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NUMERICAL SIMULATION OF VISCOELASTIC MATERIALS

Purpose. The main goal of this paper is to develop the numerical model of viscoelastic material using finite
element method (FEM). The model was applied to asphalt-aggregate mixtures. Additionally the obtained numerical
results with use of different FEM software were compared with experimental data. Methodology. In order to per-
form the investigation, the numerical specimen was built within FEM software. Material of the specimen was as-
sumed to be viscoelastic. Viscoelastic materials are characterized by a combination of elastic behavior, which stores
energy during deformation, and viscous behavior, which dissipates energy during deformation. It was assumed that
the behavior of the material corresponds to generalized Maxwell model. The model consists of a spring element in
parallel with a number of spring and dashpot Maxwell elements. Generalized Maxwell model consisting of 5 ele-

ments was offered at p” =0 . Mechanical properties of the material correspond to the properties of real asphaltic

material. Findings. As the result of calculations the stress and strain state of the asphalt specimen were obtained. To
compare mechanical characteristics of the model with experimental data the dynamic elastic modulus and phase
angle values were calculated. Originality. Viscoelastic material model based on generalized Maxwell scheme was
developed using ANSYS software. In order to compare the numerical model of the material with real asphalt-
aggregate mix data, the values of dynamic modulus and phase angle were selected. Analyzing the results of calcula-
tions one can see good correspondence of numerical material model to experimental data. Moreover, the numerical
data obtained with ANSYS and LS-DYNA software were compared. Practical value. It should be emphasized that
FEM gives the possibility of determining stresses and strains for asphalt pavement non-elastic models what is of
great importance using mechanistic design procedures.

Keywords: mechanical properties; numerical model; viscoelastic material; generalized Maxwell model; finite
element method

Introduction Purpose

The constitutive behaviour of many engineer-
ing materials combines with its elastic, viscous,
plastic and fracturing response. Determining the
parameters of such materials within a wide range
of loadings is extremely complicated. Even in such
a case when plasticity and fracture are not consid-
ered, material viscosity causes temperature and
strain rate dependence of the stiffness, what is of
great importance analysing asphaltic materials [1,
2] or polymers. For that reason, temperature and
strain rate are sometimes integrated in the elastic
parameters of the models.

Another problem arising from application of
non-elastic materials in the process of structural
design is to perform appropriate experimental test
in order to calibrate material parameters. While
such tests are performed, we need to use special
optimization algorithms which allow obtaining the
best curve fitting results. This problem is espe-
cially important in case of cyclic tests used for vis-
coelastic materials [5, 7, 9-11, 14, 15].
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The main goal of this paper is to develop the
numerical model of viscoelastic material using fi-
nite element method. The model will be applied to
asphalt-aggregate mixtures. Additionally the ob-
tained numerical results with use of different FEM
software will be compared with experimental data.

Methodology

In order to perform the investigation, the nu-
merical specimen was built within FEM software.
Material of the specimen was assumed to be vis-
coelastic. Viscoelastic materials are characterized
by a combination of elastic behavior, which stores
energy during deformation, and viscous behavior,
which dissipates energy during deformation. The
elastic behavior is rate-independent and represents
the recoverable deformation due to mechanical
loading. The viscous behavior is rate-dependent
and represents dissipative mechanisms within the
material [3, 4, 8]. A wide range of materials such
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as polymers, glassy materials, soils, biologic tissue,
and textiles exhibit viscoelastic behavior. Material
is viscoelastic if its stress response consists of an
elastic part and viscous part. Upon application of a
load, the elastic response is instantaneous while the
viscous part changes over time. Generally, the
stress function of viscoelastic materials can be de-
fined in an integral form. Within the context of
small strain theory, the constitutive equation for
isotropic viscoelastic material can be written as
follows:

t t
o= sz(t—r)fdwle(z—r)d—Adr,
0 dt 0 dr

where e — denotes deviatoric part of the strain, A —
represents volumetric part of the strain, G(f) —
represents shear relaxation kernel function, K(¢) —
bulk relaxation kernel function, ¢ — current time, 7 —
past time and / — is unit tensor.

