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e Modelisation of multipatch Reissner-Mindlin isogeometric shells.

e Development of industrially oriented coupling strategies combining mortar discretisations and augmented la-
grangian formulations.

e Theoretical and practical assessment of convergence of mortar methods for isogeometric shells with cross point
modifications

e Development and extension of reduced quadrature rules for surface and interface integrals

e Numerical validations on academic and industrial examples, including problems with geometrically non-conforming
interfaces.
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ARTICLE INFO ABSTRACT

Keywords: This paper introduces, analyzes and validates isogeometric mortar methods for the solution of
Multipatch isogeometric analysis thick shells problems which are set on a multipatch geometry. A particular attention will be
Reissner-Mindlin shells devoted to the introduction of a proper formulation of the coupling conditions, with a particular
Reduced integration interest on augmented lagrangian formulations, to the choice and validation of mortar spaces,
Mortar methods and to the derivation of adequate integration rules. The relevance of the proposed approach is
Convergence assessment assessed numerically on various significative examples.

1. Introduction

The concept of isogeometric analysis (IGA) was first proposed by Hughes et al. in [1]. A considerable advantage
of the method is to keep the same geometry, constructed in a computer-aided design (CAD) software, for the analysis
step. This is possible by the use of the same shape functions for design and for analysis. Consequently, the kinematic
quantities can be precisely evaluated without introducing an error due to the spatial discretization of the underlying
geometry. More details on isogeometric methods can be found in [2].

Geometries constructed in a CAD software are generally comprised of several domains, which are also called
patches, defined with B-splines or non-uniform rational B-splines (NURBS) shape functions. A comprehensive study
of the numerical implementation of NURBS functions is given in [3]. The patches can be trimmed, if they cannot be
constructed by a tensor product of basis functions, or untrimmed if they can be meshed exclusively with quadrangular
elements. Analysis of trimmed structures [4—7] is recent and can lead to various difficulties such as element integration
or weak condition enforcement. In this study, we will only focus on complex multipatch untrimmed geometries which
require a robust treatment of continuity conditions between domains. This work then concerns industrial parts that can
be represented by structures such as plates or shells for which the effects of transverse shear cannot be neglected. For
this purpose, Reissner-Mindlin model was retained and rotationnal degrees of freedom (DOF) of the normal will be
taken into account.

Literature is particularly rich concerning domain coupling in IGA for thin plate or shell structures. For conforming
meshes, Kiendl et al. [8] proposed to add a fictitious bending strip to transfer the bending moment and keep a C°
continuity between patches. Another method for a C°/G! continuity consists in a virtual projection of control points
for each interface (Oslo algorithm [9]) associated with a static condensation method or penalty method, see [10]. A
Nitsche-based formulation was proposed in [11], for plane problems or for 3D problems [12], which can preserve
uniqueness of the solution at the cost of an additional eigenvalues problem to solve.

It is well-known that mortar method is an interesting alternative to enforce contact or continuity conditions in
coupling problems [13—17]. In this case, the choice of the dual space is essential. From a theoretical point of view,
the space of the Lagrange multipliers has to satisfy two conditions. The first is the inf-sup stability and the other one
is to achieve a good approximation of the dual space. Noting by p the order of the primal space splines functions, a
dual space of order p/p — 1/p — 2 was proposed by Brivadis et al. [18]. Here we will present a mortar method with a
simplified dual space of order p which can be easily applied to industrial parts at a low computational cost.

Therefore, the purpose of the present paper is to introduce, analyze and validate isogeometric mortar methods for
solving thick shells problems which are set on a multipatch defined geometry. A particular attention will be devoted to
the introduction of a proper formulation of the coupling conditions, with a particular interest on augmented lagrangian
formulations, to the choice of mortar spaces, and to the derivation of adequate integration rules.

This article is structured in six main sections. Section 2 presents a brief review of the shape functions used in
isogeometric methods. Section 3 introduces the Reissner-Mindlin shell model to be used herein. In Section 4 the
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multipatch problem and a functional and discretization framework will be given. Convergence results will be reviewed
and adapted in Section 5 and integration rules will be discussed in 6. Finally, some numerical results are proposed on
academic and industrial parts in Section 7.

2. Shape functions in isogeometric analysis

Let us recall that a knot vector is a non-decreasing set of real numbers E = {§ 1o s Sngpt } which represent coor-
dinates in the parameter space. The first and last entries in E are repeated p + 1 times which means that we use herein
an open knot vector. Open knot vectors are widely used in CAD software and guarantee that basis functions are inter-
polatory at the ends of the parameter segment. We also define the breakpoint vector, i.e., the vector Z* corresponding
to 2 without any repetitions, which splits the parameter space into elements and so define a mesh. B-splines are then
piecewise polynomial functions N l.” which are recursively built on E [3] . These functions generate the spline space
SP(E) = span {N f &, i=1,..., n} of order p known to have excellent approximation properties. Moreover, each
function N, ip is a piecewise positive polynomial of order p and has a compact support such that N ip > 0 within the
knotinterval [&;, ..., & ,1[. The regularity between each element is C*~" and so depends on the corresponding knot
multiplicity m;.

Given a set of n control points X;, where all of the DOF are defined, and a knot vector E, a B-spline curve can be
defined as

CE =Y N/©X.
i=1

In the same way, multivariate B-spline objects are based on a tensor product of univariate B-splines. Therefore, a
B-spline surface can be described with two knot vectors E and H and a set of n - m control points X;; such that

n

FEm =Y Y N@OMIMX,; = Y Ny mX,.
A=1

i=1 i=1

Rational B-splines such as NURBS functions are increasingly used in CAD software since they are capable of
exactly representing conic sections. They are not only characterized by control points but also by positive scalar
weights w4 and are defined as follows

NaGmwy _ Ny&nw,
An Na@mwy  WEm

RA(§7 '7) =

A NURBS surface is now given by

NN AEmw X,
R =22 28 = 3 Ry (&)X,
A=1

W&,

3. Reissner-Mindlin plates and shells

3.1. Kinematics

We consider a shell occupying a volume V' with mid-surface €2 and thickness 7. Let x, be the position vector of
a material point g of the shell in the physical space and &, = (£,7,¢ )T its counterpart in the parameter space. The
coordinate & (resp. #) is associated a knot vector E (resp. H) and { € [—1, 1] defines the transverse position of the
point in the parameter space. In other words, the point p corresponding to &, = (¢, 7, 0)” in the parameter space will
belong to the mid-surface Q. Locally, namely on a given patch, the shell volume is the image of the parameter space
by the map

X,(8g) = X,(§) + (&) = Y, Ry(E Xy + ZCn(En)
A=1
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Figure 1: Reissner-Mindlin shell obtained from a degenerated three-dimensional model.

with n(¢, n) the normal vector to the shell mid-surface at point x,(£,#). The displacement field inside the shell is
decomposed locally into a displacement u,(x,) of the mid-surface and into a rotation of angle 6(x,,) of its normal

u,(&,) = u,(x,) + 20 X n(x,). (D

The expression (1) is obtained supposing small normal rotations in such a way that (R(0) — I;)n ~ 6 X n with R
the usual rotation matrix. Extension to large rotations involve a non-linear parametrization R(6) of the set of spatial
rotations.

3.2. Weak formulation for the shell problem

We wish to take into account transverse shear. Such shell models can be derived from a three-dimensional (3D)
one by assuming as done in (1) that the kinematics is linear along the transverse direction, to be possibly characterized
by two control points across the thickness, see Figure 1. A plane stress state is also supposed such that o33 = 0 in the
element local basis. The actual model, presented in [19], follows the work of Benson et al. [20, 21].

The variational formulation of this shell model was studied in depth in [22], in which it is mentioned as the basic
shell model. We herein take the same notation to present the corresponding variational formulation. In the following,
greek letters will refer to mid-surface quantities with (a, g, 4, u) € {1,2} whereas latin letters will refer to quantities
in the volume with (i, j, k,I) € {1,2,3}. A subscript is used for quantities expressed in the covariant basis and a
superscript for those in the contravariant one. The mid-surface covariant basis a, corresponds to the local derivatives
X, or X, of the in-plane position. Noting g, = a, + za3 , and g; = a3 = n, the 3D covariant vectors, the local
covariant coordinates of the metric tensor are g,; = g, - g4 With inverse g%,

For a linear analysis, we write the covariant components of the strain tensor for the general displacement (1) as

1
&) = 3 (gi-uq,j+gj -uq,,).

For a linear elastic material, the classical Hooke’s law written in the local basis is
ol = Cijklgkl’

with C the elastic stiffness tensor defined from Young’s modulus E and Poisson’s ratio v. A plane stress state assump-
tion allows us to eliminate the transverse deformation €53 and to simplify the previous equation into

E 2
o = g, HPH = ) V)(g‘”gﬂ” +ggh+ T _va“ﬂg“‘),
N with )
c® = EGG €73, Gaﬂ — 2FE gai.
14+v

Using the elastic constitutive relation (2), the action of the stress field associated to the displacement u in the strain
field associated to the virtual displacement v takes the form

/ o(u) : e(v)dVol = / <H“W£ M(u)saﬂ(v)+G“ﬁ£a3(u)eﬂ3(v)>dVol.
Vol Vol
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Figure 2: Example of a multipatch shell problem with two domains to glue along the mid interface T';.

