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❆ ❡❧❛❜♦r❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦ ♥ã♦ t❡r✐❛ s✐❞♦ ♣♦ssí✈❡❧ s❡♠ ❛ ❝♦❧❛❜♦r❛çã♦ ❞❡ ❞✐✈❡rs❛s
♣❡ss♦❛s✳ ●♦st❛r✐❛ ❞❡ ❡①♣r❡ss❛r t♦❞❛ ❛ ♠✐♥❤❛ ❣r❛t✐❞ã♦ ❡ ❛♣r❡ç♦ ❛ t♦❞♦s ❛q✉❡❧❡s q✉❡✱
❞✐r❡t❛ ♦✉ ✐♥❞✐r❡t❛♠❡♥t❡✱ ❝♦♥tr✐❜✉✐r❛♠ ♣❛r❛ ❡ss❛ r❡❛❧✐③❛çã♦✳ ❆ t♦❞♦s q✉❡r♦ ♠❛♥✐❢❡st❛r
♠❡✉s s✐♥❝❡r♦s ❛❣r❛❞❡❝✐♠❡♥t♦s✳

❆♦s ♠❡✉s ♣❛✐s✱ ●❡rs♦♥ ❡ ❊❧✐③❡t❡✱ ♣♦r s❡♠♣r❡ t❡r❡♠ ♠❡ ❛♣♦✐❛❞♦ ❡♠ ♠❡✉s ❞❡s❛✜♦s
❡ ❞❡❝✐sõ❡s✱ ❛❧é♠ ❞❡ ♠❡ ♣r♦♣♦r✐❝♦♥❛r ❡❞✉❝❛çã♦ ❡ ❝♦♥❞✐çõ❡s ♣❛r❛ q✉❡ ❡✉ s❡♠♣r❡ ♣✉❞❡ss❡
❝r❡s❝❡r✳

❆♦ ♠❡✉ ♦r✐❡♥t❛❞♦r ♣r♦❢✳ ❉r✳ ❘✐❝❛r❞♦ ❞❡ ▼❡❞❡✐r♦s✱ q✉❡ ❛❧é♠ ❞❡ t❡r ♠❡ ❛✉①✐❧✐❛❞♦ ❡♠
❞✐✈❡rs♦s ♦❜stá❝✉❧♦s✱ ♠❡ ❞❡✉ t♦t❛❧ ❧✐❜❡r❞❛❞❡ ♣❛r❛ ❞❡❝✐❞✐r ♦ ❝❛♠✐♥❤♦ q✉❡ ❡st❡ tr❛❜❛❧❤♦ ✐r✐❛
t♦♠❛r✳ ❙✉❣❡r✐✉ ✐❞❡✐❛s ❡ ♠ét♦❞♦s✱ ♠❡ ❞❡s♣❡rt❛♥❞♦ ❝❛❞❛ ✈❡③ ♠❛✐s ❝✉r✐♦s✐❞❛❞❡ ❡ ♠♦t✐✈❛çã♦✳

❆♦ ●✉✐❧❤❡r♠❡ ❞❡ ❋❛✈❡r✐✱ ♣❡❧❛ ❣❡♥t✐❧❡③❛ ❡♠ ❝❡❞❡r ❛ ♠áq✉✐♥❛ ❞❡ ❡♥s❛✐♦s ♠❡❝â♥✐❝♦s
❡ ❞❡ t❛♠❜é♠ t❡r s❡ ❞✐s♣♦♥✐❜✐❧✐③❛❞♦ ❛ ♠❡ ❛✉①✐❧✐❛r ♥❛ ❡①❡❝✉çã♦ ❞❛ ♠❛✐♦r ♣❛rt❡ ❞♦s ❡♥s❛✐♦s✳

❆♦ ■♥st✐t✉t♦ ❙❊◆❆■✱ ♣♦r t❡r r❡❛❧✐③❛❞♦ ✉♠❛ ♣❛r❝❡❧❛ ❞♦s ❡♥s❛✐♦s ♠❡❝â♥✐❝♦s✱ s❡♠♣r❡
❝♦♠ ót✐♠❛ r❡❝❡♣t✐✈✐❞❛❞❡ ❡ ♣r♦✜ss✐♦♥❛❧✐s♠♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣♦r ♣❛rt❡ ❞❡ ❈❧❛②t♦♥ ❞❡ ❙♦✉③❛✳

❆♦s ♠❡✉s ❝❛r♦s ❝♦❧❡❣❛s ❞❡ ♣r♦❥❡t♦✱ ▼❛t❤❡✉s P♦♥✐❝❦✱ ♣♦r t❡r ❢♦r♥❡❝✐❞♦ ♦s ❞❛❞♦s
❞♦s ❡♥s❛✐♦s ❞❡ tr❛çã♦ ❞♦ ❝♦♠♣❡♥s❛❞♦ ❡ ❱✐❝t♦r ◆❡❣♦s❡❦ ♣♦r t❡r ♠❡ ❛✉①✐❧✐❛❞♦ ❡♠ ❞✐✈❡rs♦s
♠♦♠❡♥t♦s✳

➚ ❊q✉✐♣❡ ❆❧❜❛tr♦③ ❆❡r♦❞❡s✐❣♥✱ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❞♦ ❊st❛❞♦ ❞❡ ❙❛♥t❛ ❈❛t❛r✐♥❛✱
♣r✐♥❝✐♣❛❧ ✐♥✢✉❡♥❝✐❛❞♦r❛ ❞❡st❡ tr❛❜❛❧❤♦✳ ◗✉❡ ♠❡ ✐♥s♣✐r♦✉ ❛ ❡st✉❞❛r ❡st❡ ❡ t❛♥t♦s ♦✉tr♦s
t❡♠❛s✳ P♦r t❡r ❢♦r♥❡❝✐❞♦ ❞❛❞♦s ❞❡ ❡♥s❛✐♦s ❡ t❛♠❜é♠ ❜❛♥❝♦✉ ♦s ❝✉st♦s ❞♦s ♠❛t❡r✐❛✐s
♥❡❝❡ssár✐♦s ♣❛r❛ ❛ ❡❧❛❜♦r❛çã♦ ❞♦s ❝♦r♣♦s ❞❡ ♣r♦✈❛✳ ◗✉❡r♦ ❛❣r❛❞❡❝❡r t❛♠❜é♠ ❛ t♦❞♦s ♦s
♠❡❜r♦s ❡ ❡①✲♠❡♠❜r♦s q✉❡ ♣♦r ❧á ♣❛ss❛r❛♠✳

❆ t♦❞♦s ♠❡✉s ❛♠✐❣♦s ❡ ❝♦❧❡❣❛s✱ ♦❜r✐❣❛❞♦ ♣♦r ♣❡r♠✐t✐r❡♠ q✉❡ ❡st❡ tr❛❜❛❧❤♦ s❡❥❛
✉♠❛ r❡❛❧✐❞❛❞❡✳



❘❊❙❯▼❖

❈♦♠ ♦ ❛❞✈❡♥t♦ ❞❛ t❡❝♥♦❧♦❣✐❛✱ ❝r❡s❝❡♠ ♦s ♣r♦❥❡t♦s ♥♦s q✉❛✐s ❞❡s❡❥❛✲s❡ ❛❧t❛ ♣❡r❢♦r♠❛♥❝❡✳
▼❛t❡r✐❛✐s ❝♦♠♣ós✐t♦s s✉r❣❡♠ ♣❛r❛ s❛t✐s❢❛③❡r ❡ss❛ q✉❡stã♦✱ s❡♥❞♦ ❛♣❧✐❝❛❞♦s ❡♠ ❞✐✈❡rs♦s
❝❛♠♣♦s ❞❛ ✐♥❞ústr✐❛✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥♦ s❡❣✉✐♠❡♥t♦ ❛❡r♦❡s♣❛❝✐❛❧ ❡ ❛❡r♦♥á✉t✐❝♦✳ ❈♦♠
❢♦❝♦ ♥❛ ❢✉♥çã♦ ❡str✉t✉r❛❧✱ ♠❛t❡r✐❛✐s ❝♦♠♣ós✐t♦s ❢♦r❛♠ ❝♦♠❜✐♥❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ♣❛r❛
❢♦r♠❛r ✉♠❛ ✈✐❣❛ ❡♠ ❝❛✐①ã♦✱ r❡s✉❧t❛♥❞♦ ❡♠ ❡❧❡✈❛❞❛ r✐❣✐❞❡③ ❡ ❜❛✐①♦ ♣❡s♦ ❡s♣❡❝í✜❝♦✳ ❆
s✉❛ ❝♦♠♣♦s✐çã♦ s❡ ❞á ♣♦r ♠❡✐♦ ❞❡ ❜❛rr❛s ❞❡ ✜❜r❛ ❞❡ ❝❛r❜♦♥♦ ❡ r❡s✐♥❛ ❡♣ó①✐✱ ❥✉♥t❛♠❡♥t❡
❝♦♠ ❧❛♠✐♥❛❞♦s ❞❡ ♠❛❞❡✐r❛ ❝♦♠♣❡♥s❛❞❛✳ ❉✐❛♥t❡ ❞❡st❡ ❝♦♥t❡①t♦✱ ♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ✈✐s❛
❛✈❛❧✐❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ à ✢❡①ã♦ ❡stát✐❝❛ ❞❡ ✈✐❣❛s ❝♦♠♣♦st❛s✱ ♣♦r ♠❡✐♦ ❞♦ ♠♦❞❡❧♦ ❞❡
✈✐❣❛ ❞❡ ❚✐♠♦s❤❡♥❦♦✳ P❛r❛ ✐ss♦✱ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡♥s❛✐♦s ♠❡❝â♥✐❝♦s ❞❡ tr❛çã♦✱ ✢❡①ã♦ ❡
t♦rçã♦✱ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❞❡t❡r♠✐♥❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❡❢❡t✐✈❛s ❞♦s ♠❛t❡r✐❛✐s✳ ❆❧é♠ ❞✐ss♦✱
r❡❛❧✐③♦✉✲s❡ ✉♠ ❡st✉❞♦ ♣❛r❛ ♦❜t❡r ❛ ❤♦♠♦❣❡✐♥✐③❛çã♦ ❞❡ss❛s ♣r♦♣r✐❡❞❛❞❡s ❡ ❛ss✐♠ ❡st✐♠❛r
❛s t❡♥sõ❡s ♥❛ ❡str✉t✉r❛ s✉❜♠❡t✐❞❛ à ✢❡①ã♦✳ ❈♦♠ ✐ss♦✱ é ❞❡s❡♥✈♦❧✈✐❞♦ ✉♠ ❛❧❣♦r✐t♠♦
q✉❡ r❡❛❧✐③❛ ♦ ♣r♦❥❡t♦ ❡str✉t✉r❛❧ ❞❛ ❧♦♥❣❛r✐♥❛ ❞❡ ✉♠❛ ❛❡r♦♥❛✈❡ rá❞✐♦ ❝♦♥tr♦❧❛❞❛✱ s❡♥❞♦ ♦
♠❡s♠♦ ❛❝♦♣❧❛❞♦ ❛ ✉♠ ❛❧❣♦r✐t♠♦ ❞❡ ♦t✐♠✐③❛çã♦ ♣❡❧♦ ♠ét♦❞♦ ❞❡ ❡✈♦❧✉çã♦ ❞✐❢❡r❡♥❝✐❛❧✱ ❥á
✐♠♣❧❡♠❡♥t❛❞♦ ♥❛ ❜✐❜❧✐♦t❡❝❛ ❞♦ P②t❤♦♥✳ Pr❡t❡♥❞❡✲s❡ ❡♥tã♦ ❞❡s❡♥✈♦❧✈❡r ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛
q✉❡ ♣♦ss❛ s❡r ❛♣❧✐❝❛❞❛ ♣❛r❛ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❡ ✉♠❛ ❧♦♥❣❛r✐♥❛ ❞❡ ❡❧❡✈❛❞❛ ❡✜❝✐ê♥❝✐❛✳
❱❛❧❡ r❡ss❛❧t❛r q✉❡ ❛ s✉❛ ❛♣❧✐❝❛çã♦ t❡♠ ❝♦♠♦ ❢♦❝♦ ❛✉①✐❧✐❛r ♥♦ ♣r♦❥❡t♦ ♣r❡❧✐♠✐♥❛r ❡ q✉❡
♥ã♦ s✉❜st✐t✉✐ ♦ ♣r♦❥❡t♦ ❡str✉t✉r❛❧ ❝♦♠♦ ✉♠ t♦❞♦✱ ✈✐st♦ q✉❡ ♥ã♦ é ❛✈❛❧✐❛❞♦ ❛ ❢❛❧❤❛ ♥♦
❝♦♠♣❡♥s❛❞♦ ❡ ♥❛ ❝♦❧❛✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ t❡✈❡✲s❡ q✉❡ ♦ ❛❧❣♦r✐t♠♦ ❛♣r❡s❡♥t♦✉ r❡s♣♦st❛s
s✐♠✐❧❛r❡s à s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ t❡♥❞♦ s❡✉ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡t❡r♠✐♥❛❞♦ ❝♦♠ ❣r❛♥❞❡
♣r❡❝✐sã♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ✈✐❣❛ ❞❡ ❚✐♠♦s❤❡♥❦♦✳ ❆♦ ✜♥❛❧✱ ❛ ❛♣❧✐❝❛çã♦ ❞♦ ♣r♦❣r❛♠❛ ❡♠ ✉♠
❞❡t❡r♠✐♥❛❞♦ ♣r♦❥❡t♦ r❡s✉❧t♦✉ ❡♠ ✉♠❛ r❡❞✉çã♦ ❞❡ ✷✾✪ ❞❡ ♠❛ss❛ ❞❛ ❧♦♥❣❛r✐♥❛✳
P❛❧❛✈r❛s✲❝❤❛✈❡✿ Pr♦❥❡t♦ ❡str✉t✉r❛❧✳ ❊♥s❛✐♦s ♠❡❝â♥✐❝♦s✳ ▲♦♥❣❛r✐♥❛ ❡♠ ♠❛t❡r✐❛❧ ❝♦♠♣ó✲
s✐t♦✳ ❆❡r♦♥❛✈❡ rá❞✐♦ ❝♦♥tr♦❧❛❞❛✳



❆❇❙❚❘❆❈❚

❲✐t❤ t❤❡ ❛❞✈❡♥t ♦❢ t❡❝❤♥♦❧♦❣②✱ t❤❡ ❤✐❣❤❡r t❤❡ ♥✉♠❜❡r ♦❢ ♣r♦❥❡❝ts ✐♥ ✇❤✐❝❤ ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡

✐s ❞❡s✐r❡❞✳ ❈♦♠♣♦s✐t❡ ♠❛t❡r✐❛❧s ❛r✐s❡ t♦ s❛t✐s❢② t❤✐s q✉❡st✐♦♥✱ ❜❡✐♥❣ ❛♣♣❧✐❡❞ ✐♥ s❡✈❡r❛❧ ✐♥✲

❞✉str✐❛❧ ✜❡❧❞s✱ ❜✉t ♠❛✐♥❧② ✐♥ ❛❡r♦s♣❛❝❡ ❛♥❞ ❛❡r♦♥❛✉t✐❝s✳ ❋♦❝✉s✐♥❣ ♦♥ str✉❝t✉r❛❧ ❞❡s✐❣♥✱

❝♦♠♣♦s✐t❡ ♠❛t❡r✐❛❧s ✇❡r❡ ❝♦♠❜✐♥❡❞ t♦ ❢♦r♠ ❛ ❜♦① ❜❡❛♠✱ r❡s✉❧t✐♥❣ ✐♥ ❤✐❣❤ st✐✛♥❡ss ❛♥❞

❧♦✇ s♣❡❝✐✜❝ ✇❡✐❣❤t✳ ❚❤❡ ❝♦♠♣♦s✐t❡ ✐s ♠❛❞❡ ♦❢ ❝❛r❜♦♥ ✜❜❡r ❜❛rs ❛♥❞ ❡♣♦①② r❡s✐♥✱ ❛❧♦♥❣

✇✐t❤ ❧❛♠✐♥❛t❡s ♦❢ ♣❧②✇♦♦❞✳ ■♥ t❤✐s ❝♦♥t❡①t✱ t❤❡ ♣r❡s❡♥t ✇♦r❦ ❛✐♠s t♦ ❡✈❛❧✉❛t❡ t❤❡ st❛✲

t✐❝ ❜❡♥❞✐♥❣ ❜❡❤❛✈✐♦✉r ♦❢ ❝♦♠♣♦s✐t❡ ❜❡❛♠s✱ ✉s✐♥❣ t❤❡ ❚✐♠♦s❤❡♥❦♦ ❜❡❛♠ t❤❡♦r②✳ ❋♦r t❤✐s✱

t❡♥s✐❧❡✱ ❜❡♥❞✐♥❣ ❛♥❞ t♦rs✐♦♥ ♠❡❝❤❛♥✐❝❛❧ t❡sts ✇❡r❡ ♣❡r❢♦r♠❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡✛❡❝t✐✈❡

♣r♦♣❡rt✐❡s ♦❢ t❤❡ ♠❛t❡r✐❛❧s✳ ■♥ ❛❞❞✐t✐♦♥✱ ❛ st✉❞② t♦ ♦❜t❛✐♥ t❤❡ ❤♦♠♦❣❡♥✐③❛t✐♦♥ ♦❢ t❤❡s❡

♣r♦♣❡rt✐❡s ✇❛s ❝❛rr✐❡❞ ♦✉t ❛♥❞ t❤✉s t♦ ❡st✐♠❛t❡ t❤❡ str❡ss❡s ✐♥ t❤❡ str✉❝t✉r❡ s✉❜♠✐tt❡❞

t♦ ❜❡♥❞✐♥❣✳ ❆♥ ❛❧❣♦r✐t❤♠ ✐s ❞❡✈❡❧♦♣❡❞✱ r❡s♣♦♥s✐❜❧❡ ❢♦r ❞❡s✐❣♥✐♥❣ t❤❡ ✇✐♥❣s♣❛♥✬s str✉❝t✉r❡

❢r♦♠ ❛ r❛❞✐♦✲❝♦♥tr♦❧❧❡❞ ❛✐r❝r❛❢t✱ ✇❤✐❝❤ ✐s ❝♦✉♣❧❡❞ t♦ ❛♥ ♦♣t✐♠✐③❛t✐♦♥ ❛❧❣♦r✐t❤♠ ❜② t❤❡ ❞✐❢✲

❢❡r❡♥t✐❛❧ ❡✈♦❧✉t✐♦♥ ♠❡t❤♦❞✱ ❛❧r❡❛❞② ✐♠♣❧❡♠❡♥t❡❞ ✐♥ P②t❤♦♥✬s ❧✐❜r❛r②✳ ■t ✐s ✐♥t❡♥❞❡❞ t❤❡♥

t♦ ❞❡✈❡❧♦♣ ❛ ♠❡t❤♦❞♦❧♦❣② t❤❛t ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ ❢♦r t❤❡ ❞❡s✐❣♥ ♦❢ ❛ ❤✐❣❤ ❡✣❝✐❡♥❝② ✇✐♥❣s✲

♣❛♥✳ ■t ✐s ✇♦rt❤ ♠❡♥t✐♦♥✐♥❣ t❤❛t ✐ts ❛♣♣❧✐❝❛t✐♦♥ ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ♣r❡❧✐♠✐♥❛r② ❞❡s✐❣♥ ❛♥❞

❞♦❡s ♥♦t r❡♣❧❛❝❡ t❤❡ t♦t❛❧ str✉❝t✉r❛❧ ❞❡s✐❣♥ s✐♥❝❡ t❤❡ ❢❛✐❧✉r❡ ✐♥ t❤❡ ♣❧②✇♦♦❞ ❛♥❞ ❣❧✉❡ ✐s

♥♦t ❡✈❛❧✉❛t❡❞✳ ❆s ❛ r❡s✉❧t✱ ✐t ✇❛s ❢♦✉♥❞ t❤❛t t❤❡ ❛❧❣♦r✐t❤♠ ♣r❡s❡♥t❡❞ s✐♠✐❧❛r r❡s♣♦♥s❡s

t♦ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ s✐♠✉❧❛t✐♦♥✱ ❤❛✈✐♥❣ ✐ts ❜❡❤❛✈✐♦✉r ❞❡t❡r♠✐♥❡❞ ✇✐t❤ ❣r❡❛t ♣r❡❝✐s✐♦♥ ❜②

t❤❡ ❚✐♠♦s❤❡♥❦♦✬s ❜❡❛♠ ♠♦❞❡❧✳ ■ts ❛♣♣❧✐❝❛t✐♦♥ ✐♥ ❛ ❣✐✈❡♥ ♣r♦❥❡❝t r❡s✉❧t❡❞ ✐♥ ❛ r❡❞✉❝t✐♦♥ ♦❢

✷✾✪ ♦❢ t❤❡ ✇✐♥❣s♣❛♥ ♠❛ss✳

❑❡②✇♦r❞s✿ ❙tr✉❝t✉r❛❧ ❞❡s✐❣♥✳ ▼❡❝❤❛♥✐❝❛❧ t❡sts✳ ❙♣❛♥ ✇✐♥❣ ♠❛❞❡ ❜② ❝♦♠♣♦s✐t❡✳ ❘❛❞✐♦✲

❝♦♥tr♦❧❧❡❞ ❛✐r❝r❛❢t✳
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❆ ❙♦❝✐❡❞❛❞❡ ❞❡ ❊♥❣❡♥❤❡✐r♦s ❞❡ ▼♦❜✐❧✐❞❛❞❡ ✭❙❆❊ ❇r❛s✐❧✮ r❡❛❧✐③❛ ❞✐✈❡rs❛s ❝♦♠♣❡✲
t✐çõ❡s ❡st✉❞❛♥t✐s ❝♦♠ ♦ ✜♠ ❞❡ ♣r♦♠♦✈❡r ❛ ❞✐ss❡♠✐♥❛çã♦ ❞❡ té❝♥✐❝❛s ❡ ❝♦♥❤❡❝✐♠❡♥t♦s
r❡❧❛t✐✈♦s ❛ t❡❝♥♦❧♦❣✐❛ ❞❛ ♠♦❜✐❧✐❞❛❞❡✳ ❊♥tr❡ ❛s ❝♦♠♣❡t✐çõ❡s✱ ❡①✐st❡ ❛ ❞❡ ❆❡r♦❞❡s✐❣♥✱ ❝✉❥♦
r❡❣✉❧❛♠❡♥t♦ s✉r❣❡ ❝♦♠ ❜❛s❡ ♥♦s ♦❜stá❝✉❧♦s ❡♥❝♦♥tr❛❞♦s ♣❡❧❛ ♣ró♣r✐❛ ✐♥❞ústr✐❛ ❛❡r♦♥á✉✲
t✐❝❛✳ ❆ss✐♠✱ r❡ss❛❧t❛✲s❡ q✉❡ ❡st❡ tr❛❜❛❧❤♦ s✉r❣❡ ❞❡ ❞❡s❛✜♦s ❡♥❝♦♥tr❛❞♦s ♥❛ ♣❛rt✐❝✐♣❛çã♦
❞❛ ❊q✉✐♣❡ ❆❧❜❛tr♦③ ❆❡r♦❞❡s✐❣♥ ♥❛ ❝♦♠♣❡t✐çã♦ ❙❆❊ ❇r❛s✐❧ ❆❡r♦❞❡s✐❣♥✳

❯♠ ❞♦s ❣r❛♥❞❡s ❞❡s❛✜♦s ❞❛s ❡q✉✐♣❡s é ❞❡ ♦❜t❡r ✉♠❛ ❛❡r♦♥❛✈❡ ❧❡✈❡✱ ♦ q✉❛❧ ❛❧❝❛♥✲
ç❛❞♦ ❛tr❛✈és ❞❡ ✉♠ ♣r♦❥❡t♦ ❡str✉t✉r❛❧ ❡ ❛♦ ♠❡s♠♦ t❡♠♣♦ ♦✉s❛❞♦ ❡ ❝♦♥✜á✈❡❧✳ P❛r❛ ✐ss♦✱ ❛s
❡q✉✐♣❡s ✈❡♠ ✐♥✈❡st✐♥❞♦ ❡♠ ❝♦♥❤❡❝✐♠❡♥t♦ ♥❛ ár❡❛ ❞❡ ♠❛t❡r✐❛✐s ❝♦♠♣ós✐t♦s✱ ♦s q✉❛✐s ❛♣r❡✲
s❡♥t❛♠ ✉♠ ❣r❛♥❞❡ ♣♦t❡♥❝✐❛❧ ♣❛r❛ s❡r✈✐r ❞❡ ❝♦♠♣♦♥❡♥t❡ ❡str✉t✉r❛❧ ♥❛s ❛❡r♦♥❛✈❡s✱ ✈✐st♦ ♦
s❡✉ ❜❛✐①♦ ♣❡s♦ ❡s♣❡❝í✜❝♦ ❡ ❛❧t❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛✳

❊st❡ tr❛❜❛❧❤♦ ♥❛s❝❡✉ ❞❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ ♦t✐♠✐③❛r ✉♠❛ ❡str✉t✉r❛ ❢❡✐t❛ ❞❡ ❝♦♠✲
♣❡♥s❛❞♦ ❡ ❜❛rr❛s ❞❡ ✜❜r❛ ❞❡ ❝❛r❜♦♥♦✱ ♣❛r❛ ❝♦♠♣♦r ❛ ❧♦♥❣❛r✐♥❛ ❞❛ ❛s❛ ❞❛ ❛❡r♦♥❛✈❡✳ ❆
❧♦♥❣❛r✐♥❛ ❛❧♠❡❥❛❞❛ é ❝♦♠♣♦st❛ ❞❡ ❞✉❛s s❡çõ❡s ❡♠ ❝❛❞❛ s❡♠✐ ❡♥✈❡r❣❛❞✉r❛✱ s❡♥❞♦ ❛ ♣r✐✲
♠❡✐r❛ ✉♠❛ ❡str✉t✉r❛ ❝❛✐①ã♦ ❡ ❛ s❡❣✉♥❞❛ ❛♣❡♥❛s ✉♠ ♣r♦❧♦♥❣❛♠❡♥t♦ ❞❛ ❜❛rr❛ ❞❡ ✜❜r❛ ❞❡
❝❛r❜♦♥♦✱ ❝♦♥❢♦r♠❡ ✐❧✉str❛ ❛ ❋✐❣✉r❛ ✶✳

❋✐❣✉r❛ ✶ ✕ ▲♦♥❣❛r✐♥❛ ❆❧♠❡❥❛❞❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❘❡❛❧✐③❛✲s❡ ✉♠❛ ❛❜♦r❞❛❣❡♠ ❞❡s❞❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ♠❛t❡r✐❛✐s
❛tr❛✈és ❞❡ ❡♥s❛✐♦s ♠❡❝â♥✐❝♦s✱ ❛té ❛ ❡❧❛❜♦r❛çã♦ ❞❡ ✉♠ ❛❧❣♦r✐t♠♦ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦
❝á❧❝✉❧♦ ❞❡ t❡♥sã♦ ❡ ❞❡✢❡①ã♦ ❞❛ ❡str✉t✉r❛✳ ◆❡ss❡ ♣r♦❝❡ss♦✱ ❢♦✐ ♥❡❝❡ssár✐♦ t❛♠❜é♠ ♦❜t❡r ❛s
❡q✉❛çõ❡s ❤♦♠♦❣❡♥❡✐③❛❞❛s ❞❡ r✐❣✐❞❡③ ❞♦s ♠❛t❡r✐❛✐s ❡ ❢❛③❡r ♦ ❡q✉❛❝✐♦♥❛♠❡♥t♦ ❞❡ ♣r♦❜❧❡♠❛s
♠❡❝â♥✐❝♦s ❞❡ ❡q✉✐❧í❜r✐♦✳

❖ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘© ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ❡❧❛❜♦r❛çã♦ ❞❡ ♠♦❞❡❧♦s ❡♠
❡❧❡♠❡♥t♦s ✜♥✐t♦s ❡ ♦ ❛❧❣♦r✐t♠♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❡♠ P②t❤♦♥✳
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❖ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❝♦♥s✐❞❡r❛❞♦ é ♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✱ q✉❛♥❞♦ tr❛t❛❞♦
❞❡ ❛❧❣✉♠❛ s✉♣❡r❢í❝✐❡ ❛❡r♦❞✐♥â♠✐❝❛✳

❋✐❣✉r❛ ✷ ✕ ❙✐st❡♠❛ ❞❡ ❘❡❢❡rê♥❝✐❛ ❞❛ ❆❡r♦♥❛✈❡ ✭❆✈✐ã♦ ❆❧❜❛tr♦③ ❘❡❣✉❧❛r ❞❡ ✷✵✶✻✮

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❙❡❣✉♥❞♦ ❛ ♠❡s♠❛ ❧ó❣✐❝❛✱ ❛ ❧♦♥❣❛r✐♥❛ ❞❛ ❛s❛ ♣♦ss✉✐rá ❛ ♠❡s♠❛ r❡❢❡rê♥❝✐❛✳ ❙❡❧❡❝✐♦✲
♥❛♥❞♦ ❛ ♣❛rt✐çã♦ ❞✐r❡✐t❛ ❞❛ ❛s❛ ❡✱ ♣❛r❛ ✉♠❛ ❧♦♥❣❛r✐♥❛ ❝♦♠ s✉❛ s❡çã♦ tr❛♥s✈❡rs❛❧ ❛♣❡♥❛s
r❡♣r❡s❡♥t❛t✐✈❛✱ ❛ ❋✐❣✉r❛ ✸ ❛♣r❡s❡♥t❛ ♦ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s ✉t✐❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✳
➱ ✐♠♣♦rt❛♥t❡ ❝♦♥st❛t❛r q✉❡ ❛ trí❛❞❡ ❡stá ♣♦s✐❝✐♦♥❛❞❛ ♥♦ ❝❡♥tr♦ ❛❡r♦❞✐♥â♠✐❝♦ ❞❛ ❛s❛✳

❋✐❣✉r❛ ✸ ✕ ❙✐st❡♠❛ ❞❡ ❘❡❢❡rê♥❝✐❛ ❞❛ ▲♦♥❣❛r✐♥❛ ❡ ❱✐❣❛s

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳
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❙❡❣✉♥❞♦ ▼❡♥❞♦♥ç❛ ✭✷✵✵✺✮✱ ✉♠ ♠❛t❡r✐❛❧ ❝♦♠♣ós✐t♦ é ❞❡✜♥✐❞♦ ❝♦♠♦ ❛ ❝♦♠❜✐♥❛çã♦
❞❡ ❞♦✐s ♦✉ ♠❛✐s ♠❛t❡r✐❛✐s ❞✐st✐♥t♦s✱ ❛ss♦❝✐❛❞♦s ❡♠ ❡s❝❛❧❛ ♠❛❝r♦s❝ó♣✐❛✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦
❞❡ s❡ ❛❞q✉✐r✐r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♣r♦♣r✐❡❞❛❞❡s q✉❡ ♥ã♦ s❡r✐❛ ♣♦ssí✈❡❧ ❝♦♠ ❝❛❞❛ ✉♠ ✐s♦❧❛❞♦✳
❉❡ss❛ ♠❛♥❡✐r❛✱ ♣❡r♠✐t❡ ❛♦ ❡♥❣❡♥❤❡✐r♦ ♠❛♥✐♣✉❧❛r ❛ q✉❛♥t✐❞❛❞❡ ❡s♣❡❝í✜❝❛ ❞❡ ❝❛❞❛ ♠❛t❡r✐❛❧✱
❝♦♠♦ t❛♠❜é♠ ♦ ❛rr❛♥❥♦ ❞❛ ❡str✉t✉r❛✱ ❞❡ ❢♦r♠❛ ❛ ❞❛r ♠❛✐s ✐♠♣♦rtâ♥❝✐❛ às ❝❛r❛❝t❡ríst✐❝❛s
❛❧♠❡❥❛❞❛s✳

❖s ❝♦♠♣ós✐t♦s ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞♦s ♣❡❧♦ s❡✉ t✐♣♦ ❞❡ r❡❢♦rç♦✱ ❞❡ ❢♦r♠❛ ❣❡r❛❧✱
s❡❣✉♥❞♦ ▼❡♥❞♦♥ç❛ ✭✷✵✵✺✮✿

❈♦♠♣ós✐t♦s r❡❢♦rç❛❞♦s ♣♦r ✜❜r❛s✿ ❛s ✜❜r❛s ❣❛r❛♥t❡♠ ❛♦ ♠❛t❡r✐❛❧ ✉♠❛ ❡❧❡✈❛❞❛
r✐❣✐❞❡③ ❡ r❡s✐stê♥❝✐❛ ♥❛ ❞✐r❡çã♦ ❞❡ s✉❛ ♦r✐❡♥t❛çã♦✳ ❆ s✉❛ ❞✐s♣♦s✐çã♦✱ ❋✐❣✉r❛ ✹✱ ♣♦❞❡ s❡r ❞❡
❢♦r♠❛ ✉♥✐❞✐r❡❝✐♦♥❛❧ ✭❛✮✱ ❜✐❞✐r❡❝✐♦♥❛❧ ✭❜✮ ♦✉ ❛❧❡❛t♦r✐❛♠❡♥t❡ ♦r✐❡♥t❛❞❛ ❝♦♠♦ ✉♠❛ ♥✉✈❡♠
✭❝✮✱ ❡♠ ✜❜r❛s ❝♦♥tí♥✉❛s ♦✉ ♣✐❝♦t❛❞❛s✳ ❈♦♠♦ ❡①❡♠♣❧♦ t❡♠✲s❡ ❛s ✜❜r❛s ❞❡ ❝❛r❜♦♥♦✱ ❞❡
❑❡✈❧❛r ❡ ❛ ❞❡ ✈✐❞r♦✳

