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In the traditional hole drilling method the in-plane stresses are studied in detail and the interlaminar
stresses are not taken seriously. The interlaminar stresses on the free edge of composite materials are
important and can cause matrix cracking and delamination. Inserting holes in composite laminates
causes free edges and it can induce interlaminar shear and normal stresses. In this research, using a
finite element method and the simulated hole drilling method for isotropic and orthotropic materials,
the three dimensional state of stresses are studied. The number of steps for hole drilling, the uniform
and non-uniform pre-stresses, and uniaxial and biaxial stresses are considered. The results show if
the number of drilling steps changes from one to four, the ratio of the maximum three-dimensional
stresses to the induced uniaxial stress is changed. The mechanical properties of each layer, number
of layers, and the stacking sequence are important parameters for laminated composites. Therefore,
unidirectional plies under uniaxial and biaxial state of stresses are considered. Then, the interlami-
nar stresses for the cross-ply, angle-ply and quasi-isotropic laminated are studied. The effects of
interlaminar stresses on the residual stresses on the point of measurement of strains by strain gauges
are studied in detail.
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…›³…ÿ ì¥~ô¬ ‹±…ÿ {œ³üú ô {¥éýê Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ º~û …²

°ô½ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ �±¬…̈}ñ~. ¬° {¥ÛýÛ†– „ð†ó {ñ¼|ø†ÿ

�·í†ð~ ‹ú Îñõ…ó {ñ¼|ø†ÿ …ôèýú ìõ›õ¬ ¬° ¶†²û Ö±Å º~û …¶• Þú

¤Ù̄ {ñ¼|ø†ÿ …ôèýú ¬° ð†¤ýú ¶õ°…«|Þ†°ÿ ‹†Î™ {Óýý± {õ²üÐ {ñ¼ ¬°

¶†²û ìþ|â±¬¬. ¬° ¶†ë 5991€ nainootooTô rejahS]21[ ‹±…ÿ …Ö³…ü¼

¤·†¶ý• °ô½ ¶õ°…«|Þ†°ÿ ¶Ïþ ¬° …üœ†¬ üà ¶õ°…« ì©±ôÆþ ¬°

ðíõðú ô …ð~…²û|âý±ÿ Þ±ð¼|ø†ÿ °ø† º~û Þ±¬ð~. „ðù† ‹±…ÿ ì¥†¶Œú

Â±…ü� Þ†èýŒ±…¶ýõó ‹† …¶}×†¬û …² °ô½ …›³…ÿ ì¥~ô¬ ô …̈}¿†Á

ì~ôë Þ»·†ó ð³¬üà ¾×± ‹ú …›³…ÿ ¶õ°…«€ ìÛ†¬ü± Â±…ü�

Þ†èýŒ±…¶ýõó °… …Ö³…ü¼ ô ¬Ú• °ô½ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ °… ‹†æ ‹±¬ð~.

initreB ôinihgeB]31[ ¶Ïþ ‹± „ó ¬…º}ñ~ Þú Â±…ü� ìõ÷± ¬° °ô½
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τxy τyz σz

τxy
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τxy σy σx
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…÷± {ñ¼||ø†ÿ ‹ýò æüú|…ÿ èŒú „²…¬ ‹± {ñ¼|ø†ÿ �·í†ð~ Þ†ì�õ²ü•|ø†ÿ �éýí±ÿ ¬° °ô½ ... ì¥íõ¬ ìù±¬…¬ ºß±üú€ …¤í~°Â† Ú†¶íþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î€ ºí†°û 4€ ìƒƒùƒƒ± -„‹ƒƒ†ó 6831 
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…ð}ã±…ë °… …¾ç§ Þññ~. „ð†ó ‹† …¶}×†¬û …² °ô½ …›³…ÿ ì¥~ô¬ {õ…‹Ð ìõ÷±

‹± …üò Â±…ü� ô ̈Ç†ø†ÿ …¤}í†èþ Îíéý†– ¶õ°…«|Þ†°ÿ °… ‹±°¶þ

Þ±¬ð~. ieW ôhoA|]|41[  ðý³ ‹† …¶}×†¬û …² ì~ë|ø†ÿ ¬ô ‹Ï~ÿ ô ¶ú ‹Ï~ÿ

…›³…ÿ ì¥~ô¬ ð»†ó ¬…¬ð~ Þú ð}†ü� üà ì~ë ¶ú|‹Ï~ÿ …›³…ÿ ì¥~ô¬ ¬°

{Ïýýò Â±…ü� Þ†èýŒ±…¶ýõó ìõ÷±{± ô ð}†ü� „ó ‹ú ô…ÚÏý• ð³¬üß}± …¶•.

gnawH| ô øíß†°…ó ]|51[€ °ô½ …›³…ÿ ì¥~ô¬ °… ‹±…ÿ …¾ç§ Â±…ü�

Þ†èýŒ±…¶ýõó °ô½ ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ …ð}©†Ž Þ±¬ð~. „ð†ó ¬°

{¥ÛýÛ†– ̈õ¬ ‹ú ìÇ†èÏú Â±…ü� Þ†èýŒ±…¶ýõó ¬° ¬ô ›ù• �±¬…̈}ú ô

°Ö}†° …üò Â±…ü� °… ‹† º~– {ñ¼ ‹±°¶þ Þ±¬û|…ð~. …ì†€ ¬° ì±ô°

ìÇ†èÏ†– â̄º}ú ‹±°¶þ {ñ¼|ø†ÿ ̈†°ž ¾×¥ú|…ÿ ¬° ¶õ°…«|Þ†°ÿ

ðíõðú|…ÿ€ Þú {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú|…ÿ ¬° „ó ì¥Œõ¹ …¶•€ ì»†ø~û

ð»~û …¶•.

¬° …üò {¥ÛýÜ€ ‹† …¶}×†¬û …² °ô½ ºŒýú|¶†²ÿ Ö±…üñ~ ¶õ°…«|Þ†°ÿ

ì±Þ³ÿ Þú {õ¶È ºß±üú ô Ú†¶íþ ]|7[| …°…̂ú â±¬ü~û …¶•€ ‹ú ìÇ†èÏú

{ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° ¤ýò Ö±…üñ~ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ �±¬…̈}ú º~û

…¶•. …² „ó|›† Þú {ñ¼|ø†ÿ �·í†ð~ …Òé� ì†øý• ¬ô‹Ï~ÿ ¬…°ð~€ ðíõðú

²ü± {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú|…ÿ ¬° ðË± â±Ö}ú º~û …¶•€ …ì† ¬° èŒú „²…¬

¶õ°…« {ñ¼|ø† ‹ú ºßê ¶ú|‹Ï~ÿ ìÇ†èÏú º~û …¶•. ‹±…ÿ ìÇ†èÏú

{ñ¼|ø†ÿ ¶ú|‹Ï~ÿ üà ðíõðú Öõæ¬ÿ )3/0=,aPG002= E( ‹ú …‹Ï†¬

mm051×051 ‹† …¶}×†¬û …² ð±ï|…Ö³…° …›³…ÿ ì¥~ô¬ SYSNA|€ ì~ë º~û

…¶•. ›³Š ìõ°¬ …¶}×†¬û ›³Š 8 â±û|…ÿ 581 diloS…¶•. ì¥ê

¶õ°…«|Þ†°ÿ ‹† ÚÇ± mm2 ðý³ ‹ú ¬Ú• ì}í†ü³ â±¬ü~û ô ›³Š‹ñ~ÿ º~û

…¶• )ºßê 1(.

�̧ …² ô…°¬ Þ±¬ó {ñ¼ …ôèýú ‹ú ðíõðú ‹ú Îñõ…ó {ñ¼ �·í†ð~ ìõ›õ¬ ¬°

üà ðíõðú „²ì†ü»þ€ ‹±…ÿ ºŒýú|¶†²ÿ Ö±…üñ~ ¶õ°…«|Þ†°ÿ …›³…ÿ

ìõ›õ¬ ¬° ð†¤ýú ¶õ°…« ¬° ì~ë …›³…ÿ ì¥~ô¬ ¤Ù̄ â±¬ü~û|…ð~. ¬°

¤Ù̄ …›³…€ Þú ¬° ð±ï|…Ö³…° SYSNA| …² „ó ‹ú Îñõ…ó ¤†è• ì±å …›³…

)stnemele llik|( ü†¬ ìþ|ºõ¬€ ¶×}þ …›³…ÿ …ð}©†Ž º~û ¬° ð†¤ýú

¶õ°…« ‹ú 6-01×1 ìÛ~…° …ôèýú ̈õ¬ Þ†ø¼ ìþ|ü†‹~ ]|61[.|

…÷± {Ï~…¬ ì±…¤ê ¶õ°…«|Þ†°ÿ€ {ñ¼ …ôèýú üßñõ…̈• ô Òý±üßñõ…̈•

ô {ñ¼ {à|ì¥õ°ÿ ô ¬ôì¥õ°ÿ …² ìõ…°¬ ‹±°¶þ º~û ¬° ºŒýú|¶†²ÿ

Ö±…üñ~ ¶õ°…«|Þ†°ÿ ìõ…¬ øí·†ðã±¬ …¶•. Â©†ì• ðíõðú …² 5/0 {† mm2

ô {Ï~…¬ ì±…¤ê ¶õ°…«|Þ†°ÿ …² üà {† Ÿù†° ì±¤éú {Óýý± …Ö³…ü¼ ü†Ö}ú

…¶•. {Óýý± ð·Œ• ¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ‹ú {ñ¼ {à|ì¥õ°ÿ

…Îí†èþ ‹±…ÿ üà ì†¬û øí·†ðã±¬ ¬° ›~ôë 1 ‹ý†ó â±¬ü~û …¶•.

