh, 2006; Griffits, &
Lane, 1999; Petrenko, Tiutkin, lhnatenko, & Ko-
valchuk, 2018).

Soil layers have been modeled by bulky ele-
ments of the type FE 271-276 with the correspond-
ing physical and mechanical characteristics, ob-
tained as a result of engineering geological sur-
veys, depicted in different colors in fig. 1.

Fig. 2. The results of calculating the shear stage are hor-
izontal displacement of the slope
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For practical calculations, we can use the meth-
od of a circular cylindrical surface of the slide (fig.
3). Let’s consider the prism of sliding. The center

of rotation O and the value of radius R are given
based on the results of calculating the finite-
element slope model.

0
6
25
26 | 27
T

Fig. 3. Scheme for calculating the coefficient of stability of the slope by the method of a circular-cylindrical surface

We split the prism of sliding through vertical
sections into a number of compartments and we
take the weight of each compartment P; condition-
ally applied to the point of intersection of the line
of action with the corresponding slice arc segment
Weigh strength forces in the direction of the radius
of rotation (N;) and it is perpendicular (T;). Then
we formulate the equilibrium equation in the form
of the sum of moments of all forces relative to the
center of rotation:

D M(@©)=>T,-R->P-tgp-R-C-L-R, (1)

where L - length of arc sliding AB; ¢ — angle

of internal friction of the soil; C — specific gravity
of the soil.
Friction force:

T; =R -sing. )
Hold-up weight of soil:
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N; =P -tge. @)

In this equation, the first term is a shear mo-
ment, and the other two are the values of the re-
straining moment of the opposite direction:

M;=>"T,-R. (4)
M;=> P-tgp-R+C-L-R. (5)

Their ratio is the coefficient of stability of the
slope:

2T
Ci “YN (6)
where ST, — holding forces; YN, - shifting
forces.
In this expression the value of the radius of ro-
tation R had gone.
Soil friction coefficient:

f =tgo. (7
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Table 1
parment | Designtayerorsol | Argleofmemal || G, | e grtyor | T
number m partment, t
1 25 1.05 1.96
2 3.42 6.40
3 3.27 6.11
4 3.18 5.95
5 3.19 5.97
6 3.86 7.22
7 4.8 8.98
8 1 26 5.02 1.87 9.39
9 5.08 9.50
10 5.23 9.78
11 5.31 9.93
12 5.37 10.04
13 5.42 10.14
14 5.46 10.21
15 25 4.43 8.28
16 1.64 3.02
17 7.85 14.44
18 12.46 22.93
19 16.04 29.51
20 18.58 34.19
21 20.14 37.06
22 20.65 38.00
3 26 1.84
23 18.54 34.11
24 12.56 23.11
25 6.81 12.53
26 4.56 8.39
27 4.39 8.08
28 4.07 7.49
29 1.72 3.16
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Table 2
Combined compartments V\égirﬂg;?tfnceonrrsbsid T, t N, t

1 1.96 0.83 0.92
2+29 3591 15.74 17.51
3+28 13.60 5.96 6.63
4+27 14.02 6.15 6.84
5+26 14.36 6.29 7.00
6+25 19.75 8.66 9.63
T7+24 32.09 14.07 15.65
8+23 43.50 19.07 21.22
9+22 47.50 20.82 23.17
10+21 46.84 20.53 22.84
11+20 4412 19.34 21.52
12+19 39.56 17.34 19.29
13+18 33.06 14.49 16.13
14+17 24.65 10.81 12.02
15+16 11.30 4.95 5.27

Coefficient of stability of the slope:

_ 205.64+0.18-37.3
I 185.06

Thus, this slope is stable, but at the same time it
has a rather small stock (about 15 %) of stability,
S0 it needs to be strengthened.

The calculation of the stability of the landslide
slope in the software complex «OTKOS» (ITepe-
aemyTep, 2002; Iletpenko, TroTekin, Ayoinunk, &
Kinbaees, 2015; denoposckwuii, 1997) allows us to
determine the coefficient of stability of slopes. As
a mechanism of stability loss, a sliding mechanism
of a sliding slope relative to a stationary slope is
taken. The resistance to slide surface displacement
is calculated as for static conditions. Along the en-
tire surface, the criterion for soil destruction,
adopted in the form of the Coulomb law, is main-
tained.

The real stresses of the shift obtained by calcu-
lation is compared with the marginal displacement
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=1.147.

resistance, and the result of this comparison is ex-
pressed as a coefficient of stability of the C,. The

coefficient of stability of the slope (slope) is the
minimum of the coefficients of stability of the sta-
bility on all possible slip surfaces satisfying the
given restriction, laid down in the calculation
method (fig. 4-11).