❋✐❣✉r❛ ✹ ✕ ❆rr❛♥❥♦s tí♣✐❝♦s ❞❛s ✜❜r❛s

❋♦♥t❡✿ ❛❞❛♣t❛❞♦✳ ❉✐s♣♦♥í✈❡❧ ❡♠✿
❤tt♣s✿✴✴❢❡♥✐①✳t❡❝♥✐❝♦✳✉❧✐s❜♦❛✳♣t✴❞♦✇♥❧♦❛❞❋✐❧❡✴✸✼✼✾✺✼✶✺✾✷✹✽✵✴❈♦♠♣♦s✐t♦s❴✵✳♣❞❢✳ ❆❝❡ss♦

❡♠✿ ✶✺ s❡t✳ ✷✵✶✽✳

❈♦♠♣ós✐t♦s r❡❢♦rç❛❞♦s ♣♦r ♣❛rtí❝✉❧❛s ♦✉ ♣❛rt✐❝✉❧❛❞♦s✿ ♥❛ s✉❛ ♠❛✐♦r✐❛✱
❛ ♣r❡s❡♥ç❛ ❞♦ ♣❛rt✐❝✉❧❛❞♦ ♥ã♦ ♠❡❧❤♦r❛ ❛ r❡s✐stê♥❝✐❛ ❞♦ ❝♦♠♣♦♥❡♥t❡ ❞❡ ❢♦r♠❛ tã♦ ❡❢❡✲
t✐✈❛✱ s❡♥❞♦ q✉❡✱ ❡♠ ❛❧❣✉♥s ❝❛s♦s ♣♦❞❡ ❢r❛❣✐❧✐③❛r ♦ ♠❛t❡r✐❛❧ ❡♠ ✈✐rt✉❞❡ ❞❛ ❝♦♥❝❡♥tr❛çã♦
❞❡ t❡♥sõ❡s✳ ❆♣❡s❛r ❞❡ss❡ ♣♦♥t♦ ♥❡❣❛t✐✈♦✱ ♦ ✉s♦ ❞❡ ♣❛rtí❝✉❧❛s ✈✐s❛ ✐♥❝r❡♠❡♥t❛r ♦✉tr❛s
♣r♦♣r✐❡❞❛❞❡s✱ ❝♦♠♦ ♦ ✐s♦❧❛♠❡♥t♦ ♦✉ ❝♦♥❞✉t✐✈✐❞❛❞❡ tér♠✐❝❛ ❡ ❡❧étr✐❝❛✱ r❡❞✉çã♦ ❞❡ ❛tr✐t♦✱
r❡s✐stê♥❝✐❛ ❛ ❛❧t❛s t❡♠♣❡r❛t✉r❛s✱ r❡s✐tê♥❝✐❛ ❛♦ ❞❡s❣❛st❡ s✉♣❡r✜❝✐❛❧✱ ♠❡❧❤♦r✐❛ ❞❛ ✉s✐♥❛❜✐❧✐✲
❞❛❞❡✱ ❛✉♠❡♥t♦ ❞❛ ❞✉r❡③❛ s✉♣❡r✜❝✐❛❧ ❡ r❡❞✉çã♦ ❞❡ ❝✉st♦s✳ ❈♦♠♦ ❡①❡♠♣❧♦ t❡♠✲s❡ ♦ ❛s❢❛❧t♦
❡ ♦s ❝❡r♠❡ts✳

❖✉tr♦s t✐♣♦s ❞❡ ❝♦♠♣ós✐t♦s✿ ♥❡st❡ ❣r✉♣♦ ❡stã♦ ♦s ❝♦♠♣ós✐t♦s ♥❛t✉r❛✐s✱ ❝♦♠♦
❛ ♠❛❞❡✐r❛✱ q✉❡ é ❝♦♥st✐t✉í❞❛ ❞❡ r❡s✐♥❛ ❞❡ ❧✐♥✐♥♦ r❡❢♦rç❛❞❛ ♣❡❧❛s ✜❜r❛s ❧♦♥❣✐t✉❞✐♥❛✐s ❞❛
❝❡❧✉❧♦s❡✳ ❆ ❜❛❧s❛ é ✉♠ ❡①❡♠♣❧♦ ❞❡ ❝♦♠♣♦st♦ ♥❛t✉r❛❧ ❡ ♣♦ss✉✐ ❣r❛♥❞❡ ❛♣❧✐❝❛çã♦ ♥❛ ✐♥❞ústr✐❛
❛❡r♦♥á✉t✐❝❛✱ ♣♦✐s s❡ tr❛t❛ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❧❡✈❡ ❡ ❞❡ ❡❧❡✈❛❞❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛ ❡♠ r❡❧❛çã♦
❛ s❡✉ ♣❡s♦ ❡s♣❡❝í✜❝♦✳



✶✻

✹ ▼❆❚❊❘■❆■❙ ❖❘❚❖❚❘ÓP■❈❖❙

✹✳✶ ■◆❚❘❖❉❯➬➹❖

❯♠ ♠❛t❡r✐❛❧ ♦rt♦tró♣✐❝♦ é ❝❛r❛❝t❡r✐③❛❞♦✱ s❡❣✉♥❞♦ P❛❧♠❛ ✭✶✾✾✹✮✱ ♣♦r ♣♦ss✉✐r ♣r♦✲
♣r✐❡❞❛❞❡s q✉❡ ❞✐❢❡r❡♠ ❛♦ ❧♦♥❣♦ ❞❡ três ❡✐①♦s ❞✉♣❧♦s ❡ ♦rt♦❣♦♥❛✐s✳ ❆ t❡♦r✐❛ ❛ s❡❣✉✐r r❡❢❡r❡✲s❡
❡str✐t❛♠❡♥t❡ à ♠❛t❡r✐❛✐s ❝♦♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r✲❡❧ást✐❝♦ ❡ s✉❛s r❡❧❛çõ❡s ❡♥tr❡ t❡♥sõ❡s
❡ ❞❡❢♦r♠❛çõ❡s sã♦ ❞❡s❝r✐t❛s ❛♥t❡r✐♦r♠❡♥t❡ à ❢❛❧❤❛ ❞♦ ♠❛t❡r✐❛❧✳ ❆ t❡♦r✐❛ ✐♠♣❧✐❝❛ q✉❡ ❛s ❞❡✲
❢♦r♠❛çõ❡s sã♦ ❝♦♥s✐❞❡r❛❞❛s ♣❡q✉❡♥❛s✱ ♦ ♠❛t❡r✐❛❧ é ❤♦♠♦❣ê♥❡♦ ❡ q✉❡ ♥ã♦ ❤á ✐♥t❡r❢❡rê♥❝✐❛
❡♥tr❡ ♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ t❡♥sõ❡s✳

❆s ❝♦♠♣♦♥❡♥t❡s ❞❡ t❡♥sã♦ ♣❛r❛ ✉♠ ❝✉❜♦ ❡❧❡♠❡♥t❛r✱ ❋✐❣✉r❛ ✺✱ t❡♠✲s❡ q✉❡ τij ❂
σji✳ ❖ ♣r✐♠❡✐r♦ í♥❞✐❝❡ ✐♥❞✐❝❛ ❛ ❞✐r❡çã♦ ♥♦r♠❛❧ ❛♦ ♣❧❛♥♦ ♦♥❞❡ ❛ t❡♥sã♦ ❛t✉❛ ❡ ♦ s❡❣✉♥❞♦
❛ ❞✐r❡çã♦ ❞❛ t❡♥sã♦ ❡♠ s✐✳ ❙❡♥❞♦✱ τ ♦s ❡s❢♦rç♦s ❝✐s❛❧❤❛♥t❡s ❡ σ ♦s ❡s❢♦rç♦s ♥♦r♠❛✐s✳

❋✐❣✉r❛ ✺ ✕ ❈♦♠♣♦♥❡♥t❡s ❞❡ t❡♥sã♦ ❡♠ ✉♠ ❝✉❜♦ ❡❧❡♠❡♥t❛r

❋♦♥t❡✿ ❋✉❣❛ ✭✷✵✶✼✮✳

✹✳✷ ▲❊■ ❉❊ ❍❖❖❑❊

❆ ▲❡✐ ❞❡ ❍♦♦❦❡✱ ♥❛ ❢♦r♠❛ t❡♥s♦r✐❛❧✱ ♣♦❞❡ s❡r ❡s❝r✐t❛ s❡❣✉♥❞♦ ❇♦❞✐❣ & ❏❛②♥❡ ✭✶✾✽✷✮✱
❝✐t❛❞♦ ♣♦r ✭P❆▲▼❆✱ ✶✾✾✹✮ ❝♦♠♦✿

σi = Cijǫi, ✭✹✳✶✮

♦♥❞❡ Cij é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ♠❛tr✐③ ❞❡ r✐❣✐❞❡③ ❞♦ ♠❛t❡r✐❛❧✳

✹✳✸ ▲❊■ ❉❊ ❍❖❖❑❊ P❆❘❆ ▼❆❚❊❘■❆■❙ ❖❘❚❖❚❘ÓP■❈❖❙

❊①✐st❡♠ ♥♦✈❡ ❝♦♠♣♦♥❡♥t❡s ❞❡ t❡♥sã♦ ❡ ♥♦✈❡ ❞❡ ❞❡❢♦r♠❛çã♦✱ ♦ q✉❡ ❣❡r❛♠ ✽✶ ❝♦♥s✲



✶✼

t❛♥t❡s ❡❧ást✐❝❛s ✐♥❞❡♣❡♥❞❡♥t❡s✳ ❊♥tr❡t❛♥t♦✱ é ♣♦ssí✈❡❧ s✐♠♣❧✐✜❝❛r ♦ ♣r♦❜❧❡♠❛ ❝♦♥s✐❞❡r❛♥❞♦
♦ ❢❛t♦ ❞❡ q✉❡ ❤á s✐♠❡tr✐❛ ❞❛s t❡♥sõ❡s✱ r❡❞✉③✲s❡ ❞❡ s❡✐s ♣❛r❛ três ♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s
❞❡ ❝✐s❛❧❤❛♠❡♥t♦✱ ♣❛ss❛♥❞♦ ❡♥tã♦ ♣❛r❛ ✸✻ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✳ ❆✐♥❞❛✱ ❝♦♥s✐❞❡r❛♥❞♦ ✉♠
♠❛t❡r✐❛❧ ♦rt♦tró♣✐❝♦ tr✐✲♦rt♦❣♦♥❛❧✱ ❛❞♠✐t❡♠✲s❡ três ♣❧❛♥♦s ❞❡ s✐♠❡tr✐❛✱ ♦ q✉❡ ❛♥✉❧❛ ♦s
❝♦❡✜❝✐❡♥t❡s ❞❡ ✐♥✢✉ê♥❝✐❛ ♠út✉❛✱ r❡s✉❧t❛♥❞♦ ❡♠ ❛♣❡♥❛s ✶✷ ❝♦♥st❛♥t❡s ❡❧ást✐❝❛s✳

❆ ▲❡✐ ❞❡ ❍♦♦❦❡ ❡♥tã♦✱ ♥❛ ❢♦r♠❛ ♠❛tr✐❝✐❛❧✱ ❝✐t❛❞♦ ♣♦r P❛❧♠❛ ✭✶✾✾✹✮ é ❞❛❞❛ ♣♦r✿

















ǫ1
ǫ2
ǫ3
γ23
γ13
γ12

















=

















1/E1 −ν21/E2 −ν31/E3 0 0 0
−ν12/E1 1/E2 −ν32/E3 0 0 0
−ν13/E1 −ν23/E2 1/E3 0 0 0

0 0 0 1/G23 0 0
0 0 0 0 1/G13 0
0 0 0 0 0 1/G12

































σ1

σ2

σ3

τ23
τ13
τ12

















, ✭✹✳✷✮

♦♥❞❡✿

• ǫi✿ ❞❡❢♦r♠❛çã♦ ❧♦♥❣✐t✉❞✐♥❛❧ ♥❛ ❞✐r❡çã♦ i✱ ♣❛r❛ i ❂ ✶✱ ✷ ❡ ✸❀

• γi✿ ❞❡❢♦r♠❛çã♦ ❛♥❣✉❧❛r✱ s❡♥❞♦ i ♦ ♣❧❛♥♦ ❞❡ ❛t✉❛çã♦ ❡ j ❛ ❞✐r❡çã♦✱ ♣❛r❛ i✱j ❂ ✶✱ ✷ ❡
✸❀

• Ei✿ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❧♦♥❣✐t✉❞✐♥❛❧ ♥❛ ❞✐r❡çã♦ i✱ ♣❛r❛ i ❂ ✶✱ ✷ ❡ ✸❀

• Gij✿ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ tr❛♥s✈❡rs❛❧✱ s❡♥❞♦ i ♦ ♣❧❛♥♦ ❞❡ ❛t✉❛çã♦ ❡ j ❛ ❞✐r❡çã♦✱
♣❛r❛ i✱j ❂ ✶✱ ✷ ❡ ✸❀

• νij✿ ❝♦❡✜❝✐❡♥t❡ ❞❡ P♦✐ss♦♥✱ s❡♥❞♦ i ♦ ♣❧❛♥♦ ❞❡ ❛t✉❛çã♦ ❡ j ❛ ❞✐r❡çã♦✱ ♣❛r❛ i✱j ❂ ✶✱ ✷
❡ ✸❀

• σi✿ t❡♥sã♦ ♥♦r♠❛❧ ♥❛ ❞✐r❡çã♦ i✱ ♣❛r❛ i ❂ ✶✱ ✷ ❡ ✸❀

• τij✿ t❡♥sã♦ ❝✐s❛❧❤❛♥t❡✱ s❡♥❞♦ i ♦ ♣❧❛♥♦ ❞❡ ❛t✉❛çã♦ ❡ j ❛ ❞✐r❡çã♦✱ ♣❛r❛ i✱j ❂ ✶✱ ✷ ❡ ✸✳

✹✳✹ ❊❙❚❆❉❖ P▲❆◆❖ ❉❊ ❚❊◆❙Õ❊❙

❯♠ ❝♦r♣♦ ❡stá ❡♠ ❡st❛❞♦ ♣❧❛♥♦ ❞❡ t❡♥sõ❡s ✭❊P❚✮ q✉❛♥❞♦ t♦❞♦ ♦ s❡✉ ❞♦♠í♥✐♦ ❡stá
s✉❜♠❡t✐❞♦ à t❡♥sõ❡s ❡♠ ✉♠ ú♥✐❝♦ ♣❧❛♥♦✳ ❙❡❣✉♥❞♦ P❛❧♠❛ ✭✶✾✾✹✮✱ ✐ss♦ ♦❝♦rr❡ q✉❛♥❞♦ ❛s
t❡♥sõ❡s ❡♠ ♦✉tr♦s ♣❧❛♥♦s sã♦ tã♦ ♣❡q✉❡♥❛s q✉❡ ♣♦❞❡♠ s❡r ❞❡s♣r❡③❛❞❛s ❡✱ ❛ ❞❡❢♦r♠❛çã♦
♥❛ ❞✐r❡çã♦ ♥♦r♠❛❧ ❛♦ ♣❧❛♥♦ ♥ã♦ é tã♦ r❡❧❡✈❛♥t❡✱ t❡♥❞♦ ❡♠ ✈✐st❛ ❛ s✉❛ ♣❡q✉❡♥❛ ✐♥✢✉ê♥❝✐❛
♥❛ ✢❡①ã♦✳ ❆ss✐♠ s❡♥❞♦✱ ❝♦♠ ❡st❛s ❝♦♥s✐❞❡r❛çõ❡s✱ ♣❛r❛ ♠❛t❡r✐❛✐s ♦rt♦tró♣✐❝♦s ❡♠ ❊P❚✱ ❛
❊q✉❛çã♦ ✭✹✳✷✮ ♣♦❞❡ s❡r r❡❞✉③✐❞❛ ❛✿





ǫ1
ǫ2
γ12



 =





1/E1 −ν21/E2 0
−ν12/E1 1/E2 0

0 0 1/G12









σ1

σ2

τ12



 . ✭✹✳✸✮
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✺ ❊◆❙❆■❖❙ ▼❊❈➶◆■❈❖❙

❊♥s❛✐♦s ♠❡❝â♥✐❝♦s ♣♦ss✐❜✐❧✐t❛♠ ❛ ♦❜t❡♥çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❞♦ ♠❛t❡r✐❛❧✳
❉❡✈❡✲s❡ t❡r ❡♠ ♠❡♥t❡ q✉❡ ❡①✐st❡♠ ❢❛t♦r❡s q✉❡ ✐♥✢✉❡♥❝✐❛♠ ❞❡ ❢♦r♠❛ ❞✐r❡t❛ ♥♦ r❡s✉❧t❛❞♦ ❞♦
❡♥s❛✐♦✱ ♣♦r ❡①❡♠♣❧♦✿ t❡♠♣❡r❛t✉r❛✱ ❛❧✐♥❤❛♠❡♥t♦ ❞♦ s✐st❡♠❛✱ q✉❛❧✐❞❛❞❡ ❞♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛✱
✈❡❧♦❝✐❞❛❞❡ ❡ t❡♠♣♦ ❞❡ ❡♥s❛✐♦✱ ✜①❛çã♦ ❛❞❡q✉❛❞❛ ♥❛ ♠áq✉✐♥❛✱ ❡♥tr❡ ♦✉tr♦s✳ ❉❡ss❛ ❢♦r♠❛✱
❡①✐st❡♠ ♥♦r♠❛s✱ q✉❡ sã♦ ❡❧❛❜♦r❛❞❛s ♣❛r❛ q✉❡ ❛ ❡①❡❝✉çã♦ ❞♦ ❡♥s❛✐♦ s❡❥❛ t❛❧ q✉❡ ♦ r❡s✉❧t❛❞♦
♦❜t✐❞♦ t❡♥❤❛ ❛ ♠í♥✐♠❛ ✐♥✢✉ê♥❝✐❛ ❞❡ ♣❛râ♠❡tr♦s ❡①t❡r♥♦s✱ ❣❛r❛♥t✐♥❞♦ ✉♠❛ ♣❛❞r♦♥✐③❛çã♦
❞♦s ❡♥s❛✐♦s ❡ q✉❛❧✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s✳ ◆❡st❛ s❡çã♦ s❡rá ❛❜♦r❞❛❞♦ ❛♣❡♥❛s ♦ ♥❡❝❡ssár✐♦
♣❛r❛ ♦ ❡♥t❡♥❞✐♠❡♥t♦ ❜ás✐❝♦ ❞♦s ❡♥s❛✐♦s ❞❡ tr❛çã♦✱ ✢❡①ã♦ ❡ t♦rçã♦✳

●❡r❛❧♠❡♥t❡✱ ♦s ❝♦r♣♦s ❞❡ ♣r♦✈❛ ♣♦ss✉❡♠ ❞✐♠❡♥sõ❡s ♣❛❞r♦♥✐③❛❞❛s ♣❛r❛ q✉❡ s❡✉s
r❡s✉❧t❛❞♦s ♣♦ss❛♠ s❡r ❝♦♠♣❛r❛❞♦s ❡ ✉s❛❞♦s t❡❝♥✐❝❛♠❡♥t❡✳ ➚s ✈❡③❡s✱ ♥ã♦ é ♣♦ssí✈❡❧ ❛t❡♥❞❡r
❛ t♦❞♦s ♦s r❡q✉✐s✐t♦s ❞❛ ♥♦r♠❛✱ ♥❡st❡s ❝❛s♦s sã♦ ❢❡✐t❛s ❛❧❣✉♠❛s ❛❞❛♣t❛çõ❡s✳

✺✳✶ ❊◆❙❆■❖ ❉❊ ❚❘❆➬➹❖

❖ ❡♥s❛✐♦ ❞❡ tr❛çã♦✱ ❋✐❣✉r❛ ✻✱ é ❝❛r❛❝t❡r✐③❛❞♦ ♣♦r s✉❜♠❡t❡r ♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛ ✭❈P✮
❛ ✉♠ ❡s❢♦rç♦ ❛①✐❛❧✱ ♦♥❞❡ é ❛❧♦♥❣❛❞♦ ❛té ❛ s✉❛ r✉♣t✉r❛✳

❋✐❣✉r❛ ✻ ✕ ❊sq✉❡♠❛ ❞♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦

❋♦♥t❡✿ ❋r❡❞❡❧ ✭✷✵✶✵✮✳

❊st❡ ❡♥s❛✐♦ ♣r♦♣♦r❝✐♦♥❛ ❛ ♦❜t❡♥çã♦ ❞♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ✭❊✮ ❡ ❞❛ t❡♥sã♦
❞❡ r✉♣t✉r❛ ✭σrup✮✳ ◆♦ q✉❛❧✱ ♥❡❝❡ss✐t❛✲s❡ ❝♦♥❤❡❝❡r ❛ ❢♦rç❛ ❛①✐❛❧ ✭P✮ ❡ ❛ ár❡❛ ❞❛ s❡çã♦
tr❛♥s✈❡rs❛❧ ✭❆✮✳ ❙❡♥❞♦ ❛ss✐♠✱ ❝❛❧❝✉❧❛✲s❡ ❛ t❡♥sã♦ ❛tr❛✈és ❞❡✿

σ =
P

A
. ✭✺✳✶✮

▲❡♠❜r❛♥❞♦ q✉❡ ❡①✐st❡ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛s t❡♥sõ❡s ❡ ❞❡❢♦r♠❛çõ❡s✱ q✉❡ ✈❡♠ ❞❛ ❧❡✐
❞❡ ❍♦♦❦❡✱

σ = Eǫ. ✭✺✳✷✮



✶✾

✺✳✷ ❊◆❙❆■❖ ❉❊ ❋▲❊❳➹❖

❋á❝✐❧ ♣r❡♣❛r❛çã♦✱ ❜❛✐①♦ ❝✉st♦ ❡ s✐♠♣❧❡s ✐♥str✉♠❡♥t❛çã♦ ✭❙❆◆❚❖❙✱ ✷✵✶✺✮✱ sã♦ ❛❧✲
❣✉♥s ❞♦s ♠♦t✐✈♦s q✉❡ t♦r♥❛♠ ♦ ❡♥s❛✐♦ ❞❡ ✢❡①ã♦✱ ❋✐❣✉r❛ ✼✱ ✉♠ ❞♦s ♣r♦❝❡❞✐♠❡♥t♦s ♠❛✐s
s✐♠♣❧❡s ❞❡ s❡r❡♠ ❡①❡❝✉t❛❞♦s✳ P❡r♠✐t❡ ♦❜t❡r ♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ✢❡①✉r❛❧ ❡ ❛ t❡♥sã♦
❞❡ r✉♣t✉r❛ à ✢❡①ã♦✳

❋✐❣✉r❛ ✼ ✕ ❊sq✉❡♠❛ ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦

❉✐s♣♦♥í✈❡❧ ❡♠✿
❁❤tt♣s✿✴✴❛✜♥❦♦♣♦❧✐♠❡r♦s✳❝♦♠✳❜r✴s❡r✈✐❝♦s✴❡♥s❛✐♦s✲❧❛❜♦r❛t♦r✐❛✐s✴❡♥s❛✐♦s✲♠❡❝❛♥✐❝♦s✴❃✳

P❛r❛ ❡✈✐t❛r ❡❢❡✐t♦s ✐♥❞❡s❡❥❛❞♦s ❞❛ t❡♥sã♦ ❞❡ ❝✐s❛❧❤❛♠❡♥t♦✱ ❛ ♥♦r♠❛ ❆❙❚▼ ❉✼✾✵
✐♥❞✐❝❛ q✉❡ ♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛ ❞❡✈❛ ♣♦ss✉✐r ✉♠ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♥♦ ♠í♥✐♠♦ ✶✻ ✈❡③❡s ❛ s✉❛
❛❧t✉r❛✳

❆ ❡q✉❛çã♦ ❞❛ ❧✐♥❤❛ ❡❧ást✐❝❛✱ ❊q✉❛çã♦ ✭✺✳✸✮✱ é ✉♠❛ r❡❧❛çã♦ ❡♥tr❡✿ ♦s ❡s❢♦rç♦s✱ ❛s
♣r♦♣r✐❡❞❛❞❡s ❞♦ ♠❛t❡r✐❛❧ ❡ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❞❛ ❡str✉t✉r❛✱ ♣♦❞❡♥❞♦✲s❡ ❝❛❧❝✉❧❛r ❛
❞❡✢❡①ã♦ ❞❛ s✉❛ s❡çã♦ tr❛♥s✈❡rs❛❧ ❛♦ ❧♦♥❣♦ ❞♦ s❡✉ ❝♦♠♣r✐♠❡♥t♦✱ ❛tr❛✈és ❞❡ ✉♠❛ ✐♥❝♦r♣♦✲
r❛çã♦ ❞❛s ❡q✉❛çõ❡s ❝♦♥st✐t✉t✐✈❛s ❡ ❞❡ ❡q✉✐❧í❜r✐♦ às ❡q✉❛çõ❡s ❞❡ ❝♦♠♣❛t✐❜✐❧✐❞❛❞❡✳

d2v

dx2
=

M

EIeq
, ✭✺✳✸✮

♦♥❞❡ M é ♦ ♠♦♠❡♥t♦ ✢❡t♦r✱ v ❛ ✢❡❝❤❛ ❡ EIeq ❛ r✐❣✐❞❡③ ✢❡①✉r❛❧ ❡♠ t♦r♥♦ ❞♦ ❡✐①♦ ❨✳
❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛ r✐❣✐❞❡③ ✢❡①✉r❛❧ ✭EIeq✮✱ ♥♦ ❝❛s♦ ❞❡ ✢❡①ã♦ ✸ ♣♦♥t♦s✱ ♣♦❞❡ s❡r

❢❡✐t❛ ❛tr❛✈és ❞❡ ✉♠❛ ❞✉♣❧❛ ✐♥t❡❣r❛çã♦ ❞❛ ❡q✉❛çã♦ ❞❛ ❧✐♥❤❛ ❡❧ást✐❝❛✱ r❡s✉❧t❛♥❞♦ ❡♠✿

EIeq =
PL3

48v(L
2
)
, ✭✺✳✹✮

♦♥❞❡ v1/2 ❞❡s✐❣♥❛ ❛ ✢❡❝❤❛ ♠á①✐♠❛✱ P ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❢♦rç❛ ❡ ▲ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ✈ã♦✳
❆ ♦r✐❣❡♠ ❞❡ ❡rr♦s ♥♦s ❡♥s❛✐♦s ❞❡ ✢❡①ã♦ ♣♦❞❡ ❡st❛r r❡❧❛❝✐♦♥❛❞❛ à ❞✐✈❡rs♦s ❢❛t♦r❡s✱

t❛♥t♦ ❞❡ ❢♦♥t❡s ✐♥t❡r♥❛s ❝♦♠♦ ❡①t❡r♥❛s✱ ❞❡♥tr❡ ❡❧❡s✱ ♣♦❞❡♠♦s ❞❡st❛❝❛r✿ q✉❛♥❞♦ ❛ t❡♦r✐❛
❛ss✉♠✐❞❛ ♥ã♦ é ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛ t❡♦r✐❛ ❡❧ást✐❝❛ ❞❡ ✉♠❛ ✈✐❣❛❀ q✉❛♥❞♦ ❡①✐st❡♠ ❞❡❢❡✐t♦s
♥♦s ❝♦r♣♦s ❞❡ ♣r♦✈❛✱ s❡❥❛ ♣❡❧❛ ❢❛❧t❛ ❞❡ ♣❛r❛❧❡❧✐s♠♦ ❡♥tr❡ ❛s ❢❛❝❡s✱ ✈❛r✐❛çõ❡s ❞❡ ❣❡♦♠❡tr✐❛



✷✵

♦✉ ✉♠❛ ✜ss✉r❛ q✉❡ ♥ã♦ ♣♦❞❡ s❡r ✈✐st❛ ❛ ♦❧❤♦ ♥✉❀ ♦✉ ❛ ❢❛❧t❛ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ s✐st❡♠❛ ❞❡
♠❡❞✐çã♦❀ ❡♥tr❡ ♦✉tr♦s ❢❛t♦r❡s✳

✺✳✸ ❊◆❙❆■❖ ❉❊ ❚❖❘➬➹❖

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠❛ ❡str✉t✉r❛ q✉❛♥❞♦ s✉❜♠❡t✐❞❛ à ✉♠ ❡s❢♦rç♦ ❞❡ t♦rçã♦
❞❡♣❡♥❞❡ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ♠❛t❡r✐❛❧ ❡ ❞❛ s✉❛ ❢♦r♠❛ ❣❡♦♠étr✐❝❛✳ ❆ t♦rçã♦ é ❝❛r❛❝t❡r✐③❛❞❛
♣♦r ❣❡r❛r ❡s❢♦rç♦s ❝✐s❛❧❤❛♥t❡s✱ ♦s q✉❛✐s ♣♦❞❡♠ s❡r r❡s♣♦♥sá✈❡✐s ♣❡❧❛ ❢❛❧❤❛ ❞♦ ♠❛t❡r✐❛❧✳
❯♠❛ ❞❛s ♥♦r♠❛s ❡①✐st❡st❡s ♣❛r❛ ♦ ❡♥s❛✐♦ ❞❡ t♦rçã♦✱ ❋✐❣✉r❛ ✽✱ é ❛ ❆❙❚▼ ❊✶✹✸✳

❋✐❣✉r❛ ✽ ✕ ▼áq✉✐♥❛ ♣❛r❛ ❊♥s❛✐♦s ❞❡ ❚♦rçã♦

❋♦♥t❡✿ ❛❞❛♣t❛❞♦ ❞❡ ❇✐♦♣❞✐✳ ❉✐s♣♦♥í✈❡❧ ❡♠✿
❁❤tt♣s✿✴✴❜✐♦♣❞✐✳❝♦♠✳❜r✴❡♥s❛✐♦s✲♠❡❝❛♥✐❝♦s✴♠❛q✉✐♥❛✲❞❡✲❡♥s❛✐♦✲❞❡✲t♦rq✉❡❃✳

◆♦ q✉❡ t❛♥❣❡ ❛♦s ❝á❧❝✉❧♦s✱ ❞❡ ❢♦r♠❛ s✐♠✐❧❛r à t❡♦r✐❛ ❛♣❧✐❝❛❞❛ ♣❛r❛ s❡çõ❡s ❝✐r❝✉❧❛r❡s✱
❍❡❛r♥ ✭✶✾✽✺✮ ❛♣r❡s❡♥t❛ ✉♠❛ ❢♦r♠✉❧❛çã♦ ❝♦♥✈❡♥✐❡♥t❡ ♣❛r❛ ❡①♣r❡ss❛r ❛ t♦rçã♦ ❞❡ s❡çõ❡s ♥ã♦
❝✐r❝✉❧❛r❡s✿

θ =
TL

GJeq
; ✭✺✳✺✮

♦♥❞❡✱ θ é ♦ â♥❣✉❧♦✱ ❚ ♦ ♠♦♠❡♥t♦ t♦rs♦r✱ ▲ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛✱ Jeq é ♦ ✏❏
❡q✉✐✈❛❧❡♥t❡✑ ♦✉ ✏♠♦♠❡♥t♦ ♣♦❧❛r ❞❡ ✐♥ér❝✐❛ ❡❢❡t✐✈♦✑ ♣❛r❛ ❛ s❡çã♦ ❡♠ q✉❡stã♦ ❡ ● ♦ ♠ó❞✉❧♦
❞❡ ❡❧❛st✐❝✐❞❛❞❡ tr❛♥s✈❡rs❛❧✳

❆ r✐❣✐❞❡③ t♦r❝✐♦♥❛❧ GJeq ❞❡ q✉❛❧q✉❡r s❡çã♦ é ❞❛❞❛ ❞✐r❡t❛♠❡♥t❡ ♣♦r

GJeq =
TL

θ
. ✭✺✳✻✮



✷✶

✻ ❉❊❚❊❘▼■◆❆➬➹❖ ❉❆ ❚❊◆❙➹❖

◆❛ ♠❡❝ã♥✐❝❛ ❞♦s só❧✐❞♦s é ✐♠♣♦rt❛♥t❡ ❞❡t❡r♠✐♥❛r ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛s ❢♦rç❛s ✐♥t❡r♥❛s
♥♦ ♠❛t❡r✐❛❧✱ ✈✐st♦ q✉❡ s✉❛ r❡s✐stê♥❝✐❛ ❞❡♣❡♥❞❡ ❞❡st❡s ✈❛❧♦r❡s✳ ●❡r❛❧♠❡♥t❡✱ ❡ss❛s ❢♦rç❛s
✈❛r✐❛♠ ❞❡ ♣♦♥t♦ à ♣♦♥t♦ ♥♦ só❧✐❞♦ ❡ ❞❡♣❡♥❞❡♠ ❞✐r❡t❛♠❡♥t❡ ❞❛ ✐♥❝❧✐♥❛çã♦ ❞♦ ♣❧❛♥♦ ❞❛
s❡çã♦✳

