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Abstract

Usually, multiphysics phenomena and coupled-field problems lead to computationally intensive structural
analysis. Strategies to keep these problems computationally affordable are of special interest. For coupled fluid-
structure problems, for instance, partitioned procedures and staggered algorithms are often preferred to direct
analysis.

In a previous paper, a new strategy derived from the LArge Time INcrement (LATIN) method was described.
This strategy was applied to the consolidation of saturated porous soils, which is a highly coupled fluid-solid
problem. The feasibility of the method and the comparison of its performance with that of a standard partitioning
scheme (the so-called ISPP method) was presented.

Here, we go one step further and use the LATIN method to take into account the different time scales which
usually arise from the different physics. We propose a multi-time-scale strategy which improves the existing
method.

This is a post-print of an article published in its original version as: David Dureisseix, Pierre Ladevéze, David
Néron, Bernhard A. Schrefler, A multi-time-scale strategy for multiphysics problems: application to poroelastic-
ity, International Journal for Multiscale Computational Engineering 1(4):387-400, Begell House, 2004. DOI:
10.1615/IntJMultCompEng.v1.i4.50, ISSN: 1543-1649
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1 INTRODUCTION

For coupled multiphysics problems such as fluid-structure interaction, from the point of view of computational
efficiency, partitioned procedures and staggered algorithms [FP80, [FG88| [LSS91l IOM95| [PFL95! ISLISI [FLOO]
are often preferred to direct analysis (also called the monolithic approach). Moreover, partitioning strategies
enable one to use different analyzers for different subsystems and help keep the software manageable.

Recently, a mixed domain decomposition strategy based on the Large Time INcrement method (LATIN), see
[Lad99]}, for parallel computing environments has been developed [DL98]]. The use of a multilevel approach with
a built-in homogenization procedure makes this strategy suitable for highly heterogeneous problems [LDOO].
An approach suitable for multiphysics problems has been designed on the same premises and applied to the
consolidation of saturated porous soils, which is a typical example of a highly coupled fluid-structure interaction
problem.

Most of the partitioning strategies for coupled problems rely on splitting the unknowns into groups related to
each physics (for instance, the solid part and the fluid part of the problem). Thus, a different solver can be used
for each physics. The resolution of the direct coupled problem (the so-called monolithic problem) is replaced
by iterations between resolutions of the uncoupled problems and exchanges of information between solvers to
recover the coupling parameters.

In this paper, we compare the LATIN approach to the Iterated Standard Staggered Procedure (ISPP [MSV96]),
which is one of these standard partitioning schemes. This comparison is made on 1D and 2D problems and is
an extension of the first comparison published earlier along with the principles of the proposed multiphysics
strategy in [DLSO3].

An interesting new aspect concerns the behavior of the algorithm when the complexity of the loading vs. time
increases. Indeed, in many cases, the cost of achieving convergence with the method is related to this complexity.
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Also, using different solvers for different physics leads to the question of the independent modeling and
discretization of each physical phenomenon. Usually, in multiphysics phenomena, different time scales must be
dealt with simultaneously. It is advantageous to assign its own time discretization to each solver. Therefore, in
this paper, we propose an improved procedure which consists of using the LATIN method as a multi-time-scale
strategy to take into account these different time scales.

Finally, in [DLSO03]}, an ad hoc radial loading approximation of the kinematic unknowns was proposed. Here,
we present a more complete description of both kinematic and static quantities.

The numerical tests deal with the consolidation of saturated porous soils; the reference problem is reviewed in
Section[2] In Section[3] for the sake of completeness, we present a brief summary of the principles of the LATIN
method for multiphysics problems and the 2D numerical test used to evaluate the method against the classical
ISPP approach and demonstrate its features with respect to the time complexity of the loading. Section [d]deals
with the multi-time-scale approach and its numerical performance on a 1D consolidation problem. Section [3]
presents a strategy of representation of both kinematic and static quantities. Finally, Section [/| presents our
conclusions and outlines future studies.

2 THE REFERENCE PROBLEM

Let us consider a structure {2 made of a saturated porous material undergoing small perturbations and isothermal
evolution over the time interval [0, T'] being studied.

The loading consists of: a prescribed displacement U ; on part of the boundary 012, a traction force F',
on the complementary part 922 of 0:€2, a fluid flux w4 on another part 032 of the boundary and, finally, a
prescribed pore pressure pg on the complementary part 948 of 9582 (see Figure[T). For the sake of simplicity,
we assume that there are no body forces.

For solid quantities, strain is designated by € and stress by o. For fluid quantities, the pore pressure gradient
is designated by Z and the opposite of Darcy’s velocity by W; finally, g designates the rate of fluid mass
accumulation in each representative elementary volume.

