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Abstract

Introduction. When numerically solving problems of elasticity theory in a three-dimensional formulation by the finite
element method, finite elements (FE) in the form of parallelepipeds, prisms and tetrahedra are used. Regularly, the
construction of stiffness matrices of volumetric FE is based on the principle of isoparametricity, which involves the
Lagrange polynomials to approximate the geometry and displacements. In computational practice, the most widespread
FE are the so-called multilinear isoparametric FE with a linear law of approximation of displacements. The main
disadvantage of these elements lies in the “locking” effect when modulating bending deformations. Moreover, the error
of the numerical solution increases drastically in the case when the structure, in comparison to conventional
deformations, undergoes significant displacements as a rigid whole. Long-term experience in solving problems of
deformable solid mechanics by the finite element method has shown that existing volumetric FE have slow
convergence, specifically, when modeling bending deformations of plates and shells. This study aims at constructing
stiffness matrices of multilinear volumetric FE of increased accuracy allowing for rigid displacements based on the
double approximation method.

Materials and Methods. The mathematical apparatus of the double approximation method based on the principle of a
separate representation of the distribution functions of displacements and deformations inside the element, was used to
construct the stiffness matrices of volumetric FE. The storage and processing of the resulting system of equations was
implemented in algorithmic terms of sparse matrices. Software development and computational experiments were
carried out using the Microsoft Visual Studio 2013 64-bit computing platform and the Intel ® Parallel Studio XE 2019
compiler with the integrated Intel ® Visual Fortran Composer XE 2019 text editor. Visualization of the calculation
results was performed using the descriptor graphics of the MATLAB computer mathematics package. A large eight-
node SOLID185 CE of the ANSYS Mechanical software complex was used as a test sample.

Results. Mathematical tool and software were developed to study the stress-strain state of massive structures under
various types of external actions. The authorized application software package was verified on test examples with
known analytical solutions. It has been shown that the constructed FE accurately satisfy the basic requirements for finite
element modeling of spatial problems of elasticity theory.

Discussion and Conclusion. The performed testing of the developed mathematical and program toolkit has shown that the finite
elements constructed on the basis of the double approximation method can successfully compete with similar SOLID185
volumetric elements of the ANSYS Mechanical software complex. The proposed elements can be integrated into domestic
import-substituting software systems that implement the finite element method in the form of the displacement method.

Keywords: finite element method, moment scheme of finite element method, double approximation method,
volumetric finite elements, finite element testing
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MAaTPHII )KeCTKOCTH 00beMHBIX KOHEYHBIX 3JIEMEHTOB
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JloHCKOM rocy1apCcTBEHHbIN TEXHUUECKUI YHUBEPCUTET, T. PocToB-Ha-Jlony, Poccuiickas denepanus

