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Abstract

In this paper we develop an isogeometric Bézier dual mortar method for coupling multi-patch Kirchhoff-Love shell
structures. The proposed approach weakly enforces the continuity of the solution at patch interfaces through a dual
mortar method and can be applied to both conforming and non-conforming discretizations. As the employed dual
basis functions have local supports and satisfy the biorthogonality property, the resulting stiffness matrix is sparse. In
addition, the coupling accuracy is optimal because the dual basis possesses the polynomial reproduction property. We
also formulate the continuity constraints through the Rodrigues’ rotation operator which gives a unified framework
for coupling patches that are intersected with G! continuity as well as patches that meet at a kink. Several linear and
nonlinear examples demonstrated the performance and robustness of the proposed coupling techniques.

1 Introduction

Thin-walled structures are widely used in nature and technology due to their optimal load-carrying capacity. With
the dimension in thickness direction being significantly smaller than those in other directions, thin-walled structures can
be readily described by a surface and a director vector field associated with it. This geometrical reduction from volume
to surface not only largely simplifies the meshing process of finite element analysis (FEA) but also significantly reduces
the analysis cost because shell elements based on surface meshes can be used and they are usually more efficient than
solid elements for thin-walled structures. Among various shell formulations, the Reissner-Mindlin [1} 12} 3 4} |5} |6} [7]]
and the Kirchhoff-Love [3l (8l 9] [7] theories are the most widely used. Kirchhoff-Love shells are attractive because
they require fewer degrees of freedom per node and do not suffer from shear locking found in Reissner-Mindlin shell
elements [[10, [11} [12} [13]. However, Kirchhoff-Love shell theory requires C 1-continuity constraints across element
interfaces, which cannot be easily satisfied by traditional FEA based on C°-continuous Lagrange polynomials. In
contrast, Reissner-Mindlin shell theory only requires C’-continuity, therefore dominating current commercial FEA
software.

Over the past decade, isogeometric analysis (IGA) [14] which adopts the CAD description as the basis for analysis,
has emerged as one of the hottest research topics in computational mechanics. Superior performance of IGA has been
demonstrated in various fields, such as structural mechanics [[15[16}[17]], optimization [[1819]], electromagnetics [20}21]]
and fluid-structure interaction [22} 23], etc. Since most CAD packages make use of boundary or surface representations
to model geometrical objects and shell analysis does not require volumetric description of the underlying geometry,
IGA has become an ideal tool for shell analysis. Additionally, CAD technologies like Non-Uniform Rational B-Splines
(NURBS) [24]] and T-splines [25] make it easier to define higher-order continuous basis for analysis, which opens the door
to new shell formulations based on both Reissner-Mindlin and Kirchhoff-Love shell theories [26,1,127,128129.130,[31,32]].
This is particularly true for Kirchhoff-Love shells due to the intrinsic C'-continuity requirement.
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Even though it is convenient to achieve a higher-order continuous spline basis in the patch interior, complex shell
structures are usually modeled by multiple patches and the basis functions along patch interfaces are usually discontin-
uous. Additionally, adjacent patches often have non-conforming control point layouts, different parameterizations and
even gaps along the interfaces. These non-conforming discretizations are usually not an issue from a design perspective
but appropriate continuity constraints have to be applied to achieve the well-posedness of the underlying finite element
analysis. For Reissner-Mindlin shells, only C-continuity constraints are required along patch interfaces. However, for
Kirchhoff-Love shells, more challenging C'-continuity constraints are necessary to transfer bending moments across
G'-continuous patch interfaces. Also, if a kink occurs at a patch interface, the angle of the kink has to be preserved to
prevent the hinge-like effect at the joint [33}|34]].

1.1 Key contributions

In this paper, we propose a dual mortar method for coupling multi-patch Kirchhoff-Love shells. This approach
is capable of coupling both conforming and non-conforming multi-patch Kirchhoft-Love shell structures and can be
applied to either linear or nonlinear problems. This dual mortar method utilizes the enriched dual basis [35] which
leads to the following properties:

» The Lagrange multipliers used to apply the continuity constraints can be easily condensed out and the resulting
stiffness matrix is sparse. This property is ensured by the fact that the enriched dual basis is local and satisfies
the biorthogonality property [36, (37, 35l

» Optimal coupling accuracy is achieved as the enriched dual basis possesses the polynomial reproduction prop-
erty [38}135]].

* A particular solution of the non-homogeneous constraint equations can be explicitly constructed based on the
enriched dual basis without any additional computational cost. In this way, the system of equations with nonlinear
constraints, introduced by the kinks between patches, can be solved more efficiently.

Additionally, we also devise a new continuity constraint formulation based on the Rodrigues’ rotation operator. This
rotation operator is defined by the coupling angle between adjacent patches, which gives a general framework for
coupling multi-patch Kirchhoff-Love shells with smooth interfaces or kinks.

1.2 Prior work

In recent years a large amount of research effort has been devoted to simulating multi-patch thin-walled structures
as Kirchhoff-Love shells. The primal focus has been dedicated to devising robust techniques to apply the continuity
constraints between patches. Kiendl et al. [8] proposed the so-called bending strip method to couple multi-patch
Kirchhoff-Love shells with conforming discretizations along interfaces. This method approximately applies continuity
constraints by adding fictitious bending stiffness. Because the magnitude of the fictitious stiffness is determined by a
penalty-like parameter, this method can be considered to be a penalty method. While penalty method is usually easy to
implement, the performance can be significantly influenced by the choice of penalty parameters. More specifically, a
small penalty parameter cannot effectively enforce the constraints while a large penalty can lead to an ill-conditioned
system. Inspired by the connection between the penalty method and the stiff mechanical system, Goyal and Simeon [34]]
improved the condition number of the bending strip method by removing the penalty parameter dependence. To
handle non-conforming meshes, Herrema et al. [39]] proposed a penalty formulation that weakly imposes the continuity
constraints on both displacement and rotation terms, and this formulation requires only one dimensionless penalty
coefficient. In addition to coupling patches that intersect with each other along patch boundaries, penalty methods have
also been used for coupling trimmed Kirchhoff-Love patches [40]].

Apostolatos et al. [41] introduced the Lagrange multiplier method to couple multi-patch Kirchhoff-Love shells
with non-conforming meshes. Duong et al. [32] proposed a new formulation of continuity constraints for Kirchhoff-
Love shells and applied the constraints with both penalty and Lagrange multiplier methods on conforming meshes.
Recently, Hirschler et al. [42] developed a formulation based on the Lagrange multiplier method to impose the continuity
constraints between non-conforming patches and applied it to shape optimization of stiffened multi-patch structures.
Unlike penalty methods, Lagrange multiplier methods do not introduce problem-dependent parameters but they lead to a
saddle point problem which usually has inf-sup instability unless the Lagrange multiplier space is carefully constructed.



Schuf et al. [43]] condensed out the Lagrange multipliers by embedding the continuity constraints into the basis. In this
way, the problem becomes positive definite but the resulting stiffness matrix is usually fully populated.

Another popular method used for coupling Kirchhoff-Love shells is the Nitsche’s method [44}45,/46]. The advantage
of Nitsche’s method is that it neither has instability issues nor introduces additional degrees-of-freedom like Lagrange
multipliers. However, to achieve analysis accuracy, the stability parameters need to be obtained through solving
eigenvalue problems on elements along patch interfaces. Additionally, for nonlinear problems the implementation of
Nitsche’s method becomes complex as it requires calculating the variations of the traction. Besides the aforementioned
multi-patch coupling methods which are most closely related to the proposed approach, there are plenty of works that
directly apply continuity constraints on element boundaries based on other CAD techniques, such as the subdivision
surfaces [47,19, 48] and the rational triangular Bézier splines techniques [49} 50], etc.