The state of the structure is given by the set of the fields s = (e, p, Z, o, ¢, W) defined on the whole structure
Q and on the time interval [0, T'] being considered. The problem consists of finding s in the corresponding space
S%T1 which verifies, at each time step, the following equations:

* in the solid, compatibility of the strains € and equilibrium of the stresses o

Ueu™" and e=el) on®

)]
dive =0 onQ and on=2F, on0:2
U'°T being the set of the finite-energy displacement fields on € x [0,T] equal to U, on 1
* in the fluid, flow conservation for Darcy’s velocity —W:
pE POTI and Z =gradp onf) )

g=diviW onQ and W -n=ws onds2

plo-Tl being the set of the finite-energy pressure fields on 2 x [0, 7] equal to pg on 93€2;
* the constitutive relations:

— Hooke’s law, which relates the macroscopic stress o with the strain € and the pore pressure p such
that:
o =De —bpl 3)

— Darcy’s law, which relates Darcy’s velocity to the pore pressure gradient:

K
W=—Z S
Haw
— compressibility, which relates the fluid accumulation rate to the pressure rate and couples it with the
rate of volume modification:
1
g= ~p+bTré )
Q
D is Hooke’s tensor of the drained skeleton, b is Biot’s coefficient, K is the intrinsic macroscopic per-
meability and p., is the dynamic viscosity of the saturation fluid. Throughout the following sections, the
K

operator ;Tul will be designated by H. Finally, @ is Biot’s modulus.
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Figure 1: The reference problem

3 LATIN COMPUTATIONAL STRATEGY
3.1 Principles of the method

The LATIN method is a nonincremental iterative approach originally designed for nonlinear time-dependent
problems [Lad99]]. However, its principles have also been successfully applied to dynamic problems, post-
buckling and domain decomposition, see [BLLOOLLBLO2! [LLDO1}[LNO2} |LNLO2].

For coupled multiphysics problems, its development was described and examples of its feasibility given in
[DLSO03]. Only the main principles of the approach will be recalled here. The reader may refer to [DLS03|] for
further details.

At each iteration, the LATIN method produces an approximation of the solution over the whole domain and
over the entire time interval being studied. It is based on three principles:

* The first principle consists of separating the difficulties. For coupled-field problems, a first set of equations,
Aq, containing the so-called admissibility conditions (T|[2) is defined. To avoid having to treat both a
global and a coupled problem simultaneously, the remaining equations are grouped into a second set of
equations, I'; these equations, which are local in the space variables, are the constitutive relations (3J4]5).
The solution, i.e. the set of fields belonging to both A4 and I, is found using an iterative procedure.

» The second principle of the method consists of using search directions to build approximate solutions of
A4 and T alternatively until a sufficient level of convergence has been reached. Each iteration consists of
2 stages:
Once an element s,, € Agq is known, the local stage at iteration n + 1 uses an initial search direction to
provide an element §,, 1,2 € I':

(6ny1/2 — On) + L(én+1/2 —€,)=0

(En+l/2 - w'rL) + H(Zn+1/2 - Zn)

=0 (6)
((jn+1/2 - Qn) + r(ﬁn+1/2 - pn) =0
L and r are two parameters of the method; they do not influence the solution once convergence has been
reached. However, their values modify the convergence rate of the algorithm. In dimensional analysis,
they can be chosen of the foom L = ¢,,,D and r = Q%h where t,, and ¢, are two arbitrary characteristic
times.
At each integration point, with the constitutive relations (GJ4]3), the local stage leads to the resolution of a
small system of ordinary differential equations in the local space variables:

Lé + Dé — bpl = A, (t)

L. : )
ap—i— rp+bTre = ay(t)

where A,, = o, + L&, and «,, = g, + 7Py, are known quantities at the local stage n + 1 and with the
initial conditions on the pressure and strain fields.



Once an element 8,1/, € I is known, the linear stage provides an element s,11 € Ag. Sp41, Which
must satisfy the admissibility relations, is sought along a search direction conjugate of the previous one so
that the mechanical and hydraulic problems remain uncoupled:

(a'n+1 - 6’n+1/2) - L(én+1 - én+1/2) =0
(wn-u - wn-q-l/Q) - H(Zn+l - Zn+1/2) =0 (®)
(qn+1 - dn+1/2) - 7”(pn+1 - ﬁn+1/2) =0

In order to use a finite element approach, the admissibility of s, 11 is expressed using variational formula-
tions. On the one hand, it consists of U € %71 and o € S®77 such that:

Vte[0,T], VYU* € U,

/ Trjoe a0 = [ F,-U*dS (9
Q 820

where U is the set of the finite-energy displacement fields on €2 which vanish on 01 2. On the other hand,
it also consists of p € pLOTI q € Q0 TT and W € W% T such that:

vt €10,T], Vp* € Po,

/(qp*+w~gradp*)d§2:/ wqp*dS  (10)
Q

2490
where Py is the set of the finite-energy pressure fields on €2 which vanish on 03§2.
The equations (O 10) define two uncoupled global problems parameterized with time ¢.

