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ABSTRACT

Purpose. The objective is to assess the stability of bund wall components of a hydro-technical structure under the
conditions of a tailing dump which hydrodynamic mode has been disrupted during operation. The specified data on
the geomechanical state, physical and mechanical properties have been used of both the bund wall material and that
of the soil base.

Methods. Mathematical modeling by means of finite element method has been used to assess the hydro and geome-
chanical stability of bund wall components of a tailing dump (flood-breaking dam). The most reliable software
Phase 2 v.8.0 was used for simulating. The modeling takes into consideration the influence of hydrostatic weighing
forces and hydrodynamic pressure as well as nonstabilized state of water-logged rocks in the bund wall body.

Findings. Based on the results of assessments, geomechanical stability margin of the bund wall components of a
tailing dump has been determined. It has been shown that on an equal height of the bund wall, the areas with insigni-
ficant angles of bottom slopes horizontal equivalent are characterized by the greater stability margin, and their
resistance to shear deformation factor is comparable to the strength of alluvial sands shear in the base of a dam. In
this context, stability margin is connected with the controlling influence on the bund wall state of water-logged soils,
located above the ground water table in the dam body.

Originality. It has been determined that the hydro and geomechanical state of the bund wall components of the
hydro and technical structure is influenced by the occurrence within the bounds of the tailing dump bund wall of
alternately water-logged rock material intervals located above the ground water fixed position.

Practical implications. The results of modeling the tailing dump hydro and geomechanical state, which consider the
multifactor conditioning of hydrodynamic and deformation processes in a body of the bund wall components, are the
basis to substantiate a complex of engineering measures directed at the ensuring further safe operation of the hydro
and technical structure.
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1. INTRODUCTION ravine located on the watered bank of the Konoplianka

. . . . River in the immediate vicinity of the Dnipro River.
Industrial activity, covering for a long time almost the v vieinity P Y

entire Dnipropetrovsk region has led to the formation of
a new type of landscape — anthropogenic. The technogenic
landscape, the features of formation and structure of which
are determined by human’s productive activity with the
use of powerful technical means, has been formed also
within the area of the Dniprovsk tailing dump
(Tymoshchuk, Sherstiuk, & Tishkov, 2013).
Geomorphologically, the Dniprovsk tailing dump is
located in the valley of the Dnipro River within its right-
bank terrace. Its construction was carried out by way of
the bund walls erection along the perimeter of a natural

At present, the relief in the area of the tailing dump
has undergone significant changes. As a result of techno-
genic transformations (warehousing and waste planning),
the natural surface on most of the tailing damp is blocked
by a layer of filled-up soils of different genesis.

The existing imperfection of the tailing dump con-
struction, which is connected with its insufficient protec-
tion from the effects of atmospheric precipitation, wind
and water erosion, the lack of anti-filtration screens in
the base and in the dam, has determined the need for
additional studies aimed at identification of its current
state and substantiation of the necessary engineering
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measures of protective nature (Buiskikh & Zamoshch,
2010; Krupskaya, Bubnova, Zvereva, & Krupskiy, 2011;
Epov, Yurkevich, Bortnikova, Karin, & Saeva, 2017).

One of the features for the stability assessment of the
bottom slopes of the tailing dump bund wall components
(retaining prisms and flood-breaking dam) is the necessity
to consider the hydrostatic weighing forces and hydrody-
namic pressure, as well as the possible influence on its
stability of non-stabilized state of water-logged soils in a
body of the bund wall (Mironenko & Strelskiy, 1989;
Galperin, 2003; Xu et al., 2013).

During the development of hydro and geomechanical
models of the bund wall areas of a tailing dump, the data
of prospect boring, the results of study of the physical
and mechanical properties of soils under laboratory con-
ditions, the data of reference documents and the results
of published scientific research were used (Ignjatovic,
Djurdjevac-Ignjatovic, & Ljubojev, 2013).

The deformation elastoplastic model of the medium,
implemented on the basis of the finite element method,
used in the stability assessment, is a generalization of the
elastic and rigid-plastic medium with internal friction and
joins the two theories on which modern rock mechanics
is based: the theory of elasticity and the theory of the
limiting state (Duncan, 2000).

The procedure of numerical solution in the finite ele-
ment method is based on the prerequisite for force inte-
raction between the elements of the modeled domain only
in the node points (Whiteley, 2017). In this case, the con-
tinuity condition of the medium is satisfied by the insepa-
rability of the nodal constraints between the elements.