¬° ¤†èþ|Þú Â±ü� {í±Þ³ {ñ¼ ¬° ì~ë …›³…ÿ ì¥~ô¬ ìÛ†¬ü±ÿ

ð³¬üà ‹ú ¶ú °… ð»†ó ìþ|¬ø~ ô ìÛ†¬ü± {ñ¼|ø†ÿ ¾×¥ú|…ÿ ð·Œ• ‹ú

{ñ¼ …ôèýú ìÛ†¬ü± Ú†‹ê {õ›ùþ ¬…°ð~€ ð}†ü� ›~ôë 1 ð»†ó ìþ|¬ø~€ ìÛ†¬ü±

{ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹·ý†° ÞõŸà …¶•. ¬° …üò ¤†è• ‹ý»}±üò ð·Œ•

{ñ¼|ø†ÿ ‹ýò æüú|…ÿ ô‹ú {ñ¼ {à ì¥õ°ÿ ìÛ~…° 370/0

…¶•€ Þú ì±‹õÉ ‹ú Ÿù†° ì±¤éú ¶õ°…«|Þ†°ÿ …¶•. ìÛ~…° ð·Œ• {ñ¼

Îíõ¬ ‹± æüú|ø† ‹ú {ñ¼ {à ì¥õ°ÿ ‹† …Ö³…ü¼ Â©†ì• …² 5/0 {† mm2€

…² ìÛ~…° 470/0 {† 032/0 ð·Œ• ‹ú {ñ¼ …ôèýú …Ö³…ü¼ ü†Ö}ú …¶•.  |

ø± â†û ‹ú ›†ÿ {ñ¼ {à ì¥õ°ÿ€ {ñ¼ ¬ô ì¥õ°ÿ …Îí†ë â±¬¬€

ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú ‹Ï~ÿ {Óýý± ìþ|Þñ~. ¬° ›~ôë 2 ìÛ†¬ü± {ñ¼|ø†ÿ

¶ú ‹Ï~ÿ ¬° ¶õ°…«|Þ†°ÿ üà ðíõðú ‹† {ñ¼|ø†ÿ �·í†ð~ ¬ô ì¥õ°ÿ

σxz σyz

υ

…÷± {ñ¼||ø†ÿ ‹ýò æüú|…ÿ èŒú „²…¬ ‹± {ñ¼|ø†ÿ �·í†ð~ Þ†ì�õ²ü•|ø†ÿ �éýí±ÿ ¬° °ô½ ...ì¥íõ¬ ìù±¬…¬ ºß±üú€ …¤í~°Â† Ú†¶íþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î€ ºí†°û 4€ ìƒƒùƒƒ± -„‹ƒƒ†ó 6831 340

ºßê 1-ºŒßú …›³…ÿ …Æ±…Ù ¶õ°…«.

›~ôë 1-ð·Œ• ¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú ‹Ï~ÿ ‹ú {ñ¼ {à|ì¥õ°ÿ

¬° ìõ…°¬ øí·†ðã±¬.

σyz/σ0 σxz/σ0 σxy/σ0 σz/σ0 σy/σ0 σx/σ0 ì±…¤ê ¶õ°…«|Þ†°ÿ
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üà ì±¤éú
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Ÿù†° ì±¤éú

›~ôë 2-ð·Œ• ¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ‹ú {ñ¼ ¬ô ì¥õ°ÿ

¬° ìõ…¬ øí·†ðã±¬.

σyz/σ0 σxz/σ0 σxy/σ0 σz/σ0 σy/σ0 σx/σ0 ì±…¤ê ¶õ…°«|Þ†°ÿ

0

100/0

100/0

100/0
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100/0

100/0

100/0
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58/0|

58/0|
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700/0

700/0
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58/0|

58/0

58/0|
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‹ý†ó â±¬ü~û …¶•. æ²ï ‹ú ®Þ± …¶•€ Â±ü� {í±Þ³ {ñ¼ ¬° ìõ…¬

øí·†ðã±¬ ¬° ¤†è• {ñ¼ {à ì¥õ°ÿ 3 ô ‹† …Îí†ë {ñ¼ ¬ô ì¥õ°ÿ 2

…¶•. ¬° ‹±°¶þ ð}†ü� ›~ôë 2 Þ†ø¼ ìÛ†¬ü± {ñ¼ ¾×¥ú|…ÿ ô øí¡ñýò

Þ†ø¼ Ú†‹ê {õ›ú {ñ¼|ø†ÿ ‹ýò|æüú|…ÿ ì»†ø~û ìþ|ºõ¬.

‹±…ÿ ‹±°¶þ …÷± {ñ¼|ø†ÿ ‹ýò|æüú|…ÿ ¬° ¶õ°…«|Þ†°ÿ ì±Þ³ÿ

ðíõðú|…ÿ ‹† {ñ¼|ø†ÿ �·í†ð~ Òý±üßñõ…̈•€ °ô½ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ

¬° ¾×¥ú|…ÿ ‹ú Â©†ì• mm2 ô Ÿù†° â†ï ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ

ºŒýú|¶†²ÿ º~û …¶•. {ñ¼|ø†ÿ {à ì¥õ°ÿ ô ¬ô ì¥õ°ÿ ‹ú ºßê

�éú|…ÿ -0--0| ‹ú {±{ý� æüú|ø†€ ‹ú ðíõðú …Îí†ë º~û …¶•. ð·Œ•

¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú ‹Ï~ÿ ‹ú {ñ¼ {à|ì¥õ°ÿ ô ¬ôì¥õ°ÿ

…Îí†èþ ¬° ›~ôë 3 ‹ý†ó º~û …¶•.  |

ð}†ü� ›~ôë 3 °… ìþ|{õ…ó ‹ú ¶ú â±ôû {Û·ýî|‹ñ~ÿ Þ±¬: {ñ¼|ø†ÿ

¾×¥ú|…ÿ Þú øíãþ ¬° {õ²üÐ {ñ¼ {à|ì¥õ°ÿ ¤†è• Òý± üßñõ…̈•

ð·Œ• ‹ú {ñ¼|ø†ÿ �·í†ð~ üßñõ…̈• Þ†ø¼ ü†Ö}ú|…ð~€ {ñ¼|ø†ÿ ‹±ºþ

‹ýò æüú|…ÿ Þú øíãþ ð·Œ• ‹ú ¤†è• ì}ñ†Ê± {ñ¼ üßñõ…̈• …Ö³…ü¼

ü†Ö}ú|…ð~ ô {ñ¼ Îíõ¬ÿ ‹ýò æüú|…ÿ Þú ¬° {õ²üÐ {ñ¼ {à ì¥õ°ÿ ¤†è•

Òý±üßñõ…̈• ð·Œ• ‹ú {ñ¼|ø†ÿ �·í†ð~ üßñõ…̈• Þ†ø¼ ü†Ö}ú ô ¬°

{õ²üÐ {ñ¼ ¬ôì¥õ°ÿ …Ö³…ü¼ Ú†‹ê {õ›ùþ ü†Ö}ú|…ð~.

