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Abstract

We propose new quadrature schemes that asymptotically require only four in-plane points
for Reissner-Mindlin shell elements and nine in-plane points for Kirchhoff-Love shell elements in
B-spline and NURBS-based isogeometric shell analysis, independent of the polynomial degree
p of the elements. The quadrature points are Greville abscissae associated with pth-order B-
spline basis functions whose continuities depends on the specific Galerkin formulations, and the
quadrature weights are calculated by solving a linear moment fitting problem in each parametric
direction. The proposed shell element formulations are shown through numerical studies to be
rank sufficient and to be free of spurious modes. The studies reveal comparable accuracy,
in terms of both displacement and stress, compared with fully integrated spline-based shell
elements, while at the same time reducing storage and computational cost associated with
forming element stiffness and mass matrices and force vectors. The high accuracy with low
computational cost makes the proposed quadratures along with higher-order spline bases, in
particular polynomial orders, p = 5 and 6, good choices for alleviating membrane and shear
locking in shells.

Keywords: Reissner-Mindlin shell theory; Kirchhoff-Love shell theory; isogeometric analysis;
Greville abscissae; membrane and shear locking

1 Introduction

Shells have been dubbed the prima donnas of structural analysis by Ekkehard Ramm [I1 2], aptly de-
scribing their physically complex behavior and the challenges facing the development of numerical
methods. In this paper we address problem of creating shell finite elements within the Isogeo-
metric Analysis (IGA) paradigm, which, in structural mechanics, amounts to employing the same



kinematic description (i.e., specification of the displacement field) as that being utilized in the defi-
nition of geometry emanating from a Computer Aided Design (CAD) representation [3]. There are
now a number of alternative geometric descriptions that fall into this category, such as B-splines,
NURBS [4], S-splines [5], T-splines [6], U-splines [7], subdivision surfaces [§], etc. However, in
industrial applications, B-splines and NURBS still dominate. At first glance, it would seem that
IGA offers a fundamental advantage in shell modeling, namely, precise, or even exact, geometric
representation, and this is no doubt important as it is well known that even small geometric imper-
fections can significantly affect results in thin shell buckling, indicating numerical approximations
of geometry may also be a primary source of error. The advantages of IGA shell analysis have
been demonstrated across a range of formulations and applications [9-HI3]. Nevertheless, there are
still major barriers to creating effective IGA shell elements, and these are shared by traditional
finite element methods of all kinds as well. Here our primary concern is on “locking phenomena,”
specifically, transverse shear locking and membrane-bending locking [14HI7].

Transverse shear locking is not a consequence of curved shell geometry; it is present as well
in flat plate and straight beam models that emanate from theories permitting transverse shear
deformations, namely, Reissner-Mindlin plate theory and Timoshenko beam theory. There are a
number of procedures in the literature that have been developed to address this phenomenon and
we will not review them here [14] 15, 17-22]. We include this as an issue we must deal with because
it also is present in transverse shear deformable shell theory, the most basic example of which is
referred to as Reissner-Mindlin shell theory.

In our view, in the development of shell finite elements, the main challenge to overcome, and
a remaining open problem, is membrane-bending locking. To the best of our knowledge, there
is no general solution. It is apparent that curved, higher-order, traditional shell elements have
not distinguished themselves heretofore because curvature is the root cause of membrane-bending
coupling, hence locking. It is no wonder that in industrial software there is a heavy reliance on the
lowest-order, four-node, quadrilateral shell elements, despite their inherently low accuracy, because
they are typically flat, or almost flat, and minimize membrane-bending coupling within elements.

Various techniques have been proposed to overcome locking in both finite element analysis
and IGA. These techniques include mixed formulations with displacement, strain and/or stress
unknowns [16] [17, 23H27], reduced and selective integration techniques [I4], 19, 28430], assumed
strain methods [12, B1H37], and enhanced assumed strain methods [38,[39]. Among these approaches,
the reduced and selective integration methods dominate in commercial FEA codes due to their
simplicity and efficiency. In the IGA community, a few research works [14] [30} [40] are dedicated to
alleviating membrane and shear locking in shells, but none have achieved widespread acceptance.
What we would like to have are simple, straightforward, IGA shell elements that would be candidates
for inclusion in industrial scale and commercial general-purpose computer programs.

What we have pursued herein, is a study that starts with the most direct “primal” formulations
of shell finite elements, and adheres to the finite element analysis orthodoxy of using high-enough
accurate Gauss quadrature rules to ensure stability of the stiffness and mass matrices. We note,
just as in the case of traditional finite elements, there are no exact quadrature rules for non-affine
element geometries. So, sufficiently accurate Gauss rules are generally accepted as about the best
one can do.

In addition to Reissner-Mindlin (RM) shell theory [17, 30], we also investigate Kirchhoff-Love
(KL) shell theory [9], which precludes transverse shear deformation, in the same way as for Poisson-
Kirchhoff plate theory and Bernoulli-Euler beam theory. This solves the problem of transverse
shear locking ab initio for KL theory. Another ostensible advantage for KL shell elements based on
the IGA paradigm is that they are “rotation free,” only requiring displacement degrees of freedom,
unlike RM elements, which additionally require rotation or director fields to be independently



interpolated. However, the implementation of boundary conditions involving rotations or bending
moments requires more thought in KL theory than for RM theory.

Our study focuses on maximally smooth B-splines and NURBS elements of polynomial order
p=2,3,4,5, and 6 for RM theory, and p = 3, 4, 5, and 6 for KL theory. The in-plane Gauss point
patterns used are (p+1) x (p+1), or (p+1)? points per Bézier element. We think of these rules as
“full Gauss quadrature.” Very often, in the evaluation of shell finite element performance, displace-
ments are compared to benchmark solutions, but stresses are not. In our experience, displacements
often achieve acceptable accuracy while, at the same time, stresses do not, in fact, they are often
completely unacceptable. For this reason, we advocate evaluating stresses and we do so herein. It
is quite an eye opener.

Based on previous studies, we anticipated severe locking to occur for lower orders of p and miti-
gation of locking for higher orders of p, and indeed this was the case [4I]. Furthermore, oscillations
in stress fields for lower-order p are typically completely eliminated for higher orders of p. For orders
p = 5 and 6, we found promising results for all tests considered. It seems higher-order elements
cure a multitude of ills, but, of course, the obvious drawback is the computational cost associated
with the very large number of Gauss quadrature points per element. It might also be thought that
the number of degrees of freedom per element would be an additional concern for increasing p, but
this is not the case in IGA because, for maximally smooth Bézier elements, the number of degrees
of freedom is asymptotically the same for all p, p = 1, 2, 3, ... , etc., unlike for traditional finite
elements, in other words, asymptotically, one control point per element. These orders of p may
seem quite high, but that is probably due to lingering perceptions emanating from experience with
classical finite element analysis. With one control point per element, the order of smooth spline
elements is consonant with p = 1 in traditional finite element analysis. Given these observations, it
seems that the cases p = 5 and 6 might provide robust capabilities of the type desired if, and only
if, the cost of quadrature could be reduced to an acceptable level, independent of p. Developing
this line of thought is the essential contribution of this paper.

From previous studies of integration rules for smooth, spline-based elements, it is known that full
Gauss quadrature amounts to overkill |40}, [42-/49]. However, here we would like to reduce the number
of points to be substantially less than full Gauss quadrature. A formulation that achieves what seems
to be a minimum number of points is IGA collocation [50H56], which employs the strong residual form
of the variational equations. Greville abscissae, or points, have distinguished themselves as efficient
and effective locations for evaluation points of the residual. From the variational point of view, these
evaluation points may also be viewed as quadrature points. Greville abscissae, which are in one-to-
one correspondence with the control points (i.e., nodes), represent a “one-point” quadrature rule in
the sense that there is only one quadrature point per control point. This was our first attempt [57],
but in the context of Galerkin formulations of shell theories — to make a long story short, it was
not effective for the stress. However, we found that Greville abscissae were effective, in comparison
with full Gauss rules, if we redefined the space that determined the Greville abscissae to include, in
addition to the basis functions, all the derivatives appearing in the weak form of the problem. To
be specific, in the case of maximally smooth RM elements, to determine the Greville abscissae, we
use the larger space of pth-order splines that are C?~2 continuous. Note that this is one order less
continuity than for maximally smooth pth-order splines, which are C?~! continuous. For maximally
smooth KL elements, we use the still larger space of pth-order splines that are CP~3 continuous.
In both cases, we then solve linear moment fitting equations in each parametric direction to obtain
the weights, and then the two-dimensional quadrature points and weights are generated by a simple
tensor product of the corresponding one-dimensional quantities. This results in, asymptotically, four
in-plane quadrature points per RM shell element and nine in-plane quadrature points per KL shell
element, which are fewer than those required by full Gauss quadrature for all the cases considered,



and substantially fewer in the higher-order cases, with concomitant reductions in computational
cost. The accuracy of the Greville rules is generally commensurate with full Gauss quadrature, but
asymptotic convergence rates for higher-order elements employing Greville rules are lower than for
those utilizing Gauss rules because the Greville rules miss some higher-order monomials necessary
for the full rate of convergence. Nevertheless, in situations such as these, the absolute accuracy
attained by the higher-order Greville elements is still considerably greater than for the lower-order
elements and more than adequate for practical applications. The concept of Greville points is general
in that it extends to arbitrary unstructured spline meshes, such as for T-splines [6], S-splines [5],
and U-splines [7]. Thus, we anticipate applications to these cases in forthcoming works.

The rest of the paper is organized as follows: Section [2] describes required spline concepts.
Section [3] reviews the basic kinematic assumptions and variational forms for KL and RM shells.
We then describe the Greville quadrature schemes in Section[d] Linear and geometrically nonlinear
numerical calculations are presented in Section [f followed by conclusions in Section [6]

2 Spline fundamentals

The Ith Bernstein polynomial of degree p on [£1, £2] can be defined as

me- (7)) (&5 (&) 0

where ( i 1) = m is a binomial coefficient. A univariate quadratic Bernstein basis on

0, 1] is shown in Figure [lp. A degree p Bézier curve in R? can be written as
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where Py € R? is called a control point.
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(a) Bernstein basis on [0, 1]. (b) B-spline basis, = ={0,0,0,1,2,3,4,4,4}.

Figure 1: A univariate quadratic Bernstein basis (a), a univariate quadratic C! B-spline basis (b).

A univariate B-spline basis can be defined by a knot vector = = {&;,&2,...,&n4pt1}, Which
consists of a non-decreasing sequence of real numbers, £ < &ry1,1 =1,...,n+p+ 1, where p is the
degree of the B-spline basis and n is the number of basis functions. The I'th B-spline basis function



of degree p, denoted by N7(£), can be recursively defined as

N})(g):{l’ if & <¢<érm

0, otherwise
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B-spline basis functions are CP~™-continuous across knot &7, where my is the multiplicity of &7 in
Z. A univariate quadratic B-spline basis is illustrated in Figure [Ip.
A B-spline curve of degree p can be written as

x(§) =Y PINT(€), &€& &nipral- (3)
I=1

For a degree p B-spline with knot vector =, the Ith Greville abscissa [58] is given by

1
x]:B(§I+1+§I+2+"'+§I+p)7 I=1--n. (4)

Figure [2] illustrates the Greville abscissae for a univariate quadratic B-spline with knot vector
= = {0,0,0,1,2,3,4,4,4}. Note that the number of Greville points is equal to the number of
B-spline basis functions and therefore equal to the number of control points.

