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Multi-time-step explicit—implicit method for
non-linear structural dynamics

Anthony Gravouil ¥ and Alain Combescure$: |l

Laboratoire de Mécanique et Technologie; ENS de Cachan; 61 Avenue du President Wilson;
94235 Cachan Cedex; France

We present a method with domain decomposition to solve time-dependent non-linear
problems. This method enables arbitrary numeric schemes of the Newmark family to be
coupled with different time steps in each subdomain: this coupling is achieved by
prescribing continuity of velocities at the interface. We are more specifically interested in
the coupling of implicit=explicit numeric schemes taking into account material and
geometric non-linearities. The interfaces are modelled using a dual Schur formulation where
the Lagrange multipliers represent the interfacial forces. Unlike the continuous formulation,
the discretized formulation of the dynamic problem is unable to verify simultaneously the
continuity of displacements, velocities and accelerations at the interfaces. We show that,
within the framework of the Newmark family of numeric schemes, continuity of velocities
at the interfaces enables the definition of an algorithm which is stable for all cases
envisaged. To prove this stability, we use an energy method, i.e. a global method over the
whole time interval, in order to verify the algorithms properties. Then, we propose to extend
this to non-linear situations in the following cases: implicit linear=explicit non-linear,
explicit non-linear=explicit non-linear and implicit non-linear=explicit non-linear. Finally,
we present some examples showing the feasibility of the method.

KEY WORDS: non-linear structural dynamics; multi-time-step method; mixed method;
subcycling; dual Schur domain decomposition method

1. INTRODUCTION

Explicit time integration for transient problems discretized in space using finite elements is
very widespread, particularly for contact or impact problems, or when wave propagation effects
are important [1, 2]. Explicit methods allow the implementation of complex models with a
limited calculation cost, and the conditional stability of these algorithms is not a problem
if the time step necessary for the required precision is in the order of the critical time step
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[3, 4]. However, if the meshes have widely different element sizes (or material properties), the
smallest element in the structure sets the time step for the whole structure. This situation arises,
for example, in coupled fluid/structure problems or in h-type adaptive meshing techniques.
In 1977, Belytschko and Mullen [5] proposed a multi-time-step (or subcycling) integration
method involving different time steps in different zones of the model. This approach differs
from the mixed methods in time [6—8] which consist of defining zones where different time
integration techniques apply, but with a single time step defined for the whole structure. One
can also attempt to couple two approaches, ‘mixed method’ and ‘subcycling’ [9].

Mixed method in time: Three types of methods are generally found—*‘explicit/explicit’,
‘explicit/implicit’ and ‘implicit/implicit’ algorithms [10, 11]. In all three cases, one distin-
guishes element-partitioning methods from node-partitioning methods. Thus, for example, one
may consider two subdomains laid out according to the nodes or according to the elements.
This distinction is important for the interface because each of the methods is specific in the
way the interface is treated. Besides, in the three cases E/E, E/I and I/I, the numeric scheme
in time is constructed as follows: we assume a Newmark numeric scheme with two charac-
teristic parameters f3, 7 identical for all subdomains. The distinction between ‘explicit’ and
‘implicit’ thus refers to regions where we have considered, respectively, a diagonal (explicit)
or a consistent (implicit) mass matrix [9]. ‘Explicit/implicit’ methods with the same time step
are used primarily for hyperbolic problems. One of the first algorithms with nodal partitioning
was proposed in [12] and its stability with a non-symmetric amplification matrix was studied
in [6]. A first method with element partitioning was proposed in [7], and the study of its sta-
bility with a symmetric amplification matrix using an energy method was done in Reference
[8]. Non-linear applications can be found especially in References [13, 14]. There is also an
extension to the HHT method in Reference [15] along with a proof of stability by Fourier’s
method with a displacement, velocity and acceleration state vector. Furthermore, a variation
on these methods was proposed in Reference [16] whereby, the inside of the subdomains is
implicit and the boundary explicit.

Multi-time-step methods in time (subcycling): Again, two main classes of algorithms apply
to these methods: element partitioning and nodal partitioning. If we disregard mixed meth-
ods in time with subcycling at this stage, these methods have been used mainly for implicit
cases. But, this time, the numeric scheme considered for the whole structure is ‘explicit’ in
the sense that =0 in the Newmark numeric scheme (with a diagonal mass matrix). The
first method with multi-time-step was proposed in Reference [17], with nodal partitioning for
second-order explicit/implicit systems and linearly interpolated displacements at the interface,
but with no general stability proof. A first proof of stability for first-order systems using
the energy method can be found in Reference [18], but with highly restrictive assumptions
which limit applications. Subsequently, stability conditions were proposed [19] for explicit
first-order systems with element partitioning. A generalization of the previous study to the
implicit case was developed in Reference [20] for first-order systems. Then, one can find
for the first time in Reference [21] a rigorous and general stability analysis of subcycling
with nodal partitioning for parabolic systems. One can also find an explicit multi-time-step
integration algorithm for the element-free Galerkin method for diffusion problems in [22].
The stability analysis of multi-time-step integration schemes for second-order systems creates
much greater difficulties because the amplification matrix in the case of nodal partitioning
is not symmetric. A proof of the stability of such schemes in the explicit case was pro-
posed in [23] with nodal partitioning and a modified explicit scheme [24]. This proof uses
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Figure 1. Coupling of arbitrary numeric schemes of the Newmark family with different time steps.

both spectral approach and energy approach. One can find in Reference [25] a variation on
these methods for the explicit case, where the adjustment from the coarse time scale to the
fine time scale is no longer performed at constant velocity, but at constant acceleration,
which seems to help improve the convergence of the algorithm. So far, for second-order
systems other than explicit/explicit, there has been no proof of stability of the subcycling
techniques [25].