The kernel functions are represented in terms of
Prony series, which assumes that

G=G, +ZG1. exp(—%) ,
T

i=1 i

1

K=K, +ZK1. exp(—LKj ,

i=1

where G, G, — shear elastic moduli, K, K, —

bulk elastic moduli, t, tF

each Prony component.
Introducing the relative moduli

— relaxation times for

where
el
Gy=G,+Y.G.,
i=1
Ky=K,+) K.,
i=1

the kernel functions can be equivalently expressed
as

G=G, {ocg + ZOLIG exp[—%ﬂ ,
T

i=1 i
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K=K, {ocg + ZociK exp[——Kﬂ.
- T

i

The integral function can recover the elastic be-
haviour at the limits of very slow and very fast load-

ings. Here, G, and K, denote shear and bulk
moduli at the fast load limit (i.e. the instantaneous
moduli), while G_and K_ are the moduli at the

slow limit. The elasticity parameters input corre-
spond to those of the fast load limit. Moreover, by
admitting, the deviatoric and volumetric parts of the
stress are assumed to follow different relaxation
behaviour. The number of Prony terms for shear n

and for volumetric behavior n; need not be the

. . K
same, nor do the relaxation times t° and T .

The Prony representation has a prevailing
physical meaning in that it corresponds to the solu-
tion of the classical differential model (the parallel
Maxwell model) of viscoelasticity. This physical
rooting is the key to understand the extension of
the above constitutive equations to large-
deformation cases as well as the appearance of the
time-scaling law (for example, pseudo time) at the
presence of time-dependent viscous parameters.

At the same time, generalized Maxwell mate-
rial model was offered. The following Fig. 1 shows
one dimensional representation of a generalized
Maxwell solid. It consists of a spring element in
parallel with a number of spring and dashpot
Maxwell elements.

%f

i

W= 12 13 L
.?7] Ll_l ,”2 LH ]»]3 Ll—l _.rfn Ll—l

Fig. 1. Generalized Maxwell model

4

The development of material model was ac-
complished with software based on FEM. In order
to solve the problem the numerical specimen of
asphalt pavement was built. The specimen and its
coordinate system are shown in Fig. 2, a, while the
loading scheme is shown in Fig. 2, b.

Mechanical properties of the material corre-
spond to the properties of real asphaltic material. It
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was assumed that the behavior of the material cor-
responds to generalized Maxwell model. General-
ized Maxwell model consisting of 5 elements was

offered at p* =0.

4 b pu ut
q u u
I )
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Fig. 2. Numerical specimen (@) and loading scheme (b)

In order to develop the numerical model of the
material the data based on [13, 14] was used. Cor-
responding parameters of Maxwell model are
shown in Table 1.

Table 1
Optimized data of Maxwell model
Volumetric Deviatoric
Ne parameters parameters
£ ow e | ow
1 923 700 426 323
2 1391 24 357 642 11241
3 1068 23 493 11
4 2626 6 1212 3
5 945 118 436 54

In Table 1, volumetric (bulk elastic modulus)
and deviatoric (shear elastic modulus) parts of the
Maxwell elements are given. Moreover, correspond-
ing viscosities are shown for each modulus. In order
to implement appropriate loading and boundary
conditions and to eliminate rigid motion, the 1/8
part of the specimen was investigated (see Fig. 3, a).
Corresponding boundary and symmetry conditions
were applied to reduced model (see Fig. 3, b).

The specimen was loaded kinematically apply-
ing a displacement in z-direction on the upper part
of the cube (Fig. 3, b). The magnitude of the dis-
placement was determined in such a way the strain
in this direction to be equal 5 - 10”. Thus, the small
deformations theory can be assumed. For our
specimen, the displacement of the upper part of the
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cube was determined to be equal 5 - 10° m. More-
over, the loading was taken with different frequen-
cies corresponding to formula: u = 4 sin(w?) . The
following frequencies were proposed: f = 0.1, 0.5,
1.0, 5.0, 10.0, 25.0 Hz (see Table 2). Here, A de-
notes amplitude of the load (A =510 m), o is
circular frequency, @=2m f .

a b gHT.&:&f ”T;gﬁ
) | uy
B
z) 3§ A fgﬂ
YA i s
g ;.\‘
7T T

Fig. 3. Investigated scheme

Table 2 shows frequencies and corresponding
values of dynamic moduli (£,4,) and phase angles
(p) obtained in experiments.

