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A new method for determination of residual stresses in the bottom layers of laminated composites
is developed. In this method the residual stresses are determined by performing a consecutive
drilling of laminated composites in the center of the rosette and recording the strains after drilling
each layer. The depth of the hole in each step is equal to the thickness of each layer and the maxi-
mum depth of driling is equal to the diameter of the hole. The integral method has been used for
determination of the residual stresses because these stresses are distributed non-uniformly through
the thickness of each layer. A computer program for simulation and calculation of the calibration
factors of the incremental hole drilling process of laminated composites is presented. The calibra-
tion factors correlate the released strains to the residual stresses in each layer. The released strains
in the incremental hole drilling process are divided in two parts. The first part is due to the released
strain by increasing the holes depth and changing the geometry of the hole. The second part is due
to the released strain from each layer by drilling the same layer. In this method, by calculating the
calibration factors using the integration method and performing a finite element method, the resid-
ual stresses in each layer of laminated composites are calculated. 
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…‹}~… Þ±ð¼|¶ñ� °ô²– ¬° ¶Ç¦ ðíõðú ð¿� ìþ|ºõ¬. ‹† …Ö³…ü¼

{~°üœþ ÎíÜ ¶õ°…̈þ Þú ¬° ì±Þ³ °ô²– …üœ†¬ ìþ|ºõ¬€ Þ±ð¼|ø†ÿ

°ø†º~û ¬° Öõ…¾ê ì·†ôÿ ÷Œ• ìþ|ºõð~. ¶�̧€ {ñ¼|ø†üþ Þú ¬° ø±

ì±¤éú …² ÎíÜ ¶õ°…« ô›õ¬ ¬…º}ú|…ð~€ …ð~…²û|âý±ÿ ô Ö±Å ìþ|ºõ¬ Þú

Þ±ð¼ °ø†º~û ¬° ø± ì±¤éú Þ†ìç_ ¬° …÷± {ñ¼ ìõ›õ¬ ¬° øí†ó ì±¤éú …²

ÎíÜ ¶õ°…« …¶•. ‹±…ÿ ø± ì±¤éú|…ÿ …² ÎíÜ ¶õ°…«€ Â±…ü� {Ç†‹Ü

ì}×†ô{þ °… ‹†ü~ ‹ú Þ†° ‹±¬. °ô½ ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ ‹±…ÿ ¬¶•|ü†‹þ

