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!BSTRACT

4HE�PRESENT�WORK�DEALS�WITH� IMPLEMENTATION�OF
A�NONLINEAR�BUCKLING�ANALYSIS� TECHNIQUE� FOR� THE
PREDICTION� OF� THE� INITIAL� BUCKLING� IN� SIMPLY
SUPPORTED� CURVED� PANELS� SUBJECTED� TO� A
COMBINED� LOADING� STATE� OF� COMPRESSION� AND
SHEAR�� )NTERACTION� BUCKLING� CURVES� ARE
GENERATED� FOR� A� WIDE� RANGE� OF� CURVED� PANELS�
4HE� CURVES� INCLUDE� THE� EFFECT� OF� A� PREEXISTING
LEVEL� OF� IMPERFECTION� IN� THE� PANEL� ON� THE
COMBINED�BUCKLING�CHARACTERISTICS�

'OOD�CORRELATION�WITH�THE�PARABOLIC�.!#!
INTERACTION� CURVE� WAS� OBTAINED� FOR� THE� ENTIRE
COMBINED� LOADING� RANGE� WHEN� THE� MODEL
PREDICTIONS� ARE� PRESENTED� THROUGH� THE� BUCKLING
STRESS� RATIOS� RELATIVE� TO� THE� NONLINEAR� PURE
COMPRESSION� AND� PURESHEAR� CASES�� 4HE� RESULTS
PRESENTED�IN�THIS�WORK�SHOW�THE�HIGH�SENSITIVITY
OF�CURVED�PANEL�BUCKLING�TO�THE�DEGREE�OF�INITIAL
IMPERFECTION� IN� THE� PANEL�� ESPECIALLY� WHEN
COMPRESSION� LOADING� IS�PRESENT��4HE�MAGNITUDE
OF� IMPERFECTION� IN� A� GIVEN� PANEL� WOULD� BE
DEPENDENT� ON� THE� PANEL� CONFIGURATION
PARAMETERS� AND� ITS� RADIUSTOTHICKNESS� RATIO�
$ETAILED� KNOWLEDGE� OF� THIS� DEPENDENCY� WOULD
LEAD� TO� BETTER� PREDICTION� OF� THE� BUCKLING
CHARACTERISTICS�OF�THE�PANEL�

����)NTRODUCTION

4HE� CURRENT� SOURCES� OF� DESIGN� INFORMATION� ON
THE�STABILITY�OF�SHELL�STRUCTURES�ARE�THE�3TRUCTURES
-ONOGRAPHS� PUBLISHED� BY� THE� .ATIONAL
!ERONAUTICS�AND�3PACE�!DMINISTRATION��.!3!	
IN� THE� �����S� ;��=��4HESE�MONOGRAPHS� PROVIDE
DESIGN� INFORMATION� IN� THE� FORM� OF� EMPIRICAL

KNOCKDOWN� FACTORS� AND� DESIGN
RECOMMENDATIONS� FOR� ISOTROPIC� FLAT� AND� CURVED
PANELS�� 4HE� FACTORS� REPRESENT� LOWER� BOUNDS� TO
EXPERIMENTAL� DATA� AVAILABLE� AT� THAT� TIME�� AND
THEY�TAKE�INTO�ACCOUNT�THE�LARGE�SCATTER�OBTAINED
IN� THE� TEST� DATA�� 4HESE� CORRECTIONS� ARE� DONE� TO
ACCOUNT� PRIMARILY� FOR� THE� HIGH� SENSITIVITY� OF
SHELL�BUCKLING�TO�INITIAL�GEOMETRIC�IMPERFECTIONS
IN� THE� STRUCTURE�� 4HE� .!3!� STRUCTURAL� STABILITY
MONOGRAPHS� AND� ALL� THE� REFERENCES� FROM� THE
�����S�AND������S�ON�WHICH�THE�MONOGRAPHS�ARE
BASED�� PROVIDE� A� RELIABLE� BUT� OVERCONSERVATIVE
MEANS�OF�DESIGNING�SHELL�STRUCTURES��)N�ADDITION�
THE� APPLICABILITY� OF� THE� INFORMATION� TO� HIGH
PERFORMANCE� SHELL� STRUCTURES� SUCH� AS� FIBRE
REINFORCED� COMPOSITES� IS� LIMITED�� 4HE� DESIGN
GUIDELINES�ON�SHELL�STABILITY�GIVEN�IN�THE�.!3!
MONOGRAPHS� ARE� WIDELY� USED� THROUGHOUT� THE
AEROSPACE�INDUSTRY�

-ANY�ADVANCES�IN�THE�AREA�OF�SHELL�STABILITY
ANALYSIS�HAVE�BEEN�ACCOMPLISHED�SINCE�THE�DAYS
OF� THE� .!3!� MONOGRAPHS�� !T� THE� SAME� TIME�
THE�AVAILABILITY� TODAY�OF�MODERN�AND�AFFORDABLE
COMPUTING� RESOURCES� HAS� ENABLED� THE
DEVELOPMENT� OF� ADVANCED� COMPUTATIONAL
STRUCTURAL�ANALYSIS�CAPABILITIES� FOR� THE�NONLINEAR
ANALYSIS� OF� SHELL� STRUCTURES�� 4HEREFORE�� IT� IS
EVIDENT� THAT� THE� INFORMATION� PROVIDED� IN� THE
.!3!�MONOGRAPHS� ON� SHELL� STABILITY�� AS� IT� HAS
ALSO� BEEN� INDICATED� IN�2EFERENCE� ��� NEED� TO� BE
UPDATED�AND�EXPANDED�

�� #URRENT�!PPROACH�AND�/BJECTIVE

!� NONLINEAR� MODELLING� TECHNIQUE� FOR� THE
BUCKLING� ANALYSIS� OF� CURVED� PANELS� HAS� BEEN
DEVELOPED� INHOUSE�� )MPLEMENTATION� OF� THIS
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TECHNIQUE� FOR� PREDICTION� OF� THE� INITIAL� BUCKLING
IN� SIMPLYSUPPORTED� CURVED� PANELS� SUBJECTED� TO
PURE� COMPRESSION� AND� PURE� SHEAR� HAS� BEEN
REPORTED�RECENTLY�IN�;�=�AND�;�=��RESPECTIVELY��)N
THE�ABOVE�STUDIES��NONLINEAR�DESIGN�CURVES�WERE
GENERATED� FOR� EACH� LOADING� CASE�� REPRESENTING
THE�CORRESPONDING�BUCKLING�STRESS�COEFFICIENT�AS
A�FUNCTION�OF� THE�NONDIMENSIONAL�CURVED�PANEL
PARAMETER�:

B

��4HE�EXPRESSION�FOR�:
B

�IS�GIVEN�BY�

:
B

��B��RT	��n�	��� �����	

WHERE�n� IS� THE�0OISSON S� RATIO� AND�B�R�T� ARE� THE
PANEL S� WIDTH� �CIRCUMFERENTIAL� DIMENSION	�
RADIUS� AND� THICKNESS�� 4HE� PRESENT� WORK� DEALS
WITH�IMPLEMENTATION�OF�THE�ABOVE�TECHNIQUE�FOR
THE� CASE� OF� SIMPLYSUPPORTED� CURVED� PANELS
SUBJECTED� TO� COMBINED� COMPRESSION� AND� SHEAR
LOADING��4HE�WORK�CONSISTS�OF� THE�GENERATION�OF
COMPRESSION�SHEAR� INTERACTION� BUCKLING� CURVES
FOR� THESE� PANELS��4HE� SOFTWARE� USED� HERE� IS� THE
&INITE� %LEMENT� CODE�-3#�-ARC�� A� COMMERCIAL
PACKAGE� KNOWN� FOR� ITS� ADVANCED� NONLINEAR
CAPABILITIES�

4HE� CURRENTLY� USED� INTERACTION� CURVES� FOR
COMBINED� COMPRESSION� AND� SHEAR� BUCKLING� OF
SIMPLYSUPPORTED�CURVED�PANELS�ARE�PRESENTED�IN
&IGURE���AFTER�THE�ORIGINAL�SOURCE�BY�.!#!�;�=�
4HE� INTERACTION� CURVE� IS� REPRESENTED� BY� THE
PARABOLA
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)N�THE�ABOVE�EXPRESSIONS��&
S

�&
C

�ARE�THE�SHEAR�AND
COMPRESSION�BUCKLING�STRESSES�� RESPECTIVELY�� FOR
A�PARTICULAR�LOADING�RATIO��AND��&
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�ARE�THE
BUCKLING� STRESSES� FOR� THE� PURESHEAR� AND� PURE
COMPRESSION� CASES�� RESPECTIVELY�� 4HE� ABOVE