ðË±üú °ô½ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ ¬° Þ†ì�õ²ü•|ø†ÿ �†üú �éýí±ÿ

¬æüê …üœ†¬ {ñ¼|ø†ÿ �·í†ð~ ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ€ Îõ…ìéþ

øí¡õó …ðÛŒ†Å ì}×†ô– …èý†Ù ô °²üò ô …̈}çÙ Â±ü� â±ì†üþ

æüú|ø†ÿ ìœ†ô° ¬° °…¶}†ø†ÿ  sixa-ffo| øñã†ï ̈ñà º~ó ¶†²û …² ¬ì†ÿ

�©• {† ¬ì†ÿ ì¥ýÈ …¶•. {ñ¼|ø†ÿ �·í†ð~ ¬° èŒú|ø†ÿ „²…¬ Ÿñ~æüú …²

…øíý• ‹ý»}±ÿ ‹±̈õ°¬…° …¶• ô ìÛ†¬ü± ‹†æ{± „ðù† ìþ|{õ…ð~ ‹†Î™ {±á

¨õ°¬ó ì†{±ü̧ ô æüú|æüú º~ó Ÿñ~æüú â±¬¬. …üœ†¬ ¶õ°…« ¬° Ÿñ~æüú

‹†Î™ …üœ†¬ èŒú|ø†ÿ „²…¬ º~û ô {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú …ÿ ìíßò …¶•

ìñœ± ‹ú {ñ¼|ø†ÿ ‹±ºþ ‹ýò æüú …ÿ ô {ñ¼|ø†ÿ Îíõ¬ÿ ºõ¬. 

¬° ìõ…¬ ð†øí·†ðã±¬ ‹±…ÿ ¤†è• ¬ô‹Ï~ÿ {ñ¼ ¾×¥ú|…ÿ€ �ñ� ÷†‹•

Þ»·†ðþ ‹±…ÿ ð·Œ• ¬…¬ó {ñ¼|ø† ôÞ±ð¼|ø† ìõ°¬ ðý†² …¶•,yxG ,yx,xy(

)xE ,yE. ¬° ¤†è• ¶ú ‹Ï~ÿ {Ï~…¬ ÷†‹•|ø†ÿ Þ»·†ðþ ‹ú 9 Â±ü�

…Ö³…ü¼ ìþ|ü†‹~  Þú 8 Â±ü� ì·}Ûê …² üß~üã±…ð~.

°ø†¶†²ÿ {ñ¼ ô Þ±ð¼ ¬° ìõ…¬ ð†øí·†ðã±¬ ‹·ý†° ì}×†ô– …² ìõ…¬

øí·†ðã±¬ …¶•. …üò …ì± ‹ú ì†øý• ìõ…¬ ð†øí·†ðã±¬ ô {Ï~…¬ ÷†‹•|ø†ÿ

Þ»·†ðþ „ðù† ‹±ìþ|â±¬¬. ¬° ¶†ë 4991€rejahcS ôgnaY ]3[| ð»†ó

¬…¬ð~ Þú Þ±ð¼|ø†ÿ °ø† º~û …Æ±…Ù üà ¶õ°…« ¬° üà ì†¬û

ð†øí·†ðã±¬ ‹ú Ö±ï ì˜é˜†{þ ðý·•. „ðù† ‹±…ÿ ì±{ŒÈ ¶†̈}ò {ñ¼ �·í†ð~

ô Þ±ð¼ °ø†º~û ¬° ìõ…¬ ð†øí·†ðã±¬ 9 Â±ü� Þ†èýŒ±…¶ýõó {Ï±üØ

Þ±¬ð~ Þú ìþ|{õ…ó „ðù† °… ‹ú °ô½|ø†ÿ ðË±ÿ€ Î~¬ÿ ô {œ±‹þ ‹~¶•

„ô°¬. „ðù† ‹† üà ¤ê {¥éýéþ€ ìÛ†¬ü± Â±ü� Þ†èýŒ±…¶ýõó °… ‹±…ÿ â·}±û

ìñ†¶Œþ …² ̈õ…Á ìß†ðýßþ ì©}éØ ìõ…¬ ð†øí·†ðã±¬ ì¥†¶Œú Þ±¬ð~.

rejahcS ô øíß†°½ …² ìÏ†¬èú ì†{±ü·þ ²ü± …¶}×†¬û Þ±¬ð~:

…â±x| ô y| ì±‹õÉ ‹ú °ô²– ‹± ›ù†– Þ»·†ðþ …¾éþ ì†¬û ð†øí·†ðã±¬

ìñÇŒÜ ‹†ºñ~€ Â±…ü� 21Cô 23C¾×± ø·}ñ~. ¬° {¥ÛýÛ†– …̈ý± ‹±…ÿ

{Ïýýò {ñ¼|ø†ÿ �·í†ð~ ¬° ìõ…¬ ì±Þ�€ ìÏ†¬èú )7( ìõ°¬ …¶}×†¬û Ú±…°

â±Ö}ú …¶• ]|71€7[|.|

…² „ó|›† Þú Þ±ð¼|¶ñ� °ôÿ ¶Ç¦ ðíõðú ð¿� ìþ|â±¬¬€ {ñù† …ìß†ó

ì¥†¶Œú {ñ¼|ø†ÿ ¾×¥ú|…ÿ ô›õ¬ ¬…°¬. ¬° …Òé� {¥ÛýÛ†– �ý»ýò {ñù†

{ñ¼|ø†ÿ ¾×¥ú|…ÿ ì~ðË± ‹õ¬û ô {ñ¼|ø†ÿ ̈†°ž ¾×¥ú|…ÿ ìÇ†èÏú

ð»~û …¶•. ¬° èŒú|ø†ÿ „²…¬ üà Ÿñ~æüú Þ†ì�õ²ü}þ {ñ¼|ø†ÿ ‹ýò

æüú|…ÿ øí¡õó {ñ¼|ø†ÿ ¾×¥ú|…ÿ …üœ†¬ ìþ|ºõð~ Þú ‹† …¶}×†¬û …²

ðË±üú Þç¶ýà æüú|…ÿ Ú†‹ê �ý¼|‹ýñþ ðý·}ñ~.

…² ¶õÿ ¬üã± „÷†° èŒú|…ÿ üßþ …² ìùî|{±üò ìŒ†¤™ ìõ°¬ {õ›ú ¬°

{œ³üú ô {¥éýê Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ …¶•. ì»†ø~…– {œ±‹þ ô

°ô½|ø†ÿ ðË±ÿ {Óýý±…– º~ü~ {ñ¼|ø†ÿ ‹ýò æüú|…ÿ °… ¬° ìœ†ô°–

èŒú|ø† ð»†ó ìþ|¬ø~. …Þñõó ì»©À º~û …¶•€ Þú {ñ¼|ø†ÿ ‹ýò æüú|…ÿ

¬° èŒú|ø†  üßþ …² ìùí•|°üò Îõ…ìê ºß·• ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ

…¶•. ‹ñ†‹±…üò€|¬° üà ì~ë …›³…ÿ ì¥~ô¬ ¬° ðË± â±Ö}ò {ñ¼|ø†ÿ ¶ú

‹Ï~ÿ ‹±…ÿ …°Â†ÿ º±…üÈ ì±²ÿ ¬° èŒú|ø†ÿ „²…¬ Â±ô°ÿ …¶• ô …üò ‹ú

ìÏñ†ÿ ô›õ¬ {ñ¼ ¬° ›ù• Îíõ¬ ‹± æüú|ø†€ ¬° ð³¬üßþ èŒú|ø†ÿ üà

Ÿñ~æüú Þ†ì�õ²ü}þ …¶•.

¬° …üò {¥ÛýÜ€ ‹† …¶}×†¬û …² °ô½ …›³…ÿ ì¥~ô¬ ô ºŒýú|¶†²ÿ ¶ú

‹Ï~ÿ Ö±…üñ~ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ ¬° ìõ…¬ ð†øí·†ðã±¬€ …ìß†ó ìÇ†èÏú

{ñ¼|ø†ÿ ¶ú|‹Ï~ÿ Ö±…øî º~û ô ‹ú ìÇ†èÏú {ñ¼|ø†ÿ ‹ýò æüú|…ÿ

�±¬…̈}ú º~û …¶•.

ν ν

σ0 σ0

341

…÷± {ñ¼||ø†ÿ ‹ýò æüú|…ÿ èŒú „²…¬ ‹± {ñ¼|ø†ÿ �·í†ð~ Þ†ì�õ²ü•|ø†ÿ �éýí±ÿ ¬° °ô½ ... ì¥íõ¬ ìù±¬…¬ ºß±üú€ …¤í~°Â† Ú†¶íþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î€ ºí†°û 4€ ìƒƒùƒƒ± -„‹ƒƒ†ó 6831 

›~ôë 3-ð·Œ• ¤~…Þ±̃ {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ‹ú {ñ¼ Òý±üßñõ…̈• ¬°

ìõ…¬ øí·†ðã±¬.