‹ú {õ²üÐ Òý± üßñõ…̈• {ñ¼ ¬° Â©†ì• üà ÚÇÏú {õ¾ýú ìþ|ºõ¬.  |

‹† ô›õ¬ Þ†°‹±¬ â·}±¬û …üò °ô½ ¬° ìõ…¬ øí·†ó|â±¬ ]|2€1[|€ ðÛ†üÀ

ðË±ÿ ìùíþ ¬° „ó ô›õ¬ ¬…°¬. …üò Ö±Å Þú Þ±ð¼ °ø†º~û ¬° ø±

ì±¤éú Þ†ìç_ ì}ÏéÜ ‹ú {ñ¼|ø†ÿ �̧|ì†ð~ øí†ó ì±¤éú ‹†ºñ~€ …Î}Œ†°ÿ

ð~…°¬. �̧ …² …ðœ†ï …ôèýò ì±¤éú ¶õ°…«|Þ†°ÿ€ Þ±ð¼ °ø†º~û ¬° ì±…¤ê

‹Ï~ {¥• {†‡÷ý± ¬ô Î†ìê {ñ¼|ø†ÿ ìõ›õ¬ ¬° „ó ÎíÜ ô {Óýý± øñ~¶ú

¶õ°…« ø·}ñ~. {Óýý± øñ~¶ú …ìß†ó °ø†¶†²ÿ Þ±ð¼ ‹ý»}±ÿ °… ‹ú ðíõðú

ð·Œ• ‹ú ì±…¤ê ÚŒéþ ìþ|¬ø~. ‹ñ†‹±…üò€ ¬°  º±…üÇþ  Þú ÎíÜ ›~ü~

¶õ°…« ðý³ Þ†ìç_ Î†°ÿ …² {ñ¼ ‹†º~€ °ø†¶†²ÿ Þ±ð¼ …¬…ìú  ìþ|ü†‹~

]|11€01[|. …Ö³ôó ‹± …üò€ ‹ñ†‹± Ú†Î~û ¶ò  ô ð†ó€ �†¶ª ø†ÿ Þ±ð¼ ¬° °ôÿ

¶Ç¦ ÚÇÏú ‹ú ¶±Î• ð·Œ• ‹ú „÷†° {ñ¼|ø†ÿ ¬…̈éþ ¬° ÎíÜ ÚÇÏú

Òý±¤·†¹ ìþ|ºõð~. ‹ñ†‹±…üò€ ̈Ç†ø†ÿ Îí~û|…ÿ Þú ¬° …üò °ô½ …ìß†ó

‹±ô² ìþ|ü†‹ñ~€ ¬° …÷± ì¥~ô¬ü• Öý³üßþ ¬° °ô½ „²ì†ü¼  ¶õ°…«|Þ†°ÿ

…¶•. ¬° °ô½  ¶õ°…«|Þ†°ÿ ì±Þ³ÿ ô ì±¤éú|…ÿ Þ±ð¼|¶ñ� °ô²– ¬°

¶Ç¦ ðíõðú Ÿ·Œ†ðý~û º~û ô Þ±ð¼|ø† °ôÿ ¶Ç¦ ÚÇÏú Ú±…̂• ìþ|ºõð~€

¬° ¤†è}þ  Þú {ñ¼|ø†ÿ Òý± üßñõ…̈• ¬° ÎíÜ ÚÇÏú Ú±…° ¬…°ð~.  |

¬° …üò ‹©¼€ ìÏ†¬èú ì†{±ü·þ )1( ‹±…ÿ …°{Œ†É ìý†ó {ñ¼ ô Þ±ð¼ ¬°

ø± â†ï …² Ö±…üñ~  ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ {õ¶Ïú ¬…¬û º~û …¶•. ìÏ†¬èú

)1( ‹±…ÿ {à æüú ‹ú ºßê ²ü± ‹ý†ó ìþ|ºõ¬:

¬° ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ€ �̧ …² …ôèýò ì±¤éú „ó€ …Ö³…ü¼ ÎíÜ ¶õ°…«

‹± Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ º~û …÷± â̄…º}ú ô ‹†ü~ ¬° ì¥†¶Œ†– è¥†Í

ºõ¬. ø± â†û ÎíÜ �ý¼|°ôÿ ¬° ø± â†ï …² °ô½  ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ

‹±…‹± Â©†ì• üà æüú …² Ÿñ~æüú Þ†ì�õ²ü}þ ‹†º~€ Þ±ð¼|ø†ÿ °ø†º~û

…²  ¶õ°…«|Þ†°ÿ ø± æüú ì}ñ†¶� ‹† {ñ¼|ø†ÿ �̧|ì†ð~ ì¥Œõ¹ ¬° „ó

æüú …¶•. {Óýý±…– Þ±ð¼ ¬° ø± æüú …² Ÿñ~æüú Þ†ì�õ²ü}þ€ ¬° …÷±

¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ °… ìþ|{õ…ó ‹ú ºßê ²ü± ‹ý†ó Þ±¬:

¬° …üò ìÏ†¬èú n| ìõÚÏý• ø± æüú ¬° Ÿñ~æüú Þ†ì�õ²ü}þ ô m| ‹ý†ó|â± â†ï

¶õ°…«|Þ†°ÿ ¬° ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ€ Ÿñ~æüú Þ†ì�õ²ü}þ …¶•.

²ü±ôð~  t| ‹±…ÿ ð»†ó ¬…¬ó ìœíõÑ Þ±ð¼|ø†ÿ °ø†º~û ¬° ø± â†ï …¶•.

‹† ¤Ù̄ ø± æüú ¬° Îíéý†–  ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ€ ìœíõÑ

Þ±ð¼|ø†ÿ °ø†º~û °ôÿ ¶Ç¦ {Óýý± ìþ|Þñ~. Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ

º~û ¬° ø± ì±¤éú ‹† m|)i| (  ð»†ó ¬…¬û ìþ|ºõ¬ Þú i‹ý†ó|â± ºí†°û ø±

Þ~…ï …² ¶ú Þ±ð¼ ¶ñ� üà °ô²– …¶•.  n)j| ( {ñ¼|ø†ÿ ¾×¥ú|…ÿ ø±

æüú ð†øí·†ó|â±¬  ô nm)jiC( Â±…ü� {Ç†‹Ü …¶•.  |

σ

ε

ε

ε ε ε
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ì±…¤ê ì~ë|¶†²ÿ

‹† …¶}×†¬û …² Â±…ü� {Ç†‹Ü ¬° ø± ì±¤éú …²  ¶õ°…«|Þ†°ÿ€ ìÏ†¬èú )3( °…

ìþ {õ…ó ‹±…ÿ  ¶õ°…«|Þ†°ÿ ì}õ…èþ æüú|ø† ¬° ø± Ÿñ~æüú ìõ°¬ ðË± ‹·È

¬…¬. ‹ú Îñõ…ó ì˜†ë ‹±…ÿ üà Þ†ì�õ²ü• Ÿù†°æüú|…ÿ:  |

¬° ºŒýú|¶†²ÿ Ö±…üñ~  ¶õ°…«|Þ†°ÿ ì±Þ³ÿ ‹±…ÿ üà æüú ð†øí·†ó â±¬€

¶ú ¤ê …›³…ÿ ì¥~ô¬ º†ìê ‹†°â̄…°ÿ ¬° ›ù• …èý†Ù€ ‹†°â̄…°ÿ ¬°

›ù• Îíõ¬ ‹± …èý†Ù ô ‹†°â̄…°ÿ ‹±ºþ ‹±…ÿ ì¥†¶Œú ì†{±ü̧ Â±…ü�

{Ç†‹Ü {õ¶È ºß±üú ô Ú†¶íþ …¶}×†¬û º~û …¶• ]|9€8[|. ¬° ºŒýú|¶†²ÿ

Ö±…üñ~ ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ€ ‹±…ÿ ø± ì†{±ü̧ Â±…ü� nm)jiC( ¾±Ù

ðË± …² ìÛ†¬ü± m| ô n€ ‹†°â̄…°ÿ ¬° ›ù• X| ø± æüú€ ‹†°â̄…°ÿ ¬° ›ù•

Y| ø± æüú ô ‹†°â̄…°ÿ ‹±ºþ ¬° ¾×¥ú YX| ‹±…ÿ ø± æüú …ðœ†ï

ìþ|ºõ¬.  

¶ú ì±¤éú ì~ë|¶†²ÿ ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ üà Ÿñ~æüú

Þ†ì�õ²ü}þ ô ì†{±ü̧|ø†ÿ Â±…ü� {Ç†‹Ü ì}ñ†Ê± ¬° ºßê|ø†ÿ 1 ô 2 ð»†ó

¬…¬û º~û …¶•. ¬° â†ï …ôë  ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ€  ¶õ°…«|Þ†°ÿ æüú

…ôë …ðœ†ï â±Ö}ú ô Þ±ð¼|ø†ÿ °ø†º~û ð†ºþ …² {ñ¼|ø†ÿ �̧|ì†ð~ æüú

…ôë ø·}ñ~ )ºßê 1 …èØ(. ¬° ì±¤éú ¬ôï€ Þú ¬° ºßê 1 Ž ð»†ó ¬…¬û

º~û …¶•€ æüú ¬ôï ¶õ°…« º~û ô Þ±ð¼|ø†ÿ °ø†º~û °… ìþ|{õ…ó ‹ú ¬ô

‹©¼ {Û·ýî Þ±¬: Þ±ð¼|ø†ÿ °ø†º~û ð†ºþ …² …Ö³…ü¼ ÎíÜ ¶õ°…« Þú

‹† ì†{±ü̧ Â±…ü� 12)jiC( ì±{ŒÈ …¶• ô Þ±ð¼|ø†ÿ °ø†º~û ð†ºþ …²

{ñ¼|ø†ÿ �̧|ì†ð~ æüú ¬ôï Þú ‹† 22)jiC( ì}ñ†¶� …¶•. ‹† …Ö³…ü¼ ÎíÜ

¶õ°…« ô  ¶õ°…«|Þ†°ÿ æüú ¶õï€ ì†ðñ~ „ó Ÿú ¬° ºßê 1 ž ð»†ó ¬…¬û

º~û …¶•€ Þ±ð¼|ø†ÿ °ø†º~û ð†ºþ …² …Ö³…ü¼ ÎíÜ ‹ú ¬ô ‹©¼ …÷±

{ñ¼|ø†ÿ æüú …ôë ‹± Þ±ð¼|ø†ÿ â†ï ¶õï 13)jiC( ô …÷± {ñ¼|ø†ÿ æüú

¬ôï ‹± Þ±ð¼|ø†ÿ â†ï ¶õï 23)jiC( {Û·ýî º~û ô …÷± {ñ¼|ø†ÿ �̧|ì†ð~

ì¥Œõ¹ ¬° æüú ¶õï ‹† 33)jiC( ð»†ó ¬…¬û ìþ|ºõ¬. …Ö³…ü¼ ÎíÜ ¬°

â†ï|ø†ÿ ‹Ï~ÿ ô ì¥†¶Œú {ñ¼|ø†ÿ �̧|ì†ð~ ¬° æüú|ø†ÿ ²ü±ÿ ¬üã± ðý³

‹± �†üú øíýò °ô½ Ú†‹ê ‹ý†ó …¶•.  |

º†ü†ó ®Þ± …¶• Þú ¬° ºßê 1 ‹±…ÿ ðí†ü¼ ‹ù}± ì±…¤ê  ¶õ°…«|Þ†°ÿ€

ìÛý†¹ …ð~…²û|âý±ÿ ÚÇ± ô ÎíÜ ¶õ°…« üß·†ó …ð}©†Ž ð»~û …¶•. øî

Ÿñýò€ …üò Ö±…üñ~ ¬° ¶ú ì±¤éú  ¶õ°…«|Þ†°ÿ ‹±…ÿ üà Ÿñ~æüú

Þ†ì�õ²ü}þ ð»†ó ¬…¬û º~û …¶•. Ö±…üñ~ {»±ü¦ º~û °… ìþ {õ…ó ‹±…ÿ {í†ï

æüú|ø†ÿ ¬…̈éþ ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ ‹† Â©†ì• ‹ý»}± ô {Ï~…¬