FIGURE� ALSO� DEPICTS� NUMEROUS� TEST� DATA� POINTS
GATHERED�IN�THE������S��3HOULD�BE�NOTED�THE�LARGE
SCATTER� IN� THE� TEST� DATA� IN� COMPARISON� TO� THE
PARABOLIC�RELATIONSHIP�

4HE� OBJECTIVE� OF� THE� PRESENT� WORK� IS� TO
GENERATE�REFINED�INTERACTION�CURVES�FOR�COMBINED
COMPRESSION�SHEAR� BUCKLING� OF� CURVED� PANELS
THROUGH� THE� USE� OF� ADVANCED� NONLINEAR
MODELLING�TECHNIQUES��4HE�RESULTING�CURVES�WILL
REPRESENT� AN� UPDATE� AND� EXPANSION� OF� THE
CURRENTLY� USED� INTERACTION� CURVES�� AND� WILL
ADDRESS� IN� PARTICULAR� THE� ISSUE� OF� INITIAL
GEOMETRIC�IMPERFECTIONS�IN�THE�PANEL�

����-ODEL�$ESCRIPTION

!� SCHEMATIC� VIEW� OF� A� TYPICAL� CURVED� PANEL� IS
DEPICTED� IN� &IGURE� ��� )NITIAL� GEOMETRIC
IMPERFECTIONS�IN�THE�PANEL�ARE�INCORPORATED�INTO
THE�MODEL� THROUGH� A� COORDINATE� PERTURBATION� IN
THE�RADIAL�DIRECTION�FOR�EACH�NODE� IN� THE�MODEL�
4HE� IMPERFECTIONS�ARE� INTRODUCED� IN� A�WAY� THAT
THEIR� MAGNITUDE� IS� DESCRIBED� VIA� A� PREDEFINED
IMPERFECTION� COEFFICIENT� A

�

�� !� DETAILED
DESCRIPTION� OF� THIS� IMPERFECTION� METHODOLOGY
CAN�BE�FOUND�IN�;���=�

4HE� LOADING� STRATEGY� USED� TO� INDUCE� A
COMBINED� STATE� OF� COMPRESSION� AND� SHEAR� IS
PRESENTED� IN� &IGURE� ��� 4HE� FIGURE� DEPICTS� THE
DEFINITION� OF� A� COMBINED� LOADING� PARAMETER� φ�
WHICH� REPRESENTS� THE� ANGLE� IN� DEGREES� IN� A
COMBINED� AXIAL�SHEAR� INTERACTION� PLOT� ALONG
WHICH� THE� INCREMENTAL� LOADING� IS� APPLIED�� )N
THEORY�� THE�ABOVE�PARAMETER� CAN� ASSUME�VALUES
BETWEEN� �O� AND� ���O�� HOWEVER� THE� RESULTS
PRESENTED� IN� THE� PRESENT� STUDY� ARE� LIMITED� TO
VALUES� OF� φ� RANGING� FROM� �O� FOR� THE� PURE
COMPRESSION�CASE�TO���O�FOR�THE�PURE�SHEAR�CASE�
4HIS� RANGE� REPRESENTS� THE� FIRST� QUADRANT� IN� AN
OVERALL�AXIAL�SHEAR�INTERACTION�PLOT�

4HE� COMBINED� LOADING� IS� APPLIED
INCREMENTALLY� VIA� PRESCRIBED� AXIAL� AND
CIRCUMFERENTIAL� DISPLACEMENTS� ON� ALL� EDGES� OF
THE�PANEL��4HE�INCREMENTAL�DISPLACEMENTS�FOR�THE
CASE�OF�FLAT�PANELS�ARE�DEFINED�BY�
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��aDU
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ARE� THE� INCREMENTAL� AXIAL� AND
TRANSVERSE� DISPLACEMENTS� AT� THE� MAIN� LOADING
EDGE��RESPECTIVELY���&
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�ARE�THE�THEORETICAL
BUCKLING� STRESSES� FOR� THE� PURESHEAR� AND� PURE
COMPRESSION� CASES�� RESPECTIVELY�� ν� IS� THE
MATERIAL� 0OISSON�S� RATIO�� AND�φ� IS� THE� COMBINED
COMPRESSION�SHEAR� LOADING� PARAMETER�� &OR
CURVED� PANELS�� THE� INCREMENTAL� DISPLACEMENTS
ARE�
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)N� THE� ABOVE� EQUATIONS��Dq
�

� IS� THE� INCREMENTAL
ANGLE� OF� ROTATION� AT� THE� MAIN� LOADING� EDGE� TO
INDUCE�THE�SHEAR�LOADING��DW

�

�IS�THE�INCREMENTAL
AXIAL� DISPLACEMENT� AT� THE� MAIN� LOADING� EDGE�
AND� R� IS� THE� RADIUS� OF� THE� PANEL�� !LL� THE
KINEMATIC� LOADING� EDGE� CONDITIONS� APPLIED� ON
THE� PANEL� BASED� ON� THE� ABOVE� DEFINITIONS� ARE
ILLUSTRATED� IN� &IGURE� �� FOR� BOTH� FLAT� AND� CURVED
PANELS�

)N� THE� SELECTION� OF� THE� PANELS� TO� BE
ANALYZED�� A� NUMBER� OF� GEOMETRIC� AND� MATERIAL
PARAMETERS� ARE� PRESELECTED� AND� KEPT� CONSTANT
FOR�ALL�PANELS��4HESE�PARAMETERS�ARE�THE�RADIUS�OF
CURVATURE� R�� THICKNESS� T�� ASPECT� RATIO� A�B�
9OUNG�S� MODULUS� %� AND� 0OISSON�S� RATIO� n�
3PECIFICATION� OF� THE� CURVED� PANEL� PARAMETER�:

B

FOR�THE�DIFFERENT�PANELS�SUBSEQUENTLY�DETERMINES
THE� VALUE� OF� THE� CORRESPONDING� PANEL� WIDTH� B
�VIA�%Q���	�AND�PANEL�LENGTH�A�

����$ETERMINATION�OF�THE�"UCKLING�,OAD

4HE� TECHNIQUES� TYPICALLY� USED� FOR� THE
IDENTIFICATION� OF� THE� INSTANT� OF� BUCKLING� IN
CURVED� PANELS� ARE� STRONGLY� DEPENDENT� UPON� THE
GLOBAL� RESPONSE�OF� THE�PANEL�DURING� THE� LOADING
PROCEDURE�� WHICH� BY� ITSELF� DEPENDS� ON� THE
SPECIFIC� CONFIGURATION� OF� THE� PANEL�� &OR� THIS
PURPOSE��THREE�TYPICAL�CASES�HAVE�BEEN�IDENTIFIED

IN� THE� CURRENT� WORK�� AND� THEY� ARE� DEPICTED
SCHEMATICALLY�IN�&IGURE���

4HE� MOST� STRAIGHTFORWARD� AND� CONVENIENT
APPROACH� WOULD� BE� TO� IDENTIFY� THE� INSTANT� OF
BUCKLING�DIRECTLY� FROM� THE�PANEL�S� OVERALL� LOAD
VERSUSDISPLACEMENT� CURVE� �OR� STRESSVERSUS
STRAIN�CURVE	��/NE�CASE�OF�THIS�KIND�OF�RESPONSE�
REFERRED� TO� AS� #ASE� )�� IS� CHARACTERIZED� BY� AN
OVERALL� BILINEAR� LOADDISPLACEMENT� DEPENDENCY�
4HE� POINT� OF� DISCONTINUITY� IN� THE� SLOPE
REPRESENTS�THE�INSTANT�OF�BUCKLING�OF�THE�PANEL��!
SECOND� CASE� UNDER� THE� SAME� APPROACH�� REFERRED
TO�AS�#ASE� ))�� EXHIBITS�A�VERY�GRADUAL� REDUCTION
IN� STIFFNESS� �AN� ALMOST� LINEAR� CURVE	� EVEN� AT
SMALL�LOAD�LEVELS��FOLLOWED�BY�A�SUDDEN�DROP�IN
THE� LOAD�� 4HE� PEAK� LOAD� CLEARLY� REPRESENTS� THE
BUCKLING�LOAD�OF�THE�PANEL�

5NLIKE� THE� FIRST� TWO� CASES�� SOME� PANEL
CONFIGURATIONS� ARE� CHARACTERIZED� BY� A� LOAD
DISPLACEMENT� CURVE� WHICH� EXHIBITS� A� NONLINEAR
RESPONSE�IMMEDIATELY�FROM�THE�ONSET�OF�LOADING�
WITH� A� CONTINUOUS� REDUCTION� IN� THE� OVERALL
STIFFNESS��#ASE�)))� �IN�&IGURE��	�� )N�SUCH�A�CASE�
THE� CRITICAL� BUCKLING� LOAD� CANNOT� BE� PINPOINTED
DIRECTLY� FROM� AN� INSPECTION� OF� THE� LOAD
DEFLECTION� CURVE�� 4HEREFORE�� A� DIFFERENT
PROCEDURE� MUST� BE� APPLIED�� )N� THIS� CASE�� THE
DEVELOPMENT� OF� THE� OUTOFPLANE� DISPLACEMENT
AS� A� FUNCTION� OF� THE� APPLIED� DISPLACEMENT
LOADING� IS� FOLLOWED� AT� THE� LOCATION� IN� THE�PANEL
WHICH�DISPLAYS�THE�LARGEST�DEFLECTION�AT�THE�POST
BUCKLED� STAGE�� )N� MATHEMATICAL� TERMS�� THE
INSTANT� OF� BUCKLING� FOR� THIS� CASE� IS� IDENTIFIED
WHEN�

; W
CR

��� U
�

=��MAXIMUM �����	

WHERE�W
CR�

U
��

ARE� THE� OUTOFPLANE� DEFLECTION� OF
THE�CRITICAL�LOCATION�IN�THE�PANEL�AND�THE�APPLIED
DISPLACEMENT�LOADING��RESPECTIVELY�

����-ODEL�2ESULTS�AND�$ISCUSSION

!� VARIETY� OF� SIMPLYSUPPORTED� PANELS� WITH
R�T������ AND� A�B��� HAVE� BEEN� ANALYZED� IN� THE
RANGE� � :

B

���� USING� THE� ABOVE�METHODOLOGY�
!S�IT�WAS�DISCUSSED�IN�2EFERENCES�;���=��THERE�IS
A� STRONG� DEPENDENCY� OF� THE� BUCKLING� STRESS� ON
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THE� DEGREE� OF� INITIAL� IMPERFECTION� IN� CURVED
PANELS�UNDER�ANY�TYPE�OF�LOADING�CONDITIONS��AND
IN� PARTICULAR� FOR� PANELS� IN� THE� INTERMEDIATE
���:

B

��	�AND�HIGHLYCURVED�����:
B

	�RANGES�� )T
IS� BELIEVED� THAT� THE� ACTUAL� AMOUNT� OF
IMPERFECTION�IN�A�GIVEN�PANEL�IS�DEPENDENT�UPON
THE�CURVED�PANEL�PARAMETER�:

B

�AS�WELL�AS�ON� ITS
R�T�RATIO�;�=��&OR�CONVENIENCE�PURPOSES��A�SINGLE
NORMALIZED� IMPERFECTION� FUNCTION� WAS� USED� IN
EACH� CURVED� PANEL� CONFIGURATION� FOR� EVERY� CASE
OF� THE� COMBINED� LOADING� PARAMETER� φ�� 4HIS
FUNCTION� WAS� CHOSEN� TO� BE� THE� ONE
CORRESPONDING� TO� THE� LOADING� CASE� f���O�� 4HE
MAGNITUDE� OF� THE� IMPERFECTION� IN� THE� PANEL� IS
INTRODUCED�VIA�THE�IMPERFECTION�PARAMETER�A

�

��!
PARTICULAR� VALUE� OF�A

�

� WAS� SELECTED� FOR� EACH� OF
THE� PANELS� ANALYZED� IN� THE� PRESENT� WORK� BASED
ON�THE�RESULTS�PRESENTED�IN�;���=�

4HIRTEEN� PANEL� CONFIGURATIONS� HAVE� BEEN
INVESTIGATED�� (OWEVER�� PLOTS� FOR� ONLY� THREE
REPRESENTATIVE� CASES� ARE� PRESENTED� HERE�� 4HESE
CORRESPOND�TO�THE�PERFECTLYFLAT�CASE� �:

B

��	�AND
CURVED� PANELS�WITH�:

B

��� AND� ���� 4YPICAL� POST
BUCKLED�SHAPES� FOR� THESE�PANELS�ARE�DEPICTED� IN
&IGURES� ���� RESPECTIVELY�� CORRESPONDING� TO� THE
COMBINED�LOADING�CASE�OF�φ���O�

4HE� PREDICTED� RESPONSES� FOR� THE� ABOVE
PANELS�ARE�ILLUSTRATED�IN�&IGURES�����THROUGH�THE
COMPRESSIVE�STRESSVERSUSAXIAL�STRAIN�CURVES�FOR
EIGHT� VALUES� OF� φ� RANGING� FROM� �O� �PURE
COMPRESSION	�TO���O��PURE�SHEAR	��3IMILAR�CURVES
�NOT� SHOWN� HERE	� COULD� BE� GENERATED� ALSO� IN
TERMS�OF�THE�SHEAR�STRESSVERSUSSHEAR�STRAIN�

4HE� NONLINEAR� RESULTS� ARE� ALSO� SHOWN� IN
&IGURES� ����� IN� THE� FORM� OF� 2

S

VERSUS2
C

INTERACTION�PLOTS��DEFINED�IN�%QUATIONS���AND��	�
WHICH�IS�SIMILAR�TO�THE�CURRENTLY�USED�INTERACTION
CURVE� FROM� .!#!�� 4HE� FIGURES� ALSO� SHOW� FOR
REFERENCE� THE� PARABOLIC� .!#!� CURVE� BASED� ON
%Q�����AS�WELL�AS�A�LINEAR�RELATIONSHIP�CURVE��4HE
NONLINEAR� PREDICTIONS� FOR� THE� SHEAR� AND
COMPRESSION� BUCKLING� STRESS� RATIOS� 2

S

�2
C

� ARE
PLOTTED�IN�THE�ABOVE�FIGURES���A	�IN�RELATION�TO�THE
THEORETICAL� �.!#!�� SUBSCRIPT� �TH�	� BUCKLING
STRESSES� FOR� THE� PURESHEAR� AND� PURE
COMPRESSION�CASES�
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AND� �B	� IN� RELATION� TO� THE� PREDICTED� NONLINEAR
�SUBSCRIPT��FEA�	�BUCKLING�STRESSES� FOR� THE�PURE
SHEAR�AND�PURECOMPRESSION�CASES�
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4HE� RESULTS� REVEAL� THAT� FOR� PANELS� IN� THE
ALMOSTFLAT� RANGE� OF� � :

B

�� �WHICH� FROM
PRACTICAL� MANUFACTURING� CONSIDERATIONS� ARE
CHARACTERIZED�BY�LOW�LEVELS�OF�IMPERFECTION	��THE
NONLINEAR� PREDICTIONS� USING� VALUES� OF� A

�

����
CORRELATE�VERY�WELL�WITH�THE�PARABOLIC� REFERENCE
CURVE�FOR�THE�ENTIRE�RANGE��O f ��O��SEE�&IGURES
��� AND� ��	�� )T� SHOULD� BE� NOTED� THAT� THIS� IS
REGARDLESS�OF�WHICH�OF� THE� ABOVE� APPROACHES� IS
USED� TO� CALCULATE� THE� BUCKLING� STRESS� RATIOS� 2

S

AND�2
C

�
&OR� INTERMEDIATE� ���:

B

��	� AND� HIGHLY
CURVED� �:

B

���	� PANELS� �SEE� REPRESENTATIVE� CASE
IN� &IGURE� ��	�� THE� NONLINEAR� PREDICTIONS�� WHEN
PLOTTED�USING�THE�BUCKLING�STRESS�RATIO�PAIR��2

S

	
TH

AND��2
C

	
TH

��DIVERGE�SIGNIFICANTLY�FROM�A�PARABOLIC
RELATIONSHIP� IN� THE� COMPRESSIONDOMINATED
LOADING� REGION� �f���O	�� 4HIS� LARGE� DISCREPANCY
MIGHT� BE� A� CONSEQUENCE� OF� THE� HIGH� SENSITIVITY
OF� COMPRESSION� BUCKLING� ON� THE� CHOICE� OF
IMPERFECTION� DISTRIBUTION� FUNCTION� IN� THE� ABOVE
RANGE� OF� CURVED� PANELS�� #ONVERSELY�� IN� THE
SEGMENT�WHERE� SHEAR� IS� DOMINANT� ���O f ��O	�
THE� MODEL� RESULTS�� ALTHOUGH� HIGHER� THAN� THE
.!#!� ESTIMATES�� EXHIBIT� A� DEPENDENCY� MUCH
CLOSER� TO� PARABOLIC� THAN� THE� COMPRESSION
DOMINATED�CASES��)N�THE�ABOVE�RANGES�OF�PANELS�
7HEN� THE� MODEL� PREDICTIONS� ARE� PRESENTED�
HOWEVER�� USING� THE� BUCKLING� STRESS� RATIO� PAIR
�2

