«Haozeuuatini cumyayii: nonepedacenns ma nixkgioayiny, Tom 9 Ne 1 (2025)

YK 614.841.415
DOI: https://doi.org/10.52363/2524-2636.2025.9.1.11

Serhii POZDIEIEV?, doctor of technical sciences, professor (ORCID: 0000-0002-9085- 0513)
Olha NEKORA!, candidate of technical sciences, s. r. s. (ORCID: 0000-0002-5202-3285)
Alina NOVHORODCHENKO?, PhD (ORCID: 0000-0003-2347-093X)

Roman YAKOVCHUK?, doctor of technical sciences, docent (ORCID: 0000-0001-5523-5569),
Nazarii TUR? (ORCID: 0000-0002-0557-5351)

! National University of Civil Protection of Ukraine,

?Lviv State University of Life Safety

BASIC CALCULATIONS OF DYNAMIC INTERACTION OF MECHANICAL SYSTEMS
OF MODULAR SHELTERS ARE IMPLEMENTED IN THE LS-DYNA PROGRAM

The article presents a basic mathematical model of the explicit method for calculating dy-
namic systems of deformed bodies in the mathematical calculation of modular shelters. The subject
of research is the solution of the problem of sample deformation in the formulation of the motion of
a deformed body as a dynamic system for studying the stability of modular shelters. The purpose of
the work is to use basic mathematical models of the explicit method of calculating dynamic systems
to determine finite element approximations of the basic equations of these mechanical systems to
ensure safe operating conditions for modular shelters. To achieve this goal, the following research
tasks have been set: solving the problem of sample deformation in the formulation of the motion of
a deformed body as a dynamic system; use of finite element approximation of the basic equations of
the mathematical model; use of an explicit method of calculating the dynamics equations; develop-
ment of a calculation scheme for the contact interaction of two deformed bodies when they touch;
application of the method of mathematical modeling of crack propagation in a material. The scien-
tific novelty of the study lies in the creation of a calculation basis for assessing the preservation of
protective functions by the enclosing structures of modular shelters under the influence of explo-
sions and impulse actions. After carrying out the calculations, the main results were obtained,
which allow using mathematical modeling to investigate the physical and mechanical processes oc-
curring in the structures of modular shelters, which will later become the scientific basis for im-
proving the existing and creating a new regulatory framework for the arrangement of modular shel-
ters.

Keywords: Modular Shelter, Deformed Bodies, Mathematical Modeling, Finite Elements,
Dynamics Equations.

Statement of the problem. Modern construction and foreign construction experience make it
possible to design ground-based modular shelters. This significantly reduces the time people have to
take cover during shelling. This makes it urgent to modernize and improve existing or install new
protective shelters, which would meet the modern conditions of dense urban development of large
cities. To do this, it is necessary to develop and improve the appropriate regulatory framework,
taking into account the generalized practical experience gained during the war.

The results of the study of the behavior of the main structural elements of modular shelters
are the classification of the impacts on them. They are caused by explosions and the pulse action of
warheads, and by the scattering of debris and fragments of building structures. When calculating the
enclosing and supporting elements of ground-based protective shelters, it is necessary to take into
account permanent, temporary and statistical loads equivalent to the action of the dynamic load
from the action of an air shock wave (equivalent static load). In addition, the structures are checked
by calculation taking into account the most unfavorable combinations of loads or the corresponding
forces during the operation of storage facilities in peacetime. Also, on the resulting forces and
maintaining the tightness of the storage facilities in the event of possible settlements of individual
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loaded supports (columns) of the storage facilities from the operational load of the above-ground
part of the building or structure.

