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I n t r o d u c t i o n 

Two important issues associated with structural integrity of composite shells are the 

prediction of the conditions for the loss of stability and the question of accurately assessing 

the behavior of the structure in the presence of defects. Since the structures under con¬ 

sideration are subjected to high values of external pressure, which in turn results in both 

an axial and circumferential local compressive field, buckling/postbuckling of delaminated 

and pure (without delaminations) shells is an important part of the structural integrity 

concept. 

Two other issues that are included in this project are a study of the growth of internal 

delaminations, and an investigation of the effect of the hygroscopic environment in the con

text of predicting the combined effects of moisture sorption and external compression with 

respect to the stress and deformation fields in thick composite shells, and the possibility 
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of local spalling (initiation of internal debonds and interl ammar separation) 

R e s e a r c h R e s u l t s T o - D a t e : 

1. B u c k l i n g o f T h i c k O r t h o t o p i c C y l i n d r i c a l S h e l l s U n d e r E x t e r n a l P r 

s u r e 

es -

An elasticity solution to the problem of buckling of orthotropic cylindrical shells sub

jected to external pressure was achieved. In this context, the structure is considered a 

three-dimensional body. The results show that the shell theory predictions can produce 

non-conservative results on the critical load of composite shells with moderately thick con

struction. The solution provides a means of accurately assessing the limitations of shell 

theories in predicting stability loss. 

Publications: A paper based on the above work has been a c c e p t e d for p u b l i c a t i o n 

in t h e J o u r n a l o f A p p l i e d M e c h a n i c s ( A S M E ) and another one. based on a different 

version of this work has been a c c e p t e d for p r e s e n t a t i o n ( a n d wi l l a l s o b e p u b l i s h e d 

in t h e P r o c e e d i n g s ) at t h e 3 3 r d A I A A S D M C o n f e r e n c e , D a l l a s , T e x a s , A p r i l 

1 9 9 2 . 

2 . T h i n F i l m M o d e l l i n g o f D e l a m i n a t i o n B u c k l i n g in P r e s s u r e L o a d e d 

L a m i n a t e d C y l i n d r i c a l S h e l l s 

Delamination is one of the basic defects inherent to laminated shell structures. Under 

uniform external pressure, which would create compressive hoop stresses, such delamina-

tions may buckle and subsequently propagate. This phenomenon is modelled here a.s a 

first approximation by considering a two-dimensional geometry (ring approximation) and 

a thin delaminated layer. Growth is studied by a fracture mechanics-based energy release 
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( A ) D e c r i p t i o n o f t h e s c i e n t i f i c r e s e a r c h g o a l s 
A class o f i m p o r t a n t s t r u c t u r a l app l i ca t i ons o f fiber-reinforced c o m p o s i t e m a t e r i a l s 

invo lves t he con f i gu ra t i on of l a m i n a t e d shel ls. A l t h o u g h t h i n p l a t e c o n s t r u c t i o n has b e e n 
t h e t h r u s t o f t h e i n i t i a l app l i ca t i ons i n t he a i r c ra f t i n d u s t r y , m u c h a t t e n t i o n is n o w be 
i n g p a i d t o c o n i g u r a t i o n s classif ied as m o d e r a t e l y t h i c k she l l s t ruc tu res . Fo r e x a m p l e , 
i n t h e m a r i n e i n d u s t r y , compos i te shel l s t r uc tu res are cons idered f o r submers ib l e hu l l s o r 
f o r t h e s u p p o r t co lumns i n of fshore p l a t f o r m s . F u r t h e r m o r e , compos i te she l l s t r u c t u r a l 
con f i gu ra t i ons o f m o d e r a t e th ickness can b e p o t e n t i a l l y used f o r c o m p o n e n t s i n t h e a u t o 
m o b i l e i n d u s t r y ( p o w e r t r a i n o r suspension c o m p o n e n t s ) a n d i n space vehic les as a p r i m a r y 
l o a d c a r r y i n g s t r uc tu re . Moreove r , these m o d e r a t e l y t h i c k shel ls a re cons ide red f o r n e w 
i n f r a s t r u c t u r e - t y p e concep tua l designs such as t he s u p p o r t co lumns o f b r i d g e s t r u c t u r e s . 

