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Abstract

In this work we derive and mutually compare several 4-node shell hyperelastic finite elements for
large deformation analysis. The elements are based on Reissner-Mindlin shell theory. They use the
enhanced assumed strain (EAS) concept for enhancement of membrane and bending displacement-
compatible strains and the assumed natural strain (ANS) concept for treatment of transverse
shear strains. The elements differ from each other by the number of membrane and bending EAS
parameters. An optimal number of these parameters is suggested on the basis of numerical results.

Key words: shells, finite elements, 4-node element, nonlinear analysis, enhanced assumed strain
method, assumed natural strain method

1 Introduction

The enhanced assumed strain (EAS) method, introduced in [23], [24] has been accepted as a relatively
simple and efficient tool for performance enhancement of lower order finite elements for linear /nonlinear
analysis of solids and structures. The method is closely related to the works on incompatible displace-
ment modes [23].

Since those two initial works many finite elements based on the EAS method have been developed.
As concerning shell formulations, the EAS method has been used in two different manners: (i) to obtain
3d-shell and solid-shell formulations that explicitly account for through-the-thickness stretching, and
(ii) to obtain classical (i.e. Reissner-Mindlin) shell, 3d-shell and solid shell elements with improved
in-plane (membrane) performance. Works that go under (i) employ the EAS method to introduce the
through-the-thickness stretching in order to derive efficient 3d-shell formulations, e.g. [10], [4], [5], [3],
[9], [22], or solid-shell formulations, e.g. [26], [27], [12], [17]. Works that go under (ii) employ the EAS
method to improve the in-plane behavior of 3d-shell or solid-shell elements or the membrane behavior
of classical (Reissner-Mindlin) shell elements, e.g. [1], [6], [11], and some of the above mentioned
3-shell and solid-shell formulations.

In this paper we focus on EAS enhancement of classical (i.e. Reissner-Mindlin) shell formulations.
We are interested in a robust geometrically exact 4-node quadrilateral finite element for nonlinear large
rotation analysis that can give good results for coarse and distorted meshes that can arise e.g. in shape
optimization problems, e.g. [15], [16]. We study two questions: (i) which is an optimal number of EAS
parameters for enhancement of membrane/bending strains for 4-node nonlinear geometrically exact
shell element, and (ii) does an EAS enhancement of bending strains improve performance of that shell
element. The interest for the first question comes from the fact that in the recent literature nonlinear
4-node EAS shell elements appear with 4, 5 or 7 enhancement parameters for the improvement of
membrane performance, see e.g. [6], [3], [5], [20]. It seems that an optimal number of membrane
enhancement parameters has not been considered yet for nonlinear shell elements, although behavior
of linear elements with 4 and 7 membrane enhancement parameters is well documented [1]. The
interest for the second question comes from the fact that the EAS enhancement of classical shell



formulations has been done exclusively for the membrane strains; there are no formulations avaliable
with enhancement of bending strains. We try to answer the above questions on a basis of numerical
experience, i.e. by comparing results of a set of characteristic numerical examples for several different
membrane/bending EAS formulations. In such a way an optimal number of EAS parameters can be
suggested, leading to a low-order shell finite element that allows for accurate and efficient (with coarse
and distorted meshes) analysis of shell-like structures undergoing large deformations. The treatment
of shear locking problem is in all cases based on the assumed natural strain (ANS) method [2].

As concerning enhancement of the displacement-based strains by using the EAS method, there are
basically two approaches: (i) to express the total strains as an additive sum of the displacement-based
strains and the enhanced strains [23]; (ii) to perform an enhancement of the deformation gradient
[24]. The approach (i) is more suitable for small strain problems because of its additive manner of
strain enhancement, while the approach (ii) is more suitable for large strain problems because of a
multiplicative manner of strain enhancement. In majority of nonlinear shell, 3-d shell and solid-shell
EAS formulations an additive split of strains has been used. This can be justified by the fact that
many shell-like structures may undergo large displacements and large rotations while experiencing
small strains. Some authors, [4], [9], [27], compared formulations (i) and (ii) for 3d-shell and solid-
shell elements and concluded that numerical results based on both approaches are similar for standard
examples. Considering the above, the EAS method with an additive sum of strains can be regarded
as a suitable tool for derivation of nonlinear shell finite elements. In this work we therefore derive
nonlinear shell EAS finite elements with an additive enhancement of strains.

2 Geometrically exact EAS shell formulation

2.1 Geometry, kinematics and strains

We model a shell body as a surface in the 3d space (called midsurface) which has at its every point
attached an unextensible unit vector (called shell director). The position vector to a material point
in the initial (also called undeformed or reference) stress-free shell configuration is then given by

X (6166 = (6,62 +€T (¢1,¢%), () eA  ¢eF (1)

Here &' and €2 are convective curvilinear coordinates that parametrize the midsurface @o; A is the
domain of the parametrization; T, || T|| = 1, is the shell director that coincides with the normal vector
N of the midsurface; and £ is through-the-thickness convected coordinate defined in the domain
F =[—h/2,h/2], where h is initial constant shell thickness. In what follows, we always determine the
components of the above vectors with respect to the fixed orthonormal basis e; = e’, i = 1,2, 3, in
the 3d space, i.e. X = X'e;, p, = wéei, T = T%;. We further define the shell director as T = Ages,
where Ay is a given (initial) rotation tensor, Ay = AJ, det Ag = 1. If one introduces at a midsurface
point an orthonormal basis €; = €' as €3 = T, the rotation tensor Ag at that point can be represented
as A() = [61,62,63] = [61,82,'1‘].
It is assumed that the position vector in the deformed configuration is given as

x (€1,€2,6) = [0 (€1,€3) +u (€1,€))] + €6 (€,€3), [t =1 (2)
»(£'.6?)