The shell mid surface € is supposed to be fixed on the part I"} of its boundary, and no normal rotation is allowed
on a possibly different part FZ' We then define the Sobolev space H ;(Q) of admissible test functions by

Hi Q) ={v=(v,,9) e H(QxH'(Q),v,=00nT% 9$=00nT%}.

Then, the Reissner-Mindlin elastic shell problem submitted to an external load reduces to the variational equation

/ o(u) : e(v)dVol = / f, -vdV+/fS 'de+/ (Vp ‘g, +9- mp) dr, 3)
Vol v Q 0Q

with unknown displacement field u € H ; () and arbitrary test functions v € H ; (Q). Above f, and f, respectively
denote the imposed volumic and surface forces which are applied respectively on ' and Q and g, and m,, are the lateral
tension and moment applied on I' which have to be specified repectively on the complementary parts of I} and FZ in
0Q. The proof of continuity and coercivity of the bilinear form corresponding to the left-hand side of (3) can be found
in [22], from which one can deduce existence and uniqueness of the solution of (3).

Remark 1. It can be shown that the coercivity constant has terms in O(t) for shear and membrane strain components
(those who do not vary across the thickness) and in O(¢) for bending strain components (those who vary linearly in
z). This difference of order in thickness is leading to potential numerical locking that we will address later by using an
adequate reduced integration rule. [ ]

4. Description of a multipatch problem

4.1. Definition of the global domain

We aim at finding displacements of a shell made of different patches with different parametrizations. Let us consider
an example with two domains (Figure 2). The two patches, defined from their mid-surfaces €2, and €2,, have a common
boundary I'y. The other boundaries I'; and I',, correspond to Dirichlet and Neumann boundary conditions, respectively.
Edges 0Q,, with k = {1,2}, are at least piecewise C! such that the outward normal v, for each patch can be uniquely
defined almost everywhere.

More generally, let Q@ C R? be a bounded surface divided into K non-overlapping patches , which constitute a
partition of Q in such a way that

K
Q=JQ and Q nQ, =0 withk #k,.
k=1
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Parent space Q) Parameter space () Physical space (2,
0 1
0(x3) —— Patch
®  Control points X];’l
’3"\: = Control mesh
e 1/3(x1) \‘ === Elements
Fe \
—> Sas?
2/3(x1)
1(x3)

0(x3)  1/3(x1) 2/3(x1)  1(x3)

Figure 3: Spaces in IGA and quadratic shape functions for the element ﬁz The center figure describes the mesh and the

different elements in the parameter space Qk defining the patch k. The figure on the right represents the physical image
of the elements and of the associated control points by the mapping F, in the case of quadratic B-splines.

We define the NURBS surface of patch Q; by
n-m
Fo&m= Y RyEmXh,
A=l

recalling that X, € R3 are the control points coordinates. We denote by M, the mesh in the physical space, which is

the image of J(/l\k in the parameter space by F;. Let O and Q be elements respectively in the physical and parameter
space (Figure 3). Consequently, we can write

M, = {Och : 0=Fk(Q),Qef4k}.
An interface y,,; is defined as the closure of the intersection between two domain boundaries

Yu =09 N0oQ with 1<I<k<K.

All of theses interfaces are defining the skeleton I'y = |, 7;;- The master-slave approach is retained in order to
define a hierarchy between domains constituting an interface. The slave side s(k/) € {k, !}, is a priori arbitrary . We
can point out that a patch can be defined as a slave for an interface and as a master for another one.

With the previous notation, each interface yy, is defined from the intersection of a slave side 0€, and a master one

08, 1)- Knowing that, we distinguish three types of geometrical conformities. A geometrical conforming situation is

when y;; is an entire edge on both sides y; = 0€ ;) = 082, Figure 4 (a). A slave conforming case, as detailed in

[18], corresponds to a situation where y;; is an entire edge of the slave side Q) = F S(k,)(ﬁs(k,)), L€, Y = 0Qxp
as shown in Figure 4 (b). All of the other situations are presented in Figure 4 (c).

4.2. Weak formulation for the multipatch problem

We begin by setting the abstract framework as introduced in [18, 23]. The initial weak formulation (3) is set on
H; (€2). We split it into local spaces

Vi () = Hi©p = {vk = (V- %) € H'(Q) x H'(Q)), (Vp)k’ru =0, % = 0}
d
and define the local bilinear and linear forms g, and L, by

ak(llk,Vk) :/ O'(llk) . €(Vk)dV01k,
Vol

N. Adam et al.: Preprint submitted to Elsevier Page 5 of 37



Multipatch isogeometric mortar methods for thick shells

Ql T T Qz T Qz Q2
O, |0
Ql Q1
0825|000, OS2 02 0,
09, 00|09,
r, I, I,
(3) Vi = ags(k!) = an(k!) (b) Y = aQs(kl) (C) Vi = ags(k!) N agm(k[) * an(kl)

Figure 4: Three different cases of patch interface geometry: geometrical conforming (a), slave conforming (b) and totally
non-conforming (c).

Li(vy) = (f,)x - v, dVol, + £y - v A€y, +/ (Ve - (8 + I - (m),dl,,
Vol Q r,nQ,

with Vol the volume of the shell associated with the mid-surface Q,.
We are now interested in the coupling term that will link each patch of Q. In order to give a functional framework,
we define the broken Sobolev space V' = [, ¥} associated with the broken norm

IvIIZ = Zk‘, 1) iy + 118611510,
By a standard integration by part, we classically prove that
HY@ = {{v} €V, {Trgv, = Tryvi}, =0, vk}, @)

with Try, v, the trace of v,, on y, . Inside this space we have a(u, v) = Y, a,(uy,v,), with v, the standard restriction
of v on Q,, expression to be used in the variational problem (3).

4.3. Local discretization
We recall that each patch is defined by the NURBS parametrization F, which needed two knots vectors &, =

{Ek, Hk} such that the physical space Q, is the image of ﬁk by F, (Figure 3). We use the same shape functions R 4
to represent the admissible displacements of the shell,

U,(6,) = W,(x,) + 20 xn(x,) = Y Ry(&m) (Up+ 560, xn(&m)) )
A=1

with U, (resp. 6,) the displacements (resp. rotations) vector at control point of coordinates X 4. Consequently, we
can define the discrete space of displacements V} , C V) by
~ -1 - _ 12
Vin= {vk =V oF, ", ¥, € RPv(E)) },

with RP«(E,) = RPx(E,) ® RPk(H,) the space generated by tensorial product of the space of NURBS functions of
order p, defined on E; and H,, respectively.
We also introduce a finite dimensional approximation My, , = M, , of the space of interface forces acting on

Yii = Yik
My, C L2y

In order to apply the continuity constraint at a discrete level, we define the continuous bilinear form c;; by

e P P X P = R, (ggoug) At - W dyg, (6)
Vit
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and approximate the displacement space (4) by the kernel

Ker(Cp) = {Vk = (V%) €V)y = H View €kt (Pt TregVie = Trggvy) = 0,V € Mkz,hstl} :
K

4.4. Dualised discrete problem
With the previous notation, the discrete abstract problem consists in finding {uk} € Ker(C,)) such that we have

> a . v) = Y Liv).V {v,} € Ker(Cy). ©)
k

k

We can remark that Ker(C},) is the kernel of the linear application C;, : [], Vi, — (Hk>l M k,,h)’ defined by
(6). It will be handled by Lagrange multipliers [24, 25] as already applied for plane elasticity in the context of IGA
in [11, 18]. From the closed range theorem applied in a finite dimensional setting, Im(CZ) = Ker(C,)* and thus
there exists a multiplier field 1 = {4;,} = {(4,, /lzl)} € (Hk>, M k,,h) such that (7) can be rewritten as finding
{w,} €V}, =TI Vin and {4, } € M}, = [1)»; My, such that

Z ak(uk, Vk) + Z Cil (Akl’ Trk,Vk - Trklvl) = Z Lk(vk), \4 {Vk} (S Vl’l’
k k>1 k

Z ¢t (M Trigu = Trguy) =0, Vi{uu} € My
k>l

®)

When we have non-conforming meshes at an interface, this formulation is often called mortar method [26]. The
dualised formulation (8) is a saddle-point problem. The coercivity of the corresponding bilinear form is no longer
insured. Consequently, the choice of a suitable dual space is essential to preserve the uniqueness of the solution
[18, 23, 27]. Classical mortar theory requires the satisfaction of two main assumptions to be detailed later. The first
one is the classical inf-sup condition, often called L.B.B. (LadyZenskaja-BabuSka-Brezzi [28, 29]) whereas the second
one corresponds to the approximation order for the chosen dual space.