Table 2
Experimental data of specimen investigation
Frequency, Hz | Dynamic modulus, MPa | Phase angle, °
0.1 1991 20.3
0.5 2914 18.5
1.0 3322 17.4
5.0 4376 14.5
10.0 4974 13.7
25.0 5575 14.2

In the paper, the comparison of results is shown
obtained with ANSYS and LS-DYNA software,
based on finite element method.

Findings

As the result of calculations the stress and
strain state of the asphalt specimen were obtained.
It is necessary to note that the aim of this part was
to develop numerical model of asphaltic material
and to compare mechanical characteristics of the
model with experimental data. To fulfill the task
we had to calculate the dynamic elastic modulus
and phase angle.

We can note that stress and strain at such type
of loading can be written as:

o(t)=o,sin(w?),
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e(r)=¢y(0) sin((ot —~ (p(oa)) ,

where oy, €(w) — amplitude values of stress and
strain.

To determine dynamic elastic modulus and
phase angle we have to write some relationships.
So, to define the modulus we used such formulas:

E (io)=E,, (m)exp(z’ (p(w)) ,

where E, (0)=|E"(io)|= — dynamic
dyn( ) ‘ ( )‘ 80((,0) y
elastic modulus.

Thus, to calculate the dynamic modulus, we
have to know the amplitude values of stress and
strain in the model.

In order to visualize the relations between
stress and strain during numerical experiment the
history graphs were built. The diagram of stress
and strain changes for load case with 0.1 Hz fre-
quency is shown in Fig. 4.

150

100

Stress, kPa
(=)
Strain, x106m

stress
— Strain

-150 |
Time

Fig. 4. Diagrams of stress and strain

To obtain the needed values we can use the
diagrams of stress and strain as functions of time
(Fig. 4).The amplitude values of stresses and
strains are shown in the table 3. Also, obtained dy-
namic modulus are written in the table 3.

It is necessary to note that the characteristics
achieve their maximal values at different time. So,
maximal stress in the specimen appears early than
maximal strain. To calculate phase angle we will
use this difference.

To calculate phase angle, we also can use the
diagrams (Fig. 4). On the diagrams we can see that
there is the difference in time between maximal
values of stresses and strains. It is equaled to the
phase angle. To obtain the angle value it is neces-
sary to determine the difference between maximal
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values of stresses and strains on the time-axis and
take into account the scale of the time. Also, we
need to use the formula:

¢ =27 f At (in radians)

Table 3
Freqﬁezzncy, Stre}:;ses, Strains Dynamli\i I1)12110dulus,
0.1 99 685 1994
0.5 146 474 2930
1.0 167 619 50 10° 3352
5.0 221 609 4432
10.0 247 190 4944
25.0 278 014 5560

The difference as time between values of
stresses and strains in the model and obtained val-
ues of the angle are shown in the table 4.

Table 4
Frequency, Hz Time, At Phase angle, °
0.1 0.57 20.52
0.5 0.1035 18.63
1.0 0.05 18.0
5.0 0.008 14.4
10.0 0.0038 13.68
25.0 0.00153 13.77

So, we can write main results (elastic dynamic
modulus and phase angle) in the table 5.

Table 5
Numerical results (ANSYS)
Frequency, Hz | Dynamic modulus, MPa | Phase angle, ©
0.1 1994 20.52
0.5 2930 18.63
1.0 3352 18.0
5.0 4432 14.4
10.0 4944 13.68
25.0 5560 13.77

The obtained results of investigation can be given
as amplitude-phase characteristics. The storage mo-
dulus E' is situated on the x-axis, and loss one E" is
situated on the y-axis, according to relations:

© S. P. Panchenko, 2014
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E'(i0)=E'(0)+iE"(0),
E'(0)=E,, (0)coso(0),
B'(0) = By (0) ing(0)

The modulus were calculated based on the for-
mulas. Obtained results are shown in the table 6.