The convergence of this approach is guaranteed provided that L and r are positive definite operators, see
[Lad99].

The third principle uses the fact that the successive approximations are defined over both the entire domain
and the entire time interval to represent the solution on a radial loading basis. This last point was detailed
in [Lad99] and will be developed in our particular case in a subsequent section. Briefly, this approach
enables one to reduce the number of space fields generated and, therefore, the number of global systems to
be solved.

In the following sections, the LATIN method without this third principle will be referred to as “without
P3”; with an approximation of only the kinematic fields, it will be referred to as “1/2 P3” [DLS03] and
with an approximation of both the kinematic and the static fields, it will be referred to as “P3”.

3.2 Test case

The proposed test case concerns the consolidation of a Berea sandstone soil. The material characteristics in
Table[T| were identified in [GRE90Q].

Porosity n =0.19
Young’s modulus E =14.4 GPa
Poisson’s ratio v =0.2
Biot’s modulus ) =13.5 GPa
Biot’s coefficient b =0.78

Permeability ML =210 m3.skg™?

Table 1: Poro-elastic material characteristics of a water-saturated Berea sandstone

Two different 2D tests were used to illustrate the behavior of the method. The first test is the same as in
[DLSO03] and, therefore, we will mention only the conclusions. The second test is dedicated more specifically to
the evaluation of the influence of the time complexity of the loading in the different approaches.

In each case, the space discretization was performed using P2 elements (6-node triangles) for the dis-
placement and P1 linear interpolation (also continuous throughout the elements) for the pore pressure, see
[ZQTNS8O6L BFO1]. The #-method with linear evolution of the variables in time was used for the time inte-
gration. [HKS96|[VASI] propose the accuracy condition =% > 2 where At is the length of a time step, A¢

Az Z 66c’
the size of a spatial element and ¢ = FX 322 __ Here, since # = 1 throughout, this condition leads to
N pw 3(1+v)(1—-2v)
—2

In order to compare the results with the ISPP strategy, let us introduce some notations: nr is the number
of time steps in the interval being studied; ns and nr are the numbers of global uncoupled resolutions, i.e. the
costly parts of the algorithms, for the solid and for the fluid respectively.



Convergence is reached when an error 7 has become sufficiently small (less than 1 %). In order to compare
algorithms, this error was computed with respect to a reference solution s, obtained with the direct monolithic
approach, see [DLSO03]. This reference solution was calculated with the same space and time discretizations as
for the LATIN and the ISPP methods: thus, both algorithms converge toward this solution and the error 7 tends

to zero as the number of iterations increases.
n= /1% +n

with )
s es(s — Sez)
BT () + €3 (5e0)
and )
. (s —se)
nr =

€5(sex) + €x(Sex)

and, with the energy norms:

T
ex(s) = %/ /QTr[e—:De}det
0

2 | N
er(s) =5 ) QPQ p dQdt

Note that g and nr are respectively the solid and the fluid contributions to the total error 7).

Contrary to the case of weak fluid-structure coupling [FP80], classical staggered schemes, when applied to
highly coupled problems such as fluid transfer in porous media, lack consistency [SLI8,TS93|[TS94]]. The ISPP
approach regains consistency thanks to sub-cycling between the solid and the fluid solvers at each time step.
Then, the number of global resolutions for each solver is ngp X n7.

In the LATIN method without P3, 2 uncoupled problems are solved at each iteration and at each time step.
If n; is the number of iterations required to reach convergence, the number of global resolutions is ni X nr
for each solver. In [DLSO3|], a representation of the unknowns was added to improve performance. This affects
only the linear stage, where only one space field for the fluid and one for the solid are combined to build a basis
for the solution. Moreover, these fields are generated only when they are required to improve the solution in an
automatically adaptive fashion. In this first paper, only the displacement field for the solid and the pore pressure
field for the fluid are approximated with a radial loading basis (the approach referred to as 1/2P3).

The results of the first test case (the force-driven problem of Figure@) were reported in [DLSO3|]. The time
interval was T' = 36 s, with ¢ty = 7'/10 and the pressures were p1 = 1.54 GPa and po = 380 MPa; the initial
condition was p(t = 0) = po.

Using a representation of the unknowns, the LATIN method was found to be computationally competitive
and relatively insensitive to the coupling Biot’s coefficient b. Table |Z| shows a summary of the results that were

and

obtained.
Ey
L Fa=0 2
E; ?é p(t=0) =pg
JAYAYAYAYAYAY wy =0
Fy Pa
Dy
Po
0 1 T 0 T !

Figure 2: The force-driven test problem (left: prescribed solid quantities, middle: prescribed fluid quantities, right:
time evolution of the loading)

The mesh used was the one shown Figure@ The same mesh was also used for the second test we propose
here. The accuracy criterion is (AA—;Z)min = 0.075 sm™2 > 0.048 sm72, which verifies the previous condition.