4.5. Augmented discrete problem

An augmented lagrangian formulation, sometimes called hybrid or mixed method, introduces an additional primal
term in (8) which locally reinforces the continuity constraint, see [30, 31], yielding additional robustness both from an
approximation and an algorithmic point of view. This method is a combination of a penalty approach [32, 33] and of
the previous dualised problem. The penalty term uses the following continuous bilinear form

bkl . H Vk X H Vk d [R, (uk, Vk) [ =d (Trk/uk - Trklu,, Trk,Vk - Trklvl) d]/k/.
k k

Ykl

Noting by a;; the penalty factor associated to the interface y,;, we are now able to write the penalised dualised
discrete problem as finding {u } € V, = [, Vi, and {4y} € M}, = [4s; My, such that

2 a (g, vi) + Z @y by (g, vi) + Z et (A Trg Vi = Trygvy) = Z Lv),  V{v} €V,
k >t i1 k

Z ¢t (Mt Trguy = Tryquy) =0, v {#kl} € M,
k>l

For this augmented form, the choice of the penalty factor is not as essential as in a pure penalty method written
without Lagrange multipliers.

5. Convergence analysis

5.1. Geometric assumptions
For the analysis to come, we make the same assumptions as [18] for the regularity of the physical mapping F;. We
will consider that we have the same order p,, for the shape functions in the two parametric directions and assume that

N. Adam et al.: Preprint submitted to Elsevier Page 7 of 37
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Assumption 1 (Physical mapping F,). The mapping F, on each patch k is regular, with its inverse F;l well-defined,
and piecewise differentiable at any order with bounded derivatives. [ |

With the notation hgp = diam(Q) and hy = diam(O) standing for, respectively, the characteristic length of the
mesh in the parameter and physical space, Assumption 1 claims that on each patch hg =~ hg. We denote by h the
characteristic mesh size on the patch

hj, = max {hQ,Q € M\k} ~ max {hO,O € Mk} .
We further restrict our analysis to quasi-uniform meshes.

Assumption 2 (Globally quasi-uniform mesh, Assumption 2 in [18]). We consider the partition formed from the
breakpoints of & = {51 yeens §n+p+1} and H = {111, oo s M pt } Then there exists a constant Cyp , > 1 such that all
1 _ 2 _ . .
elements h; = i*+1 —¢F and hj = 11;‘ R 117 in the patch satisfy
8
Ce_’,lcsh—(;,sce,k, Vi, Vj,v(s,8") € {1,2}. [ |
J
The simplifying Assumption 2, which forbids graded meshes, considers the characteristic size A, to be quasi-uniform
along elements and along the two parametric directions & and #. Under Assumption 2, which involves a globally
quasi-uniform mesh, it is well-known that NURBS have optimal approximation properties as proved in [34].

Lemma 1 (NURBS optimal approximation). We consider a quasi-uniform mesh and integers r and s such that 0 <
r < s < pi + 1. We denote by Cy,,,, a constant depending on py, Cy ., ¥ and on the weights w 4 used to construct
the NURBS functions. Then, Vv, = ((Vp)k,é)k) € H® (Qk)z, there exists a locally defined approximation vy , € V. p,
such that

Ve = Virllar @2 < Conapelty Vil s, 2

2

with ”Vk”HS(Qk)Z

= 1kl By + 11940 O
5.2. Assumptions on the dual space

The purpose of this section is to briefly review the convergence analysis which justifies specific choices of mortar
spaces, and possibly adapt it to our multipatch isogeometric thick shell framework. Convergence results on the mortar
method have been presented in [23, 26, 35-38]. This approximation strategy is non-conforming and thus, the error
in the discrete solution (8) is to be decomposed into an approximation error and a consistency error. A technical
difficulty arises because traces of solutions on adjacent interfaces are not independent from one face to another, while
our discretisation strategy splits the continuity constraint in independent local weak continuity conditions. To overcome
this difficulty, one introduces the reduced space Wy, j, of traces of the slave space Vj , on vy, having zero values at
interface ends

1/2 2
Wia.n = TrigVign.n 0 H, 0’{) (rr)

on which to check the local inf-sup condition [39], [18, Assumption 4]. In this framework, the multipatch isogeometric
analysis of shell introduces two additional technicalities : the complexity of the underlying variational form with
rotational degrees of freedom, and the non interpolatory character of the NURBS shape function at cross points. This
last difficulty was already faced by [18] and imposes to use weighted L2 norms on the interfaces as in [36].

Denoting by C a constant independent of the mesh size, but possibly dependent on the approximation order p;,
we introduce our three main assumptions to be checked later for specific choices of trace spaces. The first one is the
standard inf-sup stability condition

Assumption 3 (Local Inf-sup stability). Forany / < k € {1,...,K} and Vu,, € My, ; we have

/ Wik A7
Ykl

sup W 2 C”IlleLz(Vk/)z' "
Wi EWi Wi L2

N. Adam et al.: Preprint submitted to Elsevier Page 8 of 37
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This condition ensures the L? continuity of the M «1,» Orthogonal projection operator IIy; , onto W}, , defined as
the closest point I, ,(v) € W}, ,, such that

/ Mg p Mg n (V) dyyy = / HicnV i Yl € My p, Iy (V) € Wi .
Ykl

Yki
Lemma 2 (L? stability of interface projection [36]). Under Assumption 3, we have

1

ol VIl 2,02, YV € L (y)*. Il

My (DI 2202 <

The next assumption ensures that interface forces can be optimally approximated by our space of interface Lagrange
multipliers [18, Assumption 5].

Assumption 4 (Optimal interface approximation). Forany/ < k € {1, ..., K}, there exists an approximation order
n(kl) such that VA = (1“, A%) e H"* D (y, )* we have

. kil
inf ||/1 - ﬂkl”Lz(yk,)z < Chzg )”'IHH'I(U)(;/M)Z’
i €My p

. ) _ w2 9112
with ||),||Hn(k,)(m)2 = 12113, , 14 ”m(k»m,y .

’“"“(m

The last assumption guarantees that the weak continuity condition implies strong continuity of the rigid body
motions. It is satisfied for example as soon as M, , contains linear functions or smooth positive bubble functions.

Assumption 5 (Coarse dual space for rigid body motions). For any interface y;;, | < k € {1, ..., K}, there exists
a small subset My, , C My, , independent of & such that if v, and v, are rigid body motions respectively on €, and
Q; satisfying

/ (Vi =V Ay =0, Yy, € My o,

Ykl

then v, = v; on y,. |

5.3. Convergence results
5.3.1. Equivalence of norms
Our goal here is to prove the equivalence between the energy norm and the broken H'! norm on

Ker(CO) = {Vk = ((Vp)k,sk) (S V, Ck[ (ﬂkl,Tl‘lek - Tl‘klvl) = 0, V/lkl (S Mkl,()’ Vkl} .

Proposition 3. Under Assumption 5 and if the global boundary conditions are such that there are no non zero global
rigid body motions in H; (Q), the energy norm is equivalent to the H' broken norm on Ker(C,)

a(v.v) = Y ay(vievi) = (VI = 3 1Vl T}, o ¥ € Ker(€0),
k k

the constant of equivalence being thickness dependent. O

Proof. The proof adapts the proof by contradiction of [22]. We give it for completeness since it illustrates the role of
the coarse dual space. If the equivalence did not hold, there would exist a sequence (v") in Ker(C®) such that

n n
a, (v, vl) = 0,
Z k( k k) n— oo

k
ny2 _
;HV}CHHI(Q/()Z =1L
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From the second condition, there would exist a subsequence still denoted (v}) weakly converging in H l(Qk)2 and
hence strongly converging in L?(Q,)?. From the convergence towards zero in energy norm and the local H'! ellipticity

@ Ve Vi) + 1Vl 150, 0 2 Vel g

proved in [22], Proposition 4.3.2, the subsequence is also a Cauchy sequence for the broken H' norm. Hence, this
subsequence (VZ) converge to v®° in Ker(C%) and by construction, we have

Z @ (v, v*°) =0,

e3) —
va e =

The limit v* is therefore a local rigid motion, which is continuous at the interfaces from Assumption 5. It is thus a
global rigid motion in H ; (), hence it must be equal to zero, which is in contradiction with above. Observe that this
proof does not provide any hint on how the constant of equivalence will vary with respect to the number of subdomains
or with their size or shape. [ |

5.3.2. Consistency Error
Proposition 4 (Consistency). Under Assumption 4, any solution u of (3) which belongs to H' ¥\ (Q)? with 1/2 < r <
ming,(n(kl) + 1/2) satisfies

la(u, v,) — L(v )I .
sup i d \/Z h2 ||uk||H’+1(Q 2 I:l

v,EKer(Cy) vally

Proof. This is an easy extension of [23] adapted to the variational formulation of a thick shell problem. Let v, denote
the outgoing normal to the surface contour 0Q,, not to be confused with the shell normal. Let P be the projection onto
the mid-surface Q, || dS|| denote the ratio between the area of an element d.S of the tangent space at distance z from the
mid-surface and the area of its projection da on the mid-surface, N and M be the generalized tension and moment
tensors defined by
t/2 t/2
N = / P-o |dSldz M = / zP-c- P’ 1451

—dz
i/ |dal ~1/2 |dal

and q and r denote the first and second order shear force vectors defined by

q=/ o'-n| |dz, r=/ zo'-n| |dz.
~1)2 |dal ) |dal

From the plane stress assumptions, these vectors have no components along g; = n. We therefore have

t/2 |d |
/ —dz=N+n®q+q®n
—t/2 |da|

and

/ zo--| |dz=M+n®r+r®n.
—t/2 |dal

By construction of the displacement field (Vq)k = ((vp)k + z9;, X n)(xp) whose gradient is
d
V(v = ()_xp((vp)k +z9,Xxn)-P+9, Xn®n
the local variational form writes

a(u,vy) = /Vl o(u) : e(v,)dVol,
Ol
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/ / o V(Vq)kudzdﬂk
o, J-1)2 |dal

0
/ ((N+n®q)2 (av”)k+(M+n®r):M+q~(8kxn)>d§2k
Q Xp X,

—/ ((diVQ(N+n®q)—N : a—n)~(Vp)k+n><(din(M+n®r)—q) -8k>d9k
Q

0xp

+/ ((N'Vk+nq'Vk)'(Vp)k+(an'Vk)‘19k>dan.
0Q;

The presence of the surface second form ;Tn after the divergence in the above expression corresponds to the contribution

of the spatial variation of the test function occuring at frozen normal component (v,); - n.

