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Abstract

The numericd implementation of nonlinear finite dement procedures for flexible thinwalled dructures usng
incompressible hyper-dadiic shdlsisindispensable in the application of practica enginearing and medicd fiddsto predict and
evaudte the behaviors of rubber-like shell sructures and biologica soft tissues The invedtigation of aflexible thin-walled tube
under bending is epecidly important in various branches of modern technology such as the forming limit of bent pipe,
manufacturing of medicd tubes, dastomer sedls and numerica modd for blood vessds. When along thinrwalled tube, such as
ahydraulic hoss, is subjected to abending momert, its cross-section becomes distorted. Due to the reduction of the geometricd
moment of inertiaasits cross-section flattens, the Stiffness of the tube decreases with theincrease of load. With further moment,
the tube collapses with alocd kink in its longituding direction. The ovdization phenomenon of the cross-section in bending
thin-walled tubes was firg investigeted by Brazier. However, snce this work was based on the assumption of infinitesma
drain, histheory could nat cope with the kink phenomenon which is shown physcaly. The prefpogt buckling andysis of this
kink ingtability of thin-walled tubes under bending is il an openissue dueto itssrong nonlineerity.

In order to conduct finite dement andyss of the above flexible thinwaled tube, not solid dements but shdl structure
dements which can treat the conditutive law for rubber-like materids dlowing large dadiic drains are required in view of
computationd efficdiency, modding effort and accuracy. In recent years, these finite srain shel dements accounting for
thickness change have been presented. The dements use additiond degrees of freedom for thickness change and three
dimensond conditutive relaions. However, these additiond degrees violae computationd effidency and smplicity of
modding which are primary advantages of shdll sructure dements, and then derive the complicated formulations. In order to
overcomethisdifficulty, alot of formulaionsfor thelarge strain shell dementsare il being devel oped.

The objective in this Sudy is to present a new formulation for robust and efficient finite shell dements to invedigate the
indability problem which shows strong nonlinearity such as buckling andyss of flexible thinwaled tube under bending.
Hrdily, a high-accurate incompressible hyper-dadic shdl dement using two dimensond condiitutive rdations is developed.
Then, the performance of the presented shell dement isillugtrated by its gpplications to severad numerica examplesinduding
bending andysis of a thinrwdled tube Findly, the nonlinear mechanism of kink phenomenon of flexible thinwalled tube
under bending isdarified.

Thecompaostion of thisthesisand the contentsin each chepter are shown asfollows.

In chepter 1, the background and the purpase of the present study are described.

In chepter 2, definition of hyper-dadticity and derivation of the conditutive law are summarized as the fundamentd review
of thisstudy.

In chepter 3, afinite drain shell dement with its materid redtricted to hyper-eladticity is developed. This shell dement is
basad on the MITC shdll dement developed by Batheto perform locking-free behavior using assumed transverse sheer srains.
In addition to this MITC formulaion, an assumed transverse normd drain is introduced to tregt thickness change. In this
formulation, the transverse normd drain is assumed to be uniform throughout the dement, and evauated at the middle surface
using the incompressibility condition. Indeterminate pressure, which occurs in incompressible materids, is dimineted & the
eement leve using the plane dress condition. The advantage of this technique is that well-conditioned tangent diffness for a
large strain shdll dement can be obtained without any additiond variables.

In chepter 4, anumerica implementation of the solid ement and shell dement with the Ogden materia modd is presented.
This formulaion derives the efficient condtitutive law of Ogden materid using invariants of the right Cauchy-Green tensor in
the extenson form of the Mooney-Rivlin's law, without solving eigenvaue problems or coordinate system transformations.
Thischapter a0 vaidatesthe r ationship between the present expression of the condiitutive law and numerica gahility.

In chepter 5, buckling andyss of thinwalled tube under bending is invedigaied using the present hyper-dagic shel
eements Frdly, in order to comparewith Brazier’ s solution, the numerica andysis of aHookean cylindricd tubeis conducted
usng MITC4 shel dements that neglect thickness changes. From the numericd andyses it is reveded that there are two
critica points, a bifurcation point and alimit or turning point that causes the sngp-back phenomenon before the limit point that
Brazier esimated. The critica point where the bifurcation point coincides with the limit point is cdled the "hilltop branching
point”. Symmetrica kinks are observed dong the primary path in the find, largdy deformed, configuration, while only one
kink is observed dong the bifurcation path. Then, by using the developed large drain shel dements in which the Ogden
meaterid modd isutilized, the prefpogt buckling behavior of arubber tube under bending with thickness changes is thoroughly
investigated. 1t is reveded that there is hilltop branching point condsting of one turning point thet causes the sngp-back
phenomenon and two hifurcation points. The results of Ogden materid modd dso shows two symmetrica kinksin the find
deformed configuration, which arelocated on theingde of thetube rdativeto the results of the Hookean modd.

In chapter 6, the conduding remarks of thisthesisand thefutureworksare given.