I Knot ® Greville abscissae
Greville abscissae 0 1/2 3/2 5/2 7/2 4
¢ ® } ® } ® ; < ]
Knot values  0,0,0 1 2 3 4,44

Figure 2: Greville abscissae corresponding to the knot vector = = {0,0,0,1,2,3,4,4,4}.

A pth-degree NURBS curve can be represented as

x(§) =Y PruwsR(E), €€ &, bnrpil, (5)
I=1
where the NURBS basis function RY is defined by
Np
R = ). )

where N7 (€) is the Ith p-degree B-spline basis function,

W(E) = wiNF(E) (7)
I=1

is a weighting function, and wy is the weight corresponding to control point P;.

Note that unless it is necessary, the superscript p on the basis functions will be dropped hereafter
for notation simplicity. Higher dimensional analogs to these spline concepts can be created using
tensor products or more advanced construction schemes like hierarchical B-splines [59], T-splines [6],
and U-splines [7].



3 Shell Formulation

3.1 Shell kinematics

Midsurface

Current configuration
eference configuration

Figure 3: A schematic of shell kinematics.

The reference and current configurations of a shell-like body, as illustrated in Figure [3 can be
parameterized as

X(£,€%,6%) =X, ) + €D, &), (8)
x(¢h€2,8%) = x(¢', &%) + £d(¢h, &), (9)

where —2 < e < %, X and % denote the midsurfaces, and D and d denote the directors in
the reference and current configurations, respectively. For conciseness, we will omit the parametric
coordinate ¢* in the following description, and adopt the established convention for Latin and Greek
indices (i.e.,i=1,2,3 and o = 1, 2).

The base vectors of the midsurface can be written as

A x Ay
A1 x Az’
a, =X,, az=d, (11)

A,=X, A;=D= (10)

where (-) o denotes 0(-)/0¢“. The covariant base vectors at any point in the shell continuum are
defined as

Go=Xo=Xa+EDo=A,+&D,, G3=X3=D, (12)
Ba =Xq=Xq+ §3d,a =aq + €3d,a , 83=X3= d. (13)

The Green-Lagrange strain tensor E is defined as

E = %(FTF -1, (14)



where F = dx/dX is called the material deformation gradient and I is the identity tensor. In
components, it can be written as

1

Eij = 5(9ij — Gij), (15)
where
9 =88, Gij=Gi Gj. (16)
Substituting and into we get
Eap = % (a0 a5 + a0 d g+ Eda-as) — (Aa-Ag+EAq D+ D, Ag)l,  (17)
Eagz%(aa-d+£3d,a-d—Aa'D—§3D7a-D), (18)
Eggzé(d-d—D-D), (19)
where the higher-order terms with respect to £ are neglected [60].
The inextensibility assumption of the director, i.e. ||[d|| = 1, leads to
d-d=D-D=1, (20)
do-d=D, D=0 (21)

and according to the definition of D we also have A,-D =0and A,-Dg=-D-A,3=D,-Ag.
As a consequence, to become

1
Eaﬁ = 5 [(aa -ag — A, - AB) =+ 53(aa . dﬁ + d,a -ag — 2D75 . Aa] , (22)
1
Ea3 = iaa d, (23)
Es3 = 0. (24)

Rewriting the non-zero strains in Voigt notation results in the reduced Green-Lagrange strain vector

E= [5 Jifs"] , (25)

where €, kK and v are the membrane, bending, and transverse shear strains, respectively, which are
defined as

€11 R11

€= |€n|, K= |kKn|, and v= [VI]’ (26)
2612 2K12 72
where
1
Gaﬁ = i(aa . a/g — Aa . Aﬁ), (27)
1
Kap = i(aa . dﬂg + Cl706 . ag) - D”B . Aa, (28)
Yo = A4 - d. (29)



For an RM shell, the current director is not necessarily perpendicular to the midsurface. Therefore,
the shear strain -, may be non-zero. In contrast, the Kirchhoff-Love shell theory assumes the
current director to be perpendicular to the midsurface, viz.,

a; X as

d (30)

 lar x ag|”

In this case, the shear strain -, vanishes and equations (22)) to can be further simplified to

1
Bag =75 [(8a a5 — Aa - Ag) +26%(—ass - d+ Aag - D)] (31)
= €ap + & Kap, (32)
Eo3 = E33 =0, (33)

where now
Kag = —aq3-d+ Ay -D. (34)

Note that compared to the bending strain for an RM shell shown in , the derivatives of the
directors d and D are instead transferred to the tangent vectors a, and A, for a KL shell, as shown

in .

3.2 Variational formulation

In this work, we restrict all attention to linear and geometrically nonlinear elastic problems. For
those ends it is sufficient to assume a simple elastic constitutive equation, namely, the Saint-Venant
Kirchhoff material, which can be written as

S=CE onQ, (35)

where  is the continuum body with respect to the reference configuration, S is the second Piola-
Kirchhoff stress in Voigt notation and C is the elasticity matrix defined in the curvilinear coordinate
system, which can be calculated as

_ |G O
C=T [0 o | (36)

where T, defined by in Appendix |Al is the strain transformation matrix from covariant com-
ponents to local Cartesian components. Further

_ E
1 —2

Cp

1
0 21 +v) [0 1

O =

0
E
0|, Co=r—t [1 0] (37)
1—v
2

with Young’s modulus E, Poisson’s ratio v, and shear correction factor xs which is set to be % in
this work, see [30, [61].
The total potential energy can be written as

1 [ e
) =5 [E7$a0- [ w'pude- [ uTRar, (39)
t

where F}, and F; are the body force and traction which act on € and the traction boundary I,
respectively. For simplicity, we assume the loads F}, and F; are independent of the body deformation.



The weak form of the equilibrium equation follows from the stationary point of the total potential
function II(u) and can be written as

oI (u, du) = / SETCEdQ — / SulFpdQ — [ SulF.dry = 0. (39)
Q Q Tt
The linearization of the above variational form of equilibrium yields
L[6II(u, du)] := 6II(u, du) + AII(Au, du) = 0, (40)
where
ASTI(Au, fu) = SETCAE + AMETCE do. (41)

@ material stiffness  geometric stiffness

Here, the first and second variations of the reduced Green-Lagrange strain 6E and ASE are given
as

- 3 3
SE = |:(56 + &k Ade + ¢ A(M] ’ (42)

oy Ady
where the components of de, dk, oy, Ade, Adk and Ad~y can be obtained by taking the first and
second variations of the strains in to as

} and Aél:]:[

1
56,15 = 5(65(@ “X g+ (55(’5 . i’a), (43)
1
5/€a5 = 5(55(@ -d g+ 55(75 ‘dy+4dd, - X3+ 5d”3 . 5(70(), (44)
0o = 6%, d +6d - Koo, (45)
1
Adeag = 5(55(@ “AX g+ 00X 5 AX ), (46)
1
Aé/{aﬁ = 5(5)_(70[ . Adﬁ + 5)_(73 . Ad}a + 5d7a . A)_(ﬁ + 5d75 . A)_Qa +X o A(;d’ﬁ +Xp5- A5d7a),
(47)
AdYq = 0X o - Ad 4 6d - AX o + X o - Add. (48)

The discretizations of the variations of the strains and the resulting stiffness matrices and internal
force vectors are given in Appendix [B]for convenience. Interested readers are also referred to [30], [62]
for more details.

For a KL shell, the transverse shear strains are zero. Therefore, is reduced to

SEXL = §e 4+ &30k and ASEXL = Ajde + £2Adk. (49)

The components of de and Ade for KL shells are the same as and for RM shells. The
components of dk and Adk are obtained by taking the first and second variations of the bending

strain Kqg in as

5/’€aﬁ = —5)7(7015 -d — X ap - od, (50)
Abkap = —0X o5 - Ad — AX o5 - 0d — X o5 - Add. (51)
for a KL shell. The discretized variations of the strains and their matrix formulations are given in
Appendix [C]
The elasticity matrix for a KL shell is reduced to

CcKL = 7KL TKE (52)

where TXL is the in-plane strain transformation matrix from covariant components to local Cartesian
components as defined in ((70) in Appendix



4 Greville quadrature

4.1 Definition of Greville quadrature

Numerical integration of a univariate function, f(z), can be written as
n
/fdf ~ Y flanwr, (53)
i
I=1

where f is the integrand, I is the integral domain, {z1}}_, are the n quadrature points, and {w;}7_,
are the corresponding weights. Given a univariate p-degree (p > 2) B-spline basis {N;}}_, with an
open knot vector = = {{1,62,...,&+pt+1}, We propose a way to determine the quadrature points
and weights as follows: the Greville abscissae {z1}}_,, calculated from , are chosen to be the
quadrature points, and the weights {w;}}_; are determined so that the quadrature rule can exactly
integrate all linear combinations of the univariate B-spline basis { N;}7_,. This can be accomplished
by solving the following moment fitting system of equations

N©de] [Ni(@) Ni(za) - Ni@a)| [wn
G NR(O)dE] [Na(z1) - o Nu(aa)]| [wn]

where the left-hand side contains the moments [63] [64], which are computed exactly using full Gauss
quadrature. As the Greville abscissae are taken as quadrature points, we refer to this quadrature
rule as the Greville quadrature. Figure [4] shows the Greville quadrature points and weights for a
univariate quadratic B-spline basis associated with the knot vector = = {0,0,0, 1,2, 3,4, 4,4}.

(1.5, 1.01961) (2.5, 1.01961)

(0.5, 0.86275) i (3.5, 0.86275)
(0, 0.11765) ! ; (4, 0.11765)
0,0,0 1 2 3 444

Figure 4: Greville quadrature points and weights for a quadratic B-spline basis with knot vector
==1{0,0,0,1,2,3,4,4,4}. Red dots denote the locations of the quadrature points and (-, -) indicates
(xi,wi),i = 1,2,- c ,6.

Note that the Greville quadrature points and weights are calculated with respect to the global
parametric domain of the patch. To utilize the method in existing FEA routines we can easily map
these quadrature points into a parent element coordinate system through an affine mapping. The
mapped quadrature weights can be obtained by dividing computed weights w; by the determinant of
the Jacobian matrix that maps the parametric coordinate system into the parent coordinate system.
Figure [f] illustrates this process with the Greville points and weights given in Figure [4]

For a bivariate B-spline or NURBS basis, the quadrature points and weights are efficiently
obtained through a simple tensor product of the corresponding univariate quantities. Figure [6]
illustrates the distribution of Greville quadrature points for a bivariate B-spline basis that are
generated through a tensor product of the univariate quantities shown in Figure[dl Detailed Greville

10



(1.5, 1.01961)

ym

Global parametric domain ¢ ot ;
0 1 2 3
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§

Parent element I —> |
-1 O 1

(0, 2.03922)

Figure 5: Schematic illustration of mapping the global Greville quadrature points and weights, given
in Figure [4 from the parametric coordinate system (§) into the parent element coordinate system

(©)-

w
—
w
[\
[@V]
(O8]
w
1=
w
NESA
[GV]
hd@))

DO
o
;Q’)
oy
[N}
Ne)
;3
oy
w
(@)}

0 .
$25¢ 26i—>§ 2
@3

&
|®

> 24

©
®

o
—_
O
\
[\~
it >
iwb
it 3
O~ @@=
> > >
o AN I
— [\
(@)} [N}
;: > :: >
I I
— [\]
. o
;—» ;—2})
722%Y 7%
P ®
[
(0]

)@
H3>®

¢ 12

%_06 ¢

} ® *—>

\]
4
! Q0
:; 3
722%Y
Nej
>
782N
—_
( ] =~
S 4 @; <
782N
—_

T %3 *
Figure 6: Greville quadrature point layout for a bivariate quadratic B-spline basis generated by a
tensor product of the univariate quantities as shown in Figure [ Quadrature points and elements
are labeled with numbers and circled numbers, respectively. (£,7) and (£,7) indicate the global
parametric and parent coordinate systems, respectively.