Here u is the midsurface displacement vector, and t is the shell director at the deformed configuration,
which we choose to be defined by the sequence of two rotations t = AgAes. The components of newly
defined vectors in (2) are also determined with respect to the fixed orthonormal basis e;, i.e. x = z’e;,
p = gpiei, u = v'e;, and t = t'e;. The rotation tensor A is viewed in this work as a function of
a constrained rotation vector ¥, i.e. A = A(d), [8]. Since the rotation around the shell director
(i.e. drilling rotation) plays no role in the present theory, the constrained rotation vector has only
two components with respect to the orthonormal basis €;, i.e. ¥ = ¥%€,, @ = 1,2. By using
the Rodrigues formula for the representation of the rotation tensor A (9), one can end up with the
following expression t = Ag (cosdes + %19 x e3), ¥ =|d|.




The vectors of the convected basis G; at a point of the shell reference configuration are related to
the position vector X and the convected coordinates £%, & as

0X  dp, . OT 0X
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Similarly, the vectors of the convected basis g; at the shell deformed configuration are obtained as

_Ox _Op Ot _ox_
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The corresponding dual base vectors G* and g’ are defined through the relationships G;- G/ = 5‘7 and
gi gl = 53 , Where 53 is a Kronecker symbol. Note that G® = Gs. The identity tensor of the shell
reference conﬁguratlon (or the shell metric tensor) is G = G;® G/ = GijGi®Gj , where Gj; = G;-G;.
The differential volume element is given as dV = v/Gdédérde?, where VG = G3 - (G1 x Go).

The base vectors at the reference midsurface and at the deformed midsurface are obtained by setting
£ =0in (3) and (4), respectively, i.e. A; = G;|¢=o, and a; = g; |¢=¢. For the reference configuration we
have A, ?)ga , A3 = T. The corresponding dual base vectors of A; and a; are given as A; - AJ = (53

and a;-a’ = 6{ respectively. Note that A? = A3. The identity tensor of the shell reference midsurface
(or the midsurface metric tensor) is A = A, ® AP = AapAc ® AP where Ang = Aq - Ag, and the
differential surface element is given as dA = /Ad¢de?, where VA = |A; x Ag|. We can further define
a tensor, called shifter, which transforms the base vectors of the midsurface to the base vectors of the
shell body. The shifter from the shell reference configuration, denoted as Z, shifts A; and A’ (defined
at a midsurface point) to G; and G?, respectively, i.e. G; = ZA; and G' = Z~T A’. The shifter Z is
defined as Z = G; @ A’ = A; @ A+ €T , @ AP = A +¢B, where (0) o= g(gl), and B is the midsurface
curvature tensor. Note, that A = (A;), (Al) e, ®ej = (Ay), (A’) I=Tand A; @ A’ = A, ® A°.

Having defined base vectors and the shlfter we can proceed with the expression for the deformation
gradient (here we use notation &3 = ¢)

ox ox [ox]! :
F=—=-" : =g, G’ 5
oxX  a¢ [8@”] & 5)

Knowing F we can obtain the components of the symmetric (displacement-compatible) Green-Lagrange
strain tensor with respect to the convected basis G*

B = S(FTF-G) = [(G' o) (2G) GG, (G o &) ()

| — N —

= 5 (8ig—Gi- 'G;)G'®Gl = EG' @ GJ
By evaluation of dot products g; - g; and G; - G; in (6) one gets the strains E}; varying quadratically
with respect to the £ coordinate

EY =l + Exly + (€)% (7)

where €33 = K53 = 1) = 115, = 7153 = 0. In this work we will truncate the strains Ef; after the linear
term and the strains E}y = 3, after the constant term i.e.

“ Eqs — Eoz =¢€q3 E3, = Eq3
u

Expressions for €ap> Fap and 2l are the classical expressions for the shell membrane, the shell
bending and the shell transverse shear strains, respectively, which are explicitly given as

1
EZ,B = 5 (Qo,a P~ Poa 900,6) ) 251(;3 = 733 =Poa t— $Po,a - T (9)
0
1
Fog = 5(Patotes ta—Poa Ts—¢os Ta)=¢a ts—¢oa Ts



By using shifter, the strain tensor E* from (6) can be transformed to the midsurface strain tensor
object E* as E* = Z7TE*Z™!, E* = E;;AZ ® AJ. According to (8) the strain tensor E* can be
written as

E'=c'5A°® AP + A @ T + 4T © AP + ¢l 5A% ® AP (10)
The stress tensor, which is conjugated with the Green Lagrange strain tensor E* | is the second Piola-
Kirchhoff stress tensor S. With respect to the basis G; it can be expressed as S = SYG; ® G;. By
using shifter, one can have the midsurface stress tensor object SasS=127SZT and S = ¥ A;®A;.