Since the solution u,, € H"+!(Q,)? satisfies the local equation of equilibrium, the first integral cancels for any test
functions (v,, 9) in H'(Q;) X H'(Q,), and thus we have

a;(w,vy) — Li(vy) = z Ak Viendygg
7

Vil

under the notation 4, = {N - v, +nq-v,,n X M - v, }. Hence, after summation on the different patches, we get

a(u, Vh) - L(Vh) = Z A’k . (Vk,h - Vl,h)d}/kl'
k>1 <Ykl

By construction of v, = { (Vpns 19h} € Ker(C,), their interface jumps are orthogonal to the dual interface spaces,

and hence, by introducing successively the L? projections My of A, onto My, , and any arbritrary elements ji;, , in
My, . we get

a(u,vp) = L(v,) = 2 / (A = M) - Vi = Vi = B )47

k>1 7 Ykl

from which we conclude from a direct application of Assumption 4 on each factor inside the integral and the use of
the Cauchy Schwarz inequality. [ |

5.3.3. Approximation error

Letl, = {Ik,h} be the optimal approximation used in Lemma 1. Let Ey; , @ Wy, , — V), be the extension
obtained by taking a zero value on each control point of the slave patch which is not on y;;. Inspired from [23] and
using the notation of [40], we introduce the local projector P, defined by

P,: H'(Q)? - Ker(C)),

Vo LW = D) By el [Lw)].
k>1

The local projection IIy,; , enables to move any interface jumps away from the cross points and hence to correct
it locally on each interface. Since Iy, , is orthogonal to M, ,, we observe that this projection is indeed in Ker(C})
since we have

/ Hiin [Ph(V)] dyy = / Hiin [Ih(V)] L [Ih(V)] dyp

Yki Ykl

/ Hirn (L] = [L,W)]) dyg = 0.

Ykl

We then have the following approximation result.
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Proposition 5 (Approximation result). Under Assumptions 3 to 4 and if the mesh size is uniform between neighboring
patches, any solution u of (3) which belongs to H™'(Q)? with 1/2 < r < miny ., (py, n(kl) + 1/2) satisfies

inf  [lu—v,lly SC\/Z hir”ulliﬂ“(m)z' .
%

v,EKer(Cp)

Proof. By construction of P, (u) € Ker(C,), we have

A

inf  [lu=v,lly £ [lu=P,@)]|,,
v,EKer(Cp)

IA

[l = L@y + Y By ol [L,@)] 11y
k>1

The last term in the above inequality is estimated as in [36, 40]. The result follows by sommation and by using Lemma
Lon |[u—T,m)l|y. [ |

5.3.4. Convergence result
We can now bound the error between the continuous and the discrete multipatch solution using the approach of
[18, Theorem 6].

Theorem 6 (Convergence result). Under Assumptions 1 to 5 and if the mesh size is uniform between neighboring
patches , the error between the solution u of (3) and the discrete solution u, € Ker(C,,) of (8) is bounded by

2 2r 2
Ilu_uhll SC;hk ||u||Hr+1(Qk)2’

: 2 — 2 2
with 11112, = 012+ 101210 g O

Proof. The proof follows by a direct application of the Strang’s second lemma. From the equivalence between the
energy norm and the broken V' norm, we have indeed

la(u, wy,) — L(wy)|

[la —w,lly <C inf  [lu—v,|ly,+ sup
v,€Ker(Cp) w,eKer(Cj) ”Whl |V

>

and the result follows then from the consistency result in Proposition 4 and approximation result in Proposition 5. |l

5.4. Construction of the dual space

The simplest and natural choice is to use the same basis functions on each interface y;; for the primal (slave)
and dual variables (p/p coupling). But due to cross points, the stability condition 3 is violated because of a local
excess of dual variables at these points (see Figure 5). Moreover, the problem of cross points is particularly difficult
in isogeometric analysis for geometrically non-conforming situations, since IGA is not interpolating at internal points,
and therefore the displacement value at cross points may not be uniquely defined.

Two solutions can be proposed to overcome this difficulty [26]. The first one is to coarsen the mesh of the dual
space next to the cross points. The alternative, valid for slave conforming situations, is to locally reduce the order of
approximation of the dual finite elements which are adjacent to the cross points as done in [18] for 3D problems. This
local dimension reduction results in a modified B-spline basis N ip given by [18]

N (©+aNJ(©&), Vie(2,..p+l},
N =4 NP, Vie{p+2,....n—p—1},
N,p(é)_'-ﬂerI:(g)’ Vie{n_p’“"n_l}’

where the coefficients a; and f; are constructed in order to achieve an approximation of order p — 1 and partition of
unity next to the cross points. For quasi-uniform meshes (Assumption 2), these coefficients are bounded and one can
prove that the inf-sup Assumption 3 and the approximation condition 4 hold in this case [18].
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FS — BSZS(M) A)\ O E)'yk, Ny o 0”‘/1‘-[ ﬂ()%_?

= == elements

Figure 5: Quadratic dual space for the clamped four patches problem. The dual nodes are built on the slave sides (Q, for
Va1, Q, for 4, Q; for y5; and Q, for y,;). Before correction, there are four dual nodes at center.

The identification of the elements adjacent to cross points and the construction of the coefficients a and § can
nevertheless be cumbersome in practice as illustrated in Section 7.6 on a typical example. Therefore, we will also
propose herein a simpler variant well adapted to the complex geometries encountered in industry, where we simply
suppress all dual degrees of freedom which are located at corners of the slave domain (Figure 6)

M]ic';d = {w € Try Vi) - Wa = 0, atall corners A € Q) }- )

For the slave conforming situation where we have M Ii(‘l‘dh = W}, p» this choice trivially satisfies the inf-sup Assump-

tion 3 at the cost of a loss of optimality in the approximation of the Lagrange multipliers, as indicated below.
ind

Proposition 7. For slave conforming partitions, the simple choice M},

/ Wi ki Y
Thi

inf sup =1, (10)
e woew, Wil g2 il 2, 2

= W), » satisfies

. 1/2
inf 1A = sl 2,2 < ChellMlgig e + Ch 1A g p- O

ind
I‘kIEMkl’h

Proof. By construction, we have W}, , = M]fl‘dh Hence, taking Tr;,w; = p,,;, we get (10) with C, = 1. For the

second line, without loss of generality, we take y,; = (0, 1) and introduce
B = rp(2) = AO)N = A()N?

where r;,(1) denotes the interpolation operator from H'(0, 1)? into M (ig’dl)’ p = SPae[y {N ’ } From the triangular

inequality, we have
Ill — Ky I |L2(0,1)2 < Ill - rh(ll)l |L2(0,1)2 + |'1(0)| : ||N1P| |L2(O,h)2 + |'1(1)| : ”Nrfl |L2(l—h,l)2'
For one dimensional domain, we have classically

A = ry(Dll 20,12 < ChIIVAll 120,192+
max |4 <Cl||A R
xelo’ul ) < Cll A g1 .192

P2 — NP2
IlN, ||L2((i—1)h,ih) - hl |N, ||L2(0,1)’
which yields the desired result. [ ]
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Figure 6: Comparison of basis for the dual space. Left: original. Center: simplified M™ = span,cf,, 3 { N/(&)}. Right:
optimal M = span,e[,, {N?(®}. Quadratic elements p = 2 with seven basis functions n = 7. One can observe that
for the simplified choice, the multipliers are zero at cross points, which simplifies the inf-sup verification, but leads to a
degradation of accuracy for the interface multipliers. The degradation will be attenuated for the augmented lagrangian
choice.