11



quadrature point and weight information in terms of the parent coordinate system is shown in
Table [1I

Table 1: Parent element quadrature points and weights corresponding to Figure @

Eliglsnt PI%? Points Weights El(;gsnt Pl%rslt Points Weights
1 (-1,-1) 0.05536332179931
1 2 (0,-1)  0.40599769319493 9 19 (-1,0) 0.47981545559400
7 (-1,0) 0.40599769319493 20 (0,0) 3.51864667435602
8 (0,0) 2.97731641676278
3 (0,-1) 0.47981545559400
2 9 (0,0)  3.51864667435602 10 21 (0, 0) 4.15840061514802
4 (0, -1)  0.47981545559400
3 10 (0,0)  3.51864667435602 11 22 (0,0) 4.15840061514802
5 (0,-1) 0.40599769319492
4 6 (1,-1)  0.05536332179931 12 23 (0, 0) 3.51864667435602
11 (0, 0) 2.97731641676278 24 (1, 0) 0.47981545559400
12 (1,0) 0.40599769319493
25 (-1, 0)  0.40599769319493
5 13 (-1,0)  0.47981545559400 13 26 (0, 0) 2.97731641676278
14 (0,0) 3.51864667435602 31 (-1, 1) 0.05536332179931
32 (0, 1) 0.40599769319493
27 (0, 0) 3.51864667435602
6 15 (0,0) 4.15840061514802 14 33 (0,1)  0.47981545559400
28 (0,0) 3.51864667435602
7 16 (0, 0)  4.15840061514802 15 a4 (0,1)  0.47981545559400
29 (0,0) 2.97731641676278
3 17 (0,0)  3.51864667435602 16 30 (1,0) 0.40599769319493
18 (1, 0)  0.47981545559400 35 (0, 1)  0.40599769319493
36 (1,1) 0.05536332179931

4.2 Greville quadrature for shells

The Greville quadrature proposed in Section lays down a general framework for determining
quadrature points and weights, i.e., preselecting the Greville points as the quadrature points and
then generating the quadrature weights by solving a moment fitting equation system. However, for a
specific isogeometric Galerkin formulation, a proper integration accuracy is necessary to ensure that
the resulting linear equation system is stable and accurate. By construction, the Greville quadrature
rule can exactly integrate all B-spline basis functions {N;}7_; adopted in (54)). Therefore, one can
easily control the quadrature accuracy by using specific B-spline bases to build the quadrature rule.
In this section, we propose different B-spline bases to build quadrature rules for KL and RMC shells.

Assuming the highest order of derivatives in the Galerkin formulation is k and the univariate
B-spline basis along one of the parametric directions in the Galerkin formulation is {N H }7;:1 with
knot vector = = {&1,&,...,&n4p+1}, the Greville quadrature rules for analysis should be con-
structed in a way such that all basis functions {N? }7;:1 and their derivatives of order less than
or equal to k are integrated exactly. In other words, should be satisfied for all functions in

{N }’ m |11<T<n0<m< k} Notice that these functions are equivalent to a set of new B-spline
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N ~
basis functions {N H }1 X with knot vector = obtained by increasing the multiplicity of each interior

knot of = by k. It is preferable to use {N f };11 to build the Greville quadrature rules, because, in

this way, we can avoid calculating the derivatives of the B-spline basis functions {N f }?:1 and the

quadrature points are naturally the Greville quadrature points calculated from the knot vector =.
In what follows, we will use the notations

S = AN}, and Sp= {87}

. ke{l,2}, (55)

to indicate different B-spline bases.

According to the rules given above, for KL shells, the quadrature rule along one direction will
be constructed with S5 , and for RM shells, it will be constructed with 8. A two-dimensional
quadrature rule is simply the tensor product of two one-dimensional quadrature rules as mentioned
in Section[4.1] To distinguish these two quadrature rules for KL and RM shells, we will refer to them
as GREVI-K and GREVI-R, respectively, hereafter. For a cubic B-spline basis with knot vector
= =1{0,0,0,0,1,2,3,4,4,4,4}, the one-dimensional quadrature points and weights for GREVI-K
and GREVI-R are illustrated in Figure[7] It is clear that the GREVI-R and GREVI-K rules, asymp-
totically, only involve two and three quadrature points in each parametric direction per element,
respectively, regardless of the basis degrees. Consequently, only four and nine in-plane quadrature
points are required for RM and KL shell elements.

(2, 0,25)

(1.66667, 0.375) | (2.33333, 0.375)

(1.33333,0.375) | (266667, 0.375) (1.66667, 0.50735)(2.33333, 0.50735)

(1,0.25) ¢+ i 1 i(3,0.25) (1.33333, 0.47899) | {(2.66667, 0.47899)
(0.66667,0.375): i i | i (4.33333,0.375) (0.66667, 0.60189) L (3.33333, 0.60189)
(0.33333,0.3%5) ¢ i i 0 i | (3.66P67,0.375)  (0.33333, 0.26155) | | L (3.66667, 0.26155)
(0,025); & i i i bbb i1 (4,0125)  (0,0.15021) | o o L (4, 0.15021)

0000 111 222 333 44,44 0,000 11 2,2 3,3 44,44
(a) GREVI-K. (b) GREVI-R.

Figure 7: Quadrature points and weights of GREVI-K and GREVI-R for a cubic B-spline basis
with knot vector = = {0,0,0,0,1,2,3,4,4,4,4}. Red dots denote the locations of the quadrature
points, and (-, -) indicates the global quadrature point and weight pair (z;, w;).

Remarks.

1. The Greville quadrature weights are not always positive for an arbitrary knot vector. For
example, if a knot interval of Z is extremely small compared to adjacent intervals, it is possible
for the GREVI-K and GREVI-R quadrature rules to exhibit negative weights locally. Quadrature
rules with negative weights are prone to instability and not preferred in engineering analysis. In
this work we confine ourselves to uniform knot vectors. With uniform knot vectors we only see
negative weights for the GREVI-K rule with p = 4. How to effectively remove the negative weights
for arbitrary knot vectors is non-trivial and will be addressed in future work.

2. For p = 2, the multiplicities of the interior knots of the resulting knot vector = will be three
for GREVI-K. Therefore, each element is an independent Bézier patch and the quadrature rule
needs to be determined on the element level through . The resulting quadrature points will
be distributed by the Simpson’s rule, and unfortunately the two coincident quadrature points at
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the element interface can not be combined into one point due to the discontinuous second order
derivatives [49]. As a result, the number of quadrature points will be the same as for full Gauss
quadrature and thus we will not explore the case of p = 2 for GREVI-K further.

4.3 Stability and accuracy of Greville quadrature

Numerical stability requires that the discrete Galerkin forms be rank sufficient under quadrature.
Reduced quadrature rules used in traditional C%-continuous FEA may lead to unstable systems, i.e.,
the numerically integrated stiffness matrix being rank-deficient and the system producing spurious
zero-energy modes. The proposed Greville quadrature schemes can be regarded as reduced quadra-
ture rules for shell analysis utilizing higher-order smooth spline discretizations. In this section,
we investigate their stability and accuracy by studying the generalized eigenvalue problem in the
context of a flat plate discretized with KL shell elements. This problem is critical because the flat
geometry uncouples membrane and bending behavior and the treatment of each does not inherit
stabilization from the other. As the transverse shear strains are always coupled with the bending
strains for RM shells, sorting out the shear modes alone is challenging. So we studied the bending
and shear modes together with RM shells, which shows that the proposed quadratures are free of
spurious modes. Detailed results are omitted for conciseness.

4.3.1 The generalized eigenvalue problem

The discrete generalized eigenvalue problem takes the form
(K- \XM)¥ =0, (56)

where A is the eigenvalue corresponding to the eigenvector ¥, K is the material stiffness matrix of
the KL shell described in Section [3] and M is the mass matrix with

M[J_t/pN]NJdA, (57)
A

where t is the shell thickness and p the mass density. For the displacement-based KL shell formula-
tion considered above, both K and M are neq X neq square matrices, where neq denotes the number
of degrees of freedom. In this case, there exist neq eigenvalues and corresponding eigenvectors that
satisfy . For a given mode, finite element error estimates give the following error bound in terms
of the relative error of the eigenvalues [65] [66],

A=\

(gk)>2(l’+1—k)
l

<c (h)\ll/ , (58)
where )\; and /\;‘ are the [th analytical and FEA eigenvalues, respectively, h is the mesh size, k is
the highest order of derivatives and c is a constant independent of i and ;.

We examine the generalized eigenvalue problem for a square elastic plate with Young’s
modulus £ = 1000, Poisson’s ratio v = 0, mass density p = 1000, thickness ¢ = 0.1, and edge
length L = 10. As the geometry is a flat plate, the bending and membrane stiffness are decoupled.
Therefore, the bending and membrane modes can be explored separately by applying different
constraints

up =uy =0 and wu, =0, (59)

which result in three out-of-plane and three in-plane rigid body modes, respectively, as shown in
Figures|8h and b. In these cases, the stiffness matrix K is positive semi-definite and the mass matrix
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(b) In-plane rigid body modes for u, = 0.
Figure 8: Rigid body modes. Dashed lines indicate initial configurations.
M is positive definite. As a consequence, all eigenvalues should be non-negative real numbers, and
the number of zero eigenvalues for each case should be equal to the number of rigid body modes.

Table 2: Reference eigenvalues from full Gauss quadrature with 64 x 64 maximally smooth elements,
p="T.

Mode type A1 A2 A3
Membrane | 6.9670413427e-02 | 6.9670413427¢-02 | 7.5020070779¢e-02
Bending 2.0862971829e-05 | 4.1713658653e-05 | 4.1713659232¢-05

Numerical results with the proposed GREVI-K and GREVI-R quadratures verify that the re-
sulting bending and membrane stiffness matrices have rank deficiency 3 for all mesh sizes and
degrees considered, p = 3 to 6 for bending and p = 2 to 6 for membrane. Additionally, Figure [9]
illustrates the convergence of the relative error of the three smallest non-zero eigenvalues. The ref-
erence eigenvalues A, [ € {1,2,3}, given in Table |2 are obtained from full Gauss quadrature with
64 x 64 maximally smooth elements with p = 7. Note that here we use GREVI-R for the membrane
modes because only first derivatives are required but use GREVI-K for the bending modes as sec-
ond derivatives are present. Figures [Jh, ¢ and e illustrate that all three eigenvalues with GREVI-R
converge to the reference solutions. The convergence rates are 4 for p = 2,3 and approximately 5 for
p =4 to 6. According to , the convergence rate is optimal for p = 2. Figures |§|b7 d and h show
that GREVI-K achieves optimal rates for p = 3. For p > 4, the convergence rates are not optimal
but they are all greater than 4 before the differences between )\lh and ); stall at about 10~!3, which
is close to machine precision. We note that [65] gives an error estimate for numerical integration in
the context of C%-continuous finite elements. However, this error estimate seems conservative for
higher-order continuous IGA and cannot explain the convergence rates we see here for eigenvalue
analyses and that we will see later for shell benchmarks. The same observation has been made
in [49). Interested readers are referred to |49, [65] for more details.