Table 6
Numerical (ANSYS) and experimental results
ANSYS Experiment
Frequency, Storage Loss Storage Loss
Hz modulus, | modulus, | modulus, | modulus,
MPa MPa MPa MPa
0.1 1 868 699 1 867 691
0.5 2777 936 2763 925
1.0 3188 1035 3170 993
5.0 4293 1102 4237 1 096
10.0 4 804 1169 4 832 1178
25.0 5400 1323 5405 1368

Also, in the table 6 experimental results are
written.

Using data showed in the table 6, we can obtain
the diagram of the modulus to compare experimen-
tal and numerical results (Fig. 5).

1700

1500
M &
E 1300 o
S
5 900 S : &
4 @ experiment
= o00 ‘»4_ =0~ numerical calculation | _|

s (ANSYS)
500 u + +
1500 2500 3500 4500 5500 6500

Storage modulus, MPa

Fig. 5. Comparison of experimental and numerical
(ANSYS) results

On the Fig. 5 we can see good agreement be-
tween experimental and numerical (ANSYS) data.

To estimate the different software, we will give
the data obtained in LS-DYNA [14]. The values
are showed in the table 7.

The comparison of experimental and numerical
(LS-DYNA) data is shown in Fig. 6.
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Table 7
Numerical results (LS-DYNA)

LS-DYNA
Frequency,
Hz Storage modulus, Loss modulus,
MPa MPa
0.1 1 868 689
0.5 2762 913
1.0 3189 971
5.0 4252 1154
10.0 4701 1167
25.0 5402 1492
1700
= 1500
E 1300
£ 1100 /O"-‘-'f/
8 e
g >
§ 900 7~ | @ experiment I
H 200 _4 == numerical calculation )
(LS-DYNA)
500 } } }
1500 2500 3500 4500 3500 6500

Storage modulus, MPa

Fig. 6. Comparison of experimental and numerical
(LS-DYNA) results

Comparing the diagrams (Figs. 5, 6) for nu-
merical results obtained with ANSYS and LS-
DYNA software we can see that the results of
ANSYS calculations are better satisfied to experi-
mental data.

Table 8

Results of numerical investigations

ANSYS LS-DYNA
MPa angle, MPa angle,
0.1 1994 20.52 1991 20.24
0.5 2930 18.63 2909 18.31
1.0 3352 18.0 3334 16.94
5.0 4432 14.4 4 406 15.19
10.0 4 944 13.68 4 844 13.94
25.0 5560 13.77 5 605 15.45
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Let us to estimate the values of the correspond-
ing modulus and phase angles obtained with dif-
ferent software. To do it, the values were written to
common table 8.

As we can see from the table 8, the differences
between the values are not essential. To confirm it
the ratios of results obtained in ANSYS and LS-
DYNA were determined and written to the table 9.

Table 9
Comparison of numerical results
Frequency, E;yjy\,/sy (pANSV
Hz E;yi—DYNA (PLS—DYNA
0.1 1.002 1.014
0.5 1.007 1.017
1.0 1.005 1.063
5.0 1.006 0.948
10.0 1.021 0.981
25.0 0.992 0.891

In the table 9, the ratios of elastic dynamic
modulus and phase angles are shown. The relations
of ANSYS results to LS-DYNA ones were calcu-
lated. It is necessary to note that every value is
clothed to 1. It points on similarity of the results.

We can note that differences in dynamic
modulus are small, and in phase angle are bigger.
So, for the elastic dynamic modulus ratios the av-
eraged difference in the results does not exceed
1%. As an exception, maximal difference is about
2% for load case with 10 Hz frequency. Minimal
difference is 0.15% for load case with 0.1 Hz fre-
quency.

If we speak about differences between phase
angle results we can note such ratios. The maximal
difference is 10.9% for load case with 25 Hz fre-
quency. And minimal difference is 1.6% for load
case with 0.1 Hz frequency.

So, the results of calculations for different
software at load case with 0.1 Hz frequency coin-
cided most exactly.

Originality and practical value

In the article, viscoelastic material model based
on generalized Maxwell scheme was developed
using ANSYS software. In order to compare the
numerical model of the material with real asphalt-
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aggregate mix data, the values of dynamic modulus
and phase angle were selected. The procedure of
the calculation was explained in [14]. Moreover, in
this work the experimental data are given. To visu-
alize the results the diagram of storage modulus vs.
loss modulus was built (so called Cole-Cole graph)
(Fig. 5). Analyzing the diagram one can see good
correspondence of numerical material model to
experimental data.

