N

N

A Nitsche-based non-intrusive coupling strategy for
global /local isogeometric structural analysis

Robin Bouclier, Jean-Charles Passieux

» To cite this version:

Robin Bouclier, Jean-Charles Passieux. A Nitsche-based non-intrusive coupling strategy for
global/local isogeometric structural analysis. Computer Methods in Applied Mechanics and Engi-
neering, 2018, 340, pp.253-277. 10.1016/j.cma.2018.05.022 . hal-01816443

HAL Id: hal-01816443
https://hal.science/hal-01816443

Submitted on 15 Jun 2018

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01816443
https://hal.archives-ouvertes.fr

A Nitsche-based non-intrusive coupling strategy for global/local
isogeometric structural analysis

Robin Bouclier®*, Jean-Charles Passieux”

¢ IMT, Université de Toulouse, UPS, UT1, UT2, INSA, CNRS,
135 avenue de Rangueil, F-31077 Toulouse Cedex 04, France
b ICA, Université de Toulouse, UPS, INSA, ISAE-SUPAERO, MINES-ALBI, CNRS,
3 rue Caroline Aigle, 31400 Toulouse, France

Abstract

In this work, we propose a new non-intrusive coupling algorithm for global/local isogeometric structural
analysis. In contrast to the existing non-intrusive strategies that rely on a Lagrange multiplier coupling,
the algorithm makes use of the non-symmetric Nitsche method. It results in an accurate and efficient tool
to compute any evolution of a local model within a fixed global NURBS one. The reason for this is the
robustness and simplicity of the coupling (no auxiliary fields, no dual space approximation, no stabilization
parameters), which enables to directly handle all the non-conforming coupling scenarios encountered through
the global/local multiresolution process. The performance of the methodology is numerically demonstrated
through a series of two-dimensional elastic benchmarks involving conforming and non-conforming couplings,
along straight, curved, and bi-material interfaces. In all examined problems, the proposed Nitsche algorithm
provides optimal accuracy. Finally, to illustrate both the efficiency in a multiple query context and the
robustness of the method to arbitrary non-conforming scenarios, a simple structural optimization problem is
carried out using the developed non-intrusive solver, which simplifies the process and ensures computational
time saving.

Keywords: Isogeometric analysis, , Non-symmetric Nitsche method, Non-intrusive coupling,
Non-conforming geometries, Multiresolution

1. Introduction

The IsoGeometric Analysis (IGA) concept, which was first introduced in Hughes et al. [I] and later
formalized in the book by Cottrell et al. [2], relies on the use of the same basis functions for the representation
of both the geometry in Computer-Aided Design (CAD) and the numerical approximations in Finite Element
Analysis (FEA). As a consequence, typical Lagrange polynomials are replaced in the computations by smooth
and higher-order functions such as Non-Uniform-Rational-B-Splines (NURBS) [3], [], which constitute the
most commonly used technology in CAD. Other geometry descriptions include T-splines [5] and subdivision
surfaces [6]. Within this work NURBS are used. Beyond the reinforced link between CAD and analysis,
IGA turned out to be a superior computational mechanics technology, which on a per-degree-of-freedom
basis exhibits increased accuracy and robustness in comparison to standard FEA [7]. The reason for this
is the higher order of regularity of spline-based functions, namely C®~1) through the knot-span elements
of the mesh for a polynomial degree p, whereas only C° continuity is available for Lagrange polynomials.
However, in contrast to the standard nodal basis, a multivariate NURBS basis comprises a rigid tensor
product structure which precludes the simple modeling of local phenomena. Indeed, we necessarily end up
with a structured mesh in a NURBS patch. This unavoidably leads to the overlap of some global knot-span
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elements to allow for a truly global-mesh independent local region to be incorporated for the modeling of
any specific local behaviors (e.g., introduction of a hole [§], of an inclusion [9], crack propagation [10, [I1],
emergence of a plastic zone [12], of local damage [13], modeling of local contact [I4], etc). Fig. [L(a)]illustrates
this issue for the example of the integration of a geometrical detail (a hole) within an initial NURBS plate.
The coupling of two domains along a non-conforming interface (i.e., an interface that intersects through the
global mesh), is involved. The analysis of trimmed NURBS patches needs thus to be addressed, which is
known not to be a trivial task in the IGA community [15].

From the literature, it seems that three main strategies could be applied to numerically solve the resulting
NURBS non-conforming global/local problem. The first strategy consists in recovering the usual situation
of boundary fitted discretizations (see Fig. [L(b)). In order to do so, a re-parametrization of the whole
global NURBS model is required, leading to the splitting of the new geometry into several patches with C°
continuity at the boundaries (see, e.g., [I6], [17]). This may entail a considerable modeling and computational
effort which is often as complex and time consuming as standard mesh generation and then, is opposed to
the core idea of IGA.

Concurrently, a second approach initiated in Ruess et al. [I§] and based on the combination of a fictitious
domain approach with a weak coupling, may constitute an interesting option to carry out global/local
NURBS simulations. To this purpose, the authors made use of the so-called Finite Cell Method (FCM)
(see, e.g., [T9] for a detailed review). Unlike the first approach, the idea here is to simply use the resulting
unfitted structured mesh for the interpolation of the global fields (see Fig.[L(c)), while the trimmed geometry
is accurately captured by means of suitable quadrature rules for cut knot-span elements [20} 2T}, 22] 23] [24].
This strategy appears and has proved to be highly efficient in the context of immersed finite elements.
However, let us notice that in the general and more industrially ubiquitous case of a local region that may
evolve during the simulation (e.g., to carry out the shape optimization of local entities, or to model crack
propagation, or the expansion of a plastic zone, etc), we expect several re-assemblies and re-factorizations of
the resulting global/local stiffness operator during the multiresolution process. The left-hand side operators
may also appear ill-conditioned depending on the encountered trimmed configuration [19] 25].

