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Abstract

In this paper, mixed formulations are presented in the framework of isogeometric Reissner—Mindlin plates and shells with
the aim of alleviating membrane and shear locking. The formulations are based on the Hellinger-Reissner functional and
use the stress resultants as additional unknowns, which have to be interpolated in appropriate approximation spaces. The
additional unknowns can be eliminated by static condensation. In the framework of isogeometric analysis static condensation
is performed globally on the patch level, which leads to a high computational cost. Thus, two additional local approaches to
the existing continuous method are presented, an approach with discontinuous stress resultant fields at the element boundaries
and a reconstructed approach which is blending the local control variables by using weights in order to compute the global
ones. Both approaches allow for a static condensation on the element level instead of the patch level. Various numerical
examples are investigated in order to verify the accuracy and effectiveness of the different approaches and a comparison to

existing elements that include mechanisms against locking is carried out.
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1 Introduction

Isogeometric Analysis (IGA) was introduced by Hughes et
al. [1] with the aim of unifying the design and analysis pro-
cess. This is achieved by using for both the same higher
order basis functions that are common in CAD tools, such
as Non-Uniform Rational B-splines (NURBS). Since then,
isogeometric analysis has been successfully implemented
in structural mechanics and many other fields, e.g. in fluid
mechanics [2], contact mechanics [3] and fracture mechanics
[4].

Especially in the context of shell structures, isogeomet-
ric analysis offers many advantages. The higher continuity
of splines over the patch is essential for the correct com-
putation of the shell’s curvature and the surface’s normal.
Furthermore, free form structures can now be computed with
a significantly lower computational cost. Thus, in the past
years a lot of effort was put in integrating isogeometric anal-
ysis into the existing shell formulations. The first step was
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done with the Kirchhoff-Love shells, see [5-8] and later with
the Reissner—Mindlin shells in [9-13] and the solid-shells in
[14-16].

Even though splines are very advantageous due to their
higher order and continuity, they suffer from the same lock-
ing effects as Lagrange shape functions, see [17]. Locking
leads to an artificial stiffening of the system, an underes-
timation of the deformation and oscillations in the stress
resultants. Various methods have been proposed in order to
eliminate these undesirable effects in the framework of iso-
geometric analysis. The easiest one is to use higher order
shape functions, however, this approach does not eliminate
locking completely and at the same time increases the compu-
tational cost, see [10,17,18]. An attempt to overcome locking
effects on the theoretical level by using hierarchic formula-
tions was made in the framework of Reissner—Mindlin and
3D shells in [19-22]. Even though these formulations were
able to avoid transverse shear and curvature thickness lock-
ing ab initio, additional methods had to be implemented for
the elimination of membrane locking. In [23,24] the classical
Timoshenko beam problem was reformulated to a single dif-
ferential equation with only one primal variable in order to
avoid shear locking by construction. A mixed displacement
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method that avoids the geometrical locking effects ab initio
was presented in Bieber et al. [25].

In addition to these formulations, methods that have
been valuable in the classical finite element analysis for the
elimination of locking effects have been extended to iso-
geometric analysis, like the Assumed Natural Strain (ANS)
method in [26,27], the Discrete Shear Gap (DSG) approach
in [17,20] and the Enhanced Assumed Strain (EAS) method
[28]. Non-uniform integration techniques were implemented
for isogeometric Reissner—Mindlin shells in [12,29] in order
to overcome locking and increase the efficiency of the
formulations. However, the latter method fails for general
non-uniform knot vectors and is thus not relevant for indus-
trial applications. Reduced integrated fields were applied for
a solid-shell in [30] in combination with a moving least
square approach to project them back onto the fully integrated
space. The use of adjusted approximation spaces for the dis-
placements and the rotations in Reissner—Mindlin plates and
shells was able to eliminate transverse shear locking, see
[31,32].

The B method, one of the most popular methods for
the finite element analysis, was introduced for isogeomet-
ric analysis in Elgued; et al. [33] along with an F projection
in order to alleviate locking in nearly incompressible lin-
ear and nonlinear elasticity and plasticity problems. Later, it
was extended to straight and curved Timoshenko beams in
Bouclier et al. [34] and in Greco et al. [35] to plane curved
Kirchhoff rods. A first attempt to apply the B method to iso-
geometric 2D solid shells was made in Bouclier et al. [18].
As it was often stated in these works, the B method within the
framework of isogeometric analysis leads to a linear system
where a matrix defined on the patch level has to be inverted
and the resulting stiffness matrix is fully populated, which
increases the computational cost. This led to the introduction
of local B formulations, where the B-projection is applied
locally and the global variables are obtained from the local
ones using reconstruction algorithms. Such a local B for-
mulation was first introduced in Bouclier et al. [15] for a
NURBS-based solid-shell. A local B formulation based on
the Bézier projection proposed by Thomas et al. [36] was
presented in Miao et al. [37] to alleviate transverse shear
locking in Timoshenko beams and volumetric locking in
nearly incompressible elastic solids. In addition, Miao et al.
presented a non-symmetric Bézier B projection, where the
variation of the assumed variables is discretized with the dual
basis functions. This way, the assumed variables are directly
condensed out without the need of an inversion and lead to
a sparse stiffness matrix with a slightly higher bandwidth.
This method was later applied to geometrically nonlinear
Reissner-Mindlin shells in Zou et al. [38]. A much simpler
reconstruction algorithm which is also based on the work
of Thomas et al. [36] can be found in Greco et al. [35,39]
for plane curved Kirchhoff rods and Kirchhoff-Love shells.
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There the local variables are directly interpolated with local
B-spline functions without a Bézier projection and transfor-
mation to the Bernstein basis. Local B formulations where
the locking strains or stresses are projected onto interpola-
tion spaces with the lowest possible order for each element
leading to different projection spaces for the inner, corner
and boundary elements are presented in Hu et al. [40,41].
Antolin et al. [42,43] used discontinuous polynomial spaces
for the projection of the strains.

Mixed formulations, which are equivalent to the B formu-
lations for linear cases as stated in [15,44], were implemented
in the context of isogeometric analysis for a solid-shell in
order to eliminate membrane, shear and thickness locking
in linear [15] and geometrically nonlinear cases [45]. Echter
et al. [20] and Rafetseder et al. [46] used a mixed formu-
lation to overcome membrane locking in hierarchic shells
and Kirchhoff-Love shells, respectively. Mixed variational
formulations for nearly incompressible solids were imple-
mented in [47,48]. However, as it is for the B method, mixed
methods involve static condensation on the patch level due
to the high continuity of the shape functions in isogeomet-
ric analysis. This includes the inversion of a matrix on the
patch level and leads to a fully populated stiffness matrix. In
order to overcome these issues and reduce the computational
cost, in this work, two approaches are presented based on the
two-field Hellinger-Reissner variational principle which per-
form static condensation on the element level. In the first one,
the stress fields are defined discontinuously (C ') across the
element boundaries. The resulting stiffness matrix is sparse
and has the same bandwidth as the standard displacement-
based shell which additionally reduces the computational
cost. The second approach is based on the reconstruction
algorithm used by Greco et al. [35,39] in the framework of a
B method. Here, it is reformulated for the mixed method with
the stress resultants as additional unknowns and is extended
to the case of Reissner—Mindlin plates and shells where
membrane and transverse shear locking occur. The resulting
stiffness matrix has a slightly higher bandwidth than the stan-
dard displacement-based formulations. Both methods can be
applied for any polynomial degree. They are compared to the
mixed formulation where static condensation is performed on
the patch level.

The paper is organized as follows. In Sect. 2, the Reissner—
Mindlin shell formulation from [11,32] is briefly summa-
rized. In Sect. 3, the isogeometric mixed formulation based
on the Hellinger-Reissner variational principle is presented
for alleviating membrane and shear locking. The two meth-
ods for performing static condensation on the element level
are presented, and the existing approach, where static con-
densation is performed on the patch level is recalled. In
Sect. 4, the performance of the different approaches is com-
pared on the basis of various numerical examples. Finally,
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in Sect. 5, conclusions are drawn and an outlook for future
research is presented.