æüú|ø†ÿ ‹ý»}± …¬…ìú ¬…¬. …² „ó ›† Þú �†¶ª|ø†ÿ Þ±ð¼ ¬° °ôÿ ¶Ç¦

ÚÇÏú ‹ú ¶±Î• ð·Œ• ‹ú „÷†° {ñ¼|ø†ÿ ¬…̈éþ ¬° ÎíÜ ÚÇÏú

Òý±¤·†¹ ìþ|ºõð~€ ¤~ ðù†üþ ÎíÜ ¶õ°…« ¬° °ô½  ¶õ°…«|Þ†°ÿ

ì±Þ³ÿ {Û±üŒ†_ ‹±…‹± ÚÇ± ¶õ°…« …¶•. ‹ñ†‹±…üò€ ̈Ç†ø†ÿ Îí~û|…ÿ Þú ¬°

…üò °ô½ …ìß†ó ‹±ô² ìþ|ü†‹ñ~€ ¬° …÷± ì¥~ô¬ü• Öý³üßþ ¬° °ô½

„²ì†ü¼ ¶õ°…«|Þ†°ÿ …¶•. ‹ñ†‹±…üò€ Ö±…üñ~ â×}ú º~û ‹±…ÿ Ÿñ~

æüú|ø†ÿ Þ†ì�õ²ü}þ {† ÎíÜ ‹±…‹± ÚÇ± ¶õ°…« Ú†‹ê {ß±…° …¶•.  |

ì±…¤ê ºŒýú|¶†²ÿ

‹±…ÿ {Ïýýò ìÛ†¬ü± Â±…ü� {Ç†‹Ü °ô½ ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ ‹†

…¶}×†¬û …² ð±ï|…Ö³…° …›³…ÿ ì¥~ô¬ SYSNA]21[|€ ‹±ð†ìú °…ü†ðú|…ÿ ‹±…ÿ

ºŒýú|¶†²ÿ Ö±…üñ~  ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ

ðõº}ú ô {õ¶Ïú ¬…¬û º~û …¶•. …² ð}†ü� …üò ‹±ð†ìú ‹±…ÿ ì¥†¶Œú

{ñ¼|ø†ÿ �̧|ì†ð~ ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ …¶}×†¬û ìþ|ºõ¬. ¬°

ì~ë|¶†²ÿ ø± ðíõðú€ Îçôû ‹± ìñ†¶� ‹õ¬ó ºßê …›³…€ ‹† …¶}×†¬û …²

„²ì†ü¼ øî|â±…üþ€ {Ï~…¬ …›³… ðý³ ¬° ì~ë ‹ùýñú º~û …¶•.

…üœ†¬ üà ¶õ°…« ¬° ¾×¥ú|…ÿ Þú {ñ¼|ø†ÿ �̧|ì†ð~ ¬° „ó ì¥Œõ¹

…¶•€ ¶Œ� „²…¬ ¶†²ÿ {ñ¼|ø†ÿ �̧|ì†ð~ ¬° …Æ±…Ù ¶õ°…« ìþ|ºõ¬.

{ñ¼|ø†ÿ �̧|ì†ð~ °ø†º~û ‹ú ô¶ýéú {×†ô– ‹ýò {õ²üÐ …üò {ñ¼|ø†ÿ ¬°

¾×¥ú|…ÿ ¶õ°…«|¬…° ô {õ²üÐ „ðù† ¬° ¾×¥ú �ý¼ …² …üœ†¬ ¶õ°…« ‹ý†ó

ìþ|ºõ¬. ‹ñ†‹±…üò ‹† Ö±Å °ø† º~ó Þ»·†ó Þ±ð¼|ø†€ {×†ô– ‹ýò

Þ±ð¼|ø†ÿ ¾×¥ú �̧ …² ¶õ°…«|Þ†°ÿ ô �ý¼ …² ¶õ°…«|Þ†°ÿ ‹ý†ó|â±

Þ±ð¼|ø†ÿ °ø†º~û …¶•. ‹† …¶}×†¬û …² …¾ê ‹±øî|ðù¼€ ‹† ‹ú Þ†° ‹±¬ó

{õ²üÐ {ñ¼ ì·†ôÿ ô ì©†èØ ‹† {õ²üÐ {ñ¼|ø†ÿ �̧|ì†ð~ ì¥Œõ¹ ¬° ðíõðú€

Þ±ð¼|ø†ÿ °ø†º~û ‹† Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ º~û …² °ô½  ¶õ°…«|Þ†°ÿ

ì±Þ³ÿ üß·†ó …¶•. Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ ‹ú Þíà …›³…ÿ ¶ú ‹Ï~ÿ

æüú|…ÿ 64 diloS| ì~ë º~û ô ‹±…ÿ …Îí†ë Ö»†° ‹ú ¬üõ…°û|ø†ÿ ¶õ°…«€ …²

…›³…ÿ ¶†²û|…ÿ ¶ú ‹Ï~ÿ 451 fruS| …¶}×†¬û º~û …¶•.

