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Abstract

This work focuses on the development of a super-penalty strategy based on the L>-projection of suitable coupling terms to
achieve C!-continuity between non-conforming multi-patch isogeometric Kirchhoff plates. In particular, the choice of penalty
parameters is driven by the underlying perturbed saddle point problem from which the Lagrange multipliers are eliminated
and is performed to guarantee the optimal accuracy of the method. Moreover, by construction, the method does not suffer from
boundary locking, especially on very coarse meshes. We demonstrate the applicability of the proposed coupling algorithm to
Kirchhoff plates by studying several benchmark examples discretized by non-conforming meshes. In all cases, we recover the
optimal rates of convergence achievable by B-splines where we achieve a substantial gain in accuracy per degree-of-freedom

compared to other choices of the penalty parameters.

Keywords Isogeometric analysis - Multi-patch coupling - Super-penalty method - Kirchhoff plates

1 Introduction

Isogeometric analysis (IGA), firstly introduced in [21], is a
methodology used for the numerical discretization of partial
differential equations (PDEs) based on the same building
blocks used in computer aided design (CAD). Indeed, in
IGA, the same mathematical objects, such as B-splines and
non-uniform rational B-splines (NURBS) [34], used for
the geometrical description are employed for the numeri-
cal solution of the PDE at hand. A distinguishing feature
of splines is the high regularity achievable by construction,
which allows the approximation of higher-order variational
problems directly in their primal, for instance Kirchhoff
plates [29,33], Kirchhoff-Love shells [22,24,25,36] and the
Cahn-Hilliard equation [14]. For a detailed review of the
method and its recent applications, the reader is referred
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to [9,21,40], whereas its mathematical foundations can be
found in [4,10].

Although smoothness is attained naturally within a patch,
geometries of engineering relevance are in general described
by multiple patches, where typically the underlying spline
representations are non-conforming at the common interface.
Clearly, in this scenario, a direct strong coupling between
patches is not straightforward to achieve. Moreover, as in the
scope of this work we are interested in the Kirchhoff plate
model problem, an efficient strategy to obtain C'-coupling
is needed since a global C'-continuity is required to obtain
a well-defined bilinear form for the problem at hand. In the
literature, three methods are predominantly used to achieve
the latter coupling in a weak sense and they are summarized
in the following.

High-order mortar methods have been studied in [18,20] in
the context of Kirchhoff plates and Kirchhoff-Love shells,
respectively, and have been extended to a general C"-
coupling in [11]. For a detailed review in the context of
isogeometric analysis, we refer to the review article [17].
However, mortar methods lead to the formulation of a sad-
dle point problem, where the associated Lagrange multipliers
constitute additional unknowns to be solved for in the global
system of equations.

Nitsche method has been analyzed in [38] for coupling isoge-
ometric Kirchhoff plates in the scope of immersed methods
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and in [15] for imposing weakly kinematic boundary condi-
tions for fourth-order PDEs. Although this family of methods
is less sensitive to the choice of parameters compared to
classical penalty approaches, their formulation requires addi-
tional consistency terms which, in the Kirchhoff problem,
involve the computation of derivatives of shape functions up
to order three. This adds some extra steps of complexity in
the implementation and increases the overall computational
cost of the coupling strategy.

Finally, penalty methods are widely used in the engineer-
ing community due to their conceptual simplicity, see the
seminal work [2]. Furthermore, they can be easily and effi-
ciently incorporated into a numerical code, where we refer
to[1,13,16,23,26] for more insights and some applications in
the context of isogeometric Kirchhoff-Love shells. Nonethe-
less, a major drawback of this approach resides in their
lack of robustness with respect to the choice of penalty
parameters. Typically, the choice of penalty coefficients
is problem-dependent and is based on a time-consuming,
heuristic process. As noted in [16], on one hand, if the penalty
factors are chosen too small the interface constraint is satis-
fied only loosely. On the other hand, if the coefficients are too
high, the condition number of the resulting system matrix is
negatively impacted and the convergence behavior is spoiled
by spurious locking phenomena. The contribution in [16] par-
tially addresses these issues by introducing suitably scaled
penalty parameters and a single problem-independent user-
defined coefficient. This work was recently extended in [26]
to alleviate locking by introducing independent fields related
to the coupling terms and by exploiting reduced integration
techniques.

Our contribution falls into this realm. Inspired by the super-
penalty method studied in [3], our goal is to introduce a
simple coupling procedure for the displacement and rota-
tion fields, respectively, for non-conforming multi-patch
Kirchhoff plates, which preserves the high-order optimal
convergence rates achievable by B-splines while mitigat-
ing the detrimental effects related to locking. To alleviate
the over-constraint of the solution space we perform an L>-
projection of the penalty terms onto a space of reduced degree
defined on the active side of the coupling interface where,
motivated by the work in [7] for mortar methods, we select
a p/p — 2 pairing, where p denotes the B-splines degree. In
particular, starting from the perturbed saddle point formula-
tion of the Kirchhoff plate model problem, we show how the
corresponding Lagrange multipliers can be eliminated from
the system and, more importantly, how the perturbation gives
us insights into the optimal choice for the penalty coefficients.
Indeed, the proposed methodology is truly parameter-free, as
the penalty factors are fully determined by the given physical
constants, the geometry and its discretization, i.e. mesh size
and spline degree. We remark that the proposed methodology
is especially advantageous for moderate degrees p = 2, 3,
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where locking phenomena are particularly pronounced and
the L-projection proves to be an effective and computation-
ally efficient remedy.

Then, we address the ill-conditioning issues stemming from
our choice of super-penalty parameters. We adapt the block
preconditioner based on an inexact Schur complement reduc-
tion (SCR) introduced in [27,28] and we combine it with
a preconditioner tailored to the isogeometric discretization
of the Kirchhoff plate, where we exploit the tensor prod-
uct structure of B-splines and an efficient algorithm for the
solution of the arising Sylvester-like system; for a detailed
derivation we refer to [30,31,37].

Finally, we show through several numerical benchmarks the
optimal convergence properties of the presented method-
ology, where our approach does not suffer from boundary
locking, especially on very coarse meshes. This leads to
a substantial improvement in the accuracy achievable per
degree-of-freedom (dof).

The structure of the paper is as follows. Section 2 provides
a review of the fundamental concepts related to B-splines.
Section 3 describes in details the derivation of the proposed
methodology and motivates our choice of penalty parameters.
Section 4 presents the ideas used in the construction of the
preconditioner employed in this work. In Sect. 5 the method is
validated on several numerical benchmarks and it is applied
to the analysis of an idealized multi-patch design of an L-
bracket. Finally, some conclusions are drawn in Sect. 6.