In this second test, the calculation of the fluid-flux-driven problem of Figure ] was performed with three
different loading cases. The results are presented in Table@ The search direction parameters were optimized as
in [DLSO03]] and set to t,, = 0.04¢. and t;, = 0.03t., where t. = ,quQ/(QK) = 148 s is a characteristic time
of the problem.



ng 1,080

ISPP ng 1,080
Tsub 9

ns 2,160

LATIN withoutP3 nprp 2,160
Nt 18
ngs 8
LATIN with 1/2P3  ng 16
Nt 27

Table 2: Number of global resolutions for the force-driven problem with ny = 120

10 m
L=20m
Figure 3: The mesh for the test problem
F, =0 Pa
B> B, of
wysE p(1=0)=
IR < <t p Do
FAVAYAVAVAYA =0
Pa Pa Pa
Po Po Po
t t t
0 T 0 2T 0 3T
Wd Wd Wd
ANAVAW/AVAVAN
0o 7' 0 270 3T

Figure 4: The fluid-flux-driven test problem (top: prescribed solid and fluid quantities; bottom: time evolution of
the loading)

test case 1 2 3
nr 60 120 180
ng 240 600 900

ISPP nr 240 600 900
Nsub 4 5 5
LATIN ng 720 1,920 3,420

np 720 1,920 3,420

without P3 iy 12 16 19
LATIN ns 4 6 11

ith 1/2P3 nrF 8 10 12
W i 16 20 21

Table 3: Number of global resolutions for the fluid-flux-driven problem



With the ISPP method, convergence was better for the fluid-flux-driven problem than for the force-driven
problem: only about half as many subcycles were needed to reach convergence. With the LATIN approach, con-
vergence was almost the same. The interesting point was the behavior of the algorithm when the time complexity
of the loading increased. With preserved convergence (i.e. a constant number of subcycles nqp), the cost of the
ISPP method is directly related to the number of time steps nr. For the LATIN method with the radial loading
approximation, the number of space fields generated ns + nr increases very slowly with the complexity of the
loading path nr and so does the cost of the simulation.

4 A MULTI-TIME-SCALE APPROACH

The use of different time scales within the same structural analysis can be accomplished in different ways depend-
ing on the nature of the different scales. For instance, recent works in dynamics [CG02] deal with the coupling
of different numerical integration schemes in different areas of the structures (substructures): explicit with small
time steps, implicit with larger time steps. In weak fluid-structure interaction, coupling is classically introduced
through subcycling, usually on the fluid quantities, to satisfy both stability and accuracy requirements, see e.g.
[FPEO1]. For heterogeneous problems, both scales are encountered at each point of the structure [FWO1l [YFO2]|
and time homogenization is used to improve the algorithms, as in [LNO2], where homogenization is applied to
the effective space scale throughout the interfaces between substructures. Another example is found in [MT02],
where the solution is corrected iteratively at both time scales in a multigrid-like approach.

For the multiphysics problems we are concerned with, the use of different time scales for the solid and
the fluid in the LATIN method does not affect the linear stage, in which all the calculations are conducted
independently for each physics. Only the local stage involves coupling of the different physics and, therefore,
must deal with the different time scales.

4.1 The multiscale local stage at iteration n + 1

Since the solid and fluid unknowns interact with one another, this subsection presents a strategy to deal with the
different time scales. This method is a modified version of the micro-macro strategy proposed in [LD99LILLDO1]
to solve multi-space-scale problems.

The method consists of splitting the unknowns into s = s™ + s™, where s is the set of the “macroscopic”
quantities and s™ is the “micro” complement. Here, we make the a priori choice to express the state variables of

M +qm,

+ the fluid part using both a macro scale and a micro scale: p = p™ 4+ p™ and ¢ = ¢

+ the solid part using a macro scale only: o = o™ and ¢ = e

m

where the superscripts ™ and ™ designate the micro and macro fime scales respectively. Clearly, the splitting
into micro and macro parts is physics-based since we choose to define the macro time scale as the scale suited to
describe the evolution of the solid quantities. As we expect the fluid part to require refined time steps (this will
be examplified in the following developments), the complementary part of the evolution of the fluid quantities,
with respect to the macro time steps, is described herein as the micro time scale.

Using the projector 7r, the macro part of a time function f € Fjo r) is given by f =« f € ]-'[](‘){T]. Then,
the micro part is the complement f™ = (id — ) f € Flo. of the macro part. ]—'[Jg{T] and Fg 7 designate the
spaces of the micro and macro time functions respectively.

