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ABSTRACT

A program system for aviomated fracture mechanical analyses with three dimensional (3D}
finits element (FE} models has been developed. The accuracy of the generated maodels is
widely tested. The system is aimed at safety analyses of nuclear power plant components.
Morsover, the resulis of the fracture mechanical FE-analyses can be implemented in an easy
to use fraciure assessment program based on the use of weight functions.

I INTRODUCTION

The development of 3D FE-models of cracked structures has been awiomated [Leinonen et al.
1989]. The structures concidered have mainly been pressurized componenis of nuclear power
plants such as pressure vessels, pipes and pipe bends. The resulis are used in salety related
fracture or fatigne analyses,

The quality of the automatically generated FE-mesh has been cxiensively tested comparing
the resulis for the flawed plate under tension with other published resulis [Mikkola et al.
1990]. A large matrix of surface cracks has been analyzed and the accuracy heas been found to
be very good. For all the struciures concidered the same mesh design near the crack area is
used and this should guarantee reascnable accuracy.

The present research acrivities are directed towards development of a quality procedure for
the analyses. Several error estimates per element have been studied. The developed procedure
is run after each analysis and the results are vsed in directing the mesh refinement, The FE-
model refinement can be made by spliting the selected 3D brick elements into 8 new elements
and using constraint cguations.

The required effort in performing & full 3D FE-analysis with the developed program system
has been substantially reduced. At the same time the quality of the analyses has been im-
proved. The FE-analyses are made with the ADINA-program and a general PUFPOSe Comitner-
cial FE-modeler program PATRAN is used in the mesh generation. Thus the gysiem is well
suited for industrial applications.

The antomated sysiem can be used for developing a database solution of the siructure for an
engineering fracture assessment program VTTSIF [Raiko et al. 19917, Subsequent analyses
with this program can be performed very sasily and costly 3D FE-analyses can be avoided,
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2 AUTOMATED FE-MODEL GENERATION

The FE-model is created with the ACR-program [Leinonen et al. 1989] in two phases. First a
surface crack in a square plate is modeled and in the second phase this plate model is
transformed into the finzl geometry. For pipes, elbows and pressure vessels the geomeiry trans-
formation i¢ 2 simple analytical function. For more complicated structures a very general
transformation scheme is being developed using parameiric representation of the geometry,

The initial plate FE-model is made by the ACRGEN-program module by writeing an input
file for the PATRAN-program [Users manual 1989], whick is then vsed for generating FE-
model for the plate. After the plate model is generated, the ACRMOD-program moduls is used
for ransforming the geometry, modifying the mesh and adding loads and boundary conditions,

The ACR-program is not intended for replacing an FE-modeler program. The PATRAN-
program can be used for generating Fli-model for other parts of the structure, adding loads and
boundary conditions and eg. for mirroring the FE-model of the crack area to produce 2 more
compleic model cf the crack.

2.1 Modeling of the crack area

The FE-mesh near the crack location developed by the ACR-program is well suited for the use
of the virtual crack extension- (VCE) methed in J-integral calculation, see Fig. 1, The elements
form circular layers around the crack front, which are natural paths for J-integral evaluation,
The nodes on the end-planes of these element layers are repositioned on planes perpendicular
to the local crack front. The nodal points of the innermost element layer can be modified for
producing 1/~ or IAr-singularity at the crack tip using the standard techniques for the
isoparameiric continvum elements. Also other modifications are perfonmed.

Figure 1. Detail of the FE-mesh near the crack with the basic mesh density and a finer mesh
density; an FE-model of a shallow crack with several elsment layers over thickness and
separate clement layer for cladding material.



2.2 Geomelry transformations

The geomeiry transformations are used for mapping the initial plaie to the final geometry of
the siructure. Transformations have been developed for cylindricel, toroidal and spherical
geomelries, see Fig. 2. These correspond to the geomeiries of several typical nuclear power
plant components e.g. pipes, elbows and pressure vessels. The transformations do not need any
information about the crack itself and thus they can be used for developing circumferential or
axial part through cracks as well as inclined cracks or there may be several cracks in the
model. The crack can also be transformed to the inner or outer surface of the final geometry.

The sysiem is being exiended to cracks in the nozzle area of 2 pressure vessel, see Fig. 2.
This wansformation is based on parametic description of the two surfaces of the stuciure.
With this transformation, praciically all thick walled geomenies containing 2 surface crack can
be modeled with the ACR-program.,

Figure 2. Available transformation types in the ACR-program.



2.3 Generation of loads and boundary conditions

The ACR-program can generate loads and boundary conditions only for the model part formed
of the initial plate geometry. The PATRAN-program can always be used for generating loads
and boundary conditions for all parts of the FE-model including also the model near the crack,

3 ACCURACY CONTROL OF THE RESULTS

The modeling of the crack tip area has been developed to give accurate resulis for a broad
range of crack geomeiries. The resulis for a plate with surface crack wnder fension from
[Newman & Raju 1979] have been used as a basic test case when developing the FE-model.