2 Reissner—-Mindlin shell formulation
2.1 Kinematics and basis systems

The shell formulation presented in this section is based on
the Reissner—Mindlin shell theory and can be found in [11],
[32]. It is derived from continuum mechanics and the shell
structure is defined with respect to its mid-surface. In order to
describe the thickness direction, the so-called director vector,
see Fig. 1, is used. The director vector of the reference con-
figuration D coincides with the normal vector of the shell’s
surface, whereas the director vector of the current configura-
tion is defined by a difference vector formulation

d=D+b, ey

since only linear problems are considered. The difference
vector reads

b=wxD =W owwith W = skew(D) 2)

and depends on the rotational parameter @ of the shell’s
mid-surface and the reference director vector D. Only small
rotations are considered and the inextensibility condition in
thickness direction is fulfilled in the sense of |d| >~ |D| = 1.

Using the director vector, the reference position vector of
an arbitrary point on the shell is given as

X(EH) = X(EY) +£3DE), 3)

where i = 1,2, 3, &% with « = 1,2 are the two in-plane
coordinates of the convected curvilinear coordinate system
of the mid-surface, —5 < £ < % is the thickness coordinate
and X (§%) is the position vector of the mid-surface in the ref-
erence configuration. In the same manner, the displacement
vector u of an arbitrary point on the shell is defined as

i) = uE) +&%dEY), 4

where u(£%) is the displacement vector of the mid-surface.
The current position vector x (§%) and the displacement vec-
tor u(£%) are linked to each other in the following way

x(§%) = X(E) +uE®). &)

The covariant basis vectors G; of the shell are defined
with respect to £’ as follows

Gy =X4+ED,, G3=D, (©6)

Fig. 1 Basis systems and director vector at a point on the shell’s mid-
surface

while the contravariant basis vectors G/ form their dual basis
system with G; -G/ = § l] and 81.1 the Kronecker delta symbol.
However, an orthonormal basis system is needed for the con-
stitutive relation, thus, a local basis system A; is introduced,
see Fig. 1. It is defined with respect to the local Cartesian
coordinate system #° and is computed as close as possible
to the convected basis system using the lamina coordinate
system, see [11]. In this sense, the displacement and position
vectors in Egs. (3)—(4) are now defined with respect to the
new coordinate system 6.

The definition of the Jacobian matrix J is necessary for
the computation of the derivatives with respect to the local
Cartesian coordinate system as well as for the transformation
of the stress resultant components in Sec. 3. Its entries Jug
are defined as

Jup = Gy - Ag. 7
Since only smooth surfaces are considered, the unknown

deformation is summed up in the following deformation vec-
tor

v:[Z]:[ul wrus B o]’ ®)

where u; are the displacements and B, the rotations. In the
case of surfaces with kinks the third rotation B3 should be
considered additionally.

2.2 Strains and stresses

The strains and stresses are expressed with respect to the
local Cartesian basis system A; and its dual basis system
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A" = A;. Since only linear problems are considered the
linearized Green-Lagrange strain tensor is used and the strain
tensor with respect to A’ is defined as

E=E;A @A ©)

The components E;; are split into the in-plane and transverse
shear strains as follows

Eop = €ap + 07kap + (07) pup. (10)
2Eq3 = Ya- (11)

E33 is zero due to the inextensibility constraint. In Eq. (10)
£qp denote the membrane strains

1
Eap = E(X,oz -upg+ X,ﬁ : u,a)v (12)

and kqp the curvatures
1
Kap = E(X'a bp+Xpg-bo+Dy-upg+Dg-uy).
(13)

The second-order curvatures, which are denoted as

1
Pap = E(d,a 'd,ﬁ - D,a : D,;‘}) (14)

are neglected here because only thin shells are considered
and their contribution to the strain energy tends to zero. The
shear strains y, in Eq. (11) are given as

Vo =Xa-b+ugy-D. (15)

The different strain components are assembled in Voigt nota-
tion in the strain vector

T
e = [en e 2612 k11 k22 2612 V1 V2] (16)

The corresponding stress resultant vector in Voigt notation
includes the membrane forces n®, the bending moments
m®P and the shear forces g®

11,22 12 4,11 .22

T
o= [n m'? ¢! q2] . a7
Since a linear elastic material is considered, the relation
between the stress resultants and the strains is defined as

o = D - &, where D is the constitutive matrix, see [12].
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3 Isogeometric displacement-stress mixed
method for alleviating membrane and
shear locking

3.1 Hellinger-Reissner variational formulation

In contrast to classical displacement-based formulations,
mixed formulations include as additional unknowns the
stresses or strains (Hellinger—Reissner) or both the stresses
and the strains (Hu—Washizu). The approximation spaces
for these additional unknowns must be chosen accordingly,
with the aim of alleviating locking effects. In this work, the
Hellinger—Reissner functional is used within the framework
of an isogeometric Reissner—Mindlin shell formulation, in
order to alleviate membrane and shear locking.

The mixed formulation based on the Hellinger-Reissner
principle from [49] and [50] reads

G(v,a,8v,80) =/ (6e"o — sv" pp)de2
2

1

+/ saT(e —D 0)d —/ svT 5002, =0 (18)
2 082,

with p the surface loads, to the boundary tractions and
u T .
v = |:ﬂ:| = [ul, uz, u3, pi, ,32] the deformation vec-

tor. The strains e and their variations de are functions of the
unknown displacements and rotations v and their variations
ov, respectively. The formulation results from the princi-
ple of minimum complementary energy when employing
Lagrangian multipliers in order to additionally include the
equilibrium and traction boundary conditions in the expres-
sion. The Hellinger-Reissner functional leads to a saddle
point type problem, thus, the existence of a unique solution
and the stability of the system are only guaranteed when
fulfilling additional conditions, see [51]. In particular, the
Babuska-Brezzi condition (inf-sup condition), see [52] and
[53], which ensures the stability of the system should be ver-
ified. Here, the condition was not examined, however, since
the results obtained in the numerical examples in Sect. 4
were accurate and robust it is assumed that the condition
is fulfilled. Nevertheless, in order to ensure the stability of
the proposed mixed formulations in general, a mathemat-
ical verification of the condition should be carried out in
future work. The corresponding variational formulation for
a classical displacement-based approach of an isogeometric
Reissner—Mindlin shell formulation can be found in [32].
The stress resultant components that are considered as
additional unknowns and interpolated with adjusted approx-
imation spaces are those that correspond to the occurring
locking effect. In other words, for shear locking the unknown
stress resultants include o = [¢', ¢*], for membrane lock-
ing 0 = [n'!', n??, n'?] and in the case where both locking
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effects occur, e.g. in shells, the unknowns include ¢ =
[n“, n?2 012 g, qz]'

In the following, the formulation is presented for the
case that shear and membrane locking occur. However, in
the numerical examples of Sect. 4 all three versions have
been implemented and used for the corresponding examples.
The equations are then adjusted. Furthermore, in the case of
shells, the bending parts could be also considered as addi-
tional unknowns. Here, this does not lead to a significant
improvement of the results and increases the computational
cost considerably. Thus, only the membrane and shear terms
are considered. However, in cases where the membrane and
bending terms are coupled the consideration of the bending
terms as additional unknowns is mandatory, see [51]. They
are then interpolated in the same manner as the membrane
terms.