Tables |3 to [4] list the smallest 50 non-zero eigenvalues corresponding to the membrane modes
for p = 2 and 3 with 50 x 50 elements. As can be seen, the eigenvalues produced by the GREVI-R
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quadrature scheme are almost identical to those obtained from full Gauss quadrature, which shows
that the proposed GREVI-R rule is free of spurious modes [40} 49, 57]. For higher p the accuracy
gets even better and the results are omitted here. Similar observation can be obtained for GREVI-K
with the bending modes as shown in Tables [f] to [6] for p = 3 and 4. Note that the eigenvalues in
these tables are sorted in an ascending order.
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Figure 9: Convergence of the relative error of the three smallest eigenvalues: membrane modes with
GREVI-R (left column) and bending modes with GREVI-K (right column). Reference eigenvalues
A, 1€ {1,2,3}, obtained from full Gauss quadrature with 64 x 64 maximally smooth elements,
p =7, are tabulated in Table[2]
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Table 3: List of the smallest 50 non-zero eigenvalues corresponding to membrane modes from full

Gauss quadrature and GREVI-R, p = 2 and 50 x 50 maximally smooth elements.

GAUSS

GREVI-R

ratio

l

GAUSS

GREVI-R

ratio

= - R BN e N A S N

DO NN DN DN DN = = = = = e e
DL W N~ O © 00 Uik Wi

6.96704e-02
6.96704e-02
7.50201e-02
9.86960e-02
9.86960e-02
9.86961e-02
1.83254e-01
1.83254e-01
2.25664e-01
3.11077e-01
3.11077e-01
3.26054e-01
3.37540e-01
3.94784e-01
3.94784e-01
3.94784e-01
4.53845e-01
5.15234e-01
5.19052e-01
5.19052¢-01
6.24449¢-01
6.31537¢e-01
6.31537e-01
7.23353e-01
7.72993e-01

6.96704e-02
6.96704e-02
7.50201e-02
9.86960e-02
9.86960e-02
9.86961e-02
1.83254e-01
1.83254e-01
2.25664e-01
3.11077e-01
3.11077e-01
3.26054e-01
3.37539e-01
3.94784e-01
3.94784e-01
3.94784e-01
4.53844e-01
5.15233e-01
5.19052e-01
5.19052¢-01
6.24447e-01
6.31536e-01
6.31536e-01
7.23351e-01
7.72992¢-01

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

7.94834e-01
7.94834e-01
8.17504e-01
8.88266e-01
8.88266e-01
8.88267e-01
9.67027e-01
9.67027e-01
1.05281e+-00
1.05281e+00
1.10888e+-00
1.11267e+00
1.12017e+4-00
1.20535e+00
1.20535e+-00
1.27578e+00
1.31309e+-00
1.31309e+00
1.39427e+00
1.41493e+-00
1.53668e+00
1.57533e+-00
1.57915e+00
1.57915e+-00
1.57915e+00

7.94832¢-01
7.94832¢-01
8.17503e-01
8.88264e-01
8.88264e-01
8.88266e-01
9.67024e-01
9.67024e-01
1.05281e+00
1.05281e+00
1.10888e+00
1.11266e+00
1.12016e+00
1.20535e+00
1.20535e+00
1.27576e+00
1.31308e+00
1.31308e+00
1.39426e+00
1.41492e+00
1.53667e+00
1.57531e+00
1.57913e+00
1.57913e+00
1.57914e+00

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
0.99999
1.00000
1.00000
0.99999
0.99999
0.99999
0.99999
1.00000
0.99999
0.99999
0.99999
0.99999
1.00000
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Table 4: List of the smallest 50 non-zero eigenvalues corresponding to membrane modes from full

Gauss quadrature and GREVI-R, p = 3 and 50 x 50 maximally smooth elements.

GAUSS

GREVI-R

ratio

l

GAUSS

GREVI-R

ratio

= - R BN e N A S N

DO NN DN DN DN = = = = = e e
DL W N~ O © 00 Uik Wi

6.96704e-02
6.96704e-02
7.50201e-02
9.86960e-02
9.86960e-02
9.86960e-02
1.83254e-01
1.83254e-01
2.25664e-01
3.11076e-01
3.11076e-01
3.26053e-01
3.37539%e-01
3.94784e-01
3.94784e-01
3.94784e-01
4.53842¢-01
5.15232e-01
5.19050e-01
5.19050e-01
6.24447e-01
6.31532¢-01
6.31532¢-01
7.23345e-01
7.72982¢-01

6.96705e-02
6.96705e-02
7.50201e-02
9.86961e-02
9.86961e-02
9.86961e-02
1.83254e-01
1.83254e-01
2.25665e-01
3.11079e-01
3.11079e-01
3.26056e-01
3.37542e-01
3.94785e-01
3.94785e-01
3.94785e-01
4.53852¢-01
5.15239¢-01
5.19058e-01
5.19058e-01
6.24453e-01
6.31550e-01
6.31550e-01
7.23373e-01
7.73024e-01

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00001
1.00001
1.00001
1.00001
1.00001
1.00000
1.00000
1.00000
1.00002
1.00001
1.00001
1.00001
1.00001
1.00003
1.00003
1.00004
1.00005

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

7.94828e-01
7.94828e-01
8.17498e-01
8.88264e-01
8.88264e-01
8.88264e-01
9.67011e-01
9.67011e-01
1.05281e+00
1.05281e+00
1.10887e+-00
1.11263e+00
1.12014e+-00
1.20533e+00
1.20533e+-00
1.27576e+00
1.31305e+-00
1.31305e+00
1.39424e+00
1.41492e+00
1.53663e+00
1.57522e+-00
1.57914e+00
1.57914e+-00
1.57914e+00

7.94850e-01
7.94850e-01
8.17519e-01
8.88271e-01
8.88271e-01
8.88271e-01
9.67069¢-01
9.67069¢e-01
1.05283e+00
1.05283e+00
1.10892e+00
1.11277e+00
1.12024e+00
1.20539e+00
1.20539e+00
1.27582e+00
1.31319e+00
1.31319e+00
1.39434e+00
1.41496e+00
1.53682e+00
1.57560e+00
1.57917e+00
1.57917e+00
1.57917e+00

1.00003
1.00003
1.00003
1.00001
1.00001
1.00001
1.00006
1.00006
1.00002
1.00002
1.00005
1.00012
1.00009
1.00005
1.00005
1.00005
1.00011
1.00011
1.00007
1.00003
1.00012
1.00024
1.00002
1.00002
1.00002

19



Table 5: List of the smallest 50 non-zero eigenvalues corresponding to bending modes from full
Gauss quadrature and GREVI-K, p = 3 and 50 x 50 maximally smooth elements.

GAUSS

GREVI-K

ratio

l

GAUSS

GREVI-K

ratio

P S © 0o ok W~

DO NN N DN DN = = = = = e
G W N~ O © 00 Uik W N

2.08630e-05
4.17137e-05
4.17137e-05
1.24771e-04
1.24771e-04
3.16962e-04
3.16962e-04
4.13337e-04
4.96973e-04
5.01329e-04
1.08714e-03
1.08714e-03
1.21814e-03
1.21814e-03
1.53034e-03
1.53034e-03
2.25235e-03
2.50753e-03
2.53129e-03
3.32868e-03
3.32868e-03
3.80163e-03
3.80374e-03
4.35665e-03
4.35665e-03

2.08630e-05
4.17137e-05
4.17137e-05
1.24771e-04
1.24771e-04
3.16962e-04
3.16962e-04
4.13337e-04
4.96973e-04
5.01329e-04
1.08714e-03
1.08714e-03
1.21814e-03
1.21814e-03
1.53034e-03
1.53034e-03
2.25235e-03
2.50754e-03
2.53130e-03
3.32869¢-03
3.32869e-03
3.80164e-03
3.80374e-03
4.35666e-03
4.35666e-03

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

5.28783e-03
5.28783e-03
7.39174e-03
7.42810e-03
7.42810e-03
7.93716e-03
7.99509¢-03
8.09602¢-03
8.09602¢-03
1.01617e-02
1.01791e-02
1.21776e-02
1.21776e-02
1.38504e-02
1.38504e-02
1.44907e-02
1.44907e-02
1.53842e-02
1.53853e-02
1.81432e-02
1.81432e-02
1.84647e-02
1.94223e-02
1.95280e-02
2.29547e-02

5.28785e-03
5.28785e-03
7.39178e-03
7.42814e-03
7.42814e-03
7.93720e-03
7.99514e-03
8.09606e-03
8.09606e-03
1.01618e-02
1.01792e-02
1.21777e-02
1.21777e-02
1.38506e-02
1.38506e-02
1.44908e-02
1.44908e-02
1.53844e-02
1.53855e-02
1.81434e-02
1.81434e-02
1.84649e-02
1.94226e-02
1.95283e-02
2.29550e-02

1.00000
1.00000
1.00001
1.00000
1.00000
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00001
1.00002
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Table 6: List of the smallest 50 non-zero eigenvalues corresponding to bending modes from full
Gauss quadrature and GREVI-K, p =4 and 50 x 50 maximally smooth elements.

GAUSS

GREVI-K

ratio

l

GAUSS

GREVI-K

ratio

P S © 0o ok W~

DO NN N DN DN = = = = = e
G W N~ O © 00 Uik W N

2.08630e-05
4.17137e-05
4.17137e-05
1.24771e-04
1.24771e-04
3.16961e-04
3.16961e-04
4.13337e-04
4.96973e-04
5.01329e-04
1.08714e-03
1.08714e-03
1.21814e-03
1.21814e-03
1.53033e-03
1.53033e-03
2.25235e-03
2.50753e-03
2.53128e-03
3.32865e-03
3.32865e-03
3.80160e-03
3.80370e-03
4.35663e-03
4.35663e-03

2.08630e-05
4.17137e-05
4.17137e-05
1.24771e-04
1.24771e-04
3.16961e-04
3.16961e-04
4.13337e-04
4.96973e-04
5.01329e-04
1.08714e-03
1.08714e-03
1.21814e-03
1.21814e-03
1.53033e-03
1.53033e-03
2.25235e-03
2.50753e-03
2.53128e-03
3.32865e-03
3.32865e-03
3.80160e-03
3.80370e-03
4.35663e-03
4.35663e-03

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

5.28779e-03
5.28779e-03
7.39169e-03
7.42795e-03
7.42795e-03
7.93708e-03
7.99501e-03
8.09585e-03
8.09585e-03
1.01615e-02
1.01789e-02
1.21775e-02
1.21775e-02
1.38502¢-02
1.38502e-02
1.44901e-02
1.44901e-02
1.53836e-02
1.53847e-02
1.81425e-02
1.81425e-02
1.84644e-02
1.94219e-02
1.95276e-02
2.29539¢-02

5.28779e-03
5.28779e-03
7.39169e-03
7.42795e-03
7.42795e-03
7.93709e-03
7.99501e-03
8.09586e-03
8.09586e-03
1.01616e-02
1.01789e-02
1.21775e-02
1.21775e-02
1.38502¢-02
1.38502e-02
1.44901e-02
1.44901e-02
1.53836e-02
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1.00000
1.00000
1.00000
1.00000
1.00000
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1.00000
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1.00000

5 Numerical examples

We now evaluate the performance of the proposed Greville quadrature rules on several geometrically

linear and nonlinear problems. Two shell formulations are used:

o KL: Kirchhoff-Love shell [9];

e RMC: Reissner-Mindlin shell with a continuous approach to calculate the director [17), 30, 62].
Three different quadrature rules are compared:

e GAUSS: full Gauss quadrature for both KL and RMC shells, defined as (p+1) x (p+1) Gauss
points;

e GREVI-K: Greville quadrature rule for KL shells, constructed from Bspline basis S} in .
e GREVI-R: Greville quadrature rule for RMC shells, constructed from Bspline basis S} in .