°ô²– ð¿� º~û ‹± ¶Ç¦ ÚÇÏú€ Þ±ð¼|ø†ÿ °ø†º~û ¬° ø± â†ï °…

…ð~…²û|âý±ÿ ìþ|Þñ~ Þú ‹† mt)i| ( ð»†ó ¬…¬û ìþ|ºõ¬. …¶}×†¬û …² Â±…ü�

{Ç†‹Ü ì±¤éú|…ÿ ‹ú øí±…û üà ¤ê �ý¼ °ôð~û€ Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ

º~û °… ‹ú {ñ¼|ø†ÿ �̧|ì†ð~ ì¥Œõ¹ ¬° ø± æüú {Œ~üê ìþ|Þñ~. ‹†

ε
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…¶}×†¬û …² ìÏ†¬èú )4( Þ±ð¼|ø†ÿ ð†ºþ …² {ñ¼|ø†ÿ �̧|ì†ð~ ì¥Œõ¹ ¬°

ø± æüú€ Ú†‹ê ì¥†¶Œú …¶•. ‹±…ÿ ì˜†ë ¬°  ¶õ°…«|Þ†°ÿ æüú ¶õï:

‹ñ†‹±…üò€ Þ±ð¼|ø†ÿ �̧|ì†ð~ ð†ºþ …² {ñ¼|ø†ÿ �̧|ì†ð~ ì¥Œõ¹ ¬° ø±

æüú °… ‹† …¶}×†¬û …² ìÏ†¬èú ²ü± ìþ|{õ…ó …² ìœíõÑ Þ±ð¼|ø†ÿ

…ð~…²û|âý±ÿ º~û °ôÿ ¶Ç¦ ‹ú Þíà °ô²– ›~… Þ±¬:

Þú ¬° „ó mt)i| ( ìœíõÑ Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ º~û °ôÿ ¶Ç¦ ¬°

ì±¤éú m|…ï  ¶õ°…«|Þ†°ÿ ô  „ó ‹©¼ …² Þ±ð¼|ø†ÿ °ø†º~û …¶• Þú ‹ú

Îé• {Óýý± øñ~¶ú ¶õ°…« „²…¬ ìþ|ºõ¬. ‹ú ÎŒ†°– ¬üã± mm|)i| ( ¶ùî

æüú|ø†ÿ ‹†æüþ ¬° Þ±ð¼|ø†ÿ °ø†º~û€ ‹ú Îé• ¤Ù̄ „̈±üò æüú

…¶• ô m|)i| ( ‹ý†ó|Þññ~û Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ º~û€ ð†ºþ …² {ñ¼|ø†ÿ

�̧|ì†ð~ ì¥Œõ¹ ¬° ø± æüú …¶•. ‹ñ†‹±…üò€ Þ±ð¼|ø†ÿ �̧|ì†ð~ ¬° ø±

æüú ‹† m|)i| ( Ú†‹ê ‹ý†ó …¶•.  |

…² „ó ›† Þú ¬° °ô½ …°…̂ú º~û€ „÷†° {Óýý±…– øñ~¶ú ô Þ±ð¼|ø†ÿ

�̧|ì†ð~ ø± æüú ‹ú Æõ° ìœ³… ô �ýõ¶}ú ¬° ðË± â±Ö}ú ìþ|ºõ¬|€ ìþ|{õ…ó

…üò °ô½ {õ¶Ïú ¬…¬û º~û °… ºŒýú °ô½ …ð}ã±…ë ¬° ìõ…¬ øí·†ó|â±¬

]|2€1[| ¬…ð·• ô „ó °… °ô½ …ð}ã±…ë ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ ð†ìý~. ¬°

°ô½ …ð}ã±…ë ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ€ ‹±…ÿ {Ïýýò Â±…ü� {Ç†‹Ü

„÷†° …Ö³…ü¼ ÎíÜ ¶õ°…«€ ‹±…ÿ Ÿý~ì†ó ø± æüú€ ̈õ…Á Þ»·†ó ø±

æüú€ ìõÚÏý• ø± æüú ô {ñ¼|ø†ÿ|�̧|ì†ð~ ì¥Œõ¹ ¬° ø± æüú ‹ú øí±…û

…÷± {ñ¼|ø†ÿ �̧|ì†ð~ æüú|ø†ÿ ‹†æüþ ìõ°¬ {õ›ú Ú±…° â±Ö}ú …¶•.  |

ε

ε

ε

ε
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2)j.(32)ijC(1)j.(31)C()().()C( ij3ti3j33ij σ−σ−ε=σ