2 A brief introduction to B-splines

In this section, some definitions and fundamentals related to
B-splines are reviewed. We refer the reader to [9,19,34], and
references therein, for a comprehensive review of B-splines
and NURBS and their role in isogeometric analysis.
Starting from two integers p, n, a univariate B-spline basis
function b; , of degree p is generated starting from a non-
decreasing sequence of real values referred to as knot vector,
denoted in the following as & = {&,...,&4pr1}. Itis
worth mentioning that the smoothness of the obtained B-
spline basis is CP~* at every knot, where k denotes the
multiplicity of the considered knot, while itis C* elsewhere.
In the remainder of this work, we consider only splines of
maximum continuity, i.e. C? —!. The definition of multivari-
ate B-splines Bj (1) is achieved in a straight-forward manner
using the tensor product of univariate B-splines as:

d
Bipm =[]/ (1. e

j=1

where d denotes the dimension of the parameter space. Addi-
tionally, the multi-indexi = {i1, ..., iz} denotes the position
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in the tensor product structure and p = {p1,..., p7} indi-
cates the vector of polynomial degrees, associated with
the corresponding parametric dimension n = n1,..., 15,
respectively. Then, let us define a domain € € R¥ described
by a B-spline parametrization F as a linear combination of
multivariate B-spline basis functions and corresponding con-
trol points as follows:

Q=F(Q) with Fop) =) BipmPi, )

where the coefficients P; € R? of the linear combination are
the control points and d represents the dimensionality of the
physical space. Although not treated here, it is straightfor-
ward to extend the notation to NURBS, for details see [9].
In the rest of the paper, without loss of generality, the degree
vector p will be considered equal in each parametric direction
and therefore simplified to a single scalar value p. Further,
the vectors i and  will be omitted to simplify the notation.
Finally, we can introduce the following discrete space formed
by multivariate B-splines of degree p:

S (Q) = span [boF—1 |be6}. 3)

3 The projected super-penalty method

In this section, we introduce a method that alleviates locking
phenomena arising when coupling non-conforming isogeo-
metric patches. Inspired by the work presented in [7] in the
context of isogeometric mortar methods, the proposed tech-
nique is based on the projection of the coupling terms at
the interface, typically defined in terms of the degree p of
the solution space related to the corresponding patch, onto a
reduced space of B-splines of degree p™d = p — 2 defined
on the active side of the interface.

3.1 The strong form of the Kirchhoff plate problem

Let us introduce the governing PDE, characterized by the
bilaplace differential operator, that describes the bending-
dominated problem of a Kirchhoff plate, following the
notation in [36]. Let us define an open set 2 C R? with a suf-
ficiently smooth boundary 9€2, such that the normal vector
n to the boundary is well-defined (almost) everywhere. Let
us also introduce two admissible splittings of the boundary

'=0Qintol’ =T, UTp and I' = T'y, U 'y, such that
I'yNT'g = @and 'y NIy = &, respectively. Consequently,
the strong form of the problem reads:

DAy = g in
U =ur on [,
—Vu-n = ¢r on Iy 4)
vDAu+ (1 —v)Dn-(VVu)n = Mr on 'y
D(V(Au) + (1 —v)¥(u)) -n = Qr on I'g,

where u represents the deflection of the plate, D its bending
stiffness, v is the Poisson ratio, g is the load per unit area
in the thickness direction, ur, ¢r, Mr and Qr are the pre-
scribed deflection, rotation, bending moments and effective
shear, respectively. The bending stiffness D of an isotropic,
homogeneous plate is defined as:

Er?
D=——, &)
12(1 — v2)
where E is the Young modulus and ¢ denotes the thickness
of the plate. For the sake of simplicity and without loss of
generality, these are assumed to be a constant in €2. Finally,
the differential operator ¥ (-) reads:

O LORE
) ()} . ©)

o= |:8x82y T 92xdy
3.2 The multi-patch formulation of the perturbed
saddle point Kirchhoff problem

Here, following the notation used in [7], we introduce a
decomposition of 2 into N non-overlapping subdomains 2"
such that:

N
Q=||Q, where @ NQ/' =2 for i+#]. (7
=1

1

Now, let us define the interface y*™ between two adjacent
patches QF Q™ 1 < k,m < N as the intersection of their
corresponding boundaries:

yom =k uaam. ®)

Then, the skeleton I" is defined as the union of all non-empty
interfaces (which we suppose to be labeled with an ordered
index £ =1, ..., L) and reads:

r={Jv" ©)

=1
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Fig.1 Example of two subdomains Q¥, Q" with their coupling inter-
face y%" highlighted in red, and their corresponding normal vectors
n*, n™ . Note that we have separated the subdomains for visualization
purposes. For a correct interpretation of the colors, the reader is referred
to the web version of this manuscript

Consequently, we can denote by u* and n* the value of the
primary field and the outward normal on 9Q*, and «™ and
n' the value of the primary field and outward normal on the
neighboring subdomain 2™, see Fig. 1 for an example on
two patches.

Then, for each interface yk*’" we can write the following
coupling conditions:

ubk —u™ =0 on ykm

Vuk - nF 4+ Vi nm =0 on yFM, (10)
which can be rewritten using the standard jump and normal
jump operators, respectively, as:

[u] =0 on ykm

[Vu], =0 on pkm. (11)
Further, given 1 < s, < L, s # t, we denote the cross-
points by ¢ = 7* N’ and we label them with an ordered
index ¢%, s = 1,...,S. For ease of notation and without
loss of generality, in the following we assume the flexural
rigidity D to be constant in 2 and the Poisson ratio v to be
zero. Further, we assume that the values prescribed as natural
boundary conditions are zero as well.

Now, let us introduce for each subdomain Q! the following
space:

H2(Q) = {vi € HX(QY) : v]yqnaq =

@ Springer

from which the following broken Sobolev space can be char-
acterized as:

V:{veLZ(Q): vl € HX(Q), i=1,....N, v

is continuous in ¢*, s =1,..., S} , (13)
. N
endowed with the broken norm | - || = Yici - ”%{2(91')'
Then, let us also define the spaces:
1
HX(T) = {[Vv],: veV}
3
HXT) ={[v]: veV}. (14)
Lastly, we need to introduce the following dual spaces:
3 /
0= I:H*z (F):|
(15)

Q2 = |:H*2 (F):| .