Let e™ = {e)’,..., e} } be a basis of F[]\({{T] orthonormal with respect to the scalar product (f, g) =

fOT fg dt. 7 can be expanded as:

3%

fM=xf=> (frex)er' and f"=f—fM
k=0

The micro-macro decomposition is performed at the level of the continuum and involves no discretization.
Let us consider a partition of the time interval [0, 77 into nas subintervals {I1,..., In,, } given by I, =
[Tr—1,Tk] withnodes 0 = Tp < T} < -+ < Ty,, = T. We define, for instance, F[](\J/{T] as the space of the
functions which are continuous and linear over each Ir. An orthonormal basis e can be constructed using a
Schmidt procedure on the nas + 1 usual basis functions of F, [10” 7). Figure|5{shows an example of a function f
with its macro part. Contrary to a hierarchical approach, it is not necessary for f* (T},) to be equal to f(T%).
For the multiphysics problem we are dealing with, we define 2 time discretizations:

« for the fluid part, n subintervals i, = [tx—1,tk] with thenodes 0 = to < -+ < t, =T}
* for the solid part, nas subintervals I, = [Tx—1,7%] withthenodes 0 =Tp < - -+ < Ty, =T.

We choose to set nys < n and, for simplicity’s sake, the time discretization for the solid is assumed to be a
subset of that for the fluid, as shown in Figure[6]
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Figure 5: The macro part f* of a function f
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Figure 6: An example of time discretizations for the solid and the fluid

With (z::, €, A,,) described on the solid mesh (macro scale) and (13, P, &) on the fluid mesh (both macro and
micro scales), the local stage @ is transformed into:

Lé +Dé = A, (t) + blmp|1 (11a)
%}3 +1rp = an(t) — bTr[Pg] (11b)

where 7t is the previous projector and P a linear interpolation. (TTa) can be solved on the solid’s time discretiza-
tion whereas (TTB) can be solved on the fluid’s.

Such a local stage is a simplified form of (7)) when the fluid part is expected to experience rapid evolution
(micro part) which does not influence the solid behavior. Indeed, when the search directions are optimized for
the LATIN approach without the multi-time-scale feature, the ordinary differential equation one must solve in
has a characteristic time ¢,, = 80 ms (so that L = ¢,,,D), while the macro time step is 31 ms and the
micro time step varies between 0.49 ms and 31 ms for the subsequent numerical simulations. Since the micro
time scale is less than ¢,,,, the previous approximation is expected to be valid.

This new local stage is performed using a fixed point method. The initial guess for the pressure is chosen
as p = p,. Once p is known, one can get € using (TTa), then p using (TTB). The choice of the number of
subiterations will be discussed in another section.

4.2 Numerical results of the multiscale approach

Let us now consider the force-driven problem of Section this time in the one-dimensional case. The time
interval is T = 1 s with t; = 7'/2 and the pressures are p; = 10 MPa and pg = 0.1 MPa; the initial condition
is p(t = 0) = po; the height of the structure is L = 5 m, discretized into 100 elements. The search direction
parameters are set to t,, = 9 10> t. and t;, = 80 10™* ¢, where . = 9.3 s. Note that in each of the following
numerical tests, the time steps are greater than the critical time step A¢min = 0.17 ms.

The simulation was performed with the LATIN method without P3. The solid part was assumed to have only
a macro time scale with ny; = 32 time steps and the fluid part was discretized with n time steps. The influence
of n on the fluid’s contribution to the global error was tested. As before, this error was computed with respect
to a reference solution s., obtained with the direct monolithic approach and a very fine time discretization; the
time step used was At = 0.24 ms > Atmin = 0.17 ms. In such a case, the solution no longer converges toward
the reference solution and the value of the error stabilizes as the algorithms converge. In this particular instance,
the time step ratio was Atg /Aty = n/nu.

Table E] shows the evolution of the contributions 7s and ng to the total error n against Atg/Atp. Since
we are dealing with a coupled problem, a refinement of the time discretization for the fluid decreases both
contributions. However, the fluid’s contribution decreases more than the solid’s. When the description of the
fluid part is sufficiently refined, it can be considered continuous in time. The corresponding contributions are 7$°
and 0, neither of which is zero since the coarse discretization of the solid part affects both errors. Figure [7[a)
shows the evolution of 7% /n2°? with Ats/Atp.

To study the error in the fluid part due to the fluid discretization alone, let us consider the quantity n% — n%°2.
With the numerical convergence of % — 15°? obtained as shown in Figure b), one can observe that in order
to get similar contributions to the error from the fluid part and from the solid part the time step ratio must be
Atg/Atp ~ 16.