Moreover, the numerical data obtained with
ANSYS and LS-DYNA software were compared.
The compared data are written in Table 8. In
Figs. 5, 6 the diagrams of ANSYS and LS-DYNA
results are shown.

It should be emphasized that FEM gives the
possibility of determining stresses and strains for
asphalt pavement non-elastic models what is of
great importance using mechanistic design proce-
dures.

Conclusions

Comparing numerical results obtained with
ANSYS and LS-DYNA software we can see that
the results of ANSYS calculations are better satis-
fied to experimental data.

Analysis of data are written to the table 8
showed. Increasing of load frequency causes in
increasing of elastic dynamic modulus and de-
creasing of phase angle. It can be noted that dy-
namic modulus increase from 1 to 6 load cases.
But, values of phase angles decrease from 1 to 5
load cases and increase at 6 load case. Such behav-
ior of the values is fulfilled for every investigated
software.

Also, we can see that for load cases 1-5 dy-
namic modulus obtained with ANSYS software is
bigger than the modulus obtained with LS-DYNA
one. For load case 6, the LS-DYNA modulus is
bigger than ANSYS one.

For values of phase angle, we note that phase
angle is bigger for ANSYS software at load cases
1-3. And it is smaller for load cases 4-6.

It can be noted that relationships between load
frequency and obtained values (elastic dynamic
modulus and phase angle) are nonlinear. By the
way, at little load frequency the velocity of value
changing is bigger than at big one. So, most sig-
nificant changes occur at load cases 1-3 (frequency
0.1; 0.5; 1.0 Hz).
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YUCEJBHE MOJAEJIOBAHHA B’A3KOIIPYKHUX MATEPIAJIIB

Meta. OCHOBHOIO METOIO CTaTTi € po3po0Ka YHCETHHOT MOJIEN B’SI3KOIMIPYKHOTO MaTepialy 3 BUKOPHCTaHHIM
MeToly CKiHueHHuX enemeHTiB. [loOymoBana Mmopens 3actocoByBasiack 10 achanbTHOI cymimn. JlonaTrkogo,
YUCETbHI Pe3yNbTaTH, OTPUMAaHI 32 IOTIOMOTOI0 Pi3HUX MPOTPaMHUX KOMIUIEKCiB, OCHOBaHUX Ha METOJI CKiHYEH-
HUX CJIEMEHTIB, OYJIH MOPIBHSIHI 3 EKCIIEPUMEHTAIFHIMH JaHUMU. Metoanka. [[Jiss BUKOHAHHS JOCIHIIKESHHS OYyB
o0y T0BaHUH YMCENFHIH 3pa30K MaTepiaay B CEpPeIOBUIIII IPOrPAMHOTO KOMIUIEKCY, 3aCHOBAHOMY Ha METO[Ii CKiH-
YeHHHX eJeMeHTiB. Marepiai 3pa3ka MpHITyCcKaBcs B SI3KONPYKHIM. B’SI3KONIpYKHI MaTepiand XapaKTepu3yIOThCI
KOMOIHAIII€I0 MTPYKHOT MOBEAIHKH, sIKa HAKOITMYY€ SHEPTiio BIPOAOBX JAedopmallii, Ta B’sI3K0i MOBEAIHKH, sIKa PO3-
ciroe eHepriro BIpoaoBxk aedopmariii. [lependavanock, m0 MOBEAIHKAa MaTepiady BIAMOBIAAE y3arajbHEHIH Momeni
MakcBesna. Taka MOAeNb CKIANAETHCS 3 MPYKHOTO €IEMEHTA, 3’€IHAHOTO MapayieNibHO 3 HA0OpOM MPYXKHUX Ta
JeMIipepHUX MaKCBEJUIOBHX elleMeHTiB. byna 3ampornoHoBaHa y3arajibHEHa MoOJeNb Marepianry MakcBeiia, 1o
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. © . . . . . ‘o
CKJIagaJjiacsa 3 5 eleMeHTIB mpu u =0 . MexaH14H1 BJIaCTHBOCTI1 Marepilajly BIANOBIAAIN BJIACTUBOCTAM HIMCHOI'O

