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1 | INTRODUCTION

Countless mixed finite elements have been developed throughout the last 50 years with the goal to cure locking and
other defects of low-order finite elements. One of the probably most successful element groups are enhanced assumed
strain (EAS) elements due to their simplicity and strain driven format which allows straightforward implementation of
complex material models. The EAS framework has first been proposed in the early 1990s by Simo and Rifai' and Simo and
Armero? for linear and nonlinear problems, respectively, and is a mathematically sound successor of the earlier proposed
incompatible mode models.>* Since then, the EAS method has been implemented into several commercial codes and has
not only been successfully applied in solid mechanics®>*° but also to model shell structures, diffusion problems and even
fracture problems.?%?> Despite the tremendous effort put in development of EAS elements there are still some open issues.
Pfefferkorn and Betsch?® discuss three of which: robustness in the Newton-Raphson scheme, mesh-distortion sensitivity
and hourglassing instabilities. All three are addressed in this contribution.

The first issue concerns robustness in the Newton—-Raphson scheme by which we herein denote two properties: max-
imum size of applicable load steps and number of Newton-Raphson iterations required for convergence.'® In this regard
assumed stress elements are by far superior to both displacement-based elements?’?® and EAS elements.'®?° To improve
robustness of displacement based elements Magisano et al.>* recently proposed the mixed integration point (MIP) method
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in the context of shell problems. It allows to substantially increase the robustness by a simple modification which only
affects the finite element tangent without changing the residual (and therefore the solution). This approach has recently
been extended to EAS elements!® and is also employed in the present contribution in order to improve robustness of the
Petrov-Galerkin EAS approach at hand.

Regarding the second issue, mesh distortion sensitivity, there exists a fundamental publication by MacNeal®! (see also
the preliminary work3?) which has in the opinion of the authors not gotten the attention it deserves. In that work Mac-
Neal*! proves (see also Pfefferkorn and Betsch!®) that a finite element for linear elasticity with symmetric stiffness matrix
cannot simultaneously satisfy the patch test and be exact for higher order modes for arbitrary meshes. This ultimately
leads to mesh distortion sensitivity of elements with symmetric stiffness matrices. However, MacNeal’s theorem leaves a
“loop-hole”. Elements with an unsymmetric stiffness matrix can simultaneously pass the patch test and be mesh distor-
tion insensitive. Constructing such finite elements is the key idea of the unsymmetric finite element method first proposed
by Rajendran and Liew*? for higher order elements (see also References®*3°). That method is based on a Petrov-Galerkin
approach instead of the usual Bubnov-Galerkin ansatz. Essentially, the trial functions of the displacements (actual field)
are approximated with so-called metric shape functions’” (constructed in the physical domain) while the test functions
of the displacement (virtual field) are approximated as usual with parametric shape functions. This approach ultimately
allows to greatly reduce the mesh distortion sensitivity.

A major drawback of all unsymmetric finite elements is of course the increased computational cost. This concerns
especially the factorization of the non-symmetric stiffness matrix. The time required for that step is compared to standard
elements in the work.'® However, the additional effort is, in the opinion of the authors, more than compensated by the
increased coarse mesh accuracy and the reduced mesh distortion sensitivity.

Unfortunately, it is not as straightforward to construct unsymmetric low-order finite elements because a careful choice
of ansatz functions is required for optimal performance.'®3® This led previously to methods with complex ansatz func-
tions that depend on the material model3®3¥-4? or that require higher order numerical integration.*> Unsymmetric finite
element approaches without these drawbacks have recently been published by Pfefferkorn and Betsch'® in the form of a
Petrov-Galerkin EAS (PG-EAS) framework and by Huang et al.** on the basis of an incompatible mode approach. Both
elements are developed for linear elasticity and maintain the substantially decreased mesh distortion sensitivity of the
unsymmetric finite element method. Moreover, the approach by Pfefferkorn and Betsch!® is completely locking-free,
enables exact integration of the finite element integrals with standard Gauss quadrature and reduces to the standard EAS
method in case of regular meshes. In this work we straightforwardly apply the unsymmetric PG-EAS approach by Pfef-
ferkorn and Betsch'® to nonlinear problems and show that it has similar beneficial effects. Mesh distortion sensitivity is
greatly reduced even though it is not possible to get analytic results as in the linear elastic case. Furthermore, we propose
a modification of the three volumetric modes required in 3D for a completely locking free element.'® This adjustment
allows to skip the computationally expensive Gram-Schmidt orthogonalization required in aforementioned reference
and is motivated by higher-order analytic solutions of linear elasticity similar to the ones given by Nadler and Rubin.*

The final and probably most important open issue of EAS elements concerns spurious hourglassing instabilities. This
issue was already mentioned in the conclusion of the seminal work on geometrically nonlinear EAS elements by Simo
and Armero? and has first been thoroughly discussed by Wriggers and Reese*® for hyperelasticity and by de Souza Neto
et al.*” for elasto-plasticity. One of the most successful attempts to remove the instability has been proposed by Korelc and
Wriggers’ (see also Glaser and Armero!%*¥, who adopted the element for frame invariance). They established that using
the transpose of the originally employed Wilson-modes for the enhanced field removes the instability under compression.
Unfortunately though, this attempt could not cure hourglassing under tension. Other methods to suppress the spurious
behavior use artificial hourglass stabilization with user-defined parameters,'®*%4° hourglass stabilization based on mixed
methods®*>2 or combine the EAS method with other mixed elements.>*> However, none of these alternative approaches
led to the desired result of a completely stable, locking-free element without artificial stabilization. A final avenue fol-
lowed to overcome the hourglassing issue is enhancing different kinematic fields than the originally? proposed and most
frequently employed enhancement of the deformation gradient (F-enhancement). Unfortunately, both enhancement of
the Green-Lagrange strain (E-Enhancement)!!:21:48:51.60-62 'which is often employed in shell-structures, and enhancement
of the right stretch tensor (U-enhancement)®*%%* do not lead to entirely stable formulations.

In the present contribution we add another kinematic field to the list of enhanced fields: the spatial displacement gra-
dient (h-enhancement) as suggested by Schmied® (PhD-thesis, only available in German). This allows to finally overcome
the issue of hourglassing-instabilities of EAS elements both in tension and compression without loosing other favorable
properties. On top of that, we establish a hypothesis on why h-enhancement is much more stable. It is closely related to
the ad-hoc formulated volume-condition proposed by Nagtegaal and Fox®® which is justified in this work. Essentially, we
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FIGURE 1 Configurations and kinematics of a deformable body 5.

suggest that the instabilities of previously developed EAS elements are linked to the well-known checkerboard modes
observed for mixed pressure elements through the eliminated stress field.

In summary, this work introduces a novel PG-EAS element based on h-enhancement which overcomes some of the
most serious issues of existing EAS elements. The presentation starts with essential continuum mechanics and the weak
form in Section 2. The approximations of the various fields with the finite element method are covered in Section 3
where focus is put on the Petrov-Galerkin formulation and the required metric shape functions. Analytic solutions of
higher-order linear elasticity are given in Appendix A and used for the new volumetric enhanced modes in Section 3.2.
Section 4 covers analytic proofs that the element on the one hand meets basic requirements and on the other hand has
interesting features explaining its outstanding performance. The decreased mesh-distortion sensitivity and the increased
numerical stability are discussed in Sections 4.5 and 4.9, respectively. Finally, in-depth elastic and elasto-plastic numer-
ical investigations covering a wide range of benchmarks are described in Section 5 before conclusions are drawn in
Section 6.

2 | WEAK FORM

This section covers fundamental continuum mechanic relations in Section 2.1 and introduces the key idea of the novel
EAS framework in Section 2.2. With these basics at hand we then introduce in Section 2.3 the weak form for the new
class of EAS elements.

21 | Continuum mechanics

We consider as usual the deformation of a body from its reference configuration B, € R3 to a spatial configuration B € R?
(see Figure 1).

In this process material points X € BBy are mapped to corresponding spatial points x = @(X) € B by the bijective
deformation map

@eU ={@:Bo— R |(@);€H, det(Dg)>0, @X) =¢X),X€EB}. (1)

Therein, H; denotes a Sobolev space and 0,13y C 015, is a part of the body’s boundary 053, on which the deformation
is prescribed by @(X). On the remaining part of the boundary 9,8, = 9/, \ 9,58y boundary conditions are prescribed in
the form of given traction t. Linearization of the deformation map ¢ with respect to the coordinates X determines the

deformation gradient”
_ %%

F(p = aT( = VX('), (2)

where we use index (e),, to emphasize that the field (e) depends solely on the deformations (this will not necessarily be
the case in subsequent sections). Furthermore,

uX) = (X) - X 3)
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is the displacement of a material point X. Taking the derivative of u with respect to X and x yields the material and spatial
displacement gradient given by

_ou

H, = = =Vxu=F, -1 (4a)
Ju _
h, = = =Vyu=1-F,, (4b)

respectively. The link of the displacement gradients to the deformation gradient given in (4) can easily be established via
(2) and (3). Moreover, in view of (4), it is straightforward to establish the relations

h=HF!  F=(I-h7, (5)
frequently used for the present EAS element. We omit index ¢ in the last equation and subsequently whenever a relation
can and will also be used for general and not only purely deformation based fields.

In addition to the kinematic relations presented above, a constitutive law is required to model different material
behavior. A broad class of material models can be written in terms of the Kirchhoff stress as

)s (6)

I

T =1(F,

where 2 denotes the internal variables necessary to describe inelastic behavior. The usual transformation rules
% = PF' = FSF' (7)
relate the constitutive Kirchhoff stress 7 to the corresponding first and second Piola-Kirchoff stress tensors denoted by

P = P(F,E) and S = S(F, E), respectively.

Remark 1. For a homogeneous hyperelastic material model (6) is fully defined by a strain energy function W and given by

W W g
= Wegr_ o pWper 8
T OF aC ®)

where C = F'F is the right Cauchy-Green tensor.

2.2 | EASkinematics

The key idea of the EAS method is to enhance a kinematic field with an incompatible part. This was first proposed
for geometrically nonlinear problems by Simo and Armero? who recast the total deformation gradient F in the form
(F-enhancement)

F(g, ) = F (@) + F(g, o). 9)

Thus, the compatible (purely deformation dependent) deformation gradient F,, (2) is enhanced with the incompatible
part F which contains the additional degrees of freedom . However, as mentioned in the introduction, it is also possible
to enhance various other kinematic fields. In the present work we choose to enhance the spatial displacement gradient
(4b) in the same way as (9) such that (h-enhancement)

h(p, @) = h,(¢) + h(p, w), (10)

where now instead of F in (9) the enhanced spatial displacement gradient h is the independent field. Note that the total
deformation gradient now results from

F(g,a) = (I - h(p, )", 11)

which is in analogy to (5),. This idea of enhancing the spatial displacement gradient has to the best knowledge of the
authors only been considered in the PhD-thesis by Schmied,* which is written in German. In that work it is shown
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numerically that (10) can be used to construct elements without spurious hourglassing in explicit dynamic simulations.
In the present contribution we use (10) in implicit static problems in order to obtain an hourglassing-free EAS element in
both large strain elasticity and elasto-plasticity. Furthermore, we establish a hypothesis why h-enhancement is favorable
in terms of stability (see Section 4.9).