❆ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❢♦rç❛ ♣❡r♣❡♥❞✐❝✉❧❛r ♦✉ ♥♦r♠❛❧ à s❡çã♦ ❞❡ ❝♦rt❡ é ❞❡♥♦♠✐♥❛❞❛ ❞❡
t❡♥sã♦ ♥♦r♠❛❧ à ✉♠ ♣♦♥t♦✱ s❡♥❞♦ ❞❡s✐❣♥❛❞❛ ♥❡st❡ tr❛❜❛❧❤♦ ♣♦r σ✳ ❊♥q✉❛♥t♦ q✉❡ ❛ ❢♦rç❛
t❛♥❣❡♥❝✐❛❧ à s❡çã♦ ❞❡ ❝♦rt❡ à ✉♠ ♣♦♥t♦ é ❞❡♥♦♠✐♥❛❞❛ ❞❡ t❡♥sã♦ ❝✐s❛❧❤❛♥t❡ ❡ é ❞❡s✐❣♥❛❞❛
♣♦r τ ✳

❯♠ só❧✐❞♦✱ s♦❧✐❝✐t❛❞♦ ♣♦r ✉♠ ♠♦♠❡♥t♦ ✢❡t♦r✱ ❛♣r❡s❡♥t❛rá ♥❛ s✉❛ s❡çã♦ tr❛♥s✈❡r✲
s❛❧ ✉♠ ❡s❢♦rç♦ ❞❡ tr❛çã♦ ❡ ♦✉tr♦ ❞❡ ❝♦♠♣r❡ssã♦✳ ➱ ✉♠ ❡s❢♦rç♦ q✉❡ ♦❝♦rr❡ ♥❛ ❞✐r❡çã♦
❧♦♥❣✐t✉❞✐♥❛❧ ❡ s❡✉ ✈❛❧♦r ♠á①✐♠♦ ♦❝♦rr❡ q✉❛♥t♦ ♠❛✐s ❛❢❛st❛❞❛ ❞❛ ❧✐♥❤❛ ♥❡✉tr❛✳

P♦♣♦✈ ✭✶✾✾✵✮ ❛♣r❡s❡♥t❛ ❛s ❡q✉❛çõ❡s ♣❛r❛ ❝❛❧❝✉❧❛r ❛s t❡♥sõ❡s ♥♦r♠❛❧✱ ❞❡ ✢❡①ã♦ ❡
❞❡ ❝✐s❛❧❤❛♠❡♥t♦✱ ❞❛❞❛s r❡s♣❡❝t✐✈❛♠❡♥t❡ ♣♦r

σ =
P

A
, ✭✻✳✶✮

σ =
Mc

I
, ✭✻✳✷✮

τ =
V

A
, ✭✻✳✸✮

♦♥❞❡✿

• P ✿ ❢♦rç❛ ❛①✐❛❧❀

• A✿ ár❡❛ ❞❛ s❡çã♦ tr❛♥s✈❡rs❛❧❀

• I✿ ♠♦♠❡♥t♦ ❞❡ ✐♥ér❝✐❛❀

• c✿ ❞✐stâ♥❝✐❛ ❞❛ ❧✐♥❤❛ ♥❡✉tr❛ ❛♦ ♣♦♥t♦ ❛✈❛❧✐❛❞♦❀

• M ✿ ♠♦♠❡♥t♦ ✢❡t♦r❀

• V ✿ ❢♦rç❛ ❝✐s❛❧❤❛♥t❡ ♠é❞✐❛✳

❉❛♠❦✐❧❞❡ ✭✷✵✵✵✮ tr❛③ ❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ t❡♥sã♦ ❞❡ ✉♠❛ s❡çã♦ tr❛♥s✲
✈❡rs❛❧ ❝♦♠♣♦st❛ ❞❡ ❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s✳ ❆s ❡q✉❛çõ❡s ❛♣r❡s❡♥t❛❞❛s ❛ s❡❣✉✐r sã♦ t♦❞❛s
r❡t✐r❛❞❛s ❞❡ ❉❛♠❦✐❧❞❡ ✭✷✵✵✵✮✳ ❆ss✉♠❡✲s❡ ❞❛ t❡♦r✐❛ ❞❡ ✈✐❣❛ q✉❡ ❛s ❞❡❢♦r♠❛çõ❡s sã♦ ♣❡✲
q✉❡♥❛s ❡ q✉❡ ❛s s❡çõ❡s tr❛♥s✈❡rs❛✐s ♣❧❛♥❛s ♣❡r♠❛♥❡❝❡♠ ♣❧❛♥❛s ❞✉r❛♥t❡ ❛ ✢❡①ã♦✳
❊ss❛ s✉♣♦s✐çã♦ ✐♠♣❧✐❝❛ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛ ❞❡❢♦r♠❛çã♦ ♥♦r♠❛❧ ♥❛ s❡çã♦ tr❛♥s✈❡rs❛❧ t❡♠
❞❡ s❡r ❧✐♥❡❛r✳ ❊ss❡ ❛①✐♦♠❛ é ✈á❧✐❞♦ ♣❛r❛ ❛ ✢❡①ã♦ ♣✉r❛✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ♥❛t✉r❡③❛ ❞♦
♠❛t❡r✐❛❧✳

❆ ✐❞❡✐❛ ❜ás✐❝❛ ❞❛ ❛♥á❧✐s❡ é ❛ ❞❡ ❡s❝♦❧❤❡r ✉♠ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❝♦♠♦ r❡❢❡rê♥❝✐❛
(Eref ) ❡ ❝❛❧❝✉❧❛r ♦ q✉❡ ♦ ❛✉t♦r ❝❤❛♠❛ ❞❡ ✧♣r♦♣r✐❡❞❛❞❡s ❞❛ s❡çã♦ tr❛♥s✈❡rs❛❧ tr❛♥s❢♦r♠❛✲
❞❛s✧✳ ❊ss❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡♣❡♥❞❡♠ ❞❡ ✉♠❛ r❡❢❡rê♥❝✐❛✱ ♣♦ré♠ ♦s r❡s✉❧t❛❞♦s ✜♥❛✐s ❞❡
t❡♥sã♦ ❡ ❞❡❢♦r♠❛çã♦ sã♦ ✐♥❞❡♣❡♥❞❡♥t❡s✳

❈♦♥s✐❞❡r❛♥❞♦ ❛ s❡çã♦ tr❛♥s✈❡rs❛❧ ❞❛ ❋✐❣✉r❛ ✾✱ s❡rã♦ ❝❛❧❝✉❧❛❞❛s ❡ss❛s ♣r♦♣r✐❡❞❛❞❡s
tr❛♥s❢♦r♠❛❞❛s✳ ❆ ár❡❛ ✧tr❛♥s❢♦r♠❛❞❛✧At é ❞❛❞❛ ♣♦r



✷✷

❋✐❣✉r❛ ✾ ✕ ❱✐st❛ ❞❛ ❙❡çã♦ ❚r❛♥s✈❡rs❛❧

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

At = A1

(

E1

Eref

)

+ A2

(

E2

Eref

)

✭✻✳✹✮

❱✐st♦ q✉❡ ❛ s❡çã♦ tr❛♥s✈❡rs❛❧ é s✐♠étr✐❝❛ ❡♠ r❡❧❛çã♦ ❛♦ ❡✐①♦ ❨✱ t❛♥t♦ ❡♠ r❡❧❛çã♦ à
ár❡❛ q✉❛♥t♦ ❛♦ ♠❛t❡r✐❛❧✱ ❛ ❝♦♦r❞❡♥❛❞❛ ❞♦ ❝❡♥tr♦ ❡❧ást✐❝♦ ❝♦✐♥❝✐❞❡ ❝♦♠ ♦ ❝❡♥tr♦ ❣❡♦♠étr✐❝♦✳

❖ ♠♦♠❡♥t♦ ❞❡ ✐♥ér❝✐❛ ✧tr❛♥s❢♦r♠❛❞♦✧❡♠ t♦r♥♦ ❞♦ ❡✐①♦ ❨ ✭Iyyt✮ é ❞❡s❝r✐t♦ ❝♦♠♦✿

Iyyt = Iyy1

(

E1

Eref

)

+ Iyy2

(

E2

Eref

)

. ✭✻✳✺✮

❆ t❡♥sã♦ ♥❛s ❞✐❢❡r❡♥t❡s ♣❛rt❡s ❞♦ ♠❛t❡r✐❛❧ ❞❡♣❡♥❞❡♠ ❞♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡✳
◆♦ ♠❛t❡r✐❛❧ i ❛ t❡♥sã♦ é

σx =

(

Ei

Eref

)(

N

At

−
My

Iyyt
z +

Mz

Izzt
y

)

. ✭✻✳✻✮

❆ ❞✐str✐❜✉✐çã♦ ❞❡ t❡♥sã♦ é ❧✐♥❡❛r ❡♠ ❝❛❞❛ r❡❣✐ã♦ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✱ ♣♦ré♠ ♥ã♦ é
✉♥✐❢♦r♠❡ ❡♠ t♦❞❛ ❛ s❡çã♦ tr❛♥s✈❡rs❛❧✱ ✈✐st♦ q✉❡ ❡①✐st❡ ✉♠❛ ❞❡s❝♦♥t✐♥✉✐❞❛❞❡ ♥♦ ♠ó❞✉❧♦
❞❡ ❡❧❛st✐❝✐❞❛❞❡✳ ■♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❡s❝♦❧❤❛ ❞♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❞❡ r❡❢❡rê♥❝✐❛ Eref ✱ ♦
r❡s✉❧t❛❞♦ s❡♠♣r❡ s❡rá ♦ ♠❡s♠♦✳ ❈❛s♦ ❝♦♥trár✐♦✱ ❧❡✈❛r✐❛ ❛ ✉♠ ♠ét♦❞♦ ✜s✐❝❛♠❡♥t❡ ✐♥❝♦♥✲
s✐st❡♥t❡✳



✷✸

✼ ❚❊❖❘❊▼❆ ❉❊ ❈❆❙❚■●▲■❆◆❖

❖ ❚❡♦r❡♠❛ ❞❡ ❈❛st✐❣❧✐❛♥♦✱ ❝♦♥❢♦r♠❡ ●❡r❡ ✭✷✵✵✹✮✱ ♣r♦♣♦r❝✐♦♥❛ ✉♠❛ ❢♦r♠❛ ❞❡ ❝❛❧❝✉✲
❧❛r ❛ ❞❡✢❡①ã♦ ❞❡ ✉♠❛ ✈✐❣❛ ❛tr❛✈és ❞❛ ❡♥❡r❣✐❛ ❞❡ ❞❡❢♦r♠❛çã♦ ❞❛ ❡str✉t✉r❛ ✭U✮✳ ❆ ❊q✉❛çã♦
✭✼✳✶✮ é ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❚❡♦r❡♠❛ ❞❡ ❈❛st✐❣❧✐❛♥♦✳

δi =
∂U

∂Pi

, ✭✼✳✶✮

♦♥❞❡ δi é ❛ ❞❡✢❡①ã♦ ❞❛ ❡str✉t✉r❛ ♥♦ ♠❡s♠♦ ♣♦♥t♦ ❡ ❞✐r❡çã♦ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❝❛r❣❛ Pi✳
❆♣r❡s❡♥t❛♥❞♦ ❛ ❡q✉❛çã♦ ❛❝✐♠❛ ❡♠ t❡r♠♦s ❞♦s ❡s❢♦rç♦s s♦❧✐❝✐t❛♥t❡s✱ t❡♠✲s❡

δi =

∫

N

EA

(

∂N

∂Pi

)

dx+

∫

M

EI

(

∂M

∂Pi

)

dx+

∫

fcV

GA

(

∂V

∂Pi

)

dx+

∫

T

GJ

(

∂T

∂Pi

)

dx, ✭✼✳✷✮

♦♥❞❡ ♦s t❡r♠♦s ❞♦ s♦♠❛tór✐♦ sã♦ ♦r✐✉♥❞♦s ❞❛ t❡♥sã♦ ♥♦r♠❛❧✱ ❞❡ ✢❡①ã♦✱ ❞❡ ❝✐s❛❧❤❛♠❡♥t♦ ❡
❞❡ t♦rçã♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

✼✳✶ ❈❖◆❙■❉❊❘❆➬➹❖ ❉❖❙ ❊❙❋❖❘➬❖❙ ❈■❙❆▲❍❆◆❚❊❙ ❊▼ ❋▲❊❳➹❖ ❊▼ ❚❘✃❙
P❖◆❚❖❙

❊♠ ✈✐❣❛s ♦♥❞❡ ❛ s✉❛ ❡s❜❡❧t❡③✱ r❛③ã♦ ✭▲✴❤✮✱ é ❡❧❡✈❛❞❛✱ ♦ ♠♦❞❡❧♦ ❞❡ ✈✐❣❛ ❞❡ ❊✉❧❡r✲
❇❡r♥♦✉❧❧✐ ❛♣r❡s❡♥t❛ ✉♠❛ ❜♦❛ ♣r❡❞✐çã♦ ❞♦s r❡s✉❧t❛❞♦s ✭P❖P❖❱✱ ✶✾✾✵✮✳ P♦ré♠✱ ❡♠ ✈✐❣❛s
♥❛s q✉❛✐s ❡ss❛ r❛③ã♦ é ♣❡q✉❡♥❛✱ ♦s ❡❢❡✐t♦s ❞♦ ❝✐s❛❧❤❛♠❡♥t♦ sã♦ ❡①♣r❡ss✐✈♦s✳ ❆ss✐♠✱ ♦
♠♦❞❡❧♦ ❞❡ ✈✐❣❛ ❞❡ ❚✐♠♦s❤❡♥❦♦ t♦r♥❛✲s❡ ✉♠❛ ❢❡rr❛♠❡♥t❛ ✐♠♣♦rt❛♥t❡✱ ✈✐st♦ q✉❡ ❝♦♥s✐❞❡r❛
♦s ❡❢❡✐t♦s ❝✐s❛❧❤❛♥t❡s ♥♦s ❝á❧❝✉❧♦s✳ P❛r❛ s❡ t❡r ✉♠❛ ♥♦çã♦ ❞❡ q✉❛♥t♦ s❡r✐❛ ✉♠ ✈❛❧♦r ❞❡
❡s❜❡❧t❡③ ♣❡q✉❡♥♦✱ ❛ ♥♦r♠❛ ✭❆❙❚▼ ✼✾✵ ✭❉✮✱ ✷✵✵✸✮ ❝♦♥s✐❞❡r❛ ✉♠❛ r❛③ã♦ ❞❡ ✶✻✿✶ s❛t✐s❢❛tór✐❛
q✉❛♥❞♦ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ t❡♥sã♦ ❞❡ tr❛çã♦ ♣❡❧❛ t❡♥sã♦ ❞❡ ❝✐s❛❧❤❛♠❡♥t♦ ❢♦r ❞❡ ♣❡❧♦ ♠❡♥♦s
✽ ♣❛r❛ ✶✳

❖ ❚❡♦r❡♠❛ ❞❡ ❈❛st✐❣❧✐❛♥♦ s❡rá ❛♣❧✐❝❛❞♦ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ❛❜❛✐①♦✱ ♥♦ q✉❛❧ t❡♠✲s❡
✉♠❛ ✈✐❣❛ s✉❜♠❡t✐❞❛ à ✉♠ ❡s❢♦rç♦ ❞❡ ✢❡①ã♦ ❡♠ três ♣♦♥t♦s✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✭✶✵✮✳

❋✐❣✉r❛ ✶✵ ✕ ❱✐❣❛ ❙✉❜♠❡t✐❞❛ à ✉♠ ❊s❢♦rç♦ ❞❡ ❋❧❡①ã♦ ❡♠ ❚rês P♦♥t♦s

❋♦♥t❡✿ ❆✉t♦r✳ ✷✵✶✾✳

❙ã♦ r❡❛❧✐③❛❞♦s ❞♦✐s ❝♦rt❡s ♥❛ ❡str✉t✉r❛✱ ✉♠ ❛♥t❡r✐♦r ❡ ♦✉tr♦ ❛♣ós à ♣♦s✐çã♦ ❞❡ ❛♣❧✐✲
❝❛çã♦ ❞❛ ❢♦rç❛✳ ❆♣❧✐❝❛♥❞♦ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❡q✉í❧✐❜r✐♦ ♥❛ ❡str✉t✉r❛ ❡ ❡♠ s❡✉s ❝♦rt❡s✱ t❡♠✲s❡



✷✹

❝♦♠♦ r❡s✉❧t❛❞♦ ❛s s❡❣✉✐♥t❡s r❡❧❛çõ❡s✿

P❛r❛ 0 < x <=
L

2
✿ V1(x) =

−P
2
❀ M1(x) =

Px
2
❀ ∂V1

∂P
(x) = −1

2
❀ ∂M1

∂P
(x) = x

2
❀

P❛r❛ L

2
< x <= L✿ V2(x) =

P
2
❀ M2(x) =

−Px+PL
2

❀ ∂V2

∂P
(x) = 1

2
❀ ∂M2

∂P
(x) = −x+L

2
✳

❊✱ ♦s ❡s❢♦rç♦s ♥♦r♠❛✐s ❡ ❞❡ t♦rçã♦ sã♦ ♥✉❧♦s✳ ❊♥tã♦✱ t❡♠✲s❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ ❛♣❡♥❛s
❞♦✐s t❡r♠♦s ♥♦ ❚❡♦r❡♠❛ ❞❡ ❈❛st✐❣❧✐❛♥♦✳ ❙✉❜st✐♥❞♦ ❛s r❡❧❛çõ❡s ❡♥❝♦♥tr❛❞❛s ♥❛ ❊q✉❛çã♦
✭✼✳✷✮✱ t❡♠✲s❡ ❛ r❡❧❛çã♦

δx=L/2 =

(

PL3

48

)

1

EI
+

(

PL

4

)

fc
GA

. ✭✼✳✸✮



✷✺

✽ ❈❘■❚➱❘■❖❙ ❉❊ ❋❆▲❍❆

✽✳✶ ■◆❚❘❖❉❯➬➹❖

❆ ❡st✐♠❛t✐✈❛ ❝♦rr❡t❛ ❞❛ r❡s✐stê♥❝✐❛ ❞♦ ♠❛t❡r✐❛❧ é ❝r✉❝✐❛❧ ♣❛r❛ ❛ s❡❣✉r❛♥ç❛ ❞❛ ❡str✉✲
t✉r❛✳ ❊♠ ♠❛t❡r✐❛✐s ❝♦♠♣ós✐t♦s✱ ❛s ❢❛❧❤❛s ❣❡r❛❧♠❡♥t❡ ♦❝♦rr❡♠ ❞❡✈✐❞♦ à ✉♠❛ ❝♦♠❜✐♥❛çã♦
❞❡ ✈ár✐♦s ♠❡❝❛♥✐s♠♦s ♦✉ ♠♦❞♦s ❞❡ ❢❛❧❤❛✱ s❡♥❞♦ ✉♠ ♣r♦❝❡ss♦ ❝♦♠♣❧❡①♦ ❞❡ ❛❝ú♠✉❧♦ ❞❡
❞❛♥♦s ♥♦ ♠❛t❡r✐❛❧ ✭❙❖❯❩❆✱ ✷✵✵✸✮✳

❉❡ ✉♠ ♠♦❞♦ ❣❡r❛❧✱ ❛ ❛♥á❧✐s❡ ❞❛ ❢❛❧❤❛ ♦✉ ❞❡ r❡s✐stê♥❝✐❛ ♣❡r♠✐t❡ ❡st✐♠❛r ♦ ♠á①✐♠♦
❝❛rr❡❣❛♠❡♥t♦ s✉♣♦rt❛❞♦ ♣❡❧❛ ❡str✉t✉r❛✱ s❡♥❞♦ ♣♦ssí✈❡❧ ❡♥tã♦ ♣r♦❥❡t❛r ❛ ❡str✉t✉r❛ ♣❛r❛
q✉❡ r❡s✐st❛ ❛té ❛t✐♥❣✐r ❛ s✉❛ ❝♦♥❞✐çã♦ ❝rít✐❝❛ ❞❡ ❝❛r❣❛✳

❈r✐tér✐♦s ❞❡ ❢❛❧❤❛s ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞♦s ❝♦♠ ❛ ✜♥❛❧✐❞❛❞❡ ❞❡ ❡st✐♠❛r ♦s ❡❢❡✐t♦s ♦r✐✲
❣✐♥❛❞♦s ❞❡ ❡s❢♦rç♦s ❛t✉❛♥t❡s ♥❛ ❡str✉t✉r❛✱ ✐♥❞✐❝❛♥❞♦ ❛ ♦❝♦rrê♥❝✐❛ ❞❡ ❢❛❧❤❛ ♦✉ ♥ã♦ ❞♦
♠❛t❡r✐❛❧✳ ❙❡❣✉♥❞♦ ❙♦✉③❛ ✭✷✵✵✸✮✱ ❡ss❡s ❝r✐tér✐♦s ❞❡ ❢❛❧❤❛ ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞♦s ❡♠ ✈ár✐♦s
❣r✉♣♦s✱ t❛✐s ❝♦♠♦✿

• ▲✐♠✐t❡s✿ q✉❡ ❢♦r♥❡❝❡♠ ❛♣❡♥❛s ❧✐♠✐t❡s ❞❡ r❡s✐stê♥❝✐❛✱ ❞❡s❝♦♥s✐❞❡r❛♥❞♦ ❛s ✐♥t❡r❛çõ❡s
❡♥tr❡ ❛s t❡♥sõ❡s ♦✉ ❞❡❢♦r♠❛çõ❡s❀

• ■♥t❡r❛t✐✈♦s✿ q✉❡ ❝♦♥s✐❞❡r❛ ❡ss❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ t❡♥sõ❡s ❡ ❞❡❢♦r✲
♠❛çõ❡s❀

• ❍í❜r✐❞♦s✿ ❝♦♠❜✐♥❛çõ❡s ❞❡ ❝r✐tér✐♦s ❞✐st✐♥t♦s❀

• ▼❡❝❛♥✐s♠♦ ❞❡ ❢r❛t✉r❛✿ ❜❛s❡❛❞♦s ♥♦s ❝♦♥❝❡✐t♦s ❞❡ ♠❡❝â♥✐❝❛ ❞❛ ❢r❛t✉r❛❀

• ▼❡❝❛♥✐s♠♦ ❞❡ ❞❛♥♦✿ ❜❛s❡❛❞♦s ❡♠ ❞❡s❝r✐çõ❡s ♠❛t❡♠át✐❝❛s ♦r✐✉♥❞♦s ❞❛ ♦❜s❡r✈❛çã♦
❞❡ ❞❛♥♦s❀

• ▼✐❝r♦♠❡❝â♥✐❝♦s✿ ❞❡s❡♥✈♦❧✈✐❞♦s ❝♦♠ ❜❛s❡ ♥♦s ♠✐❝r♦♠❡❝❛♥✐s♠♦s ❞❡ ❢❛❧❤❛✳

✽✳✷ ❚❊❖❘■❆ ❉❊ ❍■▲▲

P❛r❛ ♠❛t❡r✐❛✐s ✐s♦tró♣✐❝♦s✱ ✈♦♥ ▼✐s❡s ♣r♦♣õ❡♠ ✉♠❛ ❡q✉❛çã♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ t❡♥sã♦
❡q✉✐✈❛❧❡♥t❡ ♥♦ ♠❛t❡r✐❛❧✱ ❞❛❞❛ ♣♦r

1

2
[(σx − σy)

2 + σx − σz)
2 + σy − σz)

2] + 3[τ 2xy + τ 2xz + τ 2yz] = σ2
eq. ✭✽✳✶✮

❆ ♣❛rt✐r ❞❡ ✉♠❛ ♠♦❞✐✜❝❛çã♦ ❞❛ t❡♦r✐❛ ❞❛ ♠á①✐♠❛ ❡♥❡r❣✐❛ ❞❡ ❞✐st♦rçã♦✱ ❍✐❧❧ ✭✶✾✻✹✮
♣r♦♣rõ❡ ✉♠ ❝r✐tér✐♦ q✉❡ ♣♦ss✐❜✐❧✐t❛ ❞❡t❡r♠✐♥❛r ❛ ❢❛❧❤❛ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❛♥✐s♦tró♣✐❝♦✱ ♣❡❧❛
❊q✉❛çã♦ ✭✽✳✷✮✳ ◆❛ q✉❛❧✱ ♦ ❝r✐tér✐♦ ❞❡t❡r♠✐♥❛ q✉❡ ♦ ♠❛t❡r✐❛❧ ❡stá ♥♦ ❧✐♠✐❛r ❞❛ ❢❛❧❤❛ q✉❛♥❞♦
❛ ❡q✉❛çã♦ s❡ ❛♣r♦①✐♠❛ ❞♦ ✈❛❧♦r ✉♥✐tár✐♦ ❡✱ q✉❡ ♦ ♠❛t❡r✐❛❧ ❛♣r❡s❡♥t❛ ✉♠ ❢❛t♦r ❞❡ s❡❣✉r❛♥ç❛
q✉❛♥❞♦ ❡st❡ ✈❛❧♦r é ♠❡♥♦r q✉❡ ✉♠✳

F (σ2 − σ3)
2 +G(σ3 − σ1)

2 +H(σ1 − σ2)
2 + 2L(τ 223 + 2Mτ 213 + 2Nτ 212) <= 1. ✭✽✳✷✮



✷✻

➱ ♣♦ssí✈❡❧ r❡❡s❝r❡✈❡r ❛ ❊q✉❛çã♦ ✭✽✳✷✮✱ s✉❜st✐t✉t✐♥❞♦ ❛s ❝♦♥st❛♥t❡s ❋✱ ●✱ ❍✱ ▲✱ ▼
❡ ◆✱ ❞❡t❡r♠✐♥❛❞❛s s✉♣♦♥❞♦✲s❡ q✉❡ ❛s t❡♥sõ❡s sã♦ ♥✉❧❛s✱ ❝♦♠ ❡①❝❡çã♦ ❞❡ ✉♠❛✳ ❆ss✐♠✱
t❡♠✲s❡

A+B + C <= 1, ✭✽✳✸✮

♦♥❞❡✱

❆ ❂
σ2

1

X2 +
σ2

2

Y 2 +
σ2

3

Z2 ❀

❇ ❂ −σ1σ2(
1

X2 +
1

Y 2 −
1

Z2 )− σ2σ3(−
1

X2 +
1

Y 2 +
1

Z2 ) + σ1σ3(
1

X2 −
1

Y 2 +
1

Z2 )❀

❈ ❂
τ2
23

S2

2

+ τ2
13

S2

1

+ τ2
12

S2 ✳

✽✳✸ ❚❊◆❙➹❖ ▼➪❳■▼❆

◆♦ ❝r✐tér✐♦ ❞❡ ❢❛❧❤❛ ❞❡ ♠á①✐♠❛ t❡♥sã♦✱ s❡❣✉♥❞♦ ❙♦✉③❛ ✭✷✵✵✸✮ ❛s t❡♥sõ❡s ❛♣❧✐❝❛❞❛s
♥❛s ❞✐r❡çõ❡s ♣r✐♥❝✐♣❛✐s ♥ã♦ ❞❡✈❡♠ ❡①❝❡❞❡r ❛s t❡♥sõ❡s ❞❡ r❡s✐stê♥❝✐❛ ❞♦ ♠❛t❡r✐❛❧✱ ❡♠ ❝❛❞❛
r❡s♣❡❝t✐✈❛ ❞✐r❡çã♦ ❞❡ ❝❛r❣❛✳ ❊st❡ ❝r✐tér✐♦ ♥ã♦ ❝♦♥s✐❞❡r❛ ❛s ✐♥t❡r❛çõ❡s ❡①✐st❡♥t❡s ❡♥tr❡ ♦s
❝♦♠♣♦♥❡♥t❡s t❡♥s♦r✐❛✐s✳ P❛r❛ ❢❛❧❤❛s ❡♠ tr❛çã♦✱ t❡♠✲s❡✿







σ1 < Xt => Modo de falha 1
σ2 < Yt => Modo de falha 2
σ3 < Zt => Modo de falha, 3

. ✭✽✳✹✮

P❛r❛ ❢❛❧❤❛s ❡♠ ❝♦♠♣r❡ssã♦✿






σ1 > −Xc => Modo de falha 1
σ2 > −Yc => Modo de falha 2
σ3 > −Zc => Modo de falha 3

. ✭✽✳✺✮

❊ ♣♦r ú❧t✐♠♦✱ ♣❛r❛ ❢❛❧❤❛s ♣♦r ❝✐s❛❧❤❛♠❡♥t♦✿

{

τ12 < S => Modo de falha 4 , ✭✽✳✻✮

♦♥❞❡✿

• σi✿ t❡♥sã♦ ❞❡ tr❛çã♦ ♦✉ ❝♦♠♣r❡ssã♦ ❛♣❧✐❝❛❞❛s ♥❛ ❞✐r❡çõ❡s ♣r✐♥❝✐♣❛✐s ❞♦ ♠❛t❡r✐❛❧❀

• τij✿ t❡♥sõ❡s ❞❡ ❝✐s❛❧❤❛♠❡♥t♦ ❛t✉❛♥t❡s ♥♦s ♣❧❛♥♦s ❞❡ s✐♠❡tr✐❛ ❞♦ ♠❛t❡r✐❛❧❀

• Xt, Yt, Zt✿ r❡s✐stê♥❝✐❛ ❞♦ ♠❛t❡r✐❛❧ à tr❛çã♦ ❡♠ s✉❛s ❞✐r❡çõ❡s ♣r✐♥❝✐♣❛✐s❀

• Xc, Yc, Zc✿ r❡s✐stê♥❝✐❛ ❞♦ ♠❛t❡r✐❛❧ à ❝♦♠♣r❡ssã♦ ❡♠ s✉❛s ❞✐r❡çõ❡s ♣r✐♥❝✐♣❛✐s❀



✷✼

✾ ❖❚■▼■❩❆➬➹❖ P❊▲❖ ▼➱❚❖❉❖ ❉❊ ❊❱❖▲❯➬➹❖ ❉■❋❊❘❊◆❈■❆▲

❉❡s❡♥✈♦❧✈✐❞❛ ♣♦r ❙t♦r♥ ❡ Pr✐❝❡✱ ❛ ❊✈♦❧✉çã♦ ❉✐❢❡r❡♥❝✐❛❧ s✉r❣✐✉ ❡♠ ♠❡❛❞♦s ❞♦s ❛♥♦s
♥♦✈❡♥t❛✱ ❞❡✈✐❞♦ à t❡♥t❛t✐✈❛s ❞❡ r❡s♦❧✈❡r ♦ ♣r♦❜❧❡♠❛ ❞❡ ❛❥✉st❡ ♣♦❧✐♥♦♠✐❛❧ ❞❡ ❈❤❡❜②❝❤❡✈✳
❋✐❝♦✉ ❢❛♠♦s❛ ♣♦r ❧♦❣♦ ❡♠ s❡❣✉✐❞❛ ❝♦♥q✉✐st❛r ♦ t❡r❝❡✐r♦ ❧✉❣❛r ♥❛ ♣r✐♠❡✐r❛ ❈♦♠♣❡t✐çã♦
■♥t❡r♥❛❝✐♦♥❛❧ ❡♠ ❈♦♠♣✉t❛çã♦ ❊✈♦❧✉t✐✈❛✱ ❞✉r❛♥t❡ ♦ ■♥t❡r♥❛t✐♦♥❛❧ ❈♦♥❢❡r❡♥❝❡ ♦♥ ❊✈♦❧✉t✐✲

♦♥❛r② ❈♦♠♣✉t❛t✐♦♥ ✭■❊❊❊✮✱ ❡♠ ◆❛❣♦②❛✳
❈♦♠♦ r❡❧❛t❛❞♦ ♣♦r ❆r❛✉❥♦ ✭✷✵✶✻✮✱ tr❛t❛✲s❡ ❜❛s✐❝❛♠❡♥t❡ ❞❡ ✉♠ ♠ét♦❞♦ ❡st♦❝ást✐❝♦

❞❡ ❜✉s❝❛✱ ❞❡ ❢á❝✐❧ ✐♠♣❧❡♠❡♥t❛çã♦ ❡ ❞❡ ót✐♠♦ ❞❡s❡♠♣❡♥❤♦ ❝♦♠ ❛♣❧✐❝❛çã♦ ❡♠ ✉♠❛ ❣r❛♥❞❡
❣❛♠❛ ❞❡ ♣r♦❜❧❡♠❛s✳ ▼♦str❛✲s❡ ❡✜❝❛③ ♣❛r❛ ❛s ❢✉♥çõ❡s ♦❜❥❡t✐✈♦ q✉❡ ♥ã♦ sã♦ ❞✐❢❡r❡♥❝✐á✈❡✐s
♦✉ ❝♦♥✈❡①❛s ❡ t❡♠ ❢❛❝✐❧✐❞❛❞❡ ♥❛ ❜✉s❝❛ ♣❡❧♦ ót✐♠♦ ❝♦♠ ♣♦♣✉❧❛çõ❡s ♣❡q✉❡♥❛s ✭❆❘❆❯❏❖✱
✷✵✶✻✮✳