In the structural base of numerical algorithm lies the
rigidity matrix of the system, formed from the rigidity
matrixes of the elements and linking the known nodal
forces and unknown nodal displacements into the system
of linear equations. The result of the numerical solution
is the determination of the model nodes displacements
proceeding from the given nodal forces determined by
the external load and own weight of the model elements
(contour and bulk forces). Based on the set values of
displacements, axial, major deformations and stresses
corresponding to them are calculated. The model used
and its software implementation provide a possibility to
study the areas of discontinuities fixed in stretching
strain areas (Huang, 2013; Abellan et al., 2013; Yang,
Hou, Tao, Peng, & Shi, 2015).

The method of derating the strength parameters in the
stability margin assessment of rock massif, which was
implemented in conjunction with the finite element meth-
od, provides the possibility of simultaneous determination
of the slip surface position and the stability factor in the
absence of any restrictions on the failure mechanism ge-
ometry. According to the method used, the design factor of
stability margin Cs (1) is found out from the ratio of the
maximum possible soil strength 7w to the minimum
value, sufficient to maintain equilibrium 7z (1):

Tactive

T

Cs= (1)

critical

If formula (1) is represented as a standard Coulomb
condition, then it takes the form (2):
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where:

C and ¢ — the initial parameters of strength — respec-
tively, the specific cohesion and internal friction angle;

o, — the actual normal stress;

C, and ¢, — the strength parameters, decreased during
the calculation to the minimum values sufficient to main-
tain equilibrium.

An essential advantage of using this method is its uni-
ty with other possibilities of numerical modeling. This
allows to take into account the embedded part of the slopes
when calculating the stability on soft (compressible) soils,
with regard to consolidation processes of the base and its
hardening. And also it makes possible to perform stabi-
lity calculation with account of excess interstitial pres-
sure, forming a “respud” in the central part of the slopes
and stimulating a decrease in their stability.

2. MAIN PART

The modeling technique was provided for the solution
of direct geomechanical problems (Chanyshev & Abdulin,
2014; Sanchez, Wang, Briaud, & Douglas, 2014), which,
at the first stage, consisted in assessment of the stress-
strain state of the bund wall areas, at the second stage — in
assessment of their stability margin using the method of
derating the strength parameters. The most reliable soft-
ware Phase 2 v.8.0 is used for simulating.

When assessing the geomechanical stability of the bund
wall, the calculated profiles 1—1, 2—-2, 3—3 and 4-4
were accepted in calculations, set off through the specific
areas of the tailing dump in the direction of the most proba-
ble development of negative deformation processes (Fig. 1).

The dimensions of the models in accordance with the
calculated profiles are determined from the condition of
minimization of their contours effect on the stress-strain
state of the modeled massif and cover the areas of
350.0 m length with the thickness of the soil stratum
from 14.0 m at the bottom slope of the bund wall to
35.0 m — in boundaries of the tailing dump pond.

To ensure the spatial determination of the modeled do-
main, zero displacements are specified at the lateral bounda-
ries of the model and along its lower contour, and the force
interaction between the elements of the model was deter-
mined by gravitational (bulk) forces in the soil stratum.

In general, the numerical model within the bounds of
assessed areas is represented by triangular elements of
seven types in accordance with the geologic-lithological
structure of the soil stratum in the base of a tailing dump,
rock refuse and phosphogypsum stocked in the tailing
dump pond, rock material in a body of the bund wall.

The main parameters determining the state of the mo-
deled massif and its behavior under the conditions of elasto-
plastic deformation were specific gravity y, deformation
modulus E, Poisson’s ratio v, specific cohesion C and inter-
nal friction angle ¢, that is, the set of characteristics obtained
during the standard complex of geotechnical research.

Values of deformation and strength characteristics of
lithological varieties in the numerical model are accepted
on the results of laboratory determinations, data of actual
standards and studies performed on similar sites.
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Figure 1. The layout of the calculated profiles within the bounds of the outer bund wall of the Dniprovsk tailing dump

To study the physical and mechanical properties of
the rock material in a body of the bund wall during the
drilling of exploratory boreholes, a geological-enginee-
ring testing was carried out with the selection of 25 un-
disturbed structure samples and subsequent determina-
tion under laboratory conditions of the basic physical and
mechanical properties of soils, which build up the dam.