Mixed- and multi-time-step methods [20]: Under this definition, we consider ‘explicit/implicit’
methods in the sense of mixed methods in time, i.e. with a single pair of parameters f3, y for
the whole structure and a diagonal mass matrix for the explicit part. These algorithms are used
for first-order systems in [19] and for second-order systems in References [17, 19]. In the first
case, a stability study of the algorithm with subcycling is proposed for the explicit/explicit
case, but no extension to the explicit/implicit case with element partitioning is proposed. For
second-order systems, as indicated in References [9, 25], there is, at this point, no general
stability analysis in the explicit/implicit case with subcycling.

In this presentation, another direction has been considered to couple arbitrary numeric
schemes of the Newmark family in each subdomain with different time steps [26, 27] (Figure 1).

To achieve this objective, a dual Schur domain decomposition method was chosen [28—38].
In Section 2, we describe the algorithm in the linear case; then, we perform a numerical
stability study using an energy method [8]. In Section 3, we propose an extension of the
method to the non-linear case; then, we validate the algorithm through different examples,
both linear and non-linear, with large time-step ratios.

2. STUDY OF SUBCYCLING IN HYBRID FORMULATION/LINEAR CASE

2.1. Case of the Newmark family of numeric schemes

The objective of this article is to present a method which, in the context of a dual Schur
domain decomposition approach for a dynamic problem, allows one to take into account the
specific properties of the different parts of the structure in the time domain. The subdomains
considered can have non-linear constitutive relations and large displacements. Thus, generally
speaking, the subdomains can be chosen according to the physical phenomena occurring in
different parts of the structure. First, we consider a continuous domain ) with prescribed
displacements on 0;€) and prescribed loads on 0,). We assume small perturbations. The



finite element discretization of the continuous problem leads to the following equations:
vt€[0,7], MU + Ey =Fex (1)

where M represents the symmetric, positive-definite mass matrix, U the discretized accelera-
tion field, K, the discretized internal forces and K., the applied external forces. The following
initial conditions and constraints complete the above differential system:

U\t:O :UO

. and U(’)IQ :Ud (2)
Uimo=Vo |

This type of problem, in general, involves banded sparse matrices because of the finite element
discretization. Thus, the bandwidth represents the coupling between the degrees of freedom of
the differential system: in this sense, the equilibrium equation is global in space. In order to
take advantage of the properties of the explicit and implicit schemes [39], we perform a time
discretization using the Newmark family of numeric time schemes [3, 40—44], which allow
us to chose either one of the methods depending on two parameters f and 7,

Un+1 = pUn + ﬂAtZUn+l

: : . 3
Un+1 =PrU, + AtlJnJrl

with
U, =U, + AU, + A2 (L - )0,

. . (4)
pUn :Un + At(l - V)Un

where the time interval [0,7] is discretized as follows: # <t < --- <t. with r€N*,
ne{l,...,r}, to=0, t.=T, r being the number of time intervals Az assumed constant. U, 1,
U, and U, represent the unknown displacements, velocities and accelerations at time ¢, ,
PU, and PU, represent the predictors of the numeric scheme, i.e. the known quantities from
the previous time step. We perform the decomposition of the structure into s subdomains fol-
lowing a dual Schur formulation. Thus, the equilibrium of the interface forces is automatically
verified through the Lagrange multipliers. Regarding the kinematic quantities, three cases can
be envisaged [45]: we can prescribe continuity of displacements, or continuity of velocities,
or continuity of accelerations at the interface. Indeed, from a discretized point of view, we
cannot enforce the continuity of all kinematic quantities at the interface. Later on, we will
show that continuity of the velocities at the interface enables us to address the coupling of
arbitrary numeric schemes of the Newmark family with different time steps for each subdo-
main. The decomposition into subdomains of the differential system (1) can be written as
follows:

MAUF + B =F5 + B, Vke{l,....s}

i C'UF =0

k=1

Vte[0,7T] (5)

with the connecting forces at the interface between subdomains

Fi =CFA (6)
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Figure 2. Different time scales for each subdomain A and B.

where U* represents the discretized velocity field, C* the Boolean connectivity matrices for
perfect connection between compatible meshes and A the vector of Lagrange multipliers. In
this first study, we consider a structure made of a linear elastic, homogeneous and isotropic
material. Thus,

Ff =K'UF Vke({l,...,s} (7)

To simplify the problem, let us first consider two subdomains A and B. For example, we can
consider an implicit scheme on subdomain A and an explicit scheme on subdomain B. Let us
assume that subdomain A is associated with a coarse time scale (time step A7) and subdomain
B with a fine time scale (time step Ar). We will assume that AT =mA¢ (Figure 2).

Then, Equations (3)—(6) enable us to write the system of discretized equations in space
and in time for our problem on a time step AT of the coarse time scale:

MAUZ =F2, — KA (PU}) + CA'A,, (8)
MPUP=F3 —KP("UZ ) + CP'A, 9)
with
CAUM + CPUP =0 (10)
MA=M" + SAAT?K* and MP=M"® + p;AFPKB (11)

We can immediately note that the continuity of velocities (10) on the fine time scale requires
that the velocity at the edge of subdomain A be evaluated at time ¢;. Similarly, Equations (8)
and (9) are coupled through the Lagrange multipliers and require that the dual quantities of
the edge velocities, i.e. the Lagrange multipliers on the fine time scale, be evaluated. For this
purpose, we propose the following transition operators from the fine time scale to the coarse
time scale (along the edges of the subdomains):

UM = (1 - %)CAUg* + iCAUQ (12)
A,z(l—i)A(H-éAm (13)