We are now ready to formulate (4) as a saddle point problem.
Given f € V', find (u, A1, 22) € V x Q1 x Q7 such that:

N L
Zf DV (Vu) : V(VU)+Z</ [v]t +/ [[Vv]]nA2>
i=1 /% =1 7’ vt

=(f,v)

L
Z/ [uJpr =0  VYui € Q1
=177

YveV

L

> [ Vulz =0 Vize 02 (16)
=17V

We also define three continuous bilinear formsa : V x V —
R,b1: Vx Q1 —>Randby : V x Q; — R as follows:

N
a(u,v) = Z/Q D V(Vu) : V(Vv) u,veV
i=1
veV, u € Q0

L
bi(v, u1) = Z/ [vlses
e=177"

veV, ure 0.

L
by(v, pa) =y / [Volapo
=177
(17)
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Now, given 850, ay) >0,¢£=1,..., L,wecanintroduce N
. . o ,
the singularly perturbed ;/erswn og (16): given f € V', find Vi=1lve U Vi, : viscontinuousinc’, s =1,....S
(Ug, Mg, A2e) € V x L7(I") x L=(T"), such that et ’
(22)

N
Z/ " DV(Vug) : V(Vv)
=17

L
+l§1 (/}‘// [[U]])Ll,s +,/y5 [[VU]]”A.Z"(:) = (f’ v) YoeV

¢
<f£[[us]]m —Sg )/( M,am) =0 Vuel*D)
y v

(/lﬂweﬂnm — et /Z Az.m) =0 VueL’m. (18)
Y Y

L
2
=1

L
2
=1

Under suitable regularity assumptions, we can provide an
estimation of the error introduced by the perturbations 85@)

and 8&0 on the solution of the original saddle point prob-
lem (16) as [6, Remark 4.13.14]:

[lu —uellv + 1121 = A ellp2ry + 11A2 = A2ell2ry

L 2
<C|& (Z ||)\1||§13/2(yz))

=1

L >
+ 8 <Z ||Az||§,m(yl)> (19)

=1

where we have defined:

~ {4
£ = max 8} ), and
¢=1,....L =

.....

= ()
& = max &, . 20
2 =1 I 2 ( )

3.3 The projected super-penalty formulation

For each patch Q! we assume p > 2 and we indicate with

Sf () the space trivially obtained extending by zero the
elements of Sf (Q) over Q\ Q. Additionally, let us define:

X; » = span {b e S,f(szi)} . Q1)

Consequently, let us denote by V;;, C X;j the finite-
dimensional space given by the span of B-splines defined on
the corresponding subdomain ', where the exact character-
ization of V; ; depends on the chosen boundary conditions,
for further details we refer to [8]. This allows us to introduce
the following finite dimensional subspace of V,

Moreover, for each interface y¢, we denote by E¢ the knot
vector on ! inherited from the active side. Motivated by
the choice of the p/p — 2 stable pairin§ in [7], we construct
the following isogeometric space S {l) ““(y*) on the reduced
knot vector E¢ obtained by removing from E’ the first and
last two knots, where an example is depicted in Fig. 2 for

p = 2, 3. Similarly to before, we indicate with S f 72()/‘) the
space obtained extending by zero over I' \ y¢ the elements
of S f _2()/2).

We can now define the discrete counterpart of the
Lagrange multiplier spaces as:

L

On=01n= 0w =JSI (Y. (23)

=1

With these definitions at hand, the discretized version of (18)
reads: find (Mh,)\l,h,)»z,h) € Vi x Qp x Qp such that:

N
Z/ DV (Vuy) : V(Vp)
i e
L
+ Z </4 [vn]A1,n +/£[[Vvh]]n)»2,h> =(f,u) VYo, e
(=1 Y Y

L
1
> /‘H”hﬂﬂl,h—ié /M,}:Ml,h =0 Vuin€ 0
vt rt

(=1 Xefl

L
1
(/ [Vunlnpzn — 7/ )nz,huz,h> =0 Vuan € O,
= rt Qpoq Jyt
(24)

=1

where ol and af, are “large” parameters related to
the deflections and rotations, respectively. In general, they
depend on the problem definition, e.g. the physical constant
D, the mesh size and spline degree, where a full charac-
terization of our choice will be given later in the section.
We can now formally eliminate the Lagrange multipliers and
recast (24) into its primal form. Indeed, we can write:

Anlye = ageﬂl'le[[uh]]
Manlye = el T [Vuy]a . (25)
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(a) Interface splines of degree p™d = p — 2 = 0 associated with a reduced knot vector on the active side
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(b) Interface splines of degree pred

—x
Fig. 2 Example of the projection setup on a coupling interface. We

select the finer side (on 2! in this example) to define the reduced space
for the projection. Additionally, an intersection mesh at the interface

where IT¢ : L?(y%) — 8572()/3) denotes the L2-projection,
associated with the interface y*, onto the reduced space
S{l) _2()/). Finally, employing the previous results and the
properties of the L>-projection, the resulting discretized
bilinear form, augmented by suitable penalty terms that
weakly enforce the coupling conditions (11), reads: find
up € Vjp such that:

N
> / D V(Vup) : V(Vup)+
QI

i=1

+ al, 1 [y, ] T [un]
;( dﬂ/ye h h

safy [ MIVULIYUL) = oo o e Vi
Y

(26)

3.3.1 Inf-sup test

The well-posedness of (24), independently of the value of
the parameters o4 and a, relies on the well-posedness
of the underlying unperturbed problem, i.e. the problem cor-
responding to (24) where we set afq = al, = +00,{ =
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E! = [0 1/3 2/3 1] and corresponding intersection mesh for integration.

b T

by %

b %

o1
QZ

= p — 2 = 1 associated with a reduced knot vector on the active side
! =[001/3 2/3 11] and corresponding intersection mesh for integration.

is created only for integration purposes to properly compute the pro-
jected penalty terms. The p + 1 integration points are schematically
represented as blue dots

1, ..., L. Although a rigorous proof of the inf-sup stability
of such unperturbed problem is currently under investiga-
tion, we assess the behavior of the numerical inf-sup test for
a domain €2 subdivided along a straight interface into two
subdomains Q¢,i = 1,2. As we are dealing with a double
saddle point problem, we compute two different inf-sup con-
stants Cg;;sup and C;gtf_sup, corresponding to the deflection
and rotation jumps, respectively. In the following we report
the results for different discretization sizes of the interface
he =1/2F, k =3,...,7and B-splinedegrees p = 2, ..., 5,
where h¢ denotes the maximum mesh size associated with
the interface y¢. The numerical values of C(llréfésuP and c;g‘f‘“"
are summarized in Table 1. In all cases we observe that the
inf-sup constants converge to some values bounded away
from zero, numerically suggesting that the method is inf-sup
stable.