23 | Weak form
231 | Continuous weak form
With the basic continuum mechanic relations at hand we now introduce the weak form of the governing equations for an

element based on h-enhancement (10). It is given by: Find the deformation ¢ € U, incompatible displacement gradient
h € 7 = L, and independent stress tensor T € 7 = L, such that

/ V6@ : 2dV + Gex(5@) = 0, (12a)
BO
/5ﬁ c(A-1)dV =0, (12b)
BO
/ 6t : hdv =0, (12¢)
BO

is satisfied for arbitrary test functions @ € V = {¢ : By - R?|(@); € H1, (X) = 0,X € 9,30}, she&=1,and é1 e
S = L,. Here, (o) is used for test functions and does not denote variations since (12) can in general not be derived from a
variational functional’. Moreover, % is the constitutive Kirchoff stress (6) evaluated with F defined via (11) and (10). The
gradient Vx(e) is the symmetric part of the spatial gradient

Vx(e) = Vx(e)F,}, 13)

which is closely related to (5);. Finally, the integrals in (12) are named internal parts of the weak form and Gex(5@)
contains the contributions of the prescribed external body forces b and surface loads t.

Remark 2. It is important to note that, unless the test function sh has the form 6h = 6HF™!, 6H € L, in analogy to
(5)1, the weak form (12) leads in general to an unsymmetric stiffness matrix even without the Petrov—Galerkin approach
introduced in Section 3. Unfortunately, choosing §h = SHF ! results in an element which exhibits spurious instabilities.
However, the stiffness matrix is already unsymmetric due to the Petrov-Galerkin approach in Section 3 such that the
unsymmetry imposed by the weak form is not a major issue.

Remark 3. The proposed weak form (12) is by far not the only possibility to develop an EAS framework. For example, the
standard weak form for nonlinear EAS elements with F-enhancement (9) (e.g., References>!'%1%) is given by

/ Vx6@ : PAV + Gey(5@) = 0, (14a)
BO
/ SF: (P-P)dV =0, (14b)
BO
/ 6P : FdV = 0. (14¢)
BO

A similar formulation based on enhancement of the Green-Lagrange strains (E-enhancement) is also possible (e.g., Ref-
erences 1:21:48:51.66) ‘The crucial advantage of the weak form (12) based on h is that it allows the construction of elements
without spurious instabilities. Thus, (12) is mainly considered in the sequel. Nevertheless, we also cover elements based
on (14) for comparison with the novel displacement gradient enhanced elements.
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2.3.2 | Discrete weak form

One particularity of EAS elements regarding the weak form is the assumption of L,-orthogonal discrete* test and trial
spaces for the independent stress " and incompatible strain i (see References 1,2 and Section 4.7). In that way the
independent stress field " can be completely eliminated from (12) and the only remaining unknowns are ¢ € U™ and
h" € &1, The discrete version of the weak form (12) is then given by

Gh = / Vssgh : 28V + GL (6" =0 Ve e Vh, (15a)
By

Gi = / sh" : #hdv =0 v sh" € PP, (15b)
B

where U, VR £P and F are the discrete ansatz spaces for the various fields which are specified in Section 3.2.

3 | FINITE ELEMENT APPROXIMATION

We use very similar ansatz spaces for the present finite element as proposed by Pfefferkorn and Betsch'® for a lin-
ear Petrov-Galerkin EAS (PG-EAS) element. These ansatz spaces are based on three design conditions determined in
aforementioned reference and allow the construction of relatively simple, widely applicable, low-order, unsymmetric
elements with exceptionally high accuracy in case of distorted meshes. However, the present nonlinear framework
requires a few modifications to ensure objectivity and account for the nonlinear kinematics. In this section, we focus
on these specifics and only briefly summarize the ansatz functions discussed at length by Pfefferkorn and Betsch.'®
Focus is put on three-dimensional (3D) hexahedral elements which can easily be reduced to two-dimensional (2D)
quadrilaterals.

Moreover, we propose an improved version of the higher order enhanced modes required for 3D problems. A
minor modification based on analytic solutions for linear elasticity given in Appendix A circumvents the need for the
computationally expensive and intricate orthogonalization procedure originally employed in the work.!8

3.1 | Geometry and skew coordinate frame

The reference geometry X"¢ of a hexahedral finite element Qg with nodes Xl.e, i=1, ...,8is described as usual with the
isoparametric map such that the geometry map and the corresponding Jacobian are given by

8
h.,e _ : e h.e — aXh’e —
X <§)—;Nl<§>xi, M) = =

8
DX ® VeN,, (16)
i=1

respectively. Therein, N; are the standard trilinear Lagrangian shape functions and & € Q = [—1,+1]® denotes the
isoparametric coordinates defined on the reference element Q.

Another set of coordinates, which is extensively used for the ansatz spaces described in Section 3.2, are the skew
coordinates. They were first proposed by Yuan et al.®” and Wisniewski and Turska®® in the context of assumed stress
elements and are given by

— _ 1T
E=[2 7 7] =3 (X -x0). a”
where

Jo=1"¢0), X, =X"%0) (18)
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are the Jacobian and position defined in (16) evaluated at the element center & = 0. An alternative form of the skew
coordinates which directly links them to the isoparametric coordinates is given by Pfefferkorn and Betsch!®

4
E=&+ ) C"Ha®), (19)
A=1

and is based on an alternative representation of the shape functions (see e.g., References!®%%7%). In the equation above we
use

8

1
A =TI g foh{‘, (20a)
i=1

Hl = rlC! H2 = ggv H3 = 5’77 H4 = éi’lgv (ZOb)
h'=[+1 +1 -1 -1 -1 -1 +1 +1] ,

- T
h’=|+1 -1 -1 +1 -1 +1 +1 —1] ,

3 T (20c)
hP=[+1 -1 +1 -1 +1 -1 +1 —1],

r T
h'=|-1 41 -1 +1 +1 -1 +1 —1].

The most important properties of the skew coordinate map (17) are its frame-indifference (see Section 4.2) and the fact
that (17) is an affine map of the physical coordinates. These features facilitate the construction of proper ansatz spaces.
More details on the skew coordinate frame can, for example, be found in the work of Pfefferkorn and Betsch.!8

3.2 | Ansatz spaces
3.2.1 | Test function for the deformation

For the ansatz of the test function of the deformation 6@™¢ € V" we use the standard isoparametric concept such that
8
59" = Y Nisgy (1)
i=1

is defined in the same way as (16) with the same trilinear Lagrangian shape functions N; and the nodal weights 6¢;. For
the discrete spatial gradient of 5¢™¢ we define

Vxd™¢ = Vxo@"Fy, (22)
F, = F)* (23)

&=0’
in analogy to (13). Therein, F}ql;e denotes the compatible deformation gradient which is subsequently defined in (28) and

F, is its evaluation at the element center & = 0. Employing F, in (22) ensures consistency with ordinary continuum
mechanics as well as objectivity of the finite element (see Sections 4.1 and 4.2).

3.2.2 | Trial function for the deformation

The next field to be discretized is the trial function of the deformation @™¢ € U™, Similarly to the approximation of the
test function (21) we use

8
o™ = Y Mo, (24)
i=1
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where @f are the nodal weights. The only difference to the discretization of the test function (21) is that (24) uses the metric
shape functions M instead of the isoparametric N;. This alternative set of shape functions is constructed elementwise in
the physical space’ using the skew coordinates (17). For a hexahedral element € the metric shape functions M; are a

linear combination of the eight monomials 1, E, 1, Z, Eﬁ, ﬁZ, @, Eﬁz and given by

. L& omo &G

[Mi M§]=[1 Eq - §ﬁ§]<Ag) , AE= _ B 5_ , (25)
1 & ng - Esnsls

where E]e are the skew coordinates of the nodes. Relation (25) can be established by enforcing the Kronecker-delta property

Mf(EJ‘?) = &; at all eight nodes.'® Vice versa, evaluating (25) at the nodes yields

M{@E&) - MiE) .

g_ _ = AE(AE> = ngg. (26)

Mi(&) - Mg(&)

The derivatives of the metric shape functions (25) with respect to the skew coordinates can be computed in a straightfor-
ward way from (25) and are given by

EERERE
[VEMf VEM§]= 10 T oo &|(a) ©27)
1 07 & &

The inverse matrix (Ag)‘1 used in both (25) and (27) exists as long as there are no coincident nodes and the element’s
volume does not vanish. Fortunately, the computationally expensive task of evaluating (25) and (27) for every element
has to be conducted only once at problem initialization and the results can be stored for all further Newton iterations and
load steps. This is because the skew coordinates (17) are defined in terms of the constant reference coordinates rather
than the current configuration used, for example, by Li et al.*! Therefore, the increased numerical effort to compute the
metric shape functions is hardly relevant in nonlinear simulations.

Further important properties of the metric shape functions are their frame-indifference and isotropy” due to the use
of the skew coordinates. On top of that M? are a partition of unity Z?=1Mie = 1, have by construction the Kronecker-delta
property (26) and, in case of a constant Jacobian J™¢ = J,, the metric shape functions M coincide with their isoparametric
counter parts N;. Finally and most importantly, their definition in the skew space enables the construction of complete
ansatz functions in the physical space (see Section 3.2.3).

Returning to (24) the metric shape functions (25) define the discrete trial function of the deformation and allow to
compute corresponding kinematic fields. First, in view of (2), the discrete displacement-based deformation gradient can
now be written as

8
Fy = )\0f ® VxM}, (28)
i=1

where the derivatives of the metric shape functions M; with respect to the reference coordinates X can easily be
determined from (27), (17) and the chain rule such that

VxM! = JgTVEMf. (29)

Second, with relations (28) and (5) at hand the discrete compatible part h},},’e of the displacement gradient (10) can be
written as

W =1- (F*;;e)_l. (30)
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3.2.3 | Trial function for the enhanced strain

The enhanced part R € £ of the total displacement gradient (10) and the corresponding test function (see Section 3.2.4)
are approximated elementwise which facilitates static condensation of the additional degrees of freedom on element level.
To ensure objectivity and to pass the patch test (see Sections 4.2 and 4.6) we propose the form

h,

~he —h,e 1
h“=h (aF,", (31)

where F, denotes the compatible deformation gradient F},,‘;e at the element center & = 0 (see (23)) and ﬂh'e = ﬁ}f’e + ﬁ};e
includes the incompatible degrees of freedom af and consists of two parts.

The first set of enhanced ansatz functions is motivated by examining (25) which reveals that the three monomials
m; = EZ, mS = 7, and ms = Zz are missing for a fully quadratic deformation field. However, as shown by Pfefferkorn and
Betsch,!® the functions m; j =1,2,3 cannot be used directly in the form of incompatible modes. The modification

e
J

8
miE) - Y MI©mE),  j=123 (32)
i=1

is necessary to ensure that the incompatible displacements do not contribute to the nodal deformations, that is, M;(é_i) =0
holds. Thus, (32) ensures that ¢ introduced in (24) are actual nodal deformations. Moreover, the modified functions Mje
coincide with the bubble functions by Wilson et al.? in case of undistorted meshes.'® Ultimately, (32) can be used in the

—h,
sense of incompatible modes for h * which yields

3
—h, -
h =Y o ® Vxlif (33)
j=1

and has the same structure as the approximation of the deformation gradient in (28). The last equation implies that ﬁ}f’e
includes three incompatible displacement modes with a total of nine additional degrees of freedom arranged in the vectors
o, j=1,23.

The second set of enhanced modes contains three modes and is necessary to avoid a mild form of volumetric
locking.>!® For the present finite element we use the modes

N aili + aizgﬁ

—he _ _ _

hy =377 a5, n¢ + af,&n 5 (34)
ané + aj, &€

which are defined in terms of skew coordinates and represent a slight modification of the modes used by Pfefferkorn and

Betsch.'® This modification is inspired by the analytic solutions for linear elastic higher order displacement modes pre-

sented in Appendix A and its major advantage is that it allows to circumvent the need for an orthogonalization procedure
as is further outlined in Section 3.2.4.

