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The article describes a practice of using software system based on the finite element method for calculating shell foundations.
It considers the peculiarities of the folded foundation interaction with subsoil mathematical modeling . It is found that during
modeling, special attention should be paid to a purpose of the system initial parameters, to a choice of finite elements type,
and to an optimal model of subsoil. Mathematical modeling of the folded foundation interaction with subsoil is performed
under conditions of a plane problem. The foundation operation under various conditions of interaction with subsoil and with
different stiffness parameters of the foundation is analyzed. Correlation between stiffness of a foundation structure and result-
ing equivalent stresses in subsoil under different conditions of interaction is determined. It is concluded that the obtained re-
sults represent a benchmark for subsequent calculations and modeling the interaction between a foundation and subsoil under
a volumetric stressed condition.
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MaTtemaTu4He MOJeJI0BAHHS B3a€EMO/II CKJIaI4acToro gyHaamMmenTy
3 OCHOBOIO NIPH BAPilOBAHHI KOPCTKOCTI KOHCTPYKIil

Timuenxo P.0."*, Kpimko J.A.%, Xopywxenko I.B.
123 IBH3 «KpHBOpi3bKHii HALIOHATBHIIT YHIBEPCHTET»
*Anpeca Ui TUCTYBaHHS: radomirtimchenko@gmail.com

B cTarTi HaBeA€HO AOCBi BUKOPHUCTAHHS MPOrPaMHUX KOMIUIEKCIB Ha OCHOBI METOIY KiHIIEBUX €JIEMEHTIB IIPH PO3paxyHKax
(hyHIaMEeHTIB-000I0HOK. 3a3HaUEHO, 1[0 AKTUBHE BUKOPUCTAHHS METOAY KiHIIEBUX EIEMEHTIB MOB'A3aHe OETHAHHIM TPhOX
(axTopiB: OCOOIMBOCTIME CaMOTO METOJy, HasBHICTIO Cy4acHOi 0GYMCIIOBANBHOT TEXHIKH, PO3POOKOI0 MaTeMaTHIHUX MO-
JeTelt TOCHiKYBaHUX SIBHIL, IO aJeKBaTHI O peaJbHHUX NPOLECIB i3 BUCOKMM CTyNEHeM TOYHOCTi. HaBeneHo mpuxianu
HaipO3MOBCIOKEHIINX IPOrpaM IJIsl BUPINICHHS IE€OTEXHIUYHMX 3ajad, IPH [bOMY 3a3HA4Y€HO, IO BOHM BiIpi3HAIOTHCS
criocobaMu 3aBIaHHS MOJEJ IPYHTOBOT OCHOBH, Ta MAIOTh CBOI IEBHI IHCTPYMEHTH AJISI 3MIiHHM Ta KOPUI'YBaHHS BUXIJIHHX
mapaMeTpiB Ta aHajdi3y. PO3rIsHYTO 0COOIMBOCTI MaTeMAaTHYHOTO MOJAETIOBAHHS B3aeMoAil (yHIAMEHTIB Ta IPYHTOBOI OC-
HOBH. BCTaHOBIICHO, 1110 IPU MO/ICJIIOBAHHI 0COOJIMBY yBary CIijl 3BepTaTH Ha NPU3HAYCHHS IT0OYaTKOBUX ITapaMeTpiB CHCTe-
MH, Ha BUOIp THITYy KiHIIEBHX €JIEMEHTIB 1 ONTUMAaJIbHOI MOAENI IPYHTOBOI OCHOBH. Byll0 BUKOHAHO MOJAETIOBAHHS B3a€MOIIi
CKJTagyacToro (pyHIaMeHTy 3 OCHOBOIO B YMOBaX IUIOCKOI 3a/1adi 3a JOMOMOTO0 IporpamMHoro xommiekcy LiraSapr-2013.
IIpoananizoBaHo xapakTep poOOTH (pyHIAMEHTY IPH Pi3HUX yMOBaxX B3a€MOJIil 3 OCHOBOIO Ta IPH Pi3HUX IapaMeTpax jKopc-
TKOCTi ()yHIaMEHTHOI KOHCTPYKIii. Byl0 BCTaHOBIEHO 3aJISKHICTh MiX KOPCTKICTIO ()YHIAaMEHTHOI KOHCTPYKIIi Ta BHHH-
KalOUYMMU €KBiBAICHTHUMH HAIIPYXXCHHSIMH B IPYHTOBIH OCHOBI ITpH pi3HUX yMOBax B3aeMozii. BcranoBieHo, mo came y BH-
MaJIKy 13 BAKOPHCTAHHSIM THYYKOT CKIIAJIKH, sIKa MPAIIOE K 000JIOHKA, 1, 3AITy4ar0yH 10 poOOTH Oibilie 00’ €My IPYHTY Y TIO-
POXHHHY, HOCSTA€ThCS ePEeKT Mepepo3nOIiy HapyXeHb 0 BCil IPYHTOBIH TOBIII. 3p00JIICHO BUCHOBOK, III0 OTPHMaHi pe-
3yJIBTaTH CIYT'YIOTh OPIEHTHPOM JUISA MOCTIAYIOYHX PO3PaxyHKIB Ta MOIETIOBAHHS B3aeMoJii (yHIAMEHTY Ta OCHOBU IpHU
00’€eMHOMY HaIpy>KCHOMY CTaHi.