6. Reduced integration and stability

6.1. Normals reconstruction
The displacements in (1) are represented using an exact normal n given by

X

n(é,n) = —llxéxx T

i

with x g and X, the local covariant vectors. The derivatives V en= [n e I, 0] will then involve involve the second
order derlvatlves of the geometry, that is second order derivatives of NURBS R 4 (&, #) which can be incompatible with
the use of a reduced quadrature rule. This is why we propose to use in (1) an interpolation based construction, namely

n(E,n) & n"En) = Y Ry mny, (n
A=1

using normals n4 constructed at given collocation points. An inherent difficulty from IGA is that control points are
not necessary interpolant, and thus may not be on the shell surface. Consequently, we have to carefully define the
collocation points in this construction. As detailed in [19], an orthogonal projection of control points on mid-surface
or defining equally spaced normals in the parameter space respectively present a high computational cost and a lack
of precision. Based on the analysis performed in [19, Section 3.4] our choice herein uses the relation (11) defining the
control normals n4 at Greville abscissae [41]

P
1
= Y Eiin VR € [1,n].
i=1

These abscissae will correspond to the maxima of the basis functions as shown in Figure 7. With this construction,
the normals in (11) are constructed by

@ X EQxx,E) &

'@ = Y RyO— 22 = N Ry ONE,) = Z R4(&n,. (12)
A= X (E4) XX, (E DI A=t

With this last relation, the derivatives V, gnh = [n'é DZ 0] only require the first derivatives of R4(&,#), which

means a lower computational cost and a compatibility with a reduced integration [19].

6.2. Reduced integration
An advantage of IGA is that the exact representation of a smooth geometry gives us the possibility to define an
accurate normal all over the shell (excluding points where the continuity is reduced). But it is also now well-known
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(Y

Figure 7: Greville abscissae denoted by bullet points. Left: linear functions. Right: quadratic functions.
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Figure 8: Creation of common knots vectors for each interface. After knot-to-segment projection, we get a subdivided
parent grid built on this extended set of common knot vectors, with four elements for y,, and y;, and six elements for y,,
and y,; .

that thick shell elements are suffering from numerical locking and some examples are given in [42, 43] for low order
Lagrange polynomials. This membrane and shear locking are due to a conflict of order between the different terms
composing the strain energy and despite of the high regularity allowed by NURBS functions, IGA is also suffering
from locking [44]. An elevation of order (p-refinement) can reduce this locking at the cost of an higher computational
time [45]. Here we overcome this difficulty by extending the reduced quadrature rule, given in [19], to multipatch
geometries. This rule lowers the number of integration points by one in each direction in corners elements and by
ri+ 1 in inner elements by taking advantage of the higher r; regularity between elements brought by IGA. Then, using
exact normals is incompatible with the proposed reduced integration because as seen earlier introducing exact normals
require to calculate first and second derivatives of the position vector. Therefore, we will use the reconstructed normals
introduced in (11). Last, we will use a similar reduced integration for the interface coupling terms. The integration
of the coupling terms is to be performed on a common parent space. In order to do that, we perform a symmetric
knot-to-segment (KTS) projection for all knots vectors on both sides of the interfaces y;; building a subdivision of the
parent space. An example of KTS projections, represented in the physical space, is given on Figure 8 for a plate made
of four patches.

The mortar integrals and penalty terms can then be evaluated on each element joining two successive knots of the
common parent space, i.e., on four elements for #,; and 75; and six elements for 7,, and 7,3. Noting by p, and p,
the order of the basis functions for the patches €, and €;, a complete quadrature rule for each element of 7,; would

require ngpc = Egyp [W] integration points. To reduce the computational cost, we will proceed as for the patch
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Figure 9: Quadrature rules for four interfaces using the common knots of Figure 8. Left: quadratic functions. Right:
cubic functions. Top: complete integration. Bottom: reduced integration.The reduced integration is used both for the
dual and for the penalty terms.

integration, by taking ngpc — 1 points at each end of the common knots vector and one point otherwise (Figure 9).

6.3. Numerical evaluation of the stability
In order to validate numerically the relevance of the above discretization choices, we begin by looking at the
stability of our discrete problem (8). In a matrix form, this problem writes [39]

Kstruc Cl{ u —
e o]~

il

Let Q be the matrix associated to the interface L? scalar product

ATQu =/ Atphdr,, vty e My,
I

s

and introduce the product norm

K, 0
N=Kstruc®Q=[ b(t)ruc 0

Following [39], the numerical stability of (8) is characterized by the lowest norm negative eigenvalue o

discrete problem

KU = oNU.
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Figure 10: Clamped shell model problem used for numerical stability analysis. The four patches are geometrically com-
patible, but their discretisation are not.

2

In more details, after elimination of A from this eigenvalue problem, one can check that |6, — 6,

lowest positive eigenvalue s,,;, of the reduced eigenproblem [39, Theorem 4]

| is equal to the
min
c*Ql(CHTu = sK

strucu’

which also writes after division by a(h)

- s

c*Q;'(CH u = mKsmu, (13)
where we have introduced the matrix Q; = a,Q of the a(h) weighted L? product. In particular the choice of a(h) = h
leads to the discrete norm ||-||_; /2, Introduced by [36] in their analysis of the mortar elements. From [39, Theorem 2],
we then obtain the global inf-sup estimate

VTCA” Smin |0-72nin = Opin]
inf sup = = , (14)
HEM ), vevy), Ilvllstrucllﬂ”h Of(]’l) a(h)

after endowing V), and M, with the structural energy norm || - ||y, and a(h) weighted L2 norm || - || ,, Tespectively.

We check this stability of a four patches clamped shell model problem (Figure 10). Four values of the thickness ¢
are considered # € {1074,107%,1072,107" } (m). The global inf-sup estimate using the discrete norm || - [|_; 5, is
evaluated according to its h-dependency (Figure 11) and p-dependency (Figure 12).

We remark that when the shear contribution is taken into account (which correspond to the two plots on the top for
the h-dependency and p-dependency cases), there is a clear sensitivity to the thickness at order ()(¢%). This sensitivity
is due to the underlying treatment of the shear coefficients in a thick shell model which introduces very large shear
stiffness in the structural stiffness K., hence modifying the right hand side of the eigenvalue problem (13). If we
now approach the space corresponding to the zero shear energy (i.e. multiplying by > the shear contribution), we
are able to suppress these shear spurious modes and we obtain a global inf-sup estimate totally independent of the
thickness ¢, also observing the overall stability of our discretisation strategy with inf-sup values bounded away from
zero and quasi independent of the discretisation parameters.

7. Numerical results

We herein propose to validate both the multipatch formulations and the quadrature rules on academic and industrial
examples. The numerical implementation was performed in Python with a LLVM-based just-in-time compiler Numba
[46]. Matrix are stored in a sparse CSR format thanks to the SciPy package [47]. This choice allows us to use efficient
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Figure 11: Evolution of the global stability constant as function of the thickness and the mesh size with an approximation

order p = 2. Four values of the thickness ¢ are considered t € {10’4, 1073, 1072, 10’1} (m). Left: complete integration.

Right: reduced integration. Top: shear contribution is taken into account. Bottom: the shear contribution is corrected by
multipliying the shear terms by #2.

linear solvers such as Pardiso [48] for the structural analysis or Lanczos, included in the ARPACK package [49], for
the eigenvalue analysis. We use the following notation to describe the considered element and quadrature rule

(1) : Por S for plate or shell element,

(2) : order of the basis functions,

RM 1) (2)C(3) @) . . .
— — — — | (3) : regularity of the basis functions,

(4) : ... or R for complete or reduced integration.

As an example, the element RMP3C1 corresponds to a Reissner-Mindlin plate with cubic shape functions and C'
inter-element continuity associated to a complete quadrature rule. Moreover, a plate element will have five DOF that
is three displacements and two rotations, and a shell element will have six DOF including three rotations.

7.1. Simply supported plate
7.1.1. Validation

The first study concerns a plate of edge length L and width / which is simply supported on its external borders I,
and submitted to a concentrated load F at its center, see Figure 13. The structure is built with four patches having a
cross point at the center due to the intersection of the four interfaces. We use a first order approximation of the problem
by separating the strain in membrane, bending and transverse shear parts as follows

[ u, ] [ 20, ] [ 0 ]
vy —zﬁx,y 0
0 0 0
= lu, o | X7 z0,,-0.0 T 0 |
0 0 w, — 0,
0 0 Wy +0,
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Figure 12: Evolution of the global stability constant as function of the thickness and the approximation order with a mesh
size h = 0.25. Four values of the thickness ¢ are considered ¢t € {10’4, 1073,1072, 10"} (m). Left: complete integration.
Right: reduced integration. Top: shear contribution is taken into account. Bottom: shear contribution is neglected by
multipliying the shear part by 2.
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Figure 13: Geometry description and physical properties for a simply supported plate. Four geometrically conforming
patches with incompatible discretisation ranging from four to sixteen elements are used.

by neglecting the membrane part and only considering the out-of-plane displacement w and the two rotations 6, and 6,,.
Consequently, we have a pure bending problem which can only be affected by transverse shear locking. The analytical
solution for an equivalent Kirchhoff-Love problem was obtained introducing decomposition solution series in [50, 51].
The maximum displacement at the center of the plate is thus

L 1) 48F(1- V%) ¥ Z 1
2 2 4Et3Ll m=0 n=0 2m+1 2 2n+1 2 2
(—L ) +<T>
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Figure 14: Displacement for the simply supported plate with quadratic NURBS. Left: multipatch methods and complete
integration. Right: quadrature rules and augmented method. Top: ratio w!./w.. Bottom: error |w. — wk|. It can be
highlighted from the two right figures, using the augmented approach, that no difference is observed between a complete
and reduced quadrature rule on the interfaces k/, only the computational cost is affected. However, choosing the reduced
integration in each patch k leads to a significantly reduced transverse shear locking.