This paper is organized as follows: Section 2] briefly reviews the fundamentals of the B-spline basis and its dual
bases, followed by an introduction of the general framework of the dual mortar method. Section [3]describes the basic
kinematic assumptions and the variational form of Kirchhoff-Love shells. We then present the details of the proposed
coupling approach in Section[d] Several linear and nonlinear benchmark problems are given in Section[5|to demonstrate
the performance of the presented method. Conclusions are drawn in Section [6]

2 Preliminary

2.1 Spline fundamentals
2.1.1 B-spline basis

A univariate B-spline basis is defined by a knot vector & = {f 1,625+ Enapet } which consists of a non-decreasing
sequence of real numbers, &; < &;41,i =1,...,n+p+1, where p is the degree of the B-spline basis functions and 7 is the
number of basis functions. The ith B-spline basis function of degree p, denoted by N; ,(£), can be recursively defined
by
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A Non-uniform rational B-spline basis function is defined as
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where the positive number w; is the weight corresponding to basis function N lp and the denominator W (¢) is called the
weighting function given as
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Note that the superscript p will be omitted hereafter for conciseness.

2.1.2 Dual basis
For a B-spline basis {N;}}_,, a dual basis {]\7 i }:lz , satisfies the biorthogonality relation:
(Ni,Nj)a :=/]\7ideQ=6ij, i,je{l1,2,...,n}, 3)
Q

where ¢;; denotes the Kronecker delta. The global dual basis functions {Nic}?:1 are defined as:

NG :ZG;lej, (©6)
J



where Gi‘.1 are the components of the inverse of the Gramian matrix G with components G;; = (N;, N)o. One limitation
of the global dual basis functions is that they do not preserve compact support and will result in dense linear systems
when used to discretize Lagrange multipliers.

To maintain the sparsity of the stiffness matrix while keep the optimal convergence, the enriched Bézier dual basis
functions introduced in [35] will be utilized in this work. The enriched Bézier dual basis functions possess the following
properties:

* Local support
* Easy construction
» Reproduction of higher-order polynomials

The enriched Bézier dual basis functions have demonstrated excellent convergence performance for both second order
and fourth order problems [35]. A comparison of the support sizes of a global dual basis function and different enriched
Bézier dual basis functions is given in Figure[I] As can be seen, for the primal cubic B-spline basis function shown in
Figure [Ta] its global dual basis in Figure [Tb| has a global support while its enriched Bézier dual basis functions with
different orders of polynomial reproduction property have compact supports as shown in to[Tfl Note that
the enriched dual basis function in Figure[If is identical to the Bézier dual basis functions proposed in [36] because
it only has the ability to produce constants. For simplicities, we omit the details about constructing the enriched dual
basis here. Readers are referred to [35]] for a detailed description of the algorithm.
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(a) A cubic B-spline function (b) Global dual basis function

(c) Enriched Bézier dual basis function that reproduces con- (d) Enriched Bézier dual basis function that reproduces lin-
stant functions ear functions
0—0——0——0——0—F—0——0—F+—0—0——0—=0 o—0=—O6—+—0—0——0——0—0—=0—0—0

(e) Enriched Bézier dual basis function that reproduces (f) Enriched Bézier dual basis function that reproduces cubic
quadratic functions functions

Figure 1: A cubic B-spline basis function, its corresponding global dual basis function and enriched Bézier dual basis
functions with different polynomial reproduction orders.



2.2  Dual mortar method

In this section, we briefly recall the dual mortar method in the context of an abstract formulation for a constrained
problem: find u € X and a Lagrange multiplier A € M such that

{a(v,u)+b(v,/l)=l(v) Vv e X, (7a)
b(u,u)=c(u) YueM, (7b)

where X is a Hilbert space that satisfies homogeneous Dirichlet boundary condition on d€2, M is an appropriate
Lagrange multiplier space, a(-,-) is a bilinear form representing a potential energy, /(+) is a linear form representing
the external load, b(-,-) and c(-) are the bilinear and linear forms representing a set of constraints on the solution u,
and v and y are testing functions for the solution u and the Lagrange multiplier A, respectively. In Section 4] b(-,-)
and c(-) will represent the non-homogeneous continuity constraints across patch boundaries for each Newton-Raphson
iteration.

If we introduce a pair of discrete function spaces X ¢ X and M" c M, the weak form (7)) can be discretized into

the following linear problem
g _ [ K BT ][O
K-"U _[ 0 =

F
R} : ®)

where K is the discretized stiffness matrix, F is the discretized external force vector, B is the discretized constraints
matrix, R is the forcing term due to non-homogeneous constraints (for homogeneous constraints, R = 0), and U and
A are the vectors of displacement and Lagrange multiplier variables, respectively. The dual mortar method statically
condenses out additional unknowns and gives rise to a positive definite variational problem defined on a constrained
function space as

V"= {u" e X" p(A" ") =0, VA" e M} ©)

The saddle point problem (7)) can now be transformed into a minimization problem: find a general solution u}’fom e Vh

h — h h
such that, for u” = uy_ +uy,,,

aGWu"y =10"), Wt ey, (10)

where ul' € X" is a particular solution that satisfies the constraint (7b). Given, NX", a vector containing the basis

functions of X", the vector containing the basis functions of V" is given by
NV = [B+]" NY, (11)

where all column vectors of B+ are linearly independent and they span the null space of B. We can further partition U
as

Us

U=|Uy|, (12)

Uin
where the slave nodal displacement vector Us consists of all degrees of freedom involved in the constraint that will be
eliminated after the static condensation, the master nodal displacement vector Uy, consists of all degrees of freedom
involved in the constraint that will be kept after the static condensation, and the inactive nodal vector Uj, consists of all
degrees of freedom that do not contribute to the construction of B. The constraint can then be rewritten as

Us
BU= B, B, 0||Uy|=0. (13)
Uin

If the Lagrange multiplier space is discretized with dual basis functions and the continuity constraint is dual compatible,
B is the identity matrix, and the bandwidth of By, depends on the support size of the dual basis functions. For a
constraint matrix B, constructed with dual basis functions with compact support, By, is a sparse matrix with limited
bandwidth, while global dual basis functions lead to a dense By,. For a B that takes the form with Bg =1, the
corresponding B+ can be obtained from

B = . (14)



For any full column rank matrix B, a particular solution can be solved by taking the Moore-Penrose inverse [51] as

U™ =B [BB"| 'R. (15)
If B, =1, a particular solution of a constraint matrix that takes the form (T3)) can be explicitly constructed as
R
non __
U = M | (16)

The substitution of the constrained basis functions (IT]) into the mortar formulation (T0) leads to the following linear
system:

Kmorla.rUmortar — [BJ_] T KBJ_Umorla.r - [BJ_]T F- [BJ_] T Kuymon, (17)

The relation between the mortar displacement nodal value vector U™ and the homogeneous solution U™ is given
b

y Uhom — BJ_UmortaI . (18)

The displacement nodal value vector of the original saddle point problem can be written as
U=Urmyren, (19)

With a sparse B+ obtained from a set of dual basis functions with compact supports, the stiffness matrix of the mortar
formulation K™°™" will remain sparse, resulting in an efficient linear system.

