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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 

1 



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 



stresses are confined for practical time values to a boundary-layer region near the surfaces. 
However, this boundary-layer region was found to have a insignificant effect on the critical 
load (Journal of Apvlied Mechanics (ASME) , vol. 61 , no. 1, 1994, pp. 161-168). 

(C) P l a n s fo r n e x t yearns r e s e a r c h 
We plan to continue the research on two major areas: 

Delamination Stability and Growth in Composite Shells Under External Pressure 
or Axial Comynssion. 

Structural composite elements with delaminations under compressive stress fields may 
suffer a degradation of their stiffness and buckling strength and potential loss of integrity 
from possible growth of the interlayer crack. Most studies on delamination behavior have 
been concentrated on plate structures; therefore there is a need for combined experimental 
studies and analytical modell ing on delamination behavior in composite shells. 

One of the cases of delamination buckling in shells is the bifurcation (adjacent-
equilibrium) buckling of delaminations near the outside surface of the shell. The other 
case, which involves the configuration of a local debond near the inside surface of the shell 
differs fundamentally from the usual case of beam or plate buckling under compression 
where the equilibrium form after budding is close to the equilibrium form before buckling. 
This is due t o the inherent curvature in the shell geometry which makes the transit ion 
to a new equilibrium state to occur by a snap, and the new equilibrium form to differ 
essentially from the initial one. 

Another key delamination configuration in shells is a multilayer orthotropic shell wi th 
a delamination in the form of an ellipse located near the inside surface of the shell. The 
shell can be assumed to be subjected to either uniaxial compression or combined external 
pressure and axial compression. The research for next year will include the study of these 
near inside surface delaminations in composite shells under external pressure. 

Buckling of Fully Anisotropic Thick Composite Shells Under External Pressure 
or Multiaxial Compression. 

The buckling strength of composite structural members is an important design param­
eter because of the large strength-to-weight ratio and the lack of extensive plastic yielding 
in these materials. Previous work has shown that considerable care must be exercised 
in applying thin shell theory formulations t o predict the response of composi te cylinders. 
Besides the anisotropy, composite shells have in general other important distinguishing fea­
tures such as an extensional-to-shear modulus ratio much larger than that of their metal 
counterparts. 

In view of possible structural applications of anisotropic shells wi th modest thick­
ness, it is desirable to conduct a comprehensive study of the performance of the available 
anisotropic shell theories with respect to the shell thickness. A n accurate solution for the 
stability characteristics of moderately thick shells is also needed in order to enable a future 
comparison of the accuracy of the predictions from various improved shell theories. 

Our research to-date on this subject has been concentrated on orthotropic materials. 
Solving the case of fully anisotropic construction is not a straightforward extension of these 
studies, since a coupled displacement field would be needed. We plan to conduct research 



on producing an elasticity solution for the buckling of fully anisotropic cylindrical shells. 
The loading can be either pure external pressure or combined external pressure and axial 
compression loading. Again, the non-linear three dimensional theory of elasticity will b e 
appropriately formulated. 

Prediction of Fatigue Delamination Growth Under (Cyclic) Compression . 
The practical significance of the problem is underlined by the fact that delaminations 

on the compressed part of the structure can undergo buckling, which effectively induces 
stress concentrations at the delamination front. On load removal, the delaminated layer 
returns to its undeflected position (unless the deflections are very large and cause perma­
nent plastic deformations). Cyclical loading of compressed panels with delaminations (and 
hence repeated delamination buckling) causes a reduction of interlayer resistance as a result 
of damage accumulation at the tip. Therefore, delaminations that would not propagate 
under static loading, may grow and cause failure after a sufficient number of compression 
cycles. 

The work will include both an experimental and an analytical study. Several delam­
ination locations through the specimen thickness will be examined. T h e material under 
consideration is graphite /epoxy. We also plan to test g lass /epoxy specimens and compare 
the behavior of these two composite material systems. Our compression experiments on 
graphite /epoxy specimens to-date have shown that delaminations that would not grow in 
a static test , d o indeed grow after a sufficient number of buckhng/unloading cycles. A 
quantitative correlation will naturally be performed to assess the predictive capability of 
the theory that we have formulated to-date. 
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1 . Papers Published in Referred J o u r n a l s : 

1 . K a r d o m a t e a s G .A . , " B u c k l i n g o f T h i c k O r t h o t r o p i c C y l i n d r i c a l Shells U n d e r E x t e r n a l 
P ressu re " , Journal of Applied Mechanics ( A S M E ) , vo l . 60 , p p . 195-202, (1993) . 