σyz/σ0 σxz/σ0 σxy/σ0 σz/σ0 σy/σ0 σx/σ0 {ñ¼ …Îí†èþ

261/0

160/0

421/0

160/0

34/0

96/0

531/0

301/0

52/0

76/0

10/1

76/0

{à ì¥õ°ÿ

¬ô ì¥õ°ÿ
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…÷± {ñ¼||ø†ÿ ‹ýò æüú|…ÿ èŒú „²…¬ ‹± {ñ¼|ø†ÿ �·í†ð~ Þ†ì�õ²ü•|ø†ÿ �éýí±ÿ ¬° °ô½ ...ì¥íõ¬ ìù±¬…¬ ºß±üú€ …¤í~°Â† Ú†¶íþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î€ ºí†°û 4€ ìƒƒùƒƒ± -„‹ƒƒ†ó 6831 342

ºŒýú|¶†²ÿ Ö±…üñ~ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ ¬° ìõ…¬ ð†øí·†ðã±¬

¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ ‹† ì†{±ü̧ �éýí±ÿ )CMP( ø± æüú üà

¾×¥ú ð†øí·†ðã±¬ …¶• Þú ‹† {õ›ú ‹ú ðý†²ø†ÿ Æ±…¤þ€ ø± æüú ¬°

›ù}þ ì»©À Ú±…° ìþ|âý±¬ Þú è³ôì†_ ‹† ¶†ü± æüú|ø† üß·†ó ðý·•.

ºßê 2 üà Ÿñ~æüú ‹†°â̄…°ÿ º~û ¬° °…¶}†ÿ ì¥õ° x| ô ›ù• …èý†Ù

°… ¬° üà æüú …² Ÿñ~æüú Þ†ì�õ²ü}þ ð»†ó ìþ|¬ø~. ¬° ºŒýú|¶†²ÿ Ö±…üñ~

¶õ°…«|Þ†°ÿ ì±Þ³ÿ ¬° ìõ…¬ ð†øí·†ðã±¬ …÷± {Ï~…¬ æüú|ø†€ {ñ¼

{à|ì¥õ°ÿ ô ¬ôì¥õ°ÿ ô øí¡ñýò ›ù†– æüú|ø† ìõ°¬ ìÇ†èÏú Ú±…°

â±Ö}ú …¶•.

ðß}ú|…ÿ Þú ¬° ì~ë Þ±¬ó ¾×¥†– Þ†ì�õ²ü}þ ‹†ü~ ì~ ðË± Ú±…° ¬…¬€

…¶}×†¬û …² ̈õ…Á ìõ…¬ ¬° ¶ú ›ù• …¶•. øí¡ñ†ó|Þú ‹ý†ó º~€ ìõ…¬

øí·†ðã±¬ {ñù† ¬ô ÷†‹• ì·}Ûê ¬…°ð~€ …ì† ìõ…¬ ð†øí·†ðã±¬ ¬° ¤†è•

¬ô‹Ï~ÿ Ÿù†° ô ¬° ¤†è• ¶ú|‹Ï~ÿ ø»• ÷†‹• ì·}Ûê ¬…°ð~. …üò

÷†‹•|ø† ‹±…ÿ üà Þ†ì�õ²ü• Þ±‹ò -…�õÞ·þ€ Þú ¬° …üò {¥ÛýÜ ìõ°¬

ìÇ†èÏú Ú±…° â±Ö}ú …¶•€ ¬° ›~ôë 4 „ì~û …¶• ]|81[|.

¬° ìÇ†èÏú ðíõðú|ø†ÿ Þ†ì�õ²ü}þ€ …‹}~… ‹ú ‹±°¶þ {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ

¬° æüú|ø†ÿ {à|›ù}þ �±¬…̈}ú º~û …¶•. ¬° ðíõðú|ø†ÿ {à|›ù}þ …÷±

{ñ¼ ¬° °…¶}†ÿ …èý†Ù ô …÷± {ñ¼|ø†ÿ ¬ô ‹Ï~ÿ ‹±°¶þ º~û …¶•. „ó|â†û

‹ú ìÇ†èÏú ðíõðú|ø†ÿ ylp-ssorc| ô ðíõðú|ø†ÿ ylp-elgnaô ºŒú øí·†ðã±¬

�±¬…̈}ú º~û …¶•.

Ÿñ~æüú|ø†ÿ {à ›ù}þ

¬° ºŒýú|¶†²ÿ Ö±…üñ~ ¶õ°…«|Þ†°ÿ üà Ÿñ~æüú {à|›ù}þ€ {Ï~…¬ æüú|ø†

…² 2 {† 6 æüú {Óýý± Þ±¬û ô ¬° ø± ¤†è• {ñ¼ …ôèýú ‹ú ¤†è• {à|ì¥õ°ÿ

¬° °…¶}†ÿ …èý†Ù ‹ú ðíõðú …Îí†ë º~û …¶•. �̧ …² ô…°¬ Þ±¬ó {ñ¼ …ôèýú

‹ú ðíõðú ‹ú Îñõ…ó {ñ¼ �·í†ð~ ìõ›õ¬ ¬° „ó€ ‹±…ÿ ºŒýú|¶†²ÿ Ö±…üñ~

¶õ°…«|Þ†°ÿ ì±Þ³ÿ …›³…ÿ ìõ›õ¬ ¬° ð†¤ýú ¶õ°…« ¬° ì~ë …›³…ÿ

ì¥~ô¬ ¤Ù̄ º~û|…ð~. ¶�̧€ ð·Œ• ¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ

‹ú {ñ¼ {à ì¥õ°ÿ …Îí†èþ …¶}©±…ž º~û …¶•. ð}†ü� {¥éýê ¶ú|‹Ï~ÿ

{ñ¼ ¬° èŒú|ø†ÿ „²…¬ ¶õ°…«€ ¬° ›~ôë 5 â³…°½ º~û …¶•. 

ð}†ü� â³…°½ º~û ¬° ›~ôë 5€ …Ö³…ü¼ {ñ¼ ¬° °…¶}†ÿ …èý†Ù °…

ð·Œ• ‹ú ðíõðú|ø†ÿ øí·†ðã±¬ ð»†ó ìþ|¬ø~€ ¬° ¤†èþ Þú ¶†ü±

ìõè×ú|ø†ÿ {ñ¼ ìÛ†¬ü± Þí}±ÿ °… ð·Œ• ‹ú ðíõðú øí·†ðã±¬ ‹ú ̈õ¬

…̈}¿†Á ¬…¬û|…ð~. …Ö³…ü¼ {ñ¼ ¬° °…¶}†ÿ …èý†Ù ì}ñ†¶� ‹† Â±ü�

{í±Þ³ {ñ¼ ¬° ìõ…¬ ð†øí·†ðã±¬ …¶• ô ìÛ†¬ü± …Ö³ôó|{± Â±ü� {í±Þ³

{ñ¼ °… ¬° …üò ìõ…¬ ð»†ó ìþ|¬ø~.

øí¡ñýò€ ‹† {õ›ú ‹ú ð}†ü� …°…̂ú º~û ¬° ›~ôë 5€ …â±Ÿú ìÛ†¬ü±

{ñ¼|ø†ÿ ̈†°ž ¾×¥ú|…ÿ ¬° Â©†ì•|ø†ÿ Þî|¶†²û ð†Ÿý³ …¶•€ ‹†

…²¬ü†¬ {Ï~…¬ æüú|ø† ìÛ†¬ü± „ðù† …Ö³…ü¼ ìþ|ü†‹~. …² …üò|°ô€ ‹† …Ö³…ü¼ {Ï~…¬

æüú|ø† ¬° Ÿñ~æüú …ìß†ó {±á ô æüú|æüú º~ó Ÿñ~æüú ¬° èŒú|ø†ÿ „²…¬

…Ö³…ü¼ ìþ|ü†‹~. ¬° …üò ¤†è• ìÛ†¬ü± {ñ¼|ø†ÿ ‹±ºþ ‹ýò æüú|…ÿ σyz

ºßê 2-°…¶}†ÿ ì¥õ°ø†ÿ ì©}¿†– ¬° üà Ÿñ~ æüú Þ†ì�õ²ü}þ ô

›ù• …èý†Ù ¬° üà æüú ð†øí·†ðã±¬.

F F
z

y

x

›~ôë 4-÷†‹•|ø†ÿ Þ»·†ðþ üà ì†¬û ð†øí·†ðã±¬ ¬° ¤†è• ¶ú ‹Ï~ÿ.

ìÛ~…° ÷†‹•

641

98/01

98/01

98/01

98/01

4/6

83/0

83/0

07/0

Ex (GPa)

Ey (GPa)

Ez (GPa)

Gxy (GPa)

Gxz (GPa)

Gyz (GPa)

νxy

νxz

νyz

›~ôë 5-ð·Œ• ¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ‹ú {ñ¼ {à|ì¥õ°ÿ

¬° ìõ…¬ ð†øí·†ðã±¬.