3 Formulation of Kirchhoff-Love shell

In this section, we present the formulation of Kirchhoff-Love shell in compact form. A thorough study of finite
element shell modeling can be found in [3]]. The Kirchhoff-Love shell theory assumes that the normal of the midsurface
remains perpendicular to midsurface in the deformed configuration. Hence, the transverse strains are zero and the
description of shell geometry can be reduced to its midsurface.

3.1 Kinematics

As shown in Figure@], the reference and current configurations, X and x, of a three-dimensional shell body can be
parameterized as

X(6',6%,6°) =R(6',6%) +0°A5(6',6%) 0)

x(6',6%,0%) =r(0',0>) +6%a3(6',6*)

where R and r are the midsurfaces, A3 and a3 are the unit director vectors of R and r, respectively, 6! and 62 denote the
curvilinear coordinates, and —% <0< %, where £ is the thickness of the shell. We assume, without loss of generality,
that 0 < #',6% < 1. The Kirchhoff-Love shell theory assumes that the director vector remains perpendicular to the
midsurface in the deformed configuration. Therefore, A3 and as are defined similarly as

A XAy a; Xap
37 A <A N Ja xa]
1 62R and S , (21)
AO:R,HZW aazrﬂZW:Aa"‘u,a

where A, and a,, are the tangent vectors of the midsurfaces in the reference and current configurations, and | - | denotes
the Euclidean length of the given vector. Note that we adopt the established convention for Latin and Greek indices
(i.e.,i=1,2,3 and @ = 1, 2) here and henceforth. The midsurface displacement field is defined as

u(6',6%) =r(6',6%) -R(6',6%). (22)

The covariant base vectors at an arbitrary material point of the reference and current configurations are defined
respectively as

(23)

Go=Xog=Au+6As5,4 q 80 =X =2,+60%23,
an
G3=X3=A; g3=X3=a3



The corresponding contravariant base vectors are defined as
G'=G'G; and g =g"g;, (24)
where the contravariant metric coefficients G/ and g%/ are given by
G =[Gy and gV =]gy]", (25)
with G;; and g;;, the covariant metric coefficients, defined as
Gij=G;-G; and g;j=g -g;. (26)

Similarly, the covariant and contravariant metric coeflicients on the midsurfaces are defined as

A,‘jZAi~Aj aijza,--aj
i 1 and i - 27
A =A;] a'’ = ay;]
63 Reference configuration
3
G, %
G3
mation-of an arbitrar .
Defor Y Materg) Poing 83 Current configuration

1 92

N

X1 X2

Figure 2: Schematics of the reference and currect configurations of Kirchhoff-Love shells. The midsurfaces are
highlighted by blue color.

The Green-Lagrange strain tensor, E, can be written as

EZE,'jGi®Gj, (28)
where |
Eij=§(gij—Gij)- (29)

Substituting and (26)) into and neglecting O((63)?) terms as the thickness is relatively small, we obtain the
non-zero strain components as
Eap = €ap+0Kap, (30)

where
1
EaﬁZE(ad‘aﬁ—Aa'Aﬁ) and KQ[;Z—aQ,B-a3+A(,,ﬁ‘A3 3

are the components of the membrane and bending strains, € and «, respectively.



3.2 Variational form of Kirchhoff-Love shell

For the sake of simplicity, we assume Saint-Venant Kirchhoff materials are used and the strain energy density per
unit area for Kirchhoff-Love shells [52]] is given by

1 h? 1 h?
w(6',6%) = 5 | e C:e+ 7 C: K) =3 (hcaﬁyéeaﬁéyé + Ecaﬁ”mﬁma), (32)
where E is Young’s modulus, v is Poisson’s ratio and C is the material tensor defined as
Ev E
C=C"P"A,0A;0A,®As,  CHY0= —A"BA75+—(A“7A35+A“‘5Aﬁ7). 33
@S ApE Ay =R 1-12 2(1+v) 33)

The potential energy of Kirchhoff-Love shells can then be calculated by
(u) = [T (u) + I4(F,u) = ﬁ WdQ+TI(f,u), (34)
Q

where Q is the midsurface of the shell in the reference configuration, dQ = |A; ><A2|dé?1d€2 is the differential area,
1" (u) = fﬁWdQ is the strain energy and IT*'(f,u) is the external work due to external force f. In general I1®* is a
linear functional with respect to u. The variation formulation can be derived as the stationary point of the minimization
of the potential energy as

ol
oI1(u,du) = 6—6u = / Se(u,6u): n(u) +6«(u,du) : m(u) dQ+I1(f,6u) =0 (35)
u Q
where d€ and Je€ are the first variation of the membrane and bending strains given as
Oe(u) Ok(u)
du ou

and n and m are the membrane force and bending moment resultant tensors written as
4
B 66(,/3
ow _h

m=m"PA,®A;, m®¥= = —CBroy
@S0 Okap 12 7o

de(u,ou) = ou and d«k(u,du)= ou, (36)

n=n"%A,®A5 n% =hC¥P7%¢, s

(37

The variational formulation (35)) is a nonlinear functional with respect to displacement u which has to be linearized and
solved iteratively. Assuming u’*! = u’ + Au, the linearized formulation can be stated as: find Au € X, such that

(K (u',6u, Au) + Ky, (u', 6u, Au)) = —6TI(u', 5u), Yéue X, (38)

where i denotes the i-th iterative step, the solution space X = [HZ(Q)] , the membrane stiffness

K (u',6u,Au) = /ﬁée(ui,éu): sn(u’,Au) +6e(u’,6u, Au) : n(u’)dQ, (39)
and the bending stiffness
Ky (u',6u, Au) = /ﬁék(ui,éu): sm(u’,Au) +5k(u’, 6u, Au): m(u')dQ, (40)
where
on(u,Au) = In(w) Au=hC: de(u,Au),

u

d n
om(Au) = %Au = EC: ok(Au),

(41
dde(u, s
d€e(u,ou,Au) = MAu,
ou
06k (u,0
ok(u,ou,Au) = %Au.



4 A dual mortar formulation for the multi-patch Kirchhoff-Love shell

In this section we present a dual mortar formulation for coupling multi-patch Kirchhoff-Love shells. Thanks to the
locally supported dual basis, the linear system can be statically condensed with minimum computational cost and the
resulting linear system preserves its sparsity. Along each interface, we introduce a local coordinate system, in which
an inter-patch constraint is developed in a natural manner. This inter-patch constraint is dual compatible in the sense
that when the Lagrange multiplier is discretized by the dual basis functions the resulted constraint matrix has the form
of (T3). Ttalso gives a unified framework for coupling patches that are joined together either with G'-continuity or with

a kink.

Figure 3: Rodrigues’ rotation operator R ¢ rotates v by an angle 6 around k following the right-hand rule.

We first introduce a rotation operator (see Figure : for a vector v € R3, its rotation around the axis k € R by an
angle 6 according to the right hand rule is given as
Ruo(3) = veos(0)+ e sev)sin)+ o o ov) (1 =cos(0) @)
k,0(V) =vcos — XV |sin — [ —v] (1 —-cos(0)).
1N (k| \ [K]
This operator is called the Rodrigues’ rotation formula [[53]] and will play an important rule in formulating the inter-patch

constraint.
To demonstrate our approach, we consider a kinked shell structure consisting of two NURBS patches shown in

FigureE], where Qg denotes the slave domain, €,,, the master domain and I the intersection between two patches. These
two domains are parameterized by coordinate systems (6.,62) and (6),,62), respectively.