Relatively connected to the previous approach, the last strategy revolves around the concept of non-
intrusiveness. This notion has originally emerged in the standard FE-based community through the so-called
non-intrusive global/local coupling methods. Based on an idea put forward by Whitcomb [26] and later
developed in Gendre et al. [12], this new class of methods has attracted large attention these last years and
has now been successfully applied in many domains in FEA (see, e.g., [10, [IT] for crack propagation, [27]
for taking localized uncertainties into account, [28] for non-intrusive plate/3D coupling, [14] for non-linear
domain decomposition, [29, B0] for transient dynamics analysis and [I3] for real aeronautical strcutures).
More recently, an extension for NURBS has been proposed in Bouclier et al. [3I] and has proved to be a
good candidate for NURBS local enrichment. This strategy seeks to locally modify a global NURBS model
without having an impact on its corresponding numerical operators. The method relies on an iterative
process between global and local computations, thus involving the initial global non-trimmed NURBS mesh
(see Fig. . The replacement of part of this mesh locally is carried out exactly and non-intrusively:
only interface data are transmitted from one model to the other and the initial global stiffness operator
remains unchanged (independently of the shape of the local domain). We emphasize that the terminology
“non-intrusive” used here only characterizes the numerical solver but not the geometrical construction (and
parametrization) of the local model that still needs to be addressed. We believe that this method is of the
greatest interest when addressing NURBS global/local analysis. Especially in case the local region evolves,
thus leading to the resolution of a sequence of similar problems (in a multiresolution fashion [32] [33]), the
method meets its full potential: the global stiffness operator is assembled and factorized only once and
the systems to be solved remain well-conditioned, which ensures both robustness and computational time
saving.

If in FEA the situation of conforming interfaces appears sufficient for the global/local coupling since
the basis functions do not suffer from a global tensor product structure, the challenge when addressing
NURBS is to handle non-conforming coupling interfaces (see Fig. again). In its standard FEA and
first NURBS version, the non-intrusive strategy comes with a Lagrange multiplier based coupling method.
Indeed, thanks to the introduction of additional unknowns that represent the interface traction, it appears,
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Figure 1: Example of a global/local NURBS problem. The global model over subdomain 12 is replaced by the finer local
model of domain Q9 through interface I, which enables to integrate a geometrical detail (a hole) within the initial NURBS
model (top). Three different strategies may be applied to numerically solve the global/local problem (bottom).

at first glance, easier to make the two models communicate through interface exchanges while keeping the
initial structure of the global and local stiffness operators. Regarding the more general context of NURBS
coupling, such methods involving the definition of dual basis functions have been successfully applied (see,
e.g., [34,135] for standard elasticity, [36] [37] for the weak substitution method and [38 [39] 40] for the coupling
of shells). However, it has to be noted that the performance of these techniques crucially depends on the
compatibility between the approximation subspaces considered for the primal and the dual variables. In our
case of arbitrary non-conforming coupling configurations, this rules out many choices for the subspaces. As
a result, Nitsche-based coupling have been preferred in the field of immersed boundary methods. Nitsche
formulations ensure variational consistency by introducing flux terms along the coupling interface expressed
by primal unknowns of the coupling domains. Thus, the method is free of auxiliary fields, which simplifies
the theory. Nevertheless, in its widespread symmetric version (see, e.g., [41] for the origin and then [9, [I§]
for standard elasticity), additional stabilization terms are required to ensure coercivity of the formulation.
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Appropriate estimates of the stabilization parameters involving the resolution of an additionnal eigenvalue
problem (whose resolution can be performed locally per element [42]) are thus involved, which may appear
delicate from an algorithmic viewpoint. Therefore, there has been an increasing interest in developing
methods without such mesh-dependent stabilization parameters [43] 44].

In this context, the non-symmetric version of the Nitsche method has recently reemerged in Schillinger et
al. [45] for isogeometric immersed methods. Since then, few applications can already be found (for instance,
see [46)] for the coupling of shells and [47] which is related to the incompressible Navier—Stokes equations).
Originally introduced as a discontinuous Galerkin method [48] 49} [50], it is based on variationally consistent
numerical flux conditions that are introduced in such a way that the criterion for stability is (weakly)
satisfied. Therefore, it does not require the introduction of additional stabilization terms in contrast to its
symmetric counterpart and thus, its performance does not rely on an appropriate estimation of additional
sensitive parameters.

The object of this work is to further improve the NURBS non-intrusive approach [3I] by extending it to
incorporate the non-symmetric Nitsche coupling. The goal is to offer simplicity, accuracy and robustness,
regardless of the non-conforming coupling scenarios encountered through the global/local multi-resolution
process. Indeed, we believe that the combination of the non-symmetric Nitsche coupling with the global/local
iterative non-intrusive strategy will result in an accurate and efficient tool to compute any evolution of a
local model within a fixed NURBS one. The paper is organized as follows: following this introduction,
Section 2 specifies the modeling and the derivation of the non-symmetric Nitsche coupling in the context
of linear elasticity. Then, in Section [3] we develop a non-intrusive iterative algorithm that makes use of
the non-symmetric Nitsche method for the coupling. It results in an original iterative procedure whose
mechanical interpretation is rather different from that of the existing non-intrusive strategies. In section
the performance of the proposed methodology over the existing NURBS one is numerically demonstrated
through a series of benchmarks involving local mesh refinement, introduction of a geometrical detail, and
coupling at a bi-material interface. In addition, the ability of the method to adapt to any evolution of
the local model is highlighted by carrying out a simple structural optimization example. Finally, Section
concludes on this work by summarizing our most important points and motivating future research based on
the proposed algorithm.

2. Reference mechanical coupling problem and formulation

The framework of this study draws on research dealing with IGA [I], 2] based on NUBRS [3] 4], non-
intrusive global/local analysis [12] 14} 31], and non-symmetric Nitsche coupling [45], 46}, 47]. More precisely,
the interaction of two non-conforming linear elastic NURBS meshes is considered: one domain is the fore-
ground and defines the local model, the other is the background and constitutes the global NURBS model
to be enriched. Special care is taken to handle the most general situations we may encounter; that is, for
instance, when the shape of the local region is expected to evolve during the simulation. This results in a
local mesh that is truly independent from the underlying global NURBS discretization.

2.1. Governing equations

Let us start by considering a global NURBS (possibly multi-patch) model. Its mesh is characterized by
a physical domain ; C R% (d = 2 or 3 being the dimension of the ), which is divided into two disjoint,
open and bounded subsets 17 and £15. Those two non-overlapping subdomains share a common interface
denoted by I' such that 7 = 217 U212 UT and Q41 N Q12 = & (see Fig. (left) for illustration). We
assume that this coarse NURBS mesh is sufficient for the modeling except in the small region {212 where a
local phenomena is to be introduced. As a consequence, a local (more detailed) ”sub-model” characterized
by domain €5 is constructed to replace the global model in Q;5 (see Fig. (right)). The substitution of
the local model within the global one is achieved through interface I'. The resulting global/local problem to
be solved concerns the coupling of two overlapping NURBS meshes (multi-domain problem in €17 UQo UT),
the global solution in Q15 being discarded (see Fig. .