✾✳✶ ❖P❊❘❆❉❖❘❊❙ ❉❆ ❊❱❖▲❯➬➹❖ ❉■❋❊❘❊◆❈■❆▲

❖ ♠ét♦❞♦ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ❝♦♠♦ ✉♠❛ ♠❛♥✐♣✉❧❛çã♦ ❞❡ ✐♥❞✐✈í❞✉♦s ✭✈❡t♦r❡s✮ q✉❡
r❡♣r❡s❡♥t❛♠ ❛s s♦❧✉çõ❡s ❝❛♥❞✐❞❛t❛s✱ ❣❡r❛❞❛s ♣❡❧❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦✳ ■♥✐❝✐❛❧♠❡♥t❡ ♦ ❛❧❣♦✲
r✐t♠♦ ♣r❡❡♥❝❤❡ t♦❞♦ ♦ ❡s♣❛ç♦ ❞❡ ❜✉s❝❛✱ ❝r✐❛♥❞♦ ✉♠❛ ♣♦♣✉❧❛çã♦ ✐♥✐❝✐❛❧ ❞❡ ❢♦r♠❛ ❛❧❡❛tór✐❛✳
P♦r s❡ tr❛t❛r ❞❡ ✉♠ ❛❧❣♦r✐t♠♦ ❡✈♦❧✉t✐✈♦✱ ❡♠ ❝❛❞❛ ♥♦✈❛ ❣❡r❛çã♦✱ ♦s ✐♥❞✐✈✐❞✉♦s s♦❢r❡♠
♠♦❞✐✜❝❛çõ❡s ❞❡ ♠✉t❛çã♦ ❡ ❝r✉③❛♠❡♥t♦✳ ❖❝♦rr❡ ❡♥tã♦ ❛ s❡❧❡çã♦ ❞♦s ♠❡❧❤♦r❡s ✐♥❞✐✈í❞✉♦s
❡ ❡ss❡ ❝✐❝❧♦ s❡ r❡♣❡t❡ ❛té ❛t✐♥❣✐r ♦ ❝r✐tér✐♦ ❞❡ ♣❛r❛❞❛ ❛tr✐❜✉í❞♦ ♣❡❧♦ ✉s✉ár✐♦✱ q✉❡ ♣♦❞❡ s❡r
❞❡✜♥✐❞♦ ♣♦r ❞✐✈❡rs♦s ♣❛râ♠❡tr♦s✱ ❝♦♥❢♦r♠❡ ♠❡❧❤♦r s❡ ❛❞❡q✉❛r ❛♦ ♣r♦❜❧❡♠❛✳

✾✳✶✳✶ ▼✉t❛çã♦

❖ ♦♣❡r❛❞♦r ♠✉t❛çã♦ ❣❡r❛ ✈❡t♦r❡s ❞❡♥♦♠✐♥❛❞♦s ❞♦❛❞♦r❡s ♦✉ ♠♦❞✐✜❝❛❞♦s ❛tr❛✈és ❞❛
❛❞✐çã♦ ❞❛ ❞✐❢❡r❡♥ç❛ ✈❡t♦r✐❛❧ ♣♦♥❞❡r❛❞❛ ❡♥tr❡ ❞♦✐s ✐♥❞✐✈í❞✉♦s ❛❧❡❛tór✐♦s ❛ ✉♠ t❡r❝❡✐r♦ ✐♥✲
❞✐✈í❞✉♦✱ t❛♠❜é♠ ❛❧❡❛tór✐♦✱ ❞❛ ♣♦♣✉❧❛çã♦✳ ❖ ♦♣❡r❛❞♦r ❞❡ ♠✉t❛çã♦ é ❞❡✜♥✐❞♦ ♣♦r ❖❧✐✈❡✐r❛
❡ ❙❛r❛♠❛❣♦ ✭✷✵✵✺✮ ❝♦♠♦✿

V (q+1) = X(q)
α + F (X

(q)
β −X(q)

γ ), ✭✾✳✶✮

♦♥❞❡ q é ❛ ❣❡r❛çã♦✱ V (q+1) é ♦ ♥♦✈♦ ✐♥❞✐✈í❞✉♦ ❣❡r❛❞♦ ❡ F ❞❡t❡r♠✐♥❛ ❛ ♣♦♥❞❡r❛çã♦ ❞❛
❞✐❢❡r❡♥ç❛ ❡♥tr❡ X

(q)
β ❡ X

(q)
γ ✳ ❖ ✈❡t♦r X

(q)
α é ♦ ✈❡t♦r ❜❛s❡✱ q✉❡ ✐♥❞✐❝❛ ♦♥❞❡ é r❡❛❧✐③❛❞❛ ❛

♣❡rt✉r❜❛çã♦✳ ❊ss❡s três ✈❡t♦r❡s sã♦ ❡s❝♦❧❤✐❞♦s ❞❡ ❢♦r♠❛ ❛❧❡❛tór✐❛✳
❉❡ ♠❛♥❡✐r❛ ❛ ❛✉①✐❧✐❛r ♥❛ ❝♦♠♣r❡❡♥sã♦ ❞❡st❛ ♦♣❡r❛çã♦ ❞❡ ♠✉t❛çã♦✱ s❡❣✉❡ ♥❛ ❋✐❣✉r❛

✶✶ ✉♠ ❡①❡♠♣❧♦ ❜✐❞✐♠❡♥s✐♦♥❛❧ q✉❡ ✐❧✉str❛ ♦s ❞✐❢❡r❡♥t❡s ✈❡t♦r❡s ✭✐♥❞✐✈í❞✉♦s✮ q✉❡ ♣❛rt✐❝✐♣❛♠
❞❛ ❣❡r❛çã♦ ❞♦ ✈❡t♦r ❞♦❛❞♦r V (q+1)✳

✾✳✶✳✷ ❈r✉③❛♠❡♥t♦

❆ ♦♣❡r❛çã♦ ❞❡ ❝r✉③❛♠❡♥t♦ ♦❝♦rr❡ ♣❡❧❛ ♣❡r♠✉t❛çã♦ ❞❡ tr✐❜✉t♦s ❡♥tr❡ ❞♦✐s ✐♥❞✐✈✐✲
❞✉♦s✱ ✉♠❛ ❡s♣é❝✐❡ ❞❡ ❝♦♠❜✐♥❛çã♦ ❣❡♥ét✐❝❛✱ ❣❡r❛♥❞♦ ✉♠ ✐♥❞✐✈✐❞✉♦ ❞❡♥♦♠✐♥❛❞♦ ❞❡ ✈❡t♦r
t❡♥t❛t✐✈❛ ♦✉ ✈❡t♦r ❡①♣❡r✐♠❡♥t❛❧✳ ❚❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❛♠♣❧✐✜❝❛r ❛ ❞✐✈❡rs✐❞❛❞❡ ❞♦s ✐♥❞✐✈í✲
❞✉♦s q✉❡ s♦❢r❡♠ ♠✉t❛çã♦ ✭❆❘❆❯❏❖✱ ✷✵✶✻✮✳

❆s ❝♦♠♣♦♥❡♥t❡s ❞♦ ✈❡t♦r ❡①♣❡r✐♠❡♥t❛❧✱ s❡❣✉♥❞♦ ❖❧✐✈❡✐r❛ ❡ ❙❛r❛♠❛❣♦ ✭✷✵✵✺✮ sã♦
❢♦r♠❛❞❛s ♣❡❧❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿



✷✽

❋✐❣✉r❛ ✶✶ ✕ Pr♦❝❡ss♦ ❞❡ ❣❡r❛çã♦ ♦ ✈❡t♦r ❞♦❛❞♦r ♣❛r❛ ✉♠❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ❜✐❞✐♠❡♥s✐♦♥❛❧

❋♦♥t❡✿ ❖❧✐✈❡✐r❛ ❡ ❙❛r❛♠❛❣♦ ✭✷✵✵✺✮✳

u
(q+1)
i =

{

v
(q+1)
i , se ri ≤ CR

x
(q)
d,j ❝❛s♦ ❝♦♥trár✐♦

, ✭✾✳✷✮

♦♥❞❡ ri é ✉♠ ♥ú♠❡r♦ ❣❡r❛❞♦ ❛❧❡❛tór✐❛♠❡♥t❡ q✉❡ ♣❡rt❡♥❝❡ ❛♦ ✐♥t❡r✈❛❧♦ ❬✵✱✶❪✳ X
(q)
d,i é ♦

✈❡t♦r ❛❧✈♦✳ ❈❘ é ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ ♦❝♦rr❡r ♦ ❝r✉③❛♠❡♥t♦✱ ♦✉ s❡❥❛✱ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡
❞♦ ✈❡t♦r ❡①♣❡r✐♠❡♥t❛❧ ❤❡r❞❛r ♦s ✈❛❧♦r❡s ❞❛s ✈❛r✐á✈❡✐s ❞♦ ✈❡t♦r ❞♦❛❞♦r✱ s❡♥❞♦ ❢♦r♥❡❝✐❞❛
♣❡❧♦ ✉s✉ár✐♦ ❡ ❝♦♠♣r❡❡♥❞✐❞❛ ♥♦ ✐♥t❡r✈❛❧♦ ❬✵✱✶❪✳ P♦r ❡①❡♠♣❧♦✱ t♦❞❛s ❛s ❝♦♠♣♦♥❡♥t❡s ❞♦
✈❡t♦r ❡①♣❡r✐♠❡♥t❛❧ ✈✐rã♦ ❞♦ ✈❡t♦r ❞♦❛❞♦r V (q+1) s❡ ❈❘❂✶✳ P♦ré♠✱ s❡ ❈❘❂✵✱ t♦❞❛s ❛s
❝♦♠♣♦♥❡♥t❡s ❞♦ ✈❡t♦r ❡①♣❡r✐♠❡♥t❛❧ ✈✐rã♦ ❞♦ ✈❡t♦r ❛❧✈♦ X

(q)
d ✳

✾✳✶✳✸ ❙❡❧❡çã♦

❆ ❡✈♦❧✉çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❞✐❢❡r❡ ❞♦s ♦✉tr♦s ❛❧❣♦r✐t♠♦s ❡✈♦❧✉t✐✈♦s q✉❛♥t♦ à s❡❧❡çã♦ ❞♦s
✐♥❞✐✈í❞✉♦s✱ ♣♦✐s ❡st❛ ♥ã♦ ✉t✐❧✐③❛ ❤✐❡r❛rq✉✐❛ ♥❡♠ s❡❧❡çã♦ ♣r♦♣♦r❝✐♦♥❛❧ ✭❖❧✐✈❡✐r❛ ❡ ❙❛r❛♠❛❣♦✱
✷✵✵✺✮✳ ❊♠ ✈❡③ ❞✐ss♦✱ ♦ ✈❛❧♦r ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ❞♦ ✈❡t♦r ❡①♣❡r✐♠❡♥t❛❧ U (q+1) é ❝♦♠♣❛r❛❞❛
❝♦♠ ❛ ❞♦ ✈❡t♦r ❛❧✈♦ X

(q)
d ✳ ❖ ✈❛❧♦r ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ❞♦ ✈❡t♦r ❛❧✈♦ ❞❡✈❡ s❡r s❡♠♣r❡ ♠❡♥♦r

♣❛r❛ ♣r♦ss❡❣✉✐r ♣❛r❛ ❛ ♣ró①✐♠❛ ❣❡r❛çã♦✱ ❡♥tã♦ ❝❛s♦ ❛❝♦♥t❡ç❛ ❞❡ s❡r ♠❛✐♦r✱ ❛s ❝♦♠♣♦♥❡♥t❡s
❞♦ ✈❡t♦r ❛❧✈♦ sã♦ s✉❜st✐t✉í❞❛s ♣❡❧❛s ❝♦♠♣♦♥❡♥t❡s ❞♦ ✈❡t♦r ❡①♣❡r✐♠❡♥t❛❧✳



✷✾

✾✳✷ ❊❙❚❘❆❚➱●■❆❙ ❉❆ ❊❱❖▲❯➬➹❖ ❉■❋❊❘❊◆❈■❆▲

❆s ❡str❛té❣✐❛s ❞❛ ❡✈♦❧✉çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❛❧t❡r❛♠ ❛ ❢♦r♠❛ ❝♦♠♦ ❝❛❞❛ ♦♣❡r❛çã♦ ❞❡
❡✈♦❧✉çã♦ ❞✐❢❡r❡♥❝✐❛❧ é ❡①❡❝✉t❛❞❛✳ ➱ ♣♦ssí✈❡❧ ❛❧t❡r❛r três ♣❛râ♠❡tr♦s✱ sã♦ ❡❧❡s✿

• ♠❡❝❛♥✐s♠♦✲❞❡✲s❡❧❡çã♦✿ ❡s♣❡❝✐✜❝❛ ♦ ✈❡t♦r ❛ s❡r ♣❡rt✉r❜❛❞♦✱ ♣♦❞❡♥❞♦ s❡r ✧r❛♥❞✧ ♦✉
✧❜❡st✧✱ ❡ ✐♠♣❧✐❝❛ ❛♦ ✈❡t♦r s❡r ❡s❝♦❧❤✐❞♦ ❛❧❡❛t♦r✐❛♠❡♥t❡ ♦✉ ❛♦ ✈❡t♦r ❞❡ ♠❡♥♦r ✈❛❧♦r
❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

• ♥ú♠❡r♦✲❞❡✲❞✐❢❡r❡♥ç❛s✿ ✐♥❞✐❝❛ ♦ ♥ú♠❡r♦ ❞❡ ♣❛r❡s ❞❡ ✈❡t♦r❡s ✉t✐❧✐③❛❞♦s ♥❛ ❞✐❢❡r❡♥❝✐❛✲
çã♦ ♣♦♥❞❡r❛❞❛✳

• ♠♦❞❡❧♦✲❞❡✲r❡❝♦♠❜✐♥❛çã♦✿ r❡t♦r♥❛ ♦ t✐♣♦ ❞❡ ❝r✉③❛♠❡♥t♦✱ ♣♦❞❡♥❞♦ s❡r ❡①♣♦♥❡♥❝✐❛❧
✭✧❡①♣✧✮ ♦✉ ❜✐♥♦♠✐♥❛❧ ✭✧❜✐♥✧✮✳

❯♠❛ ❡str❛té❣✐❛ q✉❡ ❢✉♥❝✐♦♥❛ ❜❡♠ ♣❛r❛ ✉♠ ♣r♦❜❧❡♠❛ ♥ã♦ ♥❡❝❡ss❛r✐❛♠❡♥t❡ ❢✉♥❝✐♦✲
♥❛rá ❜❡♠ ♣❛r❛ ♦✉tr♦✳ ❙❡❣✉♥❞♦ ❖❧✐✈❡✐r❛ ❡ ❙❛r❛♠❛❣♦ ✭✷✵✵✺✮✱ ❛ ❡str❛té❣✐❛ ❛ s❡r ❛❞♦t❛❞❛ é
❞❡t❡r♠✐♥❛❞❛ ♣♦r t❡♥t❛t✐✈❛ ❡ ❡rr♦✳



✸✵

✶✵ ▼❆❚❊❘■❆■❙ ❊ ▼➱❚❖❉❖❙

✶✵✳✶ ▼❊❚❖❉❖▲❖●■❆ ❉❖ ❚❘❆❇❆▲❍❖

❖ tr❛❜❛❧❤♦ ❢♦✐ ❞✐✈✐❞✐❞♦ ❡♠ ❡t❛♣❛s✱ ♦♥❞❡ ♣r✐♠❡✐r♦ ❢♦✐ ♥❡❝❡ssár✐♦ ♦❜t❡r ❛s ♣r♦♣r✐❡❞❛✲
❞❡s ❞♦s ♠❛t❡r✐❛✐s ❡ ❛s ❡q✉❛çõ❡s ❞❡ r✐❣✐❞❡③ ♣❛r❛ ❡♠ s❡❣✉✐❞❛ ❡❧❛❜♦r❛r ♦ ❛❧❣♦r✐t♠♦ ❞❡ ❝á❧❝✉❧♦
❡str✉t✉r❛❧ ❡ r❡❛❧✐③❛r ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❡st❡ ❛❧❣♦r✐t♠♦ ❛♦ ❞❡ ♦t✐♠✐③❛çã♦✳ ❇❛rr❛s ❞❡ ✜❜r❛ ❞❡
❝❛r❜♦♥♦ ❡ ♠❛❞❡✐r❛ ❝♦♠♣❡♥s❛❞❛ ❢♦r❛♠ ♦s ♠❛t❡r✐❛✐s s❡❧❡❝✐♦♥❛❞♦s ♣❛r❛ ❝♦♠♣♦r ❛ ❧♦♥❣❛r✐♥❛
❡♠ q✉❡stã♦✳

❖ ♣r✐♠❡✐r♦ ❡st✉❞♦ ❞❡ ❝❛s♦ ❝♦♥s✐st❡ ❡♠ ❞❡t❡r♠✐♥❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❡❢❡t✐✈❛s ❞❛ ❜❛rr❛
❞❡ ❝❛r❜♦♥♦✱ ❝♦♠♣❛r❛♥❞♦ ♦s r❡s✉❧t❛❞♦s ❞❡ ❡♥s❛✐♦s ♠❡❝â♥✐❝♦s ❝♦♠ ❛ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛✳
◆❡st❛ ❡t❛♣❛✱ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡♥s❛✐♦s ❞❡ ✢❡①ã♦ ❡ t♦rçã♦✳ ❖ ♠♦❞❡❧♦ ❞❡ ✈✐❣❛ ✉t✐❧✐③❛❞♦ ♥❡st❡
❡st✉❞♦ ❢♦✐ ♦ ❞❡ ❊✉❧❡r✲❇❡r♥♦✉❧❧✐✳ ❈♦♠♦ é ❛♣❡♥❛s ♣❛r❛ ✜♥s ❞❡ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠♦❞❡❧♦
♥✉♠ér✐❝♦ ❡ ♦ ❡♥s❛✐♦✱ é ❛✈❛❧✐❛❞❛ ❛ r❡s♣♦st❛ ❡❧ást✐❝❛ ❞❛ ❡str✉t✉r❛✳

❖ s❡❣✉♥❞♦ ❡st✉❞♦ ❞❡ ❝❛s♦ t❡♠ ❝♦♠♦ ✜♥❛❧✐❞❛❞❡ ❞❡t❡r♠✐♥❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ❡❢❡t✐✈❛s
❞♦ ❧❛♠✐♥❛❞♦✱ ❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦✳ ❈♦♠♣❛r❛♠✲s❡ ♦s r❡s✉❧t❛❞♦s r❡❛✐s✱ ❛❞q✉✐r✐❞♦s ❡♠
t❡st❡s ♠❡❝â♥✐❝♦s✱ ❝♦♠ ❛ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛✳ ❖s t❡st❡s r❡❛❧✐③❛❞♦s sã♦ ❡♥s❛✐♦s ❞❡ tr❛çã♦✱
❛❧t❡r❛♥❞♦ ❛ ❞✐r❡çã♦ ❞❛s ✜❜r❛s✳ ❊♠ r❡❧❛çã♦ ❛♦ ♥ú❝❧❡♦✱ t❡♠✲s❡ à ✵♦✱ à ✹✺♦ ❡ ✾✵♦✳ ❱❛❧❡
r❡ss❛❧t❛r q✉❡ ❛ ♦r✐❡♥t❛çã♦ ❞❛s ❧â♠✐♥❛s ❡♥tr❡ s✐ ♥♦ ❧❛♠✐♥❛❞♦ ❝♦♥t✐♥✉❛♠ s❡♠♣r❡ ❛s ♠❡s♠❛s✱
❞❡❢❛s❛❞❛s ❡♠ ✾✵♦✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✶✷✳

❋✐❣✉r❛ ✶✷ ✕ ❖r✐❡♥t❛çã♦ ❞❛s ❋✐❜r❛s ♥♦ ▲❛♠✐♥❛❞♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

P❛rt❡✲s❡ ❡♥tã♦ ♣❛r❛ ♦ t❡r❝❡✐r♦ ❡st✉❞♦ ❞❡ ❝❛s♦✱ ♥♦ q✉❛❧ sã♦ ❞❡t❡r♠✐♥❛❞❛s ❛s ♣r♦♣r✐✲
❡❞❛❞❡s ❡❢❡t✐✈❛s ❞❛ ✈✐❣❛ ❡♠ ❝❛✐①ã♦✱ ✉t✐❧✐③❛♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ♦❜t✐❞❛s ❞♦s ❡st✉❞♦s ❞❡ ❝❛s♦
✶ ❡ ✷✳ P♦r ✜♠✱ ❝♦♠♣❛r❛✲s❡ ♦ ♠♦❞❡❧♦ ♥✉♠ér✐❝♦ ❡ ♦ r❡s✉❧t❛❞♦ r❡❛❧✱ ❞♦s ❡♥s❛✐♦s ♠❡❝â♥✐❝♦s
❞❡ ✢❡①ã♦ ❡ t♦rçã♦✳ ❖ ♠♦❞❡❧♦ ❞❡ ✈✐❣❛ ✉t✐❧✐③❛❞♦ t❛♠❜é♠ é ♦ ❞❡ ❊✉❧❡r✲❇❡r♥♦✉❧❧✐✳

❖ q✉❛rt♦ ❡st✉❞♦ ❞❡ ❝❛s♦ ❝♦♥s✐st❡ ❡♠ ❞❡t❡r♠✐♥❛r ❛s ❡q✉❛çõ❡s ❞❡ r✐❣✐❞❡③ ❤♦♠♦❣❡✐✲
♥✐③❛❞❛s ♣❛r❛ t♦❞♦s ♦s ❝♦♠♣♦♥❡♥t❡s ❞❛ ❧♦♥❣❛r✐♥❛✿ ❛ ✈✐❣❛ ❡♠ ❝❛✐①ã♦❀ ❛ ❜❛rr❛ ✐s♦❧❛❞❛❀ ❛s
❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦ ❡❀ ❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦✳ ❊st❡ ❡st✉❞♦ ❢♦✐ r❡❛❧✐③❛❞♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s
❛❧t✉r❛s ❞❛ ❡str✉t✉r❛✱ ❞❡ ❢♦r♠❛ q✉❡ ❛s ❡q✉❛çõ❡s ❡♥❝♦♥tr❛❞❛s tê♠✲❛ ❝♦♠♦ ✉♠❛ ✈❛r✐á✈❡❧✳ ❖
♠♦❞❡❧♦ ❞❡ ✈✐❣❛ ❞❡ ❚✐♠♦s❤❡♥❦♦ ❢♦✐ ✉t✐❧✐③❛❞♦✳

❊♠ s❡❣✉✐❞❛✱ t♦❞♦ ♦ ❝♦♥t❡ú❞♦ ♦❜t✐❞♦ ❞♦s ❡st✉❞♦s ❞❡ ❝❛s♦ sã♦ ❛♣❧✐❝❛❞♦s ♥♦ ❞❡s❡♥✈♦❧✲
✈✐♠❡♥t♦ ❞♦ ❛❧❣♦r✐t♠♦✱ q✉❡ ❞❡t❡r♠✐♥❛ ❛s t❡♥sõ❡s ❝rít✐❝❛s ♥❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❡ ❝á❧❝✉❧❛
❛ ❞❡✢❡①ã♦ ♥❛ ♣♦♥t❛ ❞❛ ❧♦♥❣❛r✐♥❛✳ ❊ss❡ ♣r♦❣r❛♠❛ é ❡♥tã♦ ♠♦❞✐✜❝❛❞♦ ♣❛r❛ q✉❡ ♣♦ss❛ s❡r
✐♠♣❧❡♠❡♥t❛❞♦ ❛♦ ❛❧❣♦r✐t♠♦ ❞❡ ♦t✐♠✐③❛çã♦ ♣❡❧♦ ♠ét♦❞♦ ❞❡ ❡✈♦❧✉çã♦ ❞✐❢❡r❡♥❝✐❛❧✳

P♦r ✜♠✱ ❛♣❧✐❝❛✲s❡ ♦ ❛❧❣♦r✐t♠♦ à ✉♠ ♣r♦❜❧❡♠❛ r❡❛❧✱ ❛✈❛❧✐❛♥❞♦ ❛s ❡str❛té❣✐❛s ❞❡



✸✶

♦t✐♠✐③❛çã♦✳

✶✵✳✷ ❇❆❘❘❆❙ ❉❊ ❈❆❘❇❖◆❖

❙❡❣✉♥❞♦ ▼❡♥❞♦♥ç❛ ✭✷✵✵✺✮✱ ❛ ✜❜r❛ ❞❡ ❝❛r❜♦♥♦ é ♠✉✐t♦ r❡❝♦♥❤❡❝✐❞❛ ♣♦r s✉❛ ❡❧❡✈❛❞❛
r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛✳ ❊①✐st❡♠ ✈ár✐❛s ♠❛♥❡✐r❛s ❞❡ s❡r❡♠ ♣r♦❞✉③✐❞❛s✱ ❝♦♠♦ ❛ té❝♥✐❝❛ ❞❡
❡♥r♦❧❛♠❡♥t♦ ✜❧❛♠❡♥t❛r✱ ♠♦❧❞❛❣❡♠ ♣♦r ✐♥❥❡çã♦✱ ❛✉t♦❝❧❛✈❡✱ ❡♥tr❡ ♦✉tr♦s✳ ❖ ❢♦❝♦ ❞❡st❡
tr❛❜❛❧❤♦ s❡rá ❡♠ ✜❜r❛s ❞❡ ❝❛r❜♦♥♦ ♣r♦❞✉③✐❞❛s ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ♣✉❧tr✉sã♦✳

✶✵✳✷✳✶ P❡r✜❧ ❞❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦

❆s ❜❛rr❛s s❡❧❡❝✐♦♥❛❞❛s ♣❛r❛ ❛ ❝♦♥❢❡❝çã♦ ❞❛ ❧♦♥❣❛r✐♥❛ ♣♦ss✉❡♠ s✉❛ s❡çã♦ ❡①t❡r♥❛
q✉❛❞r❛❞❛ ❡ ✐♥t❡r♥❛ ❝✐r❝✉❧❛r✱ ❝♦♥❢♦r♠❡ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✶✸✳

❋✐❣✉r❛ ✶✸ ✕ ❇❛rr❛ ❞❡ ❈❛r❜♦♥♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

✶✵✳✷✳✷ Pr♦❝❡ss♦ ❞❡ P✉❧tr✉sã♦

P❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ s❡❧❡❝✐♦♥❛❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❢❛❜r✐❝❛❞❛s
♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ♣✉❧tr✉sã♦ ✭❋✐❣✉r❛ ✶✹✮✱ ♣r♦❝❡ss♦ ❡ss❡ r❡s♣♦♥sá✈❡❧ ♣♦r ❢❛❜r✐❝❛r ♣❡r✜s ❞❡
❣❡♦♠❡tr✐❛ ❝♦♥t✐♥✉❛✱ ❣❡r❛♥❞♦ ✉♠❛ ❡❧❡✈❛❞❛ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛ ❛❧✐❛❞♦ à ✉♠ ❜❛✐①♦ ♣❡s♦
❡s♣❡❝í✜❝♦ ❡ s❡♠ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ❢❛③❡r ♠❛♥✉t❡♥çõ❡s ✭❈❘❊❆❚■❱❊ P❯▲❚❘❯❙■❖◆❙✱ ■◆❈✱
✷✵✶✼✮✳

■♥✐❝✐❛❧♠❡♥t❡ sã♦ s❡❧❡❝✐♦♥❛❞♦s ♦s ❡❧❡♠❡♥t♦s q✉❡ ❞❛rã♦ ♦r✐❣❡♠ ❛♦ ❝♦♠♣ós✐t♦✿ ♦ r❡✲
❢♦rç♦ ❡♠ ❢♦r♠❛ ❞❡ ✜❜r❛✱ ❛ r❡s✐♥❛✱ ♦s ❛❞✐t✐✈♦s ❡ ❛s ❝❛r❣❛s q✉❡ ❣❛r❛♥t✐rã♦ ❛♦ ♠❛t❡r✐❛❧ ❛s
♣r♦♣r✐❡❞❛❞❡s ❞❡s❡❥❛❞❛s ❞❡ r❡s✐stê♥❝✐❛s q✉í♠✐❝❛✱ ♠❡❝â♥✐❝❛✱ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ r❡❛çã♦ ❛♦
❢♦❣♦✱ ❝♦❧♦r❛çã♦✱ ❡t❝✳

❆s ✜❜r❛s sã♦ ♠♦✈✐❞❛s ♣❡❧♦ ♣r♦❝❡ss♦ ❞❡ ❡st✐r❛♠❡♥t♦ ❝♦♥tí♥✉♦ ❛té ❡♥tr❛r❡♠ ❡♠
❝♦♥t❛t♦ ❝♦♠ ❛ ♠✐st✉r❛ ❞❡ r❡s✐♥❛ ❡ ❛❞✐t✐✈♦s✳ ❍á ✉♠❛ ✐♠♣r❡❣♥❛çã♦ ❞❛ ♠✐st✉r❛ ♥♦ r❡❢♦rç♦✱
q✉❡ ❡♥tr❛ ♥♦ ♠♦❧❞❡✱ r❡s♣♦♥sá✈❡❧ ♣♦r ❝♦♠♣❛❝t❛r ♦ ❝♦♠♣ós✐t♦✳ ❖ ♠♦❧❞❡ é ❝♦♥❢❡❝❝✐♦♥❛❞♦
❝♦♥❢♦r♠❡ ♦ ♣❡r✜❧ ❡str✉t✉r❛❧ ❞❡♠❛♥❞❛❞♦✳

❆ ❝✉r❛ ❞❛ r❡s✐♥❛ é ❣❛r❛♥t✐❞❛ ♣❡❧♦ ❛q✉❡❝✐♠❡♥t♦ ♣r❡❝✐s♦ ❞♦ ♠♦❧❞❡✱ q✉❡ ♥❡❝❡ss✐t❛
❞❡ ✉♠ ❝♦♥tr♦❧❡ ❞❡ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ❡✈✐t❛r ✐rr❡❣✉❧❛r✐❞❛❞❡s ♥❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ♣✉❧tr✐❞♦
✭❋■❇❊❘ P❘❖❋■▲❊ ❙✳▲✳✱ ✷✵✶✾✮✳
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❋✐❣✉r❛ ✶✹ ✕ ❊sq✉❡♠❛ ❞♦ Pr♦❝❡ss♦ ❞❡ P✉❧tr✉sã♦ ❞❛ ❋✐❜r❛ ❞❡ ❱✐❞r♦✱ ❘❡s✐♥❛ ❡ ❆❞✐t✐✈♦s

❋♦♥t❡✿ ✭❋✐❜❡r Pr♦✜❧❡ ❙✳▲✳✱ ✷✵✶✾✮

✶✵✳✸ ❈❖▼P❊◆❙❆❉❖

❖ ❝♦♠♣❡♥s❛❞♦ é ❝♦♥st✐t✉í❞♦ ❞❡ ❧â♠✐♥❛s ❞❡ ♠❛❞❡✐r❛ ❝♦❧❛❞❛s ❡ ♣r❡♥s❛❞❛s ❞❡ ❢♦r♠❛
q✉❡ ❛s ❛s ❧â♠✐♥❛s ❛❞❥❛❝❡♥t❡s s❡♠♣r❡ s❡❥❛♠ ♦rt♦❣♦♥❛✐s✳ ■ss♦ ❝♦♥❢❡r❡ ❛♦ ❝♦♠♣❡♥s❛❞♦ ✉♠❛
❛❧t❡r❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧ást✐❝❛s ❡ t❛♠❜é♠ ❞❛ s✉❛ r❡s✐stê♥❝✐❛ ❡♠ ❞✐❢❡r❡♥t❡s ❞✐r❡çõ❡s✳
●❡r❛❧♠❡♥t❡✱ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❧â♠✐♥❛s ❡♠♣✐❧❤❛❞❛s é í♠♣❛r✱ ♣♦✐s ❢♦r♥❡❝❡ ✉♠❛ tê♥❞❡♥❝✐❛
♠❡♥♦r ❛♦ ❡♠♣❡♥❛♠❡♥t♦✳

◗✉❛♥❞♦ s❡ tr❛t❛ ❞❡ ❧✐❣❛çõ❡s ❡♠ ❡str✉t✉r❛s ❞❡ ♠❛❞❡✐r❛✱ ❛ r❡s✐stê♥❝✐❛ ❛♦ ❢❡♥❞✐❧❤❛✲
♠❡♥t♦ ❛❝❛❜❛ s❡♥❞♦ ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ r❡❧❡✈❛♥t❡✳ ❙❡❣✉♥❞♦ ❖❧✐♥ ✭✶✾✾✵✮✱ ❛ ❧❛♠✐♥❛çã♦ ❝r✉③❛❞❛