Analysis of recent achievements and publications. The significant amount of theoretical
and experimental research on protective structures has been carried out by the following research-
ers: Kaftan O., Garnyk V., Gogol T., Nekora V., Nizhnyk V., Pozdeev S., Shibunko O., Duzhak A.,
Kyreykov O., Kiselyuk Yu., Klymenko E., Aagaard B., Hallquist J., Belytschko T., Chiapetta R.,
Bartel H., Murray Y. ta inmii [1-8]. It is worth considering that the enclosing and supporting struc-
tures of shelters are calculated as a special combination of loads, such as permanent, temporary and
static loads equivalent to the action of the dynamic load from the action of an air shock wave. Also,
the studies were limited to the excess pressure of the explosion from the protective structure and the
protection factor (attenuation of ionizing radiation). Experimental studies of the safety of modular
protective shelters in military operations are quite difficult to conduct, given the increased danger,
high cost, and complexity of construction, preparation, and conducting full-scale fire tests. There-
fore, in this case, the use of mathematical modeling to study the physical and mechanical processes
occurring in the enclosing structures of shelters is relevant.

Presentation of the main research material.

1. Basic mathematical model of the explicit method of calculating dynamic systems of deformed
bodies. The formulation of the motion of a deformed body as a dynamic system is the basis of
calculations for solving the problem of sample deformation. In the presented form, the diagram of a
separate deformed solid body, determined at the initial moment of time and in the initial state t = 0
shown in fig. 1. The separate rigid deformed body has an initial volume Qg, which is limited by a surface
Go. At the current moment in time in the current body position t the volume acquired by the body is
denoted as Q, with boundary surface G. Body in motion movement from a standing position Qg in
position Q, with coordinates of an arbitrary point X, which in the initial position belongs to a body with
volume o, when it gains volume, it will belong to the same body Q with coordinates at the current
position X.

Initial position, t=0

Figure 1 — The initial undeformed state and the current deformed state of a rigid body during its
motion

The fundamental equations that describe the state of a solid as a dynamic system are obtained by
taking into account the laws of dynamics of a mechanical system and the laws of conservation in
accordance with the work Belytschko, Flangan and other [8 — 10].

In this case, the generalized momentum conservation equation is written as:

ot p-fi=p-%
1)
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where

agij,i — Cauchy stress tensor at a given point belonging to the body;
p — density of the material at a given point belonging to the body;

p - fi —external forces acting on a body through a given point;

X; —acceleration of a given point belonging to the body.

The equation of conservation of mass is written as the following formula:

p - det(J) = po,

)
where
po — density of the body material in the undeformed initial state;

det(J) — determinant of the tangential stiffness matrix (Jacobian).

The equation that expresses the law of conservation of energy is the sum of kinetic and internal
energies, which must be equal to the total sum of the work done by external forces.

pint 4 pkin — pext + pheat.
)

The total kinetic energy of a body is determined by the following expression:

pkin = 0.5ijpv - vdf.
dtJ, (4)

The total internal energy of a deformed body is determined by the equation:

PeXt=fv-pbd.Q+jv-tdF.
Q G (5)

In the absence of internal and external sources of thermal energy, the energy conservation
equation according to works [5-10] takes the form:

d :
—fpwlrlt + (0.5pv - v)dQ = jv - pbdQ +jv -t dG. (6)
dtJ, 0 G

The energy balance equation in a modified form for a deformed solid in the current position can
be given as follows:

Wint = 0.50:; %_F%
p e ax] E)xi . (7)

The boundary conditions limiting the motion of a rigid deformed body are written as the formula:
oyn; = t;(t), (8)

where n; — the normal vector to the boundary surface of a solid deformed body, directed outward.
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Regarding the boundary conditions that establish the deformation parameters on the boundary
surface of a solid deformed body, the formula can be written:

xi (X, t) = x;(0). (9)

If contact interaction between deformed bodies is initiated, the compatible boundary conditions
take the following form:

(o — o) =0. (10)

When applying the principle of possible displacements dx; the motion of rigid deformed bodies
that experience contact interaction with each other can be written through the equation of conservation of
virtual work:

j [IDXL + O-ij,j - pfl](led.Q + j [ai]-nj - ti] SXLdG + J (O'i}l_ - Ui]-_)nj SxidG = 11
X0} Gf Gc ( )