A4 gpp-161@yandex.ru

AHHOTALINA

Beeoenue. 1lpun 4UuCICHHOM pEILICHUH 3a7ad TEOPUHM YIPYTOCTU B TPEXMEPHON IOCTAaHOBKE METOJOM KOHEUHBIX
9JIEMEHTOB MPUMEHSIOTCS KOHeuHble anmeMeHThl (KD) B dopme mapammenenunenoB, mpusM u TeTpa’dapoB. OObIYHO
MIOCTPOEHHE MATPHUI] KECTKOCTH 00beMHBIX KO Oasmpyercs Ha NpHHIMIE H30MapaMETPUYHOCTH, CyThb KOTOPOTO
COCTOUT B HCIMOJH30BAHUU ISl AlllPOKCUMAIIMM T€OMETPUU U MepeMelleHnil moiuHoMoB Jlarpawxa. B pacueTtHoit
MIPaKTHKE HauOOJbIIEe pACIpOCTpPaHEHWE MOIYYMIN TaK Ha3blBaeMble MONMIHHEHHBIE H30mapamerpuueckue KO
C TMHEWHBIM 3aKOHOM aNPOKCUMAIIMH TepeMeIeHni. [ TaBHbI HEAOCTATOK JaHHBIX AJIEMEHTOB KpoeTcs B dddexre
«locking» («3ammpaHus») IIPU MOJEIUPOBAHUN M3THOHBIX nedopManuii. [IpryeM MOrpenHocTh YUCISHHOTO PEeIeHUs
CYIIECTBEHHO BO3PACTaET B Ciydae, KOr/la KOHCTPYKIMS, [0 CPAaBHEHHIO C OOBIYHBIMH Ae(OpMaLMIMH, IIpETepIieBaeT
3HAUMTEJbHBIE CMEMICHUS! KaK JKEeCTKOoe Iesoe. MHOroJeTHUH ONBIT pelleHHs 3a/ad MEXaHHKH 1e(OpMUpPYEMOTo
TBEPAOTO Tela METOJOM KOHEYHBIX JJIEMEHTOB IOKa3al, YTO CyHIEeCTBYyIomme ooseMHble KO oOmamaror memieHHON
CXOIMMOCTBIO TIPH MOJAENMPOBaHWUHM M3THMOHBIX NedopManuii miacTuH U obonouek. Llenp HacTosmiero mcciaenoBaHus
COCTOWT B TOCTPOEHHM HAa OCHOBE METOAA JBOMHOM ammpoKCHMAalW{ MaTPHI] )KECTKOCTH MOJHIMHEHHBIX 00BEMHBIX
KD noBbIIeHHON TOYHOCTH, TTO3BOJIAIONINX YIUTHIBATh )KECTKHUE CMEIICHHS.

Mamepuanvt u memoodst. JInsi TOCTPOCHUS MATPHUI] KECTKOCTH 00BeMHBIX KD mMprMeHeH MareMaTW4eCKHid ammapar
MeTOJ[a IBOIHOI ammpoKCHMAIHH, CyTh KOTOPOTO COCTOMT B pa3AelbHOM MpeACTaBICHUH (QYHKIMHA pacrpenereHus
nepemerieHnidi 1 nedopManrii BHYTpU dJeMeHTa. XpaHeHHe W o0paboTKa pe3yJbTUPYIOLIel CHUCTEMBbl ypaBHEHHN
peann3oBaHbl B aJITOPUTMHYECKHX TEPMUHAX pPAa3pEeKEHHBIX Marpuil. Pa3paboTka mnporpamMMHOro oOecrieueHus
U TIPOBEJICHNE BBIYNCIUTENBHBIX SKCIIEPUMEHTOB OCYIIECTBIICHBI C HCIONb30BaHNEM 64-X pa3psAHON BBIYUCIUTEIEHON
mwratdopmsl Microsoft Visual Studio 2013 u kommmsitopa Intel® Parallel Studio XE 2019 co BCTpoeHHBIM TEKCTOBBIM
penakropom Intel® Visual Fortran Composer XE 2019. Buzyanu3zanust pe3yIsTaToB pacdeTOB BBIITOIHEHA C TOMOIIBIO
JIECKPUNITOPHON Tpauky makeTa KOMIBbIOTEpHONH MareMaTHku Matlab. B xauectBe TecToBOrO 00pasia HCHOIB30BaH
o0bemHbIi BockMuy3ioBoit KO SOLID185 nporpammuoro kommiekca ANSY S Mechanical.