The Hellinger-Reissner variational formulation from Eq. (18)

is now modified for the case where membrane and shear lock-
ing is expected

G(v,a,Sv,So):/ SSZyadQ—i—/ sk D"k d2
2 2
+/ sole,, dQ—/ saT (D) lod2
2 2

—/ avaOdsz—f sv 19082, = 0. (19)
2 0824

Here, €], = [e11, €2, 2612, v1, 2] are the corresponding
strains to o and kT = [k, k22, 2k12] the curvatures. The
strains €¢) , & and their variations é&,,,, k are functions of the
unknown displacements and rotations v and their variations
dv, respectively. The isotropic linear elastic material tensor
is also split into the part that corresponds to the membrane
and transverse shear strains

T
1—v2 1-v2
D=0 o0 ’g(’l(_l;;)) 0 0 |, (20)
0 0 0 2‘(511(3) 0
0 0 0 0 2}(21163)
and the part that corresponds to the curvatures
Ef’ Ef’v 0
12(1-v2) 12(1—v9)
]

where E is Young’s modulus, v is Poisson’s ratio, ¢ is the

shell’s thickness and k; = g is the shear correction factor.
In the framework of isogeometric analysis, the appropri-

ate shape functions for the stress resultant fields are, in the

relevant direction, one order lower than the ones used for
the interpolation of the deformation, see Table 1. There also
exists the possibility to reduce the polynomial degree in both
directions by one, see [15,43]. However, this version is not
considered here. The resulting approximation spaces for the
different stress resultant components for a polynomial degree
of p = 3 and ¢ = 2 is depicted in Fig. 2. It should be
noted that all approximation spaces have the same number
of elements and the same number of Gauss points as the
deformation mesh. However, the number of control points
and their location is different for each approximation space.

Here, NURBS shape functions are used for the approx-
imation of the deformation and the stress resultants, see
[54,55]. The shape functions for the stress resultant com-
ponents ¢ = [n“, n?2 nl2, ql, q2] are summed up in the
following way

NP=ha0 0 0 0
0 Nrithoo0 0 0
NO’ == 0 0 0 0 )
0 0 nNrheo0
0 0 0 0 nra!

where the color indicates the corresponding approximation
space from Fig. 2 and p, g are the polynomial degrees of
the deformations in the first and second direction. N?~ 14,
N7-4~1 and include the shape function’s values at
all control points N,”fl"’, N,”'qfl and . This way,
the stress resultants o are defined with respect to the covariant
basis G,. However, they need to be defined with respect to
the local Cartesian basis A g, thus, the transformation matrix
T, is introduced

VA £ 2011421 0 0
VSN 201202 0 0
T, =|JnJi2 a2 Judn+JnJiz 0 0 |, (22
0 0 0 Ji1 I
0 0 0 Ji2 Jao

where the entries of the Jacobian matrix J,g are evaluated
at the integration points and are defined in Eq. (7). The new
resulting shape functions for the stress resultants read N, =
T, N. Finally, the interpolations of v and ¢ are given in
matrix notation as follows

P4y, (23)
o0, (24)

<
Il

2 2

Q
Il

where 9 includes the 5 nodal degrees of freedom of all the
control points in the deformation mesh and ¢ includes the

@ Springer



Computational Mechanics (2022) 69:1-21

Table 1 Order of the shape
functions for the deformation

and stress resultants. S%,, S¢, are
the one-dimensional B-spline
spaces with degree p, ¢ and o,
a continuous derivatives across
interior knots, respectively

V(gL €2 5l @ &f NP (st ® S}
~p—1 — _ -1

n' (gl £2) and ¢ (£, £2) s e E] NP—la (77 ® Sy}
— —~q—1 . -1

n?2h (gl &%) and g2 (&', £2) 5l ®&f NP {S&, ® 85,1}
S — | —1.c -1 —1

n'2E €% & ® 5] Npoha (01 ® Sy 1)

Fig.2 Approximation spaces for the deformation v (green) and the stress resultant components 711, ¢ (red), n22, g2 (blue) and n5 (orange)

stress resultant components of all the control points in the
different stress resultant meshes.

Isogeometric analysis uses the same shape functions for
the design and analysis which leads to an exact representa-
tion of the geometry. Thus, the interpolated values of X and
D are not approximations but exact values and are denoted
without (...)". In order to interpolate the difference vector ",
the interpolation of the rotational parameter ®” from Eq. (2)
has to be calculated first. It depends on the nodal transfor-
mation matrix T3; = [ Aj; Az; ], which includes the nodal
Cartesian system A, at the I —th control point. These nodal
values A,y are calculated using a method proposed by Dor-
nisch et al. [11]. There, the nodal Cartesian basis systems are
defined in a way that their interpolated values at any point
of the surface coincide as well as possible with the basis
system defined by the geometry. In this sense, the resulting
interpolated rotational parameter reads

nen

o' =>"TyN/"B,. (25)
I1=1

where nen is the number of shape functions that are non zero
for a given element.

The strain-deformation matrices B®” and B* provide a
relation between the strains and the nodal deformation

el, = B7D, (26)
k" = B“D. 27

Eqgs. (26,27) are given in matrix notation and B??, B* include
the values for all the control points I = 1, n, of the defor-

@ Springer

mation mesh

T arP-4q T
X,1N1,1 0
T arP-4q
XONT; 0
B} = | XN/ + X,N[ 0 .28
DN X WIiTy N
| DINJY XLWITs Ny |
r ' T T P4
DT NP L X WITy N
RV | s
X WTy NP
"""""" r Twl 7 xPd
DT NP L XLWITy NTS
} 2712 L XLWLTy N
e e (29)
! COXTWITy N
1 T T P4
T nrP-4 r g TXIWaT3N;
D1N12+D2N11 T T p.q
b S X AWy N
i '+ XLWI Ty NP

Inserting the interpolated values from Eqgs. (23-24) and
Egs. (26-27) in Eq. (19) leads to the discrete weak form of
the Hellinger-Reissner variational formulation

Gh(ﬁ,&,aﬁ,a&)=/ s (BN, 6 d2"

_Qh

+/ Sf)T(B")TDKB"f)d.Qh+f 567N BV pdeh
foll Qh

—/ 567N (D) N, 6 d2"
_Qh

—[ 8T (NPT pods2"
Qh

- /mh saT (NP TEy 002" = 0. (30)
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The linear system of equations that results from Eq. (30)
and has to be solved is given as follows

K, K, |[3] _[F
][5 = (0] o

with the different stiffness parts defined as

Ky = | (BT D“Brdn" (32)
_Qh

Kw,=‘/ (B)T N ,d@" (33)
_Qh

K., = / Nl Beragh (34)
_Qh

Koo :/ NN, deh (35)
_Qh

and the force vector defined as
F = f (NPT pyd2" +/ (NPDTE 928 (36)
el EYold

Applying static condensation on the patch level, a new
mixed stiffness matrix K js;y.q can be defined

(Kyy +Kyo - K} - Ky)d=F, (37)

K pmixed

that has the same dimension as the stiffness matrix from
the classical displacement-based formulation. This way, the
unknowns to be calculated are again only the deformations.
In the following three different approaches to perform the
static condensation are presented.

3.2 Continuous approach

In the first approach, the approximation spaces for the stress
resultant components ¢ are chosen to be one level of continu-
ity lower than the approximation space of the deformation. In
other words, the continuity of the deformation across an inte-
rior element boundary is C? —L \while for the stress resultant
components the continuity can take the value C”~2 depend-
ing on the direction. The high continuity of the NURBS
shape functions, which is one of the advantages for using
isogeometric analysis, is now an obstacle when doing the
static condensation in Eq. (31). In the standard CY continu-
ous finite element method, static condensation can be done
on the element level since the stress resultant components
are discontinuous across the element boundaries. However,
in isogeometric analysis, due to the higher continuity, static
condensation has to be performed on the patch level. Thus,
the stiffness matrix components in Egs. (32-35) are going to
have the following dimension

— K, has the dimension (ncp, - ndf) x (ncp, - ndf),
where ncp,, is the total number of control points from the
displacement/rotation mesh and nd f = 5 are the degrees
of freedom per control point.

- K., and ng have the dimension (ncpy -ndf) x (ncps),
where here ncpg includes the total number of control
points ncp11, ncp2;, ncpiz from the stress resultant com-
ponent meshes. Depending on the locking phenomena to
be alleviated, ncp; can take different values, as can be
seen in Table 2.