Knrw4ogi cioBa: (byHZ[aMeHT-O6OJ'IOHKa, MCTO KiHHeBI/IX eJ'IeMeHTiB, MaT€MaTH4YHC MOJACIHOBaHHA, MOJCIIb KyJ'IOHa-MOpa
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Introduction. Finite Element Method (FEM) is ac-
tively used to solve various engineering tasks, geo-
technical ones in particular. The development of tech-
nology along with a wide software use when design-
ing and calculating engineering systems urges the in-
tegration of software systems based on FEM in subsoil
modeling, its interaction with foundation, and in the
system analysis in general [1-3].

There are various software systems based on the fi-
nite element method, for example: Feadam, Sage-
Crisp, Plaxis, Ansys, LiraSapr, Nastran, ABAQUS,
etc. They differ in methods of subsoil modeling, and
have their own specific tools for changing and adjust-
ing source parameters and analysis. At the same time,
the application of a software system for modeling
foundation structures of off-standard forms and types
is also relevant, i.e. stamps modeling. Today, the prac-
tice of using software systems for modeling complex
foundation systems in conjunction with subsoil is not
studied sufficiently [4-6].

Analysis of the latest research findings and publi-
cations. The finite element method is widely used due
to a combination of three factors: the features of the
method itself, the availability of modern computer
technology, the development of investigated phenom-
ena mathematical models that comply with the real
processes with a high degree of accuracy.

National and foreign scientists actively use software
systems based upon the finite element method for
solving geotechnical problems in their research [1-10].
First of all, in research analysis, attention is paid to the
study of software systems application in mathematical
modeling of different types of shell foundations while
interacting with subsoil. Mahmoud Samir El-kady and
Essam Farouk Badrawi conducted experimental and
numerical studies applying five square foundations,
one of them was a flat-shaped foundation used as a
reference sample and four shell foundations of a
folded shape [1]. ABAQUS software was used for
mathematical modeling. In a numerical model, a body
of sandy soil is described by an 8-node brick element
of a trilinear displacement. The sandy soil is modeled
as a resilient plastic material model with a non-
associated flow rule using the Coulomb-Mohr plastic-
ity model. Foundation supports are modeled as a plas-
tic material using an 8-node linear brick element with
reduced integration (fig. 1). The minimum deviation
of experimental and numerical results was found in
conclusion.