Pezynomamut uccnedosanusa. PazpaboTaHo MaTeMaTHYecKoe M INPOrpaMMHOE oOOecledeHHe M HCCIIeIOBaHUS
HaNpsDKeHHO-1e()OPMUPOBAHHOTO  COCTOSIHMSI MACCHBHBIX ~KOHCTPYKIMH TpPU  pPa3iMYHBIX BHJAX BHELIHEro
Bo3zeiicTBUs. Ha TecToBBIX mNpuMepax C HM3BECTHBIMH AHAINTHYECKUMM DPELICHUSMH BBINOJHEHAa BepUUKaLns
aBTOPHU3UPOBAHHOTO MaKeTa NMPHUKJIAIHBIX mporpaMM. Ilokasano, uyto nmoctpoeHHsle KO M0 TOUHOCTH yAOBIETBOPSIOT
OCHOBHBIM TpeOOBaHMSAM, MHPEABSIBIAEMBIM K KOHEYHO-3JIEMEHTHOMY MOJEIMPOBAHUIO INPOCTPAHCTBEHHBIX 3ajad
TEOPHH YIPYTOCTH.

Oécyscoenue u 3axniouenue. IIpoBENEHHOE TECTUPOBAHUE Pa3pabOTAHHOTO MAaTEMATHYECKOTO M IPOrPaMMHOTO
oOecrieueHns TTOKa3ao, 9TO MOCTPOCHHBIE HA OCHOBE METO/ja IBOMHOM ampOKCHMAINy KOHEYHbIE SJIEMEHTHI yCIICIITHO
KOHKYPHPYIOT C aHAIOTHIHBIME 00beMHBIME 37eMeHTamu SOLID 185 mporpamMuoro xomrurekca ANSYS Mechanical.
[Ipennaraemple 3ME€MEHTHI MOTYT OBITh MHTETPHPOBAaHBI B OTEUECTBEHHbIE HMMIIOPTO3aMEIIAIOIINE MPOrPaMMHBIE
KOMIUIEKCHI, peajIM3yIOIie METO,] KOHEYHBIX 3JIEMEHTOB B (hopMe METO/1a epeMENICHUMH.

KaioueBble ciioBa: METOA KOHCYHBIX 3JICMCHTOB, MOMCHTHAas1 CX€Ma MCTOJa KOHCUYHBIX 3JICMCHTOB, MCTOJ JBOMHOM
anmnpoxKCcuMalum, 00bEMHBIE KOHCYHBIE 3JIEMEHTBI, TCCTUPOBAHUC KOHCYHBIX 3JICMCHTOB

BaarogapHocTH. ABTOPBI BBIPQXKAIOT OJIATOAAPHOCTH PCIICH3CHTAM, Ybsl KPUTHYCCKAs OICHKA MPEICTABICHHBIX
MaTepHaJIOB U BBICKa3aHHBIE MPEIOKEHHUS 10 MX COBEPIICHCTBOBAHHIO CIIOCOOCTBOBANN 3HAUUTEILHOMY ITOBBIIIICHUIO
KadecTBa HACTOSIICH CTAaThH.

s murupoBanus. [aiimpxypos ILI1., CaBenseBa H.A. IlpumeHenne mMeroma TBOWHOM armpOKCHMAIMH IS ITOCTPOCHUS
MaTpUI]  KECTKOCTH  OOBEMHBIX  KOHEYHBIX  dJeMeHTOB. Advanced Engineering Research (Rostov-on-Don).
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Introduction. In finite element modeling of the stress-strain state of massive bodies, volumetric finite elements (FE)
in the form of parallelepipeds (hexahedra), prisms and tetrahedra are used, the construction of stiffness matrices of
which is usually performed using isoparametric technology [1-5]. At the same time, it is known that multilinear
isoparametric FE, when using a single-layer scheme, do not satisfactorily model bending deformations even with a
significant thickening of the mesh [6, 7]. The core of this problem is the effect of “locking” the element due to the so-
called deformation of the “false shift” [8, 9]. To “improve” isoparametric FE, an apparatus of incompatible elements
created through introducing additional out-of-node degrees of freedom, or auxiliary approximating polynomials, is
used [8]. At the same time, the most effective way to solve the problem of “jamming” of the FE is the use of the
moment scheme of the finite element method, whose theoretical foundations were developed by A.S. Sakharov [7].
Subsequently, this approach was called the double approximation method (DAM) [6]. Conceptually, the DAM is based
on a separate representation of the distribution functions of displacements and deformations inside the element. The
objective of this study is to construct on the basis of MDA and test new volumetric multilinear FE that allow simulating
the behavior of various structures under different types of external actions.