σxz/σ0 σyz/σ0 σxy/σ0 σz/σ0 σy/σ0 σx/σ0 {Ï~…¬ æüú|ø†

510/0

030/0

240/0

050/0

650/0

800/0

910/0

820/0

430/0

930/0

23/0

43/0

43/0

53/0

53/0

510/0

250/0

080/0

021/0

041/0

32/0|

62/0|

82/0|

13/0|

13/0

72/2

83/2

73/2

63/2

53/2

2

3

4

5

6
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…÷± {ñ¼||ø†ÿ ‹ýò æüú|…ÿ èŒú „²…¬ ‹± {ñ¼|ø†ÿ �·í†ð~ Þ†ì�õ²ü•|ø†ÿ �éýí±ÿ ¬° °ô½ ... ì¥íõ¬ ìù±¬…¬ ºß±üú€ …¤í~°Â† Ú†¶íþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î€ ºí†°û 4€ ìƒƒùƒƒ± -„‹ƒƒ†ó 6831 

ô{†  6/5 ¬°¾~ ð·Œ• ‹ú ìÛ~…° {ñ¼ …ôèýú …Ö³…ü¼ ü†Ö}ú …¶•€ ¬°

¤†èþ|Þú {ñ¼ Îíõ¬ÿ ‹ýò æüú|…ÿ {† 41 ¬°¾~ ð·Œ• ‹ú ìÛ~…° {ñ¼ …ôèýú

…Ö³…ü¼ ìþ|ü†‹~. ¬° ºßê 3 ìÛ†¬ü± {ñ¼|ø†ÿ Îíõ¬ÿ ¾×¥ú|…ÿ ô ¬°

ºßê 4 {ñ¼ Îíõ¬ÿ ‹ýò æüú|…ÿ ¬° üà Ÿñ~æüú  {à|›ù}þ Þ†ì�õ²ü}þ

ð»†ó ¬…¬û º~û …¶•.

‹† …Îí†ë {ñ¼ ¬ôì¥õ°ÿ ¬° Ÿñ~æüú {à|›ù}þ€ ìþ|{õ…ó ð·Œ•

¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ‹ú {ñ¼ ¬ôì¥õ°ÿ …Îí†èþ °… ‹±…ÿ

ðíõðú|ø†ÿ ì©}éØ ‹ú ¬¶• „ô°¬ )›~ôë 6(. ¬° ‹±°¶þ ð}†ü� ›~ôë 6

Þ†ø¼ {ñ¼ ¬° °…¶}†ÿ …èý†Ù ô …Ö³…ü¼ Ú†‹ê {õ›ú {ñ¼|ø†ÿ ‹ýò æüú|…ÿ

ì»†ø~û ìþ|â±¬¬. ìÛ†¬ü± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° ¶õ°…«|Þ†°ÿ üà

ðíõðú ‹† {ñ¼|ø†ÿ �·í†ð~ ¬ôì¥õ°ÿ ‹† …Ö³…ü¼ {Ï~…¬ æüú|ø† ‹ú ¶±Î•

…Ö³…ü¼ ô ìÛ†¬ü± {ñ¼|ø†ÿ ‹±ºþ ‹ýò æüú|…ÿ ô‹ú {±{ý� {†

4/21 ô 2/81 ¬°¾~ ð·Œ• ‹ú ìÛ~…° {ñ¼ …ôèýú …Ö³…ü¼ ü†Ö}ú …¶•. ìÛ~…°

{ñ¼ Îíõ¬ÿ ‹ýò æüú|…ÿ ðý³ {† 73 ¬°¾~ ð·Œ• ‹ú ìÛ~…° {ñ¼ …ôèýú

…Ö³…ü¼ ð»†ó ìþ|¬ø~. ìÛ†ü·ú ð}†ü� ›~ôë|ø†ÿ 5 ô 6 ð»†ó ìþ|¬ø~€

ìÛ~…° {ñ¼ {ñù† ¬° °…¶}†ÿ …èý†Ù Þ†ø¼ ü†Ö}ú ô ¶†ü± ìõè×ú|ø†ÿ {ñ¼ ¬°

¶õ°…«|Þ†°ÿ ðíõðú|…ÿ ‹† {ñ¼|ø†ÿ �·í†ð~ ¬ôì¥õ°ÿ …Ö³…ü¼ ü†Ö}ú|…ð~.

Ÿñ~æüú ø†ÿ yyllPP--ssssoorrCC|

…² „ó|›† Þú º~– {ñ¼|ø†ÿ ‹ýò æüú|…ÿ Îíõ¬ÿ ‹ú Î~ï {Ç†‹Ü Â±ü�

�õ…¶õó ‹ýò æüú|ø†ÿ ìœ†ô° ô…‹·}ú …¶• ô º~– {ñ¼|ø†ÿ ‹ýò æüú|…ÿ

‹±ºþ ‹ú Â±ü� Þõ�éýñä ‹±ºþ æüú|ø† ‹·}ãþ ¬…°¬ ]|81[|€ {ñ¼|ø†ÿ

¶ú|‹Ï~ÿ ¬° ¶õ°…«|Þ†°ÿ ðíõðú|ø†ÿ ì}×†ô– Þ†ì�õ²ü}þ ìõ°¬ ìÇ†èÏú

º~û …¶•. ¬° ðíõðú|ø†ÿ ‹±°¶þ º~û °…¶}†ÿ æüú|ø†ÿ ¾×± ¬°›ú ¬°

°…¶}†ÿ ì¥õ° x| ô ²ô…ü†ÿ æüú|ø†ÿ ¬üã± ð·Œ• ‹ú ì¥õ°  x| Ÿñ~æüú

ìÏýò ìþ|ºõ¬.

„÷†° èŒú ¬° Ÿñ~æüú|ø†ÿ Îíõ¬ ‹± øî {õ¶È ì¥ÛÛ†ó ì©}éØ ìõ°¬

σz

σxz σyz

σxz

)…èØ(

)Ž(

ºßê3-{ñ¼|ø†ÿ Îíõ¬ÿ ²ü± ‹†° {à ›ù}þ: )…èØ( ô )Ž( .σy σx

›~ôë 6-ð·Œ• ¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ‹ú {ñ¼ ¬ô ì¥õ°ÿ

|¬° ìõ…¬ ð†øí·†ðã±¬.

σxz/σ0 σyz/σ0 σxy/σ0 σz/σ0 σy/σ0 σx/σ0 {Ï~…¬ æüú|ø†

940/0

501/0

041/0

561/0

281/0

020/0

350/0

080/0

001/0

421/0

68/0

78/0

68/0

68/0

68/0

260/0

61/0

32/0

23/0

73/0

58/0|

39/0|

89/0|

60/1

80/1

78/0

39/0

60/1

61/1

42/1

2

3

4

5

6

ºßê4-{ñ¼ Îíõ¬ÿ ‹ýò æüú|…ÿ ¬° …Æ±…Ù ¶õ°…« üà Ÿñ~ æüú

Þ†ì�õ²ü}þ ²ü± ‹†° {à ›ù}þ.

σz
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…÷± {ñ¼||ø†ÿ ‹ýò æüú|…ÿ èŒú „²…¬ ‹± {ñ¼|ø†ÿ �·í†ð~ Þ†ì�õ²ü•|ø†ÿ �éýí±ÿ ¬° °ô½ ...ì¥íõ¬ ìù±¬…¬ ºß±üú€ …¤í~°Â† Ú†¶íþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î€ ºí†°û 4€ ìƒƒùƒƒ± -„‹ƒƒ†ó 6831 344

{õ›ú ‹õ¬û …¶•. drasseLô øíß†°…ó ]|91[| ‹† …¶}×†¬û …² °ô½ …›³…ÿ

ì¥~ô¬€ {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ô „÷†° èŒú °… ¬° Ÿñ~æüú|ø†ÿ ylp-ssorc|

ìÇ†èÏú Þ±¬û ô ð»†ó ¬…¬ð~ Þú „÷†° èŒú ‹† ¬ô° º~ó …² èŒú ‹ú ¶±Î• …² ‹ýò

ìþ|°ô¬. ¬° …üò {¥ÛýÜ {ñù† ‹ú {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ¬° èŒú ¶õ°…«€ Æþ

Ö±…üñ~ ¶õ°…«|Þ†°ÿ �±¬…̈}ú º~û ô „÷†° èŒú ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ

ìõ°¬ ìÇ†èÏú Ú±…° ðã±Ö}ú …¶•. ¬° …üò ‹©¼ ð}†ü� ºŒýú|¶†²ÿ Ö±…üñ~

¶õ°…«|Þ†°ÿ ì±Þ³ÿ ¬° ¬ô ðíõðú ]209/20[| ô s]09/0[| ‹† {õ²üÐ {ñ¼

üßñõ…̈• ¬° ÎíÜ ‹ý†ó º~û …¶•. ð·Œ• ¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ

¶ú|‹Ï~ÿ ‹ú {õ²üÐ {ñ¼ üßñõ…̈• ¬° ›~ôë 7 ‹ý†ó º~û …¶•.