Mmarepiany acanbty. PesyabTaTu. B sikocTi pe3ynbrary po3paxyHKiB 0yjo OTpUMaHO HampykeHO-Ae(opMoBaHUi
CTaH 3pa3ka MaTepiamy acdanbTy. [ MOPIBHAHHSA MEXaHIYHHX XapaKTEPHCTHUK MOZETI 3 eKCIEePUMEHTAIbHUMHA
JAaHUMU OyJIM OOYHMCIICH] BEJTMYMHHU TUHAMIYHOTO MOJIYJISl IPY>KHOCTI Ta KyTa (a3oBoro 3cyBy. HaykoBa HOBU3HA.
3 BHKOpHCTaHHSIM nporpamuoro kommiekcy ANSYSS, po3poGiena Moaens B’SI3KONPYXKHOTO Martepiaiy, mo 6azy-
€ThCS HA CXeMi y3araabHeHoi Mojeri MakcBemia. {71 HOpiBHAHHS YHCEIEHOI MOJIENi MaTepiary 3 TaHHUMH Ipo JTii-
cHy acdanpTHy cyMiml Oy BHOpaHi BETMYMHU AMHAMIYHOTO MOJYJISI IPYXHOCTI Ta KyTa (ha30BOro 3cyBy. AHai-
3YIOUYH PE3yIbTaTH PO3PaxXyHKIiB, MOXKHA MOOAYUTH XOPOIIY BiATOBIAHICTh YHCEIHHOI MOJETI MaTepialy A0 JaHUX
excriepuMenTy. Kpim Toro, Oyiu mOpiBHSAHI JaHI YACENFHUX PO3PaxyHKiB, OTPUMAHUX B MPOTPAMHIX KOMIUIEKCAX
ANSYS ta LS-DYNA. IIpakTnuyHa 3HaunMicTh. HeoOXiHO Bi3HAYUTH, IO METOJ CKiIHYCHHUX CJICMEHTIB Ja€
MOXJIMBICTh BU3HAYCHHS HAIpyKeHb Ta Jedopmaliii B HENPYKHUX MOJENSAX Marepiany ac(aibTHOrO MOKPUTTS,
IO € BOXKJIUBHM IIPU KOHCTPYIOBAHHI.

Kniouosi cnosa: mexaHiuHI BIaCTHUBOCTI; YMCENIbHA MOJENb; B’S3KONPYKHUM MaTepianm; y3aralbHEHa MOJENTb
MakcBesia; METO CKIHYEHHUX €JIEMEHTIB

C. I1. TAHYEHKO""

1*Ka(b, «CtpoutenbHas MeXaHUKa U CONPOTUBIIEHUE MaTepuanos», ' BY3 «lIpuanenpoBckas rocyiapcTBEeHHas akageMust
CTPOUTENBCTBA M APXUTEKTYPbD», yil. UepHbIeBcKoro, 24a, J{nenponeTpoBck, Ykpauna, 49600, Ten. +38 (0562) 46 98 22,
a11. moyra serpanko@mail.ru, ORCID 0000-0001-5826-3645

