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Abstract

The transverse components of the siress tensor ave highly relevant for faihire of composite sirchres.
The exctended 2D-mechod provides a very efficient postprocessing cool for caleuladng accwrate chickness
distributions of the (ransverse stresses from the resules of a two-dimensional analvsis.

A formmlacon of this techmicme for application o avbitravily curved shell-structiwes has bom devel-

oped. Tn combination with modern failure criteria, it has heen implemented into the softrerare-package
TRAVEST for postprocessing remilts firom MSC.Nastran.
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1 TIntroduction

Due Lo their high weaght saving potential. modern fibre composite stmctures more and more replace con-
venlional metallic components. even in primary strciural elements like wing and fuselage. In conirast o
nearly isolropis materials. the transverse components of 1he sibess Lensor are oritical for struciural failuee.
Thus, the very poor precision of Lransverse stresses bom twomdinensional ahalyses 15 hot sulficient for the
design process of composile sUCLLes.

On the other hand. threelimensional computation i5 not suitable for desigh processes. due 10 10 high
nunerical effor. Thus. new computational tools are requiresd. which fulfill hoth requirements. high munerienl
efficiency and high precision of the thickness-distributions of the transverse stress components.

Several techniques for structural analvsis with regard 1o the transverse stress distributions have been
developed. These include thereedimensional ansd quas threesdimensional elements a3 well a3 two=dhinensionsl
tlements based on higher order shear deformation theories - sither laminatewise nonlingar or layerwise
approcimations.  Another approach are postprocessing-techmques based on conventional FE-caleulations
with classical shell-slements based on the fikst order shear deformation theory (FSDT).

The extended 2D-mathord by Redwer and Rolfes uses the equilibriun conditions which wield very pre-
cige Lhickness distributions of the trabsverse siresses. By expressing the strain ¢omponents by the stress
resullants, neglecting the influence of the membrane normal force derivatives and eventually asswuning ¢vlin-
drical hending. 1the trahsverse stress components are expressed by the transverse shear forces and their first
derivatives. respeciively. Sinee the transverse shear forees depend on the deflections and thedr first deriva-
Lives. slficient results for the transverse stresses can be oblained from secotv] order approxdmation unstions
for the displacements. With other words, the transverse stress analysis can be hased on a conventional
twodimensional FEA with parabolic elements.

Theory and mumerieal reslts for plates have been presented in (8] as well as in [0] and [10). Results
for plates and cylindrical shells are shown in [11]. Now the theory has heen exctended 1o arbitrarily ourved
shells, The darived equations have hean implementad inwo the soflware package TRAVEST 1o be used as
a pestprocessor for resilts from two=dimensonal compitations with MSC.Nastran., Since TRAVEST has
been integrated into the MSC.Patran toolbox, usage is rather easy and comforiable. In the following section
the theory of the aurrent version will be deseribed. Later. the user-interface will e presented and some
munerizal examples will ihisirate the capability of this Lachnigque.

2 Theory

The asaunptions of the sxtended 2D-method are mantionerd in [8].

2.0.1 The Coordinate System

Since the cartesian coording Les can not directly be wsed as surface coordinates for cirved shells. a curvilingar
coordingte sysiem has 1o be introduced.  Here coordinates based on Huang and Toachers [T] with two
constantly curved coordinates in the mean directions and the thard coordinate normal on the pod-surlace
are usedl. The radii of curvature of the middle surface are denoted by . The dfference between the two
awrvaire radii is 1y = 2 — - P denoles the distahce Detweeh a specific point and 1the origin of the inertial
coordinate system. In contrast 1o Huang and Towehor? the angles and the radins are not directly wserd as
coorrinates. hut local surface coordinates are introduced {see Figure 1.



Figure 1: The coordinate system is based on [7] and has constantly curved axes in the shell’s main curvature divection.
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are derivedl. Singe shallow shells are assumed. the curature angle @) i small. This. eos®) = 1. Therelore,
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2.1 Governing Equations
2.1.1 Strain-Displacement Relationships

The strain-displacement relationships for general coordinates

o[y g
i 3 Iih,.? (h,;) + i?—s ( ) + Gtg-zf h’i.i.,]

are given in [4]. The scale faciors for the given coordinates [14) are introduesd into (15):
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The kinematic assumptions of Mincllin and Reisner (see e g [10]) are introduced inte (16). The shell is
assuned] 1o e thin with respect 10 the curve radius: A, — 1. Therefore, the strain=hsplacement relationships
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2.1.2 DMaterial behaviour

