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On the basis of modern numerical implementations of the finite element method the article
presents the justification of the adequacy of the method of solving the problems of structures
straining in their contact interaction with the elastic-plastic nonlinear soil medium.

Taking into account the method of construction of computational models of joint straining and
mutual influence of rigid structures and essentially plastic external medium allows specifying
essentially the stress state of structures interacting with the soil base, and has a visible effect on the
calculated level of the base bearing capacity.
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Introduction. Compatible calculations of structures and nonlinear bases,
which are described by modern mechanical and soil models within one
problem is a significant technical problem.

The solution of the assigned tasks is possible only within the framework of
numerical methods, the most common of which is the finite element method
(FEM) [10]. The construction of the computational finite element model raises
many complex questions that require additional detailed study. In addition, the
compliance with the state building norms and regulations is an important factor
for further practical use.

The combination of the latest achievements in the field of structural
mechanics and soil mechanics is a promising direction for the development of
effective approaches to building discrete models of space systems “structure-
nonlinear base” for solving applied problems.

On the basis of modern numerical implementations of the finite element
method the article presents the theoretical foundations of the analysis of
straining processes of machines and structures in their contact interaction with
the elastic-plastic nonlinear soil medium within the three-dimensional spatial
problem taking into account the previous stress state and load history. The
methodology of construction of computational models of joint straining and
mutual influence of rigid structures and essentially plastic external medium is
developed, new special heterogeneous finite elements of SAFEM of general
form with variable geometrical and physical-mechanical parameters and
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arbitrary boundary conditions for approximation of arrays of hardly connected
reinforced soils are developed.

The purpose of the article is to substantiate the proposed method adequacy
[11] to solve the problems of structures straining in their contact interaction
with the elastic-plastic nonlinear soil medium.

Numerical simulation of sand sample tests in a compression device.
Based on the data presented in [9], the following parameters of the soil
deformation modulus £=5.6 MPa, the structural strength 6,,,=0.03 MPa, the
compression ratio C,=0.0065, the density po=1730 kg/m3, the porosity ¢,=0.68
are accepted. In addition, it was
assumed that the Poisson's ratio
v=0.3, the specific adhesion c=1 kPa
and the internal friction angle
™ ©=32°. The sample dimensions are
shown in Fig. 1.

N The difference between the
computational and experimental
68 values of porosity does not exceed

Fig.1. Samp]e geometric parametgrs in the 0.2% (Fig. 2, curve 1). It should be

numerical simulation of compression tests noted that the model initial variant
[2, 3, 8], where this method is not used, leads to the porosity-pressure line
graph (Fig. 2, curve 2), ie. does not even qualitatively approach the
experimental data of compression tests. The comparison of the load-
displacement graphs (Fig. 3) for the proposed (1) and initial (2) variants of the
soil straining model shows that under conditions of heterogeneous triaxial
compression when reaching the method structural strength first reduces the
computational stiffness of the soil sample. Then, with increasing hydrostatic
pressure, the reverse process begins - the sample stiffness increases and
exceeds the initial one.
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Fig. 2. Compression curve in the numerical simulation of compression tests
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Fig. 3. Load-displacement graph in the numerical simulation of compression tests

Foundation-shell calculation. To demonstrate the possibilities of the
developed method of numerical modeling of the structures interaction with a
nonlinear base, the foundation-shell calculation was executed, the results of
which are compared with the data of full-scale tests described in [7].

The conical foundation-shell (Fig. 4) with the base diameter of 3m had the
conicity angle a=5 and the constant thickness #=17 cm. The base was the loam
with the internal friction angle @;=21" and the specific adhesion ¢=3 kPa, for
which in the calculation was set: the deformation modulus £=45 MPa, the
Poisson's ratio v=0.3, the density p,=1700 kg/m’, the critical density p* =
1690 kg/m®. Before installing the shell, the layer of medium-grained sand of
10 cm thickness was laid on the soil, which was leveled according to a special
template. The following physical and mechanical characteristics of sand were
accepted: the internal friction angle @,=35", the specific adhesion c¢=1 kPa, the
deformation modulus £=45 MPa, the Poisson's ratio v=0.3, the density py, =
1630 kg/m’, the critical density p*=1600 kg/m>. Due to the fact that according
to the tests results [7] the depletion of bearing capacity occurred at a
significant intensity of the reactive pressure under the foundation glass part
P=0.52 MPa, the method was not taken into account.
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Fig. 4. Computational scheme of the foundation-shell:
a— the discrete model; b — the structure dimensions and the CE grid



108 ISSN 2410-2547
Omip matepianiB i Teopis cropyx/Strength of Materials and Theory of Structures. 2021. Ne 106

The discrete model of the foundation-shell with the adjacent area of the
base, presented in Fig. 4 and 5, is developed taking into account the experience
of similar calculations [1, 4,5, 6]. In the numerical study the load was
simulated by forced displacements of the foundation glass bottom with the step
of AU = 0.02 cm. To assess the effect of nonlinear strength of materials of the
structure and the base for the predicted level of bearing capacity, three
calculations were executed: 1) the structure and the soils were simulated
linearly elastic; 2) the plastic deformations in the structure were considered; 3)
physically nonlinear work of all materials was taken into account.
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Fig. 5. Computational scheme of the foundation-shell and the adjacent area of the base (1 —
rotation axis): a — the discrete model structure; b — the dimensions (in mm) and the CE grid