Atg nF
Atp s " ! ns
1 12.910~% 17910~% 221107% 1.39
2 647107* 897107* 11.1107* 1.38
4 3.27107% 4.33107* 5.5210* 1.35
8 1.7210~* 2.1810~* 2.78107* 1.26
16 1.0510~* 1.1010~* 1.5210~* 1.05
32 0.82107*% 0.71107* 1.08107* 0.86
64 077107% 0.66107* 1.0110* 0.85
=ng =ng

Table 4: Error contributions when the solid part is assumed to be macro and Atg = T'/32
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Figure 7: Error contributions with the multi-time-scale strategy

Figure 8] shows the influence of the number of subiterations in the local stage on the total error  when the
time discretizations consist of 32 time steps for the solid and 64 for the fluid. The convergence of the local
stage took at least 2 subiterations and this number had little influence on the approach. In all subsequent tests, 2
subiterations were used for the local stage.

As the numerical tests about the multi-time-scale approach are up to now only implemented for 1D problems,
both the force-driven problem and fluid-flux driven are very similar, and are expected to lead to the same behavior.
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Figure 8: Influence of the number of subiterations in the local stage

S5 THE RADIAL LOADING APPROXIMATION P3

In the previous paper [DLSO3], the last principle of the LATIN approach (i.e. a suitable approximation of the
unknowns) was necessary to achieve good computational efficiency.

Classically, this consists of expressing the correction As = s,4+1 — s, on a radial loading basis; in other
terms, the corrections to the unknowns are sought in the form of the product of a space field by a scalar time
function.

In the previous paper, the approximation was carried out only for the kinematic field corrections Ae and Ap,
leading to the so-called 1/2P3 version. The advantage was that the global systems to be solved were smaller (see
previous sections), but there was no gain in storage costs because, as for the LATIN method without the radial
loading approximation, one had to store the values of the unknowns at each Gauss point and for each time step.

In this paper, we are investigating the option of approximating both the kinematic and the static quantities,
which we refer to as the P3 version. Provided this option does not decrease the convergence rate, it results in
a reduction of the storage cost also because it requires only a few space fields and scalar time functions (the
number generated by the algorithm).

5.1 The linear stage with full approximation (P3) at iteration n + 1

Let us rewrite the search direction (§) in terms of the correction with respect to s;:

Ao —LAé + AA =0
AW —HAZ + AW =0 (12)
Aq—rAp+A&=0

where Aé = €41 — €n, AG = On+1 — Op... are the corrections and:

AA = (Lé — &) — (Lé, — o)
AW = (HZ - W) — (HZ, - W) (13
Ad = (rp—q) — (rpn — qn)
At this stage, AA, A& and Aé are known quantities.

One has to find As € Aq, which follows the search direction (I2) best, i.e. which minimizes the following
errors in constitutive relation [LPO1]:

1 /7 " .
5/ / Tr[(Ac — LAé + AA)L™ (Ao — LA + AA)|dQdt
0 Q
and

1 T
5/ / {(Aq —rAp+ Ad)r_l(Aq —rAp+ Ad)
o Ja

+ (AW —HAZ + AW) - H (AW — HAZ + Am} dQdt

10



5.1.1 Correction for the solid part

The previous minimization problem leads to the kinematic correction Ag € 5£O’T] such that:
ver e gl
T ~
/ / {Tr[AéLs'*} - Tr[AAe'*]} dQdt = 0
o Jo
and the static correction Ao € S([)O’T] such that:
vo*r e s
T ~
/ / {Tr[AaLfla*] + Tr[AAL*la*]} dQdt =0
0o Ja
The kinematic correction is represented in the approximate form Aé = ve(V'), where v(t) is a scalar time

function defined on the solid time grid and the space field V(M) € Uy. In order to determine the pair (v, V)
uniquely, normalization is enforced: [, Tr[e(V)Le(V)]dQ2 = 1. Then, the pair is such that:

u(t) = /Q Tr[AA (£)e(V)]dD

and

vV euo,/ Tr[e(V)Le(V*)]dQ
Q

T
:/ LQ/ Tr[AAe(V*)]dQdt
o vl Ja

where ||[v]|7 = fOT vidt.

This coupled system of equations can be solved using a fixed-point method between v and V and the number
of subiterations is usually small (in practice, for the following tests, we used only one subiteration).

The static correction is also represented in the approximate form Ao = s(t)S(M), where s(t) is a scalar
time function defined on the solid time grid and the space field S(M) € So. The pair (s, S), normalized by
Jo, Tr[SL™"8]d€2 = 1, is such that:

s(t) = —/ Tr[AA(t)L™' S]dQ
Q
and
VS* € So, /Tr[SL’IS*]dQ
Q

T
:f/ %/Tr[AALfls*]det
o lsliZ Ja

This coupled system of equations can be solved with the same fixed-point method (with, in practice, only
one subiteration).