2.2 Variational formulation. EAS functional

The starting point for the enhanced assumed strain (EAS) functional, which will provide basis for our
finite element approximation, is the Hu-Washizu functional

h/2
Maw (u,t, E;j, SY) / / E;j,0) pdédA (11)
h/2
h/2
/ /h/2 (efs + &rty) — (i + Erij) | pd€dA — ey
E;Lj‘(ru,t) Eij

The independent functions in (11) are the midsurface displacement u, the shell director position t, the
strain tensor E and the stress tensor S. The displacement-compatible strain tensor E is expressed in
terms of u and t, i.e. E* = E¥ (u,t). The part of the functional, which is related to the prescribed load
(and prescribed displacements and rotations), is also a function of u and t, i.e. Ilegy = ez (u,t).
W is the strain energy function that depends on E;; and midsurface geometry (metric tensor A
and curvature tensor B). The integration over the undeformed shell configuration in (11) is divided
into the integration over the shell thickness and the integration over the midsurface fv 0)dV =

fA fh,/52 o) udédA, where p = \/_/\/Z and dA = v/AdA. Tt can be shown that S - (Ev — E) equals

to8- (E*~E).

It is assumed in (11) that the components of E with respect to the midsurface basis A’ (or
equivalently, components of E with respect to the basis G*) are E;; = ¢;; + {k;j, i.e. they have the
same form as the displacement-compatible strain components (8). By introducing stress resultants

g h/2 g h/2
wi = [ siude, mit = [ SUgudg (12)

—h/2 —h/2

and integrating strain energy function W across the thickness, one can rewrite (11) as
Daw (w,t, e, ki, n7,m" / W (eij, kij, 0) dA (13)

N / nw (5ij o 6%) dA — / mij ('%ij B K;;jj) dA — Hext
A A

Very often Z is set to A when integrating strain energy function for standard (relatively thin) shells.
This is also the case for a simple strain resultant strain energy function that is used in this work

1 Eh s 1 ER 5 1
W = 5 = 6a5H By Eys + QT)KQBHOC&Y Krys + ECGh’yag,Aa/B’yB?) (14)
Here E is elastic modulus, v is Poisson’s ratio, G = ﬁ is shear modulus, ¢ is shear correction

factor, usually set to ¢ = 5/6, A*? = A®- AP and H*P® = pA*B A ¢ % (1-v) (AO"YAB‘S + AO“SABV).

The crucial part of the enhanced assumed strain (EAS) method is an assumption that the strain
tensor E is a sum of the dlsplacement compatible strain tensor E“ defined above, and an enhancing
strain tensor E ie. E=E'+E. In practice the enhancement is related to the strain components (9).



In this work we choose to make an enhancement of the membrane and the bending strain components,
i.e.

E =2,3A%® AP + ¢R.3A° @ AP (15)

The components of the strain tensor are then

Eaf = 535 +Ea5, Kap = /‘igﬁ + %a67 Ya3 = ’YZ;; (16)

By inserting (16) in (13), a new functional is obtained which we call the EAS functional
Hpas (u,t,%, ki, 07, m7) = / W (ehp +Zap: g + Faps Yas) dA — (17)
A
/ NP pdA — / M PRagdA — Moy
A A

Introducing the variations for displacement u — u+ndu, shell director t () — t (¢ + n69), enhanced
strains €03 — €a + N0EaB, Kag — Kap + N0Ka, and stress resultants n — n®B 4 §nf meh —

m® 4+ §m®8 into (17), one can obtain the variation of (17) as ST pas = dnﬁ;“s ln=0. At the stationary

point ST EAs = 0 the equilibrium and kinematic relations are fulfilled in a weak form.
The next crucial assumption of the EAS method is the enforcement of the following orthogonality
conditions

/ nPZ,pdA =0, / MR asdA = 0 (18)

A A

The orthogonality conditions (18) simplify the EAS functional (17) and its variation 6llz4g to
Mpas (u, t,gij, %ij) = /AW (626 —l-ga@, '%ZB + Eag, 723) dA — Tl (19)
5HEAS’ (u, t, gij7 %ij; 511, 5t, (Ygij, (YI%ZJ) (20)

ow ow
= dels + 024 —— (0ko g + 0Fq “oveg| dA — 0lle,

/,4[85a,6’(€a6+ 55)—’_8/4;&,3(’{046—'_ H5)+q Va3 t

where we defined the transverse shear forces as ¢® = (%Wg and 611, = %Hemt(u—i—néu, t (¥ + ndd)) |y=o-

Note, that by enforcement of (18) we lose the device to obtain stress resultants n®® and m®?, while

the transverse shear stress resultants can be obtained through constitutive equation as ¢ = 867—W3.
By further introducing variation of (9) into (20), we can write dllgag as (d¢ = du, see (2))

B3 (0.0 P 5+ Pa0p ) +Cap] +
ST pas = /A oy (0.0t 5+ o 0ts+0Rag) + | dA— 0l (21)
qa (5‘10,(1 t+ Pa 5t)

where 6t = %t (¥ +ndd) |y=o or 6t = Hd¥. Explicit form of H can be found in [7], [8], [13].
In solving equations (21) by the Newton iterative method, one makes use of the linearized form of
(21), given as
Lin [0llgas (+)] = dllpas (1) + Adllgas () =0 (22)