Analysis of the calculation results showed the following. Graphs of the
function vertical load Q — the displacement of the foundation glass bottom U
(Fig. 6) allow us to judge the sudden nature of the bearing capacity depletion.
The calculation data of possible cracking zones agree well with the experimental
ones [7]. Thus, according to the strain gauges, the first to appear were the
circumferential cracks on the foundation lower surface in the area where the
conical shell and the rigid glass part meet. Similar data were obtained by
calculation. Moreover, the numerical method has the advantage over the natural
experiment, which allows you to track not only the possible formation and
development of cracks that reach the structure visible surface, or in a limited
number of points where the strain gauges are installed, but also the origin and
subsequent growth during loading of all possible cracking zones. Following the
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first circumferential cracks in the immediate vicinity of them on the lower
surface of the shell formed the zone of meridional cracks, which with increasing
load rapidly progressed in the radial direction and, reaching the lower base of the
cone, came to the visible surface, where they spread to the upper foundation
glass base. The values of the vertical load Q and the displacement of the glass
bottom U, correspond to the calculation results in the statement (3) (taking into
account the plastic features of the structure and the soil).
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Fig. 6. The graph of the vertical load function Q — the glass bottom displacement U:
1 — the construction and the soil are linearly elastic; 2 - taking into account the structure plastic
deformations; 3 - taking into account the plasticity of all materials

According to [7], the foundation-shell destroyed “according to the
meridional scheme with the annular plastic hinge formation at the junction of
the conical shell and the rigid glass part”. However, the remark of this work
authors that after the experiment termination “the glass displacement
(subsidence) relative to the hard disks was 0.05 - 0.08 m”, raises doubts about
the plastic hinge formation. Most likely in the experiment, as well as in the
calculation, the reason for the bearing capacity depletion was the destruction
(cut) of the structure compressed material and the formation of the through
circumferential crack in the area of the shell adjacency to the glass. Therefore,
using the terminology [12], we can conclude that the reason for the bearing
capacity depletion of this structure was the destruction due to the cut of the
compressed concrete zone.

Table 1 shows the comparison of the computational values of the load Q" at
which the meridional crack arrays came to the upper surface of the shell, and
the structure bearing capacity Q* with the relevant experimental data.
0’ =450 kN, Q*e=900 kN. The minimum values of these characteristic loads
are obtained under the assumption of the linear-elastic operation of the
structure and the soil: 0",=456,1 kN, Q"=632,5 kN. As expected, taking into
account the structure plastic deformations led to the likely redistribution of
stresses, as well as to the load increase at which is possible the formation of
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meridional cracks, and the bearing capacity to the values Q",=456,1 kN,
07,=632,5 kN, accordingly. Finally, the additional consideration of the
physical and nonlinear work of the soil base has led to less favorable
conditions for the operation of the foundation-shell structure and decrease of
the control loads values: 0"3=489,5 kN, Q*3=881,8 kN. Therefore, upon the
fullest consideration of all factors of physical nonlinear strength of structural
materials and soils, the calculated level of the bearing capacity Qs is only
2.0% less than the experimental value of 0.

Table 1
Graph |y | 2% 00 | o' xn | 222 100%
number M 0,
e e
1 456.1 14 632.5 29.7
2 603.9 342 1818.5 102.1
3 489.5 8.8 881.8 2.0

Conclusions. Therefore, the use of the developed method allows to
significantly specify the structures stress state interacting with the soil base,
and to significantly specify the impact on the calculated level of the base
bearing capacity. Only the simultaneous consideration of the nonlinear
resistance of the soil base together with the plasticity and the structure
destruction in the numerical simulation of the foundation-shell load provided
good agreement with the natural experiment data as to the type of the boundary
state and the bearing capacity level.
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Babiwesuu M.O.., 3amuniox I'.A.
AHAJII3 HAIIPYXXEHO-JE®OPMOBAHOI'O CTAHY ®YHJIAMEHTY-OBOJIOHKHA
IPUA B3AEMO/III I3 IMTPYKHOIIJIACTUYHHAM CEPEJOBUIIEM

VYV crarri Ha 06a3i cy4acHHX 4YHCENIbHHX peali3alid MeToJa CKiHYCHHHX EJIEMEHTIB
IPEACTABICHO OOIPYHTYBaHHS aJCKBATHOCTI METOAMKH pO3B’si3aHHA 3amad jAedopMmyBaHHS
KOHCTPYKUIM HpH I1X KOHTAKTHIH B3aeMonii i3 HPYXHOMJIACTUYHUM HENIHIHHUM TI'PYHTOBHM
CEPEeIOBHUIIIEM.