— K, has the dimension ncpg X ncpy.

This way, also the stress resultant components ¢ are
defined on the patch level

A -1 ~

0 =(Ks5) K5y, (38)

where

T = [nll’ n?2, 02 g, qz] (39)
: 1 _ 11 11 2

with 't = [nj' o0l ] 0?2 = [nf% . ncpzz]
12 _ 1,12 12 1 1,1 -

n- = [nl s e eps ], q = [ql,. ’q'wpu] and q =

[47. -+ depy, |- The inversion of K on the patch level
requires a significantly higher computational time since the
size of the matrix increases very quickly, see Table 2. Further-
more, the resulting stiffness matrix K ysix.q 1S not a banded
matrix anymore but a full one, which additionally increases
the computational cost, see Sect. 3.5.

Since here only linear problems are considered, the con-
tinuous mixed formulation is equivalent to the global B
formulation firstly presented in [33] and later used in [15] in
the framework of an isogeometric NURBS-based solid-shell
with the aim of alleviating membrane, shear and thickness
locking. It was later extended to the case of large rotations
and large displacements in [45]. Another continuous mixed
formulation can be found in the work of Echter et al. [20],
where it was applied to a hierarchic family of shells and in
the work of Rafetseder et al. [46], where it was implemented
to an isogeometric Kirchhoff-Love shell. In both approaches,
the aim was to alleviate membrane locking.

Advantages: The results are in general more accurate than
for the following two approaches as it will be seen in Sect. 4.

Disadvantages: Higher computational cost since K, is
inverted on the patch level and the resulting stiffness matrix
is full.

3.3 Discontinuous approach
In the discontinuous approach, the shape functions for the
stress resultant components are again chosen with one order

lower in the relevant direction than the shape functions for
the deformations. However, this time, in order to enable static
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Table 2 Dimension ncp;

. neps
defined for the continuous and Ps

Continuous Discontinuous

discontinuous approach as well

. ' Membrane locking
as for different locking cases

Shear locking

Membrane and shear locking

nepyy + nepao + nep2 neny| + nenp + nenpp
nepyy + nepa

2nepy1 + 2nepy + nepin

neniy + nenpp

2nenii + 2neny + nenin

condensation on the element level, the continuity between
internal element boundaries is reduced so that the elements
are discontinuous again. This is achieved by repeating the
internal entries of the knot vector until a continuity of C ! is
reached. A discontinuous stress resultant field for the com-
ponent n'!" and ¢ is depicted in Fig. 3 in comparison to the
corresponding continuous deformation field.

Egs. (32-35) are now defined on the element level, thus,
the integrals are computed within the element limits, i.e.
/. 2. d$2,. The stiffness matrix components have the follow-
ing dimension

— K, hasthe dimension (nen,-ndf) x (nen,-ndf), where
neny, = (p+1) - (g + 1) is the number of nonzero shape
functions for an element in the deformation mesh.

- K., and ng have the dimension (nen, -ndf) x (ncps),
where ncp;y includes the number of nonzero shape func-
tions nenjy = p-(q + 1), nenpy = (p+1) g,
nenip = p - q for an element in the stress resultant com-
ponent meshes. Again, ncp; varies based on the locking
phenomena that have to be alleviated, see Table 2.

— K has the dimension ncpg X ncpy.

The stress resultant components ¢ are now defined on the
element level

6¢=(K%,)'K 1, (40)

where e = 1, numel and

5 = [n', 02, 0% ¢!, ¢?] 1)
1 | S 11 11 22 _ 22 22

with n'l = [ni', oy, ] n* = [P g, |-
12 _ .12 12 171 i P2

n - [nl ""’nnenlz]a q = [ql,---,qne,m] and ¢g° =

[41. - Gen,, |- The inversion of K¢ is now computation-
ally much cheaper than for the continuous approach and the
resulting stiffness matrix K yiyoq has the same bandwidth
of 2 - p 4+ 1 as the displacement-based formulation, which
additionally reduces the computational cost, see Sect. 3.5.
However, due to the discontinuity of the stress resultant fields,
locking is not completely eliminated, as will be shown in
Sect. 4.

In the framework of the B method, a discontinuous
approach was presented in [35] for plane curved Kirchhoff
rods in order to alleviate membrane locking. However, there,
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the assumed strain field is not directly implemented discon-
tinuously from the beginning. The strains are computed on
the element level using a local L?-projection or a colloca-
tion method where only the control variables which have
an influence on the given element are considered. Across
the element boundaries the continuity of the shape func-
tions for the assumed strains are still one continuity lower
than the ones for the displacements. This way the formula-
tion becomes quasi discontinuous. Discontinuous local basis
functions as the ones presented here were used in [26] in the
context of an Assumed Natural Strain method for solid shell
NURBS-based elements and in [43] again for isogeometric
solid shells. Furthermore, Antolin et al. [42] chose for the
projection space of the volumetric strain piecewise discon-
tinuous polynomials, however, they were built on a coarser
mesh than the displacements.

Advantages: Static condensation can be performed on the
element level. The resulting stiffness matrix is banded and has
the same bandwidth as the displacement-based formulation.
Thus, the computational cost is low.

Disadvantages: The discontinuity of the stress resultants
seems to reduce the accuracy of the results. Larger input file
due to the additional control points.

3.4 Reconstructed approach

In order to achieve a low computational cost as in the dis-
continuous approach while maintaining a high accuracy as
in the continuous approach, a reconstruction algorithm is
implemented. Reconstruction algorithms have been intro-
duced mainly in the framework of the B method when using
local approaches. One of these algorithms is presented in
the work of Greco et al. [39] for a B-spline based isoge-
ometric Kirchhoff-Love shell with the aim of alleviating
membrane locking. There, the assumed membrane strains
are first defined with a local L? - projection and later recon-
structed by blending the local control variables using weights
in order to get the global ones. Even though this method is
based on the algorithm proposed by Thomas et al. [36] it is
much simpler and easier to implement. In Thomas’ method,
first, Bézier extraction is applied to project the spline basis
functions onto the Bernstein basis of each element. In a next
step, the Bézier local control points are converted to spline
control points using an element reconstruction operator and
then weighted in order to compute the global spline control
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Fig.3 Shape functions of n'!/g! for the continuous and the discontinuous approaches in comparison to the shape functions of the deformation v

(p =¢q = 3,2 x 2 elements)

values. On the other hand, Greco et al. directly interpolates
the local variables with local B-spline functions and later
blends them using the same weights proposed by Thomas.

The Bézier projection algorithm from Thomas was also
implemented in the framework of the B method in order to
alleviate transverse shear locking in Timoshenko beams and
volumetric locking in nearly incompressible solids in Miao et
al. [37]. There, a non-symmetric Bézier B-projection method
was additionally proposed where the variation of the assumed
variables is discretized with the dual basis that correspond to
the spline basis functions. This way, the assumed variables
are condensed out using the orthogonality property of the
Bézier dual bases and an inversion of a matrix is not neces-
sary anymore. This method was extended to a geometrically
nonlinear isogeometric Reissner—Mindlin shell element to
alleviate shear and membrane locking in the work of Zou
et al. [38]. Another reconstruction algorithm that could be
compared to the one proposed in this work is the local B for-
mulation presented in the work of Bouclier et al. [15] for a
NURBS-based solid-shell to alleviate membrane, shear and
thickness locking. A local least squares method is applied to
each element and afterwards the resulting local variables are
smoothed over the global structure using the average of the
shared local degrees of freedom, as it is proposed in the work
of Mitchell et al. and Govindjee et al. [56,57]. However, the
weights proposed by Thomas are more exact compared to
the ones proposed by Govindjee and lead to more accurate
results as stated in [36]. Here, the procedure presented by
Greco et al. [39] is adopted to the mixed formulation with
stress resultants as additional unknowns and is then extended
to the case of the Reissner—Mindlin shell.