The sum of possible works must be equal to zero, performing certain transformations of equation
(11), the latter can be written as a modified expression [8-12]:

jpxl6xldﬂ + j Jijj6xid!2 - f pflchld.Q -G —j tlc6xldG =0.
0 o 0 G (12)

c
2. Finite element approximation of the basic equations of the mathematical model of the

dynamic interaction of mechanical systems. The equation for interpolating the distributions of the
corresponding data in the internal space bounded by the boundaries of the finite element has the
following form:

m

G0 = HXELD.O = Y 9D O,
=1 (13)

where

¢ — parametric shape function (parameters &, 7, ¢);

m — number of nodes according to the geometric shape of the finite element;

xi — current node coordinate along a given coordinate axis.

The potential energy for possible displacements relative to the finite element takes the form:

81, =f px; @7 dN +J. aijd)f]f’dﬂ—f pﬁ@fd.()—f t;P7dG.
0 2, G

e -Qe

(14)

e

ne @7 = (@1, P2res P15 -

The principle of virtual displacements must be applied to the entire set of finite elements.
With this approach, the equation of conservation of the total energy of the body, with the
superimposed finite element mesh, is written as the formula:

en
e=1 'Qe -Qe Qe G,
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In matrix form for finite elements, equation (15) takes the form:

en
Z [ f PNTNayd + f BTod() — f pNThd() — f NTth] — 0,
= la, Qe Qe Ge (16)

where
N — interpolation matrix by parametric functions of the finite element shape;
o — tension vector;
B — stiffness matrix;
a. — hode acceleration vector;
b — vector of loads a vector of traction forces t nodes;
t — vector of traction forces.
3. Mathematical model of contact interaction. Fig. 2., shows a calculation diagram of the
contact interaction of two deformed bodies when they touch. And further mutual penetration during
their movement.

X

Contact surfaces Q

O

Figure 2 — Scheme of contact interaction between solid deformed bodies

To identify the moment of the beginning of the contact interaction of two contacting bodies,
the fulfillment of the Hertz-Signorini-Mohr condition is recorded. [5 — 10]:

g=0,1=>0,91=0, (17)
where g — the gap value, calculated by the expression:
. . T
g(xht)=(x'—x) n (18)

The scheme for identifying the geometric parameters of bodies in contact with each other is
shown in Fig. 3.
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Main surface

i B ns
Tl Anl ¢ =in+ps
5 L
X’ . =
G

Q' Underlying surface

Figure 3 — Scheme for identifying geometric parameters of contact surfaces of solid
deformed bodies

To introduce friction forces into the mathematical model during contact interaction, the
generalized Coulomb’s law is used. Under these conditions, the tangential velocity modulus is
determined by the formula:

u(xit) = (@ —w)s. (19)

The expression for the generalized Coulomb’s law takes the following form::
[Tl <1
lif [7] < 11is accepted &t = 0 (20)
|at |7| < 1is accepted sign(u) = sign(7)

The parameter < is calculated by the formula:

vy (21)

where u - coefficient of friction forces.

The penalty function method and the Lagrange multiplication method are used for
mathematical modeling of the contact interaction between the boundary surfaces of finite elements.
[8 — 12]. To describe the interaction between segments of a finite element surface limited to four
nodes, the following computational procedure algorithm is used:

1. A pair of “subordinate node — master segment” finite elements is defined, adjacent to the
surfaces of the body with the determination of compliance with the condition of the position of the
projection of the subordinate node onto the main segment of the finite element in the first or fourth
quadrant of the local coordinate system of the main segment. The corresponding projection of a
node onto a segment is considered a contact point, and the distance between the subordinate node
and the contact point is the projection distance. When analyzing a node and a segment together, the
area of the segment is increased by a small amount (about 2%) to increase the reliability of the
contact algorithm calculations.