According to the testing data, the material, which
builds up the dam is represented mainly by one nomen-
clature of soil — heavy, yellowish-brown and fawn-brown
sandy loams, with inclusions of sandy and loamy materi-
al, of heterogeneous structure, slightly wet in the upper
part of a dam and water-logged in its lower part, often
with inclusions of humus material. In the samples selected
from the dam base, in some cases there occurred carbo-
naceous material.

Determination of the deformation characteristics of
soils for tested intervals was performed under conditions
of compression, and strength characteristics — under
conditions of rapid unconsolidated-drained shear. For
one of the tested intervals, a control test of soils was
carried out under triaxial compression conditions accord-
ing to the unconsolidated undrained scheme of loading.
This yielded results, which were close to the results of
tests in a shear device: deformation modulus
E =16.3 MPa, specific cohesion C = 13.79 kPa, internal
friction angle ¢ = 19° (Fig. 2).

Based on the results of analysis and generalization of
these laboratory determinations, the characteristics of
physical and mechanical properties of soils have been
grouped for states characterized by the degree of their
water saturation: slightly wet and wet with a degree of
humidity S,<0.8 and water-logged with a degree of
humidity S, > 0.8:

— for sandy loam with a degree of humidity S, < 0.8:
y=182kN/m’, E=13.65 MPa, C=20.98 kPa, p =4.17 </s>;

— for sandy loam with a degree of humidity S, > 0.8:
y=194KkN/m? E=11.46 MPa, C= 14.43 kPa, ¢ = 23.33 </s>.

The values of parameters of physical and mechanical
properties of rock material, which were determined in
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this way are accepted as normative when substantiating
the design parameters of the numerical model and as-
sessing the stability of the bund wall for depth intervals,
respectively, above and below ground water table.

The physical and mechanical properties of granites
in the base of alluvial sands, which in the numerical
model represent a rigid incompressible base, are taken
from reference data and are set as equal for the frac-
tured granites: specific gravity y =25.5 kN/m?®, defor-
mation modulus E =4.5x10* MPa, Poisson’s ratio
v=10.12, specific cohesion C=110.0 MPa, internal
friction angle ¢ = 32 </s>.

The physical and mechanical properties of the base
soils, stocked in the rock refuse tailing dump pond and
that of phosphogypsum strata, which superposes them
are determined in accordance with DBN-B.2.1-10-2009
recommendations.

In conformity with DBN-B.2.1-10-2009, their nor-
mative values are adopted as deformation (deformation
modulus E) and strength (specific cohesion C and inter-
nal friction angle ¢) properties characteristics of
alluvial sands and loams under conditions of their natu-
ral occurrence:

— for intermediate size sands with porosity stratifica-
tion factor e =0.55: £ =40.0 MPa, C=2.0 kPa, ¢ =38°
(Table 1);

—for loams at e=0.65 and consistency index
0.50<IL<0.75: E=17.0 MPa (Table 3), C=25kPa,
@ =19° (Table 2).

Similarly, the deformation and strength characteristics
of radioactive waste, stocked in the tailing dump pond are
determined, which are classified by their nomenclature as
sandy loams. According to DBN-B.2.1-10-2009, sandy
loams at e = 0.65 and consistency index of 0.25 <IL <0.75
are characterized by a deformation modulus £ = 16.0 MPa
(Table 3), specific cohesion C=13.0 kPa and internal
friction angle ¢ = 24° (Table 2).

For phosphogypsum, the values of the basic physical
and mechanical properties are determined according to
the data of studies on similar site (Ivochkina, 2013).
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Figure 2. Testing of soils under conditions of triaxial compression according to the unconsolidated undrained scheme of loading

Table 1. Calculated values of physical and mechanical properties of base soils, stocked waste and bund wall material

Name Specific weight, Modulus of Poisson’s ratio, Specific Internal friction
7, KN/m? deformation, E, kPa v cohesion, C, kPa angle, ¢, °
Granite 25.5 45000000 0.12 110000.0 32.0
Sand 17.0 40000 0.30 1.3 34.5
Clayish soil 19.0 17000 0.35 16.7 15.7
Phosphogypsum 15.0 15000 0.30 18.7 27.8
Rock refuse 18.0 16000 0.30 8.7 20.9
Dam (sand loam S < 0.8) 18.2 13650 0.30 14.0 21.0
Dam (sand loam S, > 0.8) 19.4 11460 0.30 9.6 20.3
Table 2. Calculated values of the stability margin factors of the bund wall bottom slope
Stability factor, Cs
Alternate solutions Calculated profiles
1-1 2-2 3-3 4-4
The dam is in a non-watered state 2.93 3.09 3.32 1.83
Dam is in the current position of the ground water table 2.71 2.77 3.02 1.78
Dam is in the existing position of the ground water table 299 248 275 157

and with derated strength parameters above the water level

Table 3. Calculated values of the stability margin factors of the bund wall bottom slope in the detailing area