3.2.4 | Test function for the enhanced strain
The last field which has to be discretized is the test function for the enhanced strain 5f1h’e € F!. Here we assume the form
. —h,
Sh™ = Fosh F!, (35)

where again the deformation gradient at the element center (23) is employed for objectivity (see Section 4.2). Moreover,
—h,
sh s given by

—h, . h,
sh ' = jh%JaTéhh 5, (36)
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where jh¢ = det(J™¢) and J, is defined in (18). The last equation includes the transformation from the reference element
Q to the physical configuration Q¢ and has the same structure as the test function for the incompatible strain introduced
by Pfefferkorn and Betsch'® (see also Simo and Rifai'). In view of the symmetry of 2™ and the transformations given in

~he ., | .. .
(35) and (36) the skew-symmetric contribution of 6h * is immaterial in (15b). For the symmetric part we assume the form

71 A1_
E 0 0|0 OO OO O 0 EC—hl, én—hl,
0O n 0[O0 0 0 0 0 0n¢—hi 0 &n—h || m
. 0 0 000O0UO0O O -3 —h3 0 a
Sh}}ez Z: ’1C 10 éé’ 11 2 , (373)
00 0|l&E n 00 0 O 0 0 0
00 0|0 O 5 & 0O 0 0 0 an
0 0 0|0 0 0 0 & ¢ 0 0 0
Wy =3Ee—¢ch),  hly =10 -¢c), Ry, =56 -nd),
A (e oy N O (O N S (R ) (37b)

where (), denotes vector-matrix notation and fz]l are correction terms which ensure orthogonality with the analytic stress
modes given subsequently in (58). The corrections are computed using components of the vectors ¢ defined in (20a)
which vanish in case of regular meshes. The modes in the equation above are a modification of the ones proposed by
Pfefferkorn and Betsch'® and motivated by the analytic solutions for linear elasticity presented in Appendix A. Ultimately,
the modification allows to skip the time consuming and intricate orthogonalization procedure employed in the work!8
while maintaining the high performance of the element. Thus, using the modified (37) is a valuable improvement of the
element proposed by Pfefferkorn and Betsch.!®

3.2.5 | Total displacement and deformation gradient

In view of the approximations (30), (31) and the kinematic relations (10), (11) the discrete total deformation and
displacement gradient required to compute the constitutive stress can be written as

he _ 1.h, ~he
h™=h;*+h", (38)
e = (I-hM) " (39)

3.3 | Alternative ansatz spaces

In this section, we present a short outline of alternative approaches for the extension of our previous work? to the large
deformation regime.

3.3.1 | Enhancementofh

The ansatz spaces presented for the element in Section 3.2 are not the only possible choices. For instance, many other
transformations to ensure objectivity in (22), (31), and (35) would be possible. Furthermore, there exist a plethora of other
ansatz functions for enhanced fields such as, for example, the transposed Wilson-modes first proposed by Korelc and
Wriggers.’

However, our numerical experiments suggest that the element described in Section 3.2 has the most favorable behav-
ior. All other tested elements exhibit spurious instabilities, perform worse with mesh distortion or have other serious
drawbacks. In particular, elements which use either F™¢ or (F™¢)~T instead of F in (35) exhibit hourglassing modes simi-
lar to the standard EAS element.? Replacing F, with F; Tin (35)leads to a form of hourglassing under tension for distorted
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meshes similar to the one observed in the work!” for a special transformation for standard EAS elements. Employing
F"¢ instead of F, in (22) leads to hourglassing under compression for slender elements. Proceeding similarly by replac-
ing Fy in (22) with F}q‘;e induces spurious modes under tension in case of instable materials. Finally, using the transposed
Wilson-modes leads to worse performance with mesh distortion and also induces hourglassing under tension if there are
material instabilities.

3.3.2 | Enhancement of F

As pointed out in the introduction and Remark 3 other fields than h can be enhanced even though this seems to lead
to less well performing elements and in particular hourglassing instabilities. This section briefly summarizes a possible
PG-EAS discretization for elements based on enhancement of the deformation gradient F (9) and the corresponding weak
form (14).

To that end we first chose a stress field P! which is L,-orthogonal to the incompatible strain F" in order to get a
discrete weak form similar to (15). Second, the approximations for the test and trial functions of the deformation are
chosen exactly the same as presented in Section 3.2. Thus, @™ and "¢ are approximated according to (21) and (24),
respectively. Finally, for the test and trial function of the enhanced deformation gradient suitable choices are

fhe _ phegh,
Fhe = F R0, (40a)
SFhe = (Fh)TsFMe, (40b)

where in both equations the first factor ensures objectivity and the second contains the actual ansatz functions for the
respective field. In particular, we consider an element that uses the Wilson-modes, that is, (33) and (36), for F™¢ and 6F"¢,
respectively. Furthermore, we also test an element that uses the transposed Wilson-modes only for F™¢ in the numerical
studies in Section 5.

3.3.3 | Enhancement of E

The simplest nonlinear EAS element in terms of finding a suitable discretization is the one based on enhancement of the
Green-Lagrange strain E and its work-conjugate second Piola-Kirchhoff stress S. Since both these fields are defined in
the reference configuration no modifications are necessary for objectivity and it is possible to take the ansatz spaces from
the work!® without adaptions. Unfortunately, these elements suffer from spurious instabilities (see Section 5.6).

3.4 | MIP method for increased robustness

One deficiency of EAS elements is their lack of robustness,'” by which we mean the high number of load steps and New-
ton iterations required for convergence in comparison to assumed stress elements. Pfefferkorn et al.!® extend the mixed
integration point (MIP) method proposed by Magisano et al.*° to EAS elements which considerably increases their robust-
ness in many examples. The key idea of that method is to introduce an independent stress tensor S, at every Gauss point
g =1, ..., ng. Static condensation of S, leads then to a modified element stiffness matrix where the constitutive stress in
the geometric parts of the tangent is replaced with the independent stress at the Gauss points.

In the present work we employ the MIP method as presented by Pfefferkorn et al.'® We refer to aforementioned
reference for details on the implementation (see especially Section 5 in Reference 19) and our numerical simulation in
Section 5.5 for the effect of the MIP approach.

4 | FEATURES AND PROPERTIES OF H1U/H12

The element proposed in Sections 2 and 3 is named H1U/h12 which stands for a (tri-)linear hexahedral unsymmetric
element (“H1U”), with twelve h-enhanced modes (“h12”). In this section, we prove that HIU/h12 has many interesting
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features which lead to the high performance in numerical simulations covered in Section 5. The most important features
are the improved accuracy in case of distorted meshes discussed in Section 4.5 and the increased stability covered in
Sections 4.8 and 4.9. All properties presented in this section are also verified numerically in Section 5.

4.1 | Consistency with ordinary continuum mechanics

In a first step we analyze the mixed weak form (12). To ensure that the proposed weak form is a suitable basis for the
construction of a finite element we have to show that it is consistent with ordinary continuum mechanics. This ensures
that a mixed finite element formulation based on (12) converges to the analytic results with mesh refinement provided
that there are no instabilities, the solution is sufficiently regular and the patch test (see Section 4.6) is fulfilled.

To prove consistency of the weak form (12) it is sufficient to show that it can be reduced to a purely displacement-based
formulation in a continuous (non-discrete) setting. To that end we first obtain from (12c) and the standard localization
argument h = 0. In view of (10), (5), and (6) we then immediately get © = t, meaning that the constitutive stress does
not depend on the additional field h. Inserting this result into (12b) reveals T = %,,. Finally using h = 0 together with (13)
and (7) in (12a) yields

/ Vide : 2dV = / Vx6@ : P,dV = —Gex(5@), (41)
B, B,

which is exactly the same as the standard displacement-based weak form. Thus, the weak form postulated in (12) is
consistent with ordinary continuum mechanics and a suitable basis for the novel finite element framework.

4.2 | Frame invariance and objectivity

Next we thoroughly show that the discrete weak form (15) and consequently the novel element H1U/h12 is invariant to
a global change of reference coordinates (e)° (frame-invariance) and a superimposed rigid body motion (e)* (objectivity).
The corresponding transformations are

X’ =RX +c, (422)
* = Qo +d, (42b)
where R,Q € SO(3) are proper orthogonal tensors and c,d € R3. First, we consider changes of element geometry

described in Section 3.1 due to (42a) and note that transformation (42a) implies nodal coordinate changes according to
Xl.e’b = RX® + c. In view of (16) this means X"*’ = RX"¢ + ¢ and J™*’ = RJ"* which yields

2 =)t <thea” - XE) = J;'R7IR (X —X,) = & (43)

for the skew coordinates (17). Thus, the skew coordinates are frame-invariant analogous to the isoparametric frame éb =&
and therefore a suitable basis for the construction of ansatz spaces. Moreover, according to (29),

-T -T
(Vx(@)' = (B) V&) =RVx(e),  (Vx(®) = () V(o) = RVx(e), (44)

holds similarly for fields based on skew and isoparametric coordinates. Second, we consider changes of kinematic fields
due to (42). By aid of (5), (42), (44) and @™** = Q"¢ + d the discrete displacement-based deformation gradient (28) and
the corresponding displacement gradient (30) transform according to

Fh,e,ﬁ _ 0(ph’e’ﬁ — QFh,eRT (45)
@ oxheb »
-1
e (1) rom o) o
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Furthermore, under the assumption that the incompatible degrees of freedom in (33) and (34) transform via ocj‘?’Ii =

R(xj‘?, j=1,2,3and aZ’ﬁ =af, k =10,11, 12, respectively, the transformation of the enhanced part of the displacement
gradient (31) is given by

_ —h.e, -1 —h, _
B =5"(F) " = RR"R'RE,'Q" = RR™Q". (47)
Combining transformations (46) and (47) with (38) and (39) yields the transformation for the total deformation gradient

. -1 . -1
Fhet — (I _ hg,e,ﬁ _ hh,e,ﬂ) _ <R (I _ h}(;,e _ hh,e) QT> = QFh,eRT’ (48)

which is the same as (45) and in particular the correct transformation for a deformation gradient (see e.g., Ogden’!).
This is only possible because of Fy included in (31) which ensures proper transformation of the enhanced displacement
gradient. Third, for a proper isotropic elastic material (48) implies that the constitutive Kirchhoff stress tensor transforms
according to

H(F™F) = 2(QF™R") = (QF™) = Q¥(F™)Q", (49)
where the second equality holds because of isotropy and the third is due to material objectivity (see e.g., Haupt’> Chapter

7.2 and 7.3). Now, the only expressions in (15) whose transformations have not been established are the test functions.
According to (21), (22), (35), and (36) we obtain

~ _1 ~
(Vaghe)" = Vxog™(F}) = QVxdg"“RTR(Fy)'Q" = QV59™Q", (50)
. -T -1 T .
sh"™F = F Jhieﬁ (5) ah™(3%) (¥}) =qéh™qQ" (51)

—h.e, —h,
by considering the transformations 6¢™** = Qé¢™¢ + d and 6h “ =5h . In the last two equations the correct transfor-
mation is possible due to the proper use of F, and J, in (22), (35), and (36), respectively.
Finally, substituting (49), (50), and (51) into the internal parts of (15) yields

et = / (Visghe) : 2heddyt = / (Videhe) : 2™dv = Gt | (522)
o &

Go* = / SR™F ¢ hetqyE = / sh™ : #dv = Gh*, (52b)
o 4

which establishes the frame-invariance and objectivity of the novel element H1U/h12 provided that the external loads
transform appropriately. Numerical verifications of this proof can be found in Sections 5.1.2 and 5.1.3.

4.3 | Isotropy and path independence

Two further crucial properties for any finite element are isotropy, implying invariance to node numbering, and
path-independence in the case of elastic materials.

Isotropy of H1U/h12 can easily be verified by observing that there are no preferred directions in the ansatz spaces cho-
sen in Section 3.2. Thus, H1U/h12 is invariant to node numbering which is shown numerically in Section 5.1.2. Examples
for anisotropic finite elements are the unsymmetric displacement-based element by Ooi et al.3>>3¢ and the EAS element
proposed by Korelc et al.'* The former is anisotropic because the rotation of the local element coordinates relies only on
a subset of nodes and the second is anisotropic because the volumetric enhanced modes have preferred directions.

