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Abstract. For a stable numerical solution of the constitutive system of an elastoviscoplastic model of a
continuous medium with the von Mises yield condition and hardening, an explicit-implicit second-order
scheme was proposed. It includes explicit approximation of the equations of motion and implicit approx-
imation of the constitutive relations containing a small relaxation time parameter in the denominator of
the non-linear free term. To match the approximation orders of the explicit elastic and implicit corrective
steps, an implicit second-order approximation was constructed for isotropic elastoviscoplastic medium
with hardening model. The obtained solutions with the second-order implicit approximation of the stress
deviators of the elastoviscoplastic system of equations allow limiting case when relaxation time tends
to zero. Correction formulas were obtained in this case, and they can be interpreted as regularizers of
numerical solutions for elastoplastic systems with hardening.
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An elastoviscoplastic (EVP) medium is a medium that exhibits viscous properties beyond
the elastic limit in non-stationary loading processes, i.e., it has a dynamic yield strength that
depends on the strain rate. The governing equations of the model are derived from the additive
representation of the deviator part of the strain rate tensor as the sum of elastic and viscoplastic
components [1,2]|. The volumetric viscoplastic component is assumed to be zero. The differential
part of the non-stationary system of equations for the elastoviscoplastic media coincides with
the system of equations for the dynamic elasticity theory [2,3,4]. However, equations for the
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deviatoric stress components beyond the yield point include strongly non-linear free terms with
a characteristic relaxation time 7 in the denominator.

In non-stationary processes when characteristic time is much bigger than 7 elastoviscoplastic
media behave like elastoplastic (EP) media [4,5]. When 7 — 0 EVP systems of equations
transform into systems of the Prandtl-Reuss type [5,6]. This fact was proved with the use of
model formulations based on variational inequalities |7, 8].

For essentially non-stationary processes when characteristic time is less than 7 effects of high-
speed hardening and sharp increase in the dynamic yield strength reveal themselves [4, 6]. To
describe these effects it is required to use the full EVP system of equations.

Differential part of the EVP system of equations coincides with the equations of the dynamic
elasticity. Then this part is a system of hyperbolic equations, and it can be reduced to a
divergence form. The form allows one to build conservative numerical methods for solving initial-
boundary value problems.

At the same time, the EP systems of equations, to which the theories of plastic flow are
reduced, can not be represented in a divergence form. To describe strong discontinuities one has
to construct generalized solutions [8].

On the one hand, formulation of essentially non-stationary problems of the inelastic defor-
mation in the form of a EVP system of equations reflects the physics of dynamic processes. On
the other hand, it ensures the regularization of the EP system of equations that does not have
divergence form.

The stable integration of the constitutive relations between stresses and strains in the EVP
system of equations by an explicit scheme for small relaxation times requires a stronger con-
straint on the time step than the usual Courant condition. This additional limitation can be
eliminated with the help of implicit schemes for calculating "rigid" constitutive relations. Note
that explicit-implicit schemes for solving constitutive equations for EVP media described below
do not require numerical solution of algebraic systems of equation since all implicit relations
can be solved analytically. Each time step is done explicitly with the time step defined by the
Courant condition. If it is possible to make limit transition 7 — 0 in the difference approximation
for the EVP system then the obtained numerical solution can be considered as the solution of
the corresponding elastoplastic problem. Further this approach is systematically used.

1. Isotropic model of elastoviscoplastic continuum media
with hardening

In Cartesian rectangular coordinate system, the system of equations for an elastoviscoplastic
(EVP) medium with hardening has the form [2]

ov
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e=(Vov+veV)/2 (5)
e€=e—(e:I)1/3, (6)
s=o0—ol,o=(o:1)/3, (7

o g e (B )

where v is the velocity vector, o is the stress tensor, s is the deviator part of the stress tensor,
o is the mean stress, e is the strain rate tensor, €’ is the deviator part of the strain rate tensor,
s : s is the second invariant of the deviator part of the stress tensor, F(z) is the non-linear
viscosity function, describing the rate of hardening, F' > 0, F(0) = 0, (F') = FH(z), H(x) is the
Heaviside function, 7 is the characteristic relaxation time of components of the deviator part of
the stress tensor on the yield surface, p is the medium density, A and p are the Lame constants.
Here additional notations are introduced: e;p is the deviator part of the viscoplastic strain rate
tensor, oy is the variable yield strength depending on the hardening parameter k, o is the initial
value of the yield strength (before the hardening process), f(k) is the hardening function such
that f(0) = 1.