Linearization of 6Ilg4g at certain (fixed) values of u, 1, 2,3 and K, can be obtained in the following
way. First we introduce the incrementation for the displacement u — u + nAu, the shell director

t(9) — t (9 +nA¥), the variation of the shell director 6t — dt (6,9 + nAd), and the enhanced

strains €, — €08 + NAEnB, Kag — Kap + NARqs into (21). Then we obtain Aéllgas = dél‘gg,‘;s |lp=0-




2.3 Finite element approximation

Let the initial shell midsurface A be discretized by n.; nonoverlaping elements with n., nodes such

MNel

that A~ |J Ae. Over the element domain A, the initial shell configuration (the midsurface and the
e=1

shell director) are interpolated as

@y (61,8 =) N (¢, g T (¢,€7) ZN#@ (23)
a=1

where (o), are the corresponding nodal values. In this work we choose n., = 4 and the bi-linear shape
functions N, (51, 52), defined over the square domain A, = [—1, 1] x [-1, 1]. Note, that T, is chosen to
coincide with the normal vector to a given shell midsurface at that nodal point. However, due to the
bi-linear interpolation (23) T is only approximately perpendicular to the base vectors A, = d¢py/0E.
The interpolation of the shell deformed configuration ¢, t is performed in a similar fashion as ¢, T.
The virtual quantities d¢ and dt are interpolated in the same manner as ¢ and t. Derivations of ¢,
t, ¢ and dt with respect to £* coordinates are obtained trivially. Linearization of ¢, t, d¢ and Jt
with respect to nodal values leads to

0 (6,6 =3 N, (61,€) Ag,, t (¢, 6% ZN&?
a=1
Adt (¢4, €%) f:N (€4, 6%) Ast, (24)
a=1

We note that Adp, = 0, and Adt, = d%éta (694,90 +NAY,) |0 = 091 S,AY,; see [7], [8], [13] for
an explicit form of S,. Due to the above interpolations the linearization and the discretization are
interchangeable. For that reason we can directly use (23)-(24) in (21) and (22) to obtain a system of
finite element nonlinear equations and the corresponding finite element tangent stiffness matrix.

We can now proceed with the interpolation of the enhancing strains. Let Eop and Egﬁ be the
enhancing membrane and the enhancing bending strains, which we choose to be defined with respect
to the basis Af at & 1'— ¢2 = 0. The choice of the constant element base is necessary in order to derive
shell elements that are able to pass the patch test. Those strains can be transformed to €,3 and Kqg
strains from (15) through relations

EMA] @A) =Z A @ A%, EL AT @A) =RasA” @ AP (25)
which lead to the transformation relations
~ = d ~ =b 1
Fap = (Aa- ADED (Ag-AD). Fap = (Aa- ADEL (A5 A)) (26)
Let us now write the strains €,3 and kng as scalar products of two vectors, i.e.
gaﬁ = gaﬁ c %aﬁ = gaﬁ : :3 (27)

Vectors G,p include enhancing strains interpolation functions and transformation terms from (26),
while vectors v and 3 define parameters of enhancing strains. Explicit forms of those vectors will be
discussed below in the next section. By introducing variations o — o + nda and 8 — 3 + nd3, one
can obtain the variation of (27) as 0,5 = %Ea/g (a+ndar) |y=o and dRap = d%];%a/g (B+nB) |y=0,
which leads to dcng = Gup - 6, dRap = Gapg - 0. Similarly, Ac,g = Gap - Aa and Akgg = Gag - AB.

One can now introduce the above interpolations into (21) in order to get a system of nonlinear
equations. Each nodal or element variation defines one nonlinear equation. We get

ow |1 oW
II = . — (N, N, N, A+
0lgas 0P, /Ae [85a5 [2 ( a,aP g+ a,,@‘P7a):| 850{5 ( aat,,B) +q% (Naat)| d

6ta-/ [aw (Napp o) +4° (Nacp@)} dA. + (28)
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By defining dx, = [6f, 5tT] and da = [da, 5,@T]T, eq. (28) can be written as
0llgas = 0%q - fa,z’nt +da - fras — 0xq - fa,ea:t =0 (29)
oI1
ext

Linearization of §II1g 45 (28) can be obtained by introducing the above interpolations into Adllg4g,
see (22). One gets

)

3¢q - (Naatp) dnaﬁan = [(Noat,s) - Ay + (Nosp,,) - Aty +
5X§KabAXb = / dtg - (Na BP o ) d,ﬁaﬁaﬁw [ (7, ,'yt 5) - Apy + (Nb 3P, ) 'Atb] + dA. H30)
A g - (Naat) 772 3(,7 - [(Not) - Apy + (Nowp 5) - Aty] +
i Ot - (Na‘P ) m [(Nb,5t) - Ay + (Npp 3) - Ato]
[ V1 (600 - (Na,aNo,g) Ay + 80, - (NasNoa) Apy)] +
8W6 (590(1 (Na@Nb,,B) Aty + 6ty - (Na,BNb,a) A(pb + Nbﬁcp@ A&tb) 4+ | dA.
o (004 (NaaNp) Aty + Ny, - Abty)

— 2 -
50, - 5 (Naap 5+ N ,ﬁ‘P o) aafﬂf{gw 5 (Noyp 5+ Nosep ) - Agy

J.