4.1 A local coordinate system for patch intersections

Table 1: A summary of the restriction of ' and 6> on Q; for different coupling orientation and corresponding Jacobians.

Interface orientation 6! 62 I Jg
South AS=-AS Aj=Al [0 -1]" [1 0]
East A =AS A3=A3 [1 o] 0 1]
North A =A3 Ay=-AS o 1]" [-1 0]
West A =-AS Ay=-A3 [-1 o]" [0 -1]

In this subsection, we reparameterize the intersection between the slave patch and the master patch by a new
coordinate system (6',62), whose restriction to the slave and master patches are denoted by (8!,62) and (4} ,62),
respectively. The associated covariant base vectors of these three different representations of this new coordinate
system are denoted as (A,A;), (AS ,A;), and (A{",A?), respectively. The main reason for the reparameterization of
the intersection is to simplify the formulation of the dual compatible continuity constraint that will be shown in the
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Figure 4: The new coordinate system (6',62) on the parametric domain of the slave patch. Coordinate systems on
different edges denote the orientations in different coupling scenarios. Note that no matter which edge is coupled, A3
always coincides with A%.

following subsection. Under the new coordinate system, the dual compatible continuity constraint will be independent
of the local coordinate systems on both slave and master patches.

The covariant base vectors (A, A,) are first developed on the slave patch side and then extended to the master patch
side. On the slave patch side, (A, A;) is defined based on the following principles:

. AAI' is colinear to either the director A{ or A3, and it points outward of €.

. A; is coplanar to the director A} and Aj and is generated through rotating Af by 90° in the counterclockwise

direction.
- ASxAS

o AS — D17 06 ; s
A3 RS coincides with A3.

These principles allow us to take the advantage of the tensor product structure of spline basis and endow dual
compatibility to constraints that involve partial derivative terms. The relations between A%, and A%, are tabulated in
Table[T] for parametric boundaries, and the new local coordinate systems are illustrated in Figure[d] The mapping from
A3, to A3, can be represented by

- 1).§ ,
A= S, T (AT A3]-Jg
s : (43)
where the Jacobians -
96!
Ol
Jarlo, = 332
a6; |
:69‘. T “4)
Ja2la, = gzg
[ 965 |

are given in Table[T] for different parametric boundaries.

We now extend the curvilinear coordinate system (6',6%) from the slave patch to the master patch by rotating Ai
and A; onto the tangential plane of €, about the intersection. Since A; is colinear with the intersection, it is invariant
with any rotations about itself:

A) =AS. (45)

10



Figure 5: A two-patch non-conforming Kirchhoft-Love shell consisting of two patches Qg and Q,,, with the intersection
denoted by the red curve. The directors A%', A3 and AJ determine a rotation angle 6 along the intersection.

Given the directors Aj and A" and the axis A;”, we can now uniquely determine the rotation angle 6 (see Figure
from A%’ to A3 by
cosf =A% -Aj
AT XAS) AT 46
sing = A3XAV AT (40
|AY'|

By Equation (#2)), we can define two rotation operators about the axis A%" such that
Al = RAEV.,’H(AQ") and AfY' = RAE",—e(Ag)- 47)

Meanwhile, the rotation operator R Ay g Totates Ai‘ to the tangential plane of Q,, along the intersection (see Figure |§I)
We let . .
AT =Rzn _o(A}). (48)

T
are given by

. . _Jae), a0 T _[oe), a6,
The corresponding Jacobians J 51 = [W 667,'”] and J g2 = 0 o0

(A7 A7) -Jg, = AT =Rep (A, -
A7 AT]-Jg =AT=A3.

As [AT" AZ'] is a 3 x 2 matrix, Equation (#9) could not be factorized directly. However, as Rgm _o(A%) and A} are
o,
on the tangential plane of Q,,, we can solve J1 and J52 exactly by

Yo = (A7 Az1" (A7 Ay]) (17 A7) Rypo(AD), o
3o, = (1a7 Ap]” (a7 Az))” (A7 A7) A3

The partial derivatives of the displacement u w.r.t. the new coordinate system (6',4?) along the intersection are

11



now given by

_Sl = 90! = [ sl uf2] Jé‘
ou’ !

u, = agz = [“31 “fz] Jg
- o mom ' ©b)
“1=ﬁ=[ Louh] T,

m
= ou™ m m
u = vy [w} w3]Jg

m

(a) Slave patch (b) Master patch

Figure 6: The covariant base vectors (Ax,[&;) and (A", 1_&5”). Note that (Am,A’Z") can be obtained by rotating (As,[&;)
via the rotation operator R Ay

4.2 A dual-compatible constraint for Kirchhoff-Love shell coupling

In this subsection, we propose a set of constraints that can handle Kirchhoff-Love shell coupling not only in a
systematic, but also a novel manner as well. Many existing definitions of coupling constraints are not sufficient to
handle all coupling scenarios. For instance, the constraint proposed in [43] can only enforce coupling constraints on
G'-continuous patches, which precludes its application to coupling multiple patches with kinks. Another example is the
constraint used in [54}42]], which is only designed for small deformation problems. In contrast, our proposed constraints
can handle all of these cases in a consistent way. If multi-patch geometry is G'-continuous along patch interfaces,
the proposed constraints will enforce C! continuity across adjacent patches. If patches are joined at kinks, the angles
between directors of adjacent patches will be preserved. In addition, the proposed constraints are dual compatible, i.e.
when the Lagrange multipliers are discretized by dual basis functions, the discretized constraint matrix takes the form
of Equation (T3). Hence, the inf-sup stability is automatically satisfied.

The basic C%-continuous constraint of the displacement field between the slave and master patches must be satisfied
in the current configuration, i.e.,

r’—r"=0. (52)

The continuity constraint (52)) only prevents adjacent patches from tearing apart. To transfer bending moment from
one patch to another, the coupling constraints must also preserve the angle formed by adjacent patches. Hence, the
following rotational constraint is also applied in the current configuration:

aj —Ran o(a]") = 0. (33)
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Note that, although a rotational constraint between the director a3 and a%' is more straightforward for imposing rotational

continuity, Equation (53 leads to a dual compatible constraint, as explained in Remarkm The reason why a7" is chosen
as the rotation axis is given in Remark 2]

Subtracting Equation (52)) and Equation (53)) by their reference configuration counterparts, we obtain the continuity
constraints in terms of the displacement field:

u’ -u" =0, (54a)
', —Ray o (a]") +Ryp o(A]") =0. (54b)

Note that, for two patches that meet at the interface with Gl-continuity, i.e. 6 =0, Equation @]) reduces to
ﬁ‘fl - Rﬁgl,o(ﬁ}in) +RA1211’0(A71) = ﬁ‘fl —a'+Al" = ﬁ‘fl - ﬁﬁ‘ =0, (55)

which is indeed the C! continuity condition in the coordinate system (§',6%). Both Equation (54a) and Equation (53)

are linear. To solve the nonlinear problem at u’*! = u’ + Au, we have
Au® —Au" =0, (56a)
Al_l‘f1 — Al_l,"f =0. (56b)

However, when patches meet at a kink, the rotational constraint @ is no longer linear. Hence, the Newton-Raphson
method is needed to apply to the constraint iteratively as

8R5£n’3(ﬁ’1n) =m i : i =5 SM
— AR =r with r=- [al Ry o(&)| . (57)
Remark 1. When the constraint (57)) is applied weakly through Lagrange multiplier method and the Lagrange multipliers
are chosen to be the enriched dual basis functions of the slave interface basis functions, the biorthogonality relation
between AW®| and the Lagrange multipliers is preserved up to a constant. For instance, assume without loss of generality

Au,1 -

that the intersection is the east edge of the slave patch (8} = 1). Then the new coordinate 6! is 8., and an arbitrary term
appearing in the evaluation of the integral /I,Aﬁsl -0AdI can be calculated as

ONa(65,03) IN:(1)N;(62)
/MNk(G%)dF:/MNk(Qz)dF
_aNl(l) DI 2 . )
= T o0! /FN]'(HS)N;{((JS)dr l€{1,2,...,n9;} J,ke{l,z,...,ngg}, (58)
ON;(1
_oNi(D) ¢

96!