Another crucial property is path independence, that is, that the element does not depend on the deformation history in
case of a path-independent material model. As most elements, the current H1U/h12 is path-independent since all ansatz
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functions are defined with respect to the reference configuration. If they depend on the current configuration the element
is likely to be path-dependent (e.g., the elements by Li et al.*142),

4.4 | Linearized element

In this section, the novel element H1U/h12 is linearized and it is shown that its linearization coincides with the highly
accurate element proposed by Pfefferkorn and Betsch.!® The only difference concerns the improved volumetric enhanced
modes (34) and (37). Thus, all features of that element such as the much increased coarse mesh accuracy, equivalence
to standard EAS elements in case of regular meshes, exact numerical integration of the stiffness matrix by standard
Gauss quadrature and, most importantly, the exact solution of many bending problems (see also Section 4.5) carry over
to H1U/h12 in case of small deformations.

The weak form (15) is a functional f : (@, &) — f(@, o) of the deformations ¢ and enhanced degrees of freedom a. Its
linearization in the reference configuration (@, a) = (X, 0) is given by

Ling =fX.0)+ Adf.  Adf = ~f(X +edgeda) . (53)

where A@, A are increments of the deformation ¢ and enhanced degrees of freedom «, respectively. These incre-
ments are discretized in the same way as @ and « in (21), (33), and (34). Moreover, operator Ag(e) in (53) denotes the
Gateaux-derivative of (e) with respect to the increments A@, Aa evaluated in the reference configuration.

With (30), (28), (31), (33) and relation AA™! = ~A~'AAA~!, which holds for the linearization of a arbitrary tensors
A,”? it is then straightforward to obtain

Aohy =T AGF, T = VxAgh, (542)
~h.e —h,e _1  7he h —h.,e
0 = Ay 0 = o) = Naa,
Agh™ = Agh T+0A)F;' =h (Aa™)=h (54b)

for the compatible and incompatible part of the discrete displacement gradient h¢, respectively. With this information
at hand, linearization of the total deformation gradient (39) yields

—h,
AoF™ = VxA@™ + hyg. (55)

Furthermore, linearizing the constitutive stresses (6) under the assumption of an elastic material and by aid of (55)
determines

A —h,
A0 = D) : Ao (F(F™)" ) = Cin + (ViA@™ +sym(bse) ), (56)

—h,e . —h.e n . . . .. .
where sym(h,o) denotes the symmetric part of ha, and &¢(FM) is the constitutive spatial elasticity tensor with the

corresponding linear elasticity tensor Ciin = &™(D). Finally, with the auxiliary results above, the linearization (53) of the
weak form (15) is given by

. h P R g The h h
LinyG, = /Vxé(p 1 Cin : (VXA(p +sym(hAa)) dV — G, (6@™) = 0, (57a)
By
—h ~ —h,e
LingGh = / sh : Gy (v;mph + sym(hAa)> av =o, (57b)
By

which is the same as the weak form of the standard linear elastic EAS element. Furthermore, the approximation of the
fields in Section 3.2 is, apart from the two minor modifications (34) and (37), taken directly from the work of Pfefferkorn
and Betsch.'® Thus, the only differences of the linearized H1U/h12 in comparison to the linear elastic element in afore-
mentioned reference are (34) and (37). The linearization of the corresponding 2D element is even exactly the same as the
element proposed in the work.!?

85U0|7 SUOWWIOD @A eaID 8|qedl|dde sy Aq peusenob aJe sajone VO ‘8sn Jo Sajni 1oy ArIqIT8UIUQ AB[IAA L0 (SUORIPUOD-PUR-SWUBH W0 A8 | 1M ARe.d Ul |uo//Sdny) SUORIPUOD pUe swie 1 8ur 88s *[220z/2T/9T] uo Ariqiiauliuo A8|im ‘eiBojouyse | 4 1u| Jaynsiey Aq 99T/ 8WU/Z00T OT/I0p/u00 A8 im Areiq euljuo//Sdny wo.j pepeojumod ‘0 ‘2020.60T



PFEFFERKORN AND BETSCH 15
WILE Y—I—

4.5 | Insensitivity to mesh distortion

This section covers the design conditions established by Pfefferkorn and Betsch'® which allow to construct elements with
optimal or close to optimal performance regardless of mesh distortion. To that end we first briefly repeat the linear elastic
case from Reference 18 and then generalize the concept to nonlinear problems.

4.5.1 | Linear elasticity

For linear elasticity the investigations by MacNeal'®*! show that an element with N degrees of freedom can at best be exact
for N displacement modes provided that its stiffness matrix is unsymmetric. In case of a PG-EAS framework Pfefferkorn
and Betsch'® examined the weak form (57) and obtained three design conditions required to get an exact finite element
solution for a specific displacement mode regardless of mesh distortion. The design conditions are:!'®

C1 The test functions for the displacement su® have to fulfill the inter-element continuity. This ensures that nodal
equilibrium is fulfilled and that the correct solutions for a single element can be generalized to larger patches of
elements.

C2 The ansatz spaces for the displacement u™¢ and incompatible strain "¢ must be chosen such that resulting &
includes the analytic stress 6* under the premise of nodally exact displacements.

C3 The test function of the incompatible strain 5&™¢ must be L,-orthogonal to the analytic stress ¢*. This condition is
an extension of the patch test condition for EAS elements originally proposed by Simo and Rifai.!

These conditions can be used to construct an optimal or close to optimal finite element by choosing a proper set of N
analytic modes for which the element is then designed to be exact.'®

Similar to the work of Pfefferkorn and Betsch!® we use the stress modes usually employed for assumed stress
elements®®’+7> as analytic modes. They are defined in terms of skew coordinates (17) and given by

c* =Jo6'7;, (58a)
10000 0|7 & 0 O0O0 0|0 0 O
01 00O0O0|0O0¢ ¢ E&Eo0o0[O0 0 o0flp
e 001 00000 O0O0OET Flo o ollp
Gy = _ ; (58b)
0001 0O0|0O0OO0OTO0OO0OTUO[E 0O
00 00100 0O0O0O0O0[0 & 0lps
0000 O0O1|00O0TO0O0OUO0O[0 0 7

where (e), denotes a vector notation of the corresponding tensor quantity. Compared to the modes given in the work,'
(58b) does not include the bilinear stress modes which are of subordinate importance and incompatible as pointed out
in aforementioned reference. The major advantage of skipping the higher order stress modes is that it allows to straight-
forwardly construct the L,-orthogonal enhanced strain field given in (37). Thus, Condition C3 can be fulfilled without
tedious orthogonalization procedure. Furthermore, (58) still includes the patch-test (8, to fs), bending (8, to f1,) and
torsion modes (3 to f;s) crucial for many engineering problems (see Jabareen and Rubin’®).

Fortunately, element H1U/h12 fulfills all three design Conditions C1 to C3 for the 15 modes (58) in linear elasticity
without further modification. This can be concluded from the fact that the linearization of H1U/h12 coincides with the
element proposed by Pfefferkorn and Betsch'® (see Section 4.4) and the fact that the latter element is specifically designed
to fulfill the design conditions for (58). Thus, H1U/h12 is exact for (58) in linear elasticity.

4.5.2 | Nonlinear problems

Unfortunately, it is hardly possible to find similar design conditions and analytic modes in the nonlinear case due to
several reasons. First, analytic solutions for nonlinear higher order displacement modes scarcely exist. In special cases
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where analytic solutions can be found as, for example, for a bending problem (see Ogden”' Chapter 5.2.4) the solutions
are intricate and include non-polynomial functions. However, using such non-polynomial functions for ansatz spaces
is no good idea since this prohibits construction of complete spaces. Moreover, due to the Gauss quadrature, there is,
for example, no difference between a suitable cosine function and the corresponding quadratic polynomial ansatz. This
means that using such a function has no effect unless undesirable higher order numerical integration is employed. The
second difficulty in finding analytic modes for nonlinear problems concerns the plethora of different material models.
Even in case of hyperelasticity many models exist’” which makes it almost impossible to fulfill the design conditions for
arbitrary material models.
Therefore, we consider a different approach in the present work:

« The element is designed such that it is exact for the rigid body and patch test modes (i.e., f1—f in (58)) regardless
of magnitude of the deformation. This is a standard requirement! for finite elements and corresponding proofs for
H1U/h12 are given in Sections 4.2 and 4.6, respectively.

« For the bending and torsion modes (i.e., f;—f15 in (58)) exact solutions for the full nonlinear problem are in general not
possible due to the reasons listed above. Instead we chose to fulfill the design Conditions C1 to C3 for these modes only
for small (linearized) deformations. Fortunately, in view of the linearization in Section 4.5.1 H1U/h12 automatically
meets this relaxed form of the design condition for nonlinear bending and torsion modes. Therefore, even though we
cannot expect exact solutions in large deformation problems, results will still be improved compared to the standard
Bubnov-Galerkin approach, at least for small deformations. In fact, the numerical results in Sections 5.2 to 5.4 show
that the accuracy is greatly increased even for highly nonlinear bending.

4.6 | Patch test

In this section, we show that H1U/h12 passes the patch test, that is, it is capable of correctly representing states of constant
stress. This is an important requirement for any finite element and ensures, among other things, convergence with mesh
refinement.3! We consider a homogeneous deformation ¢y, = FyoX + cpo With constant deformation gradient Vx@ = Fp,
and constant vector cy,. To prove satisfaction of the patch test we now show that @™¢ = ¢, is a solution™ of the numeric
problem (15).

First, we obtain from the homogeneous deformation "¢ = @, ,, (28) and (23) that Fg’e = Fy = Fy, since the ansatz for
the trial function of the deformations (24) includes complete linear polynomials in the physical space. This follows from
the affine map (17) and (25). Second, the non-constant"”
determine

F=F, =  (F) =, (59)

where Ty, is the constant Kirchhoff stress corresponding to Fp,. These results in combination with the approximations
(35) and (36) allow to recast the second equation of the weak form (15b) in the form

/ LFJ;Toh I B d0 =0 o / sh™dQ = o, (60)
J &)
Q Q

which is satisfied exactly by (37). Moreover, with the first Piola Kirchhoff stress tensor P = %hOF}:g the first equation of
the weak form (15a) can be written as

/ Vid@" : 2hodV + Gh 5™ =0 < / Vxé@" : PhodV + G (5@") =0, (61)

h h
B() BO

which is the same as for a isoparametric displacement-based finite element well-known to pass the patch test.’! Thus,
H1U/h12 fulfills the patch test since both equations of (15) are exactly satisfied for @™¢ = @,,. This result is confirmed
numerically in Section 5.1.1.
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4.7 | L;z-orthogonal discrete stress

As usual for EAS elements the discrete independent stresses 61™¢ € S? and t%¢ € 7" have been eliminated from the
weak form in Section 2.3.2 via assumed L,-orthogonality between the stress and enhanced strain field. In this section,
we present suitable ansatz spaces for the stress which actually fulfill the assumed orthogonality. These functions enable
variationally consistent stress recovery during post processing and play a crucial role in Sections 4.8 and 4.9. Suitable
stress approximations are given by

st = jh%FoJoéih‘*JgFg e sh, (62a)
¢ = F 1,0 Fy? eTh, (62b)

where j™¢ = det(J™¢) and F,, J, are given in (23) and (18), respectively. By choosing T¢ = ¢ given in (58) the independent
stress "¢ can immediately be eliminated from (12b). This can easily be verified with (62b), (35), (36) and the fact that

/ Sh™ : ghedy = / sh™ : 5°dQ =0 (63)

Q o)

holds regardless of element geometry as consequence of the particular choice (36) (see also the design Condition C3
in Section 4.5.1). A similar procedure can also be applied for the test function of the independent stress in (12c).
Here we choose 67™¢ = §6° where 66 has the same form as ¢ given in (58) but uses the isoparametric coordinates
¢ instead of the skew €. Unfortunately, the resulting 61™¢ is only automatically L,-orthogonal to B given in (31) in
case of regular meshes*. However, for distorted geometries a Gram-Schmidt orthogonalization procedure similar to
the one proposed by Pfefferkorn and Betsch'® allows to straightforwardly construct an orthogonal 6t¢ field. Thus, the
test function §t™¢ can always be eliminated from (12c) which concludes the proof that suitable L,-orthogonal stress
approximations exist.