✸✸

♣r♦♠♦✈❡ ✉♠❛ ♠❛✐♦r r❡s✐stê♥❝✐❛ ❛♦ ❢❡♥❞✐❧❤❛♠❡♥t♦✱ ♠❛s t❛♠❜é♠ ❛♦ ✐♠♣❛❝t♦✱ ❛♦ ❡♠♣❡♥❛✲
♠❡♥t♦ ❡ ♠❡❧❤♦r ❡st❛❜✐❧✐❞❛❞❡ ❞✐♠❡♥s✐♦♥❛❧✳

❖ ❝♦♠♣❡♥s❛❞♦✱ s❡❣✉♥❞♦ P❛❧♠❛ ✭✶✾✾✹✮✱ ❞❡✈❡ ♣♦ss✉✐r s✐♠❡tr✐❛ ❡str✉t✉r❛❧ ❡♠ r❡❧❛çã♦
❛♦ ♣❧❛♥♦ ❝❡♥tr❛❧ ♣❛r❛ t❡r ❡❧❡✈❛❞❛ r✐❣✐❞❡③ ❡ r❡s✐stê♥❝✐❛ ❛ ✢❡①ã♦ ♥♦s ❞♦✐s s❡♥t✐❞♦s ❞❛ ❝❤❛♣❛✳
❆ss✐♠✱ ❡♠ ❛♠❜♦s ♦s ❧❛❞♦s ❞♦ ♣❧❛♥♦ ❞❡ s✐♠❡tr✐❛✱ ❛s ❧â♠✐♥❛s ❡q✉✐❞✐st❛♥t❡s ❞❡✈❡♠ ♣♦ss✉✐r
❛s ♠❡s♠❛s ♣r♦♣r✐❡❛❞❡s ❢ís✐❝❛s✱ ❡s♣❡ss✉r❛ ❡ ❞✐r❡çã♦ ❞❛ ❣râ✳ ❆ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ♣❧❛♥♦ ❞❡
s✐♠❡tr✐❛ ♥❛ ❝❛♠❛❞❛ ❞♦ ♥ú❝❧❡♦ ✐♠♣❧✐❝❛ ♥❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠ ♥ú♠❡r♦ ✐♠♣❛r ❞❡ ❝❛♠❛❞❛s✱
❞❡♥♦♠✐♥❛❞♦ ❡♥tã♦ ❞❡ ❝♦♠♣❡♥s❛❞♦ ❜❛❧❛♥❝❡❛❞♦✱ ✭P❆▲▼❆✱ ✶✾✾✹✮✳

❋✐❣✉r❛ ✶✺ ✕ ❈❤❛♣❛s ❞❡ ❈♦♠♣❡♥s❛❞♦

❉✐s♣♦♥í✈❡❧ ❡♠✿

❁❤tt♣✿✴✴♠❛❞❡✐r✐t❡✳❜❧♦❣s♣♦t✳❝♦♠✴✷✵✶✸✴✵✽✴q✉❛❧✐❞❛❞❡✲❞❡✲❝❤❛♣❛s✲❞❡✲❝♦♠♣❡♥s❛❞♦s✳❤t♠❧❃✳

❆❝❡ss❛❞♦ ❡♠✿ ✶✷ ❥❛♥✳ ✷✵✶✾✳

●❡r❛❧♠❡♥t❡✱ ♥❛ ❢❛❜r✐❝❛çã♦ ❝♦♠❡r❝✐❛❧ ❞♦ ❝♦♠♣❡♥s❛❞♦ ♦r✐❡♥t❛✲s❡ ❛ ❞✐r❡çã♦ ❞❛s ✜❜r❛s
❡♠ ✾✵♦ ❡♠ ❧â♠✐♥❛s ❛❞❥❛❝❡♥t❡s✳ P❡r♠✐t✐♥❞♦ ❞❡ss❛ ❢♦r♠❛✱ ✉♠❛ r✐❣✐❞❡③ ❡ r❡s✐stê♥❝✐❛ ♠❡❝â♥✐❝❛
s✉♣❡r✐♦r à ❞❛ ♠❛❞❡✐r❛ só❧✐❞❛✳ ❈♦♥❢♦r♠❡ P❛❧♠❛ ✭✶✾✾✹✮✱ ♣♦❞❡ ❝❤❡❣❛r ❛ s❡r ❞✉❛s ✈❡③❡s ♠❛✐♦r
❝♦♠ ❛ ✉t✐❧✐③❛çã♦ ❞❡ três ❝❛♠❛❞❛s ❡✱ q✉❛♥t♦ ♠❛✐♦r ♦ ♥ú♠❡r♦ ❞❡ ❝❛♠❛❞❛s✱ t❡♠✲s❡ ✉♠❛ ♠❛✐♦r
❡q✉❛❧✐③❛çã♦ ❞❡ r✐❣✐❞❡③❡s ❡ ♠❡❧❤♦r ❞✐str✐❜✉✐çã♦ ❞❡ ❝❛r❣❛ ❛tr❛✈és ❞♦ ♣❛✐♥❡❧✳

❋✐❣✉r❛ ✶✻ ✕ ❉❡❢❡✐t♦s ♥♦ ❈♦♠♣❡♥s❛❞♦

❋♦♥t❡✿ P❛❧♠❛ ✭✶✾✾✹✮✳



✸✹

❉❡ ❛❝♦r❞♦ ❝♦♠ ▼❝❧❛✐♥ & ❇♦❞✐❣ ✭✶✾✼✹✮✱ ◆♦❛❝❦ & ❘♦t❤ ✭✶✾✼✻✮✱ ❇♦❞✐❣ & ❏❛②♥❡
✭✶✾✽✷✮ ❡ ❇♦♦t❤ ✭✶✾✾✵✮✱ ♦s ♠❛t❡r✐❛✐s ✜❜r♦s♦s ❞❡ ♦r✐❣❡♠ ♥❛t✉r❛❧ ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞♦s✱ ❞❡
✉♠ ♠♦❞♦ ❣❡r❛❧✱ ❝♦♠♦ ♦rt♦tró♣✐❝♦s ✭❛♣✉❞ P❛❧♠❛✱ ✶✾✾✹✱ ♣✳ ✸✷✮✳

❈♦♥❢♦r♠❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❛s ❧â♠✐♥❛s✱ ❡①✐st❡ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❛s t❡♥sõ❡s✳ ❊ss❡s ❡❢❡✐✲
t♦s✱ ❋✐❣✉r❛ ✶✻✱ sã♦ ❞❡❝♦rr❡♥t❡ ❞❛ r❡tr❛çã♦ ♦✉ ❞♦ ✐♥❝❤❛♠❡♥t♦ ❞♦ ❧❛♠✐♥❛❞♦✳ ❙❡ ♦ ❧❛♠✐♥❛❞♦ é
s✐♠étr✐❝♦✱ ❛ ♠❛tr✐③ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ é ♥✉❧❛✱ ♦✉ s❡❥❛✱ ♥ã♦ ❣❡r❛ ❡st❡ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ t❡♥sõ❡s✳
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✶✶ ❊❙❚❯❉❖ ❉❊ ❈❆❙❖ ✶✿ ❇❆❘❘❆❙ ❉❊ ❈❆❘❇❖◆❖

❖ ❡st✉❞♦ ✈✐s❛ ✈❛❧✐❞❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❞❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦✱ ❛tr❛✈és
❞❡ ❡♥s❛✐♦s ❡str✉t✉r❛✐s ❡ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❞❡st❡s ❡♥s❛✐♦s ✉t✐❧✐③❛♥❞♦ ♦ s♦❢t✇❛r❡ ❆❧t❛✐r
❍②♣❡r❲♦r❦s ❘©✳ ❆ ❋✐❣✉r❛ ✶✼ ❛♣r❡s❡♥t❛ ❛ ❣❡♦♠❡tr✐❛ ❞❛ s❡çã♦ tr❛♥s✈❡rs❛❧ ❞❛ ❜❛rr❛ q✉❛❞r❛❞❛
❛❞♦t❛❞❛ ♣❛r❛ ❡st❡ ❡st✉❞♦✳

❋✐❣✉r❛ ✶✼ ✕ ❙❡çã♦ ❚r❛♥s✈❡rs❛❧ ❞❛ ❇❛rr❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❖ ♣r♦❝❡ss♦ ❞❡ ❢❛❜r✐❝❛çã♦ ❞❡st❛s ❜❛rr❛s ♥ã♦ é ❞❡ ♠✉✐t❛ ♣r❡❝✐sã♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡
♥♦ ❞✐â♠❡tr♦ ✐♥t❡r♥♦✳ P♦r ❡st❡ ♠♦t✐✈♦✱ é ❛♣r❡s❡♥t❛❞♦ ♦ r❡s✉❧t❛❞♦ ❞❛s ♠❡❞✐çõ❡s ❞❛s s✉❛s
❞✐♠❡♥sõ❡s ❝♦♠ ✉♠ ♣❛q✉í♠❡tr♦ ❛♥❛❧ó❣✐❝♦ ♣❛r❛ ❝❛❞❛ ❡♥s❛✐♦ r❡❛❧✐③❛❞♦✳

❆ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦ é ✉♠ ♠❛t❡r✐❛❧ tr❛♥s✈❡rs❛❧♠❡♥t❡ ♦rt♦tró♣✐❝♦✳ ❉❡ss❛ ❢♦r♠❛✱ ❛s
♣r♦♣r✐❡❞❛❞❡s ♥❡❝❡ssár✐❛s sã♦✿ E1✱ E2✱ G12✱ G23✱ ν12 ❡ ν23✳ ❙❡♥❞♦ ❝♦♠♣♦st❛ ❞❡ ✜❜r❛ ❞❡
❝❛r❜♦♥♦ ❡ r❡s✐♥❛ ❡♣♦①②✳

❯♠ ❣r✉♣♦ ❞❡ ♣❡sq✉✐s❛ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞♦ ❘✐♦ ●r❛♥❞❡ ❞♦ ❙✉❧ ✭❯❋❘●❙✮ ❢♦r✲
♥❡❝❡ ❛tr❛✈és ❞♦ ▼❊❈❍✲●❝♦♠♣ ♣r♦♣r✐❡❞❛❞❡s ❞❡ ♠❛t❡r✐❛✐s ❝♦♠♣ós✐t♦s ❡ ♥❛♥♦❝♦♠♣ós✐t♦s✳
❉❡st❡ ❜❛♥❝♦ ❞❡ ❞❛❞♦s ❢♦r❛♠ ❛❞♦t❛❞❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s q✉❡ s❡ ❥✉❧❣❛r❛♠ ♠❛✐s
❛❞❡q✉❛❞❛s ♣❛r❛ ❛s ❜❛rr❛s ❡♠ q✉❡stã♦✳ ◆❛ ❚❛❜❡❧❛ ✶ ❡stã♦ ❞✐s♣♦st❛s ❡st❛s ♣r♦♣r✐❡❞❛❞❡s✱
q✉❡ ❢♦r❛♠ ❛❞♦t❛❞❛s ❝♦♠♦ ❡st✐♠❛t✐✈❛ ✐♥✐❝✐❛❧✳

❚❛❜❡❧❛ ✶ ✕ ❊st✐♠❛t✐✈❛ ■♥✐❝✐❛❧ ❞❛s Pr♦♣r✐❡❞❛❞❡s ❞❛ ❇❛rr❛ ❞❡ ❈❛r❜♦♥♦

E1[MPa] E2[MPa] ν12 ν23 G12[MPa] G23[MPa]
✶✷✾✸✹✻ ✽✻✽✼ ✵✱✸✷✷ ✵✱✹✻ ✹✶✾✺ ✹✶✾✺

✶✶✳✶ ❊◆❙❆■❖ ❉❊ ❋▲❊❳➹❖

❆tr❛✈és ❞❡ ✉♠❛ ♣❛r❝❡r✐❛ ❝♦♠ ■♥st✐t✉t♦ ❙❊◆❆■✱ ❢♦✐ ♣♦ssí✈❡❧ r❡❛❧✐③❛r ✉♠ ❡♥s❛✐♦ ❞❡
✢❡①ã♦ ❡♠ ✸ ♣♦♥t♦s ♥❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦✱ ❋✐❣✉r❛ ✶✽✳ ◆♦ q✉❛❧ ❛ ♥♦r♠❛ ❆❙❚▼ ✼✾✵ ❢♦✐
❛❞♦t❛❞❛ ❝♦♠♦ r❡❢❡rê♥❝✐❛✳ ❖ ❞✐â♠❡tr♦ ✐♥t❡r♥♦ ❞♦s ❈P✬s ♠❡❞✐❞♦s é ❞❡ ✺✱✷✵♠♠✳

P❛râ♠❡tr♦s ❞♦ ❊♥s❛✐♦✿

• Pré✲❈❛r❣❛ ❂ ✺❦❣❢❀
• ❱❡❧♦❝✐❞❛❞❡ ❞♦ ❊♥s❛✐♦ ❂ ✷♠♠✴♠✐♥❀
• ❘❡❧❛çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ♣❡❧❛ ❛❧t✉r❛ ❞♦ ❈P ✭▲✴❍✮ ❂ ✸✵✱✽✸❀
• ❉✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❛♣♦✐♦s ▲ ❂ ✶✽✺♠♠✳
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❋✐❣✉r❛ ✶✽ ✕ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ♥❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✶✾ ✕ ❉❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ♥❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❖s ❞❛❞♦s ❛❞q✉✐r✐❞♦s ♥♦ ❡♥s❛✐♦ ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s ♥❛ ❋✐❣✉r❛ ✶✾✳ ❊♠ s❡❣✉✐❞❛✱
tr❛ç♦✉✲s❡ ✉♠❛ ❝✉r✈❛ ❞❡ t❡♥❞ê♥❝✐❛ ♣❡❧♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s ❛té ♦ ♣♦♥t♦ ❛♥✲
t❡r✐♦r♠❡♥t❡ à r✉♣t✉r❛✳ ❈♦♠ ✐ss♦ ♦❜t❡✈❡✲s❡ ❛ ✐♥❝❧✐♥❛çã♦ ❞❡ ❝❛❞❛ ❝✉r✈❛✱ ❝✉❥♦s r❡s✉❧t❛❞♦s
❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✷✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ ❛ t❡♥sã♦ ❞❡ r✉♣t✉r❛✱ ❝❛❧❝✉❧❛❞❛ ♣❡❧❛
❊q✉❛çã♦ ✭✻✳✷✮ ❡ ♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ✢❡①✉r❛❧ Ef ✱ ♦r✐❣✐♥❛❞♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ✈✐❣❛ ❞❡
❊✉❧❡r✲❇❡r♥♦✉❧❧✐✱ ❝❛❧❝✉❧❛❞♦ ❞❡ ✉♠❛ ❛❞❛♣t❛çã♦ ❞❛ ❊q✉❛çã♦ ✭✺✳✹✮ ♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ❡♠ q✉❡s✲
tã♦✱ t♦r♥❛♥❞♦✲s❡
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Ef =

∆P
∆v
(L

2 )
L3

48Iyy
. ✭✶✶✳✶✮

❚❛❜❡❧❛ ✷ ✕ ❘❡s✉❧t❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ♥❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦

❈P ∆P/∆v [N/mm] R2 F [N ] σrup [MPa] Ef [GPa]
✶ ✼✵✱✼ ✵✱✾✾✽✷ ✷✼✹✱✽ ✺✷✽✱✽ ✶✷✾✱✸
✷ ✼✵✱✻ ✵✱✾✾✾✸ ✷✼✶✱✵ ✺✷✶✱✹ ✶✷✾✱✶
✸ ✼✶✱✺ ✵✱✾✾✽✾ ✷✻✸✱✷ ✺✵✻✱✹ ✶✸✵✱✽
✹ ✼✶✱✵ ✵✱✾✾✽✽ ✷✽✼✱✼ ✺✺✸✱✾ ✶✷✾✱✾
✺ ✼✶✱✻ ✵✱✾✾✽✻ ✷✺✽✱✾ ✹✾✽✱✷ ✶✸✶✱✵

▼é❞✐❛ ✶✸✵✱✵
❉❡s✈✐♦ P❛❞rã♦ ✵✱✽✹✼

✶✶✳✷ ❊◆❙❆■❖ ❉❊ ❚❖❘➬➹❖

❆❧é♠ ❞♦ ❡♥s❛✐♦ ❞❡ ✢❡①ã♦✱ r❡❛❧✐③♦✉✲s❡ t❛♠❜é♠ ✉♠ ❡♥s❛✐♦ ❞❡ t♦rçã♦✱ ❋✐❣✉r❛ ✷✵✳ P❛r❛
❡st❡ ❡♥s❛✐♦ ❢♦✐ t♦♠❛❞♦ ❝♦♠♦ ❜❛s❡ ❛ ♥♦r♠❛ ✭❆❙❚▼ ✶✹✸✲✵✷ ✭❊✮✱ ✷✵✵✾✮✳

❆ ♣❡ç❛ ❞❡ ✜①❛çã♦ ❞❛ ♠áq✉✐♥❛ ♣♦ss✉í três ❝❛st❛♥❤❛s✱ ✐ss♦ ✐♠♣❡❞❡ ❛ ✜①❛çã♦ ❞❡ ✉♠❛
❛♠♦str❛ ❝♦♠ s❡çã♦ q✉❛❞r❛♥❣✉❧❛r✳ ❉❡ss❛ ❢♦r♠❛✱ ❢♦✐ ♥❡❝❡ssár✐♦ ❛❞❛♣t❛r ♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛
✭❈P✮✳ ❆ s♦❧✉çã♦ ❡♥❝♦♥tr❛❞❛ ❢♦✐ ❛ ❞❡ r❡s✐♥❛r ❝♦♠ ❡♣♦①② ✉♠❛ ♣♦r❝❛ ❡♠ ❝❛❞❛ ✉♠❛ ❞❛s
❡①tr❡♠✐❞❛❞❡s ❞♦s ✵✹ ❝♦r♣♦s ❞❡ ♣r♦✈❛✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✶✳

❆ ♥♦r♠❛ ✐♥❞✐❝❛✱ ♣❛r❛ t✉❜♦s ❝✐r❝✉❧❛r❡s✱ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❈P s❡❥❛ ❞❡ ♣❡❧♦
♠❡♥♦s q✉❛tr♦ ✈❡③❡s ♦ s❡✉ ❞✐â♠❡tr♦✳ ❋❛③❡♥❞♦ ✉♠❛ ❛♥❛❧♦❣✐❛ ♣❛r❛ t✉❜♦s ❞❡ s❡çã♦ ♥ã♦
❝✐r❝✉❧❛r✱ t❡♠✲s❡ ❛ ♠❡s♠❛ r❡❧❛çã♦✳ ❊♥tr❡t❛♥t♦✱ ❝♦♠♦ ♥ã♦ ❤á ✉♠ ✈❛❧♦r ❧✐♠✐t❡ s✉♣❡r✐♦r ♣❛r❛
♦ s❡✉ ❝♦♠♣r✐♠❡♥t♦ ❡✱ ✈✐s❛♥❞♦ ♠✐♥✐♠✐③❛r ♦s ❡❢❡✐t♦s ❞❛ ✜①❛çã♦✱ ❛❞♦t♦✉✲s❡ ✉♠ ❝♦♠♣r✐♠❡♥t♦
▲ ❂ ✶✸✵♠♠✱ t❡♥❞♦ ❡♥tã♦ ✉♠❛ r❡❧❛çã♦ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ▲✴❍ ❂ ✷✶✱✻✼✳ ❆ ❚❛❜❡❧❛
✸ ❛♣r❡s❡♥t❛ ❛s ❞✐♠❡♥sõ❡s ❞♦s ❝♦r♣♦s ❞❡ ♣r♦✈❛✱ ♠❡❞✐❞❛s ❝♦♠ ✉♠ ♣❛q✉í♠❡tr♦ ❛♥❛❧ó❣✐❝♦✳
❈♦♠♦ t♦❞♦s ♦s ❈P✬s ❢♦r❛♠ ❝♦rt❛❞♦ ❞❛ ♠❡s♠❛ ❜❛rr❛✱ t♦❞♦s ❛♣r❡s❡♥t❛r❛♠ ✉♠ ❞✐â♠❡tr♦
✐♥t❡r♥♦ ✐❣✉❛❧ ❛ ✹✳✷✵ ♠♠✳

❚❛❜❡❧❛ ✸ ✕ ❈♦♠♣r✐♠❡♥t♦s ❞♦s ❈♦r♣♦s ❞❡ Pr♦✈❛

❈P ✶ ✷ ✸ ✹
▲ ❬♠♠❪ ✶✸✵✱✵✵ ✶✸✶✱✺✵ ✶✸✷✱✷✵ ✶✸✷✱✸✵

❱✐s❛♥❞♦ r❡❛❧✐③❛r ✉♠❛ ❝♦rr❡t❛ ♣r❡♣❛r❛çã♦ ♣❛r❛ ♦ ❡♥s❛✐♦✱ ♦ ♣r✐♠❡✐r♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛
✭❈P✶✮ ❢♦✐ t❡st❛❞♦ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❝é❧✉❧❛ ❞❡ ❝❛r❣❛ ❞❡ ✺✵✵◆✱ ♦ q✉❡ s❡ ♠♦str♦✉ s❡r ❞❡ ✉♠❛
❢❛✐①❛ ♠✉✐t♦ ❛♠♣❧❛ ♣❛r❛ ❡st❛s ❛♠♦str❛s✱ ♣♦rt❛♥t♦✱ tr♦❝♦✉✲s❡ ❛ ❝é❧✉❧❛ ❞❡ ❝❛r❣❛ ♣❛r❛ ✉♠❛
❞❡ ✶✵✵◆✳ P♦r ❡ss❡ ♠♦t✐✈♦ ♦ ♣❡r✜❧ ❞❛ ❝✉r✈❛ ❞♦ ❈P ✶ ❛♣r❡s❡♥t♦✉ ✈❛r✐❛çõ❡s ❞❡❝♦rr❡♥t❡s
❞❡ r✉í❞♦✱ ♣♦ré♠ s❡✉s r❡s✉❧t❛❞♦s ♥ã♦ ❢♦r❛♠ ❞❡s❝❛rt❛❞♦s✱ ♣♦✐s s✉❛ t❡♥❞ê♥❝✐❛ ♥ã♦ ❞✐✈❡r❣✐✉
❞❛s ❞❡♠❛✐s✳ ❆ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❡♥s❛✐♦ ♣❛r❛ ♦ ❈P✶ ❢♦✐ ❞❡ ✵✱✶ r♣♠✱ ❢❛③❡♥❞♦✲♦ r♦♠♣❡r ❡♠
❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✽ s❡❣✉♥❞♦s✳ P❛r❛ ♦s ❞❡♠❛✐s ❛ ✈❡❧♦❝✐❛❞❛❞❡ ❢♦✐ ❛❧t❡r❛❞❛ ♣❛r❛ ✵✱✵✺ r♣♠✱
q✉❡ ❛✐♥❞❛ ❢♦✐ s✉✜❝✐❡♥t❡ ♣❛r❛ r♦♠♣❡r❡♠ ❡♠ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷ ♠✐♥✉t♦s✱ s❡♥❞♦ q✉❡ ❛
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❋✐❣✉r❛ ✷✵ ✕ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦ ♥❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✷✶ ✕ ❈♦r♣♦s ❞❡ Pr♦✈❛ ✲ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

♥♦r♠❛ ✐♥❞✐❝❛ q✉❡ s❡❥❛ ❛❜❛✐①♦ ❞❡ ✹ ♠✐♥✉t♦s✳ ❖s r❡s✉❧t❛❞♦s ❞♦ ❡♥s❛✐♦ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s
♥❛ ❋✐❣✉r❛ ✷✷✳

P❡r❝❡❜❡✲s❡ q✉❡ ♣❛r❛ â♥❣✉❧♦s ♣❡q✉❡♥♦s ❤á ✉♠❛ t❡♥❞ê♥❝✐❛ ❧✐♥❡❛r ❞❡ r❡♣♦st❛ à t♦rçã♦
❞♦ ♠❛t❡r✐❛❧✳ ❉❡ss❛ ❢♦r♠❛✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛té ✽ ❣r❛✉s ❞❡ t♦rçã♦✱ ❢♦✐ tr❛ç❛❞♦ ✉♠❛ r❡t❛ ❞❡
t❡♥❞ê♥❝✐❛ ♣❛r❛ ❝❛❞❛ ❈P ♣❡❧♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s✳ ❖❜t❡♥❞♦✲s❡ ♦s ❝♦❡✜❝✐❡♥t❡s
❛♥❣✉❧❛r ❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ❝❛❞❛ r❡t❛✱ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✹✳



✸✾

❋✐❣✉r❛ ✷✷ ✕ ❉❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦ ♥❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✷✸ ✕ ❉❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦ ♥❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦ ✭❞❡ ✵♦ ❛ ✽♦✮

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❉❡✈✐❞♦ à ♦❝♦rrê♥❝✐❛ ❞❡ ♣❡q✉❡♥♦s ♦✛s❡ts ♥♦ ✐♥í❝✐♦ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❝❛r❣❛ ❛té ❛ s✉❛
❡st❛❜✐❧✐③❛çã♦✱ ❛ ♥♦r♠❛ ✐♥❞✐❝❛ q✉❡ ♥ã♦ s❡ ❢❛③ ♥❡❝❡ssár✐♦ q✉❡ ❛ ❝✉r✈❛ ❞❡ t❡♥❞ê♥❝✐❛ ♣❛ss❡
♣♦r ③❡r♦ ✭♦r✐❣❡♠ ❞♦ s✐st❡♠❛✮✳ ❆ss✐♠ s❡♥❞♦✱ ❝♦♥❢♦r♠❡ ❛ ♠❡s♠❛ ✐♥❞✐❝❛✱ ❛ r✐❣✐❞❡③ t♦r❝✐♦♥❛❧
♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✭✶✶✳✷✮✱ ♦✉ s❡❥❛✱ ♦ ♣ró♣r✐♦ ❝♦❡✜❝✐❡♥t❡ ❛♥❣✉❧❛r ❞❛ r❡t❛✳

GJeq =
∆T

(∆θ/L)
. ✭✶✶✳✷✮



✹✵

❚❛❜❡❧❛ ✹ ✕ ❘❡s✉❧t❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦ ♥❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦

❈P ∆T/∆θ [Nmm/deg] R2 Frup [N ] GJeq [Nmm2]
✶ ✾✵✱✶✶ ✵✱✾✾✶✻ ✶✻✶✸✱✺ ✻✼✶✶✽✼✱✹
✷ ✾✼✱✾✻ ✵✱✾✾✾✸ ✶✼✹✻✱✵ ✼✸✽✵✻✾✱✸
✸ ✾✸✱✺✽ ✵✱✾✾✽✾ ✶✻✷✸✱✾ ✼✵✽✼✾✶✱✻
✹ ✾✶✱✽✶ ✵✱✾✾✽✼ ✶✺✽✺✱✾ ✻✾✺✾✵✸✱✷

▼é❞✐❛ ✼✵✸✹✽✼✱✾
❉❡s✈✐♦ P❛❞rã♦ ✷✼✽✸✽✱✵

✶✶✳✸ ❙■▼❯▲❆➬➹❖ ◆❯▼➱❘■❈❆✿ ❆◆➪▲■❙❊ ▲■◆❊❆❘ ❊❙❚➪❚■❈❆

■♥✐❝✐❛❧♠❡♥t❡✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧ást✐❝❛s ❛❞♦t❛❞❛s ♣❛r❛ ❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦ sã♦ ❛s
❛♣r❡s❡♥t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✶✳ ❘❡❛❧✐③♦✉✲s❡ ✉♠❛ ✐t❡r❛çã♦ ♠❛♥✉❛❧✱ ❢❛③❡♥❞♦ ♣❡q✉❡♥♦s ❛❥✉st❡s
♥❡st❛s ♣r♦♣r✐❡❞❛❞❡s✱ ❜✉s❝❛♥❞♦ ♠✐♥✐♠✐③❛r ❛ ❞✐❢❡r❡♥ç❛ ❞❡ r✐❣✐❞❡③ ✢❡①✉r❛❧ ❡ r✐❣✐❞❡③ t♦r❝✐♦✲
♥❛❧ ♦❜t✐❞♦s ❞❛ s✐♠✉❧❛çã♦ ❝♦♠ ♦s ✈❛❧♦r❡s r❡❛✐s✳ ❉❡ss❛ ❢♦r♠❛✱ ♦❜❡t❡✈❡✲s❡ ❛s ♣r♦♣r✐❡❞❛❞❡s
❡❧ást✐❝❛s ✜♥❛✐s ❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦✱ ❚❛❜❡❧❛ ✺✳

❚❛❜❡❧❛ ✺ ✕ Pr♦♣r✐❡❞❛❞❡s ❋✐♥❛✐s ❞❛ ❇❛rr❛ ❞❡ ❈❛r❜♦♥♦

E1 [MPa] E2 [MPa] ν12 ν23 G12 [MPa] G23 [MPa]
✶✸✽✵✵✵ ✾✵✵✵ ✵✱✷✶ ✵✱✹✻ ✹✼✵✵ ✸✵✵✵

❖ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❢♦✐ ❝r✐❛❞♦ ♣❡❧♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘©✱ ✉t✐❧✐✲
③❛♥❞♦ ♦ s♦❧✈❡r ❖♣t✐str✉❝t✱ ♦ q✉❛❧ s❡r✈❡ ♣❛r❛ s♦❧✉❝✐♦♥❛r ♣r♦❜❧❡♠❛s ❡str✉t✉r❛✐s ♠♦❞❡r♥♦s✱
❧✐♥❡❛r❡s ❡ ♥ã♦ ❧✐♥❡❛r❡s✱ ❡♠ ❝❛rr❡❣❛♠❡♥t♦s ❡stát✐❝♦s✱ ❞✐♥â♠✐❝♦s ❡ tér♠✐❝♦s✳ P♦r ♠❡✐♦ ❞❛
❛♥á❧✐s❡ ❧✐♥❡❛r ❡stát✐❝❛ t❡♠✲s❡ ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✱ t❡♥sõ❡s ❡ ❞❡❢♦r♠❛çõ❡s✳ P♦rt❛♥t♦✱
♣❛r❛ ❡st❛ ❛♥á❧✐s❡✱ s✉♣õ❡♠✲s❡ q✉❡ ♦s ♠❛t❡r✐❛✐s ❛♣r❡s❡♥t❛♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r ❡❧ást✐❝♦
❡ ❝♦♥s✐❞❡r❛✲s❡ ♣❡q✉❡♥♦s ❞❡s❧♦❝❛♠❡♥t♦s✳

❖ ❡❧❡♠❡♥t♦ ❤❡①❛é❞r✐❝♦ tr✐❧✐♥❡❛r ❞❡ ♦✐t♦ ♥ós ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ❛♥á❧✐s❡✳ ◆♦ ❡st✉❞♦
❞❡ ❝❛s♦ ✸✱ s❡rã♦ ✉t✐❧✐③❛❞♦s ♦s ♠❡s♠♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧❛♠❡♥t♦ ❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦✳
❊♥tr❡t❛♥t♦✱ ❝♦♠♦ ❛ ✈❡rsã♦ ❞♦ s♦❢t✇❛r❡ ✉t✐❧✐③❛❞❛ ❢♦✐ ❛ ❡st✉❞❛♥t✐❧✱ ❡①✐st❡ ✉♠❛ ❧✐♠✐t❛çã♦
❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥ós ❡ ❡❧❡♠❡♥t♦s ♣❛r❛ ❛ s✐♠✉❧❛çã♦✳ ❉❡ss❛ ❢♦r♠❛✱ ✜❝❛ ❧✐♠✐t❛❞♦ ✉♠ ✉s♦
❡①❝❡ss✐✈♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥ós✳ P♦r ✐ss♦ ✉t✐❧✐③♦✉✲s❡ ❛ ❢✉♥çã♦ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ♣r✐♠❡✐r❛
♦r❞❡♠✳



✹✶

✶✶✳✸✳✶ ❊st✉❞♦ ❞❡ ❈♦♥✈❡r❣ê♥❝✐❛ ❞❡ ▼❛❧❤❛

❋✐❣✉r❛ ✷✹ ✕ ❈♦♥✈❡r❣ê♥❝✐❛ ❞❡ ▼❛❧❤❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❊❧❛❜♦r♦✉✲s❡ ✉♠ ❡st✉❞♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ♣❛r❛ ❛ ✈❡r✐✜❝❛çã♦ ❞❛ q✉❛❧✐❞❛❞❡ ❞❛ ♠❛❧❤❛✱
♦♥❞❡ ❢♦✐ ❛✈❛❧✐❛❞♦ ♦ Ef ❡♥tr❡ ❝❛❞❛ t❛♠❛♥❤♦ ❞❡ ❡❧❡♠❡♥t♦✳ P❛r❛ ♦ ❡st✉❞♦✱ ❝♦♥s✐❞❡r♦✉✲s❡
✉♠ ❞✐â♠❡tr♦ ✐♥t❡r♥♦ ❞❡ ✺ ♠♠ ❡ ❛r❡st❛ ❞❡ ✻♠♠ ❞❛ ❜❛rr❛✳ ❆ ❋✐❣✉r❛ ✷✹ ❛♣r❡s❡♥t❛ ❛
❝♦♥✈❡r❣ê♥❝✐❛ ❞❛ ♠❛❧❤❛✳ ❉❡✈✐❞♦ ❛♦ ❢❛t♦ q✉❡ ✉♠ t❛♠❛♥❤♦ ❞❡ ❡❧❡♠❡♥t♦ ♠❡♥♦r q✉❡ ✶♠♠
✐♥✈✐❛❜✐❧✐③❛r✐❛ ❛s ❛♥á❧✐s❡s ❢✉t✉r❛s✱ ♣♦✐s ✜❝❛r✐❛ ❧✐♠✐t❛❞♦ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♥ós ❞✐s♣♦♥í✈❡✐s ♣❛r❛
❛ ✈❡rsã♦ ❡st✉❞❛♥t✐❧ ❞♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘©✱ ❛❞♦t♦✉✲s❡ ✉♠ t❛♠❛♥❤♦ ❞❡ ✶♠♠ ♣❛r❛
❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦✱ ♦♥❞❡ t❡✈❡✲s❡ ✉♠❛ ❡rr♦ ♠❡♥♦r q✉❡ ✼✪✳ ❆ ♠❛❧❤❛ ✷❉ ❛❞♦t❛❞❛ ♣♦❞❡
s❡r ✈✐st❛ ♥❛ ❋✐❣✉r❛ ✷✺✳