An interesting way to present the system of Equations (8)—(10) is to divide all unknowns
of the problem into an ‘constrained’ group and a ‘constrained’ group. The first category



corresponds to the solution of the equilibrium subdomain by subdomain without taking into
account the interface forces. The second category corresponds to correcting terms for the

interface forces between subdomains. Thus, the Newmark scheme (3) becomes
Uit = PUn + At2Uﬂ+lfmc Uity = ﬁAtzUn+1link (14)
U”+1free - pﬁ" + AtU"+1free Un+11ink = yAtU’H’llink

Therefore, we can write for each subdomain an ‘unconstrained’ problem and a ‘constrained’
problem:

MU, — R, - KU 15)
“AMA _O(A CAT Uzlink — 0 ( 16)
—O(A CA 0 Am B CAUQ;,EE + CBUnBaﬁee + CBUBlnnk
BB B(B" (1B
"M —o°C I']jlink _ ) 0 . (18)
_aB CB 0 A] CAU/Qee + CAU/?nk + CBU/Eee
with
o =pA AT and of =ygAt (19)

The last step consists of expressing the problem condensed on the interface on the fine time
scale. This also requires that we decouple the scale change operator (12). Thus, we obtain

CrUp = (1 - ;1) CU;, + LU,

Jfree Ofree Miree
(20)
ATTA J A TTA J caria
C I‘Ijlmk - <1 - %) C UOIink + % C Umlink
From (20b) and (16), we get
CAUR, = <1 - ;) dACAMA ' CM A + i dACAMA T CAA,, (21)
Finally, Equation (13) leads to
C'Uj, =" C'M* Ch A, (22)
This enables us to reformulate the matrix system (18) expressed on the fine scale:
\Y b —oBCP U 0
S I G S (U (23)
—O(BCB _(xACAMA CA A/ C Uifree + C Ujfree
This leads to the problem condensed at the interfaces on the fine time scale
HA; = — (C'UL_+C°U ) (24)



@ solve the “unconstrained” problem of subdomain A at time t,, see (14) and (15)
@ loop on the m time steps of subdomain B at times t;

® solve the “unconstrained” problem of subdomain B see (14) and (17)
@® change time scale at the edge of subdomain A see (20a)
® calculate the Lagrange multipliers see (24)
® solve the “constrained” problem of subdomain B see (18)
@ calculate the kinematic quantities of subdomain B {)=( )y +( ik
if j=m, then end loop
® solve the “constrained” problem of subdomain A see (16)
@@ calculate the kinematic quantities of subdomain A ()=( Jee +( hine

Figure 3. Flow-chart of the new mixed- and multi-time-step method.

@ initialize the time “markers” for each subdomain t, =0 Vke{l,..,stand =0

@ loop on time steps At of the fine scale t=t+Ar
® loop on the s subdomains
if 1, <r,then t, =t + At, and solve the unconstrained problem

if t, #¢, interpolate the unconstrained velocities

@ end loop on subdomains
® solve the condensed problem at the interfaces
® loop on the s subdomains
if ¢, =¢, then solve the constrained problem
@ end loop on subdomains
end loop on time steps of the fine scale

Figure 4. Flow-chart of the new mixed- and multi-time-step method with s subdomains.

with
H=(«"CAM* ' C* + oPCPMP ™ ') (25)

Finally, we can present the method for a time step AT in the form of the following algorithm
(Figure 3):
The method can be generalized to s subdomains with the assumption

Atl - At
AL=mAL (it s, my}y € N1 (26)
Aty =mgAt

The generalized algorithm takes the following form (Figure 4):

Conclusions: The condensation operator on the interfaces depends on the different time
steps associated with each subdomain. However, if these are constant (which is generally the
case in linear analysis), the condensation operator (25) remains constant during the analysis
throughout the time interval [0, 7]. Therefore, it can be factorized only once at the onset of
the dynamic calculation.

This algorithm enables the coupling of any Newmark numeric scheme with a different time
step in each subdomain. The continuity of velocities plays a fundamental role in this approach,



and the linear interpolation of velocities (12) allows us to preserve the global stability of the
algorithm. The proof is done in the next section.
2.2. Stability and convergence study

The purpose of this study is to show that continuity of the velocities at the interface results
in a stable algorithm which makes possible the coupling of numeric schemes of the Newmark
family with different time steps. The stability study is performed using an energy method [8].
Thereafter, we will use the following notations:

X)) =X; +X;311)/2 and  [X;] = (X;41 — X)) (27)
<<X0>> = (XO + Xm)/2 and [[XO]IZ (Xm - XO) (28)

The energy expression associated with subdomain A is defined by
[T2UD]+ [V (U] = =D ([U*]) + Efferce (U5 [Ao]) (29)
with
7(U)= : UTAU, term associated with the kinetic energy
y(U)= i UTKU, term associated with the internal energy

D(U)=( - 1)UTAU, term associated with the numerical damping
Ed eince(U,A) = LUTCTA, term associated with the work of connecting forces

where matrix A is defined by

A=M+ Ath(Zﬁfy)K (30)

Remark. We do not take the term associated with the work of external forces into account,
since this term does not affect the stability of the numeric scheme [9].
Similarly, let us recall expression (29) applied to subdomain B on the time interval [#,,]

.. . m .. 2 T
[TRUD]+ [P (U7)]= = L DM ([OL]) + X 5, [0 €A ] (31)
J= J=
with the notation
Zl [Aj1]=[Ao] (32)

Finally, in order to study the stability of the algorithm, we can apply the energy method to
the complete structure, i.e. to both subdomains A and B and to their interface:

(T T+IT°) + AT+ 17D = = DA 52 D°([O24]) + i (33)