As in the continuous approach, the stress resultant fields
are in the relevant direction one order and one level of con-
tinuity lower than the deformation field. However, static
condensation is still performed on the element level, as in

the discontinuous approach. Thus, the stress resultant com-
ponents 6 ¢ are defined for each element as

~ —1 ~
‘= (Kg,)" Kg,0°, (42)
where e = 1, numel and

(43)

q’]
Tneny b #7 = [0 i |

= q ’ "inenu] and q2 =

with n'! = [n]!, ..
12 _ 12 12
R - [nl ’ nnenlz ]
2 2
[a7 s Gaenss ]~
In order to reconstruct again a continuous stress resultant
field on the patch level, the local stress resultant control vari-

ables are blended with a weighted average as follows

af
nl =3 nwi (44)
eEDl
A roe = D, G W%, (45)
eeDy

where Dj includes the elements where the 7-th NURBS
shape function is not zero. The weights w‘;’i are specified
according to the work of Thomas et al. [36] as the volume
included by the graph of the /-th shape function defined on
the element e divided by the volume included by the graph
of the /-th shape function defined on the whole patch:

Joe NI Hage

pg—1
11 2 fr}e Nl,eq ds2e

Wie= """ dag. 2~ Whe= o 1.~ (46)
Jo NI a8 Jo N{dg2
. nP—La-15A
w12 — er Nl,e ds2¢ (47)
R
S wif =1, (48)
eeD,
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Fig. 4 Control points of the stress resultant component ¢! with poly-
nomial degrees p = 1, ¢ = 2 and 2 x 2 elements and their weights w!!
for each element according to Thomas et al. [36]. The reconstruction of
g for the 5 control point is demonstrated

where £2 is the parametric domain of the patch while Q¢ s
the parametric domain of the element e.

In comparison, the weights proposed in the local least
squares method of Mitchell et al. [56] and Govindjee et al.
[57] are defined as the average of the shared local degrees of
freedom

1 1 1
1n _ 2 _ 1 _
Wie= 11 Wie™ 220 Wie= "12 (49)
ny ny ny
af
Z wih, =1, (50)
eeD,

where n}l , n%z, n}z are the number of elements in the support

of the 7-th shape function.

The reconstructed stress resultant components ¢ ““, which
include again the control variables of the whole patch are
used for the definition of K yiyeq in Eq. (37). An example
for the reconstruction algorithm is given for a plate in Fig. 4.
There the control points of the stress resultant component ¢!
with polynomial degrees p = 1, ¢ = 2 and 2 x 2 elements
are depicted with their weights w!! for each element. The
reconstruction of ¢! for the 5" control point is demonstrated.
The same example is in addition illustrated in Fig. 5 for the
case that the weights of Mitchell et al. [56] and Govindjee et
al. [57] are used, see Eq. (49).

The dimension of the stiffness matrix components in
Egs. (32-35) are now partly defined as in the continuous
method and partly as in the discontinuous method. K, and
K, are defined as in the discontinuous method on the ele-
ment level. Thus, the computational cost for the inversion of
K ; is low. On the other hand K, is defined as in the con-
tinuous method on the patch level. This way, the resulting
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Fig. 5 Control points of the stress resultant component ¢! with poly-
nomial degrees p = 1, ¢ = 2 and 2 x 2 elements and their weights w!!
for each element according to Mitchell et al. [56] and Govindjee et al.
[57]. The reconstruction of ¢ for the 5 control point is demonstrated

stiffness matrix K psixeq is not symmetric anymore. How-
ever, K sirxeq 1S again a banded matrix with a bandwidth
slightly higher than in the discontinuous case, which addi-
tionally reduces the computational time, see Sect. 3.5. The
exact value of the bandwidth is 6 - p — 3 as stated in [15].

Advantages: Accuracy almost as good as for the contin-
uous approach, see Sect. 4. The inversion of K, is done
on the element level which reduces the computational cost.
The resulting stiffness matrix is banded which reduces the
computational cost compared to the continuous method.

Disadvantages: The weights for the reconstruction algo-
rithm have to be defined beforehand and stored. The resulting
stiffness matrix is not symmetric anymore. Loss of physical
meaning since Betti-Maxwell’s theorem is not valid any-
more.

3.5 Computational time

In the previous sections, while describing the advantages and
disadvantages of the different approaches to the static con-
densation, the computational time was often mentioned as an
argument. In this section the computational cost is discussed
in more detail. In particular, the computational time for the
inversion of the K ;, matrix, the computation of K j7;.4 and
the solution of the equations is going to be the main focus
since they can increase rapidly depending on the approach
that is used.

The computational complexity for the inversion of ann xn
matrix, based on the Gauss-Jordan elimination algorithm is
O (n?). There also exist other algorithms which are slightly
better concerning the computational time, for instance
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Table 3 Computational
complexity of the three methods

numel changing, p, g constant

p changing, numel, g constant

for two different cases Mixed Continuous

Mixed Discontinuous

Mixed Reconstructed

0(numel3) 0([73)
O (numel) 0([’3)
O (numel?) 0(P3)

the Strassen algorithm (O (n*897)) or the Coppersmith-
Winograd algorithm (O (n2379)), see [58]. In the framework
of this comparison, only algorithms for the direct inversion
of a matrix are considered. Preconditioned iterative solvers
or multigrid solvers are not taken into account, since their
application to shell problems is often problematic and not
straightforward, see e.g. [59] and [60]. Here, the Gauss-
Jordan elimination algorithm is used for the inversion. The
dimension of K ;4 is ncpg X nepg, where nepg was defined for
the continuous and the discontinuous method as well as for
different locking effects in Table 2. It can be seen that for the
continuous approach where ncp; depends on the number of
control points from the different stress resultant meshes, the
dimension of K, and thus the computational time increases
rapidly when increasing the number of elements. On the other
hand, for the discontinuous and the reconstructed approach,
where static condensation is performed on the element level,
the dimension of the K ;, matrix is constant for a fixed poly-
nomial degree, regardless of the number of elements. Thus,
in this case the total cost for the inversion increases linearly
with an increasing number of elements numel (if t; the com-
putational time for the inversion of K ;, for one element, the
total time for the inversions is numel - t1).

The computation of the new mixed stiffness matrix
K pjixea in Eq. (37) requires the matrix multiplication of
K ;;, K, and K. The computational complexity for the
multiplication of two (n x m) and (m x k) matrices is, when
using the simplest algorithm, O (nmk). Thus, if the matrices
are defined on the patch level as in the continuous approach,
the computational cost for computing K yy;eq is a lot higher
than for the discontinuous approach where they are defined
on the element level. The reconstructed approach, as defined
in Sect. 3.4, is going to be in between the continuous and the
discontinuous approach since K ! and K, are defined on
the element level whereas K, is defined on the patch level.

The resulting stiffness matrices for the continuous, discon-
tinuous and reconstructed approach have the same dimen-
sion, however, in the first case the stiffness matrix is full,
while in the last two cases the stiffness matrix is banded, see
Sect. 4.4. This has an influence on the computational time for
the solution of the equations. In particular, fast solvers like the
pardiso solver, where only the non zero entries of the matrix
are stored and used and which are running parallel can not be
applied when the matrix is full. This additionally increases
the total computational time for the continuous approach.

Regarding the question which of these operations is going
to dominate the total computational time and which compu-
tational complexity should be expected for each method, the
following has been observed:

— Mixed Continuous method: The operations that dominate
in the mixed continuous method are the inversion of K
and the computation of K, (K oo) LK sy on the patch
level. The expected computational complexity is going
to be a combination of the computational complexities
of these operations, i.e. O(ncpf) + O((ncpy - ndf) -
ncpsz) + O((ncpy - ndf)? - nepy) with nepy as defined
in Table 2 for the continuous method. The values ncp;
and ncp, depend on the polynomial degrees p, ¢ and
the number of elements per direction nely, nely, i.e. the
total number of elements numel = nel, -nel,. In the case
where the polynomial degrees are fixed and the number of
elements is increased, the computational complexity can
be rewritten depending on numel as O(numel?). This
cubic increase of the computational time when the num-
ber of elements is increased is going to be demonstrated
in Sect. 4.4 for the case of a pinched cylinder. In Table 3
the computational complexity is defined additionally for
the case that the number of elements and the polynomial
degree g are constant while the polynomial degree p is
changing.