ðß}ú|…ÿ Þú ¬° ›~ôë 7 ìíßò …¶• ìõ°¬ {õ›ú Ú±…° âý±¬€ ìÛ~…° ²ü†¬

{ñ¼ Îíõ¬ÿ ¬° üà Ÿñ~æüú ì}Û†°ó ²ü± {ñ¼ ¬° °…¶}†ÿ …èý†Ù

…¶•. ìÛ†¬ü± ð·Œ• {ñ¼|ø†ÿ ¶ú ‹Ï~ÿ ‹ú {ñ¼ …Îí†ë º~û ¬° …üò

{¥ÛýÜ€ ‹ú ºßê ̈†èÀ …Îî …² Ö»†°ÿ ü† Þ»»þ ìõ°¬ {õ›ú ‹õ¬û ô ‹†

{õ›ú ‹ú Î~ï …¶}×†¬û …² ìÏý†°ÿ ̈†Á ‹±…ÿ ºß·• ¶†²û ìÛ†¬ü±

Ö»†°ÿ ô Þ»»þ ‹ú Æõ° ìœ³… â³…°½ ð»~û …¶•. ‹±…ÿ ì˜†ë€ ð·Œ•

{ñ¼ Îíõ¬ÿ ‹ýò|æüú|…ÿ ‹ú {ñ¼ …ôèýú ¬° üà ¶†²û ì}Û†°ó ²ü± {ñ¼

¬° °…¶}†ÿ …èý†Ù ¬…°…ÿ ìÛ~…° ¤~…Þ±̃ Ö»†°ÿ 873/0 ô ¤~…Þ±̃  Þ»»þ

190/0 ̈õ…ø~ ‹õ¬.  |

Ÿñ~æüú|ø†ÿ yyllPP--eellggnnAA|

{ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° Ÿñ~æüú|ø†ÿ ylp-elgna| …² ¬üã± ìŒ†¤™ ìõ°¬

{õ›ú ì¥ÛÛ†ó ‹õ¬û …¶•. imarhaB ôriesoN]|02[| ¤õ²û ›†‹ú|›†üþ ô

„÷†° èŒú °… ¬° Þ†ì�õ²ü•|ø†ÿ ylp-elgna| ‹± …¶†¹ ðË±üú Þ»·†ðþ ²ü± ‹†°

Þ»»þ ô �ý¡»þ ìõ°¬ ìÇ†èÏú Ú±…° ¬…¬û|…ð~. ôèþ€ ¬° …üò {¥ÛýÜ ‹ú

‹±°¶þ º~– {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹±ºþ ô Îíõ¬ÿ üà ðíõðú ì}Û†°ó ô

øí¡ñýò üà ðíõðú ð†ì}Û†°ó ylp-elgna¬° ¤ýò ¶õ°…«|Þ†°ÿ ì±Þ³ÿ

‹±…ÿ {Ïýýò {ñ¼|ø†ÿ �·í†ð~ �±¬…̈}ú º~û …¶•.

ð}†ü� {¥éýê …›³…ÿ ì¥~ô¬ ¶ú ‹Ï~ÿ °ô½ ¶õ°…«|Þ†°ÿ ¬° Ÿñ~æüú

ylp-elgna| ¬° ›~ôë 8 „ì~û …¶•. ðß}ú ìõ°¬ {õ›ú ¬° …üò ›~ôë

ð³¬üà ‹õ¬ó {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ¬° Ÿñ~æüú ì}Û†°ó ‹† Ÿñ~æüú ð†ì}Û†°ó

…¶•. {ñ¼|ø†ÿ ‹ýò æüú|…ÿ Îíõ¬ÿ  ¬° …üò Ÿñ~æüú ²ü± {ñ¼|ø†ÿ

…Îí†èþ ¾×¥ú|…ÿ ¤~ô¬ 61% € {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹±ºþ  ¤~ô¬ 02% ô

{ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹±ºþ  ¤~ô¬ 03 % ð·Œ• ‹ú {ñ¼ …ôèýú …¶•.

ìÛ†ü·ú {ñ¼|ø†ÿ Îíõ¬ÿ ¾×¥ú|…ÿ ¬° Ÿñ~æüú ylp-elgna| ô Ÿñ~æüú

ylp-ssorc| ð»†ó ìþ|¬ø~€ {ñ¼|ø†ÿ Îíõ¬ÿ ¾×¥ú|…ÿ Æþ Ö±…üñ~

¶õ°…«|Þ†°ÿ ¬° Ÿñ~æüú ylp-elgna| ‹·ý†° Þí}± …² Ÿñ~æüú ylp-ssorc|

ø·}ñ~€ ¬° ¤†èþ|Þú ‹±…ÿ {ñ¼|ø†ÿ ‹±ºþ ¾×¥ú|…ÿ …üò …ì± ìÏßõ¹

σz

σz

›~ôë 7-¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ¬° èŒú|ø†ÿ „²…¬ ¶õ°…« ¬° Ÿñ~ æüú|ø†ÿ Îíõ¬ ‹±øî.

σxz/σ0 σyz/σ0 σxy/σ0 σz/σ0 σy/σ0 σx/σ0 ‹†° …Îí†èþ Ÿý~ì†ó Ÿñ~ æüú

083/0

791/0

633/0

730/0

361/0

341/0

15/0

45/0

67/0

873/0

891/0

081/0

52/1

83/3

31/2

62/3

79/0

92/2

{ñ¼ ¬° °…¶}†ÿ ì¥õ° x

{ñ¼ ¬° °…¶}†ÿ ì¥õ° y

{ñ¼ ¬ôì¥õ°ÿ

s]09/0[

613/0

761/0

223/0

890/0

681/0

981/0

37/0

37/0

48/0

161/0

161/0

561/0

75/1

30/4

64/2

30/4

75/1

64/2

{ñ¼ ¬° °…¶}†ÿ ì¥õ° x

{ñ¼ ¬° °…¶}†ÿ ì¥õ° y

{ñ¼ ¬ôì¥õ°ÿ

]209/20[

›~ôë 8-¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ¬° èŒú|ø†ÿ „²…¬ ¶õ°…« ¬° Ÿñ~ æüú ø†ÿylp-elgna.

σxz/σ0 σyz/σ0 σxy/σ0 σz/σ0 σy/σ0 σx/σ0 ‹†° …Îí†èþ Ÿý~ì†ó Ÿñ~ æüú

131/0

112/0

861/0

853/0

422/0

782/0

41/1

41/1

34/1

361/0

361/0

081/0

08/0

55/1

71/1

55/1

08/0

71/1

{ñ¼ ¬° °…¶}†ÿ ì¥õ° x

{ñ¼ ¬° °…¶}†ÿ ì¥õ° y

{ñ¼ ¬ôì¥õ°ÿ

s]54-/54[

881/0

252/0

491/0

824/0

023/0

133/0

52/1

52/1

74/1

061/0

061/0

561/0

59/0

37/1

22/1

37/1

59/0

22/1

{ñ¼ ¬° °…¶}†ÿ ì¥õ° x

{ñ¼ ¬° °…¶}†ÿ ì¥õ° y

{ñ¼ ¬ôì¥õ°ÿ

]254-/254[
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…÷± {ñ¼||ø†ÿ ‹ýò æüú|…ÿ èŒú „²…¬ ‹± {ñ¼|ø†ÿ �·í†ð~ Þ†ì�õ²ü•|ø†ÿ �éýí±ÿ ¬° °ô½ ... ì¥íõ¬ ìù±¬…¬ ºß±üú€ …¤í~°Â† Ú†¶íþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î€ ºí†°û 4€ ìƒƒùƒƒ± -„‹ƒƒ†ó 6831 

…¶• ô ìÛ†¬ü± „ðù† ¬° Ÿñ~æüú ylp-elgna| ‹ý»}± …¶•. ‹ú Æõ°  ì˜†ë€ ¬°

Ÿñ~æüú ð†ì}Û†°ó€ Þú ²ü± {ñ¼ ¬° °…¶}†ÿ ì¥õ° x| Ú±…° ¬…°¬€ ð·Œ• {ñ¼

¬° °…¶}†ÿ ì¥õ° x| ‹ú {ñ¼ …ôèýú ¬° ylp-ssorc| ‹ú ìÛ~…° 4 °¶ý~û …¶•€ …ì†

ìÛ~…° ì}ñ†Ê± „ó ¬° Ÿñ~æüúylp-elgna| ¤~ô¬ 37/1 …¶•. ìÛ~…° ð·Œ•

{ñ¼ ‹±ºþ ¾×¥ú|…ÿ ‹ú {ñ¼ …ôèýú ¬° …üò ¤†è• ‹±…ÿ Ÿñ~æüú

ylp-elgna| ‹±…‹± 52/1 ô ‹±…ÿ Ÿñ~æüú ylp-ssorc‹±…‹± 37/0 …¶•.