Hooke's law 15 not dufferent from the plate-theory [8):
o =Qieq+3K). 18)

2.1.3 Equilibrium Conditions

The squilibrinm conditions for general coordinates given in [4] (without sxternal loads)
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2.2 ‘Transverse Shear Stress Calculation

Integration by parts of the first two equlibrium conditions (200 and (217 yields an equation system for the
Lransverse shear stress components:
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This sysiem containg the first derivatives of the membrane siress componeits with respect 1o the membrane
coorcinates. Singe the membrane siresses depend on the first derivatives of the displacement vector. the
second derivatives of the degrees of freedom are requuired. In order 1o redhice the degree of derivation by
one, the transverse shear s1ress 0omponents are 10 e axpressed by the transvense shear forees. The first
step 10 achieve this goal 15 1o express the siroins by the siress resiliants afler having introduesd Hooke's
law (18) into (230, Aflerwards the influence of the mambrane normal foree devivatives will be neglected and
evlindrical hending will e asnuned. These three sieps wgether vield the reduction of the required degree
of derivation.
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2.2.1 Expressing the strain through the stress resultants

The elasticity law of the laminate
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18 solved for the strain eomponents:
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with
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2.2.2 Calculating the Transverse Shear Stresses from the Transverse Shear Forces

First (18) and then (26 and (270 are introduesd invo (233
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Now some abbrevations are introdueed:

Fop = aB* —byD* i33)
G5 = —a,zA* +b, B i34

and
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The iwfluence of the mambrane normal {orce derivatives is neplected] and cylindrical hancling is asswmed:
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.z denote the transverse shear forces.
Another abbrevation is indrodused
FizAT - F7
and eventually a sumple relation between the wransverse shear stresses and Lhe wransverse shear forees can
be specified:
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2.2.3 Computation of the Transverse Shear Forces

The forees can be caladated using the material law
R =H-. i36)

where H is the mattix of transverse shear stiffhesses. The vector of Lransverse shear strains - can be
caleulated from the nodal degrees of Treedom u and the shape funetions and thedr first <derivatives comprised
in the matrix B

T =Dl (37
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{see [O]).

TUsing squations (351, (367 and (37) the transverse shear stresses can be aompited with only first deriva-
tives of the shape funklions. in sontrast 1o the more obvious way using (231, (181 and (17) which would
require secotwl derivatives.

2.3 Transverse Normal Stress

The third equilibriun condition (227, by using integration by paris. can be transformed into a condition for
the transverse normal sLress:

o 38

The FSDT leads 10 Linear membranse normal sirains through the thickness and the stiflhesses are laverwise
constant. Thus. the membrane normal stresses are laverwise linear:
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The formetly derivad sondition for the (ransverse shear siresses (35) is introducad. and thus the condition
for the transverse normal siress is
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and o # 3. The wansverse shear fores derivalives can be computed using (361 and (37, Sinee in (371 only
the shape functions and ther dervatives depend on the membrane coordinzles, the ransverse shear fores
derivatives ate

.= HB ;1. [43)

Since B contains the shape finctions and their first dervatives. the computation of the transvesse normal
slresses requires the second derivatives of the shape fnctions. The traditional allernative using (38). (18)
and (17 would require the thard dervative. For a complete fmlure analysis conmdering all transverse stress
componaiits, only second order instead of third order shape functions are needed in the deformation analysis.
With other words, we cah use QUADSclements ih conjunction with TRAVEST.

2.4 Failure Criteria

By providing an aceurate and physically feasible three=limensional state of siress. TRAVEST offers the
possibility 1o carty ol a complete falure analysis with physically well founded three-dunenmonal failurs
criteria. Currently five different criteria for wnidirectionsl composite lavers woder three-dimensional siress
are implemented:

1. TSai-Wu criverion (TSW)



. Criterion of HAShin {(HAS)
. Invariant Approach of Cunize (TAC)

oo D

. Parabolic Criterion of Puck (CP) ancd
. the Simple Parabolic Criterion (SPPC).

o

All these are macromechanical and stress=hbased criteria which have the form
Fifpior-a)=1 i44)

wherein frie) is the so called reserve factor (see [5] as well as [1]. [2]. [3)- [6] and [13] for details). Failure
occeurs for ¥ frio) o) > 1.

HAS. TAC. PCP and SPC support the determination of a falure mods which denotes the eritical oom-
ponent by a boolean value. ™17 signifies fibee fracture (FFY and ®2% stands for inter fibee fraciure (IFF).