We note that two-point GAUSS quadrature is used along the thickness direction in this work.
For geometrically linear problems, the quality of the stress or resultant force is explored. Two
types of resultant forces are calculated as follows:
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e Bending moments:

h
Mag = | 3005 de3, (60)

[Ny

where 0,4 are the components of the in-plane stress, o, defined in the local Cartesian coordi-
nate system as

o = C,TBU, (61)

where C,, is the elasticity matrix given in and U is the solution vector. For RMC shells,
T is the in-plane strain transformation matrix which consists of the first three rows of T
in , and B is composed of the first three rows of the strain-displacement matrix whose
nodal submatrix By is given in . For KL shells, T = TXY, which is given in , and B
consists of the nodal submatrix By given in (137]).

e Membrane forces:

|

Tap dE3. (62)

i |

Stress or resultant force oscillation is commonly seen in standard FEA and IGA. Post-processing
procedures are usually required to achieve smooth stress results. We will demonstrate that the dra-
matic stress or resultant force oscillation, shown in lower-order elements with the proposed quadra-
ture schemes, can be also removed through a commonly used technique, i.e., the Lo projection.

Take the membrane forces n,3 as examples. Assuming {Nf }?:1 is a B-spline basis used for

Ny

7l
IGA and {N i _1}1 ) is the corresponding one-order-lower B-spline basis whose continuity is one-

order-lower as well , then the smoothed membrane forces N are represented as

n
Nag = Z Nflilﬁaﬂlv (63)
1=1

where the unknown coefficients 7,57 are solved through the standard L projection of the membrane
forces nag onto {NP~'V1_ e,

[nang_ldA:/nang_ldA, (64)
A A

where A is the parametric domain of the midsurface. Note that if a quadrature rule is used for analy-
sis, the same rule is also adopted for projection . Therefore, compared to the full GAUSS quadra-
ture, the proposed quadrature rules also help to save computational cost in the post-processing as
they use many fewer quadrature points. We also note that instead of the global projection , the
local projection technique [67] and its more compact varients [68], [69] based on dual bases are also
possible options for smoothing stress.
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5.1 Cylindrical shell subject to transverse loading in the radial direction

Figure [I0] shows a schematic for a cylindrical shell subject to transverse loading in the radial di-
rection. Although ostensibly a very simple problem, it is very challenging numerically and reveals
several potential shortcomings of elements. This model has radius R = 10, width b = 1, and
thickness ¢t. Young’s modulus and Poisson’s ratio are £ = 1000 and v = 0, respectively. The
cylindrical shell is clamped at one end and subject to a traction, ¢, = —0.1¢3, at the other end. The
analytical membrane force and bending moment, based on static equilibrium, are n{¥*°* = ¢, cos
and m$3°t = —q,Rcosf, respectively, where, as illustrated in Figure 0 is the central angle
and the subscripts “11” and “22” indicate the local coordinate components, i.e., those along the
circumferential direction and parallel to the y-axis.

To assess the accuracy of the proposed GREVI-K quadrature, we first explore the convergence
rates for the membrane force in terms of the relative error in the L?-norm. Figure [11] shows that
GREVI-K achieves optimal rates for all investigated degrees p = 3 to 6 and slenderness ratios
% = 100, 1000, and 10000, except that the convergence rate deteriorates for p = 6 and % = 100.
Note that for coarse meshes, the GREVI-K quadrature seems to obtain slightly worse results than
GAUSS. This is because here all error norms are calculated with GAUSS quadrature, which is biased
toward GAUSS as stress or resultant force is usually more accurate at quadrature points that are
used for analysis. As the meshes are refined, this difference disappears and these two quadrature
rules achieve comparable results. Figure shows the membrane force convergence rates for the
same cases used in Figure [I1], but the error norms are calculated with the corresponding quadrature
rules used for analysis. As it shows, GREVI-K and GAUSS now achieve comparable results even
with coarse meshes. However, we note that for p = 4, GREVI-K obtains very small error norms
at some points. This is because, for p = 4, the GREVI-K quadrature has negative weights. When
calculating the Ls-norm via numerical integration, the product of the weight and the square of the
absolute error at some quadrature point can be either positive or negative depending on the value of
the weight, and positive and negative products at different quadrature points happen to be canceled
with each other when calculating the summation in the numerical integration.

Figure[13|shows the convergence rates of the bending moment for GREVI-K and GAUSS. As can

be seen, for p = 2, slenderness £ = 100 and 1000, optimal rates are achieved, and for slenderness

% = 10000, even superconvergeflce rate is obtained. For many other cases, the convergence rates
are lost. One reason for these unexpected convergence rates is the pathology of membrane locking.
In addition, the kinematic assumption given in Section [3.1] i.e., ignoring the second-order terms of
€3, also interferes with the convergence rates and eventually levels off the error. We note that this
assumption is widely used as it simplifies the shell formulations and improves the computational
efficiency, and, from the engineering point of view, the error is small enough, especially for thin
shells. Interested readers are referred to [60] for more details about this assumption. Even though
we see reduced convergence rates for bending moment, it is consistent that GREVI-K and GAUSS
obtain similar results for all cases, and higher-order bases achieve better results than lower-order

bases.
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A qz

Figure 10: Cylindrical shell subject to transverse loading in the radial direction.

To examine the quality of the resultant force, the membrane force nyy, normalized by the
maximum value of the exact solution n$¥**, for R/t = 100, p = 3, and various numbers of KL
shell elements, is illustrated in Figure [[4] As can be seen in Figures [[4h and b, GAUSS and
GREVI-K quadratures obtain almost identical results, which oscillates significantly even with 64
elements. Figure verifies that the Lo projection given in (64) can be applied to removing the
membrane force oscillation effectively for both GAUSS and GREVI-K quadrature rules.

In the IGA framework, in addition to the usual post-processing techniques, a simple way to
alleviate the oscillation is elevating the basis order. Figure shows that quintic basis functions
with 16 elements result in smooth membrane force for both GAUSS and GREVI-K rules. In fact,
the results are smooth as well for all p = 6. Again, GREVI-K achieves similar results as GAUSS
for all bases up to p = 6 but with many fewer quadrature points.

For this problem, the bending moment does not show significant oscillations for any p, even the
lowest order considered, p = 3. Figure shows that even with only 16 cubic KL shell elements
both GAUSS and GREVI-K achieve a high quality of the bending moment.

We next explore the behavior of the GREVI-R rule with the RMC shell. Figure [1§| shows the
convergence rates for the RMC shell with GAUSS and GREVI-R rules. For p = 2, both GAUSS
and GREVI-R achieve optimal rates with slenderness % = 100, but as the slenderness increases,
the RMC shell exhibits increased locking and the convergence is lost completely for % = 10000. For
p = 3 to 5, the GREVI-R rule behaves similarly to the GAUSS rule for all slendernesses and obtains
optimal rates. These results clearly show that higher-order bases play a crucial rule in alleviating
locking. Compared to the GAUSS rules, the convergence rates for GREVI-R are slightly reduced
for p = 6 as the error norms get very small. However, from the practical point of view, these
slightly reduced convergence rates are negligible as the accuracy is already adequate for engineering
applications. Note that here the error norms are calculated with the corresponding quadrature rules
used for analysis because GREVI-R has positive weights for all cases with uniform knot vectors.
Additionally, the convergence plots for the bending moment are omitted since similar behavior, as
shown in Figure [I3] for KL shells, is observed for RMC shells here.

Figure [19|illustrates that, for quadratic RMC elements and slenderness R/t = 100, the GAUSS
and GREVI-R quadrature rules obtain similar membrane force results which oscillate significantly
even with 128 elements. The Ly projection (64]) improves the membrane force quality and obtains
accurate results with 64 elements as shown in Figures and b. Note that the membrane force
quality for RMC shells in Figures [I9] and 20]is worse than that for KL shells shown in Figures [14]
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Figure 11: Cylindrical KL shell: Membrane force convergence rates for GAUSS and GREVI-K,

R _

increasing slenderness 4 = 100, 1000, 10000, degrees p = 3 to 6, and maximally smooth elements.
The error norms are calculated with GAUSS quadrature. The initial mesh consists of 1 x 1 elements
and uniform refinement is then used in the circumferential direction.
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The error norms are calculated with the corresponding quadrature rules used for analysis. The
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direction.
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and uniform refinement is then used in the circumferential direction.
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Figure 18: Cylindrical RMC shell: Membrane force convergence rates for GAUSS and GREVI-R,

increasing slenderness % = 100, 1000, 10000, degrees p = 2 to 6, and maximally smooth elements.

The error norms are calculated with the same quadrature rules used for analysis. The initial mesh
consists of 1 x 1 elements and uniform refinement is then used in the circumferential direction.
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Figure 19: Cylindrical RMC shell: Normalized membrane force ni; for GAUSS and GREVI-R,
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and [I5] because here only quadratic elements are used rather than cubic elements for KL shells.
Again, once we elevate the basis order to p = 5 and 6, both GAUSS and GREVI-R obtain smooth

membrane force even with only 16 elements as shown in Figure 21}
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5.2 Clamped square plate subject to a uniformly distributed load

We now analyze a clamped square plate subject to a uniform distributed load as shown in Figure[22h.
The square plate has side length L = 10, Young’s modulus £ = 1000, and Poisson’s ratio v = 0.3.
The thickness t is varied to give a slenderness ratio % The distributed load is set to ¢ = t3.
The maximum displacement at the center of the plate is monitored. The exact solution, based on
Poisson-Kirchhoff thin plate theory, is e, = —0.138173 for all thicknesses [70]. The geometry is
initially modeled with one quadratic element as shown in Figure 22b and h- and k-refinements are
used afterwards. For a flat plate, the membrane and bending strains are decoupled. Therefore, no
membrane locking is present in this problem. Additionally, as KL shells do not suffer from transverse
shear locking, for this problem, we only employ the RMC shell to explore the effectiveness of the
proposed GREVI-R rule along with higher-order bases in alleviating shear locking.

Figures 23p, ¢ and e give an entire view of the convergence of the maximum displacement u, at
the center of the plate. It shows that, for p = 2 and 3, both GAUSS and GREVI-R lock severely
and converge at a similar, slow pace, but higher-order bases ( p > 4 ) alleviate transverse shear
locking effectively and achieve good results even with coarse meshes. Figures 23p, d and f give a
locally enlarged view of the convergence for higher-order bases and coarse meshes. As can be seen,
for p = 4 to 6, the GAUSS and GREVI-R rules also behave similarly.

We then explore the accuracy of the GREVI-R rule for skewed meshes. The initial mesh consists
of one quadratic element shown in Figure , and h- and k-refinements are used to obtain more
refined meshes afterwards. As shown in Figure 24] for both GAUSS and GREVI-R rules, coarse
meshes obtain worse results for all cases than those shown in Figure but again GREVI-R achieves
comparable accuracy with GAUSS for all degrees, see Figures[24p, d and f for locally enlarged views.