Nisha P. Naik and Sabna Thilakan [5] investigated
the operation of a column type shell foundation ana-
lyzing various angles of lateral surfaces inclination.
The models of a foundation strain and soil properties
were numerically modeled with OptumG2 software
using finite elements. The Coulomb-Mohr sand model
available in OptumG2 was used to simulate three soil
conditions: loose, medium, and dense states. The
models were subjected to a multiplier resilient and
plastic analysis. As a result, general stresses, maxi-
mum vertical displacements were obtained. The re-

sults showed that the foundation with shell configura-
tion had a greater bearing capacity than conventional
flat slab foundation.
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Figure 1 — Modeling of foundation and subsoil:
a) — finite element mesh of subsoil and foundation;
b) — shading contours of stresses
for 30° folding angle

Mohammed Y. Fattah analyzed the operation of a
conical shell foundation using ANSYS software sys-
tem [7]. A three-dimensional brick element (Solid 65)
was used to simulate concrete with or without rein-
forced bars. Steel reinforcing bars were represented
using a 2-node bar (Link8 in ANSYS) and included in
the property of 8-node brick element. The type of a
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45 finite element is normally used for 3D modeling of
solid structures. The element is determined by eight
nodes with three degrees of freedom at each node.
Using load symmetry, geometry and distribution of re-
inforcement, RPC-conical foundations were consid-
ered in the analysis of the finite element method.
The selected segment was modeled using Solid 65
isoparametric hexahedral brick elements.

Chinese scientists Dongxue Hao, Rong Chen and
Guangsen Fan were engaged in research on the ulti-
mate bearing capacity of the foundations for power
transmission towers on structurally unstable soils [9].
Mathematical modeling of subsoil and foundation was
carried out in ABAQUS software system. The mono-
lithic reinforced concrete foundation was modeled as a
linear plastic material with a modulus of elasticity of
40 GPa and a Poisson coefficient of 0.2. The subsoil is
considered as a homogeneous resilient and plastic ma-
terial, which is described by the Drucker-Prager
model. Resilient parameters: E = 30 MPa, v = 0.3,
y=17 kN/m’. The parameters of the Coulomb-Mohr
subsoil model in a tensile stress state, specific soil co-
hesion and the angle of internal friction can be trans-
formed into the parameters of the Drucker-Prager
model. While conducting a finite element analysis of a
deepened foundation with an extended basement near
an enlarged base, large displacements and strains are
inevitable. An application of traditional Lagrange
elements in these areas may cause a decrease of their
accuracy [10]. In contrast to the Lagrangian, Euler's
analysis is a technique of finite elements in which ma-
terial can flow through the boundaries of elements in a
rigid mesh. Thus, Euler's technique can be very effec-
tive in processing tasks involving very large strains,
material destruction, and liquid materials. In this pa-
per, the Euler’s method was used to study soil.

Determination of the unsolved parts of the gen-
eral problem. One of the difficulties about mathe-
matical modeling of folded foundations for power
transmission lines is the modeling of joint operation of
a foundation structure of a complex shape and subsoil,
as it is necessary to choose a relevant subsoil model,
consider all output parameters, simulate the operation
of a foundation up to full involvement of soil into the
operation.

Task setting. The research task is to analyze the op-
eration and to select the optimal parameters of a
folded foundation (stiffness) and subsoil (model
choice) during mathematical modeling in LiraSapr-
2013 software system.

Basic material and results. The research subject is
a stressed and strained state of a foundation structure
and subsoil under their contact interaction in specific
operational conditions. A folded foundation is selected
as a prototype of a new foundation shaped as separate
thin-walled reinforced concrete folds joined with each
other by a steel or reinforced concrete beam [11].
A folded foundation with an improved system of bear-
ing beams and hinges is proposed as a new alternative
solution [12].

Mathematical modeling of the interaction between a
foundation structure and subsoil is carried out in the
LiraSapr-2013 software system. As a test model, one
of the foundations prismatic folds with known geo-
metric parameters and physical characteristics was
modeled [12], further on one typical prismatic stamp
operation was studied under altered operational condi-
tions and interaction with subsoil. To study the stress-
strain state of subsoil under different interaction types
of "foundation-subsoil" system, the task was solved in
a plane formulation.