_ da - G, N, + N, A+
P / 565a585 23 (Vo5 + Nosw ) - Ay ”
A | 0B gaﬁm (Vo) - Apy + (Nosp ) - Aty
[ 0 a'l Naoz +Na —g Ao+
5X5HaAa — / ¥ 2 ( ’ (‘075 7B<P7 ) 86aﬁa€ 5 ’76 dAe <31)
ac | [0%0 - (Naot5) +0ta - (Napp.a)] e, o - OB
O*wW O*wW
~T
jaDAa = /AE do - QQBWQ,Y(; AO{—F(S,B QQBWQ,W; . AB:| dAe

where Axy, = [Acpr, Ath]T and Aa = [Aa ,AﬁT] . From the first integral in (30) and the integrals
in (31) the material part of the tangent stiffness matrix arises, while from the second integral in (30)
one can get the geometric part of the tangent stiffness matrix. We note that the enhancement of
strains influences only the material part, while the geometric part remains unchanged.

Discretized form of equation (22) now turns, for one element (e), into the following system of

equations
X0 E | Ax® } { £~ 16 } (32
e)T e ~( = e
HOT Dl Aal® _fé;)xs
where

KO = K], HO={H}", Ax©={ax[V", £9={T ", 9=, (33

Note that Aal® = Aa, and that fgﬁxs follows from (28). Explicit forms of Kgp, D) and H, = ﬁaT
follow from (30) and (31). If enhancing strains are chosen to be discontinuous across the element
boundaries, it is possible to eliminate the EAS parameters on the element level, before assembling the
element matrices into the global matrices. From (32) one gets

AG® = —DE-1 (H(e)TAX(e) + f};)ls> (34)
By substituting (34) into (32) we obtain the following equations
<K<e> - H<6>D<e>—1H<e>T) Ax© = £ — £ L HEODE-1E) (35)

From (35) follows the condensed symmetric tangent element stiffness matrix and the element residuals
vector

ext

k) = K —HODOTHOT,  x@ = {55 — ) + HODO) | (36)
Assembly of the element stiffness matrices Kr = AL, kgf) and the element residual vectors R =
A2, r(®) leads to the global system of equations KzrAx = R, where Ax = A", Ax(®) and Al
the assembly operator.



3 Derived 4-node EAS-ANS shell elements

It can be seen from (21) that the enhancing strains can be interpolated element-wise, since the variation
of EAS functional is free of derivatives of enhancing strains. Prior of choosing interpolation for the
enhancing strains, one has to take a look at the displacement-compatible strains, since the enhancing
strains should both enrich and decompose the displacement-compatible strains. For 4-node element
(nen, = 4) the displacement-compatible membrane and bending strains, Eap and kg respectively,

involve the following functions in the finite element bi-unit space A, = [—1, 1] x [—1, 1]
[t €8, 2¢1]" € spanY, (k1 kb2, 2k10]" € spanY (37)
where )
100¢ 0 0 0 (&) 0 0
Y=|0100 ¢ 0 0 0 () o0 (38)
001 0 0 & ¢ o 0 &le?

The enhancing strains are then chosen on the basis of (38).
Let us now rearrange the enhancing strains introduced in (25) in the following two vectors

m_ [Zm Zm o2m]T  mb_ [E = oz |7
= |21, 299, 2575 = = [5117:2272:12} (39)

[

Then we can write the enhancing membrane and bending strains in the finite element bi-unit space
A, as
E"=T"a E'=13 (40)
where ac and 3 are the vectors that were already introduced in (25). They contain enhancing membrane
strain parameters and enhancing bending parameters. Matrices T and T'® consist of interpolation
functions for those parameters. We consider the following three possibilities:

(a) with 4 enhancing parameters for the membrane and 4 for the bending strains leading to

o = o, 02, @5, 04] L é01 502 8 8 (41)
= [/815/6251835/84]T , \/Z 0 0 51 52

(b) with 5 enhancing parameters for the membrane and 5 for the bending strains leading to

1
0 0 0 0
o = [041,042, a3z, 04, a5]T Fm — Fb — L % §2 0 0 0 <42)

:[51’52’53754755]T7 \/Z 0 0 51 52 £1§2

(c) with 7 enhancing parameters for the membrane and 7 for the bending strains leading to

a = a1, a9, az, a4, as, ap, az]” b 1 3 02 00 &¢ 102 0
) ) ) ) ) ) , T =7T°= — 0 0 0 0 0 43
B= (1. B2 By B Bs. B B Alg b ae o 5 an| ™

The transformation of the EZLB and Egﬁ strains to the €,3 and Kqp strains is obtained by using
(26). By defining vectors

€ = [E11,500, 2810)7 R = [R11, Raz, 2R12]" (44)

the following matrix, see (26), can be obtained for the transformation of (39) into (44)

() () 24
T=| (@) (@) 20 (45)
2ckel 2c3c2 2clcd + 2c3c)

where ¢}, = A, - AJ. Finally, the enhancing strains can be given as



E=TE"=Tra=[64 6% 2651 a, R=TE =Tr'8=[6% 6% 205 1"

B (46)

T
where [G11, Ga2, G12 = Go1] = (TT™)" = (TI?) .