2 . K a r d o m a t e a s G .A . , " S t a b i l i t y Loss i n T h i c k Transverse ly I so t rop i c C y l i n d r i c a l Shel ls 
U n d e r A x i a l Compress ion 1 1 , Journal of Applied Mechanics ( A S M E ) , vo l 60 , p p . 506¬ 
513 (1993 ) . 

3 . K a r d o m a t e a s G . A . a n d C h u n g C . B . , " B o u n d a r y - L a y e r T rans ien t Hyg roscop ic Stresses 
i n O r t h o t r o p i c T h i c k Shells U n d e r E x t e r n a l P ressure" , Journal of Applied Mechanics 
( A S M E ) , v o l . 6 1 , no . 1 , p p . 161-168 (1994) . 

4 . K a r d o m a t e a s G .A . , " T h e I n i t i a l Pos tbuck l i ng a n d G r o w t h Behav io r o f I n t e r n a l D e ­
l a m i n a t i o n s i n Compos i t e P la tes , " Journal of Applied Mechanics ( A S M E ) , v o l . 6 0 , 
no . 4 , p p . 903-910 (1993) . 

5. K a r d o m a t e a s G .A . , " B i f u r c a t i o n o f E q u i l i b r i u m i n T h i c k O r t h o t r o p i c C y l i n d r i c a l 
Shells U n d e r A x i a l C o m p r e s s i o n " , i n press, Journal of Applied Mechanics ( A S M E ) 
(1994) . 

6. K a r d o m a t e a s G . A . a n d Pe legr i A . A . , " T h e S t a b i l i t y o f D e l a m i n a t i o n G r o w t h i n C o m -
press ive ly L o a d e d C o m p o s i t e P la tes " , International Journal of Fracture, v o l . 65 , p p . 
261-276 (1994 ) . 

7. K a r d o m a t e a s G .A . a n d C h u n g C .B . , " B u d d i n g o f T h i c k O r t h o t r o p i c C y l i n d r i c a l Shel ls 
U n d e r E x t e r n a l Pressure Based o n N o n - P l a n a r E q u i l i b r i u m M o d e s " , International 
Journal of Solids and Structures, v o l . 3 1 , n o . 16, p p . 2195-2210 (1994) . 

2. Technical R e p o r t , Non-Refereed Papers: 

N o n e 

3. P r e s e n t a t i o n s : 

a . I n v i t e d 

1 . K a r d o m a t e a s G .A . , " B o u n d a r y - L a y e r Trans ient Hyg roscop ic Stresses i n O r t h o t r o p i c 
T h i c k She l l s " , presented a t M E E T ' N ' 9 3 , F i r s t J o i n t M e e t i n g o f A S M E , A S C E , 
S E S , U n i v e r s i t y o f V i r g i n i a , Char lo t tesv i l l e , V i r g i n i a , a n d p u b l i s h e d i n A M D - V o l . 
164, p p . 17-31 (1993) . 

2 . K a r d o m a t e a s G .A . , " B i f u r c a t i o n o f E q u i l i b r i u m i n T h i c k Transverse ly I s o t r o p i c 
C y l i n d r i c a l Shells U n d e r A x i a l Compress i on " , p resented a t M E E T ' N ' 9 3 , F i r s t 
J o i n t M e e t i n g o f A S M E A S C E , SES, Un i ve rs i t y o f V i r g i n i a , C h a r l o t t e s v i l l e , V i r ­
g i n i a , a n d pub l i shed i n A M D - V o l . 159, p p . 113-126 (1993) . 