Jjk

where n, 1 and Ny are the number of nodes in the 0} and 9% directions of the slave patch, respectively, I is the parametric
domain of the intersection, N,(6},6%) = N; (GSI)NJ- (8?) is a nodal basis function of the slave patch and Ny (62) is a dual
basis function of the trace space of the intersection, i.e. er f (62N (62)dT =6 ik Here the biorthogonality relation
IN; (1)

is preserved up to a constant 200
S

Remark 2. It is important to use a%}' as the rotation axis in the rotation operator formulation of Equation (33). Although
aj equals to a3 in the weak sense, the presence of AW, in the linearization of a)' will impede the formulation of the
identity submatrix in Equation (13).

4.3 The dual mortar formulation

The Lagrange multiplier formulation for the multi-patch nonlinear Kirchhoff-Love shell can be stated as: find
Au e X, g € My and 1, € M such that

Km(ui,éu,Au) +Kb(ui,6u, Au) +by(Ag,0u) + b (ui,/ll,éu) = —6H(ui,6u) Véu e X, (59a)
bo((S/lo,AU) =0 Vé/l() (S M(), (59b)
bi(d',621,Au) = Ry, (0',62;) Véd; € My, (59¢)

13



where

bo(80, Au) = Z / 6o - (Au® — Au™)dr, (60a)

reS
ARgm_o(a™)
b](u (5/11,Au) 2/6/11 (All1 &Aﬁm dr, (60b)
oum

reS

Ry, (ui,61)) = Z/(S/ll ri.dr, (60c)
I'eS

where S is the union of all interfaces. The constrained function space for the dual mortar formulation of the multi-patch
Kirchhoff-Love shell problem can then be defined as

V= {AV€X|bO(”O’AV):Oandbl(ui’l'lhAV):Rbl(ui»l'l])7 V(MO’”])EMOXMI}' (61)

The dual mortar formulation for the multi-patch Kirchhoff-Love shell can then be stated as: find Au = Auygy + Ao,
with the homogeneous contribution Aupem € V such that

K (u',6u,Au) + Ky (0, 6u, Au) = —6TI(u’, 6u), Voue vV, (62)

where the non-homogeneous contribution Au,,y, is a function in X that satisfies both constraint and (59¢).
In what follows, we will show that in the dual mortar formulation the constrained function space V' and the
non-homogeneous contribution Au,,, can be constructed with minimum computational costs.

4.4 Discretization

Let Q be subdivided into K non-overlapping subdomains Q, 1 < k < K. To approximate the solution of the
variational problem (62), we discretize each subdomain by B-spline basis functions {N; };¢j, , where Iy is the index set
for subdomain . The incremental displacement and its variation are discretized as

Z N;-AU;, ou” Z N, -6U;, (63)
IEU lEU
where
SUF AU N, 0 0
6U; = |6U; |, AU;=|AU?|, N;=[0 N; O0]. (64)
oU? AU? 0 0 N

The Lagrange multipliers and their variations are discretized by the dual basis of the discretized space of intersections.
However, for a case of more than three patches sharing a common interior vertex, if we discretize the Lagrange multiplier
space with the same dimension as the univariate basis of the slave side, we will obtain too many constraints. Nodes in
the neighborhood of this kind of vertex may serve as both slave and master nodes and the matrix B+ cannot be formed
elegantly using (T4). Hence, modifications to the Lagrange multiplier space in the neighborhood of this types of vertex
are needed to relax the overly constrained linear system. Note that these modifications are also commonly called cross
point modifications, for details see [55}56].

In general, these vertex modifications can be achieved by reducing the dimension of the Lagrange multiplier space.
Here, we consider a set of dual bases {Ni}?zl of codimension four of the corresponding n42-dimensional trace space
(i =ng —4) that satisfies the following biorthogonality relation

/Ni(e‘2)N,-+2(é§)dr =6;j, 1<i,j-2<ngp-4. (65)
F S

where the choice of the basis functions N;. +2(6_2) of the trace space depends on the orientation and are summarized
in Table [2| The codimension can be accomplished by coarsening the mesh in the neighborhood of each vertex. For
the global dual basis, we remove the two knots adjacent to each vertex. For the enriched Bézier dual basis, there is a
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Table 2: A summary of all parameters used in the description of the discretized Lagrange multiplier 4 and 2,

Interface orientation N ; (6%) n%z c
s(pl s _ BNZS(()Z)
South Nj(e ) ny, S0 o
ONS;  (6Y)
n> -1
s (02 K 0!
East Nj (0 ) n92 80!
1=
AN, _ (6%
n®, -1
s(pl s 02
North Nj(G ) ny, EYE
62=1
s (g2 s _ ONF(0h)
West N; (6) ny, 90 |1z

built-in coarsening algorithm, see [35]] for more details. The Lagrange multipler vector Ay, A; and their variation are
written as:

a a
A=YN-AY saf = R oA,
i=1 i=1

1 ¢ 1 ¢ o
h N 1 h N\ 1
Alzngi-Ai, M,z;;NiﬁAi,
where A SA A SA N, 0 0
A=A AY=|6A” |, Al=|AP|. Al =6A|. RNi=|0 N; O], (67)
A SN A} SN} 0 0 N

and the weight c is given in Table[2] In the bilinear form by, the biorthogonality relation is established between the
Lagrange multiplier 61y and all except the first and last two slave nodes on the intersection. In the bilinear form b, the
biorthogonality relation is established between the Lagrange multiplier 64; and all except the first and last two slave
nodes that are one column away from the intersection.

By substituting the discretized displacement field and Lagrange multipliers into the mixed problem (39)), we obtain
the following stiffness, constraint matrices and the right-hand side of the non-homogeneous constraint (59¢):

SUTKAU = Ky (0, 5u", Au") + K, (0, s5u”, Au™),

SA0|” bo(5A", Au™)
SA! by(u, 52", Au") |’

[6A"]" Ry, = Ry, (u",520).

(68)

BAUz[

The structure of the discretized constraint matrix B depends on the index sets {/ k}kK=1 and the ordering of the
Lagrange multiplier basis functions. In order to recover the form of (I3), we classify nodes, associated with basis
functions, into slave, master and inactive nodes (see Figure EI) For slave nodes, we further subdivide them into two
categories:

I The second closest column of nodes to each intersection I" € S, illustrated by blue dots as shown in Figure
They are biorthogonal to the associated Lagrange multiplier 54, in the discretization of the bilinear form b;.
Their indices are denoted by the index set 1.

II The column of nodes on the intersection I € S, illustrated by red dots as shown in Figure[7] They are biorthogonal
to the associated Lagrange multiplier 64y in the discretization of the bilinear form b¢. Their indices are denoted
by the index set L.