2. Get a set of coordinates of a contact point in the local system associated with the main
segment.

3. The projection distance in the local system associated with the main segment is
calculated.

4. When the condition of negativity of the projection distance is met, it is perceived as the
penetration depth and the force applied to the subordinate node is determined by the obtained value
and calculated by the formula [1 — 6]:
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Jo=Ke-o, (22)

where

fs — contact force applied at the point of contact;
K. — contact stiffness;

o — penetration depth.

5. At the nodes of the main segment, contact forces are determined as a function of the shape
of the finite element, which depend on the location of the contact point in the local coordinate
system of the main segment. The equations to describe the shape function of the finite element are
given below [5 — 10].

fm = Ni(§,m) - fs,  where Ny =025+ HA+mI Nz =025+ (g

The contact stiffness is obtained by the formula:

_ fA%k

Ke==— (24)

where
fs — penalty factor value
A — surface area of the main segment;
k — bulk modulus of elasticity;
Ve — volume of the finite element, with a given segment.
4. Explicit numerical method for approximating dynamics equations. The determination of
the values of the velocities of the nodal points of finite elements when using the explicit method of
calculating the equations of dynamics is carried out using the expression [8, 10, 12]:

pnt05 — (un+1 _ un)/Atn+0.5 =yt = y" + At +0.5,n+0.5

(25)

The calculation of the displacements of the nodes of the finite elements is carried out using
the equation:

n+1

XL = x0 4t (26)

The basic equation for determining the accelerations of the nodes of finite elements when
approximating the time derivative using finite differences is the expression:

a = (vn+0.5 _ vn—O.S)/Atn = pnt0.5 — ;yn-05 + At"a™.

(27)
Using the above formulas, the equation takes the form:

en

n_ gn n _— ext __ pint

Ma" = F™, F Z(Fe Einty. 28)
e=

The accelerations of the finite element nodes are determined by solving a system of linear
algebraic equations using matrix inversion M:
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a® = M~1Fm, (29)

At each integration step, the time step is determined using the Courant-Friedrichs-Lévy
number, which is calculated by the expression:

.
At < At = min C—e,

e (30)
this c. — the number obtained by the formula:
ce = Ee/pe, (31)
where |, — spatial step of the finite element mesh model.

To model the stress-strain state in concrete, a hexahedral SOLID finite element with eight
nodal points is used. The geometric configuration of an element of this type is shown in Fig.4.

L |

[ S T
[

—_ o
o

Figure 4 — Geometric configuration of a hexahedral finite element of type SOLID with eight
nodal points

For a given type r, the finite element expression for calculating the coordinates of the shape
nodes is written as:

8
(00 = HEED,0 = ) 0, EnDx, O, (32
=1

this ¢ — parametric function of the shape of the finite element for the j-th node, which for a finite
element of type SOLID is described by the equation:

@; =0.125(1 +&;)(1 + ;) (1 + ;). (33)

Parameters &, n;, ¢ are determined according to the scheme in Fig.4.
For the described type of finite element, the matrix of interpolation functions of the form is
written in terms of the matrix equation:
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(pl O O (pz O b O O
NEnQO=|0 ¢ 0 0 ¢ - @g 0], (34)
0 0 (pl 0 0 e O (pg

The components of the stress state are written as a vector:

o= (Gx Oy 0z Txy Ty sz)T, (35)

The finite element has the form corresponding to Belichko-Tsaya [1, 2], which is based on
the description of the process of dynamic interaction in a given element in the form of a
combination of rotation and linear displacement of points together with deformation. The
effectiveness of using this type of finite element lies in the mathematical simplification as a result of
two given kinematic assumptions when introducing a local coordinate system associated with this
type of finite element. The strain rate is related to the Cauchy stress tensor. Writing this formula
allows you to bypass the complexity of calculations, provided that the nonlinearity of the
deformation is taken into account.

To establish basic geometric and force relationships in a finite element of the Belichko-
Tsaya shell type, a local coordinate system is introduced. (£,7,2), whose unit vectors &,,8,,&; are
installed according to the diagram in Fig. 5 [1, 2].