Materials and Methods. Let us consider a family of volumetric FE consisting of eight-node and six-node elements

in global Cartesian axes z,,, m=1, 2, 3 (Fig. 1). Geometry and displacements of the FE are presented in the following

m>

form:
n,
— (k) . (k)
Z, =22, 0(x,X,,x); u, Zu O(x),X,,x;),
k=1
where z%, 4"’ — nodal coordinates and displacements; ¢, (x,,x,,X,) — “shape functions” representing the product
of one-dimensional Lagrange linear polynomials; x,, X,, X; — — local, in general, nonorthogonal coordinates of FE;

n, — number of element nodes. For the basic eight-node element (Fig. 1 a) n,= 8, “shape functions” are defined by

formula:

0,5 =g [0+ 500, ()
Here, p,, — coordinates of nodes in local axes. We set values p,, in matrix form:

Lili=1i=1i 1 i1i-11-1

BN
_17 SRR

1—1:—1:1: 11

!
|

S S S N
1
1
1
!

1f1 -1-r17"1

Z3

7,

Fig. 1. Volumetric FE:
a — eight-node; b — six-node

The relationship between the covariant components of the strain tensor in the local basis and displacements in the
global axes has the form [7]:
1
€;; :E( Zy Wi T2 um,j)’

(summation over repeated index)

where z, =0z, /0x ;u, =0u,/0x ,s=i,j.

m,s

Mechanics

367



http://vestnik-donstu.ru

368

Gaidzhurov PP, et al. Application of the Double Approximation Method for Constructing Stiffness Matrices of Volumetric Finite Elements

The relationship between vector of deformations {€} and vector of nodal displacements {w} is represented in
matrix form: {e} =[D]{w},
where block matrix: [D] =[[D],[D],...[D], |;
(6xn,)

submatrix:

[D]

(6x3)
Expressions for the vector columns of the considered FE have the following form [10]: an eight-node element
(Fig. 1 a)

-

=[{D"}, (D} D7}, ], k=12,....m,.

P [Em,l HE, 2, Py)X (5 + 2, Py)Xs +

HE s+ 2 Pai T Z0s Pox 2,00 Pt Pai) X x3]

Dy [Zm,z +(2m,12 +§m,2 D)X, +(§m,23 +2m,2 D)Xy +

+(Zm,123 tZ, 0Pyt Zun Pyt Zms Pu D)X xs:'

P [Zm,3 +(Zm,l3 +Z,3 D)X, +(Zm,23 +Z,3 D)X, +

(m) — - - - - .
D }"_8 +(Zm,123+Zm,13p2k+zm,23p1k+Zm,3plkp2k)x1x2:| > 2)

ZpiPok T Zpa P +(Zm,13 Ptz Pk Py T2y P t

+Z,2PuPy)%s

Zpi Pak Y23 Pk +(Zm,12 P TZ 1Py Py T Zus Pt

+Z,5Pu D)X,

ZoaPutZ, 3P+, 0Pyt 2, Pu Pyt 2Pyt

+tZ,5Pu D)X,

Six-node element (Fig. 1 b)

Zp1 Py +(Zm,13 Ppr T2, (Pk,13)x3

Em,s Py +(Zm,13 Pis +§m,3 (Pk,13)x1 +

S UL N I L TER L T LN 3)
8121 Puo 200 Py +(Zm,|3 Qo+ 2,1 Qo™

The notation is introduced here:

2
p oz, s 0z, .
- > - b
™t ox " ox, 0x,
X;=Xx,=x3=0 X =x,=x3=0
N oz,
Zmi2s =
" 0x,0x,0x, .
X =X)=x3=
Y %% wBeloa
(\Dk,o( = s (pk,qﬁ = H (X,B— 5Ly .
Ox, 0x,0xy