3.1 Results for surface crack in 2 plate under tension

A large matrix of surface crack sizes in a plate under tension load has been analyzed [Mikkola
et al. 1891] and the results are compared with the results of [Newmsan & Raju 19797, The
analyses were made with the 20-noded isoparametric solid element of the ADINA-program
and the VITVIRT-program [Talja 19897 is used for J-integral evaluation.

The FE-models were antomatically created using the ACR-program. Typical resulis for the
scaled stress intensity facior along the crack fromt ave shown in Fg. 3 for the crack length
ratio afc = 0.2 for two crack depths. The sivess intensity facior is scaled as

% a (1)

where F is the shape factor, ¢, is the nominal stress and Q) is elliptical integral of the first
kind. Also the FE-resulis and the results of an analytic formula given in [Newman & Raju
1979] are shown. The analytical formula is result of curve fitting o the FB-results with
maximom difference of less than 5 % when compared to the maximum FE-result for corre-
sponding crack size [Newman & Raju 19791, The present resulis are in £ 5 % dJifference band
everywhere along crack front for most of the crack sizes when referred to the FE-resulis.

The test matrix was analyzed using (3*3%3) and (2%2%2) integration and both 1/r- and 1r-
singularity and the differences in the resulis were neglible.
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Figure 3. Results for a plate with a surface crack under remots iension.



3.2 Local moedel refinement nroecedure
&

The h-version model refinement has beea used for 2D-models together with an error measure
to improve result accuracy [Milkkols et al. 1591]. The error measure was based on estimating
the error in equilibrium equations for the FE-solution with equation

Fi= [(6%n, -t,) da (2)

A

)

where 8 wue (unlmown) traction force on elemeni swface A, @}J the finite-clement
m@pr@mmammn for the stresses and m; the surface normal. This is equivalent to integrating the
residval error in equilibrium equaiion over the slement volume, The true traction is unknowan,
but the infegral of it over the element surface is zero, while the structure hes 10 be in bal@ﬂca
The single edge cracked sirip under tension was used as test case. The crack depths aft =
0.2. 0.3, 0.5 and 0.8 were analyzed. The unbalanced force was caleulated for sach zlement and
minimized by mesk refinerent. The 2D-analyses were made with the 8-noded isoparametric
plane element and J-integrals were calculated from the FE-resulis.
The mesh refinement was made by sub-dividing the elements with highes: unbalaaced force.
The resulis for the indiial mesh and the mesh afier refinement are shown in Fig. 4. The refined

megheg are also shown for the three shallow crack models. The siress intensity factor Is scaled
writh formula

g,fmwa {1 ~al/t)yls (3}
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where G, is nominal siwess, a crack depth, ¢ wall thickness and H the shape facior. The soluiion
of [Tada, Paris, hc"v in 1985] is used for compearison and it is drawn with the given accuracy
limits of & 0.3
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Figure 4. Siress intensity factor resulis for a cracked sirip with h-version mesh refinement.

The results for the two deep crack models, o/ = 0.5 and 0.8 were accurase already with the
initial mesh and the error was Em gs only for the shallow crack case with aft = 0.1, For the
three shallow cracks aft = 0.1, 0.2 and @ 3, the mesh was refined undl the maximum vnbal-
arced forcs occurred in the second circular leyer of elements 2t the crack area. The slements
in these two closesi layers were not sub-divided.

Aj frst, the unbalanced force weighied with the element strain energy was used to direct the



refinement., Only three and two refinements were required for the aft = 0.2 and 0.3 cases, re-
spectively, and the resulting meshes are shown in Fig. 4. For the shallow crack model with
aft = 0.1, mesh refinement was made alsc with unweighted vnbalanced force. The final resul;
was found with fewer steps withowt weighiing, The resuliing mesh refinement concentrated
better to the siress conceniration area as can be seen in Fig. 4, At firsi the sivess intensity
factor converged rapidly and then the rate of convergence slowed down. This indicaied, that
the mesh should also be refined at the crack tp area as was suggested by the unbalanced foree.

CONCLUSIONS

The developed ACR-program significandy reduces the time and costs of performing a full 3D
FE-ansalysis of flawed structures. At the same time the accuracy of the results has heen
increased. The system can easily be medified for new types of swuctures. An accuracy
assessment procedure is being developed and resulis are promising. The error parameter wag
capable (o direct the mesh refinement and yielded o accuraie resulis. Further development is
required befere the error parameter can be used in accuracy assessment for other loading cases
and geomeiries, The element sub-division procedure should be auiomated to 3D-models, 00,
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