-

2
I'n
Figure 5 — Scheme of setting the parameters of the geometric configuration of the finite type
of Belichko-Tsaya shell

To establish basic relations for finite elements of the Belichko-Tsai shell type, Mindlin
theory is used. [1, 2]. According to this theory, the velocity of an arbitrary point belonging to finite
elements of this type is calculated by the formula:

v=v"—2e;3 X0,

(36)

where
v™ — velocity vector of the center point of the finite element;
2 — current coordinate of a point along a specific axis of the local coordinate system;
6 — angular velocity vector.

5. Method of mathematical modeling of crack propagation in a material.

To divide the material into parts in the event of reaching destructive deformation or force factors
in it, depending on the strength theory used, a finite element is used using an independent method,
proposed in the works [2 — 5]. This method uses a mesh reconstruction algorithm that is used at the
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location of the defect that was formed. The algorithm for dividing a finite element mesh into different
parts consists of performing the following procedures.

1. Nodes are identified where the parameter, which is the reference for the accepted theory of
material strength, reaches the limit values in this model.

2. The crack plane is drawn along the obtained points.

3. If the crack plane passes near an existing node, the crack position and node position are
adjusted to create a correct mesh near the newly formed surfaces.

4. Cracked elements are removed using a specific crack plane geometry. This is achieved by
redefining new nodes on the surfaces of the finite elements separated by the crack plane in the last step.

5. The database is restored by redefining the identified nodes and elements that are adjacent to the
surfaces of the crack edges.

6. The resulting surfaces and nodes are added to a new list of contact surfaces and nodes.

Conclusions. The study used: a comprehensive analysis and generalization of previously
completed work on assessing the consequences of excessive pressure from the explosion of military
weapons, mathematical modeling methods, based on the explicit method of integrating dynamics
equations and stress-strain equations of solid state when approximating them by the finite element
method in a nonlinear formulation.

Based on the results of the analysis of the structural systems of protective shelters, the main
provisions and assumptions of the computational-theoretical approach to mathematical modeling of the
impact of an explosion on reinforced concrete structures of the developed modular block-type shelters
were substantiated. Calculation schemes and a set of mathematical models of mechanical interaction
between elements of protective shelters, structural materials and the soil on which they are installed, as
well as models of the mechanical impact of an explosion on the soil and shelter elements, were
substantiated. Based on the mathematical analysis, a conclusion was made about the safety of protective
shelters of the proposed design in their practical application for protection against explosions and
penetrating ionizing radiation.

REFERENCES

1. Aagaard, B.T. (2000): Finite-Element Simulations of Earthquakes. PhD-Thesis, California
Institute of Technology: Pasadena, California 2000.

2. Hallquist, J.O. (2005): LS-DYNA Theory Manual, Livermore Software Technology
Corporation: California, USA 2005.

3. Pozdieiev S., Novhorodchenko A., Shnal T., Yakovchuk R., Tur N. (2023) The study of
the behavior of reinforced concrete structures of modular shelter in conditions of explosion.
Proceedings of CEE 2023 Civil and Environmental Engineering and Architecture.
Springer/Rzeszéw, Poland. P 286-295.

4. Novhorodchenko A., Shnal T., Yakovchuk R., Tur N.C. Ilo3aeeB, A. HoBropoauenko, T.
HInane, P. SxoBuyk, H. Typ. (2023) MartematuuHe MOJAETIOBAHHS pPO3PAXYHKOBUX CXEM
KOHCTPYKIIA MOJIYJTBHOTO 3aXHUCHOTO YKpHUTTS. «Hama3BudaifHi cuTyanii: MONepemkeHHs Ta
mikBigamis», Tom 7 Ne 2. Yepkacu. C. 183-192.