Taking into account the expression for e/

(e )
(k)

2. Implicit 2nd order approximation scheme
for the elastoviscoplastic medium with hardening

the evolutionary equation for hardening takes the
form

2.1. General solution for an arbitrary hardening function

Consider linear equations for the velocity components and for the mean stress from system
(1)=(9). Any explicit scheme of the required 2nd order can be constructed for these equations
without difficulties [9]. It is assumed further that such an approximation is carried out. Then
taking into account the initial and boundary conditions, values of velocities and the mean stress
on the next time layer are determined.

Consider now the equation for the deviator part of the stress tensor from EVP system with
hardening (1)—(9). Let us construct an implicit 2nd order approximation of this equation. The
right part of the equation is approximated as a half-sum of terms on the next and current time
layers:

n+l _ on
S N S _ /f«(e/n+1 +e/n) _

e (e o)) G ) o

Indices n+ 1 and n mark the values on the next and current time layers, At is the time step.
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+1

This non-linear system of equations with respect to "™ can be written as

n+1 +1

= _=n
T =58 —

1 s » G- . 5" p(YEE (12)

e (T ) ()

Here new notations are introduced "' = s"*1/5(, 3" = s"/00,3"" = 57" /oy, where

sttt = = g™ 4 p(e"t + ™) At is the deviator part of the stress tensor after the "elastic"
T 0 27
time step, § = E—O and By = AL are dimensionless parameters of the system of equations,
I

0/P2 = 0o/ (2u). In this construction, except for specially stated cases, restrictions on the values
of § and 5 are not set.

+1 and values

Taking into account that velocity values on the next time layer are known, 37
§" on the n-th time layer are also known.
The non-linear system for the unknown values of 3"*! and hardening parameter k"*! on the

next time layer can be written as follows

(F (V&5 (k741) 1) )

st 6+ NeTawee) +
(14)
e <F <\/§" : i/fik") - 1)> p—
s S8

bt _gn oy L vstlistt Vshist
k+k+62(<F<¢f(W) 1>>+<F(f(kn) )>) (15)

Performing convolutions of equations (14), (15) sequentially with 3" 3" and 37!, the
system of equations for convolutions X = V3" ™! : 3" v =3zt .57 7 = /3"t .50 s
obtained, where values of T = /3" : 3" S = /3" : 3", ¥ = /57" : 37" are known.

Then the following system is obtained

§X + (F (X/f (k") — 1)) = 68, (16)
Bk — (F (X/f (k") = 1)) = Bak", (17)
where g1 == 2 OO Z A0 ooy L 1y ()~ 1), § = VETT 58T

T=+3":38"

It is easy to see that intermediate value of §"*! and its convolution S are calculated on the
basis of results of the "elastic" time step.

Then components of the deviator part of the stress tensor and hardening parameter on the
next time layer can be found from Egs. (14)—(17) as follows

5§n+1 §n+1

Gl =—X (18)
F(X/f(knt1)—1 ’
5 + EC/IGrT-1)) g
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R =5 (8- X) /B + b, (19)

Thus, to completely determine components of 3! and hardening parameter k"*! Egs. (16),

(17) should be solved, and the result should be substituted into Egs. (18), (19).
Now, it is also possible to consider a limiting case § — 0 in the formula for the intermediate
value 5”1! which contains a small parameter in the denominator:

~n+1 _ —=n s" <F (T/f (kn) B 1)>
gl —ntl = ; (20)

To do this Eq. (16) that is valid on the n + 1-time layer is rewritten for the n-th time layer:
0T + (F(T/f (k") —1)) =0vV8™: 3" (21)

From here

(F(T/f (") —1)) =6 <¢§n 5 /3" :§n> . (22)

Taking into account that §/82 = oo/ (2u), it is possible to remove the singularity when 6 — 0
and obtain

gt —gntt \/8:7178” <\/§" 15 —V/E" :§">, (23)
= % (S-x), b =k"+ ;—Z (Vaman - V5w, (24)

This technique was proposed in [10, 11], and it was widely used in computational practice (see,
for example, [12-15]). However, it was interpreted as a first-order correction based on physical
splitting of the elastoplastic process into elastic step and bringing the deviator part of the stress
tensor to the yield circle.