The active nodes on the master patch and the remaining active nodes on the slave patch are classified as master nodes.
The rest are considered as inactive nodes as they do not contribute to the formulation of both by and b;.
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@ Slave nodes (I)
@ Slave nodes (II)
@ Master nodes

@ Inactive nodes

Figure 7: The classification of all basis functions for the two-patch non-conforming Kirchhoff-Love shell in Figure
(For interpretation of colors in this figure, readers are referred to the web version of this article.)

We introduce a column-wise permutation matrix P, as

I, Ig

12 III
=P |’ |, (69)

Iy

Ix | I

where 1! is the vector form of indices of slave nodes of type I, Il is the vector form of indices of slave nodes of type II,
1., is the vector form of indices of master nodes and I;, is the vector form of indices of inactive nodes. Then, there exist
a row-wise permutation matrix P, such that

(70)

B! B> B3 0
Bp = [Pr®I3><3] B [Pc®13><3] = [ ! s

b g
0 B B 0

where Q is the tensor product operator, I3x3 is the 3 X 3 identity matrix, B{ is the contribution of the first type of B-spline
basis functions in the discretization of b; and B% is the contribution of the second type of B-spline basis functions in
the discretization of by. Under the row-wise permutation matrix Py, B% and B% become identity submatrices. Under a
rank-preserving transformation T we can eliminate the submatrix B% such that

' B3-B?B 0
|
TB, = I | 1 Bgl 2 0 (71)
‘We may now take
2R3 _R3
Ble]g . B g
By=|---- 2 . (72)
I
The vector basis of the null space of B can now be obtained from
Bt = [P, ®I3x3] B;. (73)
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When the constraint is not homogeneous, i.e. R = [0 Ry, ]T # 0, we have
BU"" =R = TB, [P.® I3X3]T U™ =TR,, (74)

where R, = [P, ® I3x3] R. The transformation matrix T subtracts the transformation of the € continuity constraint
from the rotational constraint and the residual of C° continuity constraint is 0. Hence, R, is invariant under T. Since
TB, takes the form (T3), following Equation (I6), a particular solution can be explicitly constructed without seeking
for the Moore-Penrose inverse as

[Pc ®I3><3]T Ut = [l})p] = U"" = [Pc ®I3><3] [l})p] . (75)

5 Numerical results

In this section, we demonstrate the performance of the proposed Kirchhoff-Love shell coupling formulation through
several challenging benchmarks, including both linear and non-linear problems. To validate the accuracy of the
proposed formulation, two types of dual bases, i.e., the global dual basis and the enriched Bézier dual basis, are used in
all benchmarks. We label the results computed with the i"-order global and enriched Bézier dual bases by G —Q; and
B—Q;, respectively. Note that the i"-order enriched Bézier dual basis is constructed such that it satisfies the polynomial
reproduction property up to degree i — 2 as it is desirable to guarantee the optimality of the scheme [57]].

For fourth order problems with a smooth solution u, the approximation error of the deformations u” in L,-norm
and H,-norm over the entire domain Q are given by [58]:

lu—u|| L, < Ch™nMP+1.20-2} (76)

and '
[l =" |y ) < CH™P2P72), 7

where p is the order of basis functions, C is a constant that is independent of the mesh size i. Hence, for basis functions
of order 2, 3,4, the convergence orders are 2,4,5 in the L? norm and 1,2,3 in the H% norm, respectively.

5.1 Linear problems

5.1.1 Simply supported plate under sinusoidal load

(a) Non-matching parameterized non-conforming five-patch (b) The reference solution. b
mesh

Figure 8: The decomposition and parameterization of the domain [0,12] X [0,12] and the reference solution that
satisfies u = 0 on 9Q.

In the first example, we study a plate of size L X L = 12X 12, thickness ¢ = 0.375, Young’s modulus E = 4.8 X 10,
Poisson’s ratio v = 0.38 and subjected to a sinusoidal pressure p(x,y) = sin(n%)sin(ﬂ%) (in —z direction). The
analytical solution of the vertical displacement is given by [39] (see Figure|[8))

4

4Dn*

wix,y) =— sin(%)sin(% , (78)
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where D = % is the flexural rigidity of the plate. The computational domain is decomposed into five non-

conformingly coupled patches as shown in Figure[§] The simply supported boundary condition is applied by setting
u = 0 on the boundary.

—=G-0=2-G6G-03—=-G-04 —-=G-0,=2-G6G-03—=-G-04 —-=G-0,=2-G6G-03—=-G-04
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Figure 9: Convergence plots for the simply supported plate under sinusoidal pressure load. Left: error of w measured
in L2 norm. Middle: error of M,, measured in L% norm. Right: error of My, measured in L? norm.

Figure |9|shows the convergence of the approximated vertical displacement w”, bending moment M )]Zx and M ;‘y to
the analytical solution for p =2, 3 and 4. As expected, both the enriched Bézier dual basis and the global dual basis
yield optimal results for all polynomial orders in all three measures. For the displacement error, there is no visible
difference between the enriched Bézier dual basis and the global dual basis in all considered polynomial orders. The
enriched Bézier dual basis appears to obtain slightly worse bending moment results, but the convergence rates remains
optimal.

Contour plots of err = ué’ — Uz, eIT = M;’x — M, and err = Mi’y — M, for cubic basis are given in Figure As
can be seen, the error levels for two types of dual bases are similar with all three error measures. For the enriched
Bézier dual basis, due to its locality, error spikes are formed along intersections and highest error spikes are observed
at vertices for M, and My,. The global dual basis, on the other hand, seems to yield more evenly distributed error
inside the patches. This is because the global dual basis has global support, which results in coupling error spreading
to the interior.

5.1.2 Scordelis-Lo roof problem

We then consider the Scordelis-Lo roof problem as depicted in Figure. [TTa] In this problem, a cylindrical shell
roof (Young’s modulus E = 432MPa, Poisson’s ratio v = 0, thickness ¢ = 0.25m.), under distributed gravity load
(f = 90N/m?), is supported by rigid diaphragms on both curved edges (i.e. u, = u, =0). The maximum vertical
displacement occurs on the free edge at % and a reference solution, u, = —0.300592457m, is given in [60].

The roof structure is decomposed into four patches which are discretized non-conformingly as shown in Figure.[TTa]
Figure. demonstrates the effect of the proposed constraint. As can be seen, with only C? continuity constraint
enforced, although the deformed surface remains continuous all intersections fail to transfer the bending moments from
one patch to another. Hence, connections act like hinges, and kinks are formed along all intersections. By enforcing
the additional constraint, the smoothness of the roof structure is preserved even though the mesh is non-conformingly
discretized.

The sparsity patterns for the stiffness matrices corresponding to the global dual basis and the enriched Bézier dual
basis are shown in Figures[12h and b, respectively. As can be seen, the stiffness matrix constructed using the enriched
Bézier dual basis is much sparser than that constructed using the global dual basis.

Figure. [[3] shows the vertical displacement of the midpoint of the free edge for different polynomial degrees.
Converged results are obtained from both the global dual basis and the enriched Bézier dual basis for all polynomial
orders and are compared with the result obtained from single NUBRS patch (Q;). For quartic basis functions, the relative
error is reduced to 0.1% with only one refinement for both dual bases. The accuracy of the four-patch configurations is
very similar to the single patch one. To better study the performance of the proposed coupling formulation, we compare
the displacement field of the four-patch mesh to a reference solution obtained from a very fine single patch mesh as
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shown in Figure [I4] Optimal convergence rates are attained for all polynomial orders. The convergence plots of the
enriched Bézier dual basis is indistinguishable to that of the global dual basis.