Figure [25] gives the computational time comparison between the GAUSS and GREVI-R rules in
computing the stiffness matrix for the clamped square plate problem. Computational efficiency is
significantly improved by the GREVI-R rule. Observed speedups are approximately 50% for p = 2
and more than 90% for p = 5 and 6, as the mesh is refined. Note that the computational time spent
on calculating the quadrature points and weights is also included in the time comparison.

We now investigate the shear stress quality for GREVI-R and GAUSS rules. Figure [26] gives
a numerical reference solution of the transverse shear stress o,., for slenderness L/t = 100, at
the midsurface, which is obtained with the standard GAUSS quadrature and 32 x 32 maximally
smooth sextic RMC elements. Figure[27]shows that with maximally smooth quadratic elements and
various numbers of elements ranging from 8 x 8 to 32 x 32, the transverse shear stress o, oscillates
dramatically for both GAUSS and GREVI-R quadrature rules and the maximum and minimum
values are off from the reference values given in Figure Elevating the basis order alleviates the
oscillation for both quadrature rules as shown in Figure 2§ for 8 x 8 elements with degrees p = 3
to 6. As can be seen in Figures and d, for p = 4, the stress oscillation is still obvious for both
quadrature rules but the maximum and minimum values obtained by GREVI-R tend to be very
close to the reference values which are better than those obtained by GAUSS. As we continue to
elevate the basis orders to p = 5 and 6, the stress oscillation starts to disappear for both quadrature
rules, and in these two cases, GAUSS achieves slightly better stress results than GREVI-R. Again,
even though GREVI-R and GAUSS achieve comparable results, GREVI-R is much less expensive
than GAUSS as it uses much fewer quadrature points.
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Figure 22: Clamped square plate subject to a uniform distributed load. (a) schematic; (b) initial
regular mesh and control net; (c¢) initial skewed mesh and control net. The control nets are depicted
by red dots and dashed lines.
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Figure 23: Clamped square plate under a distributed load modeled as an RMC shell: Maximum
deflection u, with GAUSS and GREVI-R, increasing slendernesses % = 100, 1000, 10000 and degrees
p = 2 to 6. The initial mesh consists of a reqular quadratic element as shown in Figure and h
and k-refinements are used afterwards. Left column: entire view of all data points; Right column:
locally enlarged view of selected data points.
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Figure 24: Clamped square plate under a distributed load modeled with the RMC shell: Maximum
deflection u, with GAUSS and GREVI-R, increasing slendernesses % = 100, 1000, 10000 and degrees
p = 2 to 6. The initial mesh consists of a skewed quadratic element as shown in Figure and h-
and k-refinements are used afterwards. Left column: entire view of all data points; Right column:
locally enlarged view of selected data points.
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Figure 25: Clamped square plate under a distributed load modeled as an RMC shell: Stiffness matrix
compute times for GAUSS and GREVI-R. Note that the time spent on computing the quadrature
points and weights are included for GREVI-R.
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Figure 26: Clamped square plate under a distributed load modeled as an RMC shell: Numerical

reference solution of the shear stress o,, at the middle surface, for slenderness % = 100, calculated
with full GAUSS quadrature and 32 x 32 maximally smooth sextic elements.
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Figure 27: Clamped square plate under a distributed load modeled as an RMC shell: Transverse
shear stress o,, at the middle surface, for slenderness % = 100, GAUSS and GREVI-R, and various
numbers of maximally smooth quadratic elements.

38



©
©

N w ~ 5] o ~ @
N w IS 5 o ~ @

i
-

10 1.406e-01 10 7.752e-02
0 -1.406e-01 0 -7.752e-02
0 2 4 6 8 10 0 2 4 6 8 10

X X
) GAUSS, p = 3. ) GREVIR, p = 3.
10 5.220e-02 10 4.383e-02
9 9
8 8
7 7
6 6
5 > 5
4 4
3 3
2 2
1 1
0 -5.220e-02 0 -4.383e-02
X X
) GAUSS, p = 4. ) GREVI-R, p = 4.
10 4.404e-02 10 4.364e-02
9 9
8 8
7 7
6 6
5 > 5
4 4
3 3
2 2
1 1
0 -4.404e-02 0 -4.364e-02

(e) GAUSS, p = 5. (f) GREVIR, p = 5.

39



10 4.383e-02 10 4.358e-02
9 9
8 8
7 7
6 6
> 5 > 5
4 4
3 3
2 2
1 1
00 ) B o s 10 -4.383e-02 00 p . p p 10 -4.358e-02
X X

(g) GAUSS, p =6. (h) GREVI-R, p = 6.

Figure 28: Clamped square plate under a distributed load modeled as an RMC shell: Transverse
shear stress o, at the midsurface, for slenderness % =100, GAUSS and GREVI-R, 8 x 8 maximally
smooth elements with degrees p = 3 to 6.

5.3 Scordelis-Lo roof

The Scordelis-Lo roof problem is part of the so-called shell obstacle course [71] and tests a shell
element’s ability to handle both membrane and bending modes. An 80" arc of a cylinder with
radius R = 25, length L = 50, and thickness t = 0.25 or 0.025 is supported on each end by a
rigid diaphragm. It is loaded with its own weight ¢, = 90. The material has Young’s Modulus,
E = 4.32 x 108, and Poisson’s ratio v = 0. Figure [29| shows the problem setup. The initial mesh of
the whole model consists of 4 x 4 maximally smooth elements.

rigid diagran;l

Figure 29: Schematic for the Scordelis-Lo roof problem.

The maximum displacement occurs on the free edge at % For ¢t = 0.25, the usual FEA solution
converges to 0.3006 for KL shells [9] and 0.3024 for RM shells [30, [71]. For ¢ = 0.025, the reference
solution given in [72] is 32.0 for KL shells and we also take it as the reference solution for RM
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shells in this work. The maximum displacement on the free edge at % is monitored and results
for the KL shell are shown in Figure For p = 3 and 4, t = 0.25, as shown in Figure [30h, the
GREVI-K rule obtains slightly worse results than the GAUSS rule with the initial mesh, but with
one refinement they almost achieve identical results that are close to the reference solution. As the
degrees increase to p = 5 and 6, GREVI-K and GAUSS obtain nearly coincident results and, since
locking is alleviated largely by higher-order bases, good results are achieved with even the initial
mesh. As the shell thins, i.e., ¢ = 0.025, membrane locking becomes more severe and the results
converge more slowly for both quadrature rules as shown in Figure B0p. In this case, the GREVI-K
rule achieves superior results for p = 4 while, for p = 5 and 6, the results obtained by GREVI-K
and GAUSS hardly differ from each other.
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Figure 30: Scordelis-Lo roof modeled as a KL shell: Convergence of the maximum displacement u,
with GAUSS and GREVI-K, degrees p = 3 to 6, and maximally smooth elements. The whole roof
is modeled with an initial 4 x 4 mesh.

Since this problem is membrane dominated, transverse shear locking is not significant. Figure
demonstrates that for p = 3 to 6 the RMC shell with GAUSS and GREVI-R converges in a similar
way as the KL shell with GAUSS and GREVI-K shown in Figure For p = 2, the GREVI-R rule
underperforms the GAUSS rule but otherwise both rules perform about the same.
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Figure 31: Scordelis-Lo roof modeled as an RMC shell: Convergence of the maximum displacement

u, with GAUSS and GREVI-R, degrees p = 2 to 6, and maximally smooth elements. The whole
roof is modeled with an initial 4 x 4 mesh.

We then investigate the stress quality for different quadrature rules. Figure [32] gives a numerical
reference of the membrane force nq; for thickness t = 0.25, which is calculated with 64 x 64 maximally
smooth sextic KL elements and full GAUSS quadrature. The subscript of ni; indicates that the
membrane force component is along the eli direction of the local Cartesian coordinate system, which
is chosen to be the circumferential direction at each point as shown in Figure 29 Figure [33] shows
that GREVI-K and GAUSS quadratures obtain comparable membrane force with various numbers
of cubic KL elements and significant oscillations occur for coarse meshes. Figure [34] demonstrates
that elevating basis orders alleviates the force oscillations shown in Figure [33] with a mesh of 8 x
8 elements, and GREVI-K performs similarly to GAUSS with various basis degrees. Note that
Figures[34e and f still exhibit slightly oscillations, compared with Figure[32] which can be eliminated
immediately with a few more elements.

Figure [35] compares the membrane force between GAUSS and GREVI-R with quadratic RMC
shell elements. As can be seen, the results oscillate significantly and the values are far from the
reference solution shown in Figure [32] Again, the membrane force quality is largely improved by
elevating the basis order as shown in Figure [36| with an 8 x 8 element mesh.

From this problem, we once again conclude that elements of order p > 5 perform satisfactorily,
whereas lower-order elements, with the GAUSS, GREVI-K and GREVI-R quadratures do not.
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‘ 9.075e+00
-3.406e+03

Figure 32: Scordelis-Lo roof modeled as a KL shell: Numerical reference of the membrane force
ny1 for thickness ¢ = 0.25, calculated with full GAUSS quadrature and 64 x 64 maximally smooth
elements, p = 6.
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Figure 33: Scordelis-Lo roof modeled as a KL shell: Membrane force n1; for GAUSS and GREVI-K
with various numbers of maximally smooth elements, p = 3, t = 0.25.
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(e) GAUSS, p = 6. ) GREVIK, p = 6.

Figure 34: Scordelis-Lo roof modeled as a KL shell: Membrane force ny; for GAUSS and GREVI-K
with a mesh of 8 x 8 maximally smooth elements, p = 4 to 6, t = 0.25.
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Figure 35: Scordelis-Lo roof modeled as an RMC shell:
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(f) GREVI-R, 32 x 32 elements.

Membrane force ni; for GAUSS and

GREVI-R with various numbers of maximally smooth elements, p = 2, ¢t = 0.25.
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(e) GAUSS, p = 5.
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(b) GREVIL-R, p = 3.

(d) GREVIR, p = 4.

(f) GREVLR, p = 5.
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(g) GAUSS, p = 6. (h) GREVI-R, p =6.

Figure 36: Scordelis-Lo roof modeled as an RMC shell: Smoothed membrane force ny; for GAUSS
and SGREVI-R with 8 x 8 maximally smooth elements, p = 3 to 6, t = 0.25.

5.4 Straight cantilever shell subjected to an end moment

In this section, we study the roll-up of a straight cantilever beam (modeled as a shell) as shown
in Figure This problem is widely used to test the ability of a shell element to handle large
rotations. The beam has a length L = 12, width b = 1, and thickness ¢ = 0.1. It is fixed on one
end and subjected to a uniform line moment m = M /b on the free end, which is applied in 10 equal
load steps. The material has Young’s modulus £ = 1.2 x 10%, and Poisson’s ratio v = 0. The
analytical solution for the displacement at the free end is given by u, (M) = [sin(%)% —1]L and
uy (M) =[1— cos(%)]% with My = £ = 2 in [73]. The cantilever beam should roll up into
an exact circle for M = 2w M, with a free end rotation of # = 27. The initial mesh consists of
2 x 1 maximally smooth B-spline elements with degrees ranging from 2 to 6. Only the RMC shell
is used for this problem as it facilitates the application of the end moment exactly. For KL shells,
the end moment has to be applied by distributing it over two rows of control points [9] or by weak
imposition [74] because of the absence of rotational degrees of freedom.