We assume that the two non-overlapping subdomains Q17 and s are subjected to body forces f{,
and f3, respectively. Furthermore, surface forces Fy| and FY are associated to boundaries I'p, and I'p,
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Figure 2: Reference mechanical coupling problem.

and, displacements u{; and uj are prescribed over boundaries I',,, and T, (see Fig. [2| again). In each
subdomain, the kinematic constraints, the equilibrium equations and the constitutive relations have to be
verified. Using subscript m to denote a quantity that is valid over region Q,, with m = 11 and 2, the
corresponding governing equations read:

Um =ud  over Ty ; (1a)
div(om) + f2 =0 in Qy ; (1b)
Om M = FY9 over T'p ; (1c)
Om =Cm € () I Q. (1d)

In the above equations, € (uy,) denote the infinitesimal strain tensors, oy, the Cauchy stress tensors and
Ch, the Hooke tensors. my; and no represent the outward unit normals to Q17 and s, respectively. . To
complete the formulation of the boundary value problem, the interface condition has to be added. The
writing of this condition depends on the considered domain 2,:

up —u_ =0 over I'; (2a)

orng +o_n_=0 over I'; (2Db)

where subscript + is used to denote a variable of subdomain €2, whereas subscript — refers to a variable of
the neighboring subdomain. It ensures kinematic compatibility and equilibrium of the tractions, respectively,
along the coupling interface I' between the subdomains.

2.2. Non-symmetric Nitsche coupling formulation

As stated in the introduction, the non-symmetric Nitsche method has recently reemerged for the weak
enforcement of boundary and coupling conditions in isogeometric immersed methods (see, e.g., [45] that
provides a detailed review of the non-symmetric Nitsche method applied to the Poisson problem). In this
part, we rewrite the derivation of the non-symmetric Nitsche formulation for the weak coupling of multiple
domains in the context of linear elasticity. The obtained formulation constitutes the reference coupling of
the present work.



In order to do so, let us start by defining the functional spaces U, and Vy, over subdomain €2, that will
contain the displacement solution and test functions respectively:

Um = {um S [Hl (Qm)]d, um|1‘um = U?n} 3 Vm — {Um c [Hl (Qm)]d, .

r., =0} (3)
We also introduce the space for the stress solution and for the virtual stress field:
Em:{TmEH(,Qm)7 Tm:Tg}, (4)

where:
H(,Qn) = {Tm € [L% ()] such that div (r) € [L2 (Qm)]d}. (5)

We note that Eq. is enforced strongly by considering space Uy,. To derive a Nitsche-type method, the
first step comsists in imposing weakly the equilibrium and behavior of the structure. In order to do so,
we multiply Egs. and by C ' with 7, € ¥, and by vy € Vi, respectively, and we perform
integration by parts on each subdomain 2,,. Making also use of the Neumann boundary condition , we
find:

/ T 2 ClomdQ = —/ div (7)) - umd$2 +/ TmMm * Umdl ; (6a)
Qum Qum 0Qum

/ € (Um) 1 omdQ = / U - f2dQ —l—/ U - F2dT + / Um * OmMmdT. (6b)
O O T r

We then discretize Egs. and by means of the finite element subspaces U" C U, V! C V,, and
¥h C %, . We end up with the flux formulation [50]: find u” and o’ such that:

/ o tehdQ = —/ div (Tr};) -ul dQ —|—/ T - ul dT + / g - dl (7a)

O Qun Lup Ul ey, r

/ e(vl) :ohdQ = / ot f940 + / ol FI9dT 4 / ot ndl (7b)
Qm m Trm r

where the numerical fluxes and are the approximations of the displacement and stress, respectively, on the
interface I'. To obtain the non-symmetric Nitsche formulation, the following expressions for the numerical
fluxes are considered:

3 1
=Sl — ul (8a)
1
=5 (o +at). (8b)
To make use of these expressions, we now consider the following integration by parts formula:
— / div (1) - uldQ = / e (ul) dQ — / T P - ult dl. 9)
Qum Qm 0Qm

Considering Eq. , replacing its second term by the right terms of Eq. @[), choosing 7! = Cy,e (vf;) on
its left term, and inserting the flux approximation , we then get:

/ € (vﬁl) cohdQ = / € (vﬁl) : O € (ul) dQ + / Cy, (vfn) Ny -
o ¢ r

m

(uft —uM)dr. (10)

N | =

Finally, by making use of the flux approximation into , relating the result to the left-hand side
of and summing over the two subdomains Q1; and €5, we end up with the non-symmetric Nitsche



coupling formulation: find (ufy,u}) € Uy x U} such that:
Zam (uﬁl,vﬁl) + / {}nqy - [uh]dr — /[[vhﬂ . {ah} nydl = Zlm (vﬁl) , v (v?l,vg) eVh xvh o (11)
In the above formulation, the standard elastic bilinear forms a,, and linear forms [,,, are recovered:

A (U, V) = /Q €(Um) : Cm € (up)dQ ; (12a)

m

lm(vm):/Q fum~f§ﬂde+/ VU - FIAT ; (12b)
T

m Fm

and the jump and average operators are introduced, respectively, as follows:

[u"] = (ufy —uf) ; (13)
1 1
{ah} =3 (U{‘l + 03) Ir = 3 (Ciy e (u?l) +C¢ (ug)) . (13b)
- Z/ U - (div(om) + f3)dQ+ > Vm - (Om Mo — FI)dT (14a)
o m VP
1 1
+/ 577/11 . (u11 — u2) dl" + / V11 5 (0'11 — 02) nudI‘ (14b)
r r

+/ 1’1”1111 . ('LL11 — UQ) dl' + / Vg - 1 (0'11 - 0'2) n11dl’ = 0. (].4C)
r 2 r = 2
As a consequence, there is no need for additional stabilization terms with associated parameters in
contrast to symmetric Nitsche methods [I8] [9] [41], [42]. Moreover, the formulation is free of auxiliary fields,
thereby circumventing the difficulty of choosing a suitable dual space (particularly in case of non-conforming
couplings) when considering mixed-type methods [34]. Reminding the case of an evolving local model within
an underlying NURBS mesh, the attractiveness of the non-symmetric Nitsche method becomes clear: it
provides an easy and robust coupling in every non-conforming situations that may be encountered.

3. Non-intrusive resolution

We now address the non-intrusive resolution of the non-symmetric Nitsche coupling. In order to do
so, we need to extend the strategy proposed in the framework of Lagrange multiplier coupling [31]. After
clarifying the classical monolithic approach which essentially consists in the approach illustrated in Fig.
the proposed non-intrusive algorithm is constructed. Finally, a reformulation of the iterative procedure is
performed to highlight the mechanical and numerical properties of the algorithm.