3. K a r d o m a t e a s G . A . a n d C h u n g C .B . , " B u c k l i n g o f a T h i c k O r t h o t r o p i c She l l U n ­
der E x t e r n a l Pressure m c l u d i n g Hygroscop ic E f f e c t s " , p resented at M E E T ' N ' 9 3 , 
F i r s t J o i n t M e e t i n g o f A S M E A S C E , SES, U n i v e r s i t y o f V i r g i n i a , C h a r l o t t e s v i l l e , 
i r g i n i a , J u n e 6-9, 1993, a n d pub l i shed i n A M D - V o l . 162, (1993) . 

4 . K a r d o m a t e a s G . A . , " T h e I n i t i a l P o s t b u c k l i n g a n d G r o w t h Behav io r o f I n t e r n a l 
D e l a m i n a t i o n s i n C o m p o s i t e P la tes " , presented a t t h e 1993 A S M E W i n t e r A n n u a l 



Meeting, New Orleans, Louisiana, and published in A M D - Vol. 179, pp.175-189 
(1993) . 

5. Kardomateas G.A. and Philobos M.S., "Buckling of Thick Orthotropic Cylin­
drical Shells Under Combined External Pressure and Axial Compression", Pro­
ceedings, ICCE/1 (International Conference on Composites Engineering), N e w 
Orleans, LA, pp. 1049-1051 (1994). 

b . Contributed 
1. Kardomateas, G.A., "A Solution for the Initial Postbuckling and Growth Behav­

ior of Internal Delaminations", Proceedings, 34th SDM A I A A / A S M E / A S C E / A H S / A S C 
Conference, LaJolla, CA, , pp. 2679-2688 (1993). 

2. Kardomateas G.A. and Malik B. , "Delamination Growth Under Cyclic Compres­
sion in Composite Plates", A S T M Fifth Symposium on Composite Materials: 
Fatigue and Fracture, Atlanta, GA (1993). 

3 . Kardomateas G.A., "Delamination Growth During the Initial Postbuckling P h a s e 
in Composite Plates", Proceedings, Ninth International Conference on Compos i t e 
Materials ( I C C M / 9 ) , Madrid, Spain, Vol. VI, pp. 479-486 (1993). 

4. Kardomateas G.A., "Bifurcation of Equilibrium in Thick Orthotropic Cylindrical 
Shells Under Axial Compression", Proceedings, Ninth International Conference 
on Composite Materials ( I C C M / 9 ) , Madrid, Spain, Vol. IV, pp . 422-429 (1993) . 

4 . B o o k s ( a n d s e c t i o n s t h e r e o f ) P u b l i s h e d : 

1. KardomateE»s G.A., "The Initial Postbuckling and Growth Behavior of Internal De­
laminations in Composite Plates", in Composite Materials and Structures, edi ted by 
C.W.Bert , V . Birman and D . Hui, AMD-Vol. 179 (American Society of Mechanical 
Engineers) pp. 175-189 (1993). 

2. Kardomatezis G.A., "Boundary-Layer Transient Hygroscopic Stresses in Orthotropic 
Thick Shell!;", in Non-Classical Problems of the Theory and Behavior of Structures 
exposed to Complex Environmental Conditions, edited by L. Librescu, AMD-Vol . 164, 
(American Society of Mechanical Engineers) pp. 17- 31 (1993) . 

3 . Kardomatecis G.A., "Bifurcation of Equilibrium in Thick Transversely Isotropic Cylin­
drical Shells Under Axial Compression", in Mechanics of Composite Materials-Nonlinear 
Effects, edited by M.W. Hyer, AMD-Vol . 159, (American Society of Mechanical En­
gineers) pp. 113-126 (1993). 

4. Kardomateas G.A. and Chung C.B. , "Buckling of a Thick Orthotropic Shell Under 
External Pressure Including Hygroscopic Effects", in Mechanics of Thick Compos­
ites, edited by Y.D.S . Rajapakse, AMD-Vol . 162, (American Society of Mechanical 
Engineers) pp. 213-226 (1993). 
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Name, Sponsor and 
Purpose o f Award 

S e s s i o n c h a i r o r V i c e - C h a i r 
on 6 c o n f e r e n c e s s p o n s o r e d 
by ASME and AIAA 

S l e e t e d t o t h e N a t i o n a l AIAA 
T e c h n i c a l Committee on s t r u c t u r e s 
(AIAA) 

Who's Who i n America 
(1995) 