X =x,=x3=0 X =x,=x3=0

Expressions for “shape functions @, (x,,X,,x;) of a six-node FE obtained on the basis of the polynomial (1) using

the degeneration principle have the following form:

.1
®, =§(1+p11x1)(1+p21x2)(1+p31x3);

- 1
P, =§(1+P12x1)(1+Pzzxz)(1+P32X3);
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- 1
&3 =g[ (1 pix) (4 pogy) (4 o) + (14 prx) (4 payy) (14 pag) |3
- 1
Py :§(1+p15x1)(1+p25x2)(1+p35x3);
- 1
Ps :§(1+P16x1)(1+1726x2)(1+Pgsxg);

o 1
B =g 1+ Pix) (14 poyy) (14 o)+ (14 i3 (14 gty (14 pagxy) |

Formulas (2) and (3) were the basis for constructing stiffness matrices of the FE under study. The corresponding
software was developed on the basis of the Microsoft Visual Studio computing platform and the Intel® Parallel Studio
XE compiler with the built-in Intel® Visual Fortran Composer XE text editor. The processes of storing and processing
the global stiffness matrix were implemented in terms of sparse matrices [11]. To visualize the results of calculations,
the descriptor graphics of the MATLAB computer system was used.

Research Results. The investigation on the accuracy and convergence of the developed finite element algorithm
was carried out on test examples with an analytical solution. The test examples show numerical solutions obtained using
the developed elements and the SOLID185 element of the ANSYS Mechanical software package similar in
dimension [5, 11]. Below are examples selected so that they contain a combination of bending deformations and rigid
displacements of FE.

Example 1. A spliced ring rigidly fixed in one section and loaded with concentrated force at the free end. The design
scheme of the ring is shown in Figure 2. Initial data: average radius R = 0.2 m; cross-sectional dimensions 0.2x0.2 cm;
modulus of elasticity £ = 10'! H/m?; Poisson's ratio v = 0.3; concentrated force £ =10 H.

The deflection at the point of application of force according to the theory of curved rods (exact solution) is [7]:

FnR? 10-3.14-0.2°
T = 0.00302 m.

f=

EJ  1-10"-8333-10 "

Fig. 2. Calculation scheme of the spliced ring

The convergence results are presented in Tablel.
Table 1

Convergence results for the spliced ring

. f18,m/%
Grid
DAM ANSYS
2x2x32 —-0.00170/ 44 -0.000433 / 86
2x2x64 -0.00292/3.3 -0.00125/59
2x2x128 -0.00293 /3 -0.00251/ 17

Table 1 shows the value of deflection f'in the numerator, and relative error & in the denominator.

The visualization of displacements u ,, obtained on the basis of DAM and ANSYS on a 2x2x64 grid is shown in
Figures 3 and 4. Note that the field of vertical displacements obtained using ANSYS does not reflect the zones with

extreme value #,=-0.00314 m shown in Figure 3 by the arrow.
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u,,m
-0.003138
-0.002456
-0.001793
-0.001121
-0.0004484
0.0

Fig. 3. Distribution pattern 4, (DAM)

Uy, M
- 001346
- 001186
- 001026
MX ¥ X MN - 865E-03
7 - 705E-03
- 545E-03
- 385E-03
- 225E-03
- 646E-04
. 956E-04

Fig. 4. Distribution pattern 4, (ANSYS)

BOUORECEN

In this example, the importance of taking into account rigid displacements is particularly clearly seen.
Example 2. A square plate, rigidly pinched along the contour and loaded with a uniformly distributed load. Source
data: side length cropons! @ =1 m; thickness /= 0.01 m; elasticity modulus £ = 10> H/m?; Poisson's ratio V= 0.25.