3.1. Monolithic resolution

For ease of understanding of the next developments, let us first note that Eq. reads: find uf; and
uf such that:

1
ann (ufy, o) — / vfy - {o"} ny1dl —l—/ It [u"]dl = 141 (vfy) . (15a)
r r
as (ul,vh) — / vy - {o"} nodl — / %ng AT =15 (V) (15b)
r r

Resolution of the coupling problem constitutes the classical monolithic approach: the resulting multi-
scale model of Fig. is computed directly using a single direct solver. This strategy can be characterized
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as intrusive. Indeed, it is important to note that the global stiffness operator a;; depends at this stage
on the interface I' or, in other words, on the shape of the local domain 5. Therefore, if domain 5 is
expected to evolve, not only the local operator as but also the global operator a;; have to be fully re-built
and re-factorized.

3.2. Construction of a non-intrusive resolution algorithm

Rather than directly solving system (|15)), we start by considering the following asymmetric algorithm,
where problems over €;; and problems over €y are alternatively solved until convergence. For the n"
iteration, starting with initial guesses uffim and ug(o), we look for u’fin) and ug(n) such that:

1. Resolution of a problem over Q41:

(n) (n—1) 1 (n—1)
aiq (U’fl ,’U{H) = lll (’U{ll) + / U?l . {Uh }nudf‘ — / 57111 . [[uh ]]dF (16)
r r

2. Resolution of a problem over 25:

n 1 ,n 1 n
a2 (ug( ),vg) — /Fvg : 503( )ngdl" + /F Pk -ug( 'dr = lo (vg) (17a)
1 1
+/v§-70?1( )nerJr/ “ng VAl (17h)
r - 2 r2

Remark 1. A mechanical interpretation of the resulting iterative strategy will be given later in the paper (see
section . Nevertheless, one may already notice that formulation corresponds to the non-symmetric
Nitsche weak imposition of the coupling conditions for subdomain Q9 only. Indeed, formulation can be
obtained by applying the procedure of section to subdomain Qo (only the sum over the two subdomains is
not performed at the end). Another way of realizing this is to investigate the consistency of the formulation.
Considering the continuous version of , integrating by parts, and bringing all terms on the left-hand
side, we find:

—/ vy - (div(aén)) + fgg) dQ —|—/ vy - (Ugn) ng — FQE’) dr (18a)
0, r

Fa
1 D 1/ )
+/F§n2 : (u; ) —u§1>) dF—l—/Fvg 3 (ag >—a§1>) nadl’ = 0. (18b)

The above equation clearly shows that, at each iteration of the proposed algorithm, the interface term (|14c))
is recovered from the initial coupling formulation.

We now switch to the matrix form of problems and for ease of reading with respect to the imple-
mentation of the method. To this end, let us introduce the finite element basis functions (N})

and (N123)B€{1,2,..,n2}
(Né‘l)ce{l 5 ni) the restricted part to subdomain 17 of the shape functions of the global model. Follow-

2
ce(1,2,..,n11) and (NB)Be{l,z..,nz} are used to

build the above-mentioned finite element spaces Uy and UL (see Eq. (3])), respectively. Denoting by u;; and
u, the associated degrees of freedom vector, the fixed point (16])-(17)) reads: for the nt" iteration, starting
(0) (0) (n)
11 2 11

AE{1,2,..,TL1}
that discretize the global and local model, respectively. In addition, we denote by

ing the principle of isoparametric elements, the basis (NA')

with initial guesses u;;” and u,; ’, we look for u;;” and ugn) such that:

1. Resolution over 11:

n T n— T n—
Kyuf} = fi - (KN - K ) ufi™ - (K3 - K)uf", (19)



2. Resolution over 2s:
T n T n
Ko+ (K5 - K3)|ul” = - (K"~ K3 ) ufy. (20)
Operators K11 (respectively F11) and Ko (resp. F3) are the classical stiffness matrices (resp. vector forces)

associated to subdomains €2;; and €. K is the standard Nitsche coupling operator (see, e.g., [I8, [])
defined as follows:

N N
K" = l Kjvl Kjf : (21)
Ky Ky
where the different blocks read:
N 1 T .
Kll = . —5( D11 Bll) NudF ; (22&)
N 1 T .
K5 = g 5( Dy D11) NodI™ ; (22Db)
N 1 T
K21 = —5( D2 D2> Nndr ; (220)
r
N 1 T
Ky = 5( D, Dg) NodI'. (22d)
r

In the above equations, N1 and Ny represent the standard shape function matrices, B1; and By are the
standard strain-displacement operators and, Dy; and Dy model the Hooke constitutive law. In addition, is
introduced to perform the product between the stress tensor and the outward unit normal to €41 (see [9] [I§]
for more details regarding the construction of such operators).

Even if two problems are now solved separately, procedure — is still intrusive because only the
contributions over 211 of the global model are involved. To go further, we make use of the continuous
prolongation of the global solution from 211 to Q15 and we apply the additivity of the integral with respect
to domain 7 = Q211 UQ12 UT'. Denoting by u; the degrees of freedom vector associated to domain €27, this
gives us:

K1U1 = K111,I1 + Klgul. (23)

In the above equation, Ki; and K2 are the extensions to €; of the classical stiffness matrices Kq; and Ko
related to subdomains 17 and €25, respectively. They formally contain the classical stiffness operators and
are padded with zeros to make them the same dimension of u;. As well, we define f; = f11 + f12 the load
vector associated to domain ;. Equality is used to expand problem from Q17 to Q1. We finally
end up with the following algorithm: for the n'” iteration, starting with initial guesses u§°) and u§°>, we

look for ugn) and u;n) such that:

1. Resolution over €:
Kiu™ —f — (BY &V ) o - (B 'Y ) gD o oD
g =6 - (K —Kyp - (Ko — Ky ju +rp (24)
2. Resolution over s:
—NT _N n —=NT N n
{K2 + <K22 - Kzz)] ué =ty - (K12 - K21> U-g ). (25)

—N
We note that the Nitsche operator K simply consists of the prolongation of former operator K~ from €,
to 1. ris is introduced to denote the discrete reaction forces at I' of the global model in the covered part
O12. It reads at iteration n — 1:

riy Y = K" — fpa. (26)
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Note that in expression , only the degrees of freedom concerned with interface I' are not zero. . Thanks
to this prolongation, the whole stiffness matrix of the global NURBS model is now considered without
any modification. In this sense, the iterative strategy — is said to be non-intrusive. We emphasize
that the global stiffness operator can be assembled and factorized only once (in a pre-processing step),
and system remains symmetric and well-conditioned (regardless of the evolution of the local shape).
Futhermore, the global and local problem being solved alternatively and the interaction between the two
models being restricted to interface I', the formalism offers the possibility to couple different numerical codes
with few implementation effort. The price to pay is the number of iterations of the fixed point, that may
appear quite important in some challenging situations. For more efficiency in such situations, we will see in
forthcoming section that acceleration techniques, such as based on an Aitken’s Delta Squared method
or a Quasi-Newton method [12] 14} [31], can be applied to the present coupling. Numerical experiments to
account for this point will also be carried out in Section [4}