2.2. Linear viscosity function and linear hardening

In order to solve non-linear algebraic system (16), (17) and obtain explicit expressions for
the unknown quantities 3" and k"*!, it is necessary to specify the viscosity function F'(x) and
the hardening function f(k). To obtain an analytical solution in a system with hardening linear
viscosity function F'(z) = x is accepted. In this case, values of the dimensionless parameters
B2 > 0, 6 > 0 are not bounded. The hardening function is often taken in the form f(k) = 1+ ak,
where parameter o > 0 regulates the mode and rate of change of the yield strength. For oo > 0
we have an increase in the yield strength (hardening), for &« = 0 we have the ideal viscoplasticity.

Under these assumptions Eqs. (16)—(19) have the form

X ~
n X 7.n
Bok™ T — <1—|—oz/<:"+1 - 1> = B2k", (26)
—n-+1 §n+1 n+1 o n
=X,k =5 (8- X) /B2 + k", 27)

Excluding k™! from this system, we obtain the equation for X:

X:(1+5(S—X))(1+;‘25(S—X)+ak">. (28)

- 12 —



Vasily I. Golubev . .. Numerical Schemes of Higher Approximation Orders. ..

Let us introduce a new variable ( = S — X and notation ~v = a/fB,. Then equation for ¢ takes
the form

752§2+(1+6(1+7+al}”))¢—(S’—l—al%"):o. (29)

The exact solution of this equation that satisfies condition ¢ > 0 is
Yo (10r+akn)) s a0 (5 -1-akn) — (148 (147 +ak"))
252 '

(= (30)

Hence,

Yo (1en+ain)) s a0 (§ -1 —ake) — (148 (147 +ak))

X=5-
s 2762

(31)

Relations for the deviator part of the stress tensor and hardening parameter on the next time
layer take the form

B §n+1
3n+1 = ——X

\/(1+5(1 +v+al%n))2+4752 (S—l—al%n) . (1+5(1+7+a1%”)) (32)
x| S -

2762 ’

L \/(1+5(1+7+a/%"))2+4752(5*—1—aicn)—(1+5(1+v+a/2:"))
K " B 2762

+

+ K"
(33)
These relations can be simplified if we assume that hardening coefficient « is small, or more
precisely, parameter v < 1.
Then relations for the invariant, deviator part of the stress tensor and hardening parameter
on the next time layer take a compact form

1+ak"+6§(1+7+a/%">

X =~ — s (34>
1+6(1+’y+ak")
o 14 ak™+ 65 (1+’y+o¢l§") (35)
VT — — , 35
S 14+5(1+y+akn)
1 on )
frtt o 005 LA (36)

Nﬂl—&—d(l—f—’y-ﬁ-ak")

These relations allow one to consider a limiting case § — 0 (pure elastoplastic material):

sn+1 ~
& ST (1 n ak") : (37)
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g0
2
Condition of the EVP mode with hardening is S — 1 — ak™ > 0.

K & (S —1- a/}“) R (38)

3. Numerical simulation results

Using the described explicit-implicit scheme, the wave propagation in an isotropic elas-
toviscoplastic medium initiated by instantly applied load was simulated for various values
of the relaxation time (parameter §). The medium has the following parameters: density
p = 2500 kg/m3, P-wave velocity Cp, = /(A +2u)/p = 4500 m/s, S-wave velocity C is varied,
yield strength o, = 112500 Pa. The computational domain was a parallelepiped with dimen-
sions of 50 x 50 x 10000 m. Computational grid was introduced with space step of 5 m. To
correctly simulate the process of loading a half-space the condition of zero spatial derivative of
the solution was used on the side faces of the computational domain. For the stability of the
explicit grid-characteristic scheme [16,17,18,19] used for solution of the elastic problem, time
step At = 0.001 s was used, and it satisfies the Courant condition. Totally, 2 s of the physical
experiment was simulated.