A finite element of type 2, corresponding to the
finite element (FE) of the flat frame, was used for
modeling a prismatic fold (there are 3 degrees of free-
dom in each node: X — displacement along X axis;
Z — displacement along Z axis; UY — rotation around
Y axis). Finite elements 21 and 22, which are rectan-
gular and triangular FE of a plane problem (beam-
wall), were used to model subsoil. This finite element
is intended for a strength calculation of the plates
loaded in their X10Z1 plane; a priori this FE allows
modeling a plane stress state. At the same time, the
lower part of 1/3 soil thickness was modeled by finite
elements of a larger size to optimize the calculation
process.

Two conditions of a foundation structure and subsoil
interaction were compared. In the first case, a pris-
matic folded plate contacts subsoil only within the
horizontal bearing flanges. In the second case, subsoil
is fully incorporated into the operation by filling the
fold cavity. Silty sand was chosen as a reference soil
sample having the following characteristics: ¢ = 2 kPa,
e=0.75,E=11 MPa, ¢ = 26°.

It is common knowledge that structures the outlines
of which are similar to the arched ones transmit hori-
zontal loads to the bearing parts, which in turn pro-
vokes tensile stresses at the base of a fold. In order to
reduce the spill negative impact, which is transmitted
to the soil, the rigidity ribs (diaphragms) are arranged
in the fold. To simulate the operation of the folds with
diaphragms and a step of their arrangement, calcula-
tions with different stiffness of the fold for both cases
of interaction were performed.

To determine the main and equivalent stresses, the
Coulomb-Mohr theory was chosen (a subsoil model)
as a strength theory for assessing a bearing capacity of
subsoil. The calculation results of the mathematical
models are shown in Fig. 2 and 3.

As it can be seen in Figure 2, in the case where the
prismatic fold rests on the soil only through the hori-
zontal bearing flanges and the load is transmitted to
the soil through them, the stiffness of the fold in-
creases while the equivalent stresses reduce. This is
explained by the fact that, when the stiffness of the
fold increases, it ceases to operate as a thin-walled
structure losing the properties of a shell, and its opera-
tion with the increased stiffness is similar to the opera-
tion of a conventional hard stamp (a slab).

However, in the second case (Fig. 3), when the soil
is fully integrated into the operation by filling it into
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the fold cavity, the stiffness of the fold increases along
with the increase of the equivalent stresses. It suggests
that the application of a flexible fold operating as a
shell and the integration of a larger soil amount in the
cavity lead to the redistribution of stresses throughout
the soil stratum.

The graphs of equivalent stresses values dependence
from the alteration of the foundation structure stiffness
(Fig. 4) clearly shows the consistent pattern of opera-
tion under different conditions of interaction between
the foundation structure and subsoil.
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Conclusion. The scientific novelty of the research is
in determining the correlation between the stiffness of
a foundation structure (folds) and values of equivalent
stresses under different conditions of interaction be-
tween a foundation structure and subsoil. In turn, this
affects the bearing capacity of a foundation and sub-
soil in general. The best results are demonstrated dur-
ing co-operation of a foundation and soil. It can be
explained by the fact that soil and foundation in this
case act as a whole. The obtained results represent a
benchmark for subsequent calculations and modeling
of the foundation and subsoil interaction under a
volumetric stressed state.
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Figure 2 — Stresses shading contours under incomplete interaction
of the foundation and the ground:
a) — the value of equivalent stresses at a coefficient of stiffness N=1;
b) — the value of equivalent stresses at a coefficient of stiffness N=4
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Figure 3. Stresses shading contours under complete interaction of the foundation and the ground
a) — the value of equivalent stresses at a coefficient of stiffness N=1;
0) — the value of equivalent stresses at a coefficient of stiffness N=4
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Figure 4. The graphs of equivalent stress values dependence
from the stiffness change of the foundation structure
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