5. Maiboroda R., Zhuravskij M., Otrosh Y., Karpuntsov V. (2024). Determination of the
Required Area of Easily Removable Structures to Protect against Progressive Collapse. In Key
Engineering Materials (Vol. 1004, pp. 73-83). Trans Tech Publications, Ltd.
https://doi.org/10.4028/p-v0xa6h.

6. Skob Y., Dreval Y., Vasilchenko A., Maiboroda R. (2023). Selection of Material and
Thickness of the Protective Wall in the Conditions of a Hydrogen Explosion of Various Power. In
Key Engineering Materials (Vol. 952, pp. 121-129). Trans Tech Publications, Ltd.
https://doi.org/10.4028/p-stlvet

7. Tolok 1., Rybka E., Pozdieiev S., Novhorodchenko A., Kustov M., Plisko Yu. (2024)
Regularities of behavior of reinforced concrete structures of modular shelters under explosion
conditions. Problems of Emergency Situations 2024-12. C. 258-268. DOI: 10.52363/2524-0226-
2024-40-18.

124


https://www.scopus.com/authid/detail.uri?authorId=57195064365
https://doi.org/10.4028/p-v0xa6h
https://www.scopus.com/authid/detail.uri?authorId=57195064365
https://doi.org/10.52363/2524-0226-2024-40-18
https://doi.org/10.52363/2524-0226-2024-40-18

«Haozeuuatini cumyayii: nonepedacenns ma nixkgioayiny, Tom 9 Ne 1 (2025)

8. Nizhnyk, V., Pozdieiev, S., Nekora, V., Teslenko, O. (2024) Substantiation of the Method
for Studying the Behavior of Enclosing Structures with Glazing Under Conditions of Fire Thermal
Influence. Lecture Notes in Civil Engineering, p. 273-285

9. ANSYS, Inc. (2004) ANSYS Structural Analysis Guide, ANSYS, Inc.: Canonsburg, PA.

10. Belytschko T.; Chiapetta, R.L. & Bartel, H.D. (1976) Efficient Large Scale Non-Linear
Transient Analysis by Finite Elements. International Journal for Numerical Methods in
Engineering, 10 1, pp. 579-596.

11. Bakeer T. (2009) Collapse analysis of masonry structures under earthquake actions.
Publication Series of the Chair of Structural Design, TU Dresden.

12. Murray Y.D., A. Abu-Odeh, and R. Bligh (2006) Evaluation of Concrete Material Model
159, FHWA-HRT-05-063.

HNEPEJIIK IOCUJIAHb

1. Aagaard, B.T. (2000): Finite-Element Simulations of Earthquakes. PhD-Thesis, California
Institute of Technology: Pasadena, California 2000.

2. Hallquist, J.O. (2005): LS-DYNA Theory Manual, Livermore Software Technology
Corporation: California, USA 2005.

3. Novhorodchenko Alina, Shnal Taras, Yakovchuk Roman,Tur Nazarii. (2023) The study
of the behavior of reinforced concrete structures of modular shelter in conditions of explosion.
Proceedings of CEE 2023 Civil and Environmental Engineering and Architecture.
Springer/Rzeszow, Poland. P 286-295.

4. C. Ilo3nees, A. Hoeroponuenko, T. [lInane, P. AxoBuyk, H. Typ. (2023) MaremaTtuune
MO/ICITFOBAHHS PO3PAaXyYHKOBUX CXEM KOHCTPYKIIHi MOJYJIBHOTO 3aXHCHOTO YKpHUTTs. «Hana3Budaiini
CUTYaIlli: monepekeHHs Ta JikBiganis», Tom 7 Ne 2. Yepkacu. C. 183-192.

5. Maiboroda R., Zhuravskij M., Otrosh Y., Karpuntsov V. (2024). Determination of the
Required Area of Easily Removable Structures to Protect against Progressive Collapse. In Key
Engineering Materials (Vol. 1004, pp. 73-83). Trans Tech Publications, Ltd.
https://doi.org/10.4028/p-v0xa6h.