Having defined interpolation of the enhancing strains, we proceed with the membrane forces and
the bending moments. They can be defined with respect to the basis A, or to the basis Ag, at
1=¢2=0, ie.

nP A, @Ag=NPAg,@Ags, mPA,@As=M"PAg,® Agp (47)
From (47) the following rule is obtained for the transformation between the components

n = (A% Ag ) N7 (A7 Ags), m™ = (A" Ag) MY (A7 Agy) (48)

It can be now seen that the orthogonality condition (18); is satisfied for constant forces N®% since one
can have from (48) and (26)

nEpdd = NYELATT (An @A) Ao, AL (A5 @ A7) Ags
— NET (A Ags) (Ag : Ao,(;) = (49)
and, therefore,

/ nPZ,pdA = / nPZ 5V Aderde? = / NSZEm/Adgtdg? = N°P / EmsV/Adg! dg?
Ae Ae Ae

= NJ / ="V Ade'de? = N§ < /A rm\/ngld52>a =0 (50)

~~

0, see (41)-(43)

where N = [N H N2 N 12]. Similar expression can be obtained for the orthogonality condition
(18)2 and constant moments M{ = [M' M?2 M'?]. Thus, the orthogonality conditions (18) hold
at least for constant membrane forces and bending moments. Therefore, the elements which define
enhancing strains in a manner (41)-(43) pass the patch test. To fully satisfy orthogonality conditions
(18) one should also carefully design the interpolation of stress resultants. However, one can choose a
partial satisfaction of orthogonality conditions in the sense of (50), which does not force interpolation
of stress resultants. As a consequence a device to compute stress resultants is lost. For postprocessing
purposes the stress resultants are usually approximated as n®® ~ a‘z—‘;‘; and m®? ~ é?{—‘z;. Such an
approach is also taken in this paper.

To avoid the transverse shear locking, the ANS concept is chosen. The transverse shear strain
field over the 4-node shell element is given by ANS interpolation [2]. The transverse shear strains are
evaluated, using (9)s, only at element edge mid-points A, B, C and D, where ¢} = %(cpw + ©ox)s
see (23), where I = A,B,C,D, J =1,2,3,4 and K = 2,3,4,1. The interpolation across the element
is further given as

(1- )98 + 2 (1+£)4, (51)

1
(1-¢% Yis+ = (1+¢€%) Gy Yoy = 5

Y13 = D)

N[ =
N[ =

4 Numerical examples

The computer implementation of the elements from Table 1 is in accordance with the above derivation,
except that the local Cartesian frames are introduced at the integration points to simplify implemen-
tation. The computer codes were generated by using symbolic code manipulation program AceGen
[19], [18]. Those codes were introduced into the finite element analysis program AceFEM [19].



4.1 Path-independence test

In this example we test the derived nonlinear elastic shell elements for path-independency. The test is
similar to that presented in Jabareen and Rubin [14] for nonlinear elastic solid elements. We consider a
single square shell element with side length a = 10, thickness & = 0.01, and material constants F = 10?,
v = 0.3. It has two nodes fixed (both displacements and rotations are restrained), one node is free, and
displacements of one node (labeled as 1) are prescribed. The node 1 is translated sequentually on 6
straight line segments (see Fig. 1). Displacements at the points A to F' are defined as u;4 = [0, 0, B]T,
wp = [0,-6,0]", wme = [6,-8,6", wip = [6,-6,0", wp = [6,0,0]", wir = [0,0,0]", where
8 = 5. Each segmental translation was analyzed by using 100 increments. One can calculate the total
external work done on the element at a certain pseudo-time t as W = fot f1-011dt, where £ is the external
nodal force applied to node 1. The integral was calculated for the path ABC' (one half of the cycle) and
for the path ABCDEF (full cycle) by using trapezoidal integration rule. The corresponding external
work is denoted as Wapc and WapcpeF, respectively. For hyperelastic elements the work of one cycle
should be theoretically zero. Negative values would indicate that the element has generated energy,
whereas positive values would indicate that the element has dissipated energy. Since the numerical
error is always present the error of one cycle is defined as E = Wapcprpr/Wapc to diminish its
influence. The results in Table 2 indicate that all considered elements behave correctly and produce
hyperelastic path-independent response.