3.3.2 Coercivity test

Then, we also assess numerically the behavior of the coerciv-
ity constant on an example with four patches Qi i=1,...,4
separated by four straight interfaces meeting at a cross-point.
In particular, we want to compute the biggest g such that:
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Table 1 Results of the numerical inf-sup test for Cg;ffisu]’ and C;f}f’s‘“’,

respectively, on different uniformly refined meshes hy = 1/2% k =
3,...,7and spline degrees p =2, ...,5

P he
123 1/2* 1/2° 1/20 1727

inf-sup
(@) Cen

2 0.6594 0.6631 0.6632 0.6632 0.6632
3 0.5158 0.5183 0.5217 0.5217 0.5217
4 0.4144 0.4118 0.4164 0.4165 0.4165
5 0.3473 0.3404 0.3433 0.3437 0.3437
e

2 0.6594 0.6631 0.6632 0.6632 0.6632
3 0.5158 0.5183 0.5217 0.5217 0.5217
4 0.4144 0.4118 0.4164 0.4165 0.4165
5 0.3473 0.3404 0.3433 0.3437 0.3437

Table2 Numerical estimation of the coercivity constant «g on different

uniformly refined meshes hy = 1/2%, k = 2, ..., 5 and spline degrees

p=23,4

p he
1/22 1/23 1/2* 1/2°
0.8049 0.8043 0.8041 0.8041
0.8040 0.8040 0.8040 0.8040
0.8040 0.8040 0.8040 0.8040

a0l 1v0ll3p2 gy < @(vo, v0) Yo € K = ker(B1) Nker(Ba) ,
27

where By and Bj are the linear operators associated with
the bilinear forms b; and by, respectively. The results for
different discretization sizes of the interface hy = 1/ 2k k=
2,...,5 and B-spline degrees p = 2, ..., 4 are presented
in Table 2, from which we can numerically infer that the
method is coercive on the intersection kernel.

Remark 1 The inf-sup and coercivity tests are performed on
a reduced version of the knot vector E¢, where also the first
and last internal knots of E are eliminated. This is justi-
fied by our preliminary mathematical analysis, where this
choice is required. However, from a numerical standpoint,
we retain the optimality of the method without performing
such a reduction and in all our examples we directly employ
E¢ to define the projection spaces.

3.3.3 On the choice of penalty parameters

It is well-known that the penalized problem (26) is varia-
tionally consistent only in the limit /.5 = af, — o0 € =

1, ..., L.On the other hand, the well-posedness of this prob-
lem is robust with respect to the choice of the parameters aﬁeﬂ
and afot. Therefore, the proposed methodology will not suffer
from boundary locking for any choice of penalty values. As a
consequence, aﬁeﬂ and afot can be chosen solely to guarantee

the optimal accuracy of the method.

Remark 2 A clear trade-off of this choice is the negative
impact on the conditioning of the resulting system matrix.
A possible remedy based on an ad-hoc preconditioner will
be discussed in a later section. Another drawback consists in
the loss of significant digits due to the (potentially big) dif-
ference in magnitude between the penalty contribution and
the internal stiffness. For this reason, and to efficiently com-
pute the projection operators, we advise using this method in
combination with splines of degree p = 2, 3, as these round-
off errors occur below a tolerance threshold of significance
to most engineering applications.

Inspired by the method proposed in [16] in the context of
Kirchhoff-Love shells, we want to develop a fully parameter-
free penalty method. To this end, we scale the deflection and
rotation penalty parameters by the physical constants, the
local mesh size and the geometry as:

Et
(h)P(1 —v?)
Ef3
12(he)P(1 —v?)’

aﬁeﬂ = rneas(;/z)’s_1
(28)

ozfot = meas(y)F~!

where meas(y ¢) indicates the length of the coupling interface
and the exponent S is chosen to ensure the optimal con-
vergence of the method with respect to the degree p of the
underlying discretization. Note that all of these parameters
are known and depend only on the problem definition, mean-
ing that no user-defined factor is required. We highlight that
our choice is based on the fact that the perturbations intro-
duced in (18) cannot be “big” compared to the accuracy with
which we want to solve the original problem and the esti-
mate provided in (19) guides the choice of 8. Moreover, as
we want to recover optimal rates of convergence for the error,
the exponent 8 must be a function of the underlying splines
degree p.

From the numerical experiments conducted thus far, the scal-
ing factor 8 = p — 1 in (28) is necessary to ensure optimal
convergence of the method in the H 2 norm, whereas for a
scaling of B = p we observed optimality in the H> and H'
norms. Finally, a factor of § = p 4 1 provides optimality in
the H2, H! and L? norms. If not stated otherwise, we will
use B = p + 1 in all our numerical examples.

Remark 3 Although a rigorous mathematical proof of the
method and the optimal choice of 8 are currently under devel-
opment, we believe that this allows for some extra flexibility
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in the proposed methodology, where the suitable scaling fac-
tor can be chosen with respect to the corresponding quantity
of interest.

Remark 4 Our choice of penalty factors correspond to the
one in [16] if we set B = 1 and if we remove any user-
defined parameter. Clearly, for generic splines of degree p,
this yields a sub-optimal convergence behavior in the asymp-
totic regime.

3.3.4 Cross-points modification

In the literature of mortar methods, it is well-known that
the treatment of cross-points requires extra considerations,
see [12] and references therein for a discussion in the context
of mortar coupling of isogeometric multi-patches. Analo-
gously, our method also inherits the need for a cross-points
modification. Indeed, in order to retain optimality of the
method, a linear constraint must be imposed to the control
variables meeting at the cross-point to ensure C-continuity.
An example with four patches is depicted in Fig. 3, where
in Fig. 3a we depict the dofs associated with each coupling
interface and in Fig. 3b we visualize the imposition of the
constraint. To explain the procedure, let us start from the
following unconstrained system of equations:

Aup = f. 29)

Now, the constraint can be incorporated easily into the stan-
dard linear system in a fully algebraic fashion, where a
possible implementation is presented in Algorithm 1.

Algorithm 1 Algorithm for applying a C” constraint at a
cross-point.