Stability factor, Cs

Bund wall state

Calculated sections (prospecting profiles)

I1-1 -1 I - 111

IV-1v

The existing position of the ground water table with

derated strength parameters above the water level 191

1.59 1.85

1.78
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According to these data, phosphogypsum, represented
by calcium sulfate dihydrate, is characterized by the
values of deformation modulus E=15.0 MPa, specific
cohesion C = 28.0 kPa and internal friction angle ¢ = 32°
in the rock dump for consolidated differences.

The calculated values of deformation and strength
properties of soil differences used in assessing the bund
wall stability, which were determined both from the data
of laboratory studies and by their physical properties in
accordance with the DBN-B.2.1-10-2009 requirements,
and were adopted with the consideration of the safety
coefficient on the ground y,, which is equal for the calcu-
lations of the load-bearing capacity:

— for specific cohesion yg (¢) = 1.5;

— for internal friction angle of sand y, () = 1.1;

— for internal friction angle of clay soils y, (¢) = 1.15.

The values of physical and mechanical properties ac-
cepted for calculation, which were determined with ac-
count of the safety coefficient on the ground y, and used
in the numerical model in assessing the hydro and geo-
mechanical bund wall stability, are given in Table 1.

The performed calculations of the hydro and geome-
chanical bund wall stability of the Dniprovsk tailing
dump showed that its stress-strain state is determined by
geometrical dimensions of the dam and by horizontal
equivalents within the bounds of the modeled areas, by

Shear zone

the position of the ground water initial level and by the
distribution of deformation and strength characteristics of
the rock material in the section of the bund wall.

Analysis of the results of calculations showed that, on
an equal height of the bund wall within the bounds of as-
sessed areas, the areas with insignificant angles of bottom
slopes horizontal equivalent from 1:3.4 to 1:2.0 are charac-
terized by greater stability margin, and their resistance to
shear deformation factor is comparable to the strength of
alluvial sands shear in the base of a dam (Table 2).

With an increase in the angle of horizontal equivalent
to 1:1.3, the shear deformation factor occurs directly in a
body of the dam, with their maximum values concentra-
tion within the bounds of bottom slope areas. Under these
conditions, an influence grows on the assessed area stabil-
ity of a possible rise in the ground water table and related
decrease in the deformation and strength characteristics of
the rock material, which builds up a bund wall body.

In Figure 3, it is shown the position of displacement
surfaces in the bund wall under non-watered condition,
with the existing position of the ground water table and
under the condition of derating the strength parameters of
the rock material above the water level to the values,
corresponding to its water-logged state in the direction of
4 — 4 profile, which corresponds to the section with the
minimal value of the stability factor.

Shear zone

Shear zone

Figure 3. The nature of shear deformation of the bund wall bottom slope, profile 4 —4: 1 —in non-watered state (Cs=1.83);
2 —in existing position of the ground water table (Cs =1.78); 3 —when derating the strength parameters of the dam
material above the ground water table to the values, corresponding to their water-logged state (Cs = 1.57)
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To assess the hydro and geomechanical stability of
the bund wall area, within which the minimal stability
factor value is obtained, the more detailed representation
of the bottom slopes is performed, with consideration of
their geometry specifics and changes of physical and
mechanical properties of rock material in depth, accor-
ding to the data of prospect boring and geological-
engineering testing.

The calculated sections II, II-1II, II-III and
IV -1V, carried out in accordance with the position of
prospecting profiles I —1 (wells Nos. 13, 14, 15), I -1I

(wells Nos. 10, 11, 12), I —1III (wells Nos. 7, 8,9) and
IV — 1V (wells Nos. 4, 5, 6) are shown in Figure 4.