YUCJTEHHOE MOAEJIUPOBAHUE BA3ZKOYIIPYT'UX MATEPHUAJIOB

Heab. OCHOBHOH LIENBIO CTaThH SIBJSIETCS pa3padOTKa YMCIEHHONW MOZENHN BA3KOYNPYroro Marepualia ¢ UCIIOib-
30BaHMEM METO/a KOHEUHBIX 3JeMeHTOB. [locTpoeHHas Monens npuMeHsuiach K acaibTHOH cMecH. JlononmHuTensHo,
YHCJIEHHBIC PE3YNBTATHI, TIONyYSHHBIE ¢ TIOMOIIBI0 PA3IMYHBIX IPOTPAMMHBIX KOMIUIEKCOB, OCHOBAaHHBIX Ha METOJIE
KOHEYHBIX AJIEMEHTOB, CPABHUBAJIMCEH C HKCIIEPUMCHTAIBHBIMA JTaHHBIMU. MeToauka. [ BEITOTHEHUS HCCIIeI0Ba-
HUsI OBIT TIOCTPOSH YUCIICHHBIN 00pa3el] MaTepraia B cpelie IPOrpaMMHOTO KOMIUIEKCa, OCHOBAHHOTO Ha METOZE KO-
HEYHBIX AJIeMEeHTOB. Martepurair o0pasiia mpearnoaraics BI3KOyIpyruM. Bs3koynpyrie MaTepralibl XapaKTepu3yIoTCs
KOMOWHAIMEH yIpyroro MoBeeHHs, NP KOTOPOM HAaKallIMBAETCs SHEPrHs Mpu JeopMUPOBaHUH, U BSI3KOTO TOBE-
JICHUSI, TIPU KOTOPOM pacceuBaeTcsi sHeprus npu aedopmupoBanun. [Ipeanonaraioch, 4To MOBEACHUE Marephaia
COOTBETCTBYET 00001IeHHOI Monen MakcBeiuia. Takas MOJeNb COCTOUT M3 YIPYIOro 3JIEeMEHTa, COEIMHEHHOTO Ma-
paJIesbHO ¢ HAOOPOM YNPYTHX M AeMII(HPYIONMX MaKCBEIUIOBBIX 3J€MEHTOB. bbuta npemioxkena 00001eHHas MO-

o0 v
Jienb MaTepuana MakcBeiuna, Kotopasi cocTosia u3 5 snementos pu [ =0 . Mexanuueckne cBoicTBa MaTepuana

COOTBETCTBOBAJI CBOWCTBAM pealnbHOr0 Marepuana acdanbra. Pe3dysabTarbl. B KadecTBe pesyibrara pacdeToB
OBLTO TIOTyYeHO HAIPSHKEHHO-IEePOPMUPOBAHHOE COCTOSIHUE 00pa3ia Marepuaia achansTa. s cpaBHEHUS MEXaHU-
YECKUX XapaKTEPHUCTHK MOAEIH C SKCIICPHMEHTAIbHBIMH JAHHBIMH OBUTH BBIYHCIICHBI BEIMYMHB! AUHAMHIECKOTO MO-
Iylsl yOpyroctd M yria ¢asosoro cipura. Hayynasi HoBu3Ha. C HCIIOJB30BaHHEM HPOTPaAMMHOTO KOMILIEKCa
ANSYS paszpaborana Monens BS3KOYNPYIroro marepuana, KoTopas Oasmpyercs Ha cxeMe 000OIIeHHOH Monenn
MakcBeia. Jljist CpaBHEHHMS YMCICHHON MOJENIN MaTepraiia ¢ JaHHBIMH O PeabHOM ac(habTHOM cMecH ObLIH BhIOpa-
Hbl BEJIMYMHBI JUHAMUYECKOTO MOXYJIS YIPYrocTH M yria ()a3oBOro capura. AHanu3upysl pe3yJibTaTbl PacueToB,
MOXXHO YBUIACTH XOPOIIEE COOTBETCTBHUC YHUCJIICHHOMN MOJCIN Marepuajla JaHHBIM 3KCIICPUMCHTA. KpOMe TOro,
CPaBHMBAINCH JAHHBIC YMCIEHHBIX pacyeToB, MOJy4deHHbIE B mporpaMmubeix komruiekcax ANSYS u LS-DYNA.
IIpakTHyeckas 3HAYUMOCTb. HE0OX0IMMO OTMETHTB, YTO METOJI KOHEYHBIX 3JIEMEHTOB JIa€T BO3MOXKHOCTh OMpeie-
JSITh HAaNPSDKEHUS ¥ Ie)opMaliii B HEYIPYTUX MOJAEISIX Marepuaia acaibTHOIO MOKPBITHS, YTO SIBISETCS BaXKHBIM
NIPY KOHCTPYHPOBaHHHU.

Kniouegvie cnosa: MexaHnuecKue CBOMCTBA; YMCIEHHAs MOJENb; BI3KOYNPYIHid MaTeprai, 0000IeHHas MOJIENb
MakcBeia; MeTo/] KOHEYHBIX SJIEMEHTOB
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