The first results, using quadratic NURBS and the simplified mortar approach, are shown on Figure 14. The ratio
w’é /we, between the discrete solution and the analytical one, is plotted according to the number of elements per
direction for different multipatch formulations and quadrature rules. The discrete solution w’c’ is obtained by taking
the mean value of the four control points located at the center C. The error |wq — wgl is shown, depending on the
mesh parameter A, again for different multipatch methods and integrations. For the primal and augmented methods,
the penalty factor is set to a;; = 10° - E. An example of out-of-plane displacement can be visualized for conforming
meshes (top-left) or non-conforming meshes (top-right). We can see from the left figures that the three multipatch
methods, with a complete integration, are showing similar results except for the penalty formulation. This last point
was expected because this method is variationally inconsistent on ay;. In fact, fixing the penalty factor to a constant
value does not provide an exact enforcement of the continuity constraint. The augmented lagrangian method using the
simplified mortar space is the most efficient.

It can be highlighted from the two right figures, using the augmented approach, that no difference is observed
between a complete and reduced quadrature rule on the interfaces y,,;, only the computational cost is affected. However,
choosing the reduced integration in each patch €, leads to a significantly reduced transverse shear locking.

7.1.2. Simplified and optimal approaches

We now want to compare the simplified mortar space to the optimal one proposed in [18]. The solutions for a dual
and augmented approaches are given on Figure 15 for a complete and reduced integration with shape functions of order
p = 2to p = 4. We recall that for the simplified approach the dual space is not of optimal order with an additional
term in 4/ h appearing in the convergence estimate . This is a consequence for the non respect of the partition of unity
on the elements that support the interpolant shape functions at singular points. Consequently, we can see differences
between the simplified and optimal approaches when using the dual formulation. However, this difference gets very
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Figure 15: Simplified and optimal mortar methods for the simply supported plate. Left: dual approach. Right: augmented
approach. Top: complete integration. Bottom: reduced integration.

small when using the augmented formulation. Adding a regularization primal term allows us to enforce locally, near
each singular point, the continuity constraint.

7.1.3. Influence of the penalty factor

Above, the penalty factor was set to a;; = 103 E for the primal and augmented methods. This factor may look large,
particularly for the augmented approach, and so a further study is necessary. As we are comparing the values of wé’ at
the center of the plate (cross point), a strong coupling condition at this location is required. Consequently, the influence
of the penalty factor will not be negligible for the simplified approach. The error |w, — w’él is shown on Figure 16
for the two quadrature rules and three different mesh parameters 4 with a penalty factor a;; € [10'6 -E,100- E ] . As
expected, the influence of the penalty factor is noticeable for the simplified approach whereas it is negligible for the
optimal one. Concerning the complete quadrature rule (domains and interfaces), the shear locking is particularly visible
for the finer meshes and the error can increase for the largest penalty factors. In this case, the simplified dual approach
artificially produces a misleading low error. It is no longer true for the reduced integration (applied for each patch and
interface) which can alleviate this locking phenomenon. The augmented lagrangian method with the simplified mortar
space exhibits the same accuracy as the dual/augmented optimal methods for a penalty factor a; > 10 - E/h. This
value was used for the other studies of the plate.

7.1.4. Thickness dependency

The reduced quadrature rule, applied here in each domain and for each interface, should lead to a solution inde-
pendent of the thickness ¢, if we have no shear locking. As the analytical solution is only valid for Kirchhoff-Love
elements, we make the slenderness ratio L/t vary in our tests from a moderate thin plate L/t = 103 to a very thin plate
L/h =10°. A thickness dependant load F = 107 -#3 is applied in order to keep a constant transverse displacement w-.
Considering the two quadrature rules and the three multipatch methods (including the simplified and optimal variants)
with a penalty factor ay; ~ 30 - E/h, the error |wq — w’él is plotted on Figure 17. As stated in [19] for monopatch
structures, the complete integration leads to an artificial solution dependency on # and and obviously it is still the case
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Figure 16: Influence of the penalty factor for the simply supported plate with quadratic NURBS. From left to right:
h=1/10, h=1/30 and h = 1/50. Top: complete integration. Bottom: reduced integration. The simplified construction
of the mortar space leads to an accurate solution as soon as the penalty term goes above a certain moderate threshold.
Observe also the presence of locking when using complete integration.

for multipatch geometries. The reduced quadrature rule avoids shear locking up to all practical purposes. A very slight
locking may nevertheless subsist since, for some boundary conditions and in particular the simply supported one, fewer
Gauss points could be used [19].

7.1.5. Natural frequency analysis

In order to validate the reduced quadrature rule detailed in [19] and implemented here for multipatch structures,
we perform a modal analysis. This will further validate the multipatch methods and will also confirm that no spurious
zero energy modes are generated. For this purpose, we are now considering the generalized eigenvalue problem

po’u+divie) = 0 inV,
0 only,

u

where p stands for the density and w is the natural frequency. We assume linear isotropic elasticity in plane stress. In
addition to the previous physical properties reported on Figure 13, the density is set to p = 7500 kg.m_3. After spatial
discretization we have to solve

KU = (0")*MU, (15)

where K is the global stiffness matrix and M the global mass matrix

M, 0 0
M=[0 -~ 0
0 0 Mg

It has been shown in [19] that, with the considered reduced integration, no zero energy modes were obtained if a
sufficient number of Gauss points was considered at each extremity of the patch, i.e., at locations where there is an
accumulation of basis functions. This should remain valid for multipatch geometries.

The geometry under study is the same as for the structural analysis but the plate is now clamped on its external
boundaries. The first eigenvalue co{’ is compared on Figure 18 to the analytical one w,, taken from [52], for different
multipatch methods and quadrature rules all used with the simplified construction of the dual space. We are using
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Figure 17: Influence of the thickness for the simply supported plate with quadratic NURBS. From left to right: primal,
dual and augmented multipatch methods. Top: complete integration. Bottom: reduced integration. A clear thickness
dependent shear locking is observed as in [19] when using full integration inside the patches.

quadratic NURBS on the left and cubic functions on the right. A numerical reference, taken from Abaqus Finite
Element software is also considered for comparison.

An example of solution can be visualised for conforming meshes (top-left) or non-conforming meshes (top-right).
As for the structural analysis, the penalty method is less accurate than the dual or augmented method which both lead
to the same results. The reduced integration can significantly reduce the locking for quadratic functions but is not
necessary for cubic functions for which numerical locking is obviously less significant. We can add that, as previously
mentioned, no hourglass modes are observed.

7.2. Pinched hemisphere

We are now considering a thick shell structure whose solution is sensitive to the construction strategy used for the
surface normal. We use here the collocated normals introduced in (12). It has a good compromise between accuracy
and computational cost and, moreover, it is compatible with our reduced integration rule. The geometry was taken
from the well-known shell obstacle course which aims at validating shell element, see [53, 54]. It is an hemisphere of
radius R with a 18° hole as shown on Figure 19.

The multipatch structure has four patches without singular points and is subjected to equal and opposite concen-
trated forces F applied at the four cardinal points of its equator. The rigid body motions are eliminated fixing two
points of the upper edge and, apart from these points, the two ends are free. This test is characterized by inextensible
bending modes and will guarantee that the element is not suffering from membrane or shear locking. We note uﬁ the

horizontal displacement obtained at point A which will be compared to the analytical solution u, = 9.3 - 1072 (m).
The results are presented in the same way as for the simply supported plate, see Figure 20.

The penalty factor is set to a;; = 103 - E both for the penalty and the augmented lagrangian approach. An example
of horizontal displacement is plotted for conforming meshes (top-left) and non-conforming meshes (top-right). We
can see that, with a complete integration, these three methods exhibit the same solution as shown in the left plots.
Concerning the reduced quadrature rule with an augmented approach, we observe that the reduced integration can
lower the numerical locking. Moreover, the convergence rate for the finer meshes are quite similar for the complete
and reduced quadrature rules. The developped reduced integration seems not as useful as for the plate due to the
boundary conditions. In fact, the reduced quadrature rule is tuned for Dirichlet boundary conditions on all of the
exterior edges. Consequently, when we have free edges, the quadrature rule is too restrictive, more details are given
in [19]. Nevertheless, we will keep a reduced quadrature rule independent of the boundary conditions in order to be
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Figure 18: First eigenvalue for the clamped plate using the simplified mortar space. Left: quadratic functions. Right:
cubic functions. Top: ratio w”/w,. Bottom: error |w, — w!|.
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Figure 19: Geometry description and physical properties for a pinched hemisphere. Patches interface are represented in
solid lines, elements in dotted lines.

robust on the industrial problems to follow at the potential cost of a small remaining locking.