Since it is not easy, in a displacement-oriented finite element code, to search for S(M) € Sy (statically
admissible fields), the last equation is classically solved by a dualization procedure: that condition is replaced by
the equivalent one which consists of forcing L™'S + T to be kinematically admissible to zero, where:

. T s . .
:/ L T'AAdt
o |lsliZ

i.e. to be of the form L™ + T = e(X) with X € Up. Since § = Le(X) — LT € Sy, the dual problem
consists of finding X &€ Uy such that:

VX" € Uy, / Trfe(X)Le(X*)]dQ
Q
- /Q Te[T'Le(X*)]dQdt

Once X has been calculated, S = Le(X) — L.
Let us note that if the kinematic correction is calculated first, the fixed-point method can be initialized with
(S7X) = (U,Z).
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5.1.2 Correction for the fluid part

The previous minimization leads to seeking the kinematic corrections Ap € ’P([)O’T] and AZ = grad Ap such
that:

T
Vp* € ’P([JO’T], / / {Aprp* + AZ - Hgrad p*
o Ja

— Aap® — AW - grad p*} dQdt =0

and the static corrections (Ag, AW) € HE?’T] such that:

T
Y(g*,W*) e 'H[DO’T], / / {Aqrilq* + AW -H'w*
o Jo
+ Adr gt + AW - H*lw*} dQdt = 0
The kinematic correction is represented in the approximate form Ap = wP and AZ = wgrad P, where

m(t) is a scalar time function defined on the fluid time grid and the space field P(M) € Py. The pair (m, P),
normalized by [,,(PrP + grad P - H grad P)dQ) = 1, is such that:

w:/ (AGP+ AW - grad P) d@
Q

VP* € Py, / (PrP* + grad P - Hgrad P*) d
Q

T
_ / S / (A@P*+A@ -gradp*) dQdt
o I7lIZ Ja

This coupled system of equations can be solved by the same fixed-point method as before using only a small
number of subiterations (in the following tests, we also used one subiteration).

The static correction is sought in the approximate form Aq = 0(t)Q(M) and AW = 0(¢)Y (M), where
0(t) is a scalar time function defined on the fluid time grid and the space fields (Q,Y) € Ho. The triplet
(,Q,Y), normalized by [,(Qr~'Q +Y - H™'Y)dQ = 1, is such that:

9:—/ (Aar—1Q+A@-H—lz) a0
Q
and

Y(Q*,Y*) € Ho, / (Qr'Q*+Y H 'Y")dQ
Q

T 0 R
- 7/ —2/ (A&r’lQ* +Aw-H*1z) dQdt
o 0117 Ja

As in the case of the solid part, once 6 is known, the last equation is classically solved by dualization with:

T g
Q:rl’[f/ — —Aadt
o 6l

T 9 .
Y =HgradIl — / —=AWdt
o 1617

where IT € Py is statically admissible to zero. The dual problem consists of finding II € Py such that:
VP* € Py, / (Ilr P* + grad I1 - Hgrad P*) dQ
Q —

T 0 ~
_ / . / (Adp*+Am -gradp*) dQdt
o 11OlIF Ja

As in the case of the solid part, the fixed-point method can be initialized with (0, II) = (=, P).

5.2 The preliminary stage at iteration n + 1

Once several space fields have been generated in previous iterations, the objective is to update the time functions
of the various approximations and reuse the previously built space fields before a possible linear stage [Lad99].
This stage is much simpler if the space fields are orthogonalized each time a new space field is added to the
existing set.

12



5.2.1 Preliminary stage for the solid part

This time, one uses a correction of the form Aé = > w;e(V;) and Ao = 3 t;S;, where w; and ¢; are the
time functions to be determined, but Kj and S; are known. Thus, the new fields are:

ént1 = voe(Vy) + Z(Uj + w;)e(V;)

Ont1 = 5050 + Z(Sy +5)8;

J

Searching for w; and ¢; is very similar to going through the first step of the previous fixed-point methods
during the linear stages. If the space fields are orthonormal, i.e.

/Q Tr[V;LV;]dQ = §;; and /Q Tr[S;L™"8,]d = 6,
this leads to:
w= [ Tev,)ad)
t; = —/ﬂTr[SijlAA]

5.2.2 Preliminary stage for the fluid part

This time, one uses a correction of the form Ap = Z]. w;Pj, AZ = Z]. w;j grad P; and Ag = Z]. 9;Q;,
AW = ;9;Y ;, where @; and 9; are the time functions to be determined, but P;, Q; and Y, are known.
Thus, the new fields are:

Dny1 = moPo + Z(Wj + ;)P
J

Z,, ., = mograd P + Z(Tl'j + w;) grad P;
J
and
Gnt1 = 60Qo + Y _ (0, +9)Q;

J

EHH =060Y, + Z(Gﬂ' + 19j)xj

J

If the space fields are orthonormal, i.e.
/Q (P.rP; + grad P, - H grad P;) dQ = 6,5
/ (Qr™'Q;+Y,-HT'Y,)d2 =4y
Q
this leads to:
w; = /Q (PjAd +grad P - AE) o
9; = —/Q (er*IAoz +Y,- H*Aw) dQ

Once the preliminary stage has been performed, the same strategy as in [DLS03] is used to decide whether
new space fields are required to improve accuracy. If not, no linear stage is performed and the next step is the
next local stage.