The problem of instantaneous application of compressive load o, = —30s = —337500 Pa
along the axis x3 to an isotropic elastoviscoplastic half-space was considered in three-dimensional
case. The velocity of transverse wave in the medium is 2250 m/s. For the case of an elastoplastic
medium, analytical solution includes longitudinal plane wave and plastic deformation wave that
propagates with lower speed C; = /(A +2u/3)/p. In this case, a zone of constant stress is
established between two discontinuities of the solution. The value of this stress 034 can be also
calculated analytically. Using the von Mises yield condition for certain ratio between stress
components 11 = g2 = A/(A 4 2u)033, one can obtain

3A 42

(o1 *0/3)2+(U22 *0/3)2+(033 *0/3)2 =020 =011+ 022 + 033 = mff

33 (39)

Finally, we have o33 = 0s. The computational algorithm developed in this work can

A+2p %
be also successfully used if reliaxation time 7 is not small. The calculations were carried out for
the problem of deformation of an elastoviscoplastic medium with a linear viscosity condition for
non-zero values of dimensionless parameter 6. The results are presented in Fig. 1. It can be seen
that propagation velocities of both waves and the value of stress o3 are correctly restored. An
increase in viscosity of the medium leads to broadening of the plastic wave front, and it does not
affect the front of the elastic precursor.

Further, hardening effect of the EVP medium was studied. Hardening parameter is varied
in a wide rage, however, the condition v << 1 was always fulfilled. The simulation results are
presented in Fig. 2. For large values of a the effect of hardening significantly influences the
propagation velocity of the plastic deformation wave.

Conclusions

The dynamic behaviour of isotropic elastoviscoplastic media with hardening effect under
the action of an external load was studied in this paper. The resulting system of equations is
semi-linear hyperbolic system. Its structure doesn’t allow us to directly apply standard explicit
numerical schemes. An approach based on the implicit approximation of the constitutive relations
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Fig. 1. The distribution of stress o33 along the axis x3 after 2 s from the beginning of the
calculation, o, = —30,, medium without hardening
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Fig. 2. The distribution of stress o33 along the axis x3 after 2 s from the beginning of the
calculation, 0, = =30, v = 0.044

containing a small relaxation time parameter in the denominator of the non-linear free term was
used. In this work, the grid-characteristic method on structured computational grids was used.
It allows one to increase approximation order and to avoid strong oscillations of discontinuous
solutions. The explicit computational algorithm that has second-order approximation in time
and space was developed.

The obtained solutions with the second-order implicit approximation for the deviator part of
the stress tensor of the elastoviscoplastic system of equations allow one to consider the limiting
case when relaxation time tends to zero. Correction formulas obtained in this case can be
interpreted as regularizers of numerical solutions of elastoplastic systems.

The developed algorithms were applied to the three-dimensional direct dynamic problems for
elastoviscoplastic media. The obtained results may be useful for the inverse seismic problems [20].

The construction of numerical algorithms for elastoviscoplastic media was carried out by Gol-
ubev V. I. and Nikitin 1. S. with the financial support of the Russian Science Foundation (project
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no. 19-71-10060, hitps://rscf.ru/project/19-71-10060/). The simulation results were obtained by
Mi Xin with the financial support by the Fellowship of China Scholarship Council.

References

[1]

2]

3]

14]

[5]

16]

7]

18]

19]

[10]

[11]

[12]

[13]

[14]

P.Pezhina, Basic issues of viscoplasticity (Osnovnie voprosi vyazkoplastichnosti), Moscow,
Mir, 1968 (in Russian).

V.N.Kukudzhanov, Computational continuum mechanics (Vichislitelnaya mechanica splosh-
nikh sred), Moscow, Fizmatlit, 2008 (in Russian).