J

with the interface term

3

1 o ptT st 1
A Uo] CH Ao+ 32 7

J

[UB,]7C® [A;_1] (34)

: _ A B _
Einterface = E, interface T Einterface -



Then, we try to achieve the condition
Einterface < 0 (35)

which expresses the fact that the stability of the different schemes is not affected by the
interface. We also need an adapted form of the linear interpolation of the velocities without
constraints obtained from expression (20a)

A, =S ua] (36)

m

We first separate the velocities without constraints from the velocities with constraints:
Enmertice = ——[UA TFCNAG] + 3% -2 [0P, ]"C¥ [A
interface = M[[ OBJ] [[ 0] + ]; Kl‘ [ j*lal] [ /A*l]
1 . T T m ] . T nT
+ 0o, ] € [Ao] + P ~; Uh] € (A ] (37)

Then, we can modify the terms without constraints using expression (32) applied to the
Lagrange multipliers together with expression (36)

1 . T m 1 . T
Bt = 1 g UBT € [Aal + 32 1 [07) €7 (A
mo ] . .
+Z] E(CA[UJ‘AASI]"‘CB [IJ/EISI])T[A/‘—I] (38)
J=

The continuity of velocities (10) allows us to express the unconstrained terms as functions of
the constrained terms

1 . T m ] . T
Einterface = EHU([)\M]TCA [[Ao]l —+ j; Kt [I']jB—lal]TCB [Ajfl}

- A% (CAUAL]+CP U, 1) A ] (39)

Jj=1

Thus, we obtain

1 . T T . T T
FEinterface = MHUOA"J] CA [[AOH - J; E [IjjA_lal} CA [Aj—l] (40)
Furthermore, expression (22) yields
T I o~
CMAj= ZMAU’{: (41)

i.e.

. T .
Einterface - i <[[Ué‘l]l MA [[U(/)\a]]]
A

1 = .‘ /_lal]
mAt mAt 7EZ At M At > (42)



In order to conclude, concerning the stability of this algorithm, we study the sign of expression
(42). For this purpose, we will study a scalar expression equivalent to matrix expression (42)

~’i7r11terface = (Cpm — %y )2 -—m Zl (OfnJrj — Optj—1 )2 (43)
=
When m=2:
N 2
Eiznterface = (an+2 - O‘n)z -2 z:] (an+j — Ontj—1 )2 (44)
j=
we obtain
B ree = — (@2 — Gst) — (Ot — 1)) (45)
When m=3:
N 3
Efvertee = (@nt3 = %)’ =322 (Gnsj = )’ (46)
iz
we obtain
E?nterface = —((OC,,+3 - an+2) - (0(,,+2 — Opt1 ))2 - ((O‘n+3 - O‘n+2) - (OC,,+1 - “n))z
— ((otng2 = %1 ) — (Otps1 — Ofn))2 (47)

Finally, one can show that for any non-zero integer m we have

[m

interface — _((an+m_an+m—l ) - (OC11+m—1 - o(n-Hn—Z))Z - ((an+111_an+m—l) - (fxn+m—2_ocn-&-m—_”a))2
- ((O‘nvLm_O‘nerfl) - (O‘nﬂ _O‘n))2 - ((O‘n+m71_“n+m72) - (an+m72_dn+m73))2

- ((an+m—l - O‘n+m—2) - (OCnJrl - (xn))z

- ((‘xn+2 - (xn+1) - (an+1 - O(n))z (48)

where expression (48) has m(m — 1)/2 terms.
Therefore, we conclude that expression (42) is a sum of negative squares defined by

Einterface = Z Z

. . . . T
1 m=tml (((Uﬁmm ~-U,_) — (Uny, —Unoiny)) NA

A Sl j=i 2At
(Un_i, —Un) = (Un, = Un_inn)
X A <0 (49)

Theorem 1. If, for each subdomain, y; > %, then matrix A is positive definite, and if M is
positive definite, then U and U are bounded (proof identical to that proposed in Reference [8]).

(50)

10



The advantage of this formulation and this theorem is that one can study the stability of the
Newmark numeric scheme directly from A because, on the one hand, M is positive definite
by definition and, on the other hand, if we use the eigenmodes to diagonalize matrix A, we
get a second-degree inequality in A¢ expressing that the latter is positive definite

1+( —E)(wAt)2>O (51)

where o are the eigenvalues of matrix A. Thus, we end up with the classical stability
conditions of Newmark’s numeric scheme [46]:

% <y<2f, unconditionally stable method (52)

.. 1
1< and 2B<y, conditionally stable method, Ar<—— —o (53)

wmax V ”//2 -

with the definition @ = sup{w}.

According to Equation (24), if theorem 1 is verified and if H is invertible, then the Lagrange
multipliers are bounded. Furthermore, if K~! exists, then from (8) U, is bounded in each
subdomain. The numerical damping term (see (29)) also allows us to conclude that, if y=1 in
a subdomain, the associated numeric scheme does not dissipate energy (second-order scheme);
conversely, if y>73, the scheme dissipates energy (first-order scheme). This is in complete
agreement with the definition of the algorithmic damping rate of the Newmark family of

numeric schemes [47]:
1\ At ArY
énum—n< —5)74'0((7)) (54)

Remarks. It is possible to take the mechanical damping into account. In such a case,
Equation (29) contains an additional term related to the mechanical damping and different
from the numerical damping term. In this case, the same method leads to the stability equations
for Newmark schemes with mechanical damping [46].

The stability of the global problem depends on the stability conditions of the Newmark
numeric schemes considered in each subdomain. Thus, the convergence rate of the Newmark
numeric schemes is defined by expression (54). Consequently, the global convergence rate is
defined as the minimum of the convergence rates for each subdomain. Thus, if, for example,
we use parameters yp =3, fp=0, ya=13, fa=7 to couple explicit and implicit numeric
schemes each with a second-order convergence rate, and if the term associated with the
interfacial energy is zero, then the scheme is globally of the second order.