The position of the ground horizon initial level in the
base of the bund wall according to the calculated sections
of the modeled areas is determined by the results of
measurements in piezometers and according to the geo-
physical studies data. According to measurements in
piezometers, located within the detailing area, the ground
water table in the base of a dam is located at a depth from
6.61 to 8.20 m, and this corresponds to its position by
absolute elevations 54.90 — 55.42 m.
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Figure 4. The layout of prospecting profiles and calculated sections in the detailing area of the tailing dump bund wall

When determining the thickness of the water-logged
zone above the ground water table, the results of labora-
tory determination of the humidity degree of soils in the
range of tested intervals were used. According to these
data, the thickness of the water-logged zone for the cal-
culated sections is 2.6 m (section I -1, well 15), 3.8 m
(section IT—-1I, well 11), respectively, 2.3 m (section
IIT — 111, well 8), 3.0 m (section IV — IV, well 5).

The calculated values of the stability factors, deter-
mined from the modeling data, with account of occur-
rence in a dam section above the water level of soils with
a high degree of humidity close to their total water satu-
ration (S, > 0.8), are given in Table 3.

According to the presented data, a dam area located
in section II —II is characterized by the minimum stability
margin. And this, with an average dam height of 7.5 m
and its bottom slope horizontal equivalent 1:1.8, is due to
controlling influence on its state of the water-logged soils
interval with a thickness up to 3.8 m, located above the
ground water table in the base of a dam (Figure 5).
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3. CONCLUSION

The performed calculations of the hydro and geome-
chanical stability of the bund wall of the Dniprovsk
tailing dump have shown that the stress-strain state of its
elements is determined by the geometric dimensions of a
dam, the slopes horizontal equivalent within the bounds
of the modeled sections, by position of the ground water
initial level and by the distribution of deformation and
strength characteristics of the rock material in the section
of the bund wall.

Based on the results of the calculations, it was found
out, that on an equal height of the bund wall within the
bounds of assessed areas, the areas with insignificant
angles of bottom slopes horizontal equivalent from
1:3.4 to 1:2.0 are characterized by greater stability mar-
gin, and their resistance to shear deformation factor is
comparable to the strength of alluvial sands shear in the
base of a dam.
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Figure 5. Calculation scheme and the nature of shear deformation of the bund wall bottom slope, section II — II — stability margin

Sfactor Cs=1.59

With an increase in the angle of horizontal equivalent
to 1: 1.3, the shear deformation factor occurs directly in a
body of the dam, with maximum values concentration
within the bounds of bottom slope areas. Under these
conditions, an influence grows on their stability of a
possible rise in the ground water table and related de-
crease in the deformation and strength characteristics of
the rock material, which builds up a bund wall body.

According to the performed assessments, a dam area
is characterized by the minimum stability margin
(Cs=1.59), within the bounds of which the occurrence
of water-logged soils interval (S,> 0.8) with a thickness
up to 3.8 m, located above the ground water table. In
these conditions, the engineering measures directed at the
ensuring the hydro and geomechanical stability of the
bund wall elements should provide their protection from
additional watering by way of the tailing dam damp-
proofing and implementation of surficial water removal.
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OIIIHKA I‘II[POI‘EOM_EXAHI‘IHOi CTIMKOCTI HU30BOI'O YKOCY
OI'OPOA’)KYBAJIBHOI JAMBH XBOCTOCXOBHUIIA “JHIITPOBCBKE”

B. Tumomyk, B. Timkos, FO. Copoka

Mera. OmiHKa CTIHKOCTI OTOPOIKYBaJIbHUX €IEMEHTIB TiAPOTEXHIYHOI CIOPYAN B YMOBaX MOPYIICHOTO EKCIUTya-
Talli€l0 XBOCTOCXOBHIIA TIPOJAMHAMIYHOTO PEXKUMY Ha MiZICTaBl YTOUHEHHX JAHUX MPO reoMaxaHidHuil cTaH i (Pi3uKo-
MeXaHiuHi BJIaCTHBOCTI MaTepially Oropo/KyBajbHOI 1aMOU Ta IPYHTOBOI OCHOBH.