1: procedure APPLY_C O_CONSTRAINT(vector of dofs at cross-points
ucp)

2:  Label one dof in up as active

3:  Label the remaining dofs in ucp, as inactive

4:  Build the rectangular matrix C representing the linear active-
inactive constraints (see (30)) R

5: . Solve the reduced system .Zl\ﬁh = f, where A = CTAC and
f=c's

6:  Recover the solution u;, from u;, = Cuy,

7: end procedure

The construction of the rectangular matrix C is best explained
with an example. Let us assume that the dofs at the cross-point
are numbered as uep = [Ucp1 Ucp2 Ueps Ucpa]. Now, without
loss of generality, we pick ucp; as the active control point

@ Springer

and the rest as inactive nodes. Then, the constraint can be
expressed via the matrix C as follows:

B _ Ui o Ucpl L. Undof
uy u 1 0 0 0 0
Ucpl Ucpl 0 0... 1 0... 0
Ucp2 Ucp2 0 0... 1 0... 0
u, = = .

Ucp3 Ucp3 0 0... 1 0... 0
Ucpa Ucpa 0 0... 1 0... 0

| “ndof _| Undof 0 0 0 0 1
uy

Uepl | = Cuy, , (30)

Undof

where ndof denotes the total number of degrees-of-freedom
in the system. This procedure eliminates the unknowns asso-
ciated with the inactive nodes from the system.

Remark 5 Note that, as we only require C-continuity at the
cross-point, the valence of the point does not pose any addi-
tional conceptual challenge to the method.

4 A nested preconditioner based on the
Schur complement reduction

In this section, following the notation introduced in [35] and
building upon the work presented in [27,28] in the context
of elastodynamics and hemodynamics, we present an effi-
cient way to mitigate the detrimental effects on the condition
number stemming from our choice of super-penalty parame-
ters. This preconditioner is based on the approximate solution
of the block factorization of the system matrix known as
Schur complement reduction (SCR). We remind the reader
that before performing the algorithm described in the fol-
lowing, we apply a symmetric diagonal scaling to the system
matrix.

4.1 The Schur complement reduction

We begin by reordering the matrix A e R"ofxndof stemming
from (26) in blocks as follows:

o[ me) ,
|:B;|:F CF,F ( )



Computational Mechanics (2021) 67:1133-1153 1141
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1.2 ’71’2

(a) B-splines involved in the computation of the cou- (b) Cross-point modification, where the black dots rep-

pling terms, where each colored box contains the resent the untouched control points associated with
dofs associated with the corresponding coupling in- basis functions that give non-zero contribution to
terface y*-C. the interface coupling. The squares are the control

variables used to impose the C° constraint, where
we choose an active node (the red one) and the rest
are labeled as inactive nodes (the blue ones) and
are eliminated from the system, see Algorithm 1.

Fig.3 Example of the dofs involved in the computation of the coupling integrals and cross-point modification in a four patches setup. For a correct
interpretation of the colors, the reader is referred to the web version of this manuscript

where the subscripts i and I" refer to internal and interface (® Dirichlet dofs

dofs, respectively, where an example is depicted in Fig. 4. Let E mtcrf“al jois ;
. . ; ot

us remark that A; ; is a block-diagonal matrix where every fntertace dols

block is the matrix associated to an homogeneous Dirich- A~~~ A~~~
let problem (fully clamped) on the corresponding patch €. e @ | ® | ®® @®e | ®|®| @@
Moreover, with a slight abuse of notation, we assume that, if
needed, A has already been modified to account for the con- ®@© | [m] | [m] A@ @A m | [m] | @@
straints related to the cross-points introduced in the previous A A
section. 0@ |[w] | [=m] | A /S RLINRCIRROIC
N Now, we can perform the following block factorization of , Vo |lo|® | e® o | ®|e®|®s
- '91' 'F:’Yl2' '92' -
—1 .
A= DU — |: . I B 0] |:Ai,i 0 ] I:H A,',j Bi,F:| ’ T
Bi,l"Ai i I 0 SF»F 0 I Fig. 4 Example of reordering of the dofs in a two patches setup, dis-
(32) cretized by B-splines of degree p = 2, associated to the block system
matrix A
where we have introduced the Schur complement S := I 07 e -
Crr — BIFA,-_’,-IBLF- Multiplying by £ on both sides we = [*Berf,i] ]J [rli] = ["F _ B,vapA,f,»ll'i] . (33)

get:

We highlight that, up to this point, this factorization is per-
A Bir]x I 0] ' [ formed in exact algebra. Then, from (33), we can solve for x
[0 Sr:r ' } [ ] = [B?r A} ]1] [ ] in a segregated fashion by exploiting Algorithm 2.

Xr rr
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Algorithm 2 SCR algorithm

1: procedure SOLUTION OF AX = R BASED ON SCR
2: Solve for an intermediate solution X;

Ak =1 (34)

3:  Update the interface residual rr = rr — BIF’A‘i
4:  Solve for the interface solution xr from the Schur equation

Sr‘err =TIr (35)

5:  Update the internal residual r; = r; — B; rxr
6:  Solve for the internal solution Xx; from

Aiixi =T1; (36)

7: end procedure

Clearly, the Schur complement Sr r is in practice expensive
and often infeasible to compute explicitly. A way around this
issue is given in Algorithm 3, where we summarize a matrix-
free procedure to apply the Schur complement to a vector.

Algorithm 3 Algorithm for applying the Schur complement
to a vector

1: procedure APPLICATION OF Sy TO A VECTOR Xr

2: Compute the matrix-vector multiplication Xr = Cr rxr

3:  Compute the matrix-vector multiplication Xr = B; rxr

4: Solve for an intermediate solution X from

A; i Xr =Xr (37)

5:  Compute the matrix-vector multiplication Xr = BIFir
6:  Return Xr — X
7: end procedure

Remark 6 As noted in [27], the cost of the preconditioner is
often dominated by the solution of the Schur system (35).
To reduce the computational burden of this step, we use as
preconditioner a coarse approximation of the Schur comple-
ment obtained by applying only a few iterations of GMRES to
A; ; for assembling Sr,r =Crr - B?FA;;BLF. Although
this choice works reasonably well for our numerical exam-
ples, we remark that more research is needed to find a robust
(both in & and p) and scalable preconditioner for the Schur
complement and, more in general, for fourth-order PDEs.