V.K.Novatskiy, Computational continuum mechanics (Vichislitelnaya mechanica sploshnikh
sred), Moscow, Mir, 1978 (in Russian).

A Freidental, Kh.Geiringer, Mathematical theories of inelastic continuum (Matematicheskie
teorii neuprugoy sploshnoy sredi), Moscow, Fizmatgiz, 1962 (in Russian).

V.N.Kukudzhanov, Rasprostranenie voln dv uprugovyazkoplasticheskih materialah s dia-
grammoi obchego vida, Mehanika Tverdogo Tela, 5(2001), 96-111 (in Russian).

D.Kolarov, A.Baltov, N.Boncheva, Mechanics of plastic media (Mehanika plasticheskih
sred), Moscow, Mir, 1979 (in Russian).

G.Duvo, N.Lions,Inequalities in mechanics and physics (Neravenstva v mechanike i fizike),
Moscow, Nauka, 1980 (in Russian).

V.M.Sadovskii, , Discontinuous solutions in problems of dynamics of elastoplastic media
(Razrivnie recheniya v zadachah dinamiki uprugoplasticheskih sred), Moscow, Nauka, 1997
(in Russian)

A.G.Kulikovskii, N.V.Pogorelov, A.Yu.Semenov, Semenov, Mathematical issues of numerical
solution of hyperbolic systems of equations (Matematicheskie voprosi chislennogo resheniya
giperbolicheskih system uravnenii), Moscow, Fizmatlit, 2001 (in Russian).

M.L.Wilkins, Calculation of elastoplastic flows. Computational methods in hydrodynamics
(Raschet uprugoplasticheskih techenii. Vichislitelnie metodi v gidrodinamike), Moscow, Mir,
1967, 163-212 (in Russian).

M.L.Wilkins, Computer simulation of dynamic phenomena, Berlin-Heidelberg-New-York:
Springer, 1999.

V.N.Kukudzhanov, Method for splitting elastoplastic equations (Metod rascheppleniya up-
rugoplasticheskih uravneniy), Mechanika tverdogo tela, 1(2004), 98-108 (in Russian).

M.Kh.Abuzyarov, V.G.Bazhenov, V.L.Kotov, A.V Kochetkov, S.V.Krylov, V.R.Feldgun,
The method of the decay of discontinuities in the dynamics of elastoplastic media, Comput.
Math. Math. Phys., 40(2000), no. 6, 900-913.

B.D.Annin, V.M.Sadovskii, On the numerical realization of a variational inequality in prob-
lems of the dynamics of elastoplastic bodies, Comput. Math. Math. Phys., 36(1996), no. 9,
1313-1324.

— 16 —



Vasily 1. Golubev . . . Numerical Schemes of Higher Approximation Orders. ..

[15] N.G.Burago, Modeling the destruction of elastoplastic bodies (Modelirovanie razrusheniya
uprugoplasticheskih tel), Computational continuum mechanics, 1(2008), no. 4, 5-20 (in Rus-
sian).

[16] V.I.Golubev, A.V.Shevchenko, I.B.Petrov, Raising convergence order of grid-characteristic
schemes for 2D linear elasticity problems using operator splitting, Computer Research and
Modeling, 14(2022), no. 4, 899-910. DOI: 10.20537/2076-7633-2022-14-4-899-910

[17] L.B.Petrov, V.I.Golubev, A.V.Shevchenko, Higher-Order Grid-Characteristic Schemes for
the Acoustic System, Proceedings — 2021 Ivannikov Memorial Workshop, IVMEM 2021,
2021, 61-65.

[18] V.I.Golubev, A.V.Shevchenko, N.I Khokhlov, I.B.Petrov, M.S.Malovichko, Compact Grid-
Characteristic Scheme for the Acoustic System with the Piece-Wise Constant Coefficients,
International Journal of Applied Mechanics, (2022), paper 2250002.