— Mixed Discontinuous method: The operations that dom-
inate the total time are the inversion of K¢ _  and the
computation of K¢_(K¢,)"'K¢, on the element level.
Since these operations are carried out for each element,
the computational complexity is going to be a combina-
tion of numel - O(ncpg) + numel - O((neny - ndf) -
(ncps)z) + numel - O((neny - ndf)2 - ncps), with nepg
as defined in Table 2 for the discontinuous method. This
time ncp;s as well as nen, only depend on the polynomial
degrees p, g. In the case where the polynomial degrees
are fixed and the number of elements is increased, the
computational complexity is going to be O (numel). This
linear increase in computational time when increasing the
number of elements is going to be observed in Sect. 4.4
for the case of a pinched cylinder. The computational
complexity for the case where the polynomial degree ¢
and the number of elements numel is fixed and only p is
changing is given in Table 3.
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— Mixed Reconstructed method: Since in the mixed recon-
structed method the inversion of K¢ _  and the matrix
multiplication (K¢, )~ K¢, are carried out on the ele-
ment level, the computational time which is going to
dominate is from the matrix multiplication on the patch
level in order to compute K jsiy.q. The computational
complexity for this is O ((ncpy - ndf )2 - ncps), where
ncps is defined as for the continuous method in Table 2.
Thus, ncps and nep, depend on the polynomial degrees
P, q and the number of elements numel. In the case where
the polynomial degrees are fixed and the number of ele-
ments is increased, the computational complexity can be
rewritten depending on numel as O(numel?). This is
also shown in Sect. 4.4 for the case of a pinched cylinder.
In Table 3 the complexity is additionally defined for the
case that numel and g are constant and p is changing.

It is important to notice that the computational complexity
only describes how the computational time is going to grow
as the input grows. The actual value of the computational
time for each method depends on the example. A case study
is given in Sect. 4.4 for the pinched cylinder. Furthermore, the
computational cost should always be considered in relation
to the accuracy of a method as shown in Sect. 4.4.

4 Numerical examples

In this section, the presented mixed formulation with its dif-
ferent ways of performing the static condensation is tested
and compared to other existing models. The elements and
their corresponding abbreviations which are going to be used
in the examples are summarized in the following

— w-shell. The isogeometric 5-parameter Reissner—Mindlin
shell formulation proposed by Dornischetal. [11]. It does
not include any measures against locking.

— Mixed Conti. Mixed continuous formulation presented
in Sect. 3.2.

— Mixed Discont. Mixed Discontinuous formulation pre-
sented in Sect. 3.3.

— Mixed Recon. Mixed reconstructed formulation as pre-
sented in Sect. 3.4.

— AAS shell. The isogeometric Reissner—Mindlin shell for-
mulation with adjusted approximation spaces for the
displacements and the rotations proposed in [32]. The
polynomial degrees p,, q, correspond to the displace-
ments u; while the rotations j, are interpolated with one
order lower polynomials in the relevant direction.

— Pian/Sumihara. 4 node plane stress element based on
the work of Pian and Sumihara, see [61], which uses a
mixed formulation.
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Fig.6 Cook’s membrane. Geometry and loading

4.1 Cook’s membrane

In the first example, Cook’s membrane [62] is examined,
which has been widely used as a benchmark example to
evaluate, among other things, the sensitivity of an element
to geometric distortions. It was also investigated in the orig-
inal work of Pian et al. [61]. Cook’s membrane consists of a
tapered panel which is clamped at one edge and subjected to
a uniformly distributed shear load on the opposite edge, see
Fig. 6. The material parameters are given as follows: £ = 1,
v = 0.33333, ¢+ = 1. The total load on the right side has
the value F = 1. Here, the plane stress version of Cook’s
membrane is considered.

The deflection of the panel is examined at two different
points, the middle point A of the right edge and the lower
point B of the right edge as shown in Fig. 6. As a reference
solution, the result of Pian/Sumihara’s element is considered
with a refinement of 200 x 200 elements and has a value of
Uy op = 23.9659, uf . = 23.2162, respectively. The total
number of equations neq for the solution includes the total
number of degrees of freedom related to displacements and
rotations. It is the same for the mixed formulations, since the
additional degrees of freedom related to the stress resultants
are condensed out. As expected, a significant improvement is
observed when using the Pian/Sumihara compared to the w-
shell with p = g = 1, see Figs. 7 and 8. For p = g = 2 the
w-shell has better results than the Pian/Sumihara element,
which uses linear basis functions. However, both formu-
lations are surpassed by the mixed formulations presented
in this work. Namely, Mixed Discont with p = g = 2 is
already slightly better than the w-shell in both points A and
B. Even more accurate are Mixed Conti and Mixed Recon
with p = g = 2. Kinks that occur in their error distributions
in Figs. 7 and 8, arise because the deflection first converges
from above, then crosses the reference solution to converge
again from below. Overall, the mixed formulations, espe-
cially Mixed Conti and Mixed Recon, lead to very satisfying
results.
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Fig. 7 Cook’s membrane. Error of the deflection at Point A over the
number of equations
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Fig. 8 Cook’s membrane. Error of the deflection at Point B over the
number of equations

4.2 Clamped plate with point load

In this example a rectangular plate is considered which is
clamped at all edges and subjected to a point load at the
center. The material parameters are given as: £ = 1 - 10%,
v = 0.3. The plate has a length of L = 100 and a thickness
of + = 0.1 and the point load at the center of the plate has
a value of F = 16.367 - 1073, see Fig. 9. Due to symmetry
only one quarter of the plate is modeled. Here, shear lock-
ing is expected and the aim is to validate the ability of the
presented mixed formulations to alleviate this effect in com-
parison to another proven approach, the AAS shell, which
includes adjusted approximation spaces for the interpolation
of the displacements and the rotations, see [32]. For this pur-
pose, first, the error of the center deflection is evaluated for
the polynomial degrees p = ¢ = 2 and p = g = 3. The
analytical solution is set, according to the Kirchhoff-Love

Clamped edges

Clamped edges

Fig.9 Clamped plate. Geometry and loading
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Fig. 10 Clamped plate. Error of the center deflection over the number
of equations for p =g =2

theory, to u3 .y = 1, see [63]. All figures have been plotted
in double logarithmic scale.
In the case of p = ¢ = 2 transverse shear locking is
very profound. This is visible in Fig. 10, where the w-shell
is underestimating the deflection, leading to a high error
especially for a low number of elements. The AAS shell
on the other hand is much more accurate and has a con-
stant convergence rate which indicates that it is locking free.
Regarding the mixed methods, Mixed Discont is showing a
slight locking behavior for a low number of elements, which
is quickly overcome when increasing the elements. However,
its performance is still significantly better than the w-shell’s.
The best results are obtained with Mixed Conti and Mixed
Recon, which both have a constant convergence rate. Another
interesting point is that the three mixed approaches have the
same starting point, since the formulations are identical for
a single-element mesh.
In the second case, where the polynomial degree is
increased to p = g = 3, a slightly different behavior can
be observed, see Fig. 11. The w-shell does not exhibit lock-
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Fig. 11 Clamped plate. Error of the center deflection over the number
of equations for p = ¢ =3

ing as profound as in the first case since the increase of the
polynomial degree is a way to reduce locking, see Sect. 1.
Mixed Discont, which was significantly better than the w-
shell for p = g = 2 is now only slightly improving the
results. The AAS shell is again able to overcome locking as
well as Mixed Conti and Mixed Recon. The latter two meth-
ods exhibit again the best behavior and their results lie very
close together.