The exact value of the deflection in the center of the plate is determined by formula [12]:

4
qa
u,=a D
ERW L . ) L . .
where o= 0.00126; D = m — — cylindrical stiffness; ¢=0.00888889 H/m*— distributed load intensity. Exact
-V

value u, (in meters) is equal to coefficient o .

In this example, % part of the plate was considered taking into account the conditions of symmetry. The
convergence results in the form of graphs u, ~s for single-layer and double-layer models are shown in Figures 5
and 6. Here and further, layers mean the breakdown of the plate into FE by thickness. In these figures, values 1, 2, 3, 4
of parameter § 1,2, 3,4 correspond to the grids: 4x4, 8§x8, 16x16, 32x32. The graphs below show the results of the
solution obtained using ANSYS (line 1) and DAM (line 2). The horizontal line indicated by the number 3 corresponds

to the exact solution.
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L ' 1 L S ' L )

-0.0002 A -0.0002 =

-0.0004 - -0.0004 - 1

-0.0006 - -0.0006 -

-0.0008 - \ -0.0008 _|

-0.0010 4 -0.0010

2
-0.0012 3 - 00012 -3\-2\.—.
Ug, M Fig. 5. Graphs u, ~ 5 ; Ug, M Fig. 6. Graphs u, ~ 5 ;
single-layer scheme two-layer scheme

It follows from Figure 5 that with a single-layer breakdown scheme, the relative error values on a 32x32 grid are:
SOLID185 — 16%; DAM - 10.5%. When using a two-layer scheme (Fig. 6) on a 32x32 grid, we have:
SOLID185 — 36%; DAM — 2.8%.

FE patch testing was performed for the 16x16x2 breakdown scheme with grid distortion (Fig. 7). The patch test
results in the form of deflection distribution patterns u, are shown in Figures 8 and 9.

Fig. 7. Scheme of plate breakdown for patch test

u,,m u,, m
-0.001263

-. 958E-04
B 00 -0.001010
[
= -. 639E-04 -0.0007575
[ -. 532E-04
B 4o6k-04 -0.0005050
1 :

. 319E-04
- -. 213E-04 -0.0002525
1

-. 106E-04
LN 0.0

Fig. 8. Distribution u . (SOLID185) Fig. 9. Distribution u . MIA)

As can be seen from the Figures, the distortion of the grid, when using SOLID185, causes a more noticeable
asymmetry of field u_, than when using DAM. At the same time, the value of the maximum deflection for FE DAM u,
=0,001263 m coincides with the exact solution.

Example 3. A round plate, rigidly pinched along the contour and loaded with a uniformly distributed load. Radius
and thickness of the plate: R =1 m; &= 0.01 m. The mechanical constants are similar to the data in Example 2.

The exact value of the deflection in the center of the plate is determined by formula [12]:

4
u, =9
“ 64 D
At the value of the intensity of distributed load g = 0.00888889 H/m? value u,=0.01563 m.

In the testing process, two versions of sampling the % part of the plate (sector) on FE were used. In the first version, the
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three sides of the sector were divided into an equal number of segments. The second version was based on a radial regular
pattern of sector breakdown. In this case, the number of elements along the radius and the circular part of the sector was
assumed to be the same. The considered sector discretization versions for a 32x32 grid are shown in Figure 10.

Version 1 Version 2
Hsg#~ s
R LR
SR I
I ey
HELIREEER LR,
R SRR
AR TALERRERZRER,
FEIZLSERS LILRABRERRERS
AL, LRI
I RRERRERIERS RIS
LA TSI RS, AR RSSO
2SSOSR RS KSR
sttt et gn! T trrotetesatete b et eet e gt
et et 000,000 000305030 %00 0 %0 S g S
sttt ey
Segstet et untyl iy inlisetnsieeletietaetyetigat
! AT irr et ls i etetiest e tiye! et
e tuntly)
.