The algorithm studied is stable, but can present numerical dissipation at the interface (see
(49)). Expression (49) shows that if the velocity of subdomain A is constant on the coarse
time scale, then the numerical dissipation equals zero; otherwise, energy dissipates at the
interface. In other terms, when the displacement of subdomain A is not linear with time, the
smaller the local radius of curvature, the higher the numerical dissipation.

Finally, with this approach, the coupling of different numeric schemes of the Newmark
family has no influence on the stability of these schemes. Thus, implicit subdomains remain
unconditionally stable and explicit subdomains remain conditionally stable with the same

11



stability limits. One can conclude from this result that the ratio of the time step in subdomain
A to the time step in subdomain B has no direct effect on the stability of the algorithm;
however, this parameter conditions, the quality of the interpolation of the kinematic quantities
of subdomain A, which the method’s numerical damping depends on directly.

3. STUDY OF THE NON-LINEAR CASE

3.1. Treatment of non-linearities

3.1.1. Material non-linearities. Let us assume that the constitutive law associated with some
subdomains is non-linear, for example elastic—plastic with kinematic hardening. For certain
problems where the non-linearities are localized within a structure, they can be associated
with an explicit subdomain with a non-linear constitutive law and a fine time scale defined
by the critical time step, whereas implicit subdomains with a linear constitutive law and a
coarse time scale are used in the rest of the structure. In this case, the algorithm in Section 2
remains the same, but the unconstrained problem of the explicit subdomain becomes

MBQ%& = Fe?ctj - Fill?t/ (pUjB—l) (55)
with
M?®: diagonal mass matrix (56)

Similarly, the algorithm can be immediately generalized to the explicit non-linear/explicit non-
linear case with different time steps in the two subdomains. In this case, the unconstrained
equations associated with each subdomain are of form (55). One can also note that if the two
subdomains are explicit, whether linear or non-linear, the interface operator (25) is diagonal.
We are now concerned with the implicit non-linear/explicit non-linear case where the fine time
scale is associated with the explicit domain (designated by E), and the coarse time scale with
the implicit subdomain (designated by I). In the following, we keep the general formalism of
the Newmark schemes, yet with the condition

pe=0 (57)

In this case, equilibrium Equations (8) and (9) become

MU, + Fp, (U},) =F,, + C"A,, (58)

ext,,

MEUP + FE (PUE ) =FE + CP'A, (59)

Concerning the calculation of the internal forces of the explicit subdomain, they can simply
be calculated using the plastically admissible stresses. To calculate the internal forces of the
implicit subdomain, we perform, on the one hand, a plastic projection of the stresses and,
on the other hand, iterations on the equilibrium (58) which we call ‘external iterations’.
The plastic projection uses a radial return method on the threshold [48]. The implementation
of external iterations starting from the Newton method requires more care because of the
Lagrange multipliers and the two time discretizations [49]. First, the residuals R{, " at the

12



equilibrium for iteration (i — 1) and the linearized expression R, at iteration (i) are defined

. T | (j— UI(FU — pUI (i—1)
(i—1) _ gl ' AG=1D) I m n _ gl
Rm chtm + C Am M ( ﬂ[(mAf)z Entm (60)
RED = RU-D 1 A|AAUY + A,AAAY (61)
with
R 1 R "
A= S = (K'+-—— M A= —C 2
! {aULM ( T B many > and A, {aAhw ¢ (62)

In the first stage, we assume that matrix K! remains constant during the equilibrium iterations.
Then, we apply the Newton—Raphson method with the assumption that the linearized equation
(61) is verified, i.e. the linearized residual (61) equals zero. This leads to the equilibrium
equation on the coarse time scale

KIAAUY =R~V 4+ C"AAAY (63)
with
~ 1
Iyl 1
K= Rt pmany™ ()
AUL =S AAUY,  AA, =3 AAAY (65)
i=1 i=1
U,=U, + AU, A,=Ao+AA, (66)

and r the index at the convergence. We will show that we can perform the external iterations
on the coarse time scale only. For this purpose, let us show that the increment in the Lagrange
multipliers can be calculated from the unconstrained problem in the coarse time scale. Let
us write the linearized equations for the continuity of velocities at the interface (10), the
transition operators from the coarse to the fine time scale (12) (13) and the equilibrium
equation on the fine time scale (59) which, added to Equation (63), determine the increment
in the multipliers

MEAAUE” = C' AAAY (67)
C'AAUY + CEAAUE" =0 (68)
c'aaul’ - Lciaauy (69)
o_J )
AMA = L ANAS (70)
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Moreover, we have the linearized Newmark equations

AAUY = p(mAHAATDY (71)
AAUY = Bi(mAr2AAUY (72)
AAUF" =y AtAAUE” (73)

Then, we can write the problem in matrix form

N ; - . -
n(jAHM, 0 — (mAnC" | [ AAU, {GAHRED
. o |
0 VEAIME — gAtCE AAU]E( = 0 (74)
—1(jAHC"  —ppArCh 0 AAAY 0

As in the linear case, we can decompose the global problem into the first, unconstrained
problem and the second, constrained one. The unconstrained equilibrium is

M0 0\ [/AAUL Y\ /RGTD
0 M° 0| AAUF [=| © (75)
0 0 0 0 0

From the second line of Equation (75), we get

AAUE" =0 (76)

Jfree

The equations of the constrained problem are given by

~ T s 1@ . i—
n(GAHM! 0 — (mANC" | [AAU,, (GAHRG™D
} o |
0 '}JEAZ‘ME — EAtCE AAIijlink - 0
0 0 H, AAAY —(C'AAUL + CEAAUE)