4.8 | L;-orthogonality to constant pressure

Nagtegaal and Fox® proposed the ad hoc condition that small changes of the enhanced field may not contribute to volume
changes. They suggest that this condition should be added to the standard requirements on enhanced fields since they
suppose it improves stability of EAS elements. Alternatively, the volume condition can also be obtained by requiring that
the test function for the enhanced field is L,-orthogonal to a piecewise constant pressure field.*% We substantiate the
claim of increased stability and discuss its connection to the L,-orthogonality to a piecewise constant pressure field in
Section 4.9.

Here, we present, motivated by the discussion in Section 4.9, a slightly modified version of the condition proposed
by Nagtegaal and Fox®. Instead of requiring orthogonality to a piecewise constant constitutive pressure field we con-
sider L,-orthogonality between the enhanced fields 5ﬁh’e, 1™ and independent Kirchhoff stress® of the form 51:2’9 =
(jh'e)‘lépg’el and 1:2’9 = pg’eI where 6pg’e, pg’e are piecewise (elementwise) constant’¥. The L,-orthogonality conditions can
now be written as

/ Sh™ - preIdv =0, (642)
o

L spher s mMav = o. (64b)
he £0

J 5

&

Since the stress T;l’e € 7" and 7! includes constant modes (see Section 4.7), condition (64a) is automatically fulfilled due
to the L,-orthogonality described in Section 4.7. Unfortunately, pressure fields 512’6 are in general not part of S" due to the
orthogonalization procedure required in case of distorted meshes. However, (64b) holds automatically in case of regular
meshes and seems to be important at least in this relaxed sense.
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Remark 4. For comparison, considering an F-enhanced EAS element, (14) and the transformation P;’e = tg’e(Fh'e)‘T
yields

/ SE™ PV =0 o / tr (aﬁh’e(Fh’e)‘l) dv=0 (652)

Q4 Q4

instead of (64a). This is a nonlinear condition which cannot easily be fulfilled for arbitrary deformation gradients F™¢ .65
A possibility is choosing SE™ = sh™F"* for the test function of the enhanced deformation gradient. Unfortunately, this
is not enough to get a stable finite element as our numerical experiments confirmed. Apparently, it would be necessary
to simultaneously fulfill

/ st T Edv =0 o / tr (Fh’e(Fh’e)‘l) dv'=0 (65b)

o

at least for regular meshes. The last equation corresponds to (64b) and in contrast to (65a) it seems hardly pos-
sible to find suitable ansatz functions for F™ such that (65b) is satisfied for all F™ since both ™ and F"*
depend on F™.

4.9 | Stability

The last but not least property of the novel finite element we discuss is its stability. In particular we are concerned with
hourglassing-instabilities from which almost all EAS elements suffer. To the best knowledge of the authors the only exemp-
tion is the element for explicit dynamics proposed in the PhD-thesis of Schmied® which is based on h-enhancement
similarly to H1U/h12.

The numerical investigations in Section 5 (especially Sections 5.6 to 5.9) cover many cases in which other EAS ele-
ments and mixed approaches famously exhibit hourglassing instabilities. The newly proposed element H1U/h12 passes
all these tests without any problems which strongly suggests its improved stability. Yet, it is of course no mathematically
sound proof which is beyond the scope of the present contribution. However, we suggest:

Hypothesis 1. Satisfaction of the piecewise constant pressure orthogonality conditions (64) is a necessary condition for
stability.

We back our claim by recalling that in the very first publication on geometrically linear EAS elements Simo and Rifai!
already observed spurious oscillations of the variationally consistent pressure field. Later, Reddy and Simo®? provided a
mathematical proof revealing that the independent stress field of EAS elements exhibits checkerboard modes similar to
the Q1/P0 element. These instable modes exist due to a violation of the inf-sup condition which is thoroughly covered by
Boffi et al.3% and for EAS elements in References 82,84. Fortunately, in case of the standard linear elastic EAS element,!
the checkerboard modes are confined to the independent stress. The displacements as well as the enhanced strains are
unaffected (see Lamichane et al.®* and Djoko et al.?>). Thus, by either employing L,-smoothing of the independent stress'
or by using the constitutive stress for post-processed results, the instable checkerboard modes do not affect linear EAS
elements in practical simulations.

Returning now to nonlinear EAS elements we observe from (65) that the enhanced field is coupled with piecewise
constant pressure (checkerboard modes) in case of F-enhancement. Our suggestion is that this leads to instabilities from
the independent stress field being transferred to the enhanced field and ultimately the well-known hourglassing first
observed by Wriggers and Reese.*® The coupling between enhanced fields and checkerboard modes can be avoided with
h-enhancement since it is simple to satisfy (64). In particular, HIU/h12 fulfills (64) at least for regular meshes. Thus, the
enhanced field is decoupled from independent constant pressure and instabilities cannot be transmitted from the stress
to the strain field. We believe that this explains the increased stability of H1U/h12.

Remark 5. Unfortunately, satisfaction of Hypothesis 1 is not sufficient. For example, if F™ is used instead of F, in (22)
we observe instabilities (only) for rectangular element shapes in the one element stability analysis (see Section 5.6) even
though the element still satisfies (64).
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5 | NUMERICAL INVESTIGATIONS

This section covers extensive numerical studies to assess the performance of the newly proposed element H1U/h12
(Q1U/h4)11 and compare it to existing elements. The numerical examples cover a wide range of features including
mesh distortion sensitivity, robustness and stability in hyperelastic as well as elasto-plastic simulations. Focus is put on
three-dimensional hexahedral elements. However, results can at least qualitatively be transferred to two-dimensional
plane-strain problems if not mentioned otherwise.

51 | Element types

The (standard) Bubnov-Galerkin finite elements used in our numerical investigations for comparison with H1U/h12

are:

- H1/E9 (Q1/E4): Standard EAS element by Simo and Armero? with the classical nine (four in 2D) Wilson-modes and
F-enhancement.

+ HA1/E12T (QA1/E4T): Standard EAS element using the transposed Wilson-modes to avoid the instability under
compression and three additional volumetric enhanced modes. Additionally, a modification of the gradient of the
compatible shape functions and a special nine point (five in 2D) Gauss quadrature rule are used. The element is
implemented as described by Pfefferkorn and Betsch!6 and closely related to the improved EAS version by Simo et al.>

« H1/P0(Q1/P0): Mixed pressure element by Simo et al.®” based on a Hu-Washizu functional with elementwise constant
pressure field.

« H1/POE6T (Q1/POE2T): Combination of H1/P0 and H1/E9T which was proposed by Armero®* for 2D plane strain
problems (Q1/POE2T). A 3D extension (H1/POE6T) has recently been proposed by Hille et al.>

« H1/S18 (Q1/S5): Assumed stress element as proposed by Pian and Sumihara’ and Pian and Tong®® for linear elasticity
in 2D and 3D, respectively. An extension to nonlinear problems can, for example, be found in the work of Viebahn
et al.?” However, we use the inverse stress strain relation for a Neo-Hookean material model proposed by Pfefferkorn
et al.’® instead of the numeric procedure in aforementioned reference.

We also consider other Petrov-Galerkin enhanced assumed strain (PG-EAS) elements in addition to H1U/h12. All of
which use the same set of ansatz functions (see Section 3.2) and differ only in the type of enhancement and required
transformations for objectivity. In particular we investigate:

« H1U/E12 (Q1U/E4): E-enhancement (see Section 3.3.3).
« H1U/F12 (Q1U/F4) and H1U/F12T (Q1U/E4T): F-enhancement as described in Section 2.3, Remark 3 and

Section 3.3.2. HIU/F12T uses the transposed Wilson-modes (i.e., the transpose of (33)) only for the trial function of
the enhancement.

5.2 | Material models

For the hyperelastic simulations we consider a Neo-Hookean (NH) and Ogden (OG) material. The former is chosen as
standard material model and the latter allows to deliberately construct a material with an instability under tension. Such
instabilities induce hourglassing for some elements which is thoroughly covered in Sections 5.6 and 5.7. The strain-energy
functions of the two hyperelastic material models are given by

Wyh = g (tr(F'F) - 3) + gan(J) — uln(), (66a)
n, 3

Woo = ZZ? (Ej"’ - 1) +xf2 (FIn@) +TP 1), (66b)
j=1i=1"P

—_ 1
where J = det F is the determinant of the deformation gradient (39) and 4; =J 3 A;,i = 1, 2, 3 are the deviatoric parts of
the principal stretches A;. Furthermore, A, u, and « are the two Lamé-constants and the bulk modulus and g, ap, up, 1p
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TABLE 1 Overview of the material models employed for the various benchmarks.
Benchmark Section Material models
Patch test 5.1.1 NH, EP
Frame invariance 5.1.2 NH
Objectivity 51.3 NH, EP
Eigenvalues 51.4 NH
Mesh distortion 5.2 NH
Roll-up 5.3 NH
Cook’s membrane 54 NH
Thin circular ring 5.5 NH
One element stability 5.6 (e]¢;
Large mesh stability 5.7 OoG
Necking plane strain 5.8 EP
Necking circular bar 5.9 EP

Note: Neo-Hookean (NH), Ogden (OG), and elasto-plastic (EP) material model.

are further material constants specified in the respective examples. The eigenvalue decomposition required for the Ogden
material is carried out using a numerical eigenvalue and eigenvector computation and proper treatment of duplicate
eigenvalues for the material tangent (see e.g., References 73,87).

In addition to the hyperelastic material, we consider the eigenvalue based elasto-plastic (EP) material model proposed
by Simo.®8 It contains the multiplicative elasto-plastic split, nonlinear isotropic hardening, the von Mises yield condition
and a Hencky elastic law. The same eigenvalue routine as described for the Ogden model is used. This material is a
standard model in finite element technology>!7>*% and employed with the standard material parameters y = 80.1938,
kK = 164.206, oyy = 0.45, 6ys = 0.715, § = 16.93, and H = 0.12924.,1:2>10.1417.5488.89 For a]] elasto-plastic simulations we
use the line-search algorithm described by Bonet and Wood®’ to stabilize the Newton-Raphson scheme. Hyperelastic
simulations do not employ the line-search algorithm.

Table 1 gives an overview of the material models used for the numerical examples in this section.

5.3 | Stressrecovery

All stress results shown in the present work are computed using a L,-smoothing procedure to project the stress from the
Gauss points to the nodes. It is given by

Nej

Ny
Y / NiNdVoj= Y5 [ NigdV, Vg €R, (67)
e=1 Q° e=1 Q°

where N; are the standard Lagrangian shape functions, ¢; the stress at node j and 6 the constitutive stress (for H1/S18
we use the independent stress). Usually, we plot results for the von Mises stress. However, (67) can be used for any stress
component.

5.4 | Basic tests

In this section, we briefly summarize results of some fundamental numerical tests for H1U/h12. Full descriptions of the
tests’ setup and thresholds to verify if the test is passed can be found in the references mentioned below.