O u t s t a n d i n g PHD G r a d u a t e Award 
sponsored by G e o r g i a I n s t i t u t e 
of Technology 

F u l l b r i g h t S c h o l a r s h i p 

Enclosure (3) 



(F) P a r t i c i p a n t s a n d t h e i r s t a t u s 

1. G e o r g e A . K a r d o m a t e a s , Principal Investigator, Associate Professor of Aerospace 
Engineering. 

2. C h a n g b u m C h u n g , P h . D . student, Graduated in December 1993, Thesis: "Com­
pressive Response of Thick Composite Shells: Benchmark Solutions for Loss of Sta­
bility and Hygroscopic Effects". 

3. A s s i m i n a P e l e g r i , Ph .D . student, Passed Comprehensive Exams in Spring 1994, 
Thesis: "Prediction o f Delamination Growth in Crossply Composite Plates". 

D e g r e e s G r a n t e d : 

1. C h a n g b u m C h u n g , P h . D . , Graduated in December 1993, Thesis: "Compressive 
Response o f Thick Composite Shells: Benchmark Solutions for Loss of Stability and 
Hygroscopic Effects". 



( G ) O t h e r S p o n s o r e d R e s e a r c h d u r i n g F Y 9 4 . 

1. "Damage Characterization and Analysis for Unsymmetrical Composi te Laminates", 
through CERT (Center of Excellence in Rotorcraft Technology), which is a consortium 
of rotorcraft industry and Army Research Office 1 0 / 9 2 - 1 0 / 9 5 , $ 130,000, 8% t ime 
charged. 

2 . "A Small Cracks Test Program", Warner Robins US Air Force Air Logistics Center, 
$120,000 , 9 / 9 2 - 7 / 9 4 , 10% time. 



1 1 

• 

* 

•-

SU1 k4M ARY OF Ff*94 
PUB] TP ATlONS/TAWrS/PRFSRNTATIONS/HONORS/PARTICIPANTS (Number Only) OJffi flojLOJ a. Number of Pupa* Submitted lo Referrec 1 Journal 3 . 1 btrtucX yet published: b. Number of Piipers Published in Referecc 7 3 Journals: c. Number of Books or Chapters Submitted but not 2 n yet Published d. Number of Books or Chapters Published 4 . fl 

c. Number of Piinted Technical Reports & n . n Non-Referred ! Papers: f Number of PJ itents Filed: N n 
%• Number of P atents Granted: N N 

h. Number of Invited Presentations at Workshops 5 n or Prof Society Meetings i. Number of Contributed Presentations at A n Workshops or Prof Society Meetings: j- Hooors/Awaids/Prizes for Contract/Grant n j- Employees: (selected list attached) k. Number of G raduate Students and Post-Docs 2 1 

Supported at least 25VQ this year on contract grant Grad Students: T O T A L Z •> 

Female 1 ? 

Minority 0 Post Doc: T O T A L 0 0 Female 0 0 

Minority 0 0 

1. Number of Female or Minority Pis or CO-PIs New Female 0 o Continuing Female _Q n New Minority n 0 

Ccotiniting Minority 0 9 

• 
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DEPARTMENT OF THE NAVY 

IN R E P L Y R E F E R T O 

Dear Colleague: 

3900 
33<:YR/48 
09 Aug 1994 

Each year the principal investigator of each ONR contract is required to submit an "End of Fiscal Year 
Letter" (EOFYL) that briefly summarizes research program activities during the prior fiscal year. This Letter 
report covers fiscal year 1994 [1 October 1993 to 30 September 1994] and is due to me on 1 October 1994. 
Please send two copies of this report to: 

Dr. A. J. Tucker 
Office of Naval Research(ONR 334) 
Ship Structures & System;; Division 
800N.QuincySt 
Arlington, V A 22217-5660 

I would like you to note that this EOFYL is considered an aclmiiustrauve report and should be sent only to the 
above address, ami not to other addresses given in your contract for technical report distributions. Secondly, 
it is required that we have a response from all contractors, so please send yours by the due date so that we will 
not need to make i second request Preprints or reprints should not be attached but may be sent to 
responsible Program Officers under separate cover. 