3 Implementation

The transverse shear forees and thear derivatives - see (361. (37) and (43 - depend only on the nodal degrees
of freixlom of the current dlement. Therefore, the transverse stress analysis with the exctended 2D-method
can b carrisd out element-wise.

Sinee the method requires senond derivatives. al least parabolic shape finetions are neadad. Currently
TRAVEST can be applisd oh QUADS and TRIAS clements. Additiohal optiohs for postprocessing remills
from linear and ilinear elameants like the far more popular QUAD4 dlement. are challanges for fuure devel-
OpeIneit.

The ¢urva e of the undeformed streiire within the element is asswnid Lo have congtant racdid, defined
by the three node positions on each element olge. in hoth directions. Thus. the formerly develop-ed equations
are vahil.

TRAVEST reads the nodal wranslations and rotations from the MSCNastran database and applies the
formerly descrilyed procedirs of siress analysis on these results. The consequential stress tensor can further
be usesl for an advanced failure analysis. Details abowt the failure analysis options will be diseussed in futuree
publications.

4 User Interface
4.1 TRAVEST in the Design Process

The txctended 2D-method itsell has the main advantage 1o e a pure postprocessing wool for the analysis of
resulis from any two-rlmensional deformation analysis using the FSDT. I 15 suitable for analytic solution
as well as for any kind of Finite Element solution. subject 1o the condition that the shape funciions are at
least parabolic.

Trimary interest lisg of oowrse on the application 10 FE~analyses with the smallest possible degree of
shape funclions. Therefors the current available version of TRAVEST can postprocess results from QUADS
ahvl TRIAG MSC.Nastrah alements.

Sinee hedng a pure postprocessing 100, the extander] 2D-method can sasily be integrated into the indus-
Lrial desigh process. IT the desigher decides wo use a composite matarial for his strueture, the compitational
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Figure 2: TRAVEST pravides user-friendly aptions for transverse stress analysis and failure analysis, This figure shows the
sereenshot of 3 M3 Patran session while choosing the desired failure oriterion in the TRAVEST form,

engineer only has to add a rather small additional caleulation with TRAVEST requiring a much smaller
numerical cost than the two-dimensional FE-caleulation itself to fulfill the higher demands of the failure
analvsiz. S50 TRAVEST allows to make the step (o much more sophisticated siruetures without fundamental
changes in the design process.

This ilustrates one of the the main advantages over other approaches for caleulating the thickness distri-
butions of the transverse stress components: The today well-known and widely-used FE-tools do not have
to b mewlifiesd or even replaced, Tools and numerical effore nearly stay the same from analvsis of metallic
structures except one relatively small additional program which carries out an additional caleulation with
gmall numerical cost compared to the FE-deformation-analysis. The FE-analysiz itself has in principle 1o
differenice from the FPE-analysis of the complementary metallic structure at all,

4.2 TUsing TRAVEST with MSC.Patran

In order to minimize the effort of integrating TRAVEST into the familiar design process, it has been infe-
grated into the MSC Patran toolbox. To perform a complete failure analysis considering the complete three-
dimensional stress tensor, the user has to carry ont a traditional FE-deformation analysis using MSC . Nastran
firat. When the results are available, the particular steps to the complete failure prediction are the followring:

First the input form has to be opeied by activating the TRAVEST-button in the MSC Patran main
menl. The user can choose between transverse stress analysis and failure caleulation.



The input form depends on, if the user has chosen the transverse stress caleulation or failure caleulation
{gee fgure 3). In any case, the area, in which the analvsis is to be carried out, now has to be chosen, This can
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Figure 3: The TRAVEST form for stress analysis (left), failure caloulation (middle) and the form for the material allowables
(right)

be done by editing the ™ Select Elements™ and the "Select Area” option, respectively, or simply by mowseclick
in the viewport.

If the transverse stress analysis option hes been chosen, the number of caleulation points over the
thickness has to be chosen and the analvsis can be started after having activated the desired loadease and
subease.  The computed transverse shear and normal stresses are stoved in the trav stress-file and the
database and can easily be viswalized with MSC.Patran or any other suitable data analysis software, for
excample gruplot.