Remark 2. It has to be noticed that the computation of the reaction forces ria (see Eq. ) requires to
perform a volume integration to be consistent with the discrete form of the problem (see, e.g., [31|] for more
information regarding this point). As a consequence, specific quadrature rules need to be implemented to
integrate over pieces of global knot-span elements. In order to do so, a large amount of techniques, mostly
taken from immersed boundary methods, may be used: for instance, the standard sub-triangulation technique
in the context of X-FEM [55], the technique used in the NURBS Enhanced FEM [506], the recursive quadrature
approach applied in the FCM [18, 19, [13]], or more recent geometrically faithfull quadratures [20, [21], (22, [23,
27, [31)]. In this work, for simplicity and robustness, we perform the recursive quadrature approach of FCM.

Remark 3. We emphasize that the terminology "non-intrusive” used here only characterizes the numerical
solver but not the geometrical construction (and parameterization) of the local model, which may not be a
trivial task.

3.8. Incremental formulation, mechanical interpretation and convergence acceleration

In this section, another incremental formulation of the proposed non-intrusive algorithm is derived for
a better understanding of the numerical procedure. It may be noted that the emphasis is made on the
mechanical interpretation of the formulation, but not on the rigorous theoretical analysis of the algorithm.

To start with, let us denote by r’V the Nitsche-based discrete reaction forces at I' applied to the global
model in Eq. . We have at iteration n — 1:

(n—1) —NT N 1 —~NT N ne1
'’ = <K11 - K11> ugn - <K21 - K12> ug )~ (27)

Then, let us notice the following equality that corresponds to the discrete equilibrium of the global model

at iteration n — 1:
Kou{" ™Y =i ofy ™ {5 Y, (28)

where ri; characterizes the discrete reaction forces at I' produced by the global model in subdomain €;5:
1'5711_1) = Knug"_l) — ?11. (29)
Now, performing the subtraction between Egs. and , we arrive at:

K (uf” —u{") = = (VO ) (30)

As a result, procedure — can be rewritten as follows: for the n*" iteration, starting with initial guess

ugo)’ we look for ugn such that:

af” =" - K 'g (uf" ) (31)
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where the application g is defined as:
g (uﬁ”‘”) —pNOTD rit Y, (32)

provided the local solution ué”_l) in v (n=1) is computed from uln_l) through system (expressed at

iteration n — 1).
With formulation in hand, one can realize that the iterative procedure simply consists in a fixed
point aiming at solving g = 0. The following residual is thus considered to stop the algorithm:

N
,r] — Hr +r11|| (33)

VIR + 1]

In the following, we denote this residual by the "non-intrusive residual”. Moreover, writing the continuous
version of Eq. , we literally find:

n— 1 n— n— 1 n— n— n—
g (ug 1)) _ / inu, (Ug 1) _ué 1)) dr—/vl'i (U§ 1) +J§ 1)) n11dr+/ 111'05 ”nndl“, (34)
T T N

which corresponds to the consistency term of the initial coupling formulation. Therefore, the proposed
iterative strategy aims at ensuring the coupling conditions for subdomain 217 in a non-symmetric Nitsche
weak sense. In addition, reminding that the other interface consistency term (14d)) is enforced at each
iteration of the non-intrusive procedure through the local problem (see terI that corresponds
the coupling conditions related to domain 2), we ensure that if the proposed algorithm is convergent, all
the interface terms of the initial coupling formulation are recovered. In other words, if the developed
non-intrusive algorithm is convergent, it leads to the same solution as the one computed from the monolithic
approach . This numerical procedure is original and its mechanical interpretation is quite different from
the existing non-intrusive strategies that aims at recovering the interface forces equilibrium provided that
the Dirichlet conditions (over I') are transmitted, at each iteration, form the global to the local problem
through the use of a Lagrange field (see Duval et al. [14]).

Remark 4. Note that we need to compute riq ﬁnvolvz’ng Kn) to evalu@e residual 1) The calculation is
performed from the already computed stiffness Kio (see Eq. ), ie.r Ky =K; — Kjo.

Although different from the existing non-intrusive strategies in its mechanical interpretation, the algo-
rithm can still be interpreted as a modified Newton method on g = 0 (see Eq. ) As a consequence, the
application of the same acceleration techniques as the ones usually performed in the context of non-intrusive
Lagrange multiplier coupling appears straightforward. In this work, we consider two acceleration methods:
the Aitken dynamic relaxation and the Quasi-Newton update. The first technique, based upon the Aitken’s
Delta Squared formulation [57, [58], proved to be very simple, cheap and of relatively good acceleration
performance, especially when the global and local models are rather close (e.g., local mesh refinement, local
plasticity). With a slightly more computational overhead, the second method enables to further speed up
the algorithm and to make it convergent even in challenging situation. The inverse of the Symmetric Rank
One update [59, 60] (which converges towards Vg~—1) is computed in a non-intrusive fashion by means of a
Sherman-Morrison formula. For more information regarding these accelerations techniques, the interested
reader is advised to consult [12] [14].

Remark 5.

4. Numerical experiments

To assess the performance of the developed algorithm — , we now present a series of numerical
experiments in two-dimensional linear elasticity. The plane stress assumption is considered for all test cases.
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The examples include different discretization scenarios that cover conforming and non-conforming couplings
along straight and curved interfaces. The presentation is divided into two parts: first, the strategy is
validated through three different benchmarks involving local mesh refinement, introduction of a geometrical
detail, and coupling at a bi-material interface. In this part, the results are compared with those obtained from
the existing standard approach based on Lagrange multipliers [31], which demonstrates the performance of
the proposed methodology. Then, the situation of an evolving local model is addressed. More precisely, a
simple shape optimization problem is solved: the position of an inclusion within a global plate is optimized
so as to provide maximal rigidity for the structure. The optimization algorithm calls upon the non-intrusive
solver each time the objective function needs to be evaluated.

4.1. Validation of the non-intrusive coupling strategy

From here on, the mesh composed of N elements along the first length and M elements along the second
length will be denoted N x M. The k-refinement strategy [65] is performed so that the maximum level of
continuity (i.e., C (»=1) for a polynomial degree p) is ensured across the interior knots. In the illustrations, we
keep the notations introduced in Section [2} in particular, domain 7 = 211 UQ12 UT characterizes the global
NURBS model and the local model of domain {25 is expected to replace the global model in subdomain 15.