Fig. 4. Results of calculating the stability of the slope by
the Bishop’s method (simplified), C= 1,363
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Fig. 9. Results of calculating the slope stability using

Fig. 5. Results of calculating the stability of the slope by
the Fellenius’ method, C,=1,174

the Corps of Engineers method #1, C,,= 1,396

Fig. 6. The results of calculating the stability of the Fig. 10. Results of calculating the stability of the slope
slope by the method Lowe-Karafiath, C, = 1,147 using the Yanbu’s method (corrected), C, = 1,22

Fig. 7. Results of calculating the slope stability using Fig. 11. Results of calculating the stability of the slope
the Spencer’s method, C,,= 1,348 using the Yanbu’s method (simplified), C, = 1,144

Output includes:

— the dimensions of the sloping slope area;

— the depth of burrowing (if there is an active
marker for licking);

— characteristics of soils;

— states and characteristics of wells;

— load acting on specified slopes.

The calculation results can be summarized in
the table.

In this case, we can conclude that the worst
scenario of the development of the shift occurs in

Fig. 8. Results of calculating the stability of the slope by
the method of Fedorovsky-Kurilo, C =1,272
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the case when the stability coefficient is minimal,
that is, according to the Yanbu method (fig. 11).

Table 3
The obtained coef-
The name of the method ficient of stability
Cls

Bishop’s method 1.363
Corps of Engineers method #1 1.396
Lowe’s-Karafiath’s method 1.147
Spencer’s method 1.348
Method of Fedorovsky-Kurilo 1.272
Fellenius’ method 1.174
Yanbu’s method (corrected) 1.220
Yanbu’s method (simplified) 1.144

After analyzing the nature of the curves of the
sliding surfaces, we can conclude that the relative-
ly small value of the coefficient of stability is due
to a rather steep incident curve sliding surface.

Originality and practical value

Having carried out a number of calculations
and analyzed the results obtained, we can conclude
that not all methods are equally solvable for the
same stability problem. First of all, this is due to
the fact that different methods of calculation have
different constraints and the basis on which the
method is based. Therefore, as a criterion for the
adequacy of the results obtained, it is necessary to
take into account the magnitude of the discrepancy
between the obtained values of the stability coeffi-
cients and to compare the calculated values of the
surface of the slip with the result of the calculation
of the finite element model.

Conclusions

It should be noted that the methods Fellenius,
Bishop (simplified) and Spencer allow to find only
circular cylindrical surfaces of sliding.

Table 4
Stability factor obtained by the method of a | The name of the meth- Staﬁ:g%;ﬁviszobr;ai?:f n Deviation
circular-cylindrical surface of a slide od «OTKOS» P
Corps of Engineers 9
method #1 1.3% e
Bishop’s method 1.363 18.83 %
Spencer’s method 1.348 17.52%
Method of Fedo- 1.272 10.90 %
rovsky-Kurilo
1.147

Yanbu method (cor- 1.220 6.36 %
rected)
Fellenius’ method 1.174 2.35%
Lowe’s-Karafiath’s 1.147 0.00 %
method
Yanbu’s method 1.144 -0.26 %
(simplified)

At the same time, as a result of finite-element
simulation, a similar surface displacement slip was
obtained, which confirms the correctness and reli-
ability of the obtained coefficients of stability for
these methods.
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As a result of calculations made by the method
of finite element modeling, the curve of the sliding
surface can be considered circularly-cylindrical,
that is, one that has an imaginary center of rotation
of the displacement body. Accordingly, the coeffi-
cients of stability and the sliding surface curves
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obtained in the software complex "OTKOS" can be
divided into two groups — those that do not belong
to circular-cylindrical ones, and those that satisfy
the results of the finite element modeling. That is,
according to Table 4, the Fellenius’ method can be
considered to be the most consistent with the circu-
lar-cylindrical surface method, with a rejection of
only 2.35 %, while other methods of Bishop and
Spencer have a significant discrepancy compared
to the Felenius’ method. As already mentioned
earlier, other methods in the software complex
"OTKOS" determine the sliding surface as not
round-cylindrical, but nevertheless they deserve
attention. The lowest coefficient of stability was
obtained using the simplified Yanbu’s method, but
the variation is only 0.26 % in the direction of de-
crease.
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AHAJII3 PO3BI)KHO§TEI71 PE3YJIBTATIB PO3PAXYHKIB
KOE®IHIEHTA CTIMKOCTI 3CYBOHEBE3IIEYHOI'O CXHUJIY