4.2 Twisted beam

The twisted beam is clamped at one end and subjected to point forces at the middle of the other end,
Fig 2. The twist angle is a linear function of z with value 0 at the clamped end and 7/2 at the free
end. Linear analysis is performed for forces F, = F, = 0, F}, = 1 and for two different thicknesses:
h =0.32 (data A) and h = 0.05 (data B). The remaining geometric, material and load characteristics
are: width w = 1.1, length [ = 12, and E = 29 x 105, v = 0.22. Analytical value of displacement under
the force in the y direction is 0.00174274 (data A), see [28], and 0.3427 (data B), see [21]. Normalized
value of this displacement (with respect to analytical solution) is for derived elements presented in
Table 3. It shows that M and MB elements give much better results that ANS element, and that the
number of membrane and bending enhancing parameters practically does not influence the results.
For nonlinear analysis data C is used: w = 4.4, [ = 12, h = 0.0032, E = 29 x 10%, v = 0.22, Fig 2. The
final values of applied forces are F,, = 0, F,, = F, = 0.04. The displacement (in y direction) of the
point of application of forces is presented in Fig. 3 as function of forces Fy, and F,. Similar conclusion
as for the linear case can be made: M and MB elements give different results that ANS element (at
the final load level the displacement of enhanced elements is approximately 4 times bigger then the
displacement of ANS element), and the number of membrane and bending enhancing parameters is
not important for this example.

4.3 Curved twisted beam

The curved twisted beam is clamped at one end and subjected to point forces at the middle of the
other end, Fig. 4. The twist angle is a linear function of the arc-length s with value 0 at the clamped
end and 7/2 at the free end. Linear analysis is performed for width w = 1.1, radius R = 5, thickness
h = 0.32, material constants £ = 29 x 105, v = 0.22, and F, = y = 0, F, = 1. Analytical
solution for displacement under the force in z direction is 0.00626901, see [28]. Normalized value of
this displacement (with respect to the analytical solution) is for derived elements presented in Table
4. It can be seen that the number of enhancing parameters has only marginal influence on results.
For nonlinear analysis the following data is used w = 4.4, R = 5, h = 0.32, Fig. 4. The final value
of forces are F, = I, = 15 x 103, F, = 0. The load factor versus displacement curves are given in
Fig. 5 for 2 x 10 mesh. The curves of M and MB elements do not coincide with each other (as in the
twisted beam example), although the difference between the minimum (M4) and the maximum (MB5)
displacement at the final load level is rather small; around 3%. It is interesting to note that the ANS
element is not exhibiting different behavior trend then M and MB elements, which is in contrast with
the twisted beam example.
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4.4 Half-sphere with a hole

This popular example is illustrated in Fig. 6 The data is: radius r = 10, thickness h = 0.04,
E = 6.825 x 107, v = 0.3, and the angle of the hole a = 18°. The results are presented in Fig. 7
(for 8 x 8 mesh) and Table 5. Considerable difference in results can be seen between ANS elements,
M4 and MB4 elements on one hand and all the other elements on the other hand. It is interesting
to see that M4 and MB4 elements show only small improvement with respect to the ANS elements,
while others enhanced elements give considerably better results; see Table 5 where present results are
compared with those reported in [25]. This may be due to the fact that the elements of the mesh are
not planar; they are slightly warped. The interpolation of the enhanced in-plane shear thus becomes
important. This example shows that 4 membrane enhancing parameters are sometimes not enough to
improve the behavior of ANS elements. At least 5 membrane enhancing parameters are needed. On
the other hand an inclusion of the bending parameters has, for this particular example, no effect in
improvement of element performance.

4.5 Cylinder with free ends

A cylinder with length L = 10.35, radius » = 4.953, thickness h = 0.094, elastic modulus £ = 1.05 10*
and Poisson’s ratio v = 0.3125 is pinched by two radially pulling forces P as shown in Fig. 8. Both ends
of the cylinder are free. One quarter of the cylinder is discretized and the corresponding symmetry
is taken into account. Two meshes, 4 x 16 and 8 x 32, are used. The meshes are structured and the
elements are unwarped. The results are shown in Figs. 9 - 11, which present radial displacement
of points A and B with respect to the magnitude of the applied forces. Results of M elements are
compared in Figure 9, which shows that M4, M5 and M7 give practically identical results. Results of
M and MB elements are compared in Figure 10, which again shows that MB4, MB5 and MB7 give
almost identical results that are slightly different from those of M4, M5 and M7. Thus, in this example
the bending enhancement parameters do have some (although small) influence on results. Finally, M5
and MB5 are compared in Fig. 11 for both meshes. For the finer mesh the difference between M5 and
MBS5 elements becomes negligible. We can conclude from this example that all M elements behave in a
similar manner, that all MB elements behave in a similar manner, and that there is a small difference
between results of M and MB elements for coarse meshes.

4.6 Cylinder with end diaphragms

The cylinder with radius R = 100, length L = 200, thickness h = 1, E = 3 x 10%, v = 0.3 has a
rigid diaphragm at each end. Two radially pushing forces are acting at two points in the middle of
the cylinder, see Fig. 12. The 8 x 16 mesh was used to discretize one quarter of the cylinder. The
results are shown in Fig. 13. Several different curves are obtained, with M5 and M7 giving a single
curve, and MB5 and MB7 giving another single curve. Several snap-throughs can be observed that are
false and appear as a consequence of coarse mesh. Strain enhancement is unable to improve such false
behavior, which is obvious, since strain enhancement is done only element-wise. On the other hand,
the finer mesh 32 x 72 (not shown in figures) leads to one response curve for all elements and removes
false buckling points in load-displacement curves. This example shows that a phenomena related to
a coarse mesh, like e.g. false snap-through, cannot be avoided by using enhanced strain elements. It
can be seen again from this example that for coarse meshes the bending enhancement parameters can
have some, but rather small, influence on results.