4.1.1. Curved beam subjected to end shear

The first example consists of a curved beam subjected to end shear. The problem, together with its
global/local discretization, is illustrated in Fig. A constant horizontal displacement of ug = 0.01 units
is prescribed over the lower beam boundary. An analytical solution is available for the problem in [66]. In the
upper half of the structure, the global NURBS model is meant to be replaced by a more refined (along the
radial direction) NURBS model. Quadratic NURBS functions are considered for the discretization of both
models. The situation of conforming meshes to be coupled is investigated here: the global/local interface
is aligned with the edges of the global knot-span elements. As a result, no specific quadrature rules need
to be implemented for the computation of ris (see remark [2] and Eq. ) However, the two meshes can
be non-matching: the global and local mesh may not be aligned along the interface. To integrate over the
interface, we divide the straight line into 1D sub-elements by combining the trace on the interface of the
two meshes.

The results obtained by performing algorithm — with the discretization of Fig. are grouped
in Figs. H?izlz%m More precisely, the solution obtained once the iterative algorithm has converged is plotted
in Figs. [3(b)| and [B(c)|in terms of displacement and Von Mises stress, respectively. We note that it is the
coupled solution in Q1 Uy that is mapped (the fictitious prolongation of the global solution over €215 is not
represented). The solution appears to be in a good agreement with [66]. In particular, there is no visible error
concentration around the coupling interface I". Figs. and enable the convergence of the iterative
strategy to be appreciated: first, in terms of the non-intrusive residual (Eq. ) and then in terms of the
error on the displacements in the energy norm . No acceleration techniques are implemented here since the
standard fixed point already appears efficient. The non-intrusive residual goes to zero and the error on the
displacements reaches an asymptotic value (corresponding to the NURBS finite element approximation).
This accounts for the convergence of the algorithm. More importantly, it may be actually noticed from
Fig. that it takes only 3 iterations to reach the stagnation of the NURBS finite element interpolation
error. This means that it takes only 3 iterations for the coupling error to be negligible compared to that
of the discretization. It seems that a criterion based on a coupling error of 10~% is a bit too demanding.
To go further, a suitable error estimator should be implemented to stop the iterative algorithm at the right
time [67]. Such an estimator, which should be extended to the case of NURBS, goes beyond the scope of
this work, and we chose to stop the algorithm at 10~* in the following.

Then, the convergence of the method with the refinement of the mesh is studied. For this purpose,
Figs. [4| and [5| show the convergence curves for the error in the L? norm and in the energy norm, respectively.
To refine the coupled solution, we consider the meshes indicated in Tab. [[] The situations of matching
and non-matching meshes are investigated. For each approximation, the first mesh discretizes domain {2
(this is the global mesh divided in half along the circumferential direction) and the second mesh is used for
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Figure 3: Global/local non-intrusive Nitsche analysis of the curved beam problem (NURBS mesh of quadratic 24 (circumferential
direction) x12 (radial direction) elements for 1 (12 x 12 for ©11), and NURBS mesh of quadratic 12 x 20 elements for Q).
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domain Qg (this is the local mesh). For comparison purpose, the convergence curves of equivalent single-
patch solutions have been plotted in Figs. [4 and [5} Also, the equivalent single-patch meshes are reported in
Tab.[l] The convergence curves are plotted with respect to the equivalent mesh size normalized by the mesh
size of the equivalent coarsest mesh. Finally, the standard non-intrusive solutions [31] based on a simple
Lagrange multiplier coupling have been added to the graphics. A pragmatic strategy is adopted to build
the space for the Lagrange multiplier field: it is the trace along the interface of the local shape functions.

Total number of elements | Single-patch mesh | Matching meshes | Non-matching meshes
(Q11 U Q) (11 UQy)
24 6 x4 3x4U3 x4 3x3U3xH
96 12 x 8 6x8U6xS8 6x6U6x10

384 24 x 16 12 x 16 U 12 x 16 12 x 12U 12 x 20

1536 48 x 32 24 x 32U 24 x 32 24 x 24 U 24 x 40

Table 1: Meshes considered to study the convergence behavior of the curved beam problem.
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(a) Matching meshes. (b) Non-matching meshes.

Figure 4: Convergence of the error in the L? norm for the curved beam problem.

The present results confirm the behavior of the non-symmetric Nitsche coupling reported for the Poisson
problem in [45]: although optimal rates of convergence are achieved, the level of L? accuracy is reduced
by a constant factor. Conversely, the corresponding convergence curves for the error in the energy norm
are optimal: the rate of convergence and the error constant are equivalent to those of the single-patch
discretization. These results indicate that the error regarding the derivatives of the primal variable is
significantly smaller than the error due to the NURBS finite element approximation. This means that the
accuracy of the derivative quantities is preserved with the proposed methodology. In the context of solid
mechanics where, from an engineering point of view, the accuracy of the stresses is crucial for the structural
design and optimization, this property is of primary importance while the reduced L? accuracy is acceptable.
This encourages us to pursue in this direction.

Unlike its non-symmetric Nitsche counterpart, the standard non-intrusive procedure based on a Lagrange
multiplier coupling exhibits optimal results in the energy norm as well as in the L? norm on this test case. We
emphasize here that we are considering a simple coupling situation of conforming meshes. As a consequence,
the choice adopted for the approximation of the dual variable appears suitable in this particular situation,
which gives the full accuracy of the resulting mixed method. As will be illustrated in the next examples,
this property of the Lagrange multiplier method will be deteriorated when addressing truly non-conforming
interfaces.
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Figure 5: Convergence of the error in the energy norm for the curved beam problem.

4.1.2. Infinite plate with a circular hole

In the next step, we study the performance of the proposed methodology for the introduction of a
geometrical detail in a given NURBS model. As an example, we consider the popular test case of an
infinite plate with a circular hole under in-plane tension. The geometry, material, boundary conditions and
the analytical stress solution [68] are given in Fig. @ The hole constitutes the geometrical detail to be
incorporated in the initial NURBS square plate. The discretization of the problem following the developed
non-intrusive strategy is illustrated in Fig. A regular B-Spline mesh is used for the plate without the
hole (domain ;) and a circular refined ring-shaped NURBS domain is constructed, as the local model, for an
accurate representation of the stress concentration around the hole. Therefore, the case of non-conforming
coupling along a curved interface is this time investigated. The recursive quadrature approach [19] applied
in the FCM is implemented to integrate over intersected elements for the evaluation of ri5 (see Figs.
and . To ensure accuracy, we employ 6 levels of quadrature sub-cells. This precaution holds for all
remaining examples of the paper. To integrate over the non-conforming interface, we refine the NURBS
curve irrespective of the underlying global and local meshes.