Ÿñ~æüú|ø†ÿ ºŒú øí·†ðã±¬

…² ¬üã± Ÿñ~æüú|ø†ÿ ìõ°¬ {õ›ú ì¥ÛÛ†ó€ ¬° ‹±°¶þ {ñ¼|ø†ÿ ‹ýò

æüú|…ÿ€ æüú|æüú º~ó ¶†²û€ …üœ†¬ {±á ô ºß·• ¶†²û ô Ÿý~ì†ó|ø†ÿ

ì}×†ô– ºŒú øí·†ðã±¬ …¶• ]|12[. ¬° …üò ‹©¼€ ‹ú {Ïýýò {ñ¼|ø†ÿ

¶ú|‹Ï~ÿ …üò Ÿñ~æüú Æþ …ð~…²û|âý±ÿ {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú|…ÿ

�±¬…̈}ú º~û …¶•. Ÿý~ì†ó|ø†ÿ ìõ°¬ ìÇ†èÏú ¬° …üò {¥ÛýÜ

s]09/54±/0[ô ]209/254±/20[…¶• Þú ð}†ü� ¤†¾ê …² ºŒýú|¶†²ÿ

¶ú|‹Ï~ÿ ¶õ°…«|Þ†°ÿ ¬° ¤Ãõ° {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú|…ÿ ¬°

›~ôë 9 ‹ý†ó â±¬ü~û …¶•.

ìÛ†¬ü± {ñ¼|ø†ÿ ¾×¥ú|…ÿ Ÿñ~æüú|ø†ÿ ºŒú øí·†ðã±¬ ì†‹ýò

{ñ¼|ø†ÿ ¾×¥ú|…ÿ Ÿñ~æüú|ø†ÿ ylp-elgna| ô ylp-ssorc| …¶•.

{ñ¼|ø†ÿ Îíõ¬ÿ ¾×¥ú|…ÿ Ÿñ~æüú ºŒú øí·†ðã±¬ …² {ñ¼|ø†ÿ ð±ì†ë

¾×¥ú|…ÿ Ÿñ~æüú ylp-elgna| ‹ý»}± ô …² Ÿñ~æüú ylp-ssorc| Þí}±

…¶•€ ¬° ¤†èþ|Þú {ñ¼ ‹±ºþ ¾×¥ú|…ÿ Ÿñ~æüú ºŒú øí·†ðã±¬ …² {ñ¼

‹±ºþ ¾×¥ú|…ÿ Ÿñ~æüú ylp-ssorc| ‹ý»}± ô ìÛ†¬ü±ÿ ð³¬üà ‹ú

Ÿñ~æüú ylp-elgna| ¬…°¬. {ñ¼|ø†ÿ ‹ýò æüú|…ÿ Îíõ¬ÿ ô ‹±ºþ ¬°

Ÿñ~æüú|ø†ÿ ºŒú øí·†ðã±¬ ìÛ†¬ü± ‹†æüþ ¬…º}ú ô {ñ¼ Îíõ¬ÿ ̈†°ž

¾×¥ú|…ÿ ð³¬üà ‹ú 05  ¬°¾~ {ñ¼ {à ì¥õ°ÿ …Îí†èþ °¶ý~û …¶•.

º~– {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° ðÛ†É Þ±ð¼|¶ñœþ üà °ô²–

¬° ‹©¼|ø†ÿ �ý»ýò ‹ú ìÇ†èÏú {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ¬° èŒú „²…¬ ¶õ°…« ‹†

…¶}×†¬û …² °ô½ ºŒýú|¶†²ÿ Ö±…üñ~ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ€ ¬° ðíõðú|…ÿ

�±¬…̈}ú º~û …¶• Þú {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú|…ÿ ¬° „ó ì¥Œõ¹ …¶•

‹† ¬ô° º~ó …² èŒú ¶õ°…« {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹ú ¶±Î• Þ†ø¼ ü†Ö}ú ô

ìÛ†¬ü±ÿ ð³¬üà ‹ú ¾×± ìþ|ü†‹ñ~ ]|91[|. …² „ðœ† Þú ¬° °ô²– ìõ°¬ …¶}×†¬û

¬° °ô½ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ€ ¶ú Þ±ð¼|¶ñ� °ô²– ‹† Ö†¾éú

ì»©À …² èŒú ¶õ°…«€ °ôÿ ¬…ü±û Þ±ð¼|¶ñœþ Ú±…° ¬…°ð~€ ‹ñ†‹±…üò

{ñ¼|ø†ÿ ‹ýò æüú|…ÿ ìõ°¬ ìÇ†èÏú€ ¬° ðÛ†É Þ±ð¼|¶ñœþ ‹† ìÛ†¬ü± …üò

{ñ¼|ø† ¬° èŒú ¶õ°…« ‹·ý†° ì}×†ô– …¶•. ¬° …üò Ú·í• ‹ú ìÇ†èÏú

{ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° ðÛ†É Þ±ð¼|¶ñœþ °ô²– ô ìÛ†¬ü± „ðù† ¬° …üò

ðÛ†É �±¬…̈}ú º~û …¶•.

Ÿñ~æüú|ø†ÿ ºŒú øí·†ðã±¬| ¬° ìÇ†èÏ†– ü†¬º~û ìÛ†¬ü± ð·Œ}†_ ²ü†¬ÿ

…² {ñ¼|ø†ÿ ‹ýò æüú|…ÿ °… ¬° ¤ýò ¶õ°…«|Þ†°ÿ ð»†ó ìþ|¬øñ~. …²

…üò|°ô€ ¬° …üò ‹©¼ Ÿñ~æüú|ø†ÿ ºŒú øí·†ðã±¬| ìõ°¬ ìÇ†èÏú Ú±…°

â±Ö}ú ô ìÛ†¬ü± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ …üò ¶†²û ²ü± {ñ¼|ø†ÿ �·í†ð~ ¬ô

ì¥õ°ÿ ô ¬° ðÛ†É Þ±ð¼|¶ñœþ °ô²– ¬° ›~ôë 01 „ì~û …¶•.  |

…â± Ÿú ìÛ†¬ü± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° èŒú|ø†ÿ „²…¬ ¶õ°…« ‹±…ÿ

Ÿñ~æüú ºŒú øí·†ðã±¬| ìþ|{õ…ðñ~ ìÛ†¬ü± ²ü†¬ÿ ¬…º}ú ‹†ºñ~€ ›~ôë 01

›~ôë 9-¤~…Þ±̃ ìÛ†¬ü± {ñ¼|ø†ÿ ¶ú|‹Ï~ÿ ¬° èŒú|ø†ÿ „²…¬ ¶õ°…« ¬° Ÿñ~ æüú ø†ÿ ºŒú øí·†ðã±¬.

σxz/σ0 σyz/σ0 σxy/σ0 σz/σ0 σy/σ0 σx/σ0 ‹†° …Îí†èþ Ÿý~ì†ó Ÿñ~ æüú

732/0

892/0

303/0

791/0

692/0

223/0

43/1

33/1

04/1

384/0

062/0

462/0

23/1

21/3

19/1

48/2

32/1

61/2

{ñ¼ ¬° °…¶}†ÿ ì¥õ° x

{ñ¼ ¬° °…¶}†ÿ ì¥õ° y

{ñ¼ ¬ôì¥õ°ÿ

s]09/54±/0[

754/0

253/0

813/0

783/0

862/0

233/0

54/1

54/1

74/1

003/0

003/0

112/0

14/1

79/2

97/1

79/2

14/1

97/1

{ñ¼ ¬° °…¶}†ÿ ì¥õ° x

{ñ¼ ¬° °…¶}†ÿ ì¥õ° y

{ñ¼ ¬ôì¥õ°ÿ

]209/254±/20[

›~ôë 01-ìÛ†¬ü± {ñ¼|ø†ÿ ‹ýò æüú …ÿ ¬° ðÛ†É Þ±ð¼|¶ñœþ °ô²–

¬° Ÿñ~ æüú ø†ÿ ºŒú øí·†ðã±¬.