Metoauka. /[ns OLIHKK TiApOreoMexaHIuHOI CTIHKOCTI OropoDKyBaJbHHUX EJIEMEHTIB XBOCTOCXOBHIIA (1amOu
O6BaﬂyBaHHﬂ) BUKOPUCTAHO MAaTEMATHYHE MOJCIIOBAHHA MCTO0M KiHI_leBl/IX eﬂeMeHTiB 3a JOIMOMOI'0r0 MporpaMmHoOro
nakery Phase 2 v.8.0, 1m0 BpaxoBye BIUIMB CHJI TiJJPOCTATUYHOIO 3Ba)KYBaHHS W TiAPOAMHAMIYHOTO THUCKY, a TaKOX
HEeCTab1J1i30BaHOI0 CTaHy BOJIOHACHYCHUX TOPIJ Y TiJII OTOPOKYBAIBLHOT JaMOH.

Pe3ysnbTaTi. 3a pe3yjbpTaTaMyd BUKOHAHUX OL[IHOK BCTAHOBJICHO 3aI1ac FeOMEXaHIYHOI CTIKOCTI OrOpOIKyBaIbHUX
€JIEMEHTIB XBocTocxoBuINa “JlHinpoBckke”. BusiBieHo, 110 npu piBHIl BUCOTI OTOPOKYBaIbHOI 1aMON BEJIMKHUM 3aria-
COM CTiHKOCTI XapaKTepH3YIOThCS AUISHKH 3 MaJUMH KyTaMH 3aKJIaICHHS HU30BHX YKOCIB, a X OIip PO3BUTKY 3CYBHUX
nedopmariii MOXKHA ITOPIBHATH 3 OIIOPOM 3PYIICHHS aTIOBiaIbHIX MICKIB y OCHOBI JaMOu, P IIbOMY, 3amac CTiHKOCTI
NOB’SI3aHMH 3 BH3HAYAJIbHUM BIUIMBOM Ha CTaH OrOPOJDKYBaJbHOI DaMOM BOJOHACHYCHUX IPYHTIB, PO3TAIlIOBAaHHX
BHIIE PiBHSI IPYHTOBUX BOJX y TiITi JaMOM.

HaykoBa HoBH3HA. BCTaHOBIEHO BIUIMB Ha IiJpOreOMeXaHiuHHI CTaH OrOpODKYBAIBHUX €IEMEHTIB TiApOTeXHid-
HOI CIIOPY/IM HAasiBHOCTI B MEXax OropoJpKyBajbHOT 1aMOM XBOCTOCXOBHINA IHTEPBaiB 3MiHHO BOJJOHACHYEHOT'O ITOPO-
JTHOTO Matepiaiy, pO3TallIoOBaHOr0 BHIIE (JIKCOBAHOTO MOJI0KEHHS PIBHS IPYHTOBHX BO/I.

IMpakTHyHa 3HAYMMicTb. Pe3yibraTy MOJENIOBAHHS TiIPOr€OMEXaHIuYecKoro CTaHy JaMOM XBOCTOCXOBHIIA, IO
BPaxoBYIOTh 0OararodakTopHy OOyMOBIEHICTh TiJpOJUHAMIUHMX 1 Je(OopMaliilHUX HPOLECIB y TiIi OropoKYHOUYHX
eJIEMEHTIB, CKIIaJal0Th OCHOBY Ul OOIPYHTYBaHHS KOMIUICKCY iH)KCHEPHHX 3aXO[iB, CIIPSIMOBAHUX Ha 3a0e3leYeHHS
MoJaJIbIIoi Oe3MeyHOol eKCIuTyaTamnii TipOTeXHIYHOI CIIOPYAH.

Knrouosi cnoea: mexniyna cnopyoa, o2opooicyoua 0amba, 2eOMexaHiuHa CMIUKICMb, YUCelbHe MOOeN08AHHS,
3anac cmiukocmi

OIIEHKA FHI[PO[‘EOMEXAHPI‘IECKOIZ YCTOMYUBOCTH HU30BOI'O OTKOCA
OI'PAXKJAIOIIEU TAMBbI XBOCTOXPAHWJININA “TJHEITPOBCKOE”

B. Tumomyk, B. Tumkos, FO. Copoka

Heasn. OrieHKa YCTONYHUBOCTH OTPasKAAIOIINX IIEMEHTOB THAPOTEXHUIECKOTO COOPY)KEHHS B YCIIOBHSX HAPYIICHHOTO
SKCIUTyaTaleld XBOCTOXPAHMIIUINA THAPOTUHAMIYECKOTO PEXMMa HA OCHOBAHNH YTOYHEHHBIX JAHHBIX O T€OMEXaHMJe-
CKOM COCTOSIHUH U (PU3NKO-MEXaHUIECKIX CBOWCTBAX MaTEepHAIA OTPAXKIAIOIIEH JaMObI M TPYHTOBOTO OCHOBAHUSI.