In conclusion, even though for a low polynomial degree
Mixed Discont delivers good results, for higher polynomial
degrees it seems that the discontinuity of the stress resultant
fields hinders the complete elimination of locking. Another
interesting observation that can be made is that the conver-
gence rate of the AAS shell is lower than for all the other
methods. This is due to the fact that while the polynomial
degrees py, g, of the displacements are the same as for the
other methods, the rotations f1, B> are interpolated, in the rel-
evant direction, with one polynomial degree less. This slows
down the convergence of the method compared to the others.

As it was outlined in the work of Oesterle et al. [22], lock-
ing does not only distort the results of the displacements but
also the stresses. Its effect is even more severe and visible for
the stresses since oscillations occur with high amplitudes.
This phenomenon is now examined for the different element
types. In Figs. 12(a—e) the shear force ¢! is presented for the
different methods with p = ¢ = 2 and 10 x 10 elements. In
Fig. 12(a) it can be seen that for the w-shell the shear force
¢! exhibits a strong oscillating behavior due to locking. The
amplitudes of the oscillations have even higher values than
the shear force at the center of the plate where the point load
is applied. On the other hand, the AAS shell in Fig. 12(b) suc-
cessfully eliminates these oscillations. Regarding the mixed
methods, Mixed Discont reduces the amplitudes of the oscil-
lations, which are now more concentrated around the center
of the plate, see Fig. 12(c). This makes sense since Mixed
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Discont was not able to completely eliminate transverse shear
locking for the center deflection, see Fig. 10. Mixed Conti
and Mixed Recon which led to the best results when consid-
ering the center deflection, eliminate almost all oscillations
as seen in Figs. 12(d) and (e). However, compared to the AAS
shell there are still some minor oscillations visible across the
midlines.

4.3 Cylindrical shell strip

In this example a cylindrical shell strip that is clamped at one
edge and subjected to a constant line load ¢ at the other is
investigated, see Fig. 13. The material parameters are £ =
1000 and v = 0. The shell strip has a radius of R = 10 and a
width of b = 1. The radial displacement u p is computed for
different slenderness values R/t. Here, both membrane and
transverse shear locking are expected. These locking effects
depend strongly on the slenderness of the shell, i.e. they are
more pronounced the thinner the structure is. Thus, locking is
going to be more pronounced for higher slenderness values.
A reference solution based on Bernoulli beam theory yields
Uref = 0.9451. The applied line load g = 0.1 is scaled with
13 in order to receive the same reference solution independent
of the slenderness. The geometry is refined with 10 elements
in circumferential direction and 1 element in axial direction.

In Fig. 14 the results are computed for the different ele-
ment types. As can be seen, the w-shell, which first matches
the reference solution for a slenderness of R/t = 10, quickly
exhibits locking behavior, which is worsen the thinner the
shell gets. To be more specific, for the case of p = ¢ = 2 the
radial displacement is strongly underestimated and reaches
almost the value O for a slenderness of R/t = 10000. An
improvement is visible when using the higher polynomial
degree p = 3, however, locking is still present and visible for
an increasing slenderness. On the other hand, Mixed Discont
with p = g = 2 significantly improves the results compared
to the w-shell, though locking is not completely eliminated,
as can be seen for a higher slenderness. When using a higher
polynomial degree p = 3 Mixed Discont shows a slight
improvement in the results which is more visible for the
highest slenderness, however, it does not reach such sig-
nificant differences to the w-shell as for p = 2. Hence, as
it was also observed for the previous example where only
shear locking occurred, Mixed Discont should be preferred
when using lower polynomial degrees. The higher the poly-
nomial degree the smaller the improvement of the solution
compared to the w-shell. The AAS shell, which includes a
mechanism to eliminate shear locking but has nothing against
membrane locking is also illustrated for a polynomial degree
pu = 3, qu = 2 for the displacements. As can be seen,
for low and medium slenderness values its behavior is very
similar to the one of the w-shell and Mixed Discont. How-
ever, for the highest slenderness the displacement is strongly
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Fig. 13 Cylindrical shell strip. Geometry and loading
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Fig.14 Cylindrical shell strip. Radial displacement | p with increasing
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underestimated since membrane locking is more profound.
Mixed Conti and Mixed Recon successfully eliminate trans-
verse shear and membrane locking and lead to the correct
displacement regardless of the slenderness.

4.4 Pinched Cylinder

This example is part of the shell obstacle course of Belytschko
et al. [64] and is a good test to validate the performance of
an element in the case of inextensional bending modes and
complex membrane states. This numerical benchmark con-
sists of a cylinder with a radius of R = 300, a length of
L = 600 and a thickness ¢t = 3. The material parameters
are given as E = 3 - 10°, v = 0.3. The cylinder has at
both ends a rigid diaphragm and is subjected to a point load
F =1 in radial direction. Due to symmetry only one eighth
of the geometry is used, see Fig. 15. The reference solution
Urer = —1.82889 - 1073 is obtained by a computation with
100 x 100 elements of polynomial order p = g = 4.

As in the previous example, membrane and shear locking
are expected. This example is used to show again the ability
of the proposed methods to alleviate these locking effects and
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Fig. 15 Pinched cylinder. Geometry and loading

in addition to take a closer look on the computational cost of
each method. In Fig. 16 the error of the deflection under the
point load is shown for a varying number of equations neq in
double logarithmic scale. As expected, the w-shell strongly
underestimates the deflection, especially for the lower poly-
nomial degree p = ¢ = 2. Again, the solution can be
improved to a certain extent when increasing the polynomial
degree to p = 3, ¢ = 2. Mixed Discont, on the other hand,
significantly improves the results compared to the w-shell.
Even for the polynomial degree p = 3, ¢ = 2 the improve-
ment is clearly visible and much greater than, e.g. in the case
of the clamped plate, since here, in addition to the transverse
shear locking, membrane locking is alleviated. Mixed Conti
and Mixed Recon lead to the best results and lie very close
together. Here, in addition to the mixed continuous method
with static condensation, the case of the mixed continuous
method is depicted when no static condensation is performed
and the full system of equations is solved with the stress resul-
tants as additional unknowns. In this case the total number
of equations is neq;or = neq +2-ncp11+2-ncprr +ncpia,
where ncpp; is the number of control points of the stress
resultant components n Wand q L ncpao the number of control
points of n?? and g% and ncp1» is the number of control points
of n'2. The curve is shifted to the right and is in between
Mixed Recon and Mixed Discont.

A comparison of the mixed methods proposed in this work
with other existing methods against locking is depicted in
Fig. 17. The chosen methods are the Non-uniform integra-
tion technique from Dornisch et al. [12], the local B method
presented in Bouclier et al. [15] and the ANS method from
Caseiro et al. [26]. The focus lies on the deformation under
the point load when considering an increasing number of con-
trol points per edge. As can be seen in Fig. 17, Mixed Discont
lies very close to the Non-uniform integration method from
Dornisch et al. [12], which uses a carefully chosen set of inte-
gration points in order to reduce locking. Both methods have
a better convergence behavior than the ANS method from
Caseiro et al. [26]. More accurate results are achieved by the
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Fig. 16 Pinched Cylinder. Error of deflection in load direction over the
number of equations

local B method from Bouclier et al. [15], which uses a local
least-squares method for each element and afterwards applies
the weights proposed by Mitchell et al. [56] and Govindjee et
al. [57] in order to reconstruct the global variables from the
local ones. However, this method is not accurate enough for a
very low number of control points per edge. The best results
are achieved by Mixed Conti and Mixed Recon. However, it
should be mentioned here that the methods from Dornisch
et al., Bouclier et al. and Caseiro et al. use in both direc-
tions quadratic basis functions. On the other hand, the mixed
methods proposed here use quadratic basis functions in the
axial direction whereas in circumferential direction cubic
basis functions are applied. For these methods the control
points per edge in Fig. 17 are the ones from the edge with
cubic basis functions.