5.3 Influence of the radial loading approximation

Let us consider again the force-driven problem of Section still in the one-dimensional case. The number of
time steps was set to nys = 32 for the discretization of the solid and to n = 16nas = 512 for the discretization
of the fluid. Figure [9]shows the influence of the approximation on the convergence of the method.

A first calculation was performed without P3. A second calculation was performed with only the kinematic
fields being represented (the so-called 1/2P3 used in [DLSOQ3]). Finally, a third calculation was performed with
all quantities represented (the so-called P3 described above).

13



For the LATIN method with 1/2P3 and P3, we performed one solid linear stage and one fluid linear stage
beyond the preliminary stage, because an accuracy control strategy has not been implemented yet. The number
of fixed-point subiterations for each linear stage was set to 1: only one global mechanical problem and one
global hydraulic problem were solved at each iteration in the 1/2P3 case and two in the P3 case. The same search
direction parameters as for the previous test were used for this test case.

10'
10’ }
10}
107t
10° .
without e, TTeeaal -

Pz e Tl -]

16 ) . lterations of the LATIN
0 10 20 30 40

Figure 9: Convergence of the LATIN method with or without representation

The use of a radial loading approximation does not decrease the convergence rate: thus, this is a suitable
approximation for this kind of problem. Table [5] illustrates the influence of the third principle of the method
on the cost. It gives the number of iterations n; and the number of global resolutions for the solid ng and for
the fluid nr which are necessary to reach a total error n = 1%. This error is still evaluated with respect to a
reference solution s, obtained with the direct monolithic approach and a very fine time discretization.

ng 384

LATIN without P3 np 6,144
Nit 12
ns 16
LATIN with 1/2P3  np 16
Nt 16
ngs 24
LATIN with P3 ng 24
Nit 12

Table 5: Comparative costs of the LATIN method with and without P3

In terms of the number of global resolutions, there is a ratio of 200 between the method without P3 and the
1/2P3 version and a ratio of 140 between the method without P3 and the P3 version.

However, the P3 version is the most interesting from the point of view of modularity: in the case of coupling
between different FE codes (one for each physical problem), such a representation of all quantities reduces the
amount of information to be exchanged considerably. Figure [T0]shows a possible flow of information between
the two codes. Assuming that the local stages are carried out in each code and that the database is duplicated or
shared, the codes are required to exchange one pair of scalar time function and space field only each time a new
one is generated, as opposed to at each time step as in a classical incremental approach [FPFO1].

6 REMARK: NONLINEAR PROBLEMS

In the case of geometrically nonlinear problems [GSOI], it is usual to set up an eulerian approach for the fluid
and a lagrangian one for the solid. To extend the present strategy to this framework, we have in mind to use
the true and new lagrangian approach with corotational description which has been described in [Lad99|]. Such
a formulation, which is also a rate formulation, can be seen as a common framework for both eulerian and
lagrangian descriptions. This approach, well suited to the LATIN method, has been successfully applied for
post-buckling and elastomer large transformation problems [BLPR97,|IABLMO2].

14



=
E
=
a
=
ol
E

= =
£ & £ g
Structural ER R Fluid
E 3 E 3
solver - = - = solver
£ £
= 10 = 1“
— I
Local stage Local stage
I I
Represented solution Represented solution
database (s;(7),S:(M)) database (s;(¢),S;(M))

Figure 10: The coupling of FE codes

7 CONCLUSION

In this paper, we described a partitioned strategy based on the LATIN approach which enables one to use different
time steps for the solid and the fluid parts of a consolidation problem. In particular, a smaller time step is required
for the fluid than for the solid in order to perform an iso-quality simulation (i.e. with the same contributions to
the global error). In the case of coupling of FE codes, this approach makes it possible for each code to use its
own time discretization.

In the numerical tests, uniform time discretization was used. An interesting feature would be for the time
discretization to be automatically adaptive. Further work on the use of a time-discontinuous Galerkin formulation
is in progress.

The next step will be to expand this technique using the LATIN method to take into account the different
space scales which usually arise from the different physics. For problems involving only the solid part, a mixed
domain decomposition method based on a micro-macro multiscale computational strategy was shown to be
efficient [LLDO1]. Such an approach could be easily applied to both the solid and the fluid independently.
Moreover, different space discretizations could be used for each physics.

To improve the efficiency of this approach, the third principle of the method must be used. The first tests
with the multi-time-scale strategy showed that the convergence rate is the same with or without P3. The radial
loading approximation of all state variables improves the efficiency of the approach significantly, especially from
the modularity point of view.

Finally, the method has to be tested on other coupled problems, such as thermo-poro-elasticity, which intro-
duce nonlinearities.
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