Merta. [linBuIEeHHS TOYHOCTI BU3HAYEHHS CTIMKOCTI 3CYBOHEOE3NEYHOTO CXWIIy B DS/l BHUIAJKIB BUMarae BHU-
KOPHUCTaHHS BiIpa3y JIEKUIbKOX METOIB BiguIykaHHsA KoedilieHTa cTifikocti. ToMy ciij npoaHamizyBaTtu po30ixk-
HOCTI pe3yJbTaTiB pO3paxyHKiB KoedilieHTa CTIHKOCTI 3cyBOHeOe3meuHoro cxuiny. Meroanka. Bupimenns 3amaqi
CKiHYEHHO-EJIEMEHTHOTO MOJIETIOBaHHS cxXmiry B mporpamMHoMy Komrmiekci «JIIPA-CAIIP 2016» Ga3yerscs Ha
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CTBOPEHHI IIPOCTOPOBOI CKIHYEHHO-EJIEMEHTHOT Moieni. 3 11 J0IIOMOroro BUPILIEHO HETiHIHHY 3a/a4l reOMEeXaHiKu 3
BUKOPHCTAHHSM CIIELiaTbHUX CKIHUEHHUX €JIEMEHTIB, 1110 MOJAEIOIOTE po0OTY IPYHTY. B sSIKOCTI €TanoHHOr0 BUKO-
HAHO PO3PaxyHOK KOe(]imieHTy CTIHKOCTI METOIOM KPYTJIONMIIHIAPHIHOI MOBepXHi KoB3aHHS. CTBOpPEHO Ta po3pa-
XOBaHO 3CyBOHeOe3neuHni cxmi B mporpaMHoMy Komimiekci «OTKOCy. Pesyabratu. OTpuMaHo pe3yinbTaTH po3-
paxyHKY CKIHYEHHO-EJIEMEHTHOI MOJEJ 3CYBOHEOE3NEeYHOrO CXWIy B TIporpamMHoMy Komimiekci <«JIIPA-
CAIIP 2016». OtpumaHo 3HaYCHHS KOSQIIIEHTY CTIHKOCTI 3CyBOHEOE3IETHOT AIITHKH CXIITY B IIPOTPaMHOMY KOM-
wrekci «OTKOC» 3a nomoMororo BOCkMHU MeTOiB. Pe3ynsTatn po3paxyHKy B mporpamaomy komrmiekci «OTKOCy»
MOPIBHSHO 13 KOE(ILIEHTOM CTIHKOCTI, BU3HAYCHUM METOJIOM KPYIJIOUMIIHAPUYHOT TOBepXHi koB3aHHs. HaykoBa
HOBH3HA. Pe3ynbraTtu po3paxyHKy koedilieHTIB cTiiikocTi B mporpamHomy komiuiekci « OTKOC» mo3Boimim nomi-
JIUTU KPUBI NOBEPXHI KOB3aHHS Ha JIBI TPYIH — Ti, 10 HE BIHOCATHCS O KPYIJIOLMIIHIPUYHUX, Ta Ti, IO 33JJ0BO-
JBHSIOTh pe3yJIbTaTaM CKiHUE€HHO-eJIEeMEHTHOro MonenmoBanHs. Ilpakruyna 3Haummicts. [IpoBiBim psn pospa-
XYHKIB Ta IpOaHali3yBaBLIM OTPUMaHI pe3yJbTaTH, 3 SICOBaHO, IO HE BCI METOJM OJHAKOBO BHPILIYIOTh 3a/1a4y
CTIMKOCTI 3cyBOHeOe3neqHoro cxuiy. Lle moB’s3aHo 3 pi3HUMU OOMEKECHHSIMH KOXHOTO 3 METOJIIB, TOMY B SIKOCTI
KpPUTEPII0 aJIeKBaTHOCTI OTPIMAHUX PE3yNbTAaTiB HEOOXITHO aHAJI3yBaTH BEIHMYMHY PO3OIKHOCTI MK OTPHUMaHUMH
3HAYCHHSAMH KOEQII[iEHTIB CTIHKOCTI.

