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1. Introduction

In three-dimensional analysis of structural problems, the development of effective eight-node solid-shell finite
elements has been a major objective over the last decade (Belytschko and Bindeman 1993, Hauptmann and
Schweizerhof 1998, Abed-Meraim and Combescure 2002, Legay and Combescure 2003). However, to be able
to mesh complex geometries and with the advent of free mesh generation tools not generating only hexahedrons,
the development of prismatic elements is made necessary. This paper presents the formulation of a six-node
solid-shell called SHB6. It represents a thick shell obtained from a purely 3D approach. The assumed strain
method is adopted together with an in-plane reduced integration scheme with five integration points along the
thickness direction. The 3D elastic constitutive law is also modified so that shell-like behavior is intended for
the element and in order to alleviate shear and membrane locking.

A detailed eigenvalue analysis of the element stiffness matrix is first carried out. We demonstrate that the
kernel of this stiffness matrix only reduces to rigid body movements and hence, in contrast to the eight-node
solid-shell element (SHB8PS), the SHB6 element does not require stabilization. On the other hand, to attenuate
locking phenomena, several modifications are introduced into the formulation of the SHB6 element following
the assumed strain method adopted by Belytschko and Bindeman (1993). Finally, one example, among the
variety of benchmark problems performed, is shown to illustrate the performance of the new element.

2. Formulation of the SHB®6 finite element

The SHBG6 is a solid-shell with only 3 displacement DOF per node, and it has a special direction called
“thickness”. It is integrated with five integration points along this direction and only one point in the in-plane
directions. Fig. 1 shows the SHB6 reference geometry and its integration points.

2.1 Kinematics and interpolation

The SHBG is a linear, isoparametric element. Its coordinatesmd displacements, are related to the nodal
coordinatesx, and displacements, through the linear shape functiohs as

6 6
X =% N @m0 =Y N (€7.0) and U =N (€7.0) = Y ui Ny (€77.9) (1)
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The standard tri-linear shape functioNs are:
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Fig. 1 Reference geometry of the SHB6 element aodation of its integration points

2.2 Discrete gradient operator

Using some mathematical derivations, similarlyrte SHB8PS formulation (Abed-Meraim and Combescure
2002), we can explicitly relate the strain fieldthe nodal displacements as

i Ly +h, Y 0 0
| 0 by+h,y, 0
Y.y T h T d
u Q (_) =z + a zy -
ES (g) — 2,z — ] ] ] . c=a gy = E@ (3)
= u,, +u, ., Dy + ha,yl_/,, b, + h“Za 0 q =
+ —_Z
tee T e 9; + ha,z yT 0 QI + ha,x yT
_uy,z + uz,y_ - T T T _:
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where functionsh, are: h =7¢, h, =& ; vectorsb; are: b =N (0)=0N/dx, . ;i=127%and the

1 3
constant vectorsy — are given by: y :E(b"_z(i Q(l) plj; a=1,2. In this latter expression,

i=1
h=(, 0 -1 0, 0,0 ) h=(0, -1, 0, 0, 1, § and vectors x, denote the nodal
coordinates.

2.3 Variational principle

Applying the simplified form of the Hu-Washizu naréar mixed variational principle, in which the assed
stress field is chosen to be orthogonal to theetifice between the symmetric part of the displanegradient
and the assumed strain field, we obtain:

on(uz)=[og wav-od Of* =0 (4)

Replacing the assumed strain field, with its exgies £ (x,t) =B (x) @ (t), in Eq. (4) leads to the
following expressions for the element internal @wector and stiffness matrix:

e =

"=[Bm(z)av, K =]B LEBWN (5)
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For a standard displacement approdéhis simply replaced b)g leading classically to

K =|B LB 6)

—-e

2.4 Hourglass mode analysis for the SHB6 element

Hourglass patterns are spurious zero-energy mdaesate induced by reduced integration. The aralysi
hourglass modes is equivalent to that of the g#ffnmatrix kernel, namely searching for zero-stnailesd
that satisfy:

2((|)|]_j=01 | =1,...,nim (7)

wheren, . represents the number of integration points.

int
To this end, we can build a basis for the vectarcepof the discretized displacements, given byetbkteen

column vectors below, in whicts' =(1, 1, 1, 1, 1, ). We show then that only the first six column

vectors in Eq. (8) verify Eq. (7), which corresperd rigid body modes. This reveals that therenarbourglass
modes for the SHB6 element, and thus no hourglaistsat is required.

S 00y z 0 x00vyzO0h 0 O0h 0O
0S0-x0 z 0yO0Ox02z0h 0 0h O (8)
00S 0 -x-y002z0xy 0 O0h 0 0 h

2.5 Assumed strain formulation for the SHB6 discrete gradient operator

Among several treatments for alleviating shear medhbrane locking, in the present formulation treeidite
gradient will be appropriately modified. This castsi first of decomposing the matriB into two parts:

B =B, +B,, then of projecting the second part onto an asdustain operator such thg = 21 +Ez. As a

result, the stiffness matrix becomes
K=|B B+ B[HEB W+ B TBN+ B TB ©)

The subsequent steps consist of choosing an ade@qsaumed strain field. This is a key point in the
formulation and special care has been exerciséasmregard. Finally, the above additive decompasiof the
stiffness matrix is computed using a reduced irdgn scheme with five Gauss points, all locatezhglthe
thickness direction. Note that the choice of aasl strain field is mainly guided by the elimioatiof strain
components that are responsible for shear and n@mbocking. The effectiveness of this assumednsisa
assessed through benchmark problems.
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3. Numerical results and comparison

Several popular benchmark problems were performéklistrate the element performance. One of these
problems, which is frequently used to test warggffgcts, is shown here.

E=29x10°
v=0.22
P=1
L=12
1=1.1
h=0.32

Fig. 2 Twisted beam (reference vertical displacerépoint A at tip is 5.42410°%)

Table 1 Normalized vertical displacement at poirdfAhe twisted cantilever beam problem

Mesh layout | PRI6 (3D solid elementpHB6 (without assumed strain)SHB6 (assumed strair)
(6x2x1)x2 0.061 0.23¢ 0.49¢
(12x4x1)x2 0.20Z 047C 0.784
(24x4x1)x2 048~ 0.77¢ 0.93¢
(36x8x1)x2 0.48¢ 0.87¢ 0972

4. Conclusions

This newly developed SHB6 element was implementéd the finite element codes INCA and ASTER. It
represents some improvement since it convergesandliit performs much better than the PRI6 six-ribhdee-
dimensional element in all of the benchmark prolsi¢ested. Furthermore, it shows very good perfooasiin
problems using mixed meshes composed of SHB6 al@BBH elements. Thus, we can couple the SHB6 with
other finite elements to mesh complex geometridschvcould be obtained by free mesh generatiorstool
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