4.2 Nested block preconditioner strategy based on
SCR

The main idea presented in [27] is to combine the robust-
ness of the SCR factorization with the ease of application
of a block preconditioners (such as SIMPLE or variants
thereof [35]). Indeed, we can build a preconditioner Pscr
based on an approximate factorization of (33), where Egs.
(34)—(36) are solved within a prescribed tolerance. Given
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that Pscr changes its algebraic definition at every itera-
tion, following [27], we employ a flexible GMRES algorithm
(FGMRES) as the iterative method for the most outer solve
Ax = r. At each iteration of FGMRES, we can apply the
preconditioner Pscr via Algorithm 2, where this entails the
solution of the blocks A;; and Sr . This part of the algo-
rithm is denoted as intermediate solver. Last, since we do
not assemble the Schur complement explicitly, but we apply
its action on a vector through Algorithm 3, we perform a
final solve for A; ; in (37), denoted as inner solver. The final
performance of the preconditioner is therefore determined by
the prescribed tolerances for the outer, intermediate and inner
layers, respectively, where the objective is finding a good bal-
ance between the computational cost and the robustness of
the method. In the following, we denote the aforementioned
tolerances by n,, n; and n, for the outer, intermediate and
inner layers, respectively.

4.2.1 A preconditioner based of the fast diagonalization
(FD) algorithm

Since each outer iteration of the nested preconditioner is
based on the solution of three systems involving the block
A; i, an efficient and robust preconditioner for this block is
required. In this work we extend the isogeometric precondi-
tioner studied in [31,37], based on the Fast Diagonalization
algorithm, to the Kirchhoff plate problem. In the following,
we focus our derivation on the single-patch case. The exten-
sion to the multi-patch case is straightforward by construction
since the block A; ; is formed by disjoint sub-blocks associ-
ated to each patch Q.

Now, exploiting the tensor product structure of the B-spline
basis at the patch level, let us introduce the preconditioner
Prp in Kronecker form as:

Prp = M1 @ K2 + K1 ® M>, (38)

where M}, and K, with k = 1, 2 refer to the one-dimensional,
parametric mass and hessian matrices associated to the k-th
parametric dimension, respectively. They can be expanded
as follows:

1
[Myi]; =/0 bi.p(i) bj, p (i) dnge

1
[Kkli., :/o by () b, (i) digic (39)

where b indicates the univariate B-spline basis functions
introduced in Sect. 2. Then, analogously to [32], we par-
tially include the geometry and physical coefficients inside
the preconditioner. In particular, let us denote by € the fol-
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lowing function:

4
e =D (|| ]],) tdet Upl (40)

where we recall that Jp represents the jacobian of the B-
spline parametrization F and D is the flexural stiffness of the
plate. Now, as explained in [32, Appendix A.3], we perform
a separation of variables on € such that we can write:

= ot a0m) 0
) ~ e = [ 0 Tl(’}l)wz(ﬁz)} ’ “h

where this matrix is evaluated at each quadrature point. With
this, we can modify the preconditioner given in (38) to par-
tially account for the geometry and coefficients information
as follows:

P}ED=M1®I?2+E1®A712, (42)

where

1
[Mi]; ; = f ok (M)bi,p (1) b p (i) dmg
; (43)

1
(R, = /0 w b, ) b G10) d

Finally, each iteration of the iterative solver requires the solu-
tion of the following system:

PgDs =r, (44)

where r denotes the current residual. Due to the tensor struc-
ture of the preconditioner, we can rewrite (44) as a Sylvester
matrix Eq. [39]:

MySK, + K,SMy = R, (45)

where s = vec(S) and r = vec(R).

Remark 7 Let us recall that for any matrix Z € R"*¢ the
operator vec(Z) gives as output the vector z € R" formed
by stacking the columns of Z.

Let us now consider the generalized eigendecomposition of
the matrix pencils (K1, M) and (K>, M>), respectively, as:

ElUl = MlUlDl

~ ~ (46)
KUy = MaUs D5

Here, D1 and D; are diagonal matrices containing the eigen-
values of M|~ 9% 1and M, ¢ 2, respectively. Further, U; and
U, are defined as:

U MU, =1

9 (47)
Uy MaUy =1.

With these definitions at hand, we can rewrite (42) in Kro-
necker form as:

U @U) T (D1 @I+1®@ D) (Ui ®@Us) ‘s =r,
(48)

where the preconditioner can be efficiently applied via Algo-
rithm 4.

Algorithm 4 FD method for applying PED

1: procedure UPDATE OF THE ITERATION RESIDUAL VIA THE FD
METHOD

2 Compute the generalized eigendecomposition in (46)

3 Compute the intermediate result 7 = (U] ® U)'r

4:  Compute the intermediate residual § = (D1 @ [+ [ ® D))~ 'F

5 Return s = (U; Q@ Us) §

6: end procedure

Remark 8 We remark that the application of the nested pre-
conditioner Pscr combined with PII;D can be implemented
in a fully matrix-free framework. Furthermore, although not
investigated in this work, the patch-wise block structure of
A; ; could be further exploited for parallelization.

For the sake of conciseness, we do not provide here further
details of the FD algorithm, but we refer to [31,37] for a thor-
ough theoretical and numerical investigation of the method
in the scope of isogeometric analysis.

5 Numerical examples

In this section we assess the performance of the proposed
coupling method with several numerical examples defined on
non-conforming, multi-patch geometries. All the numerical
experiments presented in the following have been imple-
mented in the open-source and free Octave/Matlab package
GeoPDEs [41], a software designed for the solution of partial
differential equations in the context of isogeometric analysis.

5.1 A four-patches plate example

In this example we consider the computational domain 2 =
[0, 2] x [0, 2] depicted in Fig. 5, split into four subdomains
Q!. We remark that all meshes are non-conforming at every
coupling interface, as the irrational factor +/2/100 has been
used to shift the interface knots. The body load and boundary
data are computed such that the exact solution is smooth and
it reads:

€

u® = sin(mwx) cos(mwy) . (49)
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This setup is used to test the robustness of our method in
the case of severe non-matching discretizations and with
respect to the problem parameters. To this end, we present
the convergence results for all combinations of Young’s
moduli E = [10%,108][Pa] and thickness of the plate
t =[0.05, 0.01, 0.005] [m], where we set the Poisson’s ratio
v = 0[—]. We compare our method to a classical penalty
approach, where we set aﬁeﬂ = afm =10*E, ¢ =1,...,L,
and to a choice of penalty parameters scaled with respect to
the physical parameters as proposed in [16]. In particular,
they read:

ot _5L
1 The(1 =12
3 (50)
' Et
o

=5—
U T 120, (1 — v2)

where the user-defined parameter 8§ = 103 is chosen. From
the results in Fig. 6, we observe that the projection strategy
shows robustness with respect to the input parameters and
allows for an easy treatment of locking phenomena, where
optimal convergence rates are also attained for very coarse
meshes.