Tv
Exact traction
Parameters:
L = 4
R = 1
m E = 10°
= z Tx v = 0.3
@ Q9 — 7, = 10
aQ ——>» Exact solution:
g' o (1,0) = 7 f; + % (1 + 3}3—: - 4%2) cos (26)
R r oo (r,0) % If: — (1 +3f—3> cos (26)
] X o (1,0) T 1 +2& 31;—;) sin (26)
| Sym |
I L 1

Figure 6: Infinite plate with a hole: description and data of the problem.

The results obtained with algorithm — and the discretization of Fig are shown in Figs. [7(d)
15
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elements for 1, recursive Gaussian quadrature with 6 levels of sub-cells for 212, and circular NURBS mesh of cubic 4 x 4
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and in terms of stress and non-intrusive convergence, respectively. Removing the smooth non-physical
fictitious prolongation in €0, and replacing part of it by the local solution in s, the resulting global/local
solution appears smooth and to be in good agreement with results obtained using NURBS fitted discretiza-
tions [I, 2]. Regarding the convergence of the proposed algorithm, the Quasi-Newton acceleration technique
seems to be necessary on this test case. This may be expected here since the stiffness gap between domains
Q12 and Qs is significant. Taking the advantage of the Quasi-Newton update, we are able to make the
number of iterations relatively low: a residual of 10~ is obtained in about 20 iterations.

The finite element convergence of the method when applied to this non-conforming scenario is then
investigated (see Figs. |8 and E[) 2nd 3rd and 4*M-order NURBS shape functions are considered for both of
the models. The different meshes of Fig. [§] are built for the numerical study. They correspond to several
uniform refinements starting from a mesh of 3 x 3 B-spline elements for the global model and 2 x 2 NURBS
elements for the local model. The corresponding convergence curves obtained with the error in the energy
norm are plotted in Figs. and for the proposed Nitsche-based strategy and for the standard
Lagrange multiplier based strategy, respectively. For the Lagrange multiplier coupling, we keep the choice
of a dual space constructed by means of the trace along the interface of the local shape functions.
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Figure 9: Convergence curves in energy norm for the infinite plate with a hole.

Unlike what was experienced for the curved beam problem of the previous section, the Lagrange mul-
tiplier approach appears to fail to reproduce the optimal convergence rates, especially when increasing the
polynomial order of the NURBS shape functions. We remind that the performance of such mixed methods
highly depends on the compatibility between the approximation subspaces considered for the primal and the
dual variables. As a result, the reason for this poor accuracy may be due to the non-conforming situation en-
countered which rules out many choices for the dual subspace. Conversely, without any additional specific
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treatment, the proposed non-symmetric Nitsche version seems to achieve the optimal rates of convergence,
which demonstrates that the methodology does not interfere with the accuracy of the NURBS functions
regardless of the coupling scenario encountered. Note that for the finest quartic coupling discretization, the
error level is so low that it may be deteriorated by rounding errors.

For completeness, the jump of the traction forces across I' with respect to the parametric coordinate
along the interface is plotted in Fig. in case of a Nistche-based as well as a Lagrange multiplier based
non-intrusive strategy. The second quartic discretization is considered. We observe that the Nitsche based
strategy enables to significantly reduce the numerical jump in order to reproduce Eq. whereas important
oscillations appear in case of a Lagrange multiplier based procedure, which confirms the superiority of the
developed strategy when addressing non-intrusive non-conforming coupling.

T T
Nitsche coupling "
14 —&— Lagrange coupling i

Jump of sig n at the interface

0 10 20 30 40 50 60 70 80 90
6 (degree)

Figure 10:

4.1.83. Plate with a central inclusion

With the next example, the situation of a non-conforming, curved, and bi-material interface is investi-
gated, considering the modeling of a plate with a central inclusion subjected to constant in-plane tension
(see Fig. . The Young’s modulus is chosen to be a hundred times larger for the inclusion than for the
plate (E; = 100 x E,). The Poisson’s ratios are the same. Regarding the discretization, a regular quadratic
B-Spline grid composed of 28 x 40 elements is used for the plate while a circular quadratic NURBS mesh with
48 (circumferential direction) x12 (radial direction) elements is constructed to model the inclusion. For the
integration over intersected entitites, we keep the quadrature approach and we refine the NURBS interface
irrespective of the underlying models. The interest of such a test case involving an overlapping mesh both
finer and stiffer than the underlying grid, is that it may display mesh locking, as shown in the context of
classical finite elements (see, e.g., [72) [73]). For comparison purpose, a refined conforming finite element
solution is computed using the classical 4-node element implemented in the industrial software ABAQUS
(see Fig. [L1(b)).

The results in terms of Von Mises stress are given in Fig. The Quasi-Newton acceleration technique
was used to make the algorithm converge and about 50 iterations were necessary to handle such a challenging
situation. Due to the contrast in Young’s moduli at the coupling interface, the same treatment as proposed
in [74] for the symmetric Nitsche coupling in the context of standard immersed finite elements is applied to
the proposed non-intrusive non-symmetric Nitsche coupling. The average operator is thus modified
as follows to counterbalance the material gap at the interface:

Ey

{o"} =0t + (1 —7y)ob with = I

(35)

Thanks to this precaution, we are able to accurately recover the physical stress state with the developed
non-intrusive strategy (the stiffer behavior of the inclusion is well captured, see Fig.[12(a)|) whereas spurious
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Figure 11: Plate with a central inclusion: description and discretization of the problem.

oscillatory stresses are encountered at the interface with the standard Lagrange multiplier based procedure
due to mesh locking (see Fig. . To better appreciate the phenomenon, the jump of the traction forces
across ' with respect to the parametric coordinate along the interface is also plotted in Fig. These
results confirm the attractiveness of the proposed non-intrusive method over the standard approach: it can
be easily extended with a suitable average operator to properly handle severe bi-material interfaces.

Remark 6.

4.2. Application to a simple optimization problem

With the last example, we seek to demonstrate the ability of the proposed strategy to accurately and
efficiently compute any evolution of a local model within a fixed global NURBS one. Such a feature opens
the door to tackle various applications. One of them concerns the optimization of local entities that can arise
in different contexts: for instance, for the shape optimization of holes [75] [76], or inclusions, or stiffeners
within stiffened panels [T7], or even, to perform local topology optimization [78] [79] [80]. In this section, we
compute, as a preliminary example, a simple optimization problem involving the positioning of an inclusion
within a global plate. The objective is to show the potential of the developed method for carrying out
structural optimization and to motivate future research in this direction.