5.4.1 | Patch test

We conduct the numerical patch test exactly as described by Pfefferkorn and Betsch.!6-'® Element H1U/h12 passes the test
for elastic and elasto-plastic material as expected from the analytic investigation in Section 4.6. See Figure 2 for a stress
plot computed with the novel finite element.
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FIGURE 2 Von Mises stress distribution for the patch test with distorted mesh (left). Geometry and boundary conditions for the
isotropy and invariance test (middle) and the objectivity test (right).

5.4.2 | Frame invariance and isotropy

H1U/h12 also passes the frame invariance and isotropy benchmark which is fully described in the work of Pfefferkorn
and Betsch.!® Figure 2 shows the single finite element used to check the two properties. Corresponding analytic proofs
that the element passes this numerical test are presented in Sections 4.2 and 4.3.

54.3 | Objectivity

Another basic test concerns the objectivity of H1U/h12 which is investigated by examining the effect of superimposed
rigid body motions on a beam-like structure (see Figure 2). A full description of the test is given in Reference 17. The only
difference in this work is the use of distorted elements (s = h/2) as shown in Figure 2 to ensure that the metric ansatz
functions do not coincide with the standard ansatz functions. Furthermore, as described by Pfefferkorn and Betsch,!” the
test also covers path independence. Again, element H1U/h12 passes both tests for elastic and plastic materials which is
inline with Sections 4.2 and 4.3.

5.4.4 | Eigenvalue analysis

A final simple numerical benchmark concerns the eigenvalue analysis of a single (regular or distorted) finite element in
the reference configuration which can be used to determine whether or not the element is prone to volumetric locking.
Refer to Pfefferkorn and Betsch!6-1® for a full description of this benchmark. In this test H1U/h12 exhibits the correct dis-
tribution of eigenvalues with only one “locking” mode regardless of mesh distortion. However, as analogously discovered
for the corresponding linear elastic element,'® H1U/h12 exhibits two eigenvalue pairs with non-negligible complex part.
Fortunately, this does not seem to have negative effects on the elements performance as our extensive numerical studies
show.

5.5 | Mesh distortion test

The first benchmark for features beyond basic requirements concerns mesh distortion sensitivity. To that end we
consider a 3D version'®!® of the standard 2D test.}!2142249.9091 The beam like structure shown in Figure 3 has the
dimensions I X b X h = 10 X 1 X 2 and is meshed with only two elements. Distortion is applied on two nodes via param-
eter s as shown in Figure 3. Fixed boundary conditions u(X =0,Y,Z2)=0,vX =0,Y=0,Z)=0and wX =0,Y,Z =
0) = 0 apply on the left end (X = 0) while the other end is subjected to a bending moment M = 20 applied in the
form of a traction boundary condition. It is given by o(Z) = 30 (1 — Z) and modeled as dead load. We choose the
Neo-Hookean material model with parameters y = 600 and A = 600 for this test which corresponds to E = 1500 and
v =0.25.
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FIGURE 3 Mesh distortion test. Setup (left) and deformed configuration for s = 3 (right). Deformed configuration computed with
H1U/h12.

HA1/EI2T
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FIGURE 4 Results of the mesh distortion test. Normalized top edge displacement 6 plotted over distortion s.

The setup is chosen such, that the analytic solution in linear elasticity is u = 1.”° However, for the nonlinear problem
we use Urer = 0.96897 computed with a fine regular mesh of 40 x 8 X 4 HA1/E12 elements as reference solution. Displace-
ment u denotes the mean value of the displacement in Z-direction of the two nodes at the top edge on the right face (see
Figure 3) which is normalized with u¢. Figure 4 shows the resulting § = u/u,s for several elements.

Element H1/S18 exhibits the best performance of the standard elements with almost the correct displacement (|5 —
1| < 1%) for no distortion and the least deterioration with mesh distortion. H1/POE6T behaves far too soft in case of no
distortion. In fact there is a “optimal” distortion for which the element is exact, which explains the great performance of
that element in the Cook’s membrane example in Section 5.4.

The novel PG-EAS elements perform far better than any of the standard elements. After all, they are specifically
crafted to be exact in linear elastic bending problems (see Section 4.5) which also greatly improves their accuracy in this
nonlinear test. However, results are not as accurate as in the linear elastic case and there are, as expected (see Section 4.5.2),
small deviations from the optimal result § = 1. Of the tested PG-EAS elements the newly proposed H1U/h12 is the most
accurate with |6 — 1| < 2.1% for all distortions. The other PG-EAS elements are slightly less accurate but still outperform
all standard Bubnov-Galerkin finite elements.

Remark 6. Interestingly, none of the PG-EAS elements converges in the Newton—-Raphson scheme regardless of number
of load steps for the two special meshes proposed by Pfefferkorn and Betsch.!® There seems to be some sort of instability
which might be associated with horizontal displacements observed due to the combination of non-symmetric Dirichlet
boundary conditions and mesh distortion. If either a regular or finer mesh is considered, the solution converges as usual.

5.6 | Roll-up

Our next example concerns the classical roll-up of a beam to show that the novel approach also improves the element’s
behavior in distorted meshes for considerable bending. Similar to the previous example we study a beam-like structure
with dimensions L = 10, b = 2, and ¢t = 0.5 which is subjected to a bending moment

242 3
Mo 2ZEL( 2z o be 69)
L 3 L2 12
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FIGURE 5 Roll-up of a beam. Reference 53, and deformed configuration for HA1/E12T and H1U/h12 for a regular (left) and distorted
(right) mesh. Thick dashed and solid line show beginning and end of the beam with H1U/h12 and the distorted mesh (right).
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FIGURE 6 Setup of the Cook’s membrane test (left) and deformed configuration with von Mises stress distribution computed with
16 X 16 x 2 H1U/h12 elements (right). The colors are capped at 0.656,, max = 354 to avoid domination of the stress singularity in the plot.

applied on the right end in the form of a linearly distributed follower load. Thus, it stays normal to the deformed surface
and is scaled with the deformed area (see e.g., Wriggers®® Ch. 4.2.5). The moment (68) is taken from the work of Miiller
and Bischoff®?> and accounts for the rather thick beam in contrast to the usually used M = 2z EI /L which is only valid for
thin beams. Dirichlet boundary conditions u(X = 0,Y,Z) =0,vX =0,Y =0,Z) =0andw(X =0,Y,Z = 0) = Oapply on
the left end and we consider a regular and distorted mesh with 20 elements as shown in Figure 5. The material parameters
of the Neo-Hookean model are chosen to # = 500 and 4 = 0 which correspond to E = 1000 and v = 0.

Figure 5 shows the final configuration computed with HA1/E12T and H1U/h12. The former is only capable of (almost)
correctly depicting the roll-up into a circular shape in case of a regular mesh and is well off the desired shape in case of
distortion. However, the newly proposed H1U/h12 is able to give good results for both meshes with only slightly too soft
behavior due to the distortion. Thus, it can be concluded, that the Petrov—Galerkin approach improves performance not
only for “moderate” bending (see Section 5.2) but also in case of much larger curvatures.

5.7 | Cook’s membrane

The classical Cook’s membrane example!>#10:16-18:54.57.58 cqvers convergence of displacements and stresses with mesh
refinement as well as coarse mesh accuracy. Figure 6 shows the tapered trapezoidal specimen which is clamped on the left
side (u(X =0,Y, Z) = 0) and subjected to a constant shear force = = 100 in y-direction. Again, we use the Neo-Hookean
material with the parameters chosen to A = 8.2669 - 10* and u = 756.00 (corresponding to a nearly incompressible mate-
rial with E = 2261.2 and v = 0.4955). A mesh with two elements in direction of thickness and n, = {2,4, 8,16} elements
in the other two directions completes the setup.

Figure 7 shows the displacement u of the top right corner in Y-direction and the stress ¢ at the midpoint of the
lower surface (see Figure 6) for increasingly fine meshes. H1/POE6T exhibits seemingly the best results of the standard
elements. However, as shown in Section 5.2 it is too soft in bending dominated problems with moderate distortion. Thus,
the good results of H1/POE6T in this test are due to the “correct distortion” of the mesh. H1/S18 is the next best standard
element and shows especially fast stress convergence which even competes with the results of the Petrov—Galerkin finite
elements.
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FIGURE 7 Results of the Cook’s membrane benchmark. Convergence of the displacement u (left) and stress ¢ (right) with mesh
refinement.

FIGURE 8 Geometry for thin circular ring (left) and deformed configuration computed with 2 X 6 x 30 H1/S18 (middle) and H1U/h12
(right) elements.

All unsymmetric elements exhibit fairly similar results with an odd kink for very coarse meshes. The novel H1U/h12
exhibits fast convergence of the displacements and only marginally slower convergence of the stresses in comparison to
H1/S18. All in all, the newly proposed element gives accurate results in this test as well.

5.8 | Thin circular ring

In this section, we conduct the thin circular ring example'#'*?* shown in Figure 8 to examine the element’s robust-
ness in the Newton-Raphson scheme. We characterize robustness by the size of applicable load steps and number of
Newton-Raphson iterations required for convergence.'” Robustness is naturally highly influenced by the settings for the
Newton-Raphson scheme. We choose a convergence criterion based on the norm of the residual ||R|| < 107 and assert
failure of the Newton-Raphson scheme if either ||R|| > 10'* or more than 20 iterations are necessary for convergence
within one load step. Figure 8 shows the slit circular ring with dimensions r; = 6, r, = 10 and ¢t = 0.03. Boundary condi-
tions u(0,0,0) = 0, (X, Z,Y =0) = 0 and w(X,Y = 0,Z = 0) = 0 apply at face F; and face F, is subjected to a dead load
q = 6.67 in Z-direction. To complete the setup, we consider the Neo-Hookean material model with g = 10.5 - 10° and
A=0.

The converged displacement wp of point P in Z-direction computed with a very fine mesh with 8 X 24 x 120 elements
iswp = 10.265 for both H1/S18 and H1U/h12. However, Figure 8 shows the deformed configuration for the coarser mesh
with 2 X 6 X 30 elements for H1/S18 with wp = 9.741 and H1U/h12 with wp = 7.978, respectively. Therefore, both behave
too stiff and the different displacements make comparison regarding robustness difficult. In order to get a “fair” compar-
ison of the element’s robustness we only consider a mesh with 4 x 12 X 60 elements for which the displacements wp (see
Table 2) are similar.

Table 2 also lists the required number of load steps ngeps and total number of Newton-Raphson iterations nyg
for various element types. H1/S18 exhibits the most favorable behavior with only one required load step and seven
Newton-Raphson iterations. This is inline with the results of Magisano et al.?® and Pfefferkorn et al.'® who observed
the high robustness of assumed stress elements in many examples. All EAS elements require many more load steps
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TABLE 2 Results of the thin circular ring test.
Element type req. Ngteps Total nyg wp
H1/S18 1 7 10.235
HA1/E12T 5 80 9.970
HA1/E12T-MIP 2, 14 9.970
H1U/E12 8 106 10.286
H1U/F12 8 107 10.292
H1U/F12T 7 96 10.224
H1U/h12 6 90 10.200
H1U/h12-MIP 2 16 10.200
mode 1 mode 2
v |
Lx |
: a3
7 :
............................... -
- -
2r
2ri;

FIGURE 9 Geometry for the stability test (left) and 2D hourglass modes computed for 4; = 0.75 (right, solid line). The deformed state
is depicted in both figures with dotted lines.

and iterations. However, this can be greatly improved with the MIP method briefly described in Section 3.4 and intro-
duced for EAS elements by Pfefferkorn et al.'® For the novel H1U/h12 the MIP method allows to reduce nyg by a factor
of ~ 5.6.

5.9 | One element stability analysis

The next two tests concern the stability of the finite elements and are used to determine if elements are prone to hour-
glassing. To that end we first consider the unconstrained one element stability test proposed by Glaser and Armero>*
which has recently been extended to 3D problems by Pfefferkorn and Betsch.!” The advantage of the unconstrained com-
pared to the constrained test proposed by Wriggers and Reese*® is that it can also be used to examine hourglassing due to
material instabilities.