In Fig. 7 the convergence behavior of the error measured in
the H? norm with and without the imposition of the C° con-
straint at the cross-point is plotted. We observe that the loss
of accuracy hinders the convergence for p = 3, 4, whereas
the expected optimal rates of convergence are recovered in
all cases when the linear constraint is imposed to the system.
This is further highlighted in Fig. 8, where the element-wise
H? error is depicted for a discretization of degree p = 4,
without and with the constraint, respectively. On one hand,
we remark how the error is concentrated and much higher
in the elements around the cross-point, spoiling the optimal
convergence when the constraint is not imposed. On the other
hand, with the linear constraint, we recover optimal conver-
gence properties of the method.

Finally, for this example we also analyze the performance of
the nested preconditioner. In Table 3 we report the iterations
needed by the external solver and in brackets the average
number of intermediate iterations, for several degrees of the
discretization p = 2,3, and we compare it with a clas-
sical diagonally preconditioned conjugate gradient (PCG),
a PCG where an incomplete LU (ILU) is used as precon-
ditioner and a GMRES preconditioned with ILU. All the
results refer to a global tolerance 1, of 10719 and, for the
nested SCR-FGMRES strategy, the intermediate and inner
tolerances 7, and 7, are set to 1079, Further, the Schur
complement is preconditioned by an approximation Sr,r
obtained with a maximum of 6 iterations of GMRES. For
the sake of completeness, we perform the same test with
the choice of penalty parameters studied in [16]. The results
are summarized in Table 4, where we observe no substantial
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difference regarding the iterations needed to solve the sys-
tem compared to the case where our choice of parameters is
employed. This suggests that the proposed preconditioner is
robust with respect to the penalty factors and it is also suit-
able to precondition systems stemming from other penalty
approaches.

In Table 5 we study the influence of the intermediate and
inner tolerances on the number of outer iterations required
by the FGMRES solver, on a fixed mesh of 4096 elements,
for B-splines of degree p = 2, 3. We note that as the cho-
sen tolerances become smaller and smaller, we recover the
algebraically exact SCR method, where in the limit the algo-
rithm converges in one iteration. We also remark that finding
an optimal choice for these parameters is, to the best of the
authors’ knowledge, still an open question in the community.

5.2 A nine-patches plate geometry

In this example we consider the computational domain Q2 =
[0, 3] x [0, 3] depicted in Fig. 9, divided into nine subdo-
mains Q. Similarly to the previous example, all meshes are
non-conforming at every coupling interface, where again an
irrational factor of +/2/100 has been used to shift the inter-
face knots. The body load and boundary data are derived
from the following analytical exact solution:

u® = sin(mx) cos(wy). (51)

Further, we set the Young’s modulus to E = 106 [Pa], the
thickness of the plate to = 0.01 [m] and the Poisson’s ratio
tov=0[-].

The convergence results of the error measured in the L2,
H' and H? are presented in Fig. 10, for splines of degree
p = 2, 3. Inthis example we test the robustness of the method
with respect to:

e Floating patches;
e The presence of multiple cross-points where a constraint
must be applied.

We again observe the expected asymptotic convergence
rates of the error for all norms, where we remark that
the method behaves optimally, particularly for very coarse
meshes, where locking phenomena are avoided. Indeed, on
one hand, we again notice that a classical “vanilla” choice
of the penalty parameters yield a severe overconstraint of
the solution space, resulting in a loss of accuracy of several
order of magnitudes compared to the projection method. On
the other hand, the scaling studied in [16] leads to better
results especially in the energy norm. However, for coarse
meshes, we note that the method still suffers from locking,
thus hindering the accuracy achievable by B-splines.



Computational Mechanics (2021) 67:1133-1153 1145
Fig.5 Problem setup and initial
non-conforming, multi-patch ; E = [10%, 10%] [N/m?]
discretization for the curved thickness ¢ = [0.01,0.05,0.001] [m] 03 04
four patches example i 0[]
. Yy
y Qf 02
T

(a) Geometry setup and physical parameters.

(b) Initial discretization.

Table 3 Condition number of .4 and number of iterations needed by different iterative methods, p = 2, 3, as a function of the elements (el.)

256 el. 1024 el. 4096 el. 16384 el.
(@p=2
Condition number 1.80 x 107 2.03 x 108 2.61 x 10° 3.82 x 1010
Diagonally scaled PCG 792 953 - -
PCG with ILU 111 980 - -
GMRES with ILU 63 174 402 -
Nested SCR-FGMRES 3 (21.6/3.3/20.3) 3 (36/6/30.3) 4 (51/17.5/40.7) 6 (66.5/51/51.3)
by p=3
Condition number 8.76 x 107 1.77 x 10° 4.09 x 1010 1.60 x 1012
Diagonally scaled PCG 921 — — -
PCG with ILU 53 221 - -
GMRES with ILU 35 73 - -

Nested SCR-FGMRES

3 (26.6/4/24)

3 (41.6/9/35)

4 (58/25.5/45.7)

6 (76.3/68.3/55.3)

For the nested SCR-FGMRES, the numbers in brackets indicate the average number of intermediate iterations needed to solve Eqs. (34)—(36)
in Algorithm 2, respectively. Iterations marked with—did not reached convergence within the prescribed 1000 maximum number of iterations

Table 4 Condition number of .4 and number of iterations needed by different iterative methods, p = 2, 3, as a function of the elements (el.) for

the parameters proposed in [16]

256 el. 1024 el. 4096 el. 16384 el.
(@p=2
Condition number 1.21 x 10° 3.82 x 10° 1.33 x 1010 5.01 x 1010
Diagonally scaled PCG 992 — — -
PCG with ILU 175 - - -
GMRES with ILU 79 209 478 -
Nested SCR-FGMRES 3 (22.3/4/21.6) 3(32/7.3/28.3) 4 (44.5/20.2/34.7) 5 (63.2/55/50.2)
b p=3
Condition number 1.67 x 10° 4.79 x 10° 1.48 x 1010 5.25 x 1010
Diagonally scaled PCG 778 — — -
PCG with ILU 697 - - -
GMRES with ILU 90 209 — -
Nested SCR-FGMRES 3 (28.6/5.3/27.3) 3 (39.3/13/34.6) 5 (55.8/29.4/41) 6 (74/73.3/48.3)