Meroauka. [lyis OLEHKH TMAPOT€OMEXAHUYECKOM YCTOMYMBOCTH OrpaKOArOLIMX 3JIEMEHTOB XBOCTOXPaHWIMIIA
(maMOb1 00BaIOBaHMUS) WCIIOJF30BAHO MAaTEMATHUECKOE MOJCITHUPOBAHUE METOJOM KOHEUHBIX 3JIEMEHTOB C IOMOIIBIO
nporpaMmmHoro makera Phase 2 v.8.0, yuuTbIBarolee BAMSHUC CHJI THAPOCTATHYCCKOTO B3BCIIUBAHUSA U TUIPOAMHAMHU-
YECKOTO JaBJICHUS, & TAKIKE HECTAOMIM3UPOBAHHOIO COCTOSIHUS BOJIOHACKIIICHHBIX ITOPOJ] B TEJIC OTPAXKIAIOIICH TaMOBI.

Pe3yabTatsl. [1o pe3yapTaraM BHIMOIHEHHBIX OLICHOK YCTAHOBJICH 3alac FreOMEXaHUYeCKOH YCTOWYMBOCTHU OTPaXK-
JAIONIUX 3JEMEHTOB XBOCTOXpaHMIMIIa “‘J{HenpoBckoe”. BhIABICHO, YTO NpH paBHOW BHICOTE Orpaskaaroiieil 1amOb
OOJIBIITMM 3aITacoOM YCTOMYUBOCTH XaPaKTEPH3YIOTCS YYaCTKH C MAJIBIMU YTIIAMH 3QJI0KCHHSI HU30BBIX OTKOCOB, a HX
COIIPOTHUBIICHUE PA3BUTHIO CABHIOBEIX JIe(hOPMAIIHii COTOCTABUMO C COTIPOTUBIICHUEM CJBUTY aJUTIOBUAIBHBIX IIECKOB B
OCHOBAHHHU JaMOBI, TIPH 3TOM, 3aIlac YCTOMYMBOCTH CBSI3aH C ONPENEIIIONINM BIUSHIEM Ha COCTOSHHE OTpakIaroeit
JIaMOBI BOJIOHACKHIIIICHHBIX TPYHTOB, PACIIOIOKEHHBIX BEIIIIE YPOBHS TPYHTOBBIX BOIBI B TEJIE JaMOBL.
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Hay4yHass HOBH3HA. YCTaHOBJICHO BJIMSHHE HAa THAPOI€OMEXAHUUECKOE COCTOSHHE OTPakJaroIlUX JIEMEHTOB I'M[-
POTEXHUUYECKOTO COOPYXKEHHUS HAIMYMS B Mpeesax orpakiarolied 1aMObl XBOCTOXPaHWJIMIA HHTEPBAJIOB MIEPEMEHHO
BOJIOHACBHIIIEHHOTO MOPOAHOTO MaTepualia, paciioj0KEeHHOTO BhIIIe (PHKCUPYEMOT'o MOJIOKEHHUS yPOBHSI TPYHTOBBIX BOJI.

[pakTHyeckasi 3HAYMMOCTD. Pe3ybTaThl MOAEIMPOBAHUS THIPOTeOMEXaHUIECKOTO COCTOSHHS J1aMOBl XBOCTO-
XPpaHWINIIA, YYUTHIBAIONIMNE MHOTO(aKTOPHYIO 00YyCIOBIEHHOCTh THAPOANHAMUYECKUX M JeOpMalMOHHBIX MpoIec-
COB B TeJI€ OTPaXkJafONINX 3JIEMEHTOB, COCTABIISIOT OCHOBY ISl 0OOCHOBAaHUSI KOMIUIEKCa MHXCHEPHBIX MEPOIIPHATHH,
HaIpaBJICHHBIX Ha oOecIieueHre JalbHeNIeil 6e30macHoi SKCIUTyaTaliy THAPOTEXHUIECKOTO COOPYKEHHS.

Kniouesvie cnosa: mexnuueckoe coopydicenue, ozpaxicoaowds 0amba, 2eomMexaHuieckds yCmouuueocmy, YUCIEHHOE
Moodenuposanue, 3anac yCmouyueocmu
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