32i31i3ti3j33ij )()()().()C( ε−ε−ε=σ
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ε−ε=ε
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ð}†ü� {œ±‹þ

ìÛ†¬ü± Þ±ð¼|ø†ÿ °ø†º~û  |

ðíõðú|ø†ÿ „²ì†ü»þ ‹† …¶}×†¬û …² …èý†Ù ºý»ú ô °²üò …�õÞ·þ ‹ú

Â©†ì• mm|2/0 ô …‹Ï†¬ mc|51* 51 ‹ú °ô½ æüú|â̄…°ÿ ¬¶}þ€ ¶†̈}ú

ìþ|ºõð~. ÷†‹•|ø†ÿ Þ»·†ó ‹±…ÿ üà æüú ºý»ú -…�õÞ·þ Þú ¬° …üò

�µôø¼ ìÇ†èÏú º~û€ ¬° ›~ôë 1 ‹ý†ó º~û …¶•.

‹±…ÿ ÷Œ• Þ±ð¼|ø†ÿ °ø†º~û ð†ºþ …²  ¶õ°…«|Þ†°ÿ ø± æüú€  Æþ

²ì†ó ìñ†¶Œþ �ý¼|°ôÿ °« ¬…¬û ô ì}õÚØ ìþ|ºõ¬. ¬° …üò �µôø¼€

ì~– ²ì†ó  ¶õ°…«|Þ†°ÿ ø± â†ï ‹±…‹± s|02 ô ²ì†ó æ²ï ‹±…ÿ „²…¬ º~ó

Þ±ð¼|ø†ÿ ø± â†ï  s|04 ¬° ðË± â±Ö}ú º~û …¶•. ‹ñ†‹±…üò€ ¬° ø± ì±¤éú

¶õ°…«|Þ†°ÿ ô „²…¬ º~ó {ñ¼ üà ¬ÚýÛú ²ì†ó ¾±Ù ìþ|ºõ¬. Ÿñ~

ðíõðú ì}Û†°ó ºŒú øí·†ó|â±¬ ‹† Ÿý~ì†ó s]09/54±/0[ ¬° Ÿù†° ì±¤éú

›~ôë 1 -÷†‹•|ø†ÿ Þ»·†ó Þ†ì�õ²ü• ºý»ú -…�õÞ·þ.

)aPG( xE )aPG( yE )aPG( yxG xyν )
C

(x °
µ

α )
C

(y °
µ

α

52 9 8/4 62/0 4/5 62

›~ôë 2 -ð}†ü� Î~¬ÿ Þ±ð¼|ø†ÿ °ø†º~û …²  ¶õ°…«|Þ†°ÿ Ÿñ~ æüú

s]09/54±/0[ )(. µε

æüú °…¶}†ÿ

Þ±ð¼|¶ñ�

)¬°›ú(

ºŒú øí·†ó|â±¬

ì}Û†°ó
Ÿù†°ï ¶õï ¬ôï …ôë
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05-

841-

345

761-

438-

385

674

297-

206

441-

298-

¾×± 

54

09

ìÛ†¬ü± ìý†ðãýò

Þ±ð¼

›~ôë 3-Â±…ü� {Ç†‹Ü  ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ Ÿñ~æüú s]09/54±/0[.

)…èØ( Â±…ü� {Ç†‹Ü  ¶õ°…«|Þ†°ÿ æüú …ôë

11ij
)C(

273.48927.0864.15

986.15515.58605.5

130.15806.0305.28

⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

−−
−−−

−−

) Ž( Â±…ü� {Ç†‹Ü  ¶õ°…«|Þ†°ÿ æüú ¬ôï

21ij
)C(

127.45848.0727.14
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⎦
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⎢
⎢

⎣

⎡

−−
−−−

−−

22ij
)C(
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31ij
)C(
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889.14924.53025.5
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⎥
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⎦
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⎢
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⎣

⎡
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32ij
)C(
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⎢
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⎣

⎡

−−
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33ij
)C(

970.37235.3493.12
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⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡
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−−−
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41ij
)C(

037.45834.0710.14
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⎢
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42ij
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43ij
)C(

809.37195.3439.12

286.13949.46153.4
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¶õ°…«|Þ†°ÿ Æþ ì~– ²ì†ó nim|4 ìõ°¬ „²ì†ü¼ Ú±…° â±Ö}ñ~. ÎíÜ

¶õ°…« ‹±…‹± ‹† ð¿Ø Â©†ì• ÚÇÏú ‹õ¬ ô Îíéý†–  ¶õ°…«|Þ†°ÿ {† ì±²

{Û†°ó ðíõðú �ý¼|°ôÿ Þ±¬û …¶•. ¬¶}ã†û ‹ú Þ†° °Ö}ú ‹±…ÿ …ð~…²û|âý±ÿ

ìÛ†¬ü± Þ±ð¼|ø†ÿ °ø† º~û€ ¬¶}ã†û …ð~…²û|âý±ÿ 106CPU ‹õ¬.