❋✐❣✉r❛ ✷✺ ✕ ◗✉❛❧✐❞❛❞❡ ❞❛ ▼❛❧❤❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳
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✶✶✳✸✳✷ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦

❆s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❛❞♦t❛❞❛s ♣❛r❛ ♦ ♠♦❞❡❧♦ ❡stã♦ ✐❧✉str❛❞❛s ♥❛ ❋✐❣✉r❛ ✷✻✳ ❖s
í❝♦♥❡s ❡♠ ❛③✉❧ r❡♣r❡s❡♥t❛♠ ♦s ♥ós q✉❡ t✐✈❡r❛♠ ♦ s❡✉ ❞❡s❧♦❝❛♠❡♥t♦ r❡str✐♥❣✐❞♦ ♥❛ ❞✐r❡çã♦
❩✳ ❆ ❧✐♥❤❛s ✭❡stã♦ s♦❜r❡♣♦st❛s✮ sã♦ ❡❧❡♠❡♥t♦s rí❣✐❞♦s ❝♦♥❡❝t❛❞♦s ❛♦s s❡✉s ♥ós ♣ró①✐♠♦s
✈✐s❛♥❞♦ ❞✐str✐❜✉✐r ♦ ❝❛rr❡❣❛♠❡♥t♦ ✉♥✐❢♦r♠❡♠❡♥t❡✱ ❡✈✐t❛♥❞♦ ✉♠❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡♥sã♦
♥❛ ❛♣❧✐❝❛çã♦ ❞❛ ❝❛r❣❛✳

❋✐❣✉r❛ ✷✻ ✕ ▼♦❞❡❧♦ ❡♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❋✐❣✉r❛ ✷✼ ❛♣r❡s❡♥t❛ ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ♦❜t✐❞♦s ❞❛ s✐♠✉❧❛çã♦✳

❋✐❣✉r❛ ✷✼ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s ❞❛ ❙✐♠✉❧❛çã♦ ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

P❛r❛ ❛ s✐♠✉❧❛çã♦✱ ❛❞♦t❛♥❞♦ ❛ ♠❡s♠❛ ❊q✉❛çã♦ ✭✶✶✳✶✮ ❞♦ ❡♥s❛✐♦ ❞❡ ✢❡①ã♦ ♣❛r❛ ❛
♦❜t❡♥çã♦ ❞♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ✢❡①✉r❛❧✱ t❡♠✲s❡ ♦ s❡✉ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❛
❚❛❜❡❧❛ ✷✵✳ ❱❡r✐✜❝❛✲s❡ q✉❡ ♦ Ef ❞❛ s✐♠✉❧❛çã♦ ❡stá ❞❡♥tr♦ ❞♦ ❞❡s✈✐♦ ♣❛❞rã♦ ❞♦ Ef ❡♥s❛✐❛❞♦✳
❆❧é♠ ❞✐ss♦✱ t❛♠❜é♠ ❢♦✐ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ✈❛❧♦r ♠é❞✐♦ ❡♥s❛✐❛❞♦✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ♠❡s♠❛
t❛❜❡❧❛✳

❚❛❜❡❧❛ ✻ ✕ ❆✈❛❧✐❛çã♦ ❞♦s ❘❡s✉❧t❛❞♦s

Ef Ensaio[MPa] Ef ❙✐♠✉❧❛çã♦ [MPa] ❊rr♦ ❘❡❧❛t✐✈♦ ❬✪❪
130015± 847 ✶✷✾✸✻✾ ✵✱✺✵



✹✸

✶✶✳✸✳✸ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦

◆❛ ❋✐❣✉r❛ ✷✽ ❡stã♦ ✐❧✉str❛❞❛s ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❛❞♦t❛❞❛s ♥♦ ♠♦❞❡❧♦✳ ❖s
í❝♦♥❡s ❡♠ ♣r❡t♦ r❡♣r❡s❡♥t❛♠ ♦s ♥ós q✉❡ t✐✈❡r❛♠ ♦s s❡✉s ❞❡s❧♦❝❛♠❡♥t♦s r♦t❛❝✐♦♥❛✐s ❡
tr❛♥s❧❛❝✐♦♥❛✐s r❡str✐♥❣✐❞♦s ❡♠ t♦❞❛s ❛s ❞✐r❡çõ❡s✳ ❆s ❧✐♥❤❛s ❡♠ ❛③✉❧ sã♦ ❡❧❡♠❡♥t♦s rí❣✐✲
❞♦s ❝♦♥❡❝t❛❞♦s ❛♦s s❡✉s ♥ós ♣ró①✐♠♦s ✈✐s❛♥❞♦ ❞✐str✐❜✉✐r ♦ ❝❛rr❡❣❛♠❡♥t♦ ✉♥✐❢♦r♠❡♠❡♥t❡✱
❡✈✐t❛♥❞♦ ✉♠❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡♥sã♦ ♥❛ ❛♣❧✐❝❛çã♦ ❞❛ ❝❛r❣❛ ❞❡ t♦rçã♦✳

❋✐❣✉r❛ ✷✽ ✕ ▼♦❞❡❧♦ ❡♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❋✐❣✉r❛ ✷✾ ❛♣r❡s❡♥t❛ ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ♦❜t✐❞♦s ❞❛ s✐♠✉❧❛çã♦✳

❋✐❣✉r❛ ✷✾ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s ❞❛ ❙✐♠✉❧❛çã♦ ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

P❡❧❛ ❊q✉❛çã♦ ✭✶✶✳✷✮ ❞♦ ❡♥s❛✐♦ ❞❡ t♦rçã♦✱ ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞❛ r✐❣✐❞❡③ t♦r❝✐♦♥❛❧✱ t❡♠✲
s❡ ♦ s❡✉ ✈❛❧♦r ❝❛❧❝✉❧❛❞♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❚❛❜❡❧❛ ✼✳ ❱❡r✐✜❝❛✲s❡ q✉❡ ♦ GJeq ❞❛ s✐♠✉❧❛çã♦
❡stá ❞❡♥tr♦ ❞♦ ❞❡s✈✐♦ ♣❛❞rã♦ ❞♦ GJeq ❡♥s❛✐❛❞♦✳ ❆❧é♠ ❞✐ss♦✱ t❛♠❜é♠ ❢♦✐ ❝♦♠♣❛r❛❞♦ ❝♦♠
♦ ✈❛❧♦r ♠é❞✐♦ ❡♥s❛✐❛❞♦✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ♠❡s♠❛ t❛❜❡❧❛✳

❚❛❜❡❧❛ ✼ ✕ ❆✈❛❧✐❛çã♦ ❞♦s ❘❡s✉❧t❛❞♦s

GJeq Ensaiado[Nmm2] GJeq ❙✐♠✉❧❛çã♦ [Nmm2] ❊rr♦ ❘❡❧❛t✐✈♦ ❬✪❪
703487, 8± 27838, 0 ✼✶✻✷✺✸✱✹ ✶✱✽✶



✹✹

✶✷ ❊❙❚❯❉❖ ❉❊ ❈❆❙❖ ✷✿ ❈❖▼P❊◆❙❆❉❖

❖ ❡st✉❞♦ ✈✐s❛ ♦❜t❡r ❛s ♣r♦♣✐❡❞❛❞❡s ❡❧ást✐❝❛s ❡ ❞❡ r❡s✐stê♥❝✐❛ ❞♦ ❝♦♠♣❡♥s❛❞♦ ♣♦r
♠❡✐♦ ❞❡ ❡♥s❛✐♦s ♠❡❝â♥✐❝♦s ❞❡ tr❛çã♦ ❡ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ✉t✐❧✐③❛♥❞♦ ♦ s♦❢t✇❛r❡ ❆❧t❛✐r
❍②♣❡r✇♦r❦s❘©✳ ❆s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦ ❛✈❛❧✐❛❞❛s sã♦ ❝♦♥st✐t✉í❞❛s ❞❡ três ❧â♠✐♥❛s✱
❞✐str✐❜✉í❞❛s ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✸✵✳

❋✐❣✉r❛ ✸✵ ✕ ❉✐str✐❜✉✐çã♦ ❞❛s ❧â♠✐♥❛s ❞♦ ❝♦♠♣❡♥s❛❞♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❚❛❜❡❧❛ ✽ ✕ ❉✐♠❡♥sõ❡s ❞❡ ❈P

❈♦♠♣r✐♠❡♥t♦ ❬♠♠❪ ▲❛r❣✉r❛ ❬♠♠❪ ❊s♣❡ss✉r❛ ❬♠♠❪
✶✵✵✱✵✵ ✶✶✱✵✵ ✸✱✶✵

❱❛❧❡ r❡ss❛❧t❛r q✉❡ ♦s ❝♦r♣♦s ❞❡ ♣r♦✈❛ ❡ ♦s ❡♥s❛✐♦s ♥ã♦ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❡❧♦ ❛✉t♦r✱
♠❛s s✐♠ ♣❡❧❛ ❊q✉✐♣❡ ❆❧❜❛tr♦③ ❆❡r♦❞❡s✐❣♥✱ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❞♦ ❊st❛❞♦ ❞❡ ❙❛♥t❛ ❈❛t❛r✐♥❛✳
P♦r ❝♦♥t❛ ❞✐ss♦✱ ❛❧❣✉♥s ♣❛râ♠❡tr♦s ❞♦ ❡♥s❛✐♦ ♥ã♦ sã♦ ❝♦♥❤❡❝✐❞♦s✳ ❖s ❞❛❞♦s ❢♦r❛♠ tr❛t❛❞♦s
♣❡❧♦ ❛✉t♦r ❡ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❣rá✜❝♦ ❡♠ ❢♦r♠❛ ❞❡ ♣♦♥t♦s ❞❡✈✐❞♦ à ❜❛✐①❛ s❡♥s✐❜✐❧✐❞❛❞❡ ❞♦
❡①t❡♥sô♠❡tr♦✳ ➱ ❛♣r❡s❡♥t❛❞♦ t❛♠❜é♠ ❡♠ s❡❣✉✐❞❛ ♦ ❣rá✜❝♦ ❝♦♠ ❛s r❡t❛s ✐♥t❡r♣♦❧❛❞❛s ♣❡❧♦
♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s ♣❛r❛ ❝❛❞❛ ❈P✳

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧ást✐❝❛s ❞♦ ❝♦♠♣❡♥s❛❞♦ s❡ ❞❡✉ ❛tr❛✈és ❞♦s três
❡♥s❛✐♦s ❞❡ tr❛çã♦ r❡❛❧✐③❛❞♦s ❡♠ três ❞✐r❡çõ❡s✿ ✵♦✱ ✾✵♦ ❡ ✹✺♦✱ ❛♥❛❧✐s❛♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s
❞♦ ❧❛♠✐♥❛❞♦ ❡♠ s✐✳ ◗✉❛♥❞♦ ♦ ❛✉t♦r r❡❢❡r❡✲s❡ à ❞✐r❡çã♦ ❞❛s ✜❜r❛s ❞♦ ❧❛♠✐♥❛❞♦✱ ❡stá s❡
r❡❢❡r✐♥❞♦ à ❞✐r❡çã♦ ❞❛ ✜❜r❛ ❞❛ ❝❛♠❛❞❛ ❞♦ ♥ú❝❧❡♦✱ ♦✉ s❡❥❛✱ ❞❛ ❝❤❛♣❛ ❝❡♥tr❛❧ ❞♦ ❧❛♠✐♥❛❞♦✳

P♦r ♠❡✐♦ ❞❛s ❊q✉❛çõ❡s ✭✺✳✶✮ ❡ ✭✺✳✷✮ é ♣♦ssí✈❡❧ ♦❜t❡r ❛ r❡❧❛çã♦ t❡♥sã♦✲❞❡❢♦r♠❛çã♦✱
❛q✉✐ ❞❡♥♦♠✐♥❛❞♦ E0♦ ✱ E90♦ ❡ E45♦ ❝♦❢♦r♠❡ ❛ ❞✐r❡çã♦ ❞❛ ✜❜r❛ ✐♥t❡r♥❛ à ✵♦✱ ✾✵♦ ❡ ✹✺♦✱
r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❆ss✐♠✱ ♣♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çõ❡s ❞♦s ❡♥s❛✐♦s✱ ✈❛r✐❛♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡
❢♦r♠❛ ✐t❡r❛t✐✈❛ é ♣♦ssí✈❡❧ ♦❜t❡r ❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧ást✐❝❛s r❡❛✐s ❞♦ ❧❛♠✐♥❛❞♦✳ ❆s q✉❛✐s sã♦✿
E1✱ E2✱ G12 ❡ v12✳

❑r❡ts❝❤♠❛♥♥ ✭✷✵✶✵✮ ❝✐t❛ ❞✐✈❡rs♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ P♦✐ss♦♥ ♣❛r❛ ❛ ♠❛❞❡✐r❛✳ ❊♠ ✉♠❛
s❡çã♦ ♦ ❛✉t♦r ❛♣r❡s❡♥t❛ ♥♦✈❡ t✐♣♦s ❞❡ ♠❛❞❡✐r❛ ❞❡ ♣✐♥❤❡✐r♦✱ ❝♦♠ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ P♦✐ss♦♥
✈❛r✐❛♥❞♦ ❡♥tr❡ ✵✱✸✽✷ ❛ ✵✱✹✻✾✳ ❙❛❜❡✲s❡ q✉❡ ♦ ❝♦♠♣❡♥s❛❞♦ ✉t✐❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ é ❞❡
♣✐♥❤❡✐r♦✱ ❡♥tã♦ ❢♦✐ ✈❛r✐❛❞♦ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❛♣r❡s❡♥t❛❞❛✳



✹✺

✶✷✳✶ ❊◆❙❆■❖❙ ❉❊ ❚❘❆➬➹❖

❖s ❡♥s❛✐♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❝♦♥❢♦r♠❡ ❡stá ❞✐s♣♦st♦ ♥❛ ❋✐❣✉r❛ ✸✶✳

❋✐❣✉r❛ ✸✶ ✕ ❊♥s❛✐♦ ❞♦ ❈♦♠♣❡♥s❛❞♦ ❡♠ ❚r❛çã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❋✐❣✉r❛ ✸✷ ❛♣r❡s❡♥t❛ ♦s ❝♦r♣♦s ❞❡ ♣r♦✈❛s ✭❈P✮ ♣❛r❛ ♦s ❡♥s❛✐♦s à ✵♦ ❡ ✾✵♦✳

❋✐❣✉r❛ ✸✷ ✕ ❈P ❝♦♠ ❛s ❋✐❜r❛s ❊①t❡r♥❛s à ✵♦ ❡♠ ✭✶✮ ❡ à ✾✵♦ ❡♠ ✭✷✮✳

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾



✹✻

✶✷✳✶✳✶ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✵♦

◆❡st❡ t❡st❡✱ s❡✐s ❝♦r♣♦s ❞❡ ♣r♦✈❛ ❢♦r❛♠ ❛✈❛❧✐❛❞♦s✱ s❡♥❞♦ q✉❡ ❡♠ três ❞❡❧❡s ♥ã♦
❤♦✉✈❡ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ♣ré✲❝❛r❣❛✳ ❖s ❞❛❞♦s ❛❞q✉✐r✐❞♦s ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✸ ❡
❛s ❝✉r✈❛s ✐♥t❡r♣♦❧❛❞❛s ♣❛r❛ ❝❛❞❛ ❡♥s❛✐♦ ♥❛ ❋✐❣✉r❛ ✸✹✳

❋✐❣✉r❛ ✸✸ ✕ ❉❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✵♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✸✹ ✕ ▲✐♥❤❛s ❞❡ ❚❡♥❞ê♥❝✐❛ ♣❛r❛ ♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✵♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾

❆ ❚❛❜❡❧❛ ✾ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s✱ ♦♥❞❡ E0♦ é ❛ r❡❧❛çã♦ t❡♥sã♦✲❞❡❢♦r♠❛çã♦✱ R2 ♦
❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❛ r❡t❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❡ σrup ❛ t❡♥sã♦ ❞❡ r✉♣t✉r❛ ❞♦ ♠❛t❡r✐❛❧✳



✹✼

❚❛❜❡❧❛ ✾ ✕ ❘❡s✉❧t❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✵♦

❈P E0♦ [MPa] R2 σrup[MPa]
✶ ✹✵✾✺✱✵ ✵✱✾✼✵✽ ✶✾✱✽✸
✷ ✸✾✶✾✱✵ ✵✱✾✽✷✻ ✶✾✱✵✷
✸ ✸✸✺✺✱✵ ✵✱✾✸✹✶ ✷✷✱✻✺
✹ ✹✻✶✺✱✵ ✵✱✾✶✷✽ ✶✻✱✾✶
✺ ✸✶✻✹✱✵ ✵✱✾✺✻✵ ✷✷✱✼✵
✻ ✸✽✻✽✱✵ ✵✱✾✻✸✷ ✷✷✱✺✸

▼é❞✐❛ ✸✽✸✺✱✾ ✷✵✱✻✶
❉❡s✈✐♦ P❛❞rã♦ ✺✷✷✱✻ ✷✱✹✶

✶✷✳✶✳✷ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✾✵♦

◆♦ ❡♥s❛✐♦ ❞❡ tr❛çã♦ à ✾✵♦ ❢♦✐ ♣♦ssí✈❡❧ ❡♥s❛✐❛r ❛♣❡♥❛s ✉♠ ú♥✐❝♦ ❈P✳ ❉❡ss❛ ❢♦r♠❛✱
♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ ✈❡r✐✜❝❛r ❛ r❡♣❡t✐t✐❜✐❧✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s✳ ❖s ❞❛❞♦s ❛❞q✉✐r✐❞♦s ♥♦ ❡♥s❛✐♦
❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✺✳

❋✐❣✉r❛ ✸✺ ✕ ❉❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✾✵♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❚❛❜❡❧❛ ✶✵ ✕ ❘❡s✉❧t❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✾✵♦

❈P E90♦ [MPa] R2 σrup[MPa]
✶ ✷✻✸✺✱✵ ✵✱✾✽✺✽ ✶✸✱✷✺

✶✷✳✶✳✸ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✹✺♦

❈♦♠ ❛s ✜❜r❛s ♦r✐❡♥t❛❞❛s à ✹✺♦ ❢♦r❛♠ ❡♥s❛✐❛❞♦s q✉❛tr♦ ❝♦r♣♦s ❞❡ ♣r♦✈❛✱ ❝✉❥♦ r❡✲
s✉❧t❛❞♦s ❞♦ ❡♥s❛✐♦ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✻✳



✹✽

❋✐❣✉r❛ ✸✻ ✕ ❉❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✹✺♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

◆❛ ❋✐❣✉r❛ ✸✼ t❡♠✲s❡ ❛s ❝✉r✈❛s ❞❡ t❡♥❞ê♥❝✐❛ ♣❛r❛ ❝❛❞❛ ❈P ❡ ♥❛ ❚❛❜❡❧❛ ✶✶ t❡♠✲s❡
✉♠ r❡s✉♠♦ ❣❡r❛❧ ❞♦ r❡s✉❧t❛❞♦s✳

❋✐❣✉r❛ ✸✼ ✕ ▲✐♥❤❛s ❞❡ ❚❡♥❞ê♥❝✐❛ ♣❛r❛ ♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✹✺♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾

❚❛❜❡❧❛ ✶✶ ✕ ❘❡s✉❧t❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✹✺♦

❈P E45♦ [MPa] R2 σrup45♦ [MPa]
✶ ✾✾✵✱✵ ✵✱✾✼✽✾ ✽✱✶✷
✷ ✶✵✵✶✱✵ ✵✱✾✾✸✻ ✺✱✽✸
✸ ✽✺✸✱✵ ✵✱✾✼✽✽ ✽✱✻✾
✹ ✶✵✶✶✱✵ ✵✱✾✺✹✽ ✾✱✼✹

▼é❞✐❛ ✾✻✺✱✶ ✽✱✶✵
❉❡s✈✐♦ P❛❞rã♦ ✼✺✱✹ ✶✱✻✺



✹✾

✶✷✳✷ ❙■▼❯▲❆➬➹❖ ◆❯▼➱❘■❈❆✿ ❆◆➪▲■❙❊ ▲■◆❊❆❘ ❊❙❚➪❚■❈❆

■♥✐❝✐❛❧♠❡♥t❡✱ ❢♦r❛♠ ❛❞♦t❛❞♦s ✈❛❧♦r❡s ❞❡ ♠ó❞✉❧♦s ❞❡ ❡❧❛st✐❝✐❞❛❞❡ E1 ❡ E2 ♣ró①✐♠♦s
❛♦s ✈❛❧♦r❡s E0♦ ❡ E90♦ ♦❜t✐❞♦s ❞♦s ❡♥s❛✐♦s✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦r ♠❡✐♦ ❞❡ ✉♠ ♣r♦❝❡ss♦
✐t❡r❛t✐✈♦✱ ✈❛r✐❛♥❞♦ t♦❞❛s ❛s q✉❛tr♦ ♣r♦♣r✐❡❞❛❞❡s ❡ ❜✉s❝❛♥❞♦ ♠✐♥✐♠✐③❛r ❛ ❞✐❢❡r❡♥ç❛ ❞❡
r✐❣✐❞❡③ ❞♦ ❡♥tr❡ ♦s ❡♥s❛✐♦s ❝♦♠ ❛s s✐♠✉❧❛çõ❡s✱ ❢♦r❛♠ ♦❜t✐❞❛s ❛s ♣r♦♣r✐❡❞❛❞❡s ❡❧ást✐❝❛s
✜♥❛✐s ❞♦ ❝♦♠♣❡♥s❛❞♦✱ ❚❛❜❡❧❛ ✶✷✳

❚❛❜❡❧❛ ✶✷ ✕ Pr♦♣r✐❡❞❛❞❡s ❋✐♥❛✐s ❞♦ ❈♦♠♣❡♥s❛❞♦

E1[MPa] E2[MPa] ν12 G12[MPa]
✸✻✵✵ ✷✼✵✵ ✵✱✹✼ ✷✺✵

❖ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❢♦✐ ❝r✐❛❞♦ ♣❡❧♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘©✱ ✉t✐✲
❧✐③❛♥❞♦ ♦ s♦❧✈❡r ❖♣t✐str✉❝t✳ ❆ ❋✐❣✉r❛ ✸✽ ❛♣r❡s❡♥t❛ ♦ ♠♦❞❡❧♦✱ ♦ q✉❛❧ ❢♦✐ ♦ ♠❡s♠♦ ♣❛r❛
♦s três ❡♥s❛✐♦s ❞❡ tr❛çã♦✱ s❡♥❞♦ ❛❧t❡r❛❞♦ ❛♣❡♥❛s ❛ ♦r✐❡♥t❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s✳ ❋♦r❛♠
❢❡✐t❛s ❛❧❣✉♠❛s ❝♦♥s✐❞❡r❛çõ❡s ♣❛r❛ ❡st❛ ❛♥á❧✐s❡ ❧✐♥❡❛r ❡stát✐❝❛✱ s✉♣♦♥❞♦ q✉❡ ♦ ♠❛t❡r✐❛❧
❛♣r❡s❡♥t❛ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r ❡❧ást✐❝♦ ❡ ❝♦♥s✐❞❡r❛♥❞♦ ♣❡q✉❡♥♦s ❞❡s❧♦❝❛♠❡♥t♦s✳ ❆ss✐♠✱
❢♦✐ ♣♦ssí✈❡❧ ♦❜t❡r ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✱ t❡♥sõ❡s ❡ ❞❡❢♦r♠❛çõ❡s✳ ❆s ❧✐♥❤❛s ❡♠ ✈❡r❞❡ ❡
r♦s❛ sã♦ ❡❧❡♠❡♥t♦s rí❣✐❞♦s✳ ❆ ❧✐♥❤❛ ❡♠ ✈❡r❞❡ ✉♥❡ ♦s ♥ós q✉❡ ♣♦ss✉❡♠ ♦ s❡✉ ❞❡s❧♦❝❛♠❡♥t♦
❡ s✉❛ r♦t❛çã♦ r❡str✐♥❣✐❞♦s ❡♠ t♦❞♦s ♦s s❡✉s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡✳ ❆ ❧✐♥❤❛ ❡♠ r♦s❛ ✉♥❡ ♦s
♥ós q✉❡ ❛♣❡♥❛s ♣♦ss✉❡♠ ♦s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞❡ tr❛♥s❧❛çã♦ ♥❛ ❞✐r❡çã♦ ❳ ❡ r♦t❛çã♦ ❡♠
❨ ❧✐✈r❡s✳

❋✐❣✉r❛ ✸✽ ✕ ▼♦❞❡❧♦ ❡♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋♦✐ ❡s❝♦❧❤✐❞♦ ❛ ♣r♦♣r✐❡❞❛❞❡ P❈❖▼PP ♣❛r❛ ♦ ❡❧❡♠❡♥t♦✱ q✉❡ é ❜❛s❡❛❞❛ ♥❛ t❡♦r✐❛ ❞❡
♣❧❛❝❛ ❡ é ✉t✐❧✐③❛❞❛ ❡♠ ❧❛♠✐♥❛❞♦s✳ ❊st❛ ♣r♦♣r✐❡❞❛❞❡ ❢♦✐ ❡❧❡✐t❛ ❛♦ ✐♥✈és ❞❡ P❙❍❊▲▲✱ ♣♦✐s



✺✵

♣❡r♠✐t❡ ✉♠❛ ❢á❝✐❧ ♠❛♥✐♣✉❧❛çã♦ ❞❛ ♦r✐❡♥t❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s✳ ❊❧❡♠❡♥t♦s ✸❉
r❡s✉❧t❛r✐❛ ❡♠ ♠✉✐t♦s ♥ós✱ ♦ q✉❡ ✐♠♣♦ss✐❜✐❧✐t❛r✐❛ ❛ ❛♥á❧✐s❡ ❡✱ ❛❧é♠ ❞✐ss♦✱ ♣❛r❛ ❛s ❛♥á❧✐s❡s
♣♦st❡r✐♦r❡s s❡rá ♥❡❝❡ssár✐♦ tr❛❜❛❧❤❛r ❝♦♠ ❝♦♥t❛t♦ ❡ ♦ ❡❧❡♠❡♥t♦ ❞❡ ❜❛rr❛ ♥ã♦ r❡♣r❡s❡♥t❛r✐❛
❜❡♠ ♦ ❝♦♥t❛t♦ r❡❛❧✳

✶✷✳✷✳✶ ❊st✉❞♦ ❞❡ ❈♦♥✈❡r❣ê♥❝✐❛ ❞❡ ▼❛❧❤❛

P❛r❛ ✈❡r✐✜❝❛r ❛ q✉❛❧✐❞❛❞❡ ❞❛ ♠❛❧❤❛✱ r❡❛❧✐③♦✉✲s❡ ✉♠ ❡st✉❞♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛✱ ❋✐❣✉r❛
✸✾✳ ❖ ❣rá✜❝♦ ❞❡ ❜❛rr❛s✱ ✧❉❡s❧♦❝❛♠❡♥t♦✧✱ r❡♣r❡s❡♥t❛ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ♦❜t✐❞♦ ❞❛ s✐♠✉❧❛çã♦
❞♦ ❡♥s❛✐♦ ❞❡ tr❛çã♦ ❝♦♠ ❛s ✜❜r❛s ♦r✐❡♥t❛❞❛s à ✹✺♦✳ ❏á ❛ ❝✉r✈❛ ✧❉✐❢❡r❡♥ç❛✧é ❛ ❞✐❢❡r❡♥ç❛
❞♦s ❞❡s❧♦❝❛♠❡♥t♦s ❡♥tr❡ ❛q✉❡❧❡ t❛♠❛♥❤♦ ❞❡ ❡❧❡♠❡♥t♦ ❡ ♦ ♣ró①✐♠♦✳

❋✐❣✉r❛ ✸✾ ✕ ❊st✉❞♦ ❞❡ ❈♦♥✈❡r❣ê♥❝✐❛ ❞❡ ▼❛❧❤❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

P❡r❝❡❜❡✲s❡ q✉❡✱ ❝♦♠♦ ❛ ♠❛❧❤❛ é s✐♠♣❧❡s✱ t❡✈❡✲s❡ ✉♠❛ ✐♥✢✉ê♥❝✐❛ ♣❡q✉❡♥❛ ❞♦ t❛♠❛✲
♥❤♦ ❞❡ ❡❧❡♠❡♥t♦ ♥❛ q✉❛❧✐❞❛❞❡ ❞♦ r❡s✉❧t❛❞♦✳ ❆ss✐♠✱ ❛❞♦t♦✉✲s❡ ✉♠ t❛♠❛♥❤♦ ❞❡ ❡❧❡♠❡♥t♦
✐❣✉❛❧ ❛♦ ✉t✐❧✐③❛❞♦ ♥❛s ❜❛rr❛s✱ ❞❡ ✶♠♠✱ ♣♦✐s ♣♦st❡r✐♦r♠❡♥t❡ ♦s ♠❛t❡r✐❛✐s s❡rã♦ ❛❝♦♣❧❛❞♦s✳
❉❡ss❛ ❢♦r♠❛✱ ❢♦r♥❡❝❡rá ✉♠❛ r❡❣✐ã♦ ❞❡♠❛r❝❛❞❛ ❝♦rr❡t❛♠❡♥t❡ ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞♦ ❝♦♥t❛t♦✳

✶✷✳✷✳✷ ❈❛♠♣♦s ❞❡ ❉❡s❧♦❝❛♠❡♥t♦

❆s ❋✐❣✉r❛s ✹✵✱ ✹✶ ❡ ✹✷ ❛♣r❡s❡♥t❛♠ ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s
s✐♠✉❧❛çõ❡s✳

◆❛ ❚❛❜❡❧❛ ✶✸✱ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❞♦s ✈❛❧♦r❡s ❞❡ r✐❣✐❞❡③ ❞♦s ❡♥s❛✐♦s r❡❛✐s ❝♦♠ ♦s ❞❛
s✐♠✉❧❛çã♦✳ P❛r❛ ♦s ✈❛❧♦r❡s E0♦ ❡ E45♦ ❞♦ ❊♥s❛✐♦✱ t❡♠✲s❡ t❛♠❜é♠ ♦ ❞❡s✈✐♦ ♣❛❞rã♦✳ ❱❡r✐✜❝❛✲
s❡ q✉❡ ♦ ✈❛❧♦r ♦❜t✐❞♦ ♥❛ s✐♠✉❧❛çã♦ ✜❝❛ ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❞♦ ❞❡s✈✐♦ ♣❛❞rã♦✳ ❆❧é♠ ❞✐ss♦✱ ❢♦✐
❝❛❧❝✉❧❛❞♦ ❛ ❞✐❢❡r❡♥ç❛ ❡♠ ♣♦r❝❡♥t❛❣❡♠ ❡♥tr❡ ❛ ♠é❞✐❛ ❞♦ ❡♥s❛✐♦ ❡ ❞♦ ✈❛❧♦r s✐♠✉❧❛❞♦✳



✺✶

❋✐❣✉r❛ ✹✵ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s ♣❛r❛ ♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✵♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✹✶ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s ♣❛r❛ ♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✾✵♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✹✷ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s ♣❛r❛ ♦ ❊♥s❛✐♦ ❞❡ ❚r❛çã♦ à ✹✺♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❚❛❜❡❧❛ ✶✸ ✕ ❆✈❛❧✐❛çã♦ ❞♦s ❘❡s✉❧t❛❞♦s

Ensaio[MPa] ❙✐♠✉❧❛çã♦ [MPa] ❊rr♦ ❘❡❧❛t✐✈♦ ❬✪❪
E0♦ 3835, 9± 522, 6 ✸✻✶✶✱✺ ✷✱✼✺
E90♦ 2635, 0 ✷✼✵✼✱✻ ✺✳✽✺
E45♦ 965, 1± 75, 4 ✾✸✹✱✾ ✸✱✶✸