For the nested SCR-FGMRES, the numbers in brackets indicate the average number of intermediate iterations needed to solve Eqs. (34)—(36)
in Algorithm 2, respectively. Iterations marked with—did not reached convergence within the prescribed 1000 maximum number of iterations
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Fig.6 Convergence study of the error measured in the H2 norm in the
non-matching case for four patches with curved interface example for
different Young moduli and values of the thickness, B-splines of degree
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with respect to the problem parameters proposed in [16] (scaled) and
our projection approach (proj)
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Fig.7 Convergence study of the error in the H> norm in the non-matching case for the curved four patches example. Influence of imposing a C°
constraint at the cross-point
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Fig. 8 Element-wise plot of the error in the H2 norm in the non-matching case for the curved four patches example, B-splines of degree p = 4.
Influence of imposing a C? constraint at the cross-point, notice the difference of one order of magnitude used in the two colorbars

Table 5 Influence of the intermediate and inner tolerances 1, and 7, (where we always set , = 1,) on the number of outer iterations needed by
the FGMRES solver, p = 2, 3, on a fixed mesh with 4096 elements

n=1n,=10"* n =1 = 1073 n=n, =107 n =1, =108 ne = = 10710
p=2 11 5 4
p=3 13 7 4 3
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Fig. 11 Initial configuration and
non-conforming discretization
for the three patches example b3 03 03
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(a) Initial subdomains and corresponding interfaces. (b) Non-conforming discretization.
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splines of degree p = 2, 3. Comparison of a classic penalty method, the

Fig. 13 Geometry setup and 6
non-conforming discretization
for the flat L-bracket example

(b) Error H'.

v dofs v dofs
(¢) Error H?.

scaled version with respect to the problem parameters proposed in [16]
(scaled) and our projection approach (proj)

clamped

line load
100 [N/m]

E=200-10 [N/m?
thickness ¢ = 0.01 [m]
v=0[-]

1 | 0 | | |

(a) Multi-patch design.

5.3 A three-patches plate example

In this example we consider the computational domain Q2 =
[0, 2] x [O, 2], split into three subdomains Qf, see Fig. 11a.
The initial non-conforming discretization used in the follow-
ing is depicted in Fig. 1 1b, where the interface knots are again
shifted by a factor of +/2/100 to induce the non-conformity.
The peculiarity of this example is the presence of a geometri-
cally non-conforming interface between the patches, which
is further used to assess the robustness of our method.

3 4 0 1 2 3 4

(b) Non-conforming mesh.

Remark 9 Similarly to [7], we define an interface as geomet-
rically conforming if the pull-back with respect to both active
and inactive domains is an entire edge of each parametric
domain &'

Similarly to the previous examples, the exact solution reads:

u® = sin(mwx) cos(my), (52)
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Fig. 14 Solution contour for the
flat L-bracket example,
B-splines of degree p = 2,3
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from which the applied body load and imposed boundary
conditions are derived. Regarding the problem parameters,
we set the Young’s modulus to £ = 106 [ Pa], the thickness
of the plate to + = 0.01 [m] and the Poisson’s ratio to v =
0[—1.

The convergence results of the error measured in the L2,
H' and H? are presented in Fig. 12, for splines of degree
p = 2, 3. Analogously to our previous results, our method
attains optimal rates of convergence, even in the presence
of a geometrically non-conforming interface. Once again,
this numerical experiment confirms that our method is
insensitive to boundary locking, starting from very coarse
discretizations, where a substantial gain in accuracy per
degree-of-freedom is observed.

5.4 A flat L-bracket

The last example we present is meant to show the applicabil-
ity of the method to more complex multi-patch geometries.
Analogously to the example studied in [5], we modeled a
flat L-bracket with 28 patches coupled along 34 interfaces,
as depicted in Fig. 13. We apply a constant line load of
100 [N /m] in the negative z-direction on the upper right edge
and we impose clamped boundary conditions on the entire
boundary of the upper left and lower left holes, respectively.
Further, we set the Young’s modulus to £ = 200 x 10° [Pa],
the thickness of the plate to + = 0.01 [m] and the Pois-
son’s ratio to v = 0[—]. The solution field obtained with
B-splines of degree p = 2, 3 is depicted in Fig. 14, where we
remark the smoothness of the obtained solution, especially
across the coupling interfaces. In Fig. 15 we also plot the

@ Springer
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bending stress tensor m, where its components are defined
as:

mi; =D (vaijukk + (1 - v)u,-j) , (53)
and where §;; denotes the standard Kronecker delta. We
again obtain a smooth stress field, where no visible spu-
rious oscillations are introduced by the proposed coupling
strategy. Finally, in Fig. 16, we plot the convergence results
of the stress component m 1, evaluated at point A marked
in Fig. 13a, as a function of the number of dofs on a series
of uniformly refined meshes. We note that for the classi-
cal penalty approach, and only for this example, we have
tuned the penalty parameters to converge towards the ref-
erence value, where we have set aﬁeﬂ = 10°E,of, =
E, ¢t = 1,...,L. This example highlights once again
the gain in accuracy achieved on coarse meshes by the
proposed method, also for point-wise quantities of inter-
est.

6 Conclusions

In this work we have introduced a simple methodology for
the C!-coupling of isogeometric patches based on the L-
projection of suitable super-penalty terms in the context of
Kirchhoff plates. The method does not suffer from lock-
ing phenomena even in the case of severe non-matching
discretization, where optimal rates of convergence of the
error measured in the L2, H! and H? norms have also been
attained on very coarse meshes and a substantial gain in
accuracy per degree-of-freedom has been observed compared
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Fig. 15 Components of the bending stress tensor m for the flat L-bracket example, B-splines of degree p = 2, 3

to a classical penalty approach and to the scaled choice of
parameters presented in [16] in the scope of Kirchhoff—Love
shells. The method turns out to be particularly effective for
moderate spline degrees p = 2, 3. Our choice of param-
eters is completely determined by the problem definition
and is based upon the underlying perturbed saddle point
formulation associated with the plate, from which the two
Lagrange multipliers are eliminated and the magnitude of
the corresponding perturbations gives us insights on how to

appropriately select the penalty factors. Then, to mitigate the
detrimental effects of this choice on the condition number of
the system matrix, we have combined the nested block pre-
conditioner introduced in [27] with a preconditioner based on
the Fast Diagonalization algorithm tailored for isogeometric
Kirchhoff plates, inspired by the strategy in [37].

To conclude, we have numerically demonstrated the applica-
bility and robustness of the proposed projected super-penalty
approach for coupling Kirchhoff plates discretized by non-
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Fig. 16 Convergence study of the stress component m 1, evaluated at
point A in Fig. 11a, for the flat L-bracket example for different B-splines
of degree p = 2, 3. Comparison of a classic penalty method, the scaled
version with respect to the problem parameters proposed in [16] (scaled)
and our projection approach (proj)

conforming isogeometric patches, where the method does
not show any boundary locking also on very coarse meshes.
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