77)

where H, is the condensation operator associated with the constant matrix K!.
From Equations (73), (76) and (77), we see that the increment in Lagrange multipliers
depends only on the increment in implicit unconstrained velocity

H,AAAY = —C'AAUY (78)

Jfree

This shows that the corrections applied at each iteration on the condensed problem at the
interfaces depend only on the coarse time scale, because the quantity AAU}:; is interpolated
from the unconstrained velocities of the coarse time scale. Thus, the external iterations on the
equilibrium of implicit subdomain I can be performed directly on the coarse time scale as
opposed to the fine time scale.
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® loop on time steps of the coarse scale
@external iterations
solve the “unconstrained” problem for subdomain I
®loop on the m time steps of the fine scale
calculate the internal forces of subdomain E
solve the “unconstrained” problem for the subdomain
change scale at the edge of subdomain I
calculate the Lagrange multipliers
solve the “constrained” problem for subdomain E
calculate the kinematic quantities of subdomain E
if j=m, then end loop
solve the “constrained” problem for subdomain I
calculate the kinematic quantities of subdomain I
calculate the internal forces of subdomain I
calculate the residuals
if termination criterion then end external iterations
end loop on the coarse time scale

Figure 5. Flow-chart of the new mixed- and multi-time step method in the non-linear case.

3.1.2. Geometric non-linearities The previous algorithm can also be generalized to the case
of large displacements. It suffices to try to write the equilibrium of the Cauchy stresses
on the deformed geometry, and, therefore, reactualize the configuration when calculating the
internal forces, both on the implicit and explicit subdomains. Thus, the calculation of the
internal forces proceeds as follows: first, the internal iterations yield a stress increment which
is used to calculate the associated Piola—Kirchoff stresses. Finally, these are used to express
the internal forces and the corresponding residuals

= / Bl al) do (79)
Jai
D) 1 € @ 0
RY = oo xM (U = 7U)) + Bl - R (80)
B, = [ BYdhao (1)

m

where ¢ and Fel;t) designate, respectively, the Cauchy stress and the external forces on the
deformed geometry. Once these calculations have been performed, one must go back to the

previous configuration if external iterations on the implicit subdomain are needed.

3.2. Implementation—algorithm

This result can be expressed in the form of an algorithm (Figure 5):

This algorithm is presented in the case of two subdomains with two different time scales.
One can generalize the method to the case of s subdomains with s different time scales. One
uses a double termination criterion

IRY
¥,

int,,

10
m

|||<81 and ||AAU,, ||<e (82)
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This algorithm must also be adjusted, for example, depending on the type of finite elements
considered: thus, in the case of structures modeled with shell elements, one must distinguish
between membrane forces and bending moments in the calculation of the residuals [50].

3.3. Stability

Concerning the stability and global convergence of the algorithm in the non-linear case, we
can make the following remarks: the concept of stability used in Section 2.2 defines only
necessary conditions for stability in the non-linear case [13]. (In the linear case, they are
necessary and sufficient.) However, we can make the following observations: the condition
on the explicit time step is sufficient; if the non-linear response is carefully discretized by
the chosen time step, the stability conditions are sufficient for the implicit subdomains; if the
non-linear response is not discretized with sufficient precision, cumulative roundoff errors may
dominate and degrade, or even amplify slightly, the numerical solution. In the geometric non-
linear case, the time step At often varies because the size of the elements changes at each time
step. The same type of approach can be followed with a variable time step. The end result is
that the term associated with the energy dissipated at the interface is bounded by (see (49))

. . x 3 T
o (O, U - (G, -0 )
VAAtrzmn i=l j=i 2
UA .., —UA )= (UA, —UA
x (( m—i+lg m_’ﬂl) 3 ( M Jal m_‘]_]a]))><Einterface (83)

E. < -—
interface X VAAtz 2

max i=1 j=i

1 ’”""1( ((Uﬁ—iﬂm - Uﬁ—im) - (Uﬁ—jal - Ulrz—j—lal))TMA

Ui, —Us) . (U — UQ/‘M”) <0
(84)

where Aty and Aty correspond, respectively, to the smallest and the largest time step
on the interval AT. Consequently, the method chosen to couple the subdomains does not
affect the stability of the numeric scheme of each subdomain. The known results for a single
subdomain in non-linear dynamics are thus applicable. The dissipation at the interface may,
however, affect the convergence rate of the calculation schemes.

4. EXAMPLES

The examples considered below were calculated on the CASTEM 2000 programme developed
at the Commissariat a I’ Energie Atomique [51]. Subsequently, we will assume the explicit
numeric scheme to be the central difference scheme yg = § and fg =0 and the implicit numeric

scheme to be the mean acceleration scheme y; :% and ;= %.
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Figure 6. Bending load applied at the end of the beam.

continuous model § A B
Ve L >
130)
My M; M, M; M, 5
} b ' } HHHH
discretized model \<L> <—LE—> &l )

Figure 7. Continuous model and discretized model of the beam.

4.1. Case of a beam in bending

We first consider the case of the fixed/free beam subject to the following load as shown in

Figure 6.
This example is treated with a mesh made of three subdomains where the interfaces are

reduced to a single node with six degrees of freedom. The objective is to apply to each
subdomain an integration scheme which can be explicit or implicit thanks to the unique
formalism of Newmark’s numeric scheme. The characteristics of the beam are shown in
Figure 7.