Þ±ð¼|¶ñ�|ø†ÿ ìõ°¬ …¶}×†¬û ¬° …üò „²ì†ü¼€ Þ±ð¼|¶ñ�|ø†ÿ °ô²–

…² ðõÑ 2-SRF¶†̈• º±Þ• LMT´…�ò ô Ÿ·� ì†üÐ …² ðõÑ

¶ý†ðõ„Þ±üç– ‹† ð†ï {œ†°ÿ NC| …¶•. ìÛ†¬ü± ìý†ðãýò Þ±ð¼|ø†ÿ °ø†

º~û ì¥†¶Œú ô ¬° ›~ôë 2 ‹ý†ó º~û …¶•.  |

|

{Ïýýò Â±…ü� {Ç†‹Ü

Â±…ü� {Ç†‹Ü | ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ ð¿Ø æüú|ø†ÿ ðíõðú s]09/54±/0[

¬° ›~ôë 3 …°…̂ú º~û …¶•. …â± Ÿú ø± æüú ô Ÿñ~ æüú ºŒú øí·†ó|â±¬€

ð†øí·†ó|â±¬ ø·}ñ~€ …ì†€ Â±…ü� 21C ô23C ¬° øý¢ üà …² ì†{±ü̧|ø†

¾×± ðý·}ñ~. Â±…ü� 21C ô23C ‹ý†ó|Þññ~û …÷± {ñ¼|ø†ÿ �̧|ì†ð~ ‹±ºþ€

‹± Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ º~û ¬° °…¶}†ÿ Þ±ð¼|¶ñ�|ø†ÿ 0 ô 09

¬°›ú|…ð~. ‹ñ†‹±…üò€ øñã†ï  ¶õ°…«|Þ†°ÿ æüú …ôë Þú ÎíÜ  ¶õ°…«|Þ†°ÿ

º~û ð†øí·†ó|â±¬ …¶•€ …÷± æüú ìœ†ô° Þú ¬° °…¶}†ÿ 54 ¬°›ú Ú±…° ¬…°¬€

ì†ðÐ …² ¾×± º~ó Â±…ü� 21C ô23C º~û …¶•.  |

ìÛ†ü·ú ð}†ü� ðË±ÿ ô {œ±‹þ

ìÛ†ü·ú ð}†ü� ìõöè×ú {ñ¼  x| ¤†¾ê …² ¤ê {¥éýéþ ô {œ±‹þ ¬° ø± æüú

…² Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ s]09/54±/0[ ¬° ºßê 3 ð»†ó ¬…¬û º~û …¶•.

ð}†ü� {œ±‹þ x| {Ç†‹Ü ìñ†¶Œþ ‹† ð}†ü� ðË±ÿ ð»†ó ìþ|¬ø~ ô ìÛ~…° ̈Ç†

¬° …ð~…²û|âý±ÿ ¤~…Þ±̃ aPM82/0 …¶•. ¬° ¤†èþ Þú ðË±üú ‹ùýñú

Þç¶ýà æüú|…ÿ ìÛ~…° {ñ¼ ‹±ºþ yx| °… ¬° æüú Ÿù†°ï Þú ¬° ›ù•

09 ¬°›ú ð·Œ• ‹ú ì¥õ° …¾éþ Ú±…° ¬…¬û º~û …¶•€ ¾×± �ý¼|‹ýñþ

ìþ|Þñ~€ ìÛ~…° …ð~…²û|âý±ÿ º~û ‹±…‹± aPM3/0 …¶• Þú …èŒ}ú ìÛ~…°

²ü†¬ÿ ðý·•. ð}†ü� {œ±‹þ {ñ¼ �̧|ì†ð~ Ö»†°ÿ ¬° æüú …ôë ô {ñ¼

�̧|ì†ð~ Þ»»þ ¬° æüú Ÿù†°ï ‹ú øí±…û ¬ô ¾×¥ú Î†°ÿ …² {ñ¼

�̧|ì†ð~ ¬° °…¶}†ÿ …èý†Ù °… ð»†ó ìþ|¬ø~.  |

ð}ýœú|âý±ÿ

¬° …üò �µôø¼€ °ô½ …ð}ã±…ë ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ …°…̂ú º~û

…¶•. ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ€ Î~ï {Ç†‹Ü Â±…ü� …ðŒ·†É â±ì†üþ