5.1.3 Pinched hemispherical shell problem

In this example, we consider a hemispherical shell pinched at the top and subjected to four radial point loads (see
Figure. [[54). The bottom circumferential edge of the hemisphere is free. The thickness of the shell is # = 0.04 and
the material properties are E = 6.825x 107 and v = 0.3. The hemisphere is initially decomposed into twelve quartic
NURBS patches as shown in Figure [I5b] the control points and corresponding weights can be found in [61]]. Note
that the twelve-patch parameterization is degeneracy-free. The radial displacement at the point A is monitored and a
reference solution, u, = 0.0924, can be found in [26].

The convergence of the radial displacement at point A is plotted in Figure[I6] As can be seen, the enriched Bézier
dual basis achieves comparable results with the global dual basis for p = 4 but slightly worse results for p = 5.

5.1.4 T-beam

Shell structures with kinks and sharp folds are widely used in practice. In this example, we consider a T-beam [39]]
as shown in Figure which is modeled by three cubic B-spline patches joined at a common edge. The flange is
formed by 14 x4 and 16 x4 B-spline patches and the web is formed by a 12 x4 B-spline patch. All patches have a
Young’s modulus of E = 107, a thickness of ¢ = 0.1 and a Poisson’s ratio of v = 0. The T-beam is pinned (i.e. u=0) on
one side and deflected under a point load of F' = 10 at one corner of the flange in the —z direction (see Figure[T7a). The
deformed configuration is shown in Figure where a maximum value of the displacement at the bottom tip of the
web, i.e., max(|u|) = 0.0589, is observed, which is coincident with the result given in [39]].

Figure [T8] shows the relative error of the deformed coupling angle between the web and flange with respect to the
initial 90° angle. As can be seen, for both the coarse mesh shown in Figureand a mesh after one uniform refinement,
the enriched dual basis achieves very small relative error in the region y € [0, 14] which is better than the global dual
basis. Oscillations are observed at the free end of the intersection for all tested cases. We attribute this phenomenon to
the dimension of the discretized Lagrange multiplier spaces. A Lagrange multiplier space with codimension four of the
trace space renders all twelve control points at the free end of the intersection as master nodes. Therefore, constraints
at this region can not transfer stresses very well from one patch to the other. A—refinement can easily reduce the error
magnitude as well as the size of the oscillation region. Owing to the compact supports, the oscillation region of the
result from the enriched Bézier dual basis is smaller than the result from the global dual basis for both coarse and fine
meshes.
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Figure 10: Contour plots of err = ué‘ —ug, err=M" —M,, and err= M ;‘y — My, for the simply supported plate under

sinusoidal load (p = 3, and the mesh is obtained after one refinement).
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(a) (b)

Figure 11: The Scordelis-Lo roof problem: (a) Schematic and parameterization. Note that the blue edges are free,
while the red edges are fixed in x and z directions. (b) Deformed Scordelis-Lo roof (scaling factor of 20 is applied
to the displacement). Left: Only the C° continuity constraint is applied. After deformation, kinks are formed along
intersections. Right: The C! continuity constraint is also applied. The deformed surface is as smooth as a single patch.
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Figure 12: Stiffness matrix sparsity patterns for (a) the coupled linear system using the global dual basis, and (b) the
coupled linear system using the enriched Bézier dual basis for the Scordelis-Lo roof problem. The stiffness matrices
are computed from the four-patch domain in Figure@ after 4 levels of refinement.
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Figure 13: Scordelis-Lo roof problem: a comparison of the vertical displacement at the midpoint of the free edge for
different dual basis functions and degrees.
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Figure 14: The convergence plot for the Scordelis-Lo roof problem.
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(a) Schematic. (b) Non-conforming twelve-patch mesh with intersections highlighted by red lines.

Figure 15: Schematic and mesh setup of the pinched hemisphere shell problem. Rigid body modes are suppressed by
fixing the four corner nodes of each patch on the top.
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Figure 16: Pinched hemispherical shell problem: a comparison of the radial displacement at point A for different dual
basis functions and degrees.

22



(@ (b)

Figure 17: T-beam problem: (a) Schematic and parameterization. Note red edges indicate pinned ends (i.e. u=0). (b)
Deformed configuration with a scale factor of 10.
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Figure 18: Relative error of angle between the flange and web along the intersection for (a) a coarse mesh shown in
Figure@ (b) a mesh after one uniform refinement.
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5.2 Nonlinear problems
5.2.1 Cantilever shell subjected to an end shear force

The first nonlinear problem to be studied is a cantilever shell subjected to an end shear force (see Figure [T9a).
The length, width and thickness of the cantilever shell are L =10, b =1 and ¢ = 0.1, respectively. This model has
Young’s modulus E = 1.2 x 10° and Poisson’s ratio v = 0. The left boundary is clamped (u = % = 0) while the right
boundary is subjected to a uniformly distributed shear force in the z-direction with the maximum load of f =4 and the
incremental load of A f = 0.4. The geometry is decomposed into three patches, which are discretized by 9x 3, 5x 2 and
3x 3 B-spline elements, respectively (see Figure[T9b). A fine mesh obtained by one uniform refinement of the mesh in

Figure[T9B]is also considered in this study. The deformed cantilever is shown in Figure

oy

(a)

— 1

(b) ©

Figure 19: Cantilever shell subjected to an end shear force: (a) Schematic, (b) the three-patch non-matching discretiza-
tion and (c) the initial and deformed configurations.

Figure [20] shows the shear traction against the horizontal (—u,) and vertical (u,) displacements at the free end for
both the non-conforming multi-patch configuration and the reference results reported by Sze et al. [62]. Due to the
heavy distortion of the mesh, the results are as good for quadratic elements with the considered mesh density. However,
the results for cubic splines agree with the reference result even for the coarse mesh. For all tested cases, the difference
between the results obtained from the enriched Bézier dual basis and the global dual basis are negligible.

5.2.2 Cantilever shell subjected to end moment

In the second example, we study a cantilever shell subjected to an end moment (see Figure 2Ta). The length, width
and thickness of the cantilever are L = 12, b =1 and ¢ = 0.1, respectively. The material parameters are the same as

the previous example. The right boundary is clamped while a bending moment, M = Z”LE L is applied at the free end
such that the cantilever shell rolls up into a circular arc, where I = % is the moment of inertia of the section. The

cantilever shell is subdivided into two patches, i.e., the left patch consisting of 10 X 6 quadratic elements and the right
patch consisting of 10 x4 quadratic elements (see Figure[2Ta). A finer mesh is obtained by a uniform refinement of the
mesh in Figure 2Ta] The deformed cantilever shell at different load steps are shown in Figure 210}

Figure 22] plots load-displacement curves for u, and u, components of the free end. As can be seen, similar results
have been obtained by the enriched Bézier dual basis and the global dual basis. The results converge to the reference
solution [[62] as the mesh is refined.