5 Concluding remarks

In this work we derived several 4-node hyperelastic shell elements based on enhanced assumed strain
(EAS) method (based on Green-Lagrange strains) and on assumed natural strain (ANS) method. The
elements differ from each other on the number of the enhancing membrane and bending parameters.
The elements are able to produce hyperelastic path-independent response. It can be conclude from
the numerical examples that 4 membrane enhancing parameters are sometimes not enough to improve
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performance of the standard ANS element, and that 7 membrane enhancing parameters are too many.
It therefore seems that the optimal number of membrane enhancing parameters is 5. We can also
conclude that an influence of the bending enhancement parameters on element performance is rather
small.

We agree with the reviewer’s remark that the above conclusions hold for isotropic elastic material

models. For layered composite shells or for inelastic material models the influence of the membrane
and bending EAS parameters on the computed response could have different character.
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Table 1: Derived EAS-ANS shell elements

Element | No. of membrane EAS parameters | No. of bending EAS parameters | ANS concept
ANS 0 0 Yes
M4 4 0 Yes
MB4 4 4 Yes
M5 5 0 Yes
MB5 5 5 Yes
M7 7 0 Yes
MB7 7 7 Yes
Table 2: Path-independence test: Error in the external work on a closed cycle
Element | ANS M4 MB4 M5 MB5 M7 MBT7
Wasc 281.218 | 258.676 258.676 258.350 258.350 258.350 258.350
E x107% | 1.45657 | —7.46430 | —7.46431 | —6.29626 | —6.29627 | —6.29626 | —6.29627
Table 3: Twisted beam.
Linear analysis. Normalized displacement under the force in y direction
Element ANS M4 MB4 M5 MB5 M7 MB7
2 x 6 (data A) | 0.805484 | 0.955530 | 0.955587 | 0.955536 | 0.955593 | 0.955536 | 0.955593
2 x 6 (data B) | 0.929200 | 0.933642 | 0.933723 | 0.933840 | 0.933919 | 0.933840 | 0.933919
Table 4: Curved twisted beam.
Linear analysis. Normalized displacement under the force in z direction
Element | ANS M4 MB4 M5 MB5 M7 MB7
2x8 0.811193 | 0.837923 | 0.841945 | 0.838794 | 0.848457 | 0.838801 | 0.853834
4 x12 0.894533 | 0.911465 | 0.914031 | 0.909376 | 0.914914 | 0.909376 | 0.917850
6 x 24 0.935155 | 0.941046 | 0.941106 | 0.939557 | 0.941211 | 0.939557 | 0.942801

Table 5: Half-sphere with a hole.
Radial displacements of points A and B at F'/2 = 100. Mesh is 8 x 8 for one quarter of half-sphere

Element | ANS | M4 | MB4 | M5 | MB5 | M7 | MB7 | [25] (16 x 16)
Uy | 2.871 | 2.804 | 2.898 | 3.181 | 3.185 | 3.181 | 3.185 3.406
—Ug | 4.599 | 4.670 | 4.675 | 5.453 | 5.461 | 5.453 | 5.461 5.902
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Figure 1: Path-independence test: Node 1 displacement path.

74

Figure 2: Twisted beam: (a) linear example, (b) nonlinear example, (c) deformed mesh for nonlinear
example (M7) at Fyy = F, = 0.036 (mesh is 2 x 6)
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Figure 3: Twisted beam: Mesh is 2 x 6. Forces F, and F}, versus y displacement of point under the
forces
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Figure 4: Curved twisted beam: (a) linear example, (b) initial and deformed mesh for nonlinear
example (MB7, load factor is 1)
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Figure 5: Curved twisted beam: Load factor versus z displacement curves. Mesh is 2 x 10
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Figure 6: One quarter of half-sphere with 18 hole discretized by 5 x 5 elements
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Figure 7: Half-sphere with a hole: Load-displacement curves. Mesh is 8 x 8.
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Figure 8: Cylinder with free ends subjected to radial pulling forces: (a) deformed 8 x 32 mesh (M5) at
radial displacement of point A equal to 2.8, (b) problem description, (c¢) deformed 4 x 16 mesh (M5)
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Figure 9: Cylinder with free ends: Load-displacement curves for points A and B; M elements; mesh
is 4 x 16.
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Figure 10: Cylinder with free ends: Load-displacement curves for points A and B; M and MB elements;
mesh is 4 x 16.
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Figure 11: Cylinder with free ends: Load-displacement curves for points A and B; M and MB elements;
meshes are 4 x 16 and 8 x 32 (fine).

T\
77711

2
/] ]
/7

T
u
W
pEnEnl

nuil

2@
T
)
“‘I“
““I

I“‘
o

SR at
AR}

Aopposite

VAW
A
az

U

““

n

Bopposite

arar

Figure 12: Cylinder with end diafragms: (a) deformed configuration (M5) for 8 x 16 mesh at radial
displacement of point A equal to 0.45r, (b) problem description, (c) deformed configuration (M5) for
32 x 72 mesh at radial displacement of point A equal to 0.6,
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Figure 13: Cylinder with end diaphragms: Load-displacement curves for point A; mesh is 8 x 16.
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