Speci f ica l ly , t he benef i ts o f compos i te hu l l s f o r submers ib les are s u b s t a n t i a l d u e t o 
t h e w e i g h t savings and imp rovemen ts i n acoust ic d a m p i n g , co r ros ion res is tance, a n d m a 
neuve rab i l i t y , a m o n g o thers . T h e size o f t h e th ickness o f a compos i te h u l l as w e l l as t h e 
o p e r a t i o n a l env i r onmen t present u n i q u e issues n o t f o u n d i n t h i n aerospace s t r u c t u r e s . T h i s 
is because these s t ruc tu res axe sub jec ted t o h i g h values of e x t e r n a l pressure, w h i c h i n t u r n 
resu l t s i n b o t h ax ia l a n d c i r c u m f e r e n t i a l compress ive fields. Hence , t h e research t h a t is 
needed t o assure t he s t r u c t u r a l i n t e g r i t y is a lso u n i q u e , i n t h e sense t h a t d a m a g e g r o w t h 
r e s u l t i n g f r o m compress ion a n d compress ion s t r e n g t h i t se l f a re t he l i m i t i n g p r o p e r t i e s . 
T h e p a r t i c u l a r s of the shel l geome t r y n o t w i t h s t a n d i n g , t h e basic premises t h a t g o v e r n t h e 
b e h a v i o r o f defects i n composi tes unde r compress ion can o f t e n be assessed b y s t u d y i n g t h e 
s i m p l e r l a m i n a t e d p la te geomet ry . 

A n i m p o r t a n t a n d p r i m a r y t y p e of defect i n compos i tes is t he d e l a m i n a t i o n , i.e. l o c a l 
d e b o n d i n g a t a layer in te r face . D e l a m i n a t i o n s o r i n te r l aye r c racks are deve loped as a r e s u l t 
o f impe r fec t i ons i n p r o d u c t i o n techno logy o r due t o service loads w h i c h m a y i n c l u d e i m p a c t 
b y f o r e i g n ob jec ts , a n d v i b r a t i o n s exc i ted b y t h e p r o p u l s i o n systems. A s a consequence, 
s t r u c t u r a l e lements w i t h de lam ina t i ons u n d e r compress ion suffer a d e g r a d a t i o n o f t h e i r 
st i f fness a n d b u c k l i n g s t r e n g t h a n d p o t e n t i a l loss o f i n t e g r i t y f r o m possib le g r o w t h o f t h e 
i n te r l aye r crack. 

F u r t h e r m o r e , i n v iew o f t h e m u l t i a x i a l compress ive stress fields, t h e b u c k l i n g s t r e n g t h 
o f compos i t e shells a n d cu rved panels o f m o d e r a t e th ickness is o f cons iderab le s ign i f i cance 
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because of the lack of extensive plastic deformation in these materials. This means that 
buckling may precede any other type of failure mode . 

The objective of this research is t o study the structural integrity of thick composite 
plates and shells and the following are the specific i tems included in this research program: 
(i) The growth characteristics (growth rate, stable or unstable growth, etc.) of internal 
delaminations in composite plates subjected to monotonic and cyclic compression, (ii) T h e 
behavior of delaminations in multilayer orthotropic shells subjected to either pure external 
pressure or combined external pressure and axial compression, (iii) The exact elasticity 
solutions for the buckling of thick composite shells under external pressure or multiaxial 
compression. 

The analytical investigations are integrated with an appropriate parallel experimental 
s tudy of the damage gowth phenomena. Several important results of recent work on these 
topics are summarized in the following. 

( B ) S i g n i f i c a n t r e s u l t s i n t h e p a s t y e a r . 

Delamination Growth Under Compression. 
The growth behavior of delaminations in plates under compression was studied in a 

formulation that imposes n o restrictive assumptions regarding the delamination thickness 
and plate length. Closed form solutions for the load and deflection quantities, as well as 
closed form expressions for the energy-release rate and the mixity ratio (i.e. Mode II vs 
Mode I) at the delamination tip are produced. Delaminations located further away from the 
surface are predicted to have reduced growth resistance. These predictions for the growth 
resistance are verifed by experimental results on unidirectional composite specimens with 
internal delaminations (Journal of Applied Mechanics (ASME), Vol. 6 0 , 1 9 9 3 , pp. 903-910, 
and International Journal of Fracture, vol. 65, 1994, pp. 261-276). 

Some preliminary results from our studies on delamination growth under cyclic com
pression are shown in Fig. 1 and they show that for the same delamination thickness, the 
fatigue delamination growth is strongly affected by the relative location of the delamination 
through the plate thickness. 

Benchmark Solutions for the Buckling of Thick Orthotropic Cylindrical Shells 
Under External Pressure or Axial Compression. 
A benchmark elasticity solution t o the problem of buckling of orthotropic cylindrical 

shells subjected to either external pressure or axial compression was achieved (Journal of 
Applied Mechanics ( A S M E ) , Vol. 60, 1993, pp. 195-202, Ibid, vol. 60, 1993, pp. 506-513 
and, Ibid, in press, 1994). T h e results show that the shell theory predictions can produce 
highly non-conservative results on the critical load of composite shells with moderately 
thick construction (Table 1). The solution provides a means of accurately assessing the 
l imitations of shell theories in predicting stability loss. 

Boundary-Layer Transient Hygroscopic Stresses in Thick Composite Shells. 
A n exact elasticity solution was obtained for the stresses and displacements in an 

orthotropic thick cylindrical shell loaded by external pressure under imposed constant 
moisture concentrations on the inner and outer surfaces. It was found that the hygroscopic 