Characteristics of the subdomains:

L[] :le = % m

E, =E, =210x10°Nm™?
S, =S, =0.01 x 0.01 m?
ny =np, = 10

p1, = pr, =7800kgm >

LE3 = Tlﬁz m

Eg, =210.10°Nm™—
Sg, =0.01 x 0.01m?
ng, = 15

pE, =7800kgm >
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Figure 8. Vertical displacement of the end point and vertical velocity of the end point.

where L designates the length of the subdomain, £ its Young’s modulus, S its section, n the
number of elements of the discretized subdomain and p the mass density.

This first example allows us to validate in a one-dimensional case the different configura-
tions presented earlier. The different curves shown below correspond to the displacement and
velocity of node Ms. We use as reference subdomain E; with the critical time step defined
by the Courant condition in the case of the central difference explicit scheme

Aleyy =284 x 1077 s.

4.2. Analysis of the example with a linear elastic constitutive law (m=10000)

We assume small displacements and Afim, = mAte,. In addition, we consider that the whole
beam is made of a linear elastic, homogeneous, isotropic material. In this case, the maximum
bending load is chosen equal to 10 Newtons. In this example, we compare the vertical ve-
locity and displacement of the beam calculated by the method with subcycling to the results
obtained with the mean acceleration implicit numeric scheme applied to the structure with no
decomposition into subdomains.

Figure 8 represents, respectively, the vertical displacement and velocity of the end point
of the beam (continuous line) compared with the reference method (discontinuous line). For
this calculation, we chose a ratio of 10000 between the time steps for the explicit and
the implicit parts. The calculation was performed over 0.5s and requires 1800000 explicit
time steps. However, the problem has very few degrees of freedom and can be solved in
a reasonable amount of time. In order to compare the subcycling method, we calculate an
energy balance (see [46]) which reveals that the dissipation at the interface is 1.3 per cent
at the end of the calculation (Figure 9). The latter is practically indistinguishable from the
abscissa and the total energy of the problem. Thus, this confirms that large time step ratios
are acceptable as long as the energy dissipated at the interface between subdomains remains
small. One can conclude from these first results that one can envisage large time step ratios
between the explicit and implicit schemes with a linear elastic constitutive law assuming small
perturbation, without degradation of the displacement and velocity responses.
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Figure 10. Vertical displacement of the end point and vertical velocity of the end point.

4.3. Analysis of the example with a non-linear constitutive law (m=1000)

Again we assume small perturbations. However, we now consider that the whole beam is made
of a homogeneous, isotropic material with an elastic—plastic non-linear constitutive law with
strain hardening (yield stress 400 Mpa and tangent modulus equal to 1 per cent of Young’s
modulus). The maximum bending moment in this case is chosen to be equal to 25N. We
compare the vertical velocity and displacement of the beam calculated by the method with
subcycling to the results obtained by a Newton method coupled to the mean acceleration
implicit numeric scheme applied to the structure with no decomposition into subdomains.
As in the previous case, we calculate an energy balance of the analysis in order to verify
that the energy dissipated at the interfaces is negligible compared to the other energy quan-
tities. The vertical displacement of the end of the beam illustrated on the left-hand curve
in Figure 10 reveals a slightly smaller displacement with the subcycling method (continuous
line); nevertheless, the comparison is very good. This can be explained by the large time
step ratio we considered. The numerical dissipation through the interface between the explicit
and implicit subdomains can be seen in Figure 11, but it is very small (0.4 per cent). One
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Figure 12. Horizontal displacement of the end point and horizontal velocity of the end point.

can conclude from this second study that one may consider large time step ratios between
the explicit and implicit schemes with a elastic—plastic constitutive law and assuming small
perturbations, without excessive degradation of the displacement and velocity responses.

4.4. Case of a bar in traction

In this section, we try to compare the method using the validation example proposed in
Reference [9]. The problem concerns a fixed-free bar with a length of 540, subjected to
an initial horizontal, uniform velocity field equal to 0.1. The bar is decomposed into three
subdomains, respectively, explicit, implicit and explicit, with lengths of 180, 300 and 180;
furthermore, each subdomain is made of 18, 10 and 18 bar elements, respectively. The area
of the section and the density are both equal to 1. In an initial study, the implicit subdomain
is defined with a Young’s modulus equal to 107 and the explicit subdomains with a Young’s
modulus equal to 10*. In this case, the critical time step of the explicit subdomains equals
0.1. The calculation is performed with an explicit time step equal to the critical time step and
a time step ratio of three between implicit and explicit.

Figure 12 represents, respectively, the horizontal displacement and the velocity of beam’s
end point. The method with subcycling (continuous line) is compared with the mean accel-
eration Newmark scheme (discontinuous line). In either case, the time step of the reference
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Figure 13. Horizontal displacement of the end point and horizontal velocity of the end point.

implicit method equals the implicit time step of the method with subcycling. The second case
study is considered, this time with the same Young’s modulus, equal to 10*, for the three sub-
domains. The critical time step associated with the elements of the implicit subdomain is 0.3.

Figure 13 also shows the horizontal displacement and velocity of the end point of the
beam. The method with subcycling is used in the three cases explicit/explicit (continuous
line), implicit/explicit (normal discontinuous line), implicit/implicit (short discontinuous line)
and is compared with the mean acceleration Newmark scheme (long discontinuous line). The
results obtained compare very well with those of the explicit-implicit subcycling method
proposed in Reference [9]. However, the stability of this last method is influenced by the size
of the explicit elements near the implicit subdomain. Thus, if we call R the ratio between the
size of these transition elements and the explicit elements with length 10, one shows that the
method is stable only for R>10 in the case of a time step ratio of 10 between implicit and
explicit. For some values of R less than 10, one also obtains stable cases in the two examples
above in the presence of numerical damping. But the algorithm is unstable in all cases when
the critical value R equals 1. We use the new explicit-implicit subcycling method in the two
cases above for R equals 1 and a time step ratio of 10 between implicit and explicit.