DOI: 10.1142/51758825122500028

[19] A.S.Kholodov, Construction of difference schemes with positive approximation for hyper-
bolic equations, USSR Computational Mathematics and Mathematical Physics, 18(1978),
no. 6, 116-132. DOI: 10.1016,/0041-5553(78)90141-6

[20] V.I.Golubev, I.S Nikitin, A.V.Vasyukov, A.D.Nikitin, Fractured inclusion localization and
characterization based on deep convolutional neural networks, Procedia Structural Integrity,
43(2023), 29-34. DOL: 10.1016/j.prostr.2022.12.230

YHucneHHble cXeMbl ITOBBIINIEHHO aIllIpOKCUMAIIM AJIs 3aJa9
JAMHAMUKHN YIIPYTOBA3KOMJIACTUIECKUX CPe/

Bacuimit U.T'ory6eB

MockoBcKMit DU3MKO-TEXHUIECKUN HHCTUTYT

Hosronipynubrit, MockoBckast obJtactb, Poccuiickast @enepariust
WMucTuryT aBTOMATH3UPOBAHHOTO ITpoeKTupoBanust PAH
Mocksa, Poccuniickas @enepariust

Nnva C.Hukutua

WNucruryT aBromMaru3npoBaHHOrO npoekrupoBanus PAH
Mocksa, Poccuniickass @enepartust

Cunp Mu

MockoBckuit (PU3UKO-TEXHUIECKAN HHCTUTYT

Hosronipynubrit, MockoBckast obJiactb, Poccuiickast @enepariust

Awunorarusi. J[j1s1 yCTORYNBOr0O YMCIEHHOTO PEINIEHUsT ONPEIEIISIIONIENH CHCTEMBI YIIPYTOBI3KOILIACTAYE-
CKOI MOJIEJIM CILJIOIITHOM Cpelibl C YCJIOBHEM TekKydecTu Mwuseca M ¢ y4eTOM yHNPOYHEHUs MPEJIOKEHA
SBHO-HEsIBHAsl CXeMa 2-TO IOps/IKa C IBHOM aIlllIPOKCUMAallneil YpaBHEHUH JBUXKEHUS W HESIBHOU aIllIPOK-
cuMalyell onpenedronuX COOTHOIIeHN, coJepKallluX MaJblil IIapaMeTp BPEMEHU peJlaKCallud B 3HaMe-
HaTeJle HeJIMHEWHBIX CBOOOIHBIX WIEHOB. JIJIsi COTIacOBAHMUS TOPSIIKOB AMMTPOKCUMAIIIH SBHOTO YIIPYTOTrO
U HEeABHOI'O KOPPEKTHUPOBOYHOI'O MIAr0OB IIOCTPOEHA HesgBHas allllPOKCUMAaIA BTOPOTO MOPAAKa JJId U30-
TPOIHOMN YIIPOYHSIONIEHCS YIIPYTOBA3KOIJIACTUYECKON MOJIEJIN CILIONIHOM cpefibl. [losrydennble perenns
HESIBHOU AaIlIIPOKCHUMAIUN 2-TO TOPSAIKA IS JEeBUATOPOB HAIIPSKEHUN YIIPYTOBA3KOIJIACTUIECKON CH-
CTeMbl ypaBHEHUU [ONYCKAIOT NIpeAesIbHBIN Ilepexo]] NPU CTPEeMJICHHU BPEMEHHU peJIaKCallud K HYJIIO.
KoppekTuposodnbie (hopMyJibl, TOJyUYeHHbIE TAKUM IPEIEIbHBIM TEPEXOJIOM, MOXKHO TPAKTOBATH KaK
PeryJjispu3aToOpbl YUCJACHHBIX PEIICHUN YIPYTOIJIACTUIECKUX CUCTEM C YIPOYHEHHUEM.

KuaroueBrle ciioBa: MaTeMaTHIeCKOe MOJEJIMPOBAHNE, YIIPYTOBI3KOIJIACTUYECKNAE CPEJIbI, ITOIyINHEN-
HBble THIEPOOINYeCKNe CUCTEMBI, IBHO-HESIBHBIE CXEMBI ITOBBIIIIEHHOIO IIOPSIIKA.
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