Figure 3§ compares the convergence behavior of the end rotation for the RMC shell with GAUSS
and GREVI-R quadratures. As can be seen in Figure [38h, GAUSS performs slightly better than
GREVI-R for p = 2, but the difference disappears as the polynomial degree increases to p = 3, and
for p =5 and 6, GREVI-R even achieves better results than GAUSS as shown in [38p.

Figure [39| illustrates the deformed configurations at each load step obtained with GAUSS and
GREVI-R for eight maximally smooth elements and various degrees from p = 2 to 7. Again, GAUSS
(Figures 39 to e) and GREVI-R (Figures [39f to j) give comparable results for all degrees and they
both achieve a full circle starting from p = 5. Figure [A0] shows the load-deflection curves of the free
end. As can be seen, with 8 maximally smooth quintic B-spline elements, both GAUSS and GREVI-
R rules trace the exact solutions accurately at each load step. Table[7]lists the total iteration count
and Newton-Raphson iteration information for the last load step. It is clearly shown that the norms
of the global residual force vector for these two quadratures are very close to each other at each
iteration. In addition, it takes the same number of iterations, i.e., 110, in total to achieve a full
circle for both quadratures.
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Figure 37: Cantilever beam subjected to end moment.
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Figure 38: Cantilever beam subjected to an end moment modeled with the RMC shell: Convergence
of the endpoint rotation with GAUSS and GREVI-R, degrees p = 2 to 6, maximally smooth elements
and 10 load steps. The initial mesh consists of 2 x 1 elements.
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Figure 39: Cantilever beam subjected to an end moment modeled as an RMC shell: Deformed
configurations at each load step for GAUSS and GREVI-R quadrature schemes, p = 2 to 6, and
eight maximally smooth elements.
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Figure 40: Cantilever beam subjected to an end moment modeled as an RMC shell: load-deflection
curve for different quadratures, 8 maximally smooth quintic elements, and 10 load steps.

Table 7: Cantilever beam subjected to an end moment: Newton-Raphson iteration information for
the last step for the RMC shell for GAUSS and GREVI-R rules with 8 x 1 maximally smooth quintic
elements and 10 load steps. A residual norm of 1 x 108 is used as the tolerance for convergence;
the initial guess of each load step of the Newton-Raphson method is the result of the previous load
step.

Last load Norm of the global residual vector
step iteration GAUSS GREVI-R
1 2.1375831e+00  2.1375831e+00
2 1.3784626e+04  1.3772385e+04
3 2.0482486e+03  2.0464766e+03
4 9.0282056e+01  9.0286895e+01
5 1.5191433e+00  1.5372966e+-00
6 1.8695243e+01  1.8591616e+01
7 7.2252014e-02 7.2043728e-02
8 2.2772531e+00  2.2790000e+00
9 8.4618374e-04 8.4450531e-04
10 2.1013817e-03 2.1033704e-03
11 1.0278893e-09 1.0262204e-09
Total iteration # 110 110

5.5 Hemispherical shell with a hole

The hemispherical shell problem tests a shell element’s ability to represent combined membrane and
bending modes [75]. The geometry is a hemisphere with radius R = 10, thickness ¢ = 0.04, and an
18" hole as shown in Figure Young’s modulus is F = 6.825 x 107 and Poisson’s ratio is v = 0.3.
The hemisphere is first loaded with four point loads, P = 2, on the equator with alternating sign.
Only one quarter of the hemisphere is modeled due to symmetry. The radial displacement u, at
point B is monitored and compared against a reference solution of 0.0940 [75].

Figure 42| shows that for the RMC shell, GAUSS and GREVI-R again obtain almost identical
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results for various degrees p = 3 to 6, and locking is largely alleviated by the higher-order bases.

z
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\\ //
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x
Figure 41: Schematic for the hemispherical shell problem [75].
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Figure 42: Hemispherical shell modeled as an RMC shell: Convergence of the maximum displace-
ment u, at point B for load P = 2 with GAUSS and GREVI-R rules, degrees p = 2 to 6, and

maximally smooth elements. One quarter of the hemisphere is discretized with an initial 4 x 4
mesh.

We then apply the load P = 200 which results in large deformations and rotations. In this case,
the reference solution of the radial displacement u, at point B is -5.86799 [30]. Figure 43|shows the
convergence of the radial displacement at point B for different quadrature rules with 10 equal load
steps. Behaviors consistent with previous benchmarks are observed for this problem, i.e., for p = 2,
GREVI-R is slightly worse than GAUSS, and for p = 3 to 6, they obtain almost identical results.
To achieve a relative displacement error |upg — uyef|/|uret] < 5% at point B, for p = 5, both GAUSS
and GREVI-R require 5 x 5 maximally smooth elements. The deformed configurations of the whole
hemisphere are created by mirroring the quarter deformed configurations through symmetric planes,
as shown in Figure[#4] The Newton-Raphson iteration information for different quadratures is listed
in Table[8] As can be seen, GREVI-R rule uses the same number of total iterations as the GAUSS
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Figure 43: Hemispherical shell modeled as an RMC shell: Convergence of the displacement u, at
point B for load P = 200 with GAUSS and GREVI-R, degrees p = 2 to 6, maximally smooth

elements and 10 load steps.

rule, and the convergence speed of the residual force in the last load step is comparable.

Table 8: Hemispherical shell modeled as an RMC shell: Newton-Raphson iteration behavior for
GAUSS and GREVI-R rules with 5 x 5 maximally smooth quintic B-spline elements and 10 load
steps. A residual norm of 1 x 107 is used as the tolerance for convergence; the initial guess of each
load step of the Newton-Raphson method is the result of the previous load step.

Last load
step iteration

Norm of the global residual vector

GAUSS

GREVI-R

1

N O U W N

8

1.4142136e+01
2.6921064e+04
6.4213095e+-01
3.0618180e+-01
1.2151047e+00
2.1209916e-02
1.6804269e-06
1.0093059¢-08

1.4142136e+01
2.6655923e+-04
6.3142890e+-01
3.0807023e+-01
1.1772578e+00
2.0617638e-02
1.4196230e-06
8.6660068e-09

Total iteration #

91

91
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(a) GAUSS. (b) GREVI-R.

Figure 44: Hemispherical shell and the RMC shell: Deformed configurations with GAUSS and
GREVI-R, maximally smooth quintic B-spline elements, P = 200 and 10 load steps, |u, —
Uret|/ |uret| < 5% at point B.

6 Conclusions

We proposed Greville quadrature schemes for isogeometric shell analysis. The quadrature points are
chosen to be standard Greville abscissae for B-splines and NURBS, but the spaces from which the
rules emanate are unusual. The proposed scheme for Reissner-Mindlin (RM) shells, referred to as
GREVI-R, is a Greville quadrature scheme based on pth-order basis functions, but with one-order-
lower continuity across element interfaces than the pth-order, maximally smooth, basis functions
used for analysis. The proposed scheme for Kirchhoff-Love (KL) shells, referred to as GREVI-K,
constructs the Greville quadrature points based on pth-order basis functions, but with continuity
two orders lower than the maximally smooth basis used for analysis. The quadrature weights are
determined by solving linear moment fitting equations. Both schemes may be thought of as reduced
integration methods, but their properties are unlike those of standard reduced integration methods,
which typically engender rank deficiency and spurious modes. Our proposed methods are shown,
through eigenvalue analyses, to be free of rank deficiency and spurious modes. At the same time,
they achieve similar accuracy, in terms of both displacement and stress, compared with full Gauss
quadrature.

Asymptotically, regardless of the polynomial degrees, the proposed methods for RM and KL shell
elements only involve four and nine in-plane quadrature points, respectively, per Bézier element,
compared to the usual (p + 1) x (p+ 1) = (p + 1)? in-plane quadrature points for elements with
standard “full” Gauss integration. As increasing the basis order does not asymptotically increase
degrees-of-freedom or the number of quadrature points for higher-order basis functions, the proposed
quadrature schemes provide an efficient and robust way to alleviate locking and provide accurate
displacements and stresses for shells. We also note that the proposed quadrature rules also help
to improve efficiency of post-processing procedures to remove stress oscillations for lower-order
elements.

The present approach to isogeometric RM and KL shell analysis is believed to provide insights
to devise new quadrature rules for IGA. The concept of Greville abscissae is also applicable to
unstructured spline meshes and offers research opportunities in these areas. However, a number of
questions remain and further studies need to be performed. Our work is entirely based on engineering
intuition and numerical studies. A mathematical foundation in terms of rigorous convergence rates
is lacking. We opted to completely avoid rank deficiency and spurious modes, but this entailed more
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Greville points than we initially desired. We think that even better accuracy may be attainable for
the lowest-order cases, but our attempts so far have not attained success. We noticed one case in
which a negative weight occurred for p = 4, but there was no indication of numerical instability for
analysis. We also observed in test problems that non-uniform knot vectors may result in negative
quadrature weights. The problem of maintaining accuracy and guaranteeing all weights are positive
is a problem we hope to study in future work.

In IGA, higher-order curved shell elements mitigate membrane-bending locking. Is this the only
simple and general solution to the problem? We don’t know, but we think it will take special
procedures to do so for lower-order shell elements. In this regard, see the reduced integration work
of C. Adam and colleagues [14], 40]. This is a topic warrants further research.

We started this paper quoting Ekkehard Ramm that shells are the prima donnas of structural
analysis. The truth of that statement, in the context of numerical analysis, is more evident than
ever. There is still much room to improve existing methodology and the search for even better
methods goes on.
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A Strain transformation matrix

The Green-Lagrange strain E can be represented in terms of the contravariant basis vectors {G* le
or local Cartesian basis vectors {e{}?_, as

E=F;G ®G =FEjel®el (65)

iJ -t

By a change of basis, the relation between the local Cartesian components Efj and the covariant
components I;; can be written as

By = ¢diEij, (66)
where
dix = G- el (67)

Note that we do not strictly follow the index notation with respect to the subscripts and superscripts
in (65) and because we choose to denote the local Cartesian coordinate bases in a more common
way as ef. Through 1@' we can transform the reduced Green-Lagrange strain vector E, defined
in for a RM shell, into the local Cartesian coordinate system as

E‘=TE, (68)
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where the transformation matrix T is defined as

[ 0% ¢35 o $21$31 $11$31 d11¢21 ]
1o P39 P39 P22032 P12¢32 12022
T — 1 P33 b33 $23933 $13933 13923 (69)

2012013 2022023 2032033 P22033 + P32023  P12¢33 + P32013 1223 + 2213
2011013 2021023 2031033 $21033 + $31023 P11¢33 + P31013  P11P23 + P21¢13
12011012 2021022 2031032 ¢21032 + @31022  P11¢32 + P31012  Pr1d22 + P21P12]

For a KL shell, a similar transformation matrix for in-plane strains can be defined as

d11611  P21021 P11021
TRV = | ¢12012  dazdban 12022 . (70)
2011012 2¢21022  D11022 + P21012

Note that if the elasticity matrices C and CX defined in Section are directly formulated in the
curvilinear coordinate system [70] [77], the transformation of the reduced Green-Lagrange strain is
not required. However, if the constitutive model is obtained from a independent material library,
the elasticity matrices returned may not be defined in the curvilinear coordinate system. In this
case, the strain transformation process above offers a flexible way to handle the constitutive model.

B Discretization of the variation of the strain for RM shells

In this section, we introduce useful derivations from [30, 62], which are necessary for understanding
and implementing the RM shell formulation employed in this work. This formulation defines the
current director d at the quadrature points based on the continuous rotational concept, which
has been shown to be more accurate in [30), [78], especially for higher-order spline bases, than
interpolating d through the nodal director vectors in a discrete manner [11]. We refer interested
readers to [30], [62] for more details.