6. Skob, Y., Dreval, Y., Vasilchenko, A., & Maiboroda, R. (2023). Selection of Material and
Thickness of the Protective Wall in the Conditions of a Hydrogen Explosion of Various Power. In
Key Engineering Materials (Vol. 952, pp. 121-129). Trans Tech Publications, Ltd.
https://doi.org/10.4028/p-st1vet

7. Tonok 1. B., Pubka €. O., I1oznees C. B., KyctoB M. B. Hoeropoguenko A. 0., Ilnicko
10. B. (2024) 3akoHOMIpHOCTI MOBEAIHKH 3alli300€TOHHUX KOHCTPYKILIH MOIYJIbHHX YKPHUTTIB B
ymoBax BHOyxy. Problems of Emergency Situations 2024-12. C. 258-268. DOI: 10.52363/2524-
0226-2024-40-18.

8. Nizhnyk, V., Pozdieiev, S., Nekora, V., Teslenko, O. (2024) Substantiation of the Method
for Studying the Behavior of Enclosing Structures with Glazing Under Conditions of Fire Thermal
Influence. Lecture Notes in Civil Engineering, p. 273-285

9. ANSYS, Inc. (2004) ANSYSS Structural Analysis Guide, ANSYS, Inc.: Canonsburg, PA.

10. Belytschko, T.; Chiapetta, R.L. & Bartel, H.D. (1976) Efficient Large Scale Non-Linear
Transient Analysis by Finite Elements. International Journal for Numerical Methods in
Engineering, 10 1, pp. 579-596.

11. Bakeer T. (2009) Collapse analysis of masonry structures under earthquake actions.
Publication Series of the Chair of Structural Design, TU Dresden.

12. Murray, Y.D., A. Abu-Odeh, and R. Bligh (2006) Evaluation of Concrete Material
Model 159, FHWA-HRT-05-063.

125


https://www.scopus.com/authid/detail.uri?authorId=57204838811
https://www.scopus.com/authid/detail.uri?authorId=57195064365
https://www.scopus.com/authid/detail.uri?authorId=57297690700
https://www.scopus.com/authid/detail.uri?authorId=57817808200
https://www.scopus.com/record/display.uri?eid=2-s2.0-85177049065&origin=recordpage
https://www.scopus.com/record/display.uri?eid=2-s2.0-85177049065&origin=recordpage
https://www.scopus.com/record/display.uri?eid=2-s2.0-85177049065&origin=recordpage
https://www.scopus.com/sourceid/21100889404?origin=resultslist
https://doi.org/10.4028/p-v0xa6h
https://doi.org/10.52363/2524-0226-2024-40-18
https://doi.org/10.52363/2524-0226-2024-40-18
https://www.scopus.com/authid/detail.uri?authorId=57204838811
https://www.scopus.com/authid/detail.uri?authorId=57195064365
https://www.scopus.com/authid/detail.uri?authorId=57297690700
https://www.scopus.com/authid/detail.uri?authorId=57817808200
https://www.scopus.com/record/display.uri?eid=2-s2.0-85177049065&origin=recordpage
https://www.scopus.com/record/display.uri?eid=2-s2.0-85177049065&origin=recordpage
https://www.scopus.com/record/display.uri?eid=2-s2.0-85177049065&origin=recordpage
https://www.scopus.com/sourceid/21100889404?origin=resultslist

«Haozeuuatini cumyayii: nonepedacenns ma nixkgioayiny, Tom 9 Ne 1 (2025)

Cepcinu IIO3J[€EEB?, 0-p mexn.nayx, npogecop
Onvea HEKOPA, kand. mexn. HAyK, Cmapuiuti HayKosuii CnigpoOimHuK
Anina HOBIOPOJYEHKO", doxmop inocogii
Poman AKOB 'IYKZ, 0-p MexH. HAYK, OOYeHm
Hazapin T VP
1Haui0HaJ1bHuL7 VHIgepcumem YusiibHo2o0 3axucmy YKkpainu
2 JTvsiscoiui OeporcasHull ynisepcumem 6e3neKu HCUmmeoisiibHOCmI