The EOFYL must follow the following format 

Cover page [ see enclosure (1)] 
A. Description of the scientific research goals 
B. Significant results in the past year 
C. Plans for next year's research 
D. List of PubUc^Uons/Rqxwts/Presentations [see enclosure(2)] 
E. List of Honors, 'Awards [see enclosure^)] 
F. Participants and their status (include postdoctoral researchers, graduate students, visiting researchers, etc., 

and degrees granted to them during the year) 
G. Other sponsor**! research during FY94 (title, sponsor, amount on annual basis, fraction of your time 

charged to each during past year; give starting and/or ending date if appropriate) 
H. Summary [see enclosure^)] 

Since brevity is desired, please make every effort to keep sections A, B, and C to a maximum of four pages. 

This letter serves as a valuable source of current iriformatiori for ONR Program Officers and higher levels of 
management Frequently they are called upon to present program descriptions, often on very sheet notice, 
and the effectiveness of these presentations is greatly enhanced, if they include recent examples of significant 
scientific accomplishments. You may attach vu-graphs or a demonstration article that would enhance these 
presentations. 

O F F I C E O F N A V A L R E S E A R C H 

8 0 0 N O R T H Q U I N C Y S T R E E T 

A R L I N G T O N . V A 2 2 2 1 7 5 6 6 0 



The following area;; continue to need close monitormg by principal investigators. Foreign Travel; Foieign travel of ONR contractors continues to be closely scrutinized by the Department of Defense; it can be authorized only by ONR and amy for travel clearly defined to be in the Navy's interest. Enclosurê) summarizes ONR's foreign travel policy. Please note that the itinerary must cover the full period from departure to entry into the U.S. Please adhere to the requirements defined in this policy; it helps to prevent undue difficulties in justifying foreign travel requests. Requests not meeting these policy requirements will be returned unapproved and no ex post facto requests will be approved. Several trip requests have been rejected during the past year based solely on not meeting the submission deadline and thus not providing adequate time to process required Area Clearances. The request must reach ONR headquarters from the Administr uii ve Contracting Officer/Resident Representative 60 days before the proposed travel to allow time for review and for processing the subsequent 30-day Area Clearance. Please note that a brief trip report is required; il: should discuss significant highlights of technical interactions, and provide a technical assessment, analysis and interpretation ofthe science and technology observed. Prompt Billing: It is crucial for your institution to bill ONR prompUy. This effort will reduce the potential for Congressional or DoD budget cuts that result from low expenditure rates. Please encourage your contract research administration office to submit bills promptly and to pursue payment from the Navy as rapidly as possible. No Funds Extensions: Requests for no funds extensions (NFEs) will not be approved automatically. All NFE requests shoul i be discussed with the ONR Program Officer, and upon his concurrence should be submitted to the cognizant Administrative Contracting Officer/Resident Representative, far enough in advance (e.g., at least 30 days) ofthe contract expiration date to allow for processing This request should include the reason for the extension, a projection of the amount of unspent funds at the contract expiration date, and a definite time period for extension. For your information, I have included the current roster of the scientific personnel within the Division as enclosure(6). I would like to thank you in advance for your efforts; your contributions have helped to ensure that the Ship Structures & Systems Division's programs are at the forefront of Science and Technology. 
Sincerely, Director, Ship Structures & Systems Division 

Enclosures: (1>(6) 



SUMMARY OF FY94 
PUBLICATIONS^ATENTS/PRESI^ATIONS/HONORS/PARTICIPANTS 

(Number Only) 
DNR nonONR 

Number of Papers Submitted to Referred Journal 
but not yet published: 

Number of Papers Published in Refereed 
Journals: 

c. Number of Books or Chapters Submitted but not 
yet Published: 

d. Number of Books or Chapters Published: 

e. Number of Piinted Technical Reports & 
Non-Referred Papers: 

f. Number of Patents Filed: 

g. Number of P stents Granted: 

h. Number of Invited Presentations at Workshops 
or Prof Society Meetings 

i. Number of Contributed Presentations at 
Workshops c r Prof. Society Meetings: 

j , Honors/Awards/Prizes for Contract/Grant 
Employees: 
(selected list attached) 

k. Number of Graduate Students and Post-Docs 
Supported at least 25% mis year on 
contract grant: 