We consider the Ogden material model (66b) with f = 2, k = 10° 4+ 20/3,n, = 1, & = 0.5, u; = 80 which corresponds
to = 20and A = 10° in linear theory. Note that the material parameters are deliberately chosen such that a material insta-
bility under tension occurs at 2™ ~ 3 and A" » 1.75 for the first and second Piola-Kirchhoff stress, respectively.'” This
instability is similar to the one of the elasto-plastic material model which is well-known!®141754 to trigger hourglassing.
However, the Ogden model yields more distinct results which is why it is employed here.

The test is performed on a single element (see Figure 9) with reference configuration Qf = [—r, +r] X [-1,+1] X
[-1,+1] where r governs the element’s aspect ratio. Usually, it is not necessary to consider initially rectangular
geometries with r # 1 since Armero®* showed that different aspect ratios only change when!ll and not if instabil-
ities occur. However, this is not necessarily true for some of the unsymmetric finite elements which is discussed
below.

The homogeneous deformation state shown in Figure 9 is associated with a diagonal deformation gradient of the form
F = diag([A1, 42, 43]). Therein, 4;, i = 1,2, 3 are the principal stretches associated with the principal axes which coincide
with coordinate system shown in Figure 9. Furthermore, choosing a specific 4; allows to compute the other principal
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stretches from the material model and the boundary conditions. In case of a 2D plane strain problem we have 4; = 1 and
A, can be computed from 7, = 0. Similarly, in 3D uniaxial tension 4, = A3 can be determined from 7, = 73 = 0.

This analytic solution can then be imposed on the finite element in order to compute the corresponding stiffness matrix
K° of the element. Furthermore, the hourglass eigenvectors of K® arranged row-wise in matrix Pho, can be determined
in closed form for this example. In 2D plane strain they are always given by

111 0 -1 0o 1 0 -1 o
Phour = = . (69)
4fo1 0 -1 01 0 -1

Unfortunately, no equivalently simple structure exists for the 3D problem. Nevertheless, it is possible to find the eigen-
vectors in closed form with the procedure described by Pfefferkorn and Betsch!” for symmetric elements. Interestingly,
the approach can also be used for most of PG-EAS elements since their stiffness matrix is symmetric for the present load
state and regular mesh. However, in case of H1U/h12 K° looses its symmetry and the method has to be modified. The
eigenvectors are then given by!’

[ 0 0o 00 0 000O0T1U0 0]
0 0 0 0 00 00010
0 0 00 O OO O0OO0OTO0OTGOT1
0 0 00 -1 00UO0O1U0UO0TUO0
0 0 00 O -1010W0TU0SP0
h, o1
0 0 00 O 1 0100U0TUO0]1
Phour = < P (70)
O Uy 01 0 O0O0O0OOOTOTGO]|8
h,01I
O U, 01 0 0O0O0O0O0OTO0OTDO
0 0 U 0 0 01000O0°TO0 Hpour
0 00U 0 0 0100000
Vi 0 00 1 0001000
| v, 0 00 1 000100 0]

where I is the identity matrix, h; are the hourglass vectors given in (20c) and “©” denotes the Kronecker product.*
Furthermore, U; and V;, i = 1,2 can directly be computed from the components of the sparse'’ matrix k® = [k;] =
Hiou K°H[ and are given by

D1 25 kas — kap
U = —-— — +1, = 71
1,2 5 =+ 2 D1 Kos (71)
2
b2 b; kis kss — ki1 + kso
Vi, =—22 41/ =2 +22, == - 7 72
1,2 5 T 2 ket D2 Ks1 (72)

Thus, the only difference to the method proposed by Pfefferkorn and Betsch!” is that it considers the only unsymmetric
entry kis # ks; of k°. Figures 9 and 10 show the computed eigenmodes in 3D for 4; = 0.75. Ultimately, the hourglass
eigenvectors can be used to evaluate

diag([a)?our]) - (]P)hour)—TKe(]P)hour)T’ (73)
which yields a diagonal matrix™ with the eigenvalues a)?(’“r. If any negative hourglass eigenvalues occur the element is
likely to be prone to hourglassing. Whether or not hourglass modes actually occur can then be verified with the simulation
described in Section 5.7.

Figure 11 shows the hourglass eigenvalues a)?"“r for several 2D elements in dependence of 4,. The F-enhanced PG-EAS
Q1U/F4 and Q1U/E4 both coincide with Q1/S5 and are therefore not included in the plots. These three elements all
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FIGURE 10 Eigenmodesin 3D with non-constant strain field (solid line) of H1U/h12 for the deformation state A, = 0.75 (dotted).
Computed using the Ogden material model.

Q1U/h4
60 60 T I I
2. 40 QAUVEAT | 2. 40 |
S S P w,r=
s QI/POE2T | S r o r=5/1
2w Quss | 2 S
2 QIUFT | £ ‘ v
m— (Q1U/h4 ’
5 Q 2 0 o=
=20 | | | -20 | |
1 2 3 0 1 2 3
stretch 4, stretch 4,

FIGURE 11 Results of the 2D one element stability analysis. Left: Eigenvalues a)ll“’“r (dashed) and w}z“’“r (solid) for various elements
with r = 1. Right: Eigenvalues a)?"“r of Q1U/h4 for various r.

exhibit the well-known instability of wg‘)‘“ (solid line) under compression (4; < 1 implies compression) first discovered
for EAS elements by Wriggers and Reese*® (see also Viebahn et al.”’ for assumed stress elements). All other elements
exhibit no negative eigenvalues under compression and are therefore not prone to hourglassing.

In case of tension (4; > 1) instabilities can be observed due to the material instability. In fact, the only EAS element
without zero eigenvalue is the newly proposed Q1U/h4. Interestingly, the zeros of the other elements occur at 4; = 1.75
and 4; = 3 which coincides with instability points of the Ogden material. This supports the claim that the material insta-
bilities transfer to the hourglass modes and cause the hourglassing patterns.'° Hourglass mode a)}l“’“r (dashed line) also
becomes negative for some finite elements under tension but not for Q1U/h4.

The second plot of Figure 11 shows the hourglassing eigenvalues of Q1U/h4 with various element aspect ratios r. As
mentioned above, some unsymmetric finite elements exhibit instabilities for rectangular elements even if they are stable
for the quadratic element. This is, for example, the case if F™ is used instead of F, in (22). Fortunately, Q1U/h4 does not
suffer from such defects.

Figure 12 shows results of the 3D one element stability test for the elements H1/P06T, H1U/F12, and H1U/h12.
Almost all elements (not only the plotted) exhibit an instability for mode 12. The only exemption is the newly pro-
posed H1U/h12 which is an interesting result even if mode 12 does usually not lead to global hourglassing patterns
since it is incompatible to neighboring elements.!” The most important modes 5-8, which are usually responsible for
hourglassing, are highlighted with continuous lines in the plots. As expected, H1U/F12 exhibits instabilities both in
compression (modes 5 and 6) and tension (mode 6). The instability of H1/POE6T under compression in mode 6 does
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FIGURE 12 Results of the 3D one element stability analysis for r = 1. Hourglass eigenvalues for the Ogden material and H1/POE6T
(left), H1U/F12 (middle), and H1U/h12 (right).
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FIGURE 13 Setup and mesh of the large mesh stability analysis. Setup of 2D test with distorted mesh (left), setup for the 3D test
(middle), and 3D distorted mesh (right).

not seem to play any role in hourglassing problems. However, mode 8, which becomes “slightly” instable under ten-
sion, likely explains the hourglassing of H1/POE6T observed in the elasto-plastic simulation shown in Section 5.9.
Furthermore, the too soft bending behavior of H1/POE6T (see Section 5.2) is resembled by the comparably soft behav-
ior (low eigenvalue) of mode 7. The 3D results described for H1/POE6T and H1U/F12 are inline with the observation
by Hille et al.>® for the elasto-plastic material. Both elements show hourglassing in such simulations. In contrast
to that, the novel element H1U/h12 does not suffer from any instabilities in this test. While this is not enough
to immediately conclude that H1U/h12 is completely stable (there could e.g., be hourglassing in combination with
neighboring elements), the simulations presented in the next sections further support the much improved stability
of H1U/h12.

5.10 | Large mesh stability analysis

In addition to the one element stability analysis in Section 5.6, we present a test on larger FE-meshes in this section. We
focus on a 2D problem which is discussed in depth in the work of Bieber et al.®* and particularly interesting since there
exists an analytic solution’"% of the considered diffuse bifurcation problem.

L, = 50. The block is supported on the lower and top edge by the boundary conditions given in Figure 13 and is meshed
with a regular or distorted mesh with 12 x 24 elements. The distortion is applied by randomly shifting all coordinates
|X; — X;| # Li/2, where X; is the block’s center by A; € [—0.5,0.5] such that the surface is maintained. In order to also
cover instabilities under tension the Ogden material (66b) is considered with the parameters § = 2, k¥ = 3.333 - 103, n, =1,
a; = 0.5and y; = 1.379 - 10° (corresponding to E = 1000 and v = 0.45) which are chosen such that a material instability
arises (cf. Section 5.6).
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FIGURE 14 Results of the 2D large mesh stability analysis. Typical spurious modes for Q1/E4 under compression and QA1/E4T under
tension (tension modes rotated by 90° and scaled in Y-direction by factor 4).

The actual stability analysis is performed by gradually de-/increasing the principal stretch in Y-direction by initially
AA = -0.01 and AA = +0.04 in tension and compression, respectively. During that process the eigenvalues with low-
est magnitude and the corresponding eigenvectors @ are computed numerically and tracked throughout the simulation
which can be achieved by associating the current eigenvectors with the corresponding eigenvectors from the previous
load step. The step width A4 is automatically adapted to ensure that the correct eigenmodes are associated with each
other. Whenever an eigenvalue changes its sign we start an extended system solver.%° The especially taylored version used
here solves

@ — ™" (D)

Koa® + a®
ed® T (74)
[|®[]* -1

0.5a2

for the unknowns @", ®, a, 4 which accurately determines the instability point with zero-eigenvalue and correspond-
ing eigenmode @ as well as the critical stretch A. In the equation above K4 is the stiffness matrix where Dirichlet
boundary conditions have been eliminated, @*"* the analytic solution of the homogeneous problem (see Section 5.6)
and «a is a regularization parameter which iterates to zero and is used to avoid ill-conditioning of the tangential matrix
of (74). To compute the derivative of the stiffness matrix K required for the Newton-scheme we employ the numer-
ical tangent procedure proposed by Wriggers and Simo.”® The entire process is repeated until four instabilities have
been found.

Figure 14 shows the first two modes of Q1/E4 under compression and QA1/E4T under tension, respectively. These
elements exhibit typical spurious (hourglassing) modes which occur similarly for all standard and PG-EAS elements
which do not employ h-enhancement. In particular, Q1/E4, Q1/S5, Q1U/E4, and Q1U/F4 exhibit instabilities under com-
pression and tension while QA1/E4T, Q1/POE2T, and Q1U/F4T show no instabilities in the first four eigenmodes under
compression but become unstable under tension due to the material instability. The only standard finite element, that
works well in this test, is Q1/P0 which yields similar results as Q1U/h4 described below. These results are inline with
Section 5.6.

The first two eigenmodes obtained with Q1U/h4 and corresponding analytically computed physical instabilities are
shown in Figure 15. The analytic solution has first been proposed by Ogden”! and is summarized well by Triantafyl-
lidis et al.”> We also refer to Bieber et al.%? for in depth discussions and comparison of the analytical results to many
standard finite element models. The numerical results of Q1U/h4 depicted in Figure 15 clearly show that Q1U/h4
performs extremely well in this test. It reproduces the analytic results in terms of both the mode shapes and level
of stretch at which the eigenmodes occur with high accuracy. The same holds also for the third mode (not shown)
with the exemption of the third compression mode in combination with the distorted mesh. Only the fourth mode
shape differs from the analytic result. Most importantly, no spurious modes have been observed for Q1U/h4 in all
four modes.