✶✷✳✸ ❙■▼❯▲❆➬➹❖ ◆❯▼➱❘■❈❆✿ ❈❘■❚➱❘■❖ ❉❊ ❋❆▲❍❆

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ r❡s✐stê♥❝✐❛ ❞♦ ❝♦♠♣❡♥s❛❞♦ é ❞❡ s✉♠❛ ✐♠♣♦r✲
tâ♥❝✐❛ ♣❛r❛ ♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❡str✉t✉r❛❧ ❞❛ ❧♦♥❣❛r✐♥❛✳ ❈♦♠♦ ♥ã♦ t❡♠✲s❡ ✐♥❢♦r♠❛çã♦ ❞♦
❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♠❛t❡r✐❛❧ q✉❛♥t♦ à ❝♦♠♣r❡ssã♦✱ s✉♣õ❡✲s❡ q✉❡ ❛ r❡s✐stê♥❝✐❛ à tr❛çã♦ ❡
à ❝♦♠♣r❡ssã♦ sã♦ ✐❣✉❛✐s ✭Xt = Xc ❡ Yt = Yc✮✳ ❆❧é♠ ❞✐ss♦✱ ❝♦♥s✐❞❡r♦✉✲s❡ ❛✐♥❞❛ q✉❡ ❛s
t❡♥sõ❡s ❛❣❡♠ ❛♣❡♥❛s ♥✉♠ ♣❧❛♥♦ ❡✱ ❝♦♠♦ tr❛t❛✲s❡ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ♦rt♦tró♣✐❝♦ ♦♣t♦✉✲s❡ ♣♦r
✉t✐❧✐③❛r ♦ ❝r✐tér✐♦ ❞❡ ❢❛❧❤❛ ❞❡ ❚s❛✐✲❍✐❧❧✱ ❊q✉❛çã♦ ✭✽✳✷✮✳

P❛r❛ ❝❤❡❣❛r ♥♦s ✈❛❧♦r❡s ❞❡ r❡s✐stê♥❝✐❛✱ ❢♦✐ r❡❛❧✐③❛❞♦ ✉♠❛ ✐t❡r❛çã♦✱ ✈✐s❛♥❞♦ ♦❜t❡r
♦ í♥❞✐❝❡ ❞❡ ❢❛❧❤❛ ✉♥✐tár✐♦ ♣❛r❛ ❝❛❞❛ s✐♠✉❧❛çã♦✱ ❛tr❛✈és ❞❛ ✈❛r✐❛çã♦ ❞❡st❛s ♣r♦♣r✐❡❞❛❞❡s✳



✺✷

❆s ❋✐❣✉r❛s ✹✸✱ ✹✹ ❡ ✹✺ ❛♣r❡s❡♥t❛♠ ♦ ♠❛♣❛ ❞♦s í♥❞✐❝❡s ❞♦ ❝r✐tér✐♦ ❞❡ ❢❛❧❤❛✳ ▲❡♠❜r❛♥❞♦
q✉❡ ❛ ♦ ♠❛t❡r✐❛❧ é ❝♦♥s✐❞❡r❛❞♦ s❡❣✉r♦ q✉❛♥❞♦ ❡st❡ ✈❛❧♦r é ♠❡♥♦r q✉❡ ✉♠ ❡✱ q✉❛♥❞♦ s❡
❛♣r♦①✐♠❛ ❞♦ ✈❛❧♦r ✉♥✐tár✐♦✱ ♠❛✐s ♣ró①✐♠♦ s❡ ❡♥❝♦♥tr❛ ❞❛ ❢❛❧❤❛✳ ❆s ❢♦rç❛s ❛♣❧✐❝❛❞❛s ❡♠
❝❛❞❛ s✐♠✉❧❛çã♦ ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✶✹✱ ♦♥❞❡ ❢♦r❛♠ ❛❞♦t❛❞♦s ♦s ✈❛❧♦r❡s ♠é❞✐♦s
❞❡ ❝❛❞❛ ❡♥s❛✐♦✳

❚❛❜❡❧❛ ✶✹ ✕ ❋♦rç❛s ❞❡ ❘✉♣t✉r❛

F0♦ ❬◆❪ F90♦ ❬◆❪ F45♦ ❬◆❪
✼✷✼✾ ✹✺✶✽ ✷✽✻✻

❋✐❣✉r❛ ✹✸ ✕ ❈❛♠♣♦ ❞♦s í♥❞✐❝✐❡s ❞♦ ❝r✐tér✐♦ ❞❡ ❢❛❧❤❛ ♣❛r❛ ♦ ❡♥s❛✐♦ ❞❡ tr❛çã♦ à ✵♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾

❋✐❣✉r❛ ✹✹ ✕ ❈❛♠♣♦ ❞♦s í♥❞✐❝✐❡s ❞♦ ❝r✐tér✐♦ ❞❡ ❢❛❧❤❛ ♣❛r❛ ♦ ❡♥s❛✐♦ ❞❡ tr❛çã♦ à ✾✵♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✹✺ ✕ ❈❛♠♣♦ ❞♦s í♥❞✐❝✐❡s ❞♦ ❝r✐tér✐♦ ❞❡ ❢❛❧❤❛ ♣❛r❛ ♦ ❡♥s❛✐♦ ❞❡ tr❛çã♦ à ✹✺♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳
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❖❜s❡r✈❛✲s❡ q✉❡ ❤♦✉✈❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡♥sã♦ ♥❛s ❜♦r❞❛s ❞♦ ♠♦❞❡❧♦✳ ❈♦♠♦ ♥♦
❡♥s❛✐♦ r❡❛❧ ❤á ✉♠❛ tr❛♥s✐çã♦ s✉❛✈❡ ❞♦ ❈P✱ ♥ã♦ ❡①✐st❡ ❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡♥sã♦✱ t❡♠✲s❡
❡♥tã♦ q✉❡ é ✉♠ ♣r♦❜❧❡♠❛ ❛♣❡♥❛s ❞♦ ♠♦❞❡❧♦ ❞❡✈✐❞♦ ❛s ❜♦r❞❛s q✉❛❞r❛❞❛s✳ P♦ré♠ ❝♦♠♦ ❛
t❡♥sã♦ ❞❡ tr❛çã♦ ❞❡✈❡ s❡ ❞✐str✐❜✉✐r ✐❣✉❛❧♠❡♥t❡ ❛♦ ❧♦♥❣♦ ❞❡ t♦❞♦ ♦ ❈P✱ ❢♦✐ ❡♥tã♦ ❞❡s❡❥❛❞♦
❛❞q✉✐r✐r ♦ í♥❞✐❝❡ ❞❡ ❢❛❧❤❛ ♥✉♠❛ r❡❣✐ã♦ ♥ã♦ ✐♥✢✉❡♥❝✐❛❞❛ ♣❡❧❛s ❜♦r❞❛s✱ ❡①❡♠♣❧♦✱ ❋✐❣✉r❛ ✹✻✳
❆ss✐♠✱ ♦s í♥❞✐❝❡s ❢♦r❛♠ ♦❜t✐❞♦s ❞♦s ❡❧❡♠❡♥t♦s ♥♦ ❝❡♥tr♦ ❞♦ ❈P✳

❋✐❣✉r❛ ✹✻ ✕ ❈❛♠♣♦ ❞♦s í♥❞✐❝✐❡s❞❡ ❢❛❧❤❛ ♣❛r❛ tr❛çã♦ à ✹✺♦✳ ✭❊❧❡♠❡♥t♦s ❞❛ r❡❣✐ã♦ ❝❡♥tr❛❧✮

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❙❡♥❞♦ ❡♥tã♦✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ r❡s✐stê♥❝✐❛ ✜♥❛✐s ❛♣r❡s❡♥t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✶✺✳

❚❛❜❡❧❛ ✶✺ ✕ ❋♦rç❛s ❞❡ ❘✉♣t✉r❛

Xt ❬▼P❛❪ Xc ❬▼P❛❪ Yt ❬▼P❛❪ Yc ❬▼P❛❪ ❙ ❬▼P❛❪
✷✶✺ ✷✶✺ ✶✸✵ ✶✸✵ ✹✺
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✶✸ ❊❙❚❯❉❖ ❉❊ ❈❆❙❖ ✸✿ ❱■●❆ ❊▼ ❈❆■❳➹❖

❊st❡ ❡st✉❞♦ ❞❡ ❝❛s♦ ✈✐s❛ ✈❛❧✐❞❛r ❛s ♣r♦♣r✐❡❞❛❞❡s ♠❡❝â♥✐❝❛s ❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦
❡ ❞♦ ❝♦♠♣❡♥s❛❞♦ ❡♠ ❝♦♥❥✉♥t♦✱ ♣♦r ♠❡✐♦ ❞❡ ✉♠❛ ♠♦♥t❛❣❡♠ ❞♦s ♠❛t❡r✐❛✐s ❢♦r♠❛♥❞♦ ✉♠❛
❡str✉t✉r❛ ❡♠ ✈✐❣❛ ❝❛✐①ã♦✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✹✼✳ ❊ss❛ ❡str✉t✉r❛ ❢♦✐ ❡♥s❛✐❛❞❛ ❡♠ t♦rçã♦ ❡
✢❡①ã♦ ❡ s✉❛s r✐❣✐❞❡③❡s ❢♦r❛♠ ❝♦♠♣❛r❛❞❛s ❝♦♠ s✐♠✉❧❛çõ❡s ♥✉♠ér✐❝❛s ❞♦s ❡♥s❛✐♦s✱ r❡❛❧✐③❛❞❛s
♥❛ ✈❡rsã♦ ❡st✉❞❛♥t✐❧ ❞♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r❲♦r❦s❘©✳

❋✐❣✉r❛ ✹✼ ✕ ❊str✉t✉r❛ ✲ ❱✐❣❛ ❡♠ ❈❛✐①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❱❛❧❡ r❡ss❛❧t❛r q✉❡ ♦s ❝♦r♣♦s ❞❡ ♣r♦✈❛ ❡ ♦s ❡♥s❛✐♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❡❧❛ ❊q✉✐♣❡
❆❧❜❛tr♦③ ❆❡r♦❞❡s✐❣♥✱ ❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❞♦ ❊st❛❞♦ ❞❡ ❙❛♥t❛ ❈❛t❛r✐♥❛✳ P♦ré♠✱ ♦ tr❛t❛♠❡♥t♦
❞♦s ❞❛❞♦s ❡ ❛s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❡❧♦ ❛✉t♦r✳ P♦r q✉❡stõ❡s ❞❡ ❝✉st♦✱ ❛ ❡q✉✐♣❡
só ❞❡❝✐❞✐✉ ♣♦r ❡❧❛❜♦r❛r ✉♠ ú♥✐❝♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛ ♣❛r❛ ❝❛❞❛ ❡♥s❛✐♦✱ ♦ q✉❡ ✐♥✈✐❛❜✐❧✐③❛ ❛
❛✈❛❧✐❛çã♦ ❞❛ r❡♣❡t✐t✐❜✐❧✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s✳

❊st❡ ❝♦♥❝❡✐t♦ ❞❡ ❡str✉t✉r❛ ✈❡✐♦ ❞❡ ✉♠ ❛♣r✐♠♦r❛♠❡♥t♦✱ r❡❛❧✐③❛❞♦ ♥♦ ♣r♦❥❡t♦ ❆❧❜❛✲
tr♦③ ❡♠ ✷✵✶✽✱ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ❛✈❛❧✐❛çã♦ ❞♦ ❛✉t♦r✱ q✉❛♥❞♦ ❡r❛ ♠❡♠❜r♦ ❞❛ ❡q✉✐♣❡ ❡♠ ✷✵✶✼✱
♦♥❞❡ ✜❝♦✉ r❡s♣♦♥sá✈❡❧ ♣❡❧♦ ❞✐♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛ ❛s❛ ❞❛ ❧♦♥❣❛r✐♥❛ ❞❛ ❛❡r♦♥❛✈❡ ♥♦ ♣r♦❥❡t♦✳
❆s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❡str✉t✉r❛ ❛✈❛❧✐❛❞❛s ❡♠ ✷✵✶✼ ❡stã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✹✽✳

❋✐❣✉r❛ ✹✽ ✕ ❈♦♥❝❡✐t♦s ❞❡ ❊str✉t✉r❛s ♣❛r❛ ❛ ▲♦♥❣❛r✐♥❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳



✺✺

❆✳ ❱✐❣❛ ❡♠ ■✿ ❝♦♥st✐t✉í❞❛ ❞❡ ♠❛❞❡✐r✐t❡ ✭✻♠♠✮ ❡ ❜❛rr❛s ❞❡ ✜❜r❛ ❞❡ ❝❛r❜♦♥♦❀
❇✳ ❱✐❣❛ ❡♠ ❈❛✐①ã♦✿ ❝♦♥st✐t✉í❞❛ ❞❡ ❝♦♠♣❡♥s❛❞♦ ✭✸♠♠✮ ❡ ❜❛rr❛s ❞❡ ✜❜r❛ ❞❡ ❝❛r❜♦♥♦❀
❈✳ ❊str✉t✉r❛✲❙❛♥❞✉í❝❤❡✿ ❝♦♥st✐t✉í❞❛ ❞❡ ♠❛♥t❛s ❞❡ ✜❜r❛ ❞❡ ❝❛r❜♦♥♦✱ ❉✐✈✐♥②❝❡❧❧ ❡

r❡s✐♥❛ ❡♣ó①✐✳

❆ ❱✐❣❛ ❡♠ ❈❛✐①ã♦ t✐♥❤❛ s✐❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ q✉❡ ♠❛✐s s❡ ❞❡st❛❝♦✉✱ ♣♦r t❡r ❛ ♠❛✐♦r
r✐❣✐❞❡③ t♦r❝✐♦♥❛❧✱ ❛❧é♠ ❞❡ t❡r ❝✉st♦ ❡ ♠❛ss❛ ♠❡♥♦r❡s ❡♠ r❡❧❛çã♦ à ❝♦♥✜❣✉r❛çã♦ ❈✳ P❛r❛
♦ ♣r♦❥❡t♦ ❡♠ ✷✵✶✽✱ ❛s ❝❛r❣❛s ❛❡r♦❞✐♥â♠✐❝❛s ❡r❛♠ ♠❡♥♦r❡s✱ ♦ q✉❡ ♣♦ss✐❜✐❧✐t♦✉ à ❊q✉✐♣❡
❆❧❜❛tr♦③ ✉t✐❧✐③❛r ♦ ❝♦♥❝❡✐t♦ ❞❛ ❋✐❣✉r❛ ✹✼✳

✶✸✳✶ ❊◆❙❆■❖ ❉❊ ❋▲❊❳➹❖

❆tr❛✈és ❞♦ ❡♥s❛✐♦ ❞❡ ✢❡①ã♦✱ ❋✐❣✉r❛ ✹✾✱ ❢♦✐ ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐✲
❝✐❞❛❞❡ ✢❡①✉r❛❧ ❡ ❞❛ t❡♥sã♦ ❞❡ r✉♣t✉r❛ ❞❛ ❡str✉t✉r❛✳

P❛râ♠❡tr♦s ❞♦ ❊♥s❛✐♦✿

• ❱❡❧♦❝✐❞❛❞❡ ❞♦ ❊♥s❛✐♦ ❂ ✷♠♠✴♠✐♥❀

• ❘❡❧❛çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ♣❡❧❛ ❛❧t✉r❛ ❞♦ ❈P ✭▲✴❍✮ ❂ ✶✸✱✽✾❀

• ❉✐stâ♥❝✐❛ ❡♥tr❡ ♦s ❛♣♦✐♦s ▲ ❂ ✺✵✵♠♠✳

❋✐❣✉r❛ ✹✾ ✕ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ❞❛ ❱✐❣❛ ❈❛✐①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳



✺✻

❆s ❞✐♠❡♥sõ❡s ❞♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛ ❡stã♦ ❞✐s♣♦st❛s ♥❛ ❚❛❜❡❧❛ ✶✻✱ ♦♥❞❡ ecomp ❞❡s✐❣♥❛ ❛
❡s♣❡ss✉r❛ ❞♦ ❝♦♠♣❡♥s❛❞♦✱ di,carb ♦ ❞✐â♠❡tr♦ ✐♥t❡r♥♦ ❞❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦ ❡ acarb ❛ ❞✐♠❡♥sã♦
❞❛ ❛r❡st❛ ❞❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦✳

❚❛❜❡❧❛ ✶✻ ✕ ❉✐♠❡♥sõ❡s ❞♦ ❈P

ecomp ❬♠♠❪ di,carb ❬♠♠❪ acarb ❬♠♠❪ ❆❧t✉r❛ ❬♠♠❪
✸✱✶✵ ✹✱✽✵ ✻✱✵✵ ✸✻✱✵✵

◆❛ ❋✐❣✉r❛ ✺✵ tê♠✲s❡ ♦s ❞❛❞♦s ❛❞q✉✐r✐❞♦s ♥♦ ❡♥s❛✐♦ ❞❡ ✢❡①ã♦✳ ◆♦t❛✲s❡ q✉❡ ♦ ♠❛t❡✲
r✐❛❧ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r ❛té ❛ s✉❛ r✉♣t✉r❛✳ P❛r❛ ❛ ♦❜t❡♥çã♦ ❞❛ ✐♥❝❧✐♥❛✲
çã♦ ❞❛ ❝✉r✈❛ ♥❛ r❡❣✐ã♦ ❧✐♥❡❛r✱ ♦❜t❡✈❡✲s❡ ✉♠❛ r❡t❛ ✐♥t❡r♣♦❧❛❞❛ ♣❡❧♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s
q✉❛❞r❛❞♦s✳

❋✐❣✉r❛ ✺✵ ✕ ❉❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ♥❛ ❱✐❣❛ ❡♠ ❈❛✐①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

P♦r ♠❡✐♦ ❞❛ ❊q✉❛çã♦ ✭✺✳✹✮ é ♣♦ssí✈❡❧ ♦❜t❡r ♦ ▼ó❞✉❧♦ ❞❡ ❨♦✉♥❣ ♣❛r❛ ✢❡①ã♦ ✭Efeq✮✱
q✉❡ ♥❡st❡ ❝❛s♦ r❡♣r❡s❡♥t❛ ♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ✧❡q✉✐✈❛❧❡♥t❡✧✱ ✈✐st♦ q✉❡ ♦ ♠❛t❡r✐❛❧ é
✉♠ ❝♦♠♣ós✐t♦✳ P❛r❛ ✐ss♦ ✉t✐❧✐③♦✉✲s❡ ♦ ♠♦♠❡♥t♦ ❞❡ ✐♥ér❝✐❛ t♦t❛❧ ❞❛ s❡çã♦ ❡ ♥ã♦ ❞❡ ❝❛❞❛
♠❛t❡r✐❛❧ ✐s♦❧❛❞♦✳ ❖ ❝♦❡✜❝✐❡♥t❡ ❛♥❣✉❧❛r ❞❛ r❡t❛ ✐♥t❡r♣♦❧❛❞❛ ♣❡❧♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s
q✉❛❞r❛❞♦s✱ ❥✉♥t❛♠❡♥t❡ ❝♦♠ s❡✉ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦✱ t❛♠❜é♠ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s
♥❛ ❚❛❜❡❧❛ ✶✼✳

❚❛❜❡❧❛ ✶✼ ✕ ❘❡s✉❧t❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ♥❛ ❱✐❣❛ ❡♠ ❈❛✐①ã♦

∆P/∆v [N/mm] R2 Iyy [mm4] Frup [N ] Efeq [MPa]
✷✺✺✱✾✼ ✵✱✾✾✾✽ ✸✷✸✷✻✱✹✼✻✻ ✶✷✷✵✱✶✸ ✷✵✻✷✵✱✺✶



✺✼

✶✸✳✷ ❊◆❙❆■❖ ❉❊ ❚❖❘➬➹❖

❖ ❡♥s❛✐♦ ❞❡ t♦rçã♦✱ ❋✐❣✉r❛ ✺✶✱ ♣r♦♣♦r❝✐♦♥♦✉ ❛ t❡♥sã♦ ❞❡ r✉♣t✉r❛ ❞❛ ❡str✉t✉r❛ ❡ ❛
❞❡t❡r♠✐♥❛çã♦ ❞❛ s✉❛ r✐❣✐❞❡③ t♦r❝✐♦♥❛❧✳

❋✐❣✉r❛ ✺✶ ✕ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦ ❞❛ ❱✐❣❛ ❈❛✐①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ♠áq✉✐♥❛ ❞✐s♣♦♥í✈❡❧ ♣❛r❛ ♦s ❡♥s❛✐♦s ♣♦ss✉í ❝❛st❛♥❤❛s q✉❡ ♥ã♦ ♣❡r♠✐t❡♠ ❛ ✜①❛✲
çã♦ ❞❡ ✉♠ ❈P r❡t❛♥❣✉❧❛r✳ P♦r ❝♦♥t❛ ❞✐ss♦✱ ♥❛s ❡①tr❡♠✐❞❛❞❡s ❞♦ ❈P ❢♦✐ ❡❧❛❜♦r❛❞♦ ✉♠❛
❣❡♦♠❡tr✐❛ ❤❡①❛❣♦♥❛❧✱ ❝♦♥st✐t✉í❞❛ ❞❡ ❝♦♠♣❡♥s❛❞♦ ❡ r❡s✐♥❛ ❡♣ó①✐✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✺✷✳
❆ss✐♠✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❡❢❡t✐✈♦ ❝♦♥s✐❞❡r❛❞♦ ❢♦✐ ❛♣❡♥❛s ❞❛ ♣❛rt❡ r❡t❛✱ q✉❡ é ❞❡ ✸✵✵✱✵✵♠♠✳

❋✐❣✉r❛ ✺✷ ✕ ❈P ♣❛r❛ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦ ❞❛ ❱✐❣❛ ❈❛✐①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳



✺✽

❆s ❞✐♠❡♥sõ❡s ❞♦ ❝♦r♣♦ ❞❡ ♣r♦✈❛ ❡stã♦ ❞✐s♣♦st❛s ♥❛ ❚❛❜❡❧❛ ✶✽✱ ♦♥❞❡ ecomp ❞❡s✐❣♥❛ ❛
❡s♣❡ss✉r❛ ❞♦ ❝♦♠♣❡♥s❛❞♦✱ di,carb ♦ ❞✐â♠❡tr♦ ✐♥t❡r♥♦ ❞❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦ ❡ acarb ❛ ❞✐♠❡♥sã♦
❞❛ ❛r❡st❛ ❞❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦✳

❚❛❜❡❧❛ ✶✽ ✕ ❉✐♠❡♥sõ❡s ❞♦ ❈P

ecomp ❬♠♠❪ di,carb ❬♠♠❪ acarb ❬♠♠❪ ❆❧t✉r❛ ❬♠♠❪
✸✱✵✵ ✺✱✵✵ ✻✱✵✵ ✸✻✱✵✵

◆❛ ❋✐❣✉r❛ ✺✸ tê♠✲s❡ ♦s ❞❛❞♦s ❛❞q✉✐r✐❞♦s ♥♦ ❡♥s❛✐♦ ❞❡ t♦rçã♦✳ ◆♦t❛✲s❡ q✉❡ ♦ ♠❛t❡✲
r✐❛❧ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r ❛té ❝❡r❝❛ ❞❡ ✽♦✱ ❡♥tã♦ ❛ r❡❣✐ã♦ ❧✐♥❡❛r ❝♦♥s✐❞❡r❛❞❛
❢♦✐ ❞❡ ✵ à ✽♦✳ P❛r❛ ❛ ♦❜t❡♥çã♦ ❞❛ ✐♥❝❧✐♥❛çã♦ ❞❛ ❝✉r✈❛ ♥❛ r❡❣✐ã♦ ❧✐♥❡❛r✱ ♦❜t❡✈❡✲s❡ ✉♠❛ r❡t❛
✐♥t❡r♣♦❧❛❞❛ ♣❡❧♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s✱ ❛ q✉❛❧ ❡stá r❡♣r❡s❡♥t❛❞❛ tr❛❝❡❥❛❞❛✳

❋✐❣✉r❛ ✺✸ ✕ ❉❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦ ❞❛ ❱✐❣❛ ❈❛✐①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❖s r❡s✉❧t❛❞♦s ❞♦ ❡♥s❛✐♦ ❡stã♦ ❞✐s♣♦st♦s ♥❛ ❚❛❜❡❧❛ ✶✾✳ ❆ r✐❣✐❞❡③ t♦r❝✐♦♥❛❧ ❢♦✐ ♦❜t✐❞❛
♣♦r ♠❡✐♦ ❞❛ ❊q✉❛çã♦ ✭✶✶✳✷✮✳

❚❛❜❡❧❛ ✶✾ ✕ ❘❡s✉❧t❛❞♦s ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦ ♥❛ ❱✐❣❛ ❈❛✐①ã♦

∆T/∆θ [Nmm/deg] R2 Trup [Nmm] GJeq [Nmm2]
✹✻✾✱✻✵ ✵✱✾✾✽✺ ✾✾✾✾✱✼✹ ✽✵✼✶✽✷✾✱✹✷



✺✾

✶✸✳✸ ❙■▼❯▲❆➬➹❖ ◆❯▼➱❘■❈❆

❖ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❢♦✐ ❝r✐❛❞♦ ♣❡❧♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘©✱ ✉t✐✲
❧✐③❛♥❞♦ ♦ s♦❧✈❡r ❖♣t✐str✉❝t✳ ❙✉♣ô❡♠✲s❡ ♣❛r❛ ❡st❛ ❛♥á❧✐s❡ q✉❡ ♦s ♠❛t❡r✐❛✐s ❛♣r❡s❡♥t❛♠
❝♦♠♣♦rt❛♠❡♥t♦ ❧✐♥❡❛r ❡❧ást✐❝♦ ❡ ♦s ❞❡s❧♦❝❛♠❡♥t♦s sã♦ ♣❡q✉❡♥♦s✳ P❛r❛ ❛♠❜♦s ♦s ♠❛t❡r✐✲
❛✐s✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❡ t❛♠❛♥❤♦ ❞❡ ❡❧❡♠❡♥t♦ ✉t✐❧✐③❛❞♦s ❢♦r❛♠ ♦s ♠❡s♠♦s ❞♦s ❡st✉❞♦s ❞❡
❝❛s♦ ✶ ❡ ✷✳ ❆ ♠❛❧❤❛ ❞♦s ❝♦♠♣♦♥❡♥t❡s ♣♦❞❡ s❡r ✈❡r✐✜❝❛❞❛ ♥❛ ❋✐❣✉r❛ ✺✹✳

❋✐❣✉r❛ ✺✹ ✕ ▼❛❧❤❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❱❛❧❡ r❡ss❛❧t❛r q✉❡ ♦s três ❡st✉❞♦s ❞❡ ❝❛s♦ ✭✶✱ ✷ ❡ ✸✮ ♦❝♦rr❡r❛♠ ❞❡ ❢♦r♠❛ s✐♠✉❧tâ♥❡❛✳
❖✉ s❡❥❛✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ♠❛t❡r✐❛✐s ❢♦r❛♠ ❛❥✉st❛❞❛s ✈✐s❛♥❞♦ ♠✐♥✐♠✐③❛r ❛ ❞✐❢❡r❡♥ç❛
❡♥tr❡ ♦ ❡♥s❛✐♦ r❡❛❧ ❡ ♦ s✐♠✉❧❛❞♦ ❡♠ t♦❞♦s ♦s ❝❛s♦s✳

❖ ❝♦♥t❛t♦ ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ ▼❛st❡r✲❙❧❛✈❡✱ ❞♦ t✐♣♦ t✐❡✱ ♦✉ s❡❥❛✱ ❝♦❧❛❞♦✳ ❋♦✐ ❝♦♥s✐❞❡r❛❞♦
❛ s❡♣❛r❛çã♦ ❞❡ ✶✱✺♠♠ ❡♥tr❡ ❛s ❜❛rr❛s ❡ ❛ s✉♣❡r❢í❝✐❡ ♠é❞✐❛ ❞♦ ❝♦♠♣❡♥s❛❞♦✳ ❈♦♠♦ s✉❣❡r❡
❛ ❆❧t❛✐r❘©✱ ❛ s✉♣❡r❢í❝✐❡ ♠❛✐s rí❣✐❞❛ ❞❡✈❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ s✉♣❡r❢í❝✐❡ ▼❛st❡r ✭♣✐râ♠✐❞❡s
❡♠ ❛③✉❧✮✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ❋✐❣✉r❛ ✺✺✳

❋✐❣✉r❛ ✺✺ ✕ P❛rt❡ ❙✉♣❡r✐♦r ❞❛ ❱✐❣❛ à ❊sq✉❡r❞❛ ❡ ■♥❢❡r✐♦r à ❉✐r❡✐t❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳



✻✵

✶✸✳✸✳✶ ❋❧❡①ã♦

❆ r❡♣r♦❞✉çã♦ ❞♦ ♠♦❞❡❧♦ ♥✉♠ér✐❝♦✱ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❞♦ ❡♥s❛✐♦ ❞❡ ✢❡①ã♦ ❞❛
✈✐❣❛ ❡♠ ❝❛✐①ã♦ ❡stá ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✻✱ ❝✉❥❛ ❢♦rç❛ ❛♣❧✐❝❛❞❛ ❢♦✐ ❛ ♠❡s♠❛ q✉❡ r♦♠♣❡✉
❛ ❡str✉t✉r❛ ♥♦ ❡♥s❛✐♦✳

❋✐❣✉r❛ ✺✻ ✕ ❙✐♠✉❧❛çã♦ ◆✉♠ér✐❝❛ ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❖s í❝♦♥❡s ❡♠ ❛③✉❧ ❝❧❛r♦ r❡♣r❡s❡♥t❛♠ ♦s ♥ós q✉❡ t✐✈❡r❛♠ ♦ s❡✉ ❞❡s❧♦❝❛♠❡♥t♦ r❡s✲
tr✐♥❣✐❞♦ ♥❛ ❞✐r❡çã♦ ❩✳ ❆ ❧✐♥❤❛ ❡♠ ✈❡r❞❡ é ✉♠ ❡❧❡♠❡♥t♦ rí❣✐❞♦✱ ✉♥✐♥❞♦s ♦s ♥ós✱ ♣❛r❛ q✉❡
♥ã♦ s❡ t❡♥❤❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡♥sõ❡s ♥❛ ❛♣❧✐❝❛çã♦ ❞❛ ❝❛r❣❛ ❡ t❛♠❜é♠ ♣♦✐s r❡♣r❡s❡♥t❛ ❛
❝♦♥❞✐çã♦ r❡❛❧ ❞♦ ❡♥s❛✐♦✳ ❚❡♠✲s❡✱ ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✱ ❋✐❣✉r❛ ✺✼✱ ❡ ♦ ❝❛♠♣♦ ❞❡
t❡♥sõ❡s ♥❛ ❞✐r❡çã♦ ❧♦♥❣✐t✉❞✐♥❛❧✱ ❋✐❣✉r❛ ✺✽✳

❋✐❣✉r❛ ✺✼ ✕ ❙✐♠✉❧❛çã♦ ◆✉♠ér✐❝❛ ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ✲ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆❧é♠ ❞✐ss♦✱ é ❛♣r❡s❡♥t❛❞♦ ♦ í♥❞✐❝❡ ❞❡ ❢❛❧❤❛ ❞♦ ❞❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦✱ ❋✐❣✉r❛
✺✾✳ ❋♦✐ ❡✈✐t❛❞♦ s❡❧❡❝✐♦♥❛r ♦s ❡❧❡♠❡♥t♦s ♦♥❞❡ ❤á ❝♦♥❝❡♥tr❛çã♦ ❞❡ t❡♥sõ❡s ❞❡✈✐❞♦ ♠❛❧❤❛✳

❆✈❛❧✐❛♥❞♦ ❛ ❢❛❧❤❛ ❡str✉t✉r❛❧✱ ❞❛ s✐♠✉❧❛çã♦✱ ❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦ ✜❝❛r❛♠ ❝♦♠
✉♠ ❢❛t♦r ❞❡ s❡❣✉r❛♥ç❛ ❋❙❂✶✶✱✹✷✳ ❱❡r✐✜❝❛♥❞♦ ❛ t❡♥sã♦ ♥❛ ❜❛rr❛✱ ❋✐❣✉r❛ ✺✽✱ ❛ t❡♥sã♦ ❢♦✐ ❞❡
❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✹✵✵ ▼P❛✳ ❉♦ ❊st✉❞♦ ❞❡ ❈❛s♦ ✶✱ ❞♦s ❝✐♥❝♦ ❝♦r♣♦s ❞❡ ♣r♦✈❛ ❛✈❛❧✐❛❞♦s✱
❛ ♠❡♥♦r t❡♥sã♦ ❞❡ r✉♣t✉r❛ ❢♦✐ ❞❡ ✹✾✽ ▼P❛✳ ❈♦♠♦ ♥ã♦ ❢♦✐ ❢❡✐t♦ ♥❡♥❤✉♠❛ ❡st✉❞♦ ❞❛ ❢❛❧❤❛
♥❛ ❝♦❧❛✱ ❛❞♦t♦✉✲s❡ ❛ ❤✐♣ót❡s❡ ❞❡ q✉❡ ❡st❛ ♦❝♦rr❡✉ ♥❛s ❜❛rr❛s✳ ▲❡♠❜r❛♥❞♦ q✉❡ q✉❛❧q✉❡r
♣❡q✉❡♥❛ ❢r❛❣✐❧✐③❛çã♦ ❞✉r❛♥t❡ ❛ ❝♦♥str✉çã♦ ♣♦❞❡ r❡s✉❧t❛r ♥✉♠❛ r❡❞✉çã♦ ❞❛ r❡s✐stê♥❝✐❛ ❞❛
❡str✉t✉r❛✳ ❉❡ss❛ ❢♦r♠❛✱ s❡rá ❝♦♥s✐❞❡r❛❞♦ ❛ t❡♥sã♦ ♠á①✐♠❛ ❞❡ r✉♣t✉r❛ ❞❛s ❜❛rr❛s ❞❡
Xt❂✹✵✵▼P❛✳