OCHOBHI PO3PAXYHKH TUHAMIYHOI B3AEMOIII MEXAHIYHUX
CUCTEM MOAYJIbHUX YKPUTTIB PEAJII3OBAHI ¥ ITPOI'PAMI LS-DYNA

B cmammi mnasedena 6azosa mamemamuyna MOOeNb A6HO20 MemoOy PO3PAXYHKY
OUHAMIYHUX cucmem 0eh)OpMOBAHUX MINl NPU MAMEMAMUYHOMY PO3PAXYHKY MOOVIbHUX YKPUMMIE.
Ilpeomem oocniddcensv € po38'a30K 3a0aui 8 NOCMAHOBYL PYXY 0edhopMyBanHs Mina NodibHO20 00
OUHAMIYHOI cucmemu wWoo0 OO0CHIONCeHHS CMIUKOCMI MOOVIbHUX YKpummie. Mema pobomu
NnoNA2a€E Yy BUKOPUCMAHHI 0OA308UX MAMEMAMUYHUX MoOelell 56H020 MemoOy PO3DAXYHKY
OUHAMIYHUX CUCMeEM 3 8USHAYEHHs KIHYeB8O-eleMeHMHUX anpoKCUMAayiil OCHOBHUX DIGHAHbL OAHUX
MEXAHIUHUX cucmem wooo 3a0e3neyeHHs Oe3neuHux ymo8 pobomu MOOYIbHUX YKpummie. s
BUKOHAHHSA YI€T Memu noCmasieni maki 3a60aHHs T OOCIIONHCEHHS. PO36'A30K 3a0aui 8 NOCMAHOB8YL
pyxy Oegopmysannsa 3paskie Oegopmosanozo miia nodiOHO20 00 OUHAMIYHOI cucmemu;
3ACMOCY8AHHS  KIHYEBO-eleMEeHMHOI anpoKCUMayii OCHOBHUX PIBHAHbL MAMEMAMUYHOI MoOeii;
BUKOPUCMAHHSA SIBHO20 Memo0dy O0OUYUCIeHb DPI6HAHb OUHAMIKU, pPO3POOKA pPO3PAXYHKOB0I cxemu
KOHMAKMHOI 83a€MO0Ii 080X OedhopMOBaHux min npu ix OOMUKAHHI; 3ACMOCYBAHH MemOoOy
MaAmMemMamuyHo20 MOOeN08AHHI NOWUPeHHA mpiwun y mamepiani. Haykoea HO8U3HA 00CHIONCEHHS
nojsica€ 'y CMBOPEHHI pO3PAXYHKOBOI 0a3u 01 OYIHKU 30epieaHHsi  020pPO0€CYBANbHUMU
KOHCIMPYKYIAMU MOOYIbHUX YKPUMMIB C80IX 3aXUCHUX (DYHKYIUL 6 yMOo8ax 6niugy eudyxie ma
imnynocnux Oiu. Ilicna nposedenns po3paxyHKie OMpUMAHO 20108HI pe3yibmamu, sIKi 003801510Mb
3@ 0ONOMO2010 MAMEMAMUYHO20 MOOEN08AHHA O0CTiOUmY  (Di3UKO-MEeXaHiyHi npoyecu, ujo
8i00y6aomvcsa Yy KOHCMPYKYIAX MOOYIbHUX VKPUMMIE, ye 8 NoOAIbUOMY CMAaHe HAYKOBUM
nIOTPYHMAM ~ YOOCKOHAJIEHHSI  ICHYIOYOI ma CMBOpeHHsT HOB0i HOpMamueHoi 06a3u  uooo
VAQUIMYBAHHS MOOYIbHUX YKPUMMIS.

Knrwouosi cnosa: mooynvre ykpumms, oepopmosane mino, MamemamuyHa mooeb, KiHyesi
e/leMeHmu, PiBHAHHS OUHAMIKU.
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