Regarding the computational cost of Mixed Conti, Mixed
Discont and Mixed Recon, a comparison is made in Figs. 18
and 19 for p = 3, ¢ = 2. The computational time which
is considered here includes a) the time for inversion of K,
b) the time for the computation of K ysix.q c) the time for
triangular decomposition d) the time for the solution of the
equations. Time is defined in CPU seconds on one core of an
Intel®Core™ i7-3520M CPU (Core™i7 vPro™).

In Fig. 18, first, a comparison of the total computational
time over the number of equations neq is made between
Mixed Conti and Mixed Recon. It can be seen that Mixed
Conti has a rapid, almost cubic increase of the computational
time when neq increases. This is in line with the observations
made in Sect. 3.5. There it was mentioned that a cubic com-
putational complexity should be expected in the case where
the polynomial degrees are fixed and the number of elements
is increased. Here it is also observed, as expected, that the
resulting stiffness matrix is full, see Fig. 21.

%10

N
&}
T

N
T

== Mixed Discont

== Mixed Conti

= Mixed Recon 1
Non-uniform integration
Dornisch et al. [12]

__Local B method ]

Deformation under the point load
- o

0.5
Bouclier et al. [15]
ANS method
Caseiro et al. [26]
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control points per edge

Fig.17 Pinched Cylinder. Comparison of the deformation convergence
behavior of the mixed methods to other methods against locking

On the other hand, the computational time for Mixed
Recon increases much slower than for Mixed Conti. The
reason for this is again explained in Sect. 3.5 with refer-
ence to the reduced matrix dimension of K,, and K.
Furthermore, the resulting stiffness matrix is banded, as it
is shown in Fig. 22, which additionally reduces the overall
computational time. The best time, however, is obtained with
Mixed Discont, see Fig. 19. There, an almost linear increase
of the computational time over negq is depicted. This is due to
the performance of the static condensation and the definition
of K pixeq On the element level, which leads to a constant
dimension of K, K, and K, regardless of the number
of elements, see Sect. 3.5. In addition, the resulting stiffness
matrix is banded and has the same bandwidth as the standard
displacement-based method (w-shell), see Fig. 20.

Considering now Fig. 16 and Figs. 18, 19 at the same time,
it can be seen that in order to achieve a desired accuracy as
fast as possible, it is often better to use Mixed Recon than
Mixed Conti, especially for a higher neq. On the other hand,
if a very large neq is considered it is even advisable to use
Mixed Discont, since it is going to reduce the computational
time significantly.

Here, the time depicted in Figs. 18, 19 should provide an
idea on the increase of the computational time for the three
different approaches. Of course, depending on how efficient
the code is programmed and on the system that is used, the
values for the time can slightly vary. However, the relation
between the three different approaches should stay the same.
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Fig. 18 Total time in the case of Mixed Conti and Mixed Recon
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Fig. 20 Pinched cylinder. Sparsity pattern of stiffness matrix in the
displacement-based method (w-shell) and the mixed discontinuous
method (Mixed Discont) for p = 3, ¢ = 2 and 10 x 10 elements
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Fig. 21 Pinched cylinder. Sparsity pattern of stiffness matrix in the
mixed continuous method (Mixed Conti) for p = 3,¢g = 2 and 10 x 10
elements
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Fig. 22 Pinched cylinder. Sparsity pattern of stiffness matrix in the
mixed reconstructed method (Mixed Recon) for p = 3, ¢ = 2 and
10 x 10 elements

4.5 Partly clamped hyperbolic paraboloid

In the last example, the partly clamped hyperbolic paraboloid
which was introduced in [65] and further investigated e.g.
in [66], is considered. The geometry of the hyperbolic
paraboloid is given as Z = X2 — Y? with (X,Y) €
[(—L/2, L/2)]>. The edge X = —L/2 is clamped and the
structure is subjected to its self-weight, see Fig. 23. Due
to symmetry only one half of the shell is considered with
respective symmetry boundary conditions along ¥ = 0. The
thickness of the shell is + = 0.0001 and the length is set to
L = 1. The material parameters are £ = 2 - 1011, v = 0.3
and p = 8000. The thinnest version of this shell is chosen
since it is expected that locking is going to be more severe
for this case.
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Fig.23 Partly clamped hyperbolic paraboloid. Geometry and boundary
conditions

The aim of this example is to evaluate the two superior
mixed methods, i.e. Mixed Conti and Mixed Recon, for the
case of a double curved surface. In Fig. 24 the error of the
vertical displacement at point P (X = 0.5,Y =0, Z = 0.25)
is depicted in relation to the number of equations. The plot
is given in double logarithmic scale. As a reference solu-
tion, the vertical displacement obtained at point P using a
100 x 50 mesh of w-shell elements with p = g = 6 is used
(u3,ref = —5.3049- 107! ). Asit can be seen, the w-shell with
polynomial degrees p = ¢ = 2 and p = ¢ = 3 strongly
underestimates the displacement, especially for a low num-
ber of elements, due to membrane and shear locking. The
AAS shell, which alleviates transverse shear locking, only
improves the results for a higher number of elements since
for alow number membrane locking is still profound. On the
other hand, Mixed Conti and Mixed Recon strongly improve
the results for alow and moderate number of elements, which
indicates that both membrane and shear locking have been
alleviated. However, the convergence rate of the mixed meth-
ods is lower than for the other formulations, creating a point
of intersection from where the other methods lead to better
results. In addition, for a high number of elements the error
curves of the mixed methods seem to flatten. The reason for
this is that the matrix K, which has to be inverted, is, in this
example, ill-conditioned. This has an influence on the results
especially for a high number of elements. This behavior is
not observed e.g. for the mixed and the local B method pre-
sented in [15] for a solid-shell, where thicker versions of this
example were examined and a better convergence behavior
was observed. The choice of a thicker shell does not improve
the results. A combination of Mixed Conti or Mixed Recon
for membrane locking and AAS for transverse shear locking
could at least reduce this problematic and should be exam-
ined in future work.
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Fig. 24 Partly clamped hyperbolic paraboloid. Error of the displace-
ment at point P over the number of equations

5 Conclusion

In this work, a displacement-stress mixed method is pre-
sented in the framework of an isogeometric Reissner—
Mindlin shell formulation in order to alleviate membrane
and shear locking. The method was derived using the
Hellinger-Reissner functional and by choosing appropri-
ate approximation spaces for the different stress resultant
components. One main issue which was discussed here, is
the performance of the static condensation. Three different
approaches were presented, a continuous approach which
performs static condensation on the patch level, a discon-
tinuous approach which performs static condensation on the
element level and a reconstructed approach which tries to
combine the advantages of the previous two approaches and
uses weights for the local control variables in order to get
blended global ones. The advantages and disadvantages for
using each approach were outlined.

Several numerical examples were investigated in order to
test the accuracy and efficiency of the different approaches.
They range from a simple panel subjected to an in-plane
loading to a plate and shell examples. Depending on the
example, different stress resultant components were consid-
ered as additional unknowns for the mixed formulation. A
comparison to existing elements with mechanisms against
locking was additionally carried out. It was shown that the
mixed discontinuous approach, while leading to good results
for low polynomial degrees, does not improve the results as
much for higher polynomial degrees. It seems that the dis-
continuity of the stress resultant fields hinders the alleviation
of locking in those cases. On the other hand, the mixed con-
tinuous and the mixed reconstructed approaches surpassed in
terms of accuracy every other formulation that was examined
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here. However, considering the computational effort for the
continuous approach which leads to a full stiffness matrix and
is computed on the patch level, the use of the reconstructed
approach which leads to a banded stiffness matrix and is
computed partly on the element level should be considered.

An extension of the proposed mixed formulation to non-
linear problems with large deformations is going to be the
focus of future work.
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