5.2.3 Slit annular plate subjected to a lifting line force

In the following example, we study a slit annular plate subjected to a lifting line force. The problem setup is
illustrated in Figure @, where the inner radius, outer radius, thickness, maximum vertical traction load and load step
are Ry =6, Ry =10, t =0.03, f =0.8 and Af = 0.04, respectively. Young’s modulus is E = 21 x 10° and Poisson’s
ratio is 0. One end of the slit is fully clamped while the other end is lifted under the uniform traction load f. We
benchmark the vertical displacements of points A and B. To test the performance of the proposed coupling formulation,
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Figure 20: Load-deflection curves for cantilever subjected to an end shear force. The horizontal (—u, ) and vertical ()
displacements at the free end for (a) a quadratic coarse mesh, (b) a quadratic fine mesh, (c) a cubic coarse mesh and (d)
a cubic fine mesh are compared to the results provided in [62].

we decompose the annular plate into three NURBS patches discretized with 6 X2, 6 x5 and 6 X 3 cubic elements,
respectively (see Figure [23b). In this example, we also consider a fine mesh obtained by a uniform refinement of the
mesh in Figure 23b] The deformed annular plate is shown in Figure

Figure [24]shows the vertical deflections at points A and B for the non-conforming multi-patch configuration at each
load step, where cubic elements are utilized in all considered cases. Even though the multi-patch results obtained from
the coarse mesh show slight discrepancies from the reference results provided in [62], they track the reference solutions
very well once the mesh is refined. Again, the difference between the results obtained from the enriched Bézier dual
basis and the global dual basis are negligible.

5.2.4 Pullout of an open-ended cylindrical shell

In this test, an open-ended cylinder is pulled by a pair of radial forces. The problem setup is illustrated in
Figure @ where the radius, length, thickness of the cylinder, radial force and load step are R =4.953, L = 10.35,
t=0.094, P = 40,000 and AP = 1,000, respectively. The material properties are: Young’s modulus E = 10.5x 10° and
Poisson’s ratio v = 0.3125. We benchmark u, at point A, u, and points B and C, correspondingly. The cylindrical shell
is modeled by four NURBS patches, discretized by 32 x 16, 28 x 14, 28 X 14 and 32 X 16 cubic elements, respectively
(see Figure[25a)). The results given by Sze et al. [62]] are used as references. Strong alignments of the computed results
with the reference solutions are observed in Figure[26] which demonstrates the accuracy and robustness of the proposed
formulation.
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Figure 21: Cantilever shell subjected to end moment: (a) Schematic and parameterization, (b) Deformed configurations.

Note that the red line in (a) indicate clamped end, i.e. u = % =0.

5.2.5 Twisted L-beam

The ability of the proposed formulation to handle kinks in the large deformation configuration is explored with the
twisted L-beam problem, as depicted in Figure[27a] The structure is clamped at one end and a point load F = 30 is applied
to one corner of the opposite end. The thickness of the beam is 7 = 0.1. The Young’s modulus is E = 1.2 x 10% and the
Poisson’s ratio is v = 0.3. The whole L-beam is modeled by two quadratic patches with mismatched parameterizations
along the interface as shown in Figure[27a] The angle between two patches varies linearly from the clamped side (90°)
to the tip side (60°). The initial and deformed configurations are illustrated in Figure 270

A comparison of the vertical deflection at the loaded point between the proposed formulation and a finite element
shell solution obtained from Abaqus [63] is shown in Figure[28] The difference between the global dual basis and the
enriched Bézier dual basis is negligible. The converged result obtained from Abaqus is 1.5% larger than the proposed
approach, which is very small considering the high nonlinearity involved in large deformation and rotation. Figure 29]
shows the relative error of the coupling angle along the interface for the mesh in Figure [27a] and the mesh after one
refinement. The results are similar to the small deformation case (T-beam in Section[5.1.4). After severe deformation,
the maximum relative errors are still below 4 x 10~ for the coarse mesh and below 2 x 10~ for the fine mesh. Thanks
to the compact support of the enriched Bézier dual basis, the oscillation regions obtained by the enriched Bézier dual
basis are smaller than those obtained by the global dual basis case for both meshes.

5.2.6 Free form surface with arbitrary curvature and kink

In this example, a free form surface with a curved kink is used to demonstrate the applicability of the proposed
method. The free form surface consists of two patches joined with a kink. The angle of the kink varies along the joint.
The geometry, discretization and boundary conditions are given in Figure [30aand the contour plot of the displacement
in y-direction is given in Figure[30b] The two patches are Gordon-Conns surfaces [64] and the detailed information of
the two patches can be found in [63]]. The bottom edges (red) are clamped, while the rest edges are free. The upper edge
of the left patch is loaded with a traction load p, = 10 in y-direction. Young’s modulus is £ = 1.2 X 10° and Poisson’s
ratio is v = 0.3. The thickness is r = 0.1.

A comparison of the nonlinear displacement of point A between the proposed formulation and the reference solution
uy =0.410789 given in [65] is shown in Figure|3;1'| The proposed formulations with both the global dual basis and the
enriched Bézier dual basis perform very well for all tested degrees.
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Figure 22: Load-deflection curves for cantilever subjected to an end bending moment. The horizontal (—u,) and
vertical (u,) displacements at the free end for (a) a quadratic coarse mesh (see Figure 2Ta)), (b) a quadratic fine mesh
are compared to the analytical result.
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Figure 23: The slit annular plate loaded with the line force f: (a) the problem description, (b) the three-patch
non-matching discretization and (c) the initial and deformed configurations.
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Figure 24: Load-deflection curves for the slit annular plate lifted by a lifting line force. The vertical displacements at
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tip A and B for (a) a cubic coarse mesh and (b) a cubic fine mesh are compared to the results provided in [62].
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Figure 25: The open-end cylindrical shell subjected to radial pulling forces: (a) the problem description and four-patch
non-matching discretization, (b) the initial and deformed configurations in 3D view, and (c) the initial and deformed
configurations in y-axis view.
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Figure 27: Twisted L-beam problem: (a) Geometry, parameterization and boundary conditions of the problem. Note
that red edges are clamped ends (i.e. u= g—; =0). (b) Deformed configuration.
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Figure 30: Free form surface with arbitrary curvature and kink: (a) Geometry, parameterization and boundary conditions
of the problem. Note that red edges are clamped ends, (b) Deformed configurations.
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6 Conclusion

In this paper, we presented a dual mortar formulation for coupling multi-patch Kirchhoff-Love shell problem. The
proposed formulation is based on the enriched Bézier dual basis and a dual-compatible constraint. Thanks to the
dual-compatible constraint, the biorthogonality between the dual basis functions and the corresponding primal spline
basis functions can be extended to the discretized constraint matrix. Hence, the static condensation can be achieved
without extra computational effort. As the enriched dual basis functions have local supports, the condensed linear
system remains sparse. Additionally, since the dual basis can reproduce polynomials up to a given order, the coupling
accuracy is optimal. The constraint formulation utilized in our formulation is generic in the sense that it applies the C!
continuity when patches meet at interfaces with G'-continuity or it preserves the angles when patches meet at kinks.
For geometrically nonlinear problems, the constraint becomes nonlinear if a kink appears, which has to be linearized
as well. Due to the presence of the residual of the constraint, the linearized constraint is non-homogeneous. Thanks
to the unique constraint matrix structure, a particular solution that satisfies the non-homogeneous constraints can be
constructed without the need to solve any linear systems which largely simplified the coupling process.

The accuracy and robustness of the proposed formulation are verified by several linear and nonlinear benchmark
problems. The Kirchhoff plate and Scordelis-Lo roof problems indicate the optimality of the proposed formulation.
The T-beam and L-beam problems demonstrate the ability of the proposed formulation in preserving coupling angles.
From the benchmark results, we believe the proposed patch coupling formulation has great potential in addressing
complex shell problems in industry.
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