7.3. Plate with hole

The last academic example considered herein is an "infinite plate"”, with a circular hole at its center, subjected to a
uniformly distributed traction force of T = F - L = 107 (N) far away. Using symmetry arguments, only a quarter of the
plate will be considered. An analytical solution is given in [51, 55], predicting the value of o, along the traction axis.
However, this solution was given for 2D plane study with two DOF in translation for each control point. Consequently,
using a thick plate element lead to an asymptotic difference of 4-10~3 and therefore, we will take as a reference solution
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Figure 21: Geometry descriptions and physical properties for a plate with a hole. We present three partitions : the first one
on the left uses two patches has no cross points. The middle one uses three patcches and is geometrically non-conforming
with one cross point. The right one has four patches and is geometrically conforming with one cross point.

the one obtained for the two patch geometry using the finest mesh and fourth order NURBS (Figure 21).

For the partition represented on the left, the structure is made of two patches and no singular points are present.
Obviously the simplified and optimal approaches will produce the same results. The two other parametrizations, which
are on the center and on the right, have respectively three and four patches and present singular points coming from
the boundary conditions and interfaces intersection. The parametrization with three patches have geometrically non-
conforming interfaces whereas the four patches case only have geometrically conforming interfaces. The convergence
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Figure 22: Simplified and optimal methods for the plate with hole. From left to right: parametrization with two, three
and four patches. Top: dual approach. Bottom: augmented approach. We observe no major influence of the multipatch
structure on the results accuracy.

will be studied using a broken L? norm on the stresses
2 _ 2
llow 13 = ; [EN .

which is equivalent to a broken H'! norm on the displacements. The relative error can then be computed as

llow =l Iz

hre f

”e(o-xx)”f,: l_ )
||6xx_6xx ||Z

with o7/
NURBS.

This problem is locking free and thus we only show the results with complete integration. The results are shown
on Figure 22 for the three parametrizations. Some examples of displacement along the traction axis are represented for
the two patches case with conforming meshes (top-left) and non-conforming meshes (bottom-left). The penalty factor
for the augmented approach is set to a;; = 10+ E /h in order to highlight the difference between optimal and simplified
approaches depending on the mesh size.

Obviously, the simplified and optimal approaches produce the same results when the geometry is described with
only two patches. However, when we have cross points, the optimal approach associated with a dual formulation
keeps a smaller error than the simplified one. This was particularly expected because the dual space of the simplified
method is not of optimal order with an additional term in \/Z . Nevertheless, when we add a regularization term, which
corresponds to the bottom cases, the simplified and optimal methods have a similar convergence with our choice
a;; = 10 - E/h of penalty factor. We note that a higher penalty factor could be used for the augmented approach with
the simplified treatment at cross points associated with NURBS of order p = 3 and p = 4. The penalization term in
the simplified approach is able to maintain the continuity constraint at cross points.

Concerning the geometrically non-conforming case, the solutions on Figure 22 are obtained by taking each of the
three patches as the mortar side of at least an interface. For this balanced repartition we have respectively €2,y = €y,
Q00) = € and Q 55y = Q; as the slave side for the interfaces y,¢, 759 and y,;. In order to show the robustness of
the numerical implementation, we present on Figure 23 the errors obtained for the three patches parametrization with

corresponding to the solution obtained with the two patch geometry using the finest mesh and fourth order
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Figure 23: Different choices of mortar side for the three patches parametrization of the plate with hole. Left: geometrically
slave conforming case (Q4 = Qy, Q,0) = Qp and Q,,, = Q). Center: balanced repartition of the slave side (Q,0 = Q,,
Quop =, and Q) = Q). Right: totally non-conforming case (2, = Qy, Q0 = 2, and Q ), = Q,). Top: dual
approach. Bottom: augmented approach. We observe no major influence of the choice of the mortar side on the results
accuracy.

different choices of mortar side. On the left we have the geometrically slave conforming case which was the choice
of [18]. The two plots at the center represent the balanced repartition. On the right, we took €, as the slave side for
the two geometrically non-conforming interfaces y,, and y,;. We obtain similar convergence for the three different
strategies. The industrial geometries to come will use a balanced repartition strategy for the mortar side.

7.4. Gear wheel

The following geometries are more complex and, therefore, no analytical solutions are available. Consequently, the
discrete solutions obtained in IGA, with a simplified dual basis will be compared to a FEM one provided by Abaqus
using thick shell elements. In a first step, the displacements are measured on the nodes of the FEM mesh. After solving
a minimization problem, the corresponding parametric coordinates (&, 77) are found and, thanks to the physical mapping
F,, so are the physical coordinates. The displacement solutions can then be compared.

The first industrial geometry is a simplified gear wheel. In this case, all of the interfaces are geometrically con-
forming. The structure is clamped at its center and concentrated forces are applied on each tooth in such a way that we
have an in-plane loading case, see Figure 24.

The global domain Q was meshed using an homogeneous size of 2 ~ 0.1 (m) for each patch Q,. The structure
is made of 49 patches with 67 interfaces. We can visualize the horizontal displacements obtained using quadratic
NURBS functions on Figure 25.

Using the same mesh for the FEM and IGA solutions, we can observe similar results between the augmented
approach with reduced integrations and the numerical reference. We now want to compare the three multipatch formu-
lations and quadrature rules. In order to do so, we plot the horizontal displacement along I",; which is visible in green
on Figure 24. These solutions are shown on Figure 26 for quadratic functions with complete and reduced integrations
on the two top figures. The gaps between the solutions coming from IGA and these of FEM are shown on the bottom
side. Penalty factors are set to a;; = 103 - E for displacements and rotations.

We can see that the element does not suffer from locking as we obtain the same results for complete and reduced
integrations. However, we observe that when using the simplified space the dual method is less accurate than the
augmented agrangian formulation because of the large number of cross points.
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Figure 24: Geometry description and physical characteristics of the gear wheel. The partition uses 49 patches and 67
interfaces.
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Figure 25: Horizontal displacement for the gear wheel problem.

7.5. Side rail

We are now considering a side rail taken from the automobile industry and modelled as a thick shell structure. As
for the gear wheel, each interface is geometrically conforming (Figure 27).

The structure is made of 45 patches with 76 interfaces. A vertical constant pressure F is applied on three of the
top surfaces. Two of its external edges, visible in pink on Figure 27, are clamped. We will compare results from IGA,
with a mesh of 1946 quadratic elements, and FEM which will be our numerical reference with a fine mesh of 11 550
quadratic elements. The vertical displacement will be measured, as previously detailed, along the edge I';,. At first,
we visualize these displacements for both solutions on Figure 28.

After a qualitative validation between the dual approach with simplified mortar space and the FEM one, we compare
the multipatch methods and quadrature rules on Figure 29. The left figures correspond to a complete integration
whereas the right stand for the reduced quadrature rules. This study has highlighted a major drawback concerning the
penalty method, that is the sensitivity to the choice of the penalty factor. Choosing a;; = 10° - E for the displacements
and rotations lead to a lack of accuracy on the vertical displacements. Consequently, the penalty factors were set to
Ay = 10~* . E for the displacements and ay; ~ E for the rotations when using the penalty method. For the augmented
method, this choice was far less sensitive and therefore a unique penalty factor of a;; = 107> - E is used for both
displacements and rotations .

We can see at first that the elements are suffering from numerical locking as the three multipatch formulations are
not able to reach the reference when performing an exact integration. The reduced quadrature rule seems primordial
when using quadratice NURBS for this kind of industrial problem. In constrast to the gear wheel problem, the dual
approach using a simplified mortar space does not suffer from a lack of accuracy. This is due to the fact that we use
a fine mesh and, consequently, the dual basis is rich enough even after removing the interpolating functions at cross
points.
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Figure 26: Displacement for the gear wheel. Left: complete integration. Right: reduced integration. Top: displacement

u,. Bottom: relative gap [u!OA — uFEM| / |uFEM|.

—— patches Ty — Tops —>» load
F t=10"" (m),
F=10 (Pa),
F E=210-10" (Pa),
v=0.3.
F

Figure 27: Geometry description and physical characteristics of the side rail. It is partitioned into 45 patches with 76
interfaces.

7.6. Oil sump

The last example is requiring more robustness, particularly for the creation of common knots vector on each in-
terface. The structure is an oil sump for which the mid-surface has been extracted from a volumic part created in a
CAD software. Its complexity justifies our preference for our simplified treatment of the cross points compared to an
optimal construction which is hardly feasible here. This case presents many non geometrically conforming interfaces

of different kinds as detailed in Remark 2. A description of the geometry, its patches and properties is given on Figure
30.
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Figure 28: Vertical displacement for the side rail problem.
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Figure 29: Displacement for the side rail. Left: complete integration. Right: reduced integration. Top: displacement u,.

Bottom: relative gap [u!9* — ufEM| / [uFEM|.