Figure 14 corresponds to the same study as in Figure 12 with a time step ratio of 10
between implicit and explicit and a ratio of 1 between the explicit interface element and the
other explicit elements. The continuous line corresponds to the new method with subcycling
and the discontinuous line to the reference method.

Figure 15 corresponds to the same study as in Figure 13 with a time step ratio of 10 be-
tween implicit and explicit and a ratio of 1 between the explicit interface element and the other
explicit elements. The curves correspond to the new method with subcycling implicit/explicit
(normal discontinuous line), implicit/implicit (short discontinuous line) and the reference
method (long discontinuous line). The explicit/explicit case is detailed later since, in this
case, the time step associated with the coarse time scale does not verify the CFL condition.
The results lead to the following remarks:

The size of the interface finite elements is independent of the time step ratio (even without
numeric damping) in all numeric scheme coupling cases (E/E, E/I, I/I). Thus, only the CFL
condition needs to be verified for all explicit elements.
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Figure 15. Horizontal displacement of the end point and horizontal velocity of the end point.

The results are identical to the reference solution for Figure 14 and the results are always
better in amplitude and phase compared to the reference method in the case of Figure 15.

In the case of explicit/explicit coupling with the same Young’s modulus for the three sub-
domains and a time step ratio of 10, we modify the test case by discretizing the central
subdomain with only three finite elements. Thus, the ratio between the critical time steps
is exactly equal to 10. Therefore, this test case enables us to study the coupling between
explicit/explicit subdomains with subcycling when the CFL condition is verified exactly for
each subdomain: the closer the time step is to the critical time step, the more precise the
explicit methods will be in amplitude and phase. In the case of a beam in traction, one can
show that the central difference scheme allows one to find the analytic solution exactly. The
new subcycling method enables us again to find the analytical solution in displacement and
velocity (see Figure 16), with the understanding that the time step is finite.

It was absolutely not obvious a priori that subcycling would also yield the analytical
solution in this case, even though the CFL condition is verified exactly in each subdomain.
Thus, the linear interpolation of velocities which allows to go from the fine time scale to
the coarse time scale turns out to be exact in the case of coupling between explicit/explicit
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Figure 17. Structural mesh.

schemes because, in the case of the central difference numeric scheme, one can show that the
acceleration is constant and the velocity linear between the discrete times. This enables us
to corroborate the numerical results obtained in the case of the fixed-free beam subjected to
uniform velocity. Furthermore, this remarkable result confirms the theoretical approach used
in order to develop this new subcycling method.

4.5. Case of a reinforced pipe fixed at both ends and subjected to bending

In this example, we consider a pipe which is 8 m long, with 1 m radius and 5mm thickness.
This pipe also has axial and radial reinforcements (5mm thick and 0.1 m high). The finite
element model for the structure is made with DKT shell elements. The prescribed boundary
conditions consist of zero displacements at both ends of the pipe and a vertical non-zero load
near the edge (F =—2 x 10°N). The inner circular stiffeners are located 1 m from the end
for the first one, then every 2m. The inner longitudinal stiffeners are placed 90° from one
another (Figure 17).
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Figure 19. Vertical displacement under the loaded zone and vertical velocity under
the loaded zone and energy balance.

The complete structure is decomposed into 6 subdomains of the following shapes (Figure 18):
Four out of the six subdomains are calculated with an implicit numeric scheme and the
other two (including the subdomain with the loaded zone) with an explicit numeric scheme.
The mesh of the complete structure consists of 8664 degrees of freedom. In this example,
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CPU (mn) 154 41 31

Figure 20. Time comparison between the different cases.

we consider for the whole structure an elastic—plastic non-linear constitutive law with strain
hardening (the mass density, Young’s modulus and tangent modulus are the same as in Sec-
tion 4.3, and yield stress 200 MPa). The material is standard, homogeneous isotropic steel.
Furthermore, the calculation is performed taking into account large displacements. Thus, we
are able to compare the vertical velocity and displacement of the structure under the loaded
zone. As before, the results are compared with those of a calculation on the structure without
subdomains using the Newton method coupled with the mean acceleration implicit numeric
scheme. Also, we consider two time step ratios in order to study the influence of this factor
on the response with time.

On the curves in Figure 19, we compare the vertical velocity and displacement obtained with
time step ratios m =10 (continuous line) and m =100 (discontinuous line) to the reference
results (short discontinuous line). The reference solution is the mean acceleration implicit
scheme, which presents spurious oscillations at the beginning of the calculation. In the two
cases with subcycling, these oscillations disappear because we use an explicit method with a
fine time scale on the loaded zone. In the last case, the number of time steps of the implicit
scheme is relatively small (35), but it allows us to obtain a satisfactory solution in amplitude
as well as in phase. Figure 19 shows the energy balance of the method with subcycling in
the case m=100. In this case, the dissipation at the interface is 1.9 per cent. In Figure 20,
the calculation times measured on the same workstation show a gain in time on the order of
5 per cent compared to the reference method.

5. CONCLUSION

We have presented a method with different time discretizations in each subdomain which al-
lows us to couple explicit non-linear/implicit non-linear numeric schemes with time step ratios
of the order of 100. The non-linearities considered are of two types: non-linear constitutive
laws and geometric non-linearities (taking large displacements into account). The method was
first studied and validated through two examples. Then, we showed, in the case of a fixed—
fixed structure in which the non-linearities are concentrated in a defined area of the structure
(explicit numeric schemes), that a gain in computation time on the order of 5 compared to
a reference solution using a classical method can be achieved. This type of method is fully
compatible with parallel processing, to be implemented at a later stage.
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