B.1 Definition of the current director
The current director is defined as
d'(¢") = ARd'(¢%) (71)

where the superscripts ¢ and ¢ — 1 indicate Newton-Raphson iterates, AR is the incremental rotation
tensor, and

sin Aw 1 — cosAw
Q= —
Aw '’ Aw?2

AR =T+ c;AQ + AQ?, ¢ = Aw = |Aw| (72)

where I is a 3 x 3 identity matrix, Aw = Aw(£Y) € R? is the axial vector of the global incremental

rotation at each quadrature point and

0 —AW3 A(,L)g
AQ = | Auws 0 —Awr | . (73)
—Aw2 Awl 0

The derivatives of the director can be written as

d’, = AR.d"'+ ARd"’ (74)

)
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where

AR, = c1 0 AQ + 1 AQ, + 2,0 AD? + (AR LAQ + AQAQ ) (75)
AQ, = skew Aw,, 1o = Awa Aw cos AAwwz— sin Awa Cro = A Aw sin Aw ;j3+ 2 cos ij
(76)
Aw,q = A‘”Zic'um". (77)
Note that when Aw is very small we take the limit values
c1=1, c3= % and c¢1q=C20=Awqe =0 (78)
to ensure numerical stability.
B.2 Discretization of the variation of the current director
The first variation of d is derived in [62] and can be written as
0d = Wliw, W = skewd, (79)
and the derivatives can be written as
6d o = Wihow + Whow,, W, =skewd,. (80)
The second variation of d can be written as
h-Add = sw™M(h)Aw, (81)
where h is an arbitrary vector and
M(h) = %(th +hd") - (d-h)L. (82)
The derivatives of Add can be written as
h- Add o = dw M(h)Aw + 6w M 4(h)Aw + dw M(h)Aw,q, (83)
where
M), = %(d,ahT +hd’) — (d h)L (84)

The increment of the axial vector and its derivatives are discretized with the spline basis defined
in Section , e.g., B-spline basis {N}7_;, as

Awh = ZN[A(.«)[ = ZN[Tg]A,B[ and Awf‘a = ZN[@AWI = ZNI,aTSIAIBI (85)
I I 1 1

where
Tor — [ai; agr] for nodes in. the smooth regions (86)
Isx3 for nodes along kinks
a,r = AR(Awj)a’ !, a’ ! are the current nodal basis vectors (87)
Awr = T3;ABr, APy is the local incremental nodal rotation vector. (88)
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Note that to avoid drilling degrees-of-freedom, in smooth area, AfS; is chosen to be the local in-
cremental nodal rotation vector which has only two components. However, along kinks, Ay is the

global incremental nodal rotation vector, i.e., Af; = Awyj, which has three components.

case, the matrix Tsay is reduced to the identity as shown in .
The first variation of the director and its derivatives are discretized as

sd" = WTswh =" T4,

s6d", = Z T1.0081,

where

T; = W'TN; T3y,
Tra = [W/IN + WHN Ty,

The second variation of the director and its derivatives are discretized as

Np  Np np  TNp

h-Asd" =Y 0BT THNM (WN,Ts,08, =Y > 68747 (h)3B,
I=1J=1 I=1J=1
np Np

h-Asd, =) 687 T3 [N1.oM"(h)N; + NM”, (h) Ny + N/M"(h)N 0] T3568,

I=1J=1
Np  Np

=Y > 6sfm)] ()68,

I=1J=1
where
/) (h) = T3, N;M"(h)N,; T3,
] (h) = T3 [N oM () Ny + NyM (h)N; + N;M" (h)N 0] T3,

In this

and M"(h) and Mha(h) are calculated by inserting interpolated values of h” and hf‘a into 1} and

(84)), respectively.

B.3 Matrix formulation

The discretized midsurface X" in the current configuration can be written as
xh = Xh 4 uh,

where the discretized initial midsurface X" and displacement u” are represented as

n
=> PNy,
I=1
n
uh = ZUIN[.
I=1

o8
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Substituting X", 6d" and 6df7“a,

discretized first variation of the strains as

computed with ,

and , into to gives the

n [ N[71)7(:T1
se =" Npox} Suy,
I=1 _N[}ﬂ?}% + NI’Q)_(’Tl
n T Ny d} x1Tr 5
oKl :Z NI,Zd:T2 }_(:FZT172 {5;@1[] , (101)
I=1 _NI,gdr’l; + N[Jd:g x:1Tr2+ )_(’QT[J !
~ N[’ldT )_(TT[ ouy
" :Z [NI,2dT i%TI] [551} ‘

I=1

and Add”

7a’

Substituting x", §d", Asd", 5df‘a

computed with , , , and ,

into to gives the discretized second variation of the strains as

Adely ASKR Agh
ASe" = | Asehy |, ASkP = | Adkl, |, and Asy" = [ A 57}1] : (102)
2ASeh, 2ASKN, 2
where
h 1 =h <h =h <h A 1 T
Aéé‘aﬁ = 5((5}{70[ . AXﬂ + 5X”3 . AX@[) = §5u1 (NI,OCN‘LB + N[’BNJ@)IAUJ, (103)
I=1J=1
1 np Np
Abkh; = 5 >N oul[N1aTis+ NigTralABs + 0B [NssTT . + Nio Tl glAu;  (104)
I=1J=1
+ 087 (1)) 5(%.a) + 175, (%,5)) A8, (105)
ASY! = 0ul Ny W TyABs + 68T N1 o TF Auy + 687475 (x.0) ABy. (106)

Substitution of (101]) into the first equation of leads to the nodal strain-displacement matrix

Npax + &N d) &xITr,
Nioxh + & Npodh x5
B, = N]}Qi:li + N[Jf{:g + §3N[72d:1£ + £3N[’1d£ 535(:1;']:\[72 + fgi:gTLl (107)
N[,ldT }ZTlT[
N[72dT }_{ET[
Therefore, the I Jth nodal submatrix of the material stiffness matrix can be written as
Kot — / BTCB ;dQ. (108)
Q
Substitution of (102)) into and leads the I.Jth nodal submatrix of the geometric stiffness
matrix as
K geom geom
geom 1J11 I1J12
K5, = / fgeom geoom dQ, (109)
Q L2 L2z
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where

KEP™ =(N1Nj1 5" + NioNj2S® 4+ NpiNjo S + NpaNji 521, (110)
KEP =35 N1 T g1 + 5 NioTyp + S (N Tz + NioTon) + (S*Npg + S°Nio) Ty,
(111)
KEP™ =S N T + S Nyo Ty + S (Nja Ty + NyoTh ) + (S*Ny1 + S°Ny2)TT
(112)
K%?}ZI; *53511?1/1351( 1) + 5352m1J2( 2) + §353(mu (X2) + ﬁl%z(x 1) + S4qu (x1) + SSqIJ (X,2).
(113)
Here S' to S° are the stress components of S calculated by .
The nodal internal force vector FiInt is defined as
Fint — / BTS dQ. (114)
Q

The external force vector is calculated using standard approaches for RM shells [61] and omitted
here.

C Discretization of the variation of the strain for KL shells

In this section, we introduce the discretizations of the variations of strains and their matrix formu-
lations for KL shells [9] [79].

C.1 Discretization of the variation of the current director

The current director d for KL shells is defined as . The first and second variations of d are
given in [79)] as

1
6d =—— (I —dd")ép, (115)
Ip

1 1

Add =Tl (Adp — Ad|lp[ld) + e (26|lpl[Allplld — é[lpl|Ap — Allp[|ép) , (116)
where
P =X X X2, (117)
op :5)_(71 XXo+X1 X 5)_(72, (118)
Adp :5)_(71 X A)_(Q + A)_(J X (5)_(72, (119)
é|[p[| =d - op, (120)
Ad|p|l =Ad - dp + d - Adp. (121)
Discretizing dp leads to
= Hjduy, (122)
=1
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where

H; = —-N;1Q2(x2) + Nr2S2(x1)

and
0 —hs hy
Q(h) = | hs 0 -
—hy M 0

for any vector h = [hy, ho, h3]T.
Discretizing Adp leads to

h-Asp" =) > uiL;y(h)Auy,
I=1J=1

where
Lrs(h) = (N;1Nj2+ NjiNi2)Q(h).

Substituting (122)) into (115)) results in

1 n

h T

od =TI g (I —dd")Hjéu;.
I=1

Substituting (122]), (125)) and (127)) into (120 and ([121)), respectively, results in

slpll" =>_ dTHduy,
=1

Ad|p|" = ZZéuI (II ||HT(I—ddT)HJ+LU(d)> suy.
I=1J=1

Substitution of (122), (125)), (128]) and (129) into (116)) leads to

1 n n
h- Asd" ——ZZ ujy QIJ )Auy,
Ip] I=1J=1

where

Qss(h) =Ly;(h) —(d- h)( LU(d)> +

ol Ip

C.2 Matrix formulation

1
HY((d-h)dd" — dh™ — hd")H

(123)

(124)

(125)

(126)

(127)

(128)

(129)

(130)

(131)

The discretization of the first variation of the membrane strain, de”, for KL shells is the same as
the first equation of (101 for RM shell. Therefore, the nodal strain-displacement matrix for the

membrane stiffness is given as

N[,lirll‘
BIIn: N[g){g
NIQX + Np1X E
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Substituting " and 6d” into , we obtain the discretized first variation of the bending strain as

| ~Nrnd' - ”—;Hngll(I —dd")H;
Ol = | =Nigd" — Lx5,(1—dd")H; | dur, (133)
I=1
—2N712d" — 2% (I - dd ") Hy
n
okl => " Bjouy, (134)
I=1
where
—Nypdt — mxﬁl(l —ddMH;
B} = | —Nigd® — rLoxT,(1—dd™)H; (135)
—2N[712dT — Qﬁi’Tw(I — ddT)H[

is the nodal strain-displacement matrix for bending stiffness. Then, substituting de* and k" into
the first equation of and leads to the IJth nodal submatrix of the material stiffness matrix
as

Kpat — /Q BTCKI'B;dQ, (136)

where
B; = BP + ¢°B). (137)

The discretized second variation of the membrane strain, Ade”, for KL shells is the same as the
first equation of (102). Substituting x", 6d" and Asd” into , we obtain the discretized second
variation of the bending strain as

Akl
ASK" = | Adkb, |, (138)
2A6K1,
where
1 n n
NSk =Tl > ouf (Nres (T—dd")Hy + NyosHT (I-dd") + Qus(Xap)) Aus. (139)
I=1J=1

Substitution of the first equation of (102]) and (138) into the second equation of and
leads to the IJth nodal submatrix of the geometric stiffness matrix as

Kiy™ = [ Ko+ K+ K, (110)
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where

5 ~
K (NI&NJJI * pr\l (Nrg1 (I—dd")H; + Ny HY (I-dd") + Q”(X’n)> S a4

~ 3 ~
K%?;;gn = <N172NJ,2S21I + 57 (NLQQ (I — ddT) H;+ NJ722H}F (I — ddT) + Q[J()_(722)> SQ,

Ip|l
(142)
com o 2 3 _ ~
K57 = (NLZN“S;I + \éH (N712 (I—dd")H, + Ny 2HT (I-ddb) + QU(ng)) S3.
(143)
Here S is the ith component of S calculated by

S = CKE (e + £3k). (144)

The nodal internal force vector FiInt is defined as
Fint — / BTSdQ. (145)

Q
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