The considered structural shape optimization problem is illustrated in Fig. For the numerical model,
the same parameters as for the previous test case (see Fig. are taken expect that the Young’s modulus
of the inclusion is chosen to be, this time, a hundred times smaller than for the plate (E, = 10® and E; = 10).
The design variables are the horizontal and vertical coordinate of the center of the inclusion: z. and y.,
respectively. The objective function is the compliance. As an optimization algorithm, we make use of the
black box FMINSEARCH available in MATLAB. This routine uses a gradient-free algorithm: it is the
Nelder-Mead simplex algorithm as described in Lagarias et al. [8I]. We admit that more sophisticated
algorithms may be probably used for improving the optimization performance. Nevertheless, our interest
here being to prove the efficiency of the developed non-intrusive solver rather than building an advanced
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Figure 12: Plate with a central inclusion: Von Mises stress distribution.
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Figure 13:

optimization tool, we choose to initiate the study with this simple algorithm. Starting with an inclusion
located at position 22 = 2 and y? = 2, the optimization process is expected to lead to the configuration of a
central inclusion, i.e. such that 27¢/ = 3.5 and 3¢/ = 5 . Indeed, the further the inclusion is from all plate
boundaries, the less stress concentration is encountered around the inclusion. For illustration purpose, the
solution in terms of Von Mises stress is plotted for the initial configuration and the expected optimized one
(see Figs. and respectively).

The optimization algorithm calls upon the developed non-intrusive solver to get the displacement solution
at each configuration encountered through the optimization process. A maximum number of iterations of
20 is prescribed for the non-intrusive iterative algorithm. The interest of using algorithm - is clear

. .. . . —NT N i
in this situation: the stiffness operators K; and [KQ + (K22 - K22>] are assembled and factorized once

for all in a pre-processing step. Then, the only things to do to compute the successive coupled solutions
encountered at each iteration of the optimization process are:

1. build the integration rule for the small immersed region 2;
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Figure 14: Simple optimization problem: the position of the inclusion (zc, y.) in the plate is optimized so as to provide maximal
rigidity for the structure. The optimization algorithm calls upon the non-intrusive solver each time the objective function needs
to be evaluated.
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Figure 15: Simple optimization problem: Von Mises stress distribution.

=N =—N =N
2. assemble ri2, Ky, Ki5 and Ky;

3. perform few lower and upper triangular resolutions to solve alternatively problems and .
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Figure 16: Simple optimization problem: results.

Conversely, a direct solver would require to fully rebuild and recompute the resulting global/local prob-
lem (that may also appear ill-conditioned) at each of these steps. The results of the optimization using
the non-intrusive solver are presented in Fig. More precisely, Figs. and show the conver-
gence of the objective function and of the design variables, respectively. The convergence criterion for the
optimization algorithm relies on the stagnation of the objective function as well as of the design variables:
it stops when it gets below 10~%. It can be observed that we are able to recover the expected optimized
configuration through the optimization process, which accounts for the ability of the non-intrusive solver
to adapt to any arbitrary non-conforming situations, in particular when the edge of an element of the local
model approaches that of an element of the global model.

5. Conclusion

In this paper, we proposed a new non-intrusive global/local coupling algorithm. In contrast to the existing
non-intrusive strategies that rely on a Lagrange multiplier coupling, the developed iterative procedure makes
use of the non-symmetric Nitsche approach. Recenty, the non-symmetric variant of the Nitsche method
was successfully applied to the weak enforcement of boundary and interface conditions in non-boundary-
fitted discretizations [45] 46]. This work further consolidated this technique by establishing its application
in the context of global/local isogeometric structural analysis. In this field, the non-symmetric Nitsche
coupling gave the full potential of the non-intrusive approach: it offered the opportunity to address simply
and efficiently all the non-conforming global/local coupling configurations that were encountered when
integrating a local region within an underlying global NURBS model. The reason for this is the robustness
and simplicity of the coupling. Indeed, the coupling formulation is (1) free of auxiliary fields which enables to
circumvent the difficulty of choosing a suitable dual space (particularly in case of non-conforming couplings),
and (2) is intrinsically stable (in a weak sense), thus eliminating the need for additional stabilization terms
with appropriate parameters (whose determination can be delicate depending on the cutting scenarios).

The extension of the non-intrusive technique resulted in an original iterative process that aims at recover-
ing the interface conditions (in a non-symmetric Nitsche weak sense) for the global model, provided that the
coupling conditions viewed by the local model are enforced at each iteration of the algorithm. Although its
mechanical interpretation is rather different form that of the existing non-intrusive strategies, the numerical
procedure could still be interpreted as a modified Newton method so that, it was possible to apply efficient
acceleration procedures in order to maintain a limited number of iterations (a few dozen) even in challenging
situations. More precisely, the performance of the developed methodology over the existing NURBS one
was numerically demonstrated through a range of two-dimensional elastic benchmarks involving conforming
and non-conforming couplings along straight, curved, and possibly bi-material interfaces. Our results clearly

22



indicated the superiority of the proposed approach when addressing any arbitrary non-conforming situation:
the non-symmetric Nitsche version always achieved optimal accuracy while, due to a choice for the dual
space, the existing Lagrange version appeared to fail to reproduce optimal behavior in some situations.
In addition, mesh locking was reported when coupling at a severe bi-material interface with the Lagrange
multiplier based method whereas the Nitsche counterpart handled successfully such interfaces thanks to the
use of a suitable averaging operator.

Given its attractive properties, the developed method appears particularly suitable to compute any evo-
lution of a local model within a fixed global NURBS one. From an engineering point of view, this appears of
great interest since in many applications it is necessary to solve a sequence of similar problems, in a multires-
olution process, where only the behavior at a local scale needs to be updated (e.g., to carry out the shape
optimization of local entities [76] [77], or to perform the identification of local mechanical parameters [82] [83],
or to model crack propagation [I1], or the expansion of a plastic zone [12, [14], a damage zone [13], etc). To
show the potential of the method in this context, a simple optimization problem involving the positioning
of an inclusion within a global plate was carried out. The optimization algorithm called upon the non-
intrusive solver each time the objective function needed to be evaluated, which facilitated the process and
ensured computational time saving. The success of this study opens the door for the development of effective
optimization tools, based on the proposed non-intrusive solver, to handle more realistic applications (e.g.,
for the shape optimization of stiffeners within stiffened panels [77]). This motivates future research in this
direction and, more generally, encourages to make use of such an algorithm when performing multiresolution
processes.
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