S

	
FEA

�AND��2
C

	
FEA

��THE�INTERACTION�BUCKLING�CURVE
IS� VERY� CLOSE� TO� PARABOLIC� FOR� THE� ENTIRE
COMBINED�LOADING�RANGE��O f ��O�
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4HE� PREVIOUS� STUDIES� CONDUCTED� FOR� THE
PURECOMPRESSION� AND� PURESHEAR� LOADING� CASES
;���=� HAVE� INDICATED� A� CERTAIN� DEGREE� OF
CONSERVATISM� IN� THE� CURRENTLY� USED� .!#!
DESIGN� CURVES� FOR� PANELS� IN� THE� HIGHLYCURVED
RANGE�� 4HIS� OBSERVATION� IS� ALSO� REFLECTED� IN� THE
RESULTS�PRESENTED� IN� THIS�WORK�� AND�PRIMARILY� IN
THE�COMPRESSIONDOMINATED�LOADING�REGION��)T�IS
RECOMMENDED� THAT� A� PARABOLIC� RELATIONSHIP� BE
USED� FOR� THE� BUCKLING� INTERACTION� CURVE� OF
CURVED�PANELS�UNDER�COMBINED�COMPRESSION�AND
SHEAR� LOADING�� HOWEVER� THROUGH� THE� USE� OF� THE
BUCKLING� STRESS� RATIOS� �2

S

	
FEA

� AND� �2
C

	
FEA

CALCULATED� RELATIVE� TO� THE� NONLINEAR� PREDICTIONS
FOR�THE�PURECOMPRESSION�AND�PURESHEAR�CASES�

����#ONCLUDING�2EMARKS

!� NONLINEAR� MODELLING� TECHNIQUE� FOR� THE
PREDICTION� OF� THE� INITIAL� BUCKLING� IN� SIMPLY
SUPPORTED� CURVED� PANELS� UNDER� COMBINED
COMPRESSION� AND� SHEAR� LOADING� HAS� BEEN
PRESENTED�� )NTERACTION� BUCKLING� CURVES� WERE
GENERATED� FOR� CURVED� PANELS� IN� THE� RANGE
� :

B

�����AND�THEY�INCLUDE�THE�EFFECT�OF�A�PRE
EXISTING�LEVEL�OF�IMPERFECTION�IN�THE�PANEL�ON�THE
COMBINED�BUCKLING�CHARACTERISTICS�

4HE�NONLINEAR�INTERACTION�PREDICTIONS��WHEN
PRESENTED� THROUGH� THE�BUCKLING� STRESS� RATIO� PAIR
�2

S

	
FEA

� AND� �2
C

	
FEA

�� WERE� FOUND� TO� CORRELATE� WELL
WITH� THE� PARABOLIC� .!#!� CURVE� FOR� THE� ENTIRE
RANGE��O f ��O�

)T� IS� IMPORTANT� TO� REMEMBER� THAT� CURVED
PANEL� BUCKLING� IS� EXTREMELY� SENSITIVE� TO� THE
DEGREE� OF� INITIAL� IMPERFECTION� IN� THE� PANEL�
ESPECIALLY�WHEN�COMPRESSION�LOADING�IS�PRESENT�
)N� ADDITION�� THE�MAGNITUDE�OF� IMPERFECTION� IN� A
GIVEN� PANEL� WOULD� BE� DEPENDENT� UPON� THE
CURVED� PANEL� PARAMETER� :

B

� AS� WELL� AS� ON� ITS
RADIUSTOTHICKNESS�RATIO��$ETAILED�KNOWLEDGE�OF
THIS�DEPENDENCY�WOULD�LEAD�TO�BETTER�PREDICTION
OF�THE�BUCKLING�CHARACTERISTICS�OF�THE�PANEL�
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&IGURE��� �4YPICAL�CURVED�PANEL�CONFIGURATION�
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&IGURE� �� � 3CHEMATIC� OF� THE� COMBINED
COMPRESSION�AND�SHEAR�LOADING�STRATEGY�
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&IGURE� �� �$EFINITION� OF� THE� KINEMATIC� LOADING
EDGE� CONDITIONS� USED� FOR� THE� INTRODUCTION� OF
COMBINED�COMPRESSION�AND�SHEAR� LOADING� IN� �A	
FLAT�AND��B	�CURVED�PANELS�
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&IGURE� �� � 4HE� 6ARIOUS� #ASES� %NCOUNTERED� IN
THE�0REDICTION�OF�THE�3TRESSVERSUS3TRAIN�#URVE
FOR� A� 3IMPLY3UPPORTED� #URVED� 0ANEL�� AND� THE
)DENTIFICATION� OF� THE� #ORRESPONDING� "UCKLING
3TRESS�

