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Abstract: The new physically nonlinear finite elements, based on the theory of elastic plasticity, are proposed
for bending rods and plates. These new elements can be used for static and dynamic problems, including seismic.
The iterative method is used for static problems, the finite differences method — for dynamic.
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HOBBIE ®U3UYECKU HEJIMHEWHBIE KOHEYHBIE
QJEMEHTbBI B MIPOITPAMMHOM KOMIUVIEKCE JIUPA 10.8
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AHHOTaLMA: Hpez[nara}oTc;l HOBBIC (1)1/131/1qu1<14 HEJIMHEHHBIE KOHEUHEIE DJIEMEHTHI HM3rn0aeMbIX CTep)KHefI u
IJ1IaCTUH, OCHOBAHHBIC Ha TCOPHU YIIPYTO-INIACTUYHOCTH. DTU HOBBIC SJIEMEHTHI MOT'YT ONPpUMCHATHCA KaK I
CTaTUYCCKUX, TaK U JJI1 JUHAMUYCCKHUX PACYCTOB, B TOM YHCJIC U JIA PCIICHUA 3a1a4 ceiicMuku. B cratuueckoit
3a1a4€ NPpUMCHACTCA IlIaI‘OBO-I/ITepaHI/IOHHHﬁ MCTOI, B JUHAMUYECKON — METOJ] KOHEUHBIX pa3H00Teﬁ.

KiroueBble cj10Ba: ynpyro-miacTUYHOCTb, HTEPAIMOHHBIM METO, METOJ KOHEUHBIX pa3HOCTeH

INTRODUCTION

In the previous versions of the LIRA software
package (SP LIRA), physically nonlinear finite
elements (FE) for bending rods and plates,
based on the nonlinear theory of elasticity, were
realized. These FE are successfully used for
static calculations, but are not applicable to dy-
namics problems. Then, two-dimensional and
three-dimensional physically nonlinear FE,
based on the theory of elastic-plasticity, were
developed. These elements are used for both
static and dynamic calculations, but they do not
solve bending problems. In the version of SP
LIRA 10.8 new physically nonlinear FE of
bending rods and plates are proposed, based on
the theory of elastic-plasticity. These new ele-
ments have all the possibilities that physically
nonlinear bending elements have — the same set
of loads, shear calculation, the presence of an

elastic basis, which can be one-sided. New ele-
ments can be used for both static and dynamic
calculations, including seismic problems. The
stepwise iteration method is used in the static
problem, the finite difference is applied in the
dynamic problem the finite difference method is
applied. Convergence is proved in [1].
Dependences between stresses and strains in the
theory of elastic-plasticity are studied in [2]. Let
us introduce in stress space

o =10}

a closed convex set K, which contains point O ,
determined by inequality

®(c)<0,

where @(s) — continuous convex function. De-
note as P, (o) nearest to o point of set K,
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glo)=0-P (o),

Assume that the
strains ¢, are sums of elastic and plastic de-

where g(o)=0 if oekK.

formations, where elastic deformations satisfy
Hooke’s law, whereas velocities of plastic de-
formations are equal to vector g(s). Inequali-
ties, which determine set K, are formulated in
terms of main stresses o,,i =1,2,3, o, >0, >0,
or invariants

S, =0,+0,+0;,

S, =/(6,-6,)" +(0,~0,) +(0,~0,)* .

Prandtl model

R <o0.<R

c i s

for rods and Geniev model
®(c)=—(R, +R,))S,/3+S; +R, *R,

for plates are used, R <0<R, are uniaxial com-
pression and tension limits.

EXAMPLES

Examples of static and dynamic problems solu-
tion with new physically nonlinear finite ele-
ments of bending rods and plates, based on the
nonlinear theory of elasticity, are given.

An example of solving a static problem.

As an example, demonstrating the differences in
the work of physically nonlinear and elastically
plastic FE, a cantilever beam loaded with a uni-
formly distributed load of intensity q=12 tf/m is
considered and then unloaded by a uniformly
distributed load of the same intensity. Simula-
tion was performed by both rod and shell FE.
The rod (FE 210) and shell (FE 244) physically

nonlinear FE and rod (FE 510) and shell (FE
544) elastic-plastic FE were used. The calcula-
tion scheme consists of 5 elements (Figure 1).
All the dimensions in figure 1 are given in mil-
limeters. The cross-section of the cantilever
beam is reinforced with one rod 56 mm in di-
ameter, installed as shown in Figure 1.
Diagrams of work and numerical values de-
scribing the law of deformation for concrete and
reinforcement are shown in figure 2 and Fig-
ure 3.

The load is selected so that approximately 10
percent does not reach the limit moment. In
Figure 4, vertical displacements (Z) of the free
edge of the console are superimposed in the
case of simulation by the rod (FE 210) and shell
(FE 244) physically nonlinear FE.

In Figure 5, vertical displacements (Z) of the
free edge of the console are superimposed in the
case of modeling by elastic (FE 510) and shell
(FE 544) elastic-plastic FE.

The static task is considered in the above exam-
ple. The first part of the graph (from 0 to 1) is
the process of loading the calculation scheme,
the second part of the graph (from 1 to 2) is the
process of unloading the calculation scheme. It
is easy to see that under load the results for
physically nonlinear and for elastic-plastic finite
elements are very close. When unloading, there
are residual deformations in elastic-plastic ele-
ments (figure 5).

An example of solving a dynamic problem.
The solution of the dynamic problem and com-
parison with the results obtained in the ANSYS
finite element analysis package are given be-
low. Here, too, a cantilever beam of square
cross section was considered for a seismic ac-
tion given in the form of an accelerogram of an
earthquake (Figure 6).

The damping was represented by a damping
matrix in the Rayleigh foom € = a-M + (- K,
with the following parameter values «a =
0.0 sec™, § = 0.0023016 sec.
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Figure 1. Calculation scheme of the static problem.
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Figure 2. The diagram of the work of concrete.
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Figure 3. The diagram of the work of reinforcement.
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Figure 4. Displacements of the free edge when modeling physically nonlinear FE.
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Figure 5. Displacements of the free edge when modeling elastic-plastic FE.
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Figure 6. Calculation scheme of the dynamic problem.
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Figure 7. Comparison of the X displacements of the upper node.

The initial modulus of elasticity is equal to

E =2.0e7L
m
yield strength

or = 2000-%

All the dimensions in Figure 6 are given in mil-
limeters.

First, a linear dynamic problem was solved, the
results of which showed a complete coincidence
between the SP LIRA 10.8 and ANSYS. Next,
we solved a nonlinear dynamic problem, whose
results are shown in Figure 7, in the form of
graphs of the time variation of the X displace-
ments of the upper node.

Thanks to the new nonlinear FE, based on the
theory of elasticity, the developers of
SP LIRA 10.8 (http://www.liral0.com) provid-
ed an opportunity for the practical use of direct
dynamic calculation by design engineers. The
structure of the SP LIRA 10.8 includes a spe-
cialized calculation and graphic system DY-
NAMICS+ for calculating structures for arbi-
trary dynamic effects by the method of direct
integration of the equations of motion in linear
and nonlinear formulations. Below is a brief de-
scription of the capabilities of this system:

e setting of time-dependent loads, such as
polyline with equidistant and variable
steps, harmonic load, accelerogram and
earthquake seismogram;

e animation of the integration process;
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e plotting of graphs as time functions for
displacements and stress components in
selected nodes and elements;

e visualization of diagrams, mosaics and
isofields for the components of dis-
placements and stresses in selected
nodes and elements at the current time;

e tables of the results of the values of the
displacement and stress components in
the selected nodes and elements.
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