σxz/σ0 σyz/σ0 σz/σ0 Ÿý~ì†ó °ô²– Ÿý~ì†ó Ÿñ~ æüú

5510/0

7400/0

8930/0

7000/0

3900/0

5400/0

4400/0

1210/0

3100/0

o0
o09
o54

s]09/54±/0[

0600/0

1110/0

3800/0

7400/0

6310/0

0500/0

4300/0

6900/0

4310/0

o0
o09
o54

]209/254±/20[
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…÷± {ñ¼||ø†ÿ ‹ýò æüú|…ÿ èŒú „²…¬ ‹± {ñ¼|ø†ÿ �·í†ð~ Þ†ì�õ²ü•|ø†ÿ �éýí±ÿ ¬° °ô½ ... ì¥íõ¬ ìù±¬…¬ ºß±üú€ …¤í~°Â† Ú†¶íþ

ìœéú  Îéíþ ƒƒ  �µôø»þ€ Îéõï ô {ßñõèõÿ́ �éýí±€ ¶†ë ‹ý·}î€ ºí†°û 4€ ìƒƒùƒƒ± -„‹ƒƒ†ó 6831 346

ð»†ó ìþ|¬ø~ Þú ìÛ†¬ü± …üò {ñ¼|ø† ¬° ðÛ†É Þ±ð¼|¶ñœþ °ô²– ‹·ý†°

Þî …¶•. ¤~…Þ±̃ ìÛ~…° {ñ¼ Îíõ¬ÿ ‹ýò æüú|…ÿ ¬° ›~ôë 01€ 43/1

¬°¾~ {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú|…ÿ ì¥Œõ¹ ¬° ðíõðú …¶• ô ¤~…Þ±̃

ìÛ~…° {ñ¼ ‹±ºþ ‹ýò æüú|…ÿ 89/3  ¬°¾~ ð·Œ• ‹ú {ñ¼ …ôèýú ìþ|‹†º~.

…üò ¬° ¤†èþ …¶• Þú ìÛ†¬ü± ì}ñ†Ê± {ñ¼|ø†ÿ ÖõÝ ¬° èŒú|ø†ÿ „²…¬ ¶õ°…«

‹ú {±{ý� 1/12 ô 3/03  ¬°¾~ ð·Œ• ‹ú {ñ¼ …ôèýú â³…°½ º~û …¶•. ð}ýœú

‹ú ¬¶• „ì~û ‹ý†ðã± „ó …¶• Þú …÷± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° ðÛ†É

Þ±ð¼|¶ñœþ ‹ú ô¶ýéú °ô²– ‹† {õ›ú ‹ú ìÛ†ü± ‹·ý†° Þî „ðù† ¬° …üò ðÛ†É

Ú†‹ê ¾±Ù|ðË± …¶•. ‹ñ†‹±…üò€ ø±â†û Æþ Ö±…üñ~ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ€

¶±Î• ¶õ°…«|Þ†°ÿ ìñ†¶� ‹†º~ ô ‹}õ…ó ‹† ¶±Î• ìñ†¶Œþ Þ±ð¼|ø†ÿ

°ø† º~û ¬° ¤ýò Îíéý†– °… ÷Œ• Þ±¬ ìÛ~…° {ñ¼|ø†ÿ ‹ýò æüú|…ÿ …÷±

ð†Ÿý³ÿ ‹± ì¥†¶Œú {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú|…ÿ ̈õ…øñ~ ¬…º•.

ð}ýœú|âý±ÿ

ð}†ü� ºŒýú|¶†²ÿ Ö±…üñ~ ¶õ°…«|Þ†°ÿ ìõ…¬ øí·†ðã±¬€ ‹ý†ðã± ìÛ†¬ü±

…Ö³ôð}± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° {ñ¼ {à ì¥õ°ÿ …² ìÛ†¬ü± ì»†‹ú ¤†è•

¬ô ì¥õ°ÿ …¶•. ¬° ¤†è}þ Þú {ñ¼|ø†ÿ �·í†ð~ {õ²üÐ Òý±üßñõ…̈}þ ¬°

ÎíÜ ðíõðú ¬…º}ú ‹†ºñ~€ ìÛ†¬ü± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹±ºþ ¬°

¶†²û|ø†ÿ øí·†ðã±¬ Ú†‹ê {õ›ú ̈õ…øñ~ ‹õ¬.

¬° ìÇ†èÏú {ñ¼|ø†ÿ ¶ú ‹Ï~ÿ …Æ±…Ù ¶õ°…« ¬° ¶õ°…«|Þ†°ÿ

Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ€ Îçôû ‹± ‹†æ{± ‹õ¬ó {ñ¼|ø†ÿ ¾×¥ú|…ÿ ¬°

…Æ±…Ù ¶õ°…«€ ‹† …Ö³…ü¼ {Ï~…¬ æüú|ø† {ñ¼|ø†ÿ ‹ýò æüú|…ÿ …Ö³…ü¼

¨õ…ø~ ü†Ö•. Îçôû ‹± Â©†ì• Ÿñ~æüú€ Ÿý~ì†ó æüú|ø† …÷± ‹·³…üþ ¬°

…üœ†¬ ìÛ†¬ü± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬…°¬.

¬° Þ†ì�õ²ü•|ø†ÿ {à ›ù}þ Þú ²ü± {ñ¼|ø†ÿ �·í†ð~ ¬ôì¥õ°ÿ

Ú±…° ¬…°ð~€ º~– {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹ý»}± …² ðíõðú|ø†ÿ ²ü±

{ñ¼|ø†ÿ �·í†ð~ {à ì¥õ°ÿ ¬° °…¶}†ÿ …èý†Ù …¶•. …ì†€ …â± {ñ¼ {à

ì¥õ°ÿ ¬° °…¶}†ÿ Îíõ¬ ‹± …èý†Ù ‹± Ÿñ~æüú|ø†ÿ {à ›ù}þ …Îí†ë

ºõ¬€ {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹ý»}±ÿ ¬° èŒú „²…¬ ¶õ°…« …üœ†¬ ìþ|Þñ~. ¬°

‹±°¶þ Ÿý~ì†ó|ø†ÿ ì©}éØ Ÿñ~æüú|ø†üþ øí¡õó ylp-ssorc|€

ylp-elgna ô ºŒú øí·†ðã±¬ ìÛ†¬ü± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹ý»}± ô …üœ†¬

{±á ô æüú æüú º~|ó Ÿñ~æüú …² …øíý• Ö³ôó|{±ÿ ‹±̈õ°¬…° …¶•.  |

…â± Ÿú ìÛ†¬ü± {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ ¬° èŒú

„²…¬ ¶õ°…« ¬° ¤ýò Ö±…üñ~ ¶õ°…«|Þ†°ÿ ì±Þ³ÿ Ú†‹ê {õ›ú …¶•€ ìÛ~…°

„ðù† ‹† ¬ô° º~ó …² èŒú ¶õ°…« ‹ú º~– Þ†ø¼ ìþ|ü†‹~. …üò …ì± ‹ú âõðú|…ÿ

…¶• Þú ìÛ~…° {ñ¼|ø†ÿ ‹ýò æüú|…ÿ Îíõ¬ÿ ¬° Ÿñ~æüú ºŒú øí·†ðã±¬

{ñù† ¬° ¤~ô¬ 43/1% ô ìÛ~…° {ñ¼|ø†ÿ ‹ýò æüú|…ÿ ‹±ºþ ¤~…Þ±̃ 4%

{ñ¼|ø†ÿ �·í†ð~ ìõ›õ¬ ¬° ðíõðú …¶•. …² …üò|°ô€ ø±â†û Æþ Ö±…üñ~

¶õ°…«|Þ†°ÿ ì±Þ³ÿ€ ¶±Î• ¶õ°…«|Þ†°ÿ ìñ†¶� ‹†º~ ô ‹}õ…ó ‹†

¶±Î• ìñ†¶Œþ Þ±ð¼|ø†ÿ °ø† º~û ¬° ¤ýò Îíéý†– °… ÷Œ• Þ±¬€ ìÛ~…°

{ñ¼|ø†ÿ ‹ýò æüú|…ÿ …÷± ð†Ÿý³ÿ ‹± ì¥†¶Œú {ñ¼|ø†ÿ �·í†ð~ ¾×¥ú|…ÿ

¨õ…øñ~ ¬…º•.  |

1. Determining Residual Stresses by the Hole-Drilling Strain-Gage

Method, ASTM Standard E837-99, 1999. 

2. Prasad C.B., Prabhakaran R. and Thompkins S., Determination

of Calibration Constants for the Hole-Drilling Residual Stress

Measurement Technique Applied to Orthotropic Composites,

Compos. Struct., 8, 2, 105-118, 1987.

3. Schajer G.S. and Yang L., Residual-Stress Measurement in

Orthotropic Materials Using the Hole-Drilling Method, Experi-

mental Mechanics, 324-333, December, 1994.

4. Sicot O., Gong X.L., Cherouat A. and Lu J., Determination of

Residual Stress in Composite Laminates Using the Incremental
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