This structure is made of 279 domains with 525 interfaces. A constant vertical pressure is applied on two of its
upper surfaces and the bottom I'; is clamped. We will compare the penalty, the dual and the augmented lagrangian
approach using the simplified mortar space and reduced integration. For the displacements and rotations, penalty
factors are respectively fixed to a;; = 103 - E and ), = 107 - E for the primal and augmented approaches. The
vertical displacements can be observed on Figure 31 for both IGA and FEM solutions.

We are using 1047 (resp. 1570) quadratic elements for the two upper surfaces of the IGA (resp. FEM) mesh.
We obtain similar results for the three approaches as seen on the values of the vertical displacements and horizontal
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—— patches Ty — Dops —>» load

t=1073 (m),
F=10"° (Pa),
E=210-10° (Pa),
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Figure 30: Geometry description and properties for an oil sump.
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Figure 31: Vertical displacement for the oil sump problem.

rotations along I', (Figure 32). Despite of a coarser mesh for the IGA model, the displacements and rotations are
similar to the numerical reference provided by Abaqus.

Remark 2. The oil sump contains many geometrically conforming and non-conforming interfaces. An illustration
of the local complexity is given in Figure 33 representing the patch € in the parameter space with its four inter-
faces represented by black lines. We can see three geometrically conforming situations with non-conforming meshes
(a), hierarchical meshes (b) and conforming meshes (d). The situation (c) is geometrically non-conforming but with
conforming meshes. Consequently, the common knots vectors E¢ are different, i.e., E; = {0,0.25,0.5,0.75,1} and

5512 ~ {0,0.08,0.16,0.25,0.32} respectively for 2, and Q,,. [ |

8. Conclusion

In this paper, we have developed and analyzed a multipatch isogeometric analysis for thick shell structures, de-
tailing proper choices of mortar spaces for imposing interpatch continuity and introducing an augmented lagrangian
regularisation term for robustness. We have adapted the mortar space strategy proposed in [18] to the thick shell prob-
lem. It uses an equal order pairing taken from the primal basis and only require a local space reduction next to cross
points. In order to handle complex situations encountered with real life industrial parts, we have proposed and assessed
both theoretically and numerically a simpler correction removing interpolant basis functions at each end of an interface
without any further modifications. The stability of the simplified approach was insured at the cost of a non optimal
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Figure 32: Solutions for the oil sump. Left: displacement u,. Right: rotation 6,. Top: displacement/rotation. Bottom:
. IGA FEM FEM
relative gap | {u./0.} " = {u./0.} " 1/ 1{u./0.} |

order of convergence for the dual space. Nevertheless, adding a regularization term, which is the augmented method,
is able to correct this lack of accuracy.

Altogether, combining this coupling strategy with an adequate reconstruction of surface normal through control
vectors built at specific locations in the parametric space, and with the reduced quadrature rule proposed in [ 19] properly
extended to a multipatch environment, we were able to handle a large variety of significant academic and industrial
problems. It allowed us to significantly reduce the numerical locking without introducing any hourglass modes and
this is particularly true for low order shape functions and coarse meshes. It also allowed us to solve complex problems
with non geometrically conforming partitions, which are frequently encountered in practice, but which were rarely
covered up to now in the literature. In particular, the technique seems well adapted to structures of moderate thickness,
described with a large number of patches of moderate degree with many possibly non-conforming interfaces. This
thus constitutes a promising way to introduce IGA in industrial applications.
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Supplementary material. Proof of lemma 2, not to be included in paper

Hereafter (-, -) and || - | will denote the L? scalar product and norm on the interface y,;. The projection w = II,, 1h(V)
is defined by
;niv?/ |W — v||* under the constraint (W, u) = (v, u),Vu € M.
we

This is a coercive minimisation problem set on a closed subspace of W and has thus a unique solution. The corre-
sponding Euler Lagrange optimality conditions are

W=V, W+W,AH=0VYwWeW,weW,
w,p)=v,w,vyvue M,A € M.

By application of the inf-sup assumption, there is a vector w; € W such that (w;, 1) > C||w,]|||A||. Using this vector
as a test function in the first equality, we get

1 1 1
IWAIAN < 5050 2) = =2 % = vowy) < <llw = VIl

hence after division 1
Al < =|lw—=v|.

Plugging this in the first equality written with W = w and in the second equality writtten with g = 4 yields
1
W = VI = (W = v,v) = (W, ) = =(W = v, V) = (v, ) < [IVI|([Ilw = vI[ + [|A]]) < (& + Diviiliw =il
hence after division ||w—v|| is bounded by ||v|| which yields the desired result by application of the triangular inequality.

Detailed conclusion of proof of Proposition 4, not to be included in paper

By construction of v, = {(Vp)h, 19h} € Ker(C,), their interface jumps are orthogonal to the dual interface spaces,
and hence, by introducing L? projections My, Of A onto My, j,, we get

v = Lo = 3 [ =g G = v s
k>1 7 Vi
In turn, 4, — py, 5 is orthogonal by construction to any function fi, , in My, ,, and hence

a(u,vy) = L(vy) = z / (A = Hiap) - ien = Vi = Bia.p) -

k>1 Y Ykl
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From Assumption 4, we have on one hand (assuming that k is the slave node of k/)

A, — 20, 2 = inf A, — i 2, 2 < Ch? |4 i 2 < ChS||u +3/2(0. 125
[ A ﬂkl,h||L(yk,) ﬂk/,hGMk/,h” k Ilkl,h”L ir) k1|| kllHé(}’k!) k” k”HA+/(Qk)

for any 0 < s < 5n(kl) and on the other hand

inf ||V = Vi = Baallieg, < inf (Vi = Bapll2g e + i 1V = Bgall2g, 2
B hEMy ’ ’ ’ i) i n€My ’ i) P n€Myy 7 ’ i)
< OVl egg e + 1Vl a2g,,2)-

Altogether, we get after summation and using Cauchy Schwarz

a(u,vy,) — L(vy) < Z Chillull gro@ueIVicpl L@ + 1Vipllai@,))
k1

2r 2
¢Zhnwmmy¢;mm%mﬁ

with 1/2 < r < ming (n(kl) + 1/2). u

IA

Supplementary material. Detailed proof of Proposition S, not to be included in paper
We need to estimate ||Ey, oIl , [Ih(u)] llnm@,)2 Where Ey j is the zero extension of an element of W) ,. We

denote Q and Q the quadrangular finite elements in the parent space and in the physical space, respectively. Since all
norms are equivalent on the reference element Q, we have

[IVEy, polly 5, [Tw)] 112 < Cl[Myy p, [Tyw)] 112

L2Q? ~ L2(0Qn7;)?’

i . . . l ¢
with 7, the kI interface once transported on the parent element. After change of variable, since VE; , = h_VEkl’ h
k

and dQ = hi dQ, we have

||VEk1h°Hk1 n [T (w)] 12 > ||VEy, oIl [L,(w)] I

£2(Q)2 L2(Q)?*’

yielding

[IVE; polly , [1,(w)] ||L2(Q)2 < C”Hklh L, (w)] ||L2(6Qm 2

IN

|Hkl n (L] ||L2(0Qﬂrk 2

After summation and using the L? continuity of the projector II,, , (Lemma 2), this gives

C
—— I L] 12,2

\/h_k

s P TP
Vi

< == (1 = Tl 22 + 1y = T2 )

= \/h_k kAW L2, 1~ 2@,
We now conclude by a classical scaling argument of Finite Element analysis, although there might be a better proof
in the spline community. Let us thus look as in [36] to the approximation error on an element y¢ of the mesh of 7k1~
By construction, once pulled back on the parametric space of the k patch properly dilated so that the image 7 of y°
be of unit length, the map I, (¥) — ¥ used in Lemma 1 is continuous from L2(Q) onto L2(7) and hence from H"*!(Q)
onto L2(9), where Q is a fixed mesh independent domain, which is the union of all mesh elements in the parametric

IA

1ExpoT (L] 11,2
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space which are used for the construction of ih (V). We also observe that the approximation is exact for polynomials of
degree r on Q

1,@-4=0,vq € P'(0).

By continuity of the map, there exists therefore a mesh independent constant such that

15,3 = ¥l 12) = 11,0 = @) = O = Dl 125 < igf@) 19 =@l 16y < Cl¥ e ), V9 € HH(Q).
qeP”

By going back to the physical space, and since from the regularity of F, the norm in L?(y¢) scales in y/h, while the
semi norm in H'*1(Q) scales in 47", we obtain that

2 2,2r+1/2 2
| |Vk - Ih(vk)l |L2(ye)2 < C hk Z IVIHH—I(Q)Z'
Qcope

By summation, and since a given element Q will only be involved an O(p) number of times for constructing local
approximation on segments y°, we have

2 2 2r+1/2 2 2r+1/2, 12
”Vk - Ih(vk)l |L2(Ykl)2 < Z ”Vk - I/’l(vk)l |L2(ye)2 < Chk Z QZQ |V|Hr+1(Q)2 < Chk |V|Hr+1(gk)2'
e e cQe

By using this inequality in our previous estimate, we get

C +1/2 +1/2
1B polly p L] 1110, 2 € ——= (h,: / el e, + ) /

Vhe

which yields the desired result, once combined with Lemma 1.

| |lll | |Hr+1(QI)2)
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