BpaxyBaHHS METOIMKH HOOYIOBH PO3pPaXyHKOBUX Mogeieil cymicHoro nedopmyBaHHS i
B3a€MHOTO BIUIMBY JKOPCTKMX KOHCTPYKLIH I CYTTEBO IUIACTHYHOTrO 30BHILIHBOTO CEPEIOBHIIA
JIO3BOJISIE ICTOTHO YTOYHUTH HANpPYXXCHHH CTAaH KOHCTPYKLIHM, B3a€MOIIIOYHMX 3 TIPYHTOBOIO
OCHOBOIO, | pOOUTH IOMITHHUI BIUIMB Ha PO3paxyHKOBHII PiBEHb HECYUOl 34aTHOCTI OCHOBH.

Kiawo4oBi cioBa: NpYyKHOIUIACTHYHE CEPEIOBHMINE, METOA CKIHYCHHHX EJIEMEHTIB,
HamiBaHATITUYHUIT METO/] CKIHYEHHHX EJIEMEHTIB, 3a/1a4a 1eOPMyBaHHS KOHCTPYKLIH.

Vabishchevich M.O., Zatyliuk Gh.A.
ANALYSIS OF THE STRESSED-STRAINED STATE OF THE FOUNDATION-SHELL
AT INTERACTION WITH THE ELASTIC-PLASTIC MEDIUM

On the basis of modern numerical implementations of the finite element method the article
presents the justification of the adequacy of the method of solving the problems of structures
straining in their contact interaction with the elastic-plastic nonlinear soil medium.

Compatible calculations of structures and nonlinear bases, which are described by modern
mechanical and soil models within one problem is a significant technical problem.

The solution of the assigned tasks is possible only within the framework of numerical
methods, the most common of which is the finite element method (FEM). The construction of the
computational finite element model raises many complex questions that require additional detailed
study. In addition, the compliance with the state building norms and regulations is an important
factor for further practical use.

The use of numerical methods in the calculation of machines and structures, taking into
account their interaction with the elastic-plastic medium is largely determined by the complexity
or even impossibility of analytical calculation due to the complexity of structural schemes,
heterogeneity of material features, uneven soil layers, implementation of step-by-step work
execution technologies and so on.

The combination of the latest achievements in the field of structural mechanics and soil
mechanics is a promising direction for the development of effective approaches to building
discrete models of space systems “structure-nonlinear base” for solving applied problems.

The use of the developed method allows to significantly specify the structures stress state
interacting with the soil base, and to significantly specify the impact on the calculated level of the
base bearing capacity. Only the simultaneous consideration of the nonlinear resistance of the soil
base together with the plasticity and the structure destruction in the numerical simulation of the
foundation-shell load provided good agreement with the natural experiment data as to the type of
the boundary state and the bearing capacity level.

Keywords: eclastic-plastic medium, finite element method, semi-analytical finite element
method, structure straining problem.
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Babuwesuu M.O.., 3amoinox I'A.
AHAJIN3 HANIPSI)KEHHO-IE®@OPMUPOBAHHOI'O COCTOSIHUSI ®YHIAMEHTA-
OBOJIOYKHM ITPH B3AUMOJENCTBUHU C YIIPYTOIUIACTUYECKOM CPEAOM

B CTaTb€ Ha 6336 COBPEMECHHBIX YHCJICHHBIX peanmaunﬁ METO/1a KOHEYHBIX DJIEMCHTOB
IPEACTABICHO OOOCHOBAHHE aJEKBATHOCTH METOAMKH pEIICHUs 3a1ad  aeGpOpMHPOBAHMS
KOHCTPYKLIMH HpPH HMX KOHTAKTHOM B3aUMOJCHCTBUM C YNPYrOIUIACTUYECKOH HENMHEHHOM
I'PYHTOBOH Cpenoil.

Yuyer MEeTOAMKH IIOCTPOEHMSI PAcUEeTHbIX MOJENIeH COBMECTHOro JAe(OpMHUPOBAHUS U
B3aMHOI'O BIIMSHMS JKECTKUX KOHCTPYKLMH M CyIIECTBEHHO IUIACTHUYECKOW BHEILIHEH Cpebl
H03BOJIAET YTOYHUTD HANPSXKEHHOE COCTOSIHUE KOHCTPYKLMH, B3aUMOIEHCTBYIOILNX C I'PYHTOBBIM
OCHOBAHMEM, U OKa3bIBACT 3aMETHOE BJIMSIHME HA PACUYCTHBIH ypOBEHb HECYyIIEH CIOCOOHOCTH
OCHOBaHHSI.

KarouyeBble cjIoBa:  ynpyromlacTudeckas  Cpefa, METOJ  KOHEYHBIX  3JIEMEHTOB,
HOJIyaHAJINTHY ECKUH METOJ KOHEYHBIX JIEMEHTOB, 3a7a4a Ae(hOpMUPOBAHNS KOHCTPYKLHH.
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