Grad Students: 

Post Doc: 

Number of Female or Minority Pis or CO-PIs 

TOTAL 
Female 
Minority 

TOTAL 
Female 
Minority 

New Female 
Continuing Female 
New Minority 
Continuing Minority 
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LIST OF HONORS/AWARDS 

Name of Person 
Receiving Award 

Recipient's 
Institution 

Name, Sponsor and 
Purpose of Award 

Enclosure (3) 



ONR CONTRACT INFORMATION 

Coatract Title: 

Performing Organization: 

Principal Investigator 

Contract Number 

R & T Project Number 

ONR Scientific Officer: 

ONR FY94 End of Fiscal 
Year Letter 
(01 Oct 1993-30 Sep 1994) 
Enclosure (1) 



LIST OF PUBLICATIONS/REPQRTS/PRESENTATIQNS 

1. Papers Published in Rcfcrccd Journals 

2. Non-Refereed Publications and Published Technical Reports 

3. Presentations 
a. Invited 

b. Contributixl 

4. Books (and sections thereof) 

Enclosure (2) 



ONR FOREIGN TRAVEL POLICY 

Enclosure (5) 

Foreign travel is an issue which is subject to acute sensitivity among Congress, the Administration, and the 
general public. For this reason, and because ultimately we have the responsibility for the judicious use of 
public funds, it is critical that our decisions either to travel overseas or to sponsor travel overseas be based on 
the potential benefit of the trip to the research program versus its cost 

To address these concerns, substantial information is required to justify foreign travel. Therefore, the 
following ONR foreign travel policy is established to supplement existing regulations. 

Al l requests for foreign travel should include the following: 

a. A brief informal memorandum or note describing the nature and purpose of the trip, why it is 
desirable, and the potential benefit to ONR (i.e. a trip justification). 

b. A complete itinerary of the trip, snowing places to be visited (with a brief rationale for each 
stop and dates). 

c. A meeting agenda, i f applicable. Attendance at meetings, symposia, workshops, etc., must be 
characterized by the active participation of the traveler. Giving invited papers, chairing 
sessions, or serving as committee officers are examples of active participation. 

d. Where possible, a list of countries expected to be represented at the meeting or conference. 

e. A copy of the invitation i f the traveler is giving an invited paper. 

f. Very strong justification should two or more persons from the same organization propose to 
attend th; same foreign meeting, workshop, etc., particularly when more than one is to be 
funded from the same ONR contract Only exceptional cases of this sort should be 
recommended by Scientific Officers or Division Directors. Such exceptions might include, for 
example, oceanograpbic research cruises or other such field trips. 

Ample lead time must be provided for foreign travel requests to be considered at each level and for 
meaningful decisions to be made. Requests from contractors, with all of the above required documentation, 
must be received by the ONR Administrative Contracting Officer/Resident Representative at least 60 days 
prior to the commencement of travel; the requests will then be forwarded to ONR headquarters for review. 

Trip reports are required on all foreign travel. Contractors should submit such reports to the cognizant O N R 
Program Officer. 