For the 3D version of this test we study a cube with edge length of 50 and the boundary conditions shown in Figure 13.
Similar to the 2D case we employ both a regular mesh with 12 x 12 x 12 elements and a distorted mesh obtained by
randomly shifting the nodes by A; € [-1, 1] (the same amount as in the 2D case in relation to the element size). The
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FIGURE 15 First two eigenmodes and corresponding critical stretches /15') for the 2D large mesh stability analysis computed with
Q1U/h4 for a regular (A:eg“, top row) and distorted mesh (A‘iﬁ“, middle row) are compared to the analytic solution (4%, bottom row). All
modes in tension are rotated by 90° and scaled in the Y-direction by factor 4.

resulting eigenmodes computed with H1U/h12 are shown in Figure 16. Again, there are no spurious modes similar to
the 2D case. Furthermore, the mode shapes as well as the critical stretches differ only slightly for the two meshes which
highlights once more the mesh distortion insensitivity of the Petrov-Galerkin approach.

511 | Necking of a plane strain elasto-plastic plate

The final two examples in this work are elasto-plastic necking simulations which are well-known>° to trigger hour-
glassing for standard elements. First we consider a plate subjected to plane strain conditions®!%1447-5489 ith length
2L = 53.334, width 2R = 12.826 and thickness ¢t = 1. Only one fourth (see Figure 17) has to be modeled due to
symmetry and is meshed with 20 X 10 X 1 elements. Boundary conditions u(X =0,X,2) =0, vX,Y =0,Z) =0 and
w(X,Y,Z) =0 ensure symmetry and the plane strain state, respectively. Load is applied at the top edge in the form
of prescribed displacements & = 7 applied within 200 load stepsS$§. Furthermore, a geometric imperfection in the
form of a linear reduction of the width to R = 6.343 ensures that necking initiates at the lower boundary (Y = 0).
Figure 17 shows the initial geometry, boundary conditions, mesh with refinement in the lower fifth and a typical load
displacement curve.

Results of the test are shown in Figure 18 which depicts a deformed configuration computed with different finite
elements at &t = 5.6. It is clearly visible that H1/E9 shows severe hourglassing. HA1/E12T’s spurious mode is less pro-
nounced due to the special nine point integration yet it can still be seen especially along the left edge. If the standard
Gauss quadrature was employed the hourglassing patterns would be similar to H1/E9. PG-EAS elements based on F-
and E-enhancement do not converge in this test and show severe hourglassing before the Newton-Raphson scheme fails.
Only the mixed pressure EAS element H1/POE6T and the newly proposed h-enhanced H1U/h12 are hourglassing-free.
Especially the latter result is very interesting. To the best knowledge of the authors this is the first EAS element to be
hourglassing-free in this test.
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FIGURE 16 First two eigenmodes and corresponding critical stretches /15') for the 3D large mesh stability analysis computed with
H1U/h12 for a regular (Afegu, top row) and distorted mesh (A?i“, bottom row). Modes in tension are scaled in the Z-direction by factor 4.
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FIGURE 17 Setup of the plane strain elasto-plastic plate example (left) and load displacement curve computed with H1U/h12 (right).

512 | Necking of a elasto-plastic circular bar

The final benchmark in this work concerns the necking of an elasto-plastic circular bar.>>417.1988 Simjlar to the pre-
vious simulation we consider a cylindric specimen with length 2L = 53.334 and radius R = 6.413 of which only one
eight is considered due to symmetry. Figure 19 shows the undeformed geometry and the mesh which consists of two
parts with 480 elements each. Symmetry boundary conditions u = 0, v =0, w = 0 apply on the surfaces X =0, Y =0,
Z =0, respectively, and load is applied by prescribed displacement u = & on the surface X = L. Again, the radius is
linearly reduced to R = 6.343 to initiate necking at X = 0. The final state & = 7 is reached within 30 load stepsT1" of
which half is used up to a displacement of & = 5.6 and the other half is used to cover the more demanding range
up tou = 7.0.

Figure 19 shows the load displacement curves for several finite elements. Element H1/P0 is taken as reference solu-
tion since it coincides well with experimental data.”” Apart from H1/POE6T the curves are pretty much the same up to
il &~ 5.6 with a maximum load of Fy,x = 77.65 + 0.1%. Afterwards, there are slight differences with H1U/h12 exhibiting
the best agreement with H1/P0. Figure 20 shows the final configuration for & = 7.0 computed with various elements.
Only H1/POE6T exhibits spurious hourglassing modes. Thus, to the best knowledge of the authors, H1U/h12 is the only
low-order locking-free finite element to be hourglassing-free in both the plane strain (see Section 5.8) and circular bar
elasto-plastic necking simulation.
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HI1/E9 HA1/E12T H1/POE6T H1U/h12

FIGURE 18 Results of the plane strain elasto-plastic plate test. Deformed configuration with distribution of accumulated plastic strain
for prescribed displacement &1 = 5.6.

HI1/E9

HAI1/E12T
—— HI1/PO (ref)
-~ - HI/POE6T
= H1U/h12

Load F

0 2 4 56 7
Displacement i

FIGURE 19 Setup of the elasto-plastic circular bar example (left) and load displacement curve for various elements (right).

HAI1/E12T H1/POE6T H1U/h12

FIGURE 20 Results of circular bar necking test. Deformed configuration with distribution of accumulated plastic strain for prescribed
displacement & = 7.0.

6 | CONCLUSION

The present contribution introduced a novel Petrov—Galerkin EAS element for large deformation solid mechanics. It is
based on the recently published linear elastic framework by the authors'® and enhancement of the spatial displacement
gradient.%* The resulting element has many favorable properties. Besides the standard requirements such as satisfaction of
the patch test, objectivity and being locking-free it exhibits two outstanding features. First, the Petrov-Galerkin approach
makes the finite element much less sensitive to mesh distortion. This is of great value in practical simulations since it
could reduce the effort needed to mesh complex geometries. Second, the finite element is free from spurious modes in all
typically critical examples known to trigger hourglassing for existing finite elements. In fact it is to the best knowledge of
the authors the only locking-free low-order mixed finite element to be free from hourglassing under compression, tension
and for elasto-plastic simulations. Moreover, we postulated a hypothesis on why instabilities arise for all previously pro-
posed EAS elements and other related mixed methods. We supposed that the transmission of well-known checkerboard
modes to the enhanced modes is at the core of the problem and showed that the newly proposed approach circumvents
the issue.

Two further novelties in the present work concern a slight modification of the higher order enhanced modes and
the MIP-method first used for Petrov-Galerkin elements in this contribution. The former reduced the numerical effort
to get the ansatz functions and the latter increased robustness of the approach in the Newton-Raphson scheme. Finally,
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we tested the novel element in a plethora of examples and showed that it outperforms the standard elements used for
comparison.

Future work could first focus on tackling the spurious behavior in the mesh distortion test for non-standard meshes
mentioned in Remark 6. Furthermore, despite the progress made with the MIP method, it would be interesting to further
increase the element’s robustness to achieve the same performance as assumed stress elements in that regard. Naturally,
it would also be valuable to find a proof for the hypothesis on stability of the element. However, we believe that it would
be of the utmost interest to apply the methods developed herein to shell elements.

ACKNOWLEDGMENTS

We thank Simon Bieber (University of Stuttgart) for his valuable input and for sharing his research on the numeric
and analytic large mesh stability analysis. This work was funded by the Deutsche Forschungsgemeinschaft (DFG, Ger-
man Research Foundation) — project number 466086399. This support is gratefully acknowledged. Open Access funding
enabled and organized by Projekt DEAL.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from the corresponding author upon reasonable request.

ENDNOTES

*Here and subsequently we frequently omit arguments of functions in favor of a more concise notation.

"The same holds for example, also for the EAS element by Glaser and Armero'® due to the transformation needed for objectivity.

fHere and subsequently we use superscript (o)" to denote finite element discretizations.

$Shape functions constructed in the physical space are in general termed metric shape functions.?’

IInvariance to node numbering, see Section 4.2.

I For various types of nonlinear mixed elements which meet this requirement see, for example, References 2,5,10,29,78-80.
**Tt is not necessarily the only solution due to possible instabilities but it suffices to show that @™ = @, is a solution to prove that the patch

test is fulfilled.
7See also Simo and Rifai’s! design imperative for EAS elements on non-overlapping ansatz spaces of the actual displacement and the enhanced

field.
#For regular meshes with constant Jacobian J™¢ = J; the fields are automatically orthogonal. Otherwise, the correction for no nodal

contribution of the enhanced modes in (33) and the bilinear modes in (34) induce a non-orthogonality.
$8The volumetric-deviatoric split of a Cauchy stress tensor ¢ = dev(c) — p™°I and the transformation t = det(F)s imply that pg‘e is directly
related to piecewise constant “physical” pressure p™*. This holds because det(F) is also piecewise constant due to the fact that the pressure
is usually a function of det(F) alone.
11Element names in parentheses denote corresponding 2D elements.
ISee also Sussmann and Bathe!> who show that instabilities can even occur for small deformations if the element’s aspect ratio is high.
“*If the matrix is truly diagonal can be used to check if the test is performed correctly and verify that [P are actually eigenvectors of K¢.
T Figure 10 indicates this since the corresponding modes are merely a rotation of each other around the x-axis.
#+The rectangular shape makes it easier to compute the exact instability points since the (physical) modes do not all appear at almost the same

load level.5?
$83This large number of load steps is necessary to capture the hourglass behavior. Elements that do not exhibit spurious modes converge much

faster. In particular, the novel H1U/h12 requires 28 load steps.
1110Only element H1/POE6T requires a total of 50 load steps due to the hourglassing patterns.
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APPENDIX A. HIGHER ORDER INCOMPATIBLE MODES

In this appendix we cover analytic solutions for higher order displacement modes in isotropic linear elasticity. These
solutions inspire the modified higher order enhanced modes employed in Sections 3.2.3 and 3.2.4. The benefit of these
modes is that they allow to circumvent the tedious orthogonalization required for the element by Pfefferkorn and Betsch.!8
Nadler and Rubin*® propose a set of higher order displacement modes and use it to design their Cosserat point element.
Here we consider similar displacement modes of the form

XYz 0
u=| 0 +§ -3z +23|, (A1)
0 - 3y?+)?

where x = [x,y,z]T are physical coordinates and v is the Poisson’s ratio. The standard relations yield the corresponding
strain and stress field given by

2y7 Xz Xy 0 0 O 2yz(v+1) xz Xy
1
e=-lx 0 0f=v|0 yz 0], 6=y Xz 0 0], (A2)
xx 0 O 0 0 w xy 0 O

which have a particularly simple form in comparison to the modes proposed by Nadler and Rubin.** Since the ansatz
for the displacement already contains the trilinear term xyz (see Section 3.2.2), only the second part of (A1) has to be
added in the sense of incompatible modes. Thus, the enhanced field of the higher order enhanced modes should have
the form of the second matrix in (A2) which inspired the fields in (34) and (37). Figure A1 shows the respective parts of
the displacement field given in (A1). Unfortunately, (A1) cannot directly be transferred to the skew coordinate frame in
case of distorted meshes. However, it seems that using (34) and (36) yields good results even in distorted meshes, that is,
when the skew frame is not orthogonal.

y

FIGURE Al Trilinear (left), enhanced (middle), and total (right) displacement field (A1) scaled with 0.5, 2.0, and 0.5, respectively.
Computed with v = 0.3 for a block B, = [—1, +1]° (thick black line).
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