Knrouogi crosa: 3cyBOHEOC3NEUHUI CXIIT; 3CYB; METOJ] CKIHUCHHHX €IIEMEHTIB; IOBEPXHS KOB3aHHS; KOe(iieHT
CTilKOCTI
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AHAJIN3 PACXO)KI[EHI/II‘/I PE3YJbBTATOB PACYETOB
KO®PUIHUEHTA YCTOUYNBOCTHU
OITIOJIBHEOITACHOTI'O CKJIOHA

Hean. [ToBblIeHNE TOYHOCTH ONPEICICHHUS] YCTOWYNBOCTH OIOJI3HEOIIACHBIX CKJIOHOB B PsZIe CilydaeB TpeOyeT
UCIIONIb30BaHMS CPa3y HECKOJIBKUX METOJIOB OTHICKaHUS Kod(¢uuunenra ycroituuBoctu. [losTroMmy cienyer npoana-
JIM3UPOBATh PACXOXKICHUs Pe3yJIbTaTOB PacueToB KO (HUIMEHTa YCTONYMBOCTH OIOJI3HEONACHBIX CKIOHOB. Me-
ToAMKA. Pemenne 3agauil KOHEUHO-3JIEMEHTHOTO MOJIEIUPOBAHMS CKJIOHA B MporpaMMHOM Komiuiekce «JIMPA-
CAIIP 2016» 6a3upyercst Ha cO31aHUH NPOCTPAHCTBEHHOW KOHEYHO-3JIeMEHTHOW Mojieny. C ee OMOIIBIO pelieHa
HeJTMHEeHHas 3aja4a TeOMEXaHUKH C MCIOJIB30BaHUEM CIICIIMAIBHBIX KOHEYHBIX JIEMEHTOB, MOJEIMPYIOIUX pabo-
Ty TPyHTa. B KauecTBe 3TaOHHOTO BBINOJIHEH pacdeT KO3 GHUIHEHTa YCTOWINBOCTH METOIOM KPYTIOIMIHHAPHIC-
CKOH TIOBEpPXHOCTH CKoJbKeHusA. Co3JaH W pacCUWTaH OIOJI3HEOMACHBIH CKIOH B IPOTPAaMMHOM KOMIIIEKCE
«OTKOC». Pe3yasTarsl. [loydeHs! pe3ybTaThl pacueTa KOHEYHO-JIEMEHTHOW MOJICIIH OITOJI3HEOMACHOTO CKIIOHA
B mporpaMmHOM KoMmiutekce «JIMPA-CAIIP 2016». [TonydeHo 3HadeHHe KOA(PQUIHEHTa YCTOHIYUBOCTH OIOJ3HE-
OTIACHOTO Y4YacTKa CKJIoHa B mporpaMMmHoM kominiekce «OTKOC» ¢ momompio BocbMH MeTOJ0B. Pe3ynbratsl pac-
yera B nporpaMmHoM komiuiekce «OTKOC» cpaBHeHBI ¢ KOIQQHUIIMEHTOM YCTOHYMBOCTH, ONPENEICHHBIM METO-
JIOM KPYIJIOLMJIMHIPUYECKON TOBEPXHOCTH CKoJbxkeHus. Hayunasi HoBu3Ha. Pe3ynbTarsl pacuera ko3 duuueH-
TOB ycToifunBocTH B IporpaMMHoM komiuiekce «OTKOC» mo3Bosnunu pa3ieuTh KpUBBIE TIOBEPXHOCTH CKOJIBXKE-
HUS Ha JBE IPYMIIEI — T€, KOTOPBIE HE OTHOCATCS K KPYTJIOLMINHAPUUECKOM, U T€, YTO YOBIETBOPSIOT pe3yIbTaTaM
KOHEYHO-3JIEMEHTHOI0 MojienupoBanus. IIpakTudeckast 3HaUUMOcCThb. [IpoBens psa pacdeToB U MpoaHaIU3UPOBAB
MIOJTy4YCHHBIE Pe3yJbTAThl, BEISICHUIOCH, YTO HE BCE METOMBI OJJMHAKOBO PEIIAIOT 33Jady YCTOHYMBOCTH OIOJI3HE-
OTIACHBIX CKJIOHOB. DTO CBSI3aHO C Pa3IMYHBIMU OTPAHUUCHHUSAMH KaXk/I0TO U3 METOJIOB, IOITOMY B KauecTBE KpHUTe-
pHS aIeKBaTHOCTH TOJTYYEHHBIX PE3yJIbTaTOB HEOOXOIUMO aHAJIM3MPOBATh BEIMUUHY PACXOXKICHUS MEXIY ITOIy-
YEHHBIMH 3HAYCHUSAMH KO3(PHUIIUECHTOB YCTOHYNBOCTH.

Kniouegvie cnosa: onoi3HeonacHbli CKIIOH; OTIOJI3EHb; METO KOHEUYHBIX JJIEMEHTOB; TIOBEPXHOCTH CKOJIBKEHHUS;
KOX(PHUIHIEHT YCTOHIUBOCTH
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