SHIP STRUCTURES & SYSTEMS S&T DIVISION fONR 3341 

334 Director 

334 Program Officer 

334 IPA Program Officer 

334 Program Officer 

334 Detailee Program Officer 

334 Secretary 

334 Program Officer 

334 Detailee Program Officer 

334 Program Officer 

334 Program Officer 

334 Program Officer 

334 Office Automation Clerk 

334 Program Officer 

334 Secretary 

334 Program Officer 

Dr. Albert). Tucker 
(703) 696-4714 

Dr. Phillip B. Abraham 
(703) 696-4307 

Mr. (Lou) Elias Robert Ashey 
(703) 6960946 

Dr. Roshdy G. Barsoum 
(703) 696-4306 

Dr. Luise Couchman 
(703) 696-0786/NRL (202) 767-3336 

Mrs. Anne Dean 
(703) 696-0784 

Mr. James E. Gagorik 
(703)696-4719 

Mr. Brian Kiviat 
(703) 696-0789 

Mr. Stewart L. Kneessi 
(703) 696-0810 

CDR William A. Mclsaac, USN 
(703)696-5074 

Dr. Geoffrey L. Main 
(703)696-0811 

Ms. Cmdstina J. Mittendorff 
(703) 696-0784/4713 

Dr. Kam W. N g 
(703) 696-0812 

Ms. Maryann Plaskett 
(703)696-4713 

Dr. Yapa D.S. Rajapakse 
(703) 69^4405 

1 E n c l o s u r e (6) 
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ONR CONTRACT INFORMATION 
ContractTillo: COMPRESSIVE BEHAVIOR OF DEBONDED COMPOSITE PLATES AND SHELLS 

PERFORMING ORGANISATION: GEORGIA INSTITUTE OF TECHNOLOGY (AEROSPACE ENGINEERING) 

PRINCIPAL INVESTIGATX: GEORGE A. KARDOMATEAS, ASSOCIATE PROFESSOR OF AEROSPACE ENGINEERING 

CONTRACT NUMBER N00014-9 I - J -1892 

R&T PROJECT NUMBER 4324863 

ONR SCIENTIFIC OFFICER DR. Y.D.S. RAJAPAKSE 



E n d - o f - t h e - F i s c a l - Y e a r R e p o r t ( 1 0 / 9 4 - 9 / 9 5 ) 

C o m p r e s s i v e B e h a v i o r o f D e b o n d e d C o m p o s i t e P l a t e s a n d S h e l l s 

G r a n t N 0 0 0 1 4 - 9 1 - J - 1 8 9 2 
G r a n t M o n i t o r : D r . Y . D . S . R a j a p a k s e 
Ship Structures and Systems, S&: T Division 

P r i n c i p a l I n v e s t i g a t o r : D r . G e o r g e A . K a r d o m a t e a s 
A s s o c i a t e P r o f e s s o r , S c h o o l o f A e r o s p a c e E n g i n e e r i n g 

G e o r g i a I n s t i t u t e o f T e c h n o l o g y , A t l a n t a G A 3 0 3 3 2 - 0 1 5 0 
T e l : ( 4 0 4 ) 8 9 4 - 8 1 9 8 ; F A X : ( 4 0 4 ) 8 9 4 - 9 3 1 3 

( A l 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 of important structural applications of fiber-reinforced composite materials 

involves the configuration of laminated shells. Although thin plate construction has been 
the thrust of the initial applications in the aircraft industry, much attent ion is now be­
ing paid to configurations classified as moderately thick shell structures. For example, 
in the marine industry, composite shell structures are considered for submersible hulls or 
for the support columns in offshore platforms. Furthermore, composite shell structural 
configurations cf moderate thickness can be potentially used for components in the auto­
mobile industry (powertrain or suspension components) and in space vehicles as a primary 
load carrying structure. Moreover, these moderately thick shells are considered for new 
infrastructure-type conceptual designs such as the support columns of bridge structures. 

Specifically, the benefits of composite hulls for submersibles are substantial due to 
the weight savings and improvements in acoustic damping, corrosion resistance, and ma­
neuverability, among others. T h e size of the thickness of a composite hull as well as the 
operational environment present unique issues not found in thin aerospace structures. This 
is because these structures are subjected to high values of external pressure, which in turn 
results in both axial and circumferential compressive fields. Hence, the research that is 
needed to assure the structural integrity is also unique, in the sense that damage growth 
resulting from compression and compression strength itself are the l imiting properties. 
The particulars of the shell geometry notwithstansing, the basic premises that govern the 
behavior of defects in composites under compression can often be assessed by studying the 
simpler laminated plate geometry. 

An important and primary type of defect in composites is the delamination, i.e. local 
debonding at a layer interface. Delaminations or interlayer cracks are developed as a result 
of imperfections in production technology or due to service loads which may include impact 
by foreign objects , and vibrations excited by the propulsion systems. As a consequence, 
structural elements wi th delaminations under compression suffer a degradation of their 
stiffness and buckling strength and potential loss of integrity from possible growth of the 
interlayer crack. 

Furthermore, in view of the multiaxial compressive stress fields, the buckling strength 
of composite shells and curved panels of moderate thickness is of considerable significance 