If & complete failure prediction s desired, the user can choose between several different failure criteria,
Further the material allowables have to be defined {figure 3, right). The default values are realistic for
tvpical carbon fibre reinforced plastics, but the result of the failure analyzis of course strongly depends on
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the specific strength parameters of the chosen material. Thus, the user has to care for reliable material
parameters to provide reliable results,

Last bt mot. least, the user has to specifv in the " create results”-field {see figure 3, middle), which resul
patameters be is especially interested in,

Figure 4: The material effart (left) and the fallure mode (right) can be visualised as contour plot in the MSC.Patran
viewport (here for the lowest laver), The faillure mode is 3 boolean value that identifies the critical component. In the red
arca it is likchy, that the matrix would fail, In the white area, the fibre would rather fail,

All failure prediction results can comfortably be visualized with the MSC. Patran viewpaort, choosing the
“resules” option. Examples of contour plots of the failure index and the failure mode are shown in figure 4
{loft) and fgure 4 (right), respectively.

5 MNumerical Examples

TRAVEST stress results are presented for a spherical shell with curvature radii v, = 1.0 and a saddle shel

with [y = =24k = 1.00] (see figure {5)). Both consist of a three-lagered [0/90/0]-composite with thickness
t=82=05 = [.016],. The material parameters are given in table 1. On each structure, & bisinusodial
[Ey = 1BL1[Giz = 7.71 |
|B2 = 103|Gn = 239
My = 028 Gy = T.M1

Table 1: Material parameters for the example structures

pressure with a maximum of 1.0 in the center and 0.0 around the edges is applied [(50% as positive pressure
om the top surface and 505 as negative pressure on the sub surface) and on all edges, radial translations are
fizcend.
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Figure 5: The predection capabilities of TRAVEST are demonstrated with two example models, a spherical shell (left) and
a saddlke shell {right).

Since spheres and sadsdle shells have constant eiuvaturs radi in the main directions. they can be deseribesd
within a cwrvilinear eoordinate system 7= (& . F2. 1) corresponding 1o Huang and Teuchert (see fgure 1),
The mididle suface lies in the plain spannerd by the qusdlinear ooordingtes $,. The adges are parallel 1o
Lhe eoording e axes at ¥, = 0.0 and &, = 0.5.

Refarence solutions are derived from threesdimensional FE~ahanlyses and = for the spherical struciure -
fkoim an ahalytical ahalysis hased on [12].

Fignire 6 shows the thickness distributions of two transverse sihess componehts for the spherical shell.
The transverse siress components for the saddle shell are shown in figure 7. The plots show a feasible

Spherical Shell, RM=20 Spherical Shall, RE=20
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Figure 6;: TRAVEST results for a spherical shell structure. The transwerse stress components are evaluated at their madma
with respect to the membrane coordinates.

distrbniion, compared 1o the three=hmensional solutions, with low deviance. The FSDT would provide a
layerwise constant Lhansverse shear stress which would hot AWfl the equilibrivun conditions. The wransverse
normal stress would he zero.
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Saddle shell, Rit=20 Saddle shell, Ri=20

/ [
04 ,/f# 04 ] —
0z 0z = W
w00 wooo j
-0z -0z /)
04 o el
Travest —— Travest ——
e A0 FEW —— I A FEM —
- 0.4 08 -0 02 [ 0z 04 08 0 05 1 15 z 2.8 B 3.5 4 4.5
T35 jak)

Figure 7: TRAVEST results for a saddle panel. The transverse stress components are again evalvated at their maxdma
with respect to the membrane coordinates.

6 Conclusion

TRAVEST spares the FE-analyst from carrving ol an eepensive three=limensional ahalysis in the case of
famihing composite stnigiires. In gontkasy 1o other approaches Lo this demand. the extended 2D-method
has the advantage of using the well established twio=limensional FE~tools. Thus. the relatively big step
forward from two~limensional 10 theee~limensional siress and failure analysis 15 realised just by integrating
an additional soflware package into Lhe desigh process. which at least keads Lo hothing more than some extira
mousechicks for the user.

This paper presents the eomplete thearetical hackgrouned for the exiended 2D-method for a special olass
of curvilinear coordinate systems. In FE-analyis, these can be wsed 1o describe generally curved stmetures
by asswninhg elemeniwise constant radi.  Therefors, with his paper all required information for three-
dimensional stress analysis in shallow shell struetures with the extended 2D-method, can T oblaingsl.

Begidles demonsiraling the complete theoretical basts for the extended 2D-method in curdlinear space. 1the
main purpose of this article has been 1o demonstrate the user interface. I has been shown that Ty integrating
TRAVEST into MSC.TPatran. il i3 a perfecily easy siep 10 a compleie abd precise three-dunensional stress
andl failure analysis.
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