…èý†Ù ô ì†{±ü̧€ …ðÛŒ†Å ô …ðŒ·†É ì}×†ô– æüú|ø†ÿ ì}õ…èþ ‹ú ¬èýê

…̈}çÙ ›ù•|ø†ÿ …¾éþ „ðù† ô …ðœí†¬ Òý±üßñõ…̈• ÚÇÏú ‹ú Îé•

â±…¬ü†ó|ø†ÿ º~ü~ ¬ì† ¤ýò ¶†̈• ¶Œ� …üœ†¬ {ñ¼|ø†ÿ �̧|ì†ð~ ¬°

Þ†ì�õ²ü•|ø† ìþ|ºõ¬. …ð~…²û …üò {ñ¼|ø† ‹ú ¶†̈}†° Ÿñ~æüú€ ̈õ…Á

ìõ…¬ æüú|ø† ô Ö±…üñ~ ¶†̈• ‹·}ãþ ¬…°¬. ¬° …üò �µôø¼€ ‹† {õ¶Ïú

°ô½ ºŒýú|¶†²ÿ Ö±…üñ~ ¶õ°…«|Þ†°ÿ ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ€

°ô½ ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ ‹±…ÿ {Ïýýò {ñ¼|ø†ÿ �̧|ì†ð~

Òý±üßñõ…̈• ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ€ {õ¶Ïú ¬…¬û º~û …¶•. ¬°

°ô½ ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ Þ±ð¼|ø†ÿ °ø†º~û ¬° ø± â†ï ‹ú ¬ô

‹©¼ Þ±ð¼|ø†ÿ °ø†º~û ð†ºþ …² „²…¬¶†²ÿ {ñ¼|ø†ÿ �̧|ì†ð~

ì¥Œõ¹ ¬° ø± æüú ô Þ±ð¼|ø†ÿ °ø†º~û ð†ºþ …² …Ö³…ü¼ ÎíÜ ¶õ°…«

{Û·ýî º~û …¶•. …² „ó|›† Þú ¬° °ô½ …°…̂ú º~û€ „÷†° {Óýý±…– øñ~¶ú ô

Þ±ð¼|ø†ÿ �̧|ì†ð~ ø± æüú ‹ú Æõ° ìœ³… ô �ýõ¶}ú ¬° ðË± â±Ö}ú

ìþ|ºõ¬|€ ìþ|{õ…ó …üò °ô½ {õ¶Ïú ¬…¬û º~û °… °ô½ …ð}ã±…ë ¬°

Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ ð†ìý~.  |

¬° ì~ë|¶†²ÿ °ô½ …ð}ã±…ë ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ Ÿãõðãþ

…°{Œ†É ‹ýò Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ º~û °ôÿ ¶Ç¦ ô {ñ¼|ø†ÿ �̧|ì†ð~

‹ý†ó º~. ‹† …Ö³…ü¼ ÎíÜ ¶õ°…« {Ï~…¬ ì†{±ü̧|ø†ÿ Â±…ü� {Ç†‹Ü

…Ö³…ü¼ ìþ|ü†‹~. üà ì†{±ü̧ ‹±…ÿ …°{Œ†É ‹ýò Þ±ð¼|ø†ÿ �̧|ì†ð~ ô

{ñ¼|ø†ÿ �̧|ì†ð~ ø± æüú ‹õ¬û ô ¶†ü± ì†{±ü̧|ø† …°{Œ†É ‹ýò|

Þ±ð¼|ø†ÿ ð†ºþ …² …Ö³…ü¼ ÎíÜ ô Þ±ð¼|ø†ÿ …ð~…²û|âý±ÿ º~û °… ‹ý†ó

ìþ|Þññ~. ‹±…ÿ {Ïýýò ì†{±ü̧|ø†ÿ Â±…ü� {Ç†‹Ü ¬° ø± â†ï€ ºŒýú|¶†²ÿ

Ö±…üñ~ ¶õ°…«|Þ†°ÿ ì±¤éú|…ÿ ¬° Ÿñ~æüú|ø†ÿ Þ†ì�õ²ü}þ ìõ°¬ {õ›ú

Ú±…° â±Ö}ú …¶•. ‹† ‹ú Þ†° ‹±¬ó {õ²üÐ {ñ¼ ì·†ôÿ ô ì©†èØ ‹† {õ²üÐ

σ

σ

σ

|ºßê 3 -ìÛ†ü·ú ð}†ü� {¥éýéþ ô {œ±‹þ ìõè×ú {ñ¼¬° ø± æüú …²

Ÿñ~æüú|ø†ÿ 
s

|]09/54±/0[.

xσ
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ì¥†¶Œú …üò {ñ¼|ø† ‹† …¶}×†¬û …² ðË±üú Þç¶ýà æüú|…ÿ {Ç†‹Ü ‹·ý†°
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