Fig. 10. Sampling versions for the circular plate sector on FE:
1 — uniform breakdown of the three sides of the sector;
2 — radial regular breakdown

The convergence results in the form of graphs u ~s for sampling the % part of the plate according to version 1

with single-layer and two-layer breakdown schemes are presented in Figures 11, 12, and Figures 13, 14, respectively.

! 2 ; Ts ! 2 3 4

-0.002 4 1 -0.002 - 1
-0.004 - -0.004
-0.006 - -0.006 -
-0.008 -0.008 - 2
-0.010 - 2 -0.010
-0.012 -0.012 -
-0.014 ; -0.014 5 3

Ug, M Ug, M

Fig. 11. Graphs u,~s for version 1; Fig. 12. Graphs u,~s for version 2;

single-layer scheme single-layer scheme

In these figures, values 1, 2, 3, 4 of parameter s 1, 2, 3, 4 correspond to the grids: 4x4, 8x8, 16x16, 32x32. As in

Example 1, line 1 corresponds to a SOLID185-based solution, and line 2 corresponds to DAM. The horizontal line
indicated by the number 3 corresponds to the exact solution.

It follows from the above graphs that an element constructed according to the moment scheme on a 32x32x2 grid of
version 2 has a relative error of 4 %.

Visualization patterns of the field of distribution of vertical displacements «_ for DAM and SOLIDI185 with a
radial layout of the 4 plate (32x32x2 grid) are shown in Figures 15 and 16, respectively.
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1 2 3 4
0 1 1 ] S
L
-0.002 1
-0.004-
-0.006+
-0.008 2
-0.0104
-0.0124
-0.014 3
Ug, m
Fig. 13. Graphs u ~ s for version 1; Fig. 14. Graphs u  ~s for version 2;
two-layer scheme two-layer scheme
u_,m u_,m
-. 004536
001503 05
-0.01202 5 -. 003528
- 003024
-0.009016 [ O
-0.006011 I:l -. 002016
- 001512
-0.003005 % - 001008
0.0 I - 504E-03
. 410E-06
Fig. 15. Distribution u _ (MJA) Fig. 16. Distribution % _ (SOLID185)

From the above figures, it can be seen that despite the qualitative coincidence of patterns u _, relative errors for the

maximum deflection are: DAM — 3.8%; SOLID185 — 71%. Such a significant error, when using SOLID185, is
because the developers applied “shape functions” similar to the functions used for the eight-node element to
approximate the geometry and displacements of the six-node element, i.e., without the “degeneration” principle [7].

Discussion and Conclusion. Stiffness matrices of volumetric multilinear finite elements constructed on the basis of
the double approximation method make it possible to simulate the stress-strain state of building structures of arbitrary
geometry under various types of external actions. The fundamental difference between the proposed concept and the
previously known finite element technologies is that the displacements, in this case, are set in global coordinates, and
the components of the strain tensor are determined in local, in general, nonorthogonal axes.

The test examples show that the volumetric finite elements, constructed by the double approximation method, have
stable convergence and compete successfully with an element of a similar type SOLID185 of the ANSYS Mechanical
computing complex.

The developed mathematical software can be introduced into domestic import-substituting software complexes
implementing the finite element method in the form of the displacement method.
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3asenennulii 6K1a0 COABMOPO8
ILIL laiimxypoB — TMOCTaHOBKAa 3ajayM,

KOMITBIOTEPHOM MOJIEIH, 00CYKIEHHE PE3YIbTATOB.
H.A. CaBennpeBa — mpoBeneHne 0030pa, MPOBEIEHUE pacueTOB, 00CYKICHHE PE3YIbTATOB.

BEIOOp MeETOZIa pemeHHs] W IIOCTPOCHHE MAaTeMaTHYeCKOW U

KOHd)JluKm urmepecos.: aBTOpPbI 3a4BJIAIOT 00 OTCYTCTBUU KOH(i)J'II/IKTa HUHTEPECCOB.

Bce agmopur npouumanu u 0006punu OKOHUAMENbHBLI BAPUAHI PYKONUCU.
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