&IGURE��� �$EFORMED�SHAPE�AT� THE�POSTBUCKLED
STAGE� OF� A� SIMPLYSUPPORTED� FLAT� PANEL� �:B��	
WITH� R�T������ AND� IMPERFECTION� PARAMETER
A
�

������� UNDER� COMBINED� COMPRESSION� AND
SHEAR�LOADING��φ=45ο)�
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&IGURE��� �$EFORMED� SHAPE� AT� THE� POSTBUCKLED
STAGE�OF�A�SIMPLYSUPPORTED�CURVED�PANEL��:B��	
WITH� R�T������ AND� IMPERFECTION� PARAMETER
A
�

������UNDER�COMBINED�COMPRESSION�AND�SHEAR
LOADING��φ=45ο)�

&IGURE��� �$EFORMED� SHAPE� AT� THE� POSTBUCKLED
STAGE� OF� A� SIMPLYSUPPORTED� CURVED� PANEL
�:B���	� WITH� R�T������ AND� IMPERFECTION
PARAMETER�A
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������UNDER�COMBINED�COMPRESSION
AND�SHEAR�LOADING��φ=45ο)�
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Sim ply-Supported FlatPanelwith Zb=0 and r/t=1000

a0=0.001 (from φ=45o case)

&IGURE� �� � 0REDICTED� COMPRESSIVE� STRESSSTRAIN
CURVE� FOR� A� SIMPLYSUPPORTED� FLAT� PANEL� �:B��	
WITH� R�T������ AND� IMPERFECTION� PARAMETER
A
�

�������AS�A�FUNCTION�OF�THE�SHEAR�COMPRESSION
COMBINED�LOADING�ANGLE�φ�
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Slope

a0=0.05 (from φ=45o case)
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Sim ply-Supported Curved Panelwith Zb=7 and r/t=1000

&IGURE� ��� � 0REDICTED� COMPRESSIVE� STRESSSTRAIN
CURVE�FOR�A�SIMPLYSUPPORTED�CURVED�PANEL�WITH
:B���� R�T������ AND� IMPERFECTION� PARAMETER
A
�

������AS� A� FUNCTION�OF� THE� SHEAR�COMPRESSION
COMBINED�LOADING�ANGLE�φ�
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Sim ply-Supported Curved Panelwith Zb=15 and r/t=1000

a0=0.15 (from φ=45o case)

&IGURE���� �0REDICTED� COMPRESSIVE� STRESSSTRAIN
CURVE�FOR�A�SIMPLYSUPPORTED�CURVED�PANEL�WITH
:B����� R�T������ AND� IMPERFECTION� PARAMETER
A
�

������AS� A� FUNCTION�OF� THE� SHEAR�COMPRESSION
COMBINED�LOADING�ANGLE�φ�
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Sim ply-Supported FlatPanelwith Zb=0 and r/t=1000

a0=0.001 (from φ=45o case)

&IGURE� ��� � 0REDICTED� SHEAR�COMPRESSION
INTERACTION�BUCKLING�FOR� A� SIMPLYSUPPORTED� FLAT
PANEL� �:B��	� WITH� R�T������ AND� IMPERFECTION
PARAMETER� A
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������� IN� THE� COMBINED� LOADING
ANGLE�RANGE��O f 90O�
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Sim ply-Supported Curved Panelwith Zb=7 and r/t=1000

a0=0.05 (from φ=45o case)

&IGURE� ��� � 0REDICTED� SHEAR�COMPRESSION
INTERACTION� BUCKLING� FOR� A� SIMPLYSUPPORTED
CURVED� PANEL� WITH� :
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IMPERFECTION�PARAMETER�A
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Sim ply-Supported Curved Panelwith Zb=15 and r/t=1000

a0=0.15 (from φ=45o case)
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