❈♦♠♣❛r❛♥❞♦ ♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ✢❡①✉r❛❧ ❞♦ ❡♥s❛✐♦ ❝♦♠ ❛ s✐♠✉❧❛çã♦✱ ♦❜t❡✈❡✲
s❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ✵✱✹✾%✱ ❚❛❜❡❧❛ ✷✵✳



✻✶

❋✐❣✉r❛ ✺✽ ✕ ❙✐♠✉❧❛çã♦ ◆✉♠ér✐❝❛ ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ✲ ❚❡♥sã♦ ♥❛ ❉✐r❡çã♦ ❳

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✺✾ ✕ ❙✐♠✉❧❛çã♦ ◆✉♠ér✐❝❛ ❞♦ ❊♥s❛✐♦ ❞❡ ❋❧❡①ã♦ ✲ ❮♥❞✐❝❡ ❞❡ ❋❛❧❤❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

✶✸✳✸✳✷ ❚♦rçã♦

❘❡♣r♦❞✉③✐✉✲s❡ t❛♠❜é♠ ♦ ❡♥s❛✐♦ ❞❡ t♦rçã♦✱ ❝♦♠ ✉♠ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s
❣❡r❛❞♦ ♣❡❧♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘©✱ ❋✐❣✉r❛ ✺✻✳

❋✐❣✉r❛ ✻✵ ✕ ❙✐♠✉❧❛çã♦ ◆✉♠ér✐❝❛ ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❖ ❞❡s❧♦❝❛♠❡♥t♦ ❡ r♦t❛çã♦ ❞♦s ♥ós ♠❛r❝❛❞♦ ❝♦♠ ♦s í❝♦♥❡s ❡♠ ♣r❡t♦ sã♦ r❡str✐♥❣✐❞♦s
♥❛s ❞✐r❡çõ❡s ❳✱ ❨ ❡ ❩✳ ❚♦❞♦s ♦s ♥ós ❞❛ ❢❛❝❡✱ ♦♥❞❡ ❡stã♦ ❛s ❧✐♥❤❛s ❡♠ ✈❡r♠❡❧❤♦✱ ❢♦r❛♠
✉♥✐❞❛s ♣♦r ✉♠ ❡❧❡♠❡♥t♦ rí❣✐❞♦✱ ♥♦ q✉❛❧ ❢♦✐ ❛♣❧✐❝❛❞♦ ❛ ❝❛r❣❛ ❞❡ ♠♦♠❡♥t♦ t♦rs♦r✳ ❖ ❝❛♠♣♦
❞❡ ❞❡s❧♦❝❛♠❡♥t♦s é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✶ ❡ ♦ ❞❡ r♦t❛çã♦ ♥❛ ❋✐❣✉r❛ ✻✷✳

❘❡❛❧✐③♦✉✲s❡ ✉♠❛ ❝♦♠♣❛r❛çã♦ ❞❛ r✐❣✐❞❡③ t♦r❝✐♦♥❛❧ ❞♦ ❡♥s❛✐♦ ❝♦♠ ❛ s✐♠✉❧❛çã♦✱ ❚❛❜❡❧❛
✷✶✳ ❆ ❞✐❢❡r❡♥ç❛ ♦❜t✐❞❛ ❢♦✐ ♠❡♥♦r q✉❡ ✶✵%✳



✻✷

❚❛❜❡❧❛ ✷✵ ✕ ❆✈❛❧✐❛çã♦ ❞♦s ❘❡s✉❧t❛❞♦s

Ef Ensaio[MPa] Ef ❙✐♠✉❧❛çã♦ [MPa] ❊rr♦ ❘❡❧❛t✐✈♦ ❬✪❪
✷✵✻✷✵✱✺✶ ✷✵✺✶✾✱✶✷ ✵✱✹✾

❋✐❣✉r❛ ✻✶ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦ ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✻✷ ✕ ❈❛♠♣♦ ❞❡ ❘♦t❛çã♦ ❞♦ ❊♥s❛✐♦ ❞❡ ❚♦rçã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❚❛❜❡❧❛ ✷✶ ✕ ❆✈❛❧✐❛çã♦ ❞♦s ❘❡s✉❧t❛❞♦s

GJeq Ensaio[Nmm2] GJeq ❙✐♠✉❧❛çã♦ [Nmm2] ❉✐❢❡r❡♥ç❛ ❬✪❪
✽✵✼✶✽✷✾✱✹✷ ✼✹✻✷✻✽✻✱✺✼ ✼✱✺✺



✻✸

✶✹ ❊❙❚❯❉❖ ❉❊ ❈❆❙❖ ✹✿ ❘■●■❉❊❩

❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❞❡t❡r♠✐♥❛r ✉♠❛ ❡q✉❛çã♦ q✉❡ ♣♦ss✐❜✐❧✐t❡ ♦❜t❡r ❛ r✐❣✐❞❡③ ✢❡①✉r❛❧
❞❛ ❧♦♥❣❛r✐♥❛ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❛❧t✉r❛ ❡ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝♦♠♣❡♥s❛❞♦✱ ❢♦✐
r❡❛❧✐③❛❞♦ ❡st❡ ❡st✉❞♦ ❞❡ ❝❛s♦✳ ❆s ❜❛rr❛s ♣❡r♠❛♥❡❝❡r❛♠ ❝♦♠ ❛s ❞✐♠❡♥sõ❡s ✜①❛s ❞❡ s❡çã♦
tr❛♥s✈❡rs❛❧ ❞❡ ✻①✺ ♠♠ ❡ ❛ ❡s♣❡ss✉r❛ ❞❛ ❝❤❛♣❛ ❞❡ ❝♦♠♣❡♥s❛❞♦ ✜①❛ ❡♠ ✷✱✾♠♠✳

✶✹✳✶ ❱■●❆ ❊▼ ❈❆■❳➹❖

❋❡③✲s❡ ❛ ❛♥á❧✐s❡ ♣❛r❛ ❛ ✈✐❣❛ ❡♠ ❝❛✐①ã♦✱ ♥❛ q✉❛❧ ❛ ❢❛✐①❛ ❛✈❛❧✐❛❞❛ ❞❡ ❛❧t✉r❛ é ❞❡ ✶✽ à
✸✻♠♠ ❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ✶✵✵ à ✺✵✵♠♠✳ ❉❡✈✐❞♦ à ❡st❛s ❞✐♠❡♥sõ❡s✱ ❛ ❡s❜❡❧t❡③ ❞❛ ✈✐❣❛
♣♦❞❡ ✈❛r✐❛r ❞❡ ✷✱✼✽ à ✹✶✱✻✼✳ ❆ss✐♠✱ ♦s ❡s❢♦rç♦s ❝✐s❛❧❤❛♥t❡s sã♦ ❝♦♥s✐❞❡r❛❞♦s ♥♦s ❝á❧❝✉❧♦s✳

❋✐❣✉r❛ ✻✸ ✕ ▼♦❞❡❧♦ ❞❡ ❈❛❞❛ ❆❧t✉r❛ ❆✈❛❧✐❛❞❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❖❜t❡✈❡✲s❡ ❛ r✐❣✐❞❡③ ✢❡①✉r❛❧ ❞❛ ✈✐❣❛ ❡♠ ❝❛✐①ã♦ ❝♦♠ ✉♠❛ ❛❧t✉r❛ ❞❡ ✸✻♠♠✱ ♦✉ s❡❥❛✱
❝♦♠ ❛s ♠❡s♠❛s ❞✐♠❡♥sõ❡s q✉❡ ❞♦ ❊st✉❞♦ ❞❡ ❈❛s♦ ✸✳ ❈♦♥❢♦r♠❡ r❡❞✉③✐✉✲s❡ ♦ ❝♦♠♣r✐♠❡♥t♦
❞❛ ✈✐❣❛✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ❜♦❛ ♣❛rt❡ ❞❛ ❞❡❢♦r♠❛çã♦ ❡r❛ ❧♦❝❛❧✐③❛❞❛✳ ❱✐s❛♥❞♦ ♠❛♥t❡r ♦ ♠❡s♠♦
♣❛❞rã♦ ♣❛r❛ t♦❞♦s ♦s ❝♦♠♣r✐♠❡♥t♦s ❛✈❛❧✐❛❞♦s✱ ❢♦✐ ❡♥tã♦ ❝♦♥s✐❞❡r❛❞♦ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❡
❞❡s❧♦❝❛♠❡♥t♦ ❞♦s ❡❧❡♠❡♥t♦s ✐♥❢❡r✐♦r❡s✱ ❝♦♥❢♦r♠❡ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✹✳ ❆ ❢♦rç❛ ❛♣❧✐❝❛❞❛
♥❛ s✐♠✉❧❛çã♦ ❢♦✐ ❞❡ ✶✵✵◆✳

❋✐❣✉r❛ ✻✹ ✕ P♦s✐çã♦ ❞♦s ❉❡s❧♦❝❛♠❡♥t♦s ❈♦♥s✐❞❡r❛❞♦s

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❊q✉❛çã♦ ✭✼✳✸✮ ❢♦✐ ✉t✐❧✐③❛❞❛✱ ♣♦ré♠ ♦s t❡r♠♦s ❢♦r❛♠ r❡❛rr❛♥❥❛❞♦s✱ t❡♥❞♦ ❝♦♠♦
✈❛r✐á✈❡✐s✿ EI ❡ fc

GA
✱ r❡s✉❧t❛♥❞♦ ❡♠✿



✻✹

fc
GA

=

(

L2

12

)

1

EI
+

(

4δ

PL

)

. ✭✶✹✳✶✮

❙❛❜❡✲s❡ q✉❡ EI ❡ fc
GA

sã♦ ❝♦♥st❛♥t❡s✳ ❊♥tã♦✱ s✐♠✉❧❛♥❞♦ ❛ ✈✐❣❛ ❝♦♠ ❞♦✐s ❝♦♠♣r✐✲
♠❡♥t♦s ❞✐❢❡r❡♥t❡s ❥á é s✉✜❝✐❡♥t❡ ♣❛r❛ s♦❧✉❝✐♦♥❛r ♦ s✐st❡♠❛ ❧✐♥❡❛r ❡ ❡♥❝♦♥tr❛r ♦s ✈❛❧♦r❡s
❞❡ EI ❡ fc

GA
✳ P♦ré♠✱ ❞❡ ❢♦r♠❛ ❛ ✈❛❧✐❞❛r ♦s r❡s✉❧t❛❞♦s✱ ♣❛r❛ ❛ ✈✐❣❛ ❞❡ ❍❂✸✻♠♠ ❢♦r❛♠

s✐♠✉❧❛❞♦s ❝✐♥❝♦ ❝♦♠♣r✐♠❡♥t♦s ❞✐st✐♥t♦s✱ ❝♦♥❢♦r♠❡ ❛ ❚❛❜❡❧❛ ✷✺✳

❚❛❜❡❧❛ ✷✷ ✕ ❘❡s✉❧t❛❞♦ ❞❛s ❙✐♠✉❧❛çõ❡s ♣❛r❛ ❍❂✸✻♠♠

▲ ❬♠♠❪ δ ❬♠♠❪ L2

12
❬104mm2❪ 4δ

PL
[10−5N−1]

✺✵✵ ✵✱✹✷✵✾ ✷✱✵✽✸ ✸✱✸✻✼
✹✵✵ ✵✱✷✼✷✺ ✶✱✸✸✸ ✷✱✼✷✺
✸✵✵ ✵✱✶✻✼✷ ✵✱✼✺✵ ✷✱✷✷✾
✷✵✵ ✵✱✵✾✹✹ ✵✱✸✸✸ ✶✱✽✽✼
✶✵✵ ✵✱✵✹✶✾ ✵✱✵✽✸ ✶✱✻✼✻

❙♦❧✉❝✐♦♥❛♥❞♦ ♦s s✐st❡♠❛s ❧✐♥❡❛r❡s✱ t♦♠❛♥❞♦ ♦s ❝♦♠♣r✐♠❡♥t♦s ❞♦✐s ❛ ❞♦✐s✱ t❡♠✲s❡
♦s ✈❛❧♦r❡s ❞❡ r✐❣✐❞❡③ ✢❡①✉r❛❧ ♣❛r❛ ❛ ✈✐❣❛ ❡♠ ❝❛✐①ã♦ ❞❡ ❍❂✸✻♠♠ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛
✷✸✳

❚❛❜❡❧❛ ✷✸ ✕ P❛râ♠❡tr♦s ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧ ❞❛ ❱✐❣❛ ❡♠ ❈❛✐①ã♦ ❝♦♠ ❍❂✸✻♠♠

▲✬s ❝♦♥s✐❞❡r❛❞♦s EI ❬Nmm2 109❪ fc
GA

❬N−1 10−5❪
✺✵✵ ❡ ✹✵✵ ♠♠ ✶✱✶✻✽ ✶✱✺✽✸
✹✵✵ ❡ ✸✵✵ ♠♠ ✶✱✶✼✼ ✶✱✺✾✷
✸✵✵ ❡ ✷✵✵ ♠♠ ✶✱✷✶✾ ✶✱✻✶✹
✷✵✵ ❡ ✶✵✵ ♠♠ ✶✱✶✽✺ ✶✱✻✵✻

▼é❞✐❛ 1, 187± 0, 0222 1, 599± 0, 0139
✶✵✵ ❡ ✺✵✵ ♠♠ ✶✱✶✽✸ ✶✱✻✵✻
❉✐❢❡r❡♥ç❛ ❬%❪ ✵✱✸✺✵ ✵✱✹✹✻

❱❡r✐✜❝❛✲s❡ ❞❛ ❚❛❜❡❧❛ ✷✸ q✉❡ ♦s ✈❛❧♦r❡s ❡♥❝♦♥tr❛❞♦s ❞❡ r✐❣✐❞❡③❡s ♥ã♦ ❛♣❛r❡♥t❛♠ s❡r
✐♥✢✉❡♥❝✐❛❞♦s ♣❡❧♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ✈✐❣❛✱ ♦ q✉❡ ❢❛③ s❡♥t✐❞♦✱ ❝❛s♦ ❝♦♥trár✐♦ ❛ r✐❣✐❞❡③ ✐r✐❛
✈❛r✐❛r ❞❡♥tr♦ ❞♦ s❡✉ ♣ró♣r✐♦ ❝♦♠♣r✐♠❡♥t♦ ♠❡s♠♦ ❝♦♠ ✉♠❛ ❛❧t✉r❛ ❝♦♥st❛♥t❡✳

❖ ♣r♦❝❡ss♦ ❢♦✐ r❡♣❡t✐❞♦✱ s❡♥❞♦ ❛✈❛❧✐❛❞❛s s❡✐s ❝♦♥✜❣✉r❛çõ❡s ❞❡ ❛❧t✉r❛✱ ❝✉❥♦ r❡s✉❧t❛❞♦s
❡stã♦ ♣r❡s❡♥t❡s ♥❛s ❋✐❣✉r❛s ✶✹✳✷ ❡ ✶✹✳✸✳



✻✺

❋✐❣✉r❛ ✻✺ ✕ ❈♦♠♣♦♥❡♥t❡ ❊■ ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧ ♣❛r❛ ❛ ❱✐❣❛ ❡♠ ❈❛✐①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❝✉r✈❛ ❊■✭❤✮ ❢♦✐ ✐♥t❡r♣♦❧❛❞❛ ♣♦r ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ s❡❣✉♥❞♦ ❣r❛✉✱ r❡s✉❧t❛♥❞♦ ♥❛
❊q✉❛çã♦ ✭✶✹✳✷✮✳ ❊ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❛❥✉st❛❞♦ R2

a = 0, 99990✳ ❆
❛❧t✉r❛ ❤ ❞❡✈❡ s❡r ✐♥s❡r✐❞❛ ❡♠ ♠✐❧í♠❡tr♦s✳

EI(h) = (1, 1547h2
− 13, 2751h+ 62, 4841) 106 Nmm2. ✭✶✹✳✷✮

❋✐❣✉r❛ ✻✻ ✕ ❈♦♠♣♦♥❡♥t❡ fc
GA ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧ ♣❛r❛ ❛ ❱✐❣❛ ❡♠ ❈❛✐①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❝✉r✈❛ fc
GA

(h) ❢♦✐ ✐♥t❡r♣♦❧❛❞❛ ♣♦r ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ t❡r❝❡✐r♦ ❣r❛✉✱ r❡s✉❧t❛♥❞♦ ♥❛
❊q✉❛çã♦ ✭✶✹✳✸✮✳ ❊ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❛❥✉st❛❞♦ R2

a = 0, 99998✳ ❆
❛❧t✉r❛ ❤ ❞❡✈❡ s❡r ❡♠ ♠✐❧í♠❡tr♦s✳

fc
GA

(h) = (0, 0229h3
− 4, 1635h2 + 183, 4859h− 891, 4078) 10−8 N−1. ✭✶✹✳✸✮



✻✻

✶✹✳✶✳✶ ❱❡r✐✜❝❛çã♦ ❞❛s ❊q✉❛çõ❡s

❉❡ ❢♦r♠❛ ❛ ✈❡r✐✜❝❛r ❛ ♣r❡❝✐sã♦ ❞❛s ❊q✉❛çõ❡s ✭✶✹✳✷✮ ❡ ✭✶✹✳✸✮✱ ❛ ✢❡❝❤❛ ♠á①✐♠❛ ❢♦✐
❝❛❧❝✉❧❛❞❛✱ ♣❡❧❛ ❊q✉❛çã♦ ✭✼✳✸✮✱ ♣❛r❛ ✉♠❛ ❞✐♠❡♥sã♦ q✉❛❧q✉❡r ❞❡ ✈✐❣❛ ❡♠ ❝❛✐①ã♦✱ q✉❡ ♥ã♦
❤❛✈✐❛ s✐❞♦ ❛♥t❡r✐♦r♠❡♥t❡ s✐♠✉❧❛❞❛ ♥✉♠❡r✐❝❛♠❡♥t❡✳ ❊♠ s❡❣✉✐❞❛✱ ❢❡③✲s❡ ❛ s✐♠✉❧❛çã♦ ❡♠
❡❧❡♠❡♥t♦s ✜♥✐t♦s ❡ ♦s r❡s✉❧t❛❞♦s ❢♦r❛♠ ❝♦♠♣❛r❛❞♦s✳ ❆s ❞✐♠❡♥sõ❡s ❡ ❝❛r❣❛ ♦♣t❛❞❛s ❢♦r❛♠✿
L = 150mm✱ H = 21mm✱ ❡ P = 300mm✳ ❖ ♠♦❞❡❧♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✼✳

❋✐❣✉r❛ ✻✼ ✕ ▼♦❞❡❧♦ ❡♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ♣❛r❛ ❱❡r✐✜❝❛çã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❈♦♠♦ r❡s✉❧t❛❞♦✱ t❡✈❡✲s❡ ♦ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s✱ ❋✐❣✉r❛ ✻✽✳ ❱❛❧❡ ♦❜s❡r✈❛r q✉❡ ♦
♣❛râ♠❡tr♦ ❞❡ ❛✈❛❧✐❛çã♦ ❞❡✈❡ s❡r ♦ ♠❡s♠♦ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❢❛③❡r ♦ ❡q✉❛❝✐♦♥❛♠❡♥t♦✱ ♣♦rt❛♥t♦✱
♦ ♣r✐♠❡✐r♦ ♣❧❛♥♦ ❞❡ ❡❧❡♠❡♥t♦s ❢♦✐ t❛♠❜é♠ ❞❡s❝♦♥s✐❞❡r❛❞♦✱ ❞❡✈✐❞♦ ❛♦ ❛❝ú♠✉❧♦ ❞❡ t❡♥sõ❡s✳

❋✐❣✉r❛ ✻✽ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s ❞♦ ▼♦❞❡❧♦ ♣❛r❛ ❱❡r✐✜❝❛çã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❚❛❜❡❧❛ ✷✹ ❛♣r❡s❡♥t❛ ❛ ❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ❡♥tr❡ ♦ ❝á❧❝✉❧♦ ❡ ❛ s✐♠✉❧❛çã♦✳

❚❛❜❡❧❛ ✷✹ ✕ ❈♦♠♣❛r❛çã♦ ❉❛ ❋❧❡❝❤❛ ▼á①✐♠❛

EIcalc ❬Nmm2 108❪ fc
GAcalc

❬N−1 10−5❪ δcalc ❬♠♠❪ δsim ❬♠♠❪ ❉✐❢❡r❡♥ç❛ ❬%❪
✷✱✾✷✾ ✶✱✸✸✽ ✵✱✷✷✷✺ ✵✱✷✸✸✺ ✹✱✼✵

❆♣❡s❛r ❞❛ ❞✐❢❡r❡♥ç❛ s❡r ❞❡ ✹✱✼✵%✱ ✐ss♦ ♥ã♦ q✉❡r ❞✐③❡r q✉❡ ❛ ✉t✐❧✐③❛çã♦ ❞❛s ❡q✉❛çõ❡s
r❡s✉❧t❛rá ♥✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ss❛ ♠❛❣♥✐t✉❞❡ ♣❛r❛ t♦❞♦s ♦s ❝❛s♦s✳ P♦ré♠✱ ✈❡r✐✜❝❛✲s❡ q✉❡



✻✼

❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ❡q✉❛çõ❡s ❢♦✐ r❡❛❧✐③❛❞❛ ❞❛ ♠❛♥❡✐r❛ ❝♦rr❡t❛ ❡ q✉❡✱ r❡♣r❡s❡♥t❛♠ ✉♠
r❡s✉❧t❛❞♦ ♣ró①✐♠♦ ❞❡ ✉♠❛ s✐♠✉❧❛çã♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✳

✶✹✳✶✳✷ ❆♥á❧✐s❡ ❞❡ ❙❡♥s✐❜✐❧✐❞❛❞❡

❈♦♠♦ ✈✐st♦ ♥❛ ❙❡çã♦ ✼✳✶✱ ❆ ❊q✉❛çã♦ ✭✼✳✸✮✱ ❛♣r❡s❡♥t❛❞❛ ♣❛r❛ ✢❡①ã♦ ❡♠ ✸ ♣♦♥t♦s✱ é
✉♠ s♦♠❛tór✐♦ ❞❡ ❞♦✐s t❡r♠♦s✱ ♦ ♣r✐♠❡✐r♦ r❡♣r❡s❡♥t❛ ♦ ❞❡s❧♦❝❛♠❡t♦ r❡s✉❧t❛♥t❡ ❞♦s ❡s❢♦rç♦s
❞❡ ♠♦♠❡♥t♦ ✢❡t♦r ❡ ♦ s❡❣✉♥❞♦ ❞♦s ❡s❢♦rç♦s ❝✐s❛❧❤❛♥t❡s✳

❉❡ ❢♦r♠❛ ❛ ❛✈❡r✐❣✉❛r ❛ ❝♦♥tr✐❜✉✐çã♦ ✐s♦❧❛❞❛ ❞♦s t❡r♠♦s✱ ❢♦✐ ❡❧❛❜♦r❛❞♦ ✉♠ ♠❛♣❛ ❞❡
❝♦r❡s✱ ❋✐❣✉r❛ ✻✾✱ ♦♥❞❡ é ♣♦ssí✈❡❧ ♥♦t❛r q✉❡ ♣❛r❛ ❧♦♥❣♦s ❝♦♠♣r✐♠❡♥t♦s ❡ ♣❡q✉❡♥❛s ❛❧t✉r❛s
❞❛ ✈✐❣❛✱ ♦ ✈❛❧♦r ❞❛ ✢❡❝❤❛ ♠á①✐♠❛ ♣r♦✈é♠ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ❞♦ ❡s❢♦rç♦ ❞❡ ♠♦♠❡♥t♦ ✢❡t♦r✳
❊♥q✉❛♥t♦ q✉❡✱ ♣❛r❛ ♣❡q✉❡♥♦s ❝♦♠♣r✐♠❡♥t♦s ❡ ❣r❛♥❞❡s ❛❧t✉r❛s✱ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦ ❡s❢♦rç♦
❞❡ ♠♦♠❡♥t♦ é ♠í♥✐♠❛✱ ♣♦rt❛♥t♦ ♦ ❞❡s❧♦❝❛♠❡♥t♦ é ♠❛✐s ❡①♣r❡ss✐✈♦ ♣♦r ❝♦♥t❛ ❞♦s ❡s❢♦rç♦s
❞❡ ❝✐s❛❧❤❛♠❡♥t♦✳

❆ ♣♦r❝❡♥t❛❣❡♠ ❞❡ ❝♦♥tr✐❜✉✐çã♦ ❞♦ ♠♦♠❡♥t♦ ✢❡t♦r ❢♦✐ ❝❛❧❝✉❧❛❞❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

Z =
(PL3

48
) 1
EI

(PL3

48
) 1
EI

+ (PL
4
) fc
GA

100%. ✭✶✹✳✹✮

❋✐❣✉r❛ ✻✾ ✕ ❈♦♥tr✐❜✉✐çã♦ ❞♦ t❡r♠♦ ❡♥✈♦❧✈❡♥❞♦ ❊■ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ✢❡❝❤❛ ♠á①✐♠❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳



✻✽

✶✹✳✷ ❘■●■❉❊❩ ❉❊ ❯▼❆ Ú◆■❈❆ ❇❆❘❘❆ ❉❊ ❈❆❘❇❖◆❖

❚❡✈❡✲s❡ ❝♦♠♦ ♦❜❥❡t✐✈♦ ♦❜t❡r ✉♠❛ ❡q✉❛çã♦ ♥✉♠ér✐❝❛ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ r✐❣✐❞❡③ ✢❡①✉r❛❧
❞❛ ❜❛rr❛✱ ✐❣✉❛❧ ❢♦✐ r❡❛❧✐③❛❞♦ ♣❛r❛ ❛ ❡str✉t✉r❛ ❝♦♠♣♦st❛✱ ♣♦ré♠ ❛♣❡♥❛s ♣❛r❛ ✉♠❛ ❜❛rr❛✳
❈♦♠♦ ✈✐st♦ ❛♥t❡r✐♦r♠❡♥t❡✱ EI ❡ fc

GA
sã♦ ❝♦♥st❛♥t❡s✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛

❜❛rr❛✳ ❊♥tã♦✱ s✐♠✉❧❛♥❞♦ ❛ ✈✐❣❛ ❝♦♠ ❞♦✐s ❝♦♠♣r✐♠❡♥t♦s ❞✐❢❡r❡♥t❡s ❥á é s✉✜❝✐❡♥t❡ ♣❛r❛
s♦❧✉❝✐♦♥❛r ♦ s✐st❡♠❛ ❧✐♥❡❛r ❡ ❞❡s❝♦❜r✐r ♦s ✈❛❧♦r❡s ❞❡ EI ❡ fc

GA
✳

❋✐❣✉r❛ ✼✵ ✕ ▼♦❞❡❧♦ ❡♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ♣❛r❛ ❛ ❇❛rr❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❚❛❜❡❧❛ ✷✺ ✕ ❘❡s✉❧t❛❞♦ ❞❛s ❙✐♠✉❧❛çõ❡s ♣❛r❛ ❛ ❇❛rr❛

▲ ❬♠♠❪ δ ❬♠♠❪ L2

12
❬104mm2❪ 4δ

PL
[10−5N−1]

✺✵✵ ✶✷✱✺✹✵✵ ✷✱✵✽✸ ✶✵✵✱✸✷✵
✶✵✵ ✵✱✶✺✼✼ ✵✱✵✽✸ ✻✱✸✵✽

P❡❧❛ ❊q✉❛çã♦ ✭✶✹✳✶✮✱ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❢♦r❛♠✿ EI ❂ ✷✶✱✷✼✹ ❬Nmm2 106❪ ❡ fc
GA

❂ ✷✱✸✾✶ ❬N−1 10−5❪✳

✶✹✳✸ ❘■●■❉❊❩ ❉❆❙ ❇❆❘❘❆❙ ❉❊ ❈❆❘❇❖◆❖

❊♠ ✉♠❛ s❡çã♦ tr❛♥s✈❡rs❛❧ ❝♦♠♣♦st❛✱ ❝♦♠♦ ♥❛ ✈✐❣❛ ❡♠ ❝❛①ã♦✱ ❛ r❡❛❧✐③❛çã♦ ❞♦
❝á❧❝✉❧♦ ❞❛ t❡♥sã♦ s❡ ❞á ❛tr❛✈és ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ r✐❣✐❞❡③ EI ❞❡ ❝❛❞❛ ♠❛t❡r✐❛❧ q✉❡ ❛
❝♦♠♣õ❡♠✳ ❉❡ ❢♦r♠❛ s❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ❢♦✐ r❡❛❧✐③❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ q✉❛♥t♦ à ❞❡t❡r♠✐♥❛✲
çã♦ ❞❛ r✐❣✐❞❡③ ❞❛ ❡str✉t✉r❛ ❝♦♠♣♦st❛ ❡ ❞❛ ❜❛rr❛ ✉♥✐tár✐❛✱ é ❢❡✐t♦ ♣❛r❛ ❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦
❡♠ ❝♦♥❥✉♥t♦✳

❖ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❋✐❣✉r❛ ✼✶✱ ❢♦✐ ❡❧❛❜♦r❛❞♦ ❞❡ t❛❧ ♠❛♥❡✐r❛ q✉❡ ♦s
❡❧❡♠❡♥t♦s ❞❛s ❧❛t❡r❛✐s✱ ❡♠ ❛③✉❧✱ ❢♦ss❡♠ ✉♥✐❞♦s ♣♦r ❡❧❡♠❡♥t♦s rí❣✐❞♦s✱ ❡♠ ✉♠❛ ❧✐♥❤❛ ✈❡rt✐❝❛❧
✭q✉❡ ♥♦ ❝❛s♦ r❡♣r❡s❡♥t❛r✐❛♠ ❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦✱ ♣♦ré♠ s❡♠ ✐♥ér❝✐❛✮✳ ❊ss❡ ❝♦♥t❛t♦



✻✾

❋✐❣✉r❛ ✼✶ ✕ ▼♦❞❡❧♦ ❡♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ♣❛r❛ ❛s ❇❛rr❛s✱ ▲❂✷✵✵♠♠ ❡ ❍❂✸✻♠♠

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

é t❛❧ q✉❡ ♦ ❞❡s❧♦❝❛♠❡♥t♦ ❡ r♦t❛çã♦ ❡♠ t♦❞♦s ♦s s❡✐s ❣r❛✉s ❞❡ ❧✐❜❡r❞❛❞❡ ❞♦s ♥ós ❝♦♥❡❝t❛❞♦s
sã♦ ✐♠♣♦st♦s ❛ s❡r❡♠ ✐❣✉❛✐s✳

◆❛ ❋✐❣✉r❛ ✼✷✱ t❡♠✲s❡ ✉♠❛ ✈✐st❛ ❧❛t❡r❛❧ ❞♦ ♠♦❞❡❧♦ ❡ t❛♠❜é♠ ✉♠❛ ✈✐st❛ ❛♣r♦①✐♠❛❞❛
❞❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❡ ❞❛ ❛♣❧✐❝❛çã♦ ❞❛ ❝❛r❣❛✳ ❖s í❝♦♥❡s ❡♠ ♣r❡t♦ r❡♣r❡s❡♥t❛♠ ♦s ♥ós
q✉❡ t✐✈❡r❛♠ s❡✉ ♠♦✈✐♠❡♥t♦ r❡str✐♥❣✐❞♦ ♥❛ ❞✐r❡çã♦ ✈❡rt✐❝❛❧ ✭❡✐①♦ ❩✮✳ ❆ ❢♦rç❛ ❢♦✐ ❛♣❧✐❝❛❞❛
❡♠ ✉♠ ❡❧❡♠❡♥t♦ rí❣✐❞♦ q✉❡ ❝♦♥❡❝t❛ ♦s ♥ós ♥❛ ❞✐r❡çã♦ ❨✱ ✐❣✉❛❧♠❡♥t❡ ❢♦✐ ❢❡✐t♦ ♥❛s ❞❡♠❛✐s
❛♥á❧✐s❡s✳

❋✐❣✉r❛ ✼✷ ✕ ❛✮ ❱✐st❛ ▲❛t❡r❛❧✳ ❜✮ ❈♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦✳ ❝✮ ❆♣❧✐❝❛çã♦ ❞❛ ❈❛r❣❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❡str✉t✉r❛ ❢♦✐ s✐♠✉❧❛❞❛ ❡♠ ❞♦✐s ❝♦♠♣r✐♠❡♥t♦s ❞❡ s❡çã♦✱ ♣❛r❛ s❡✐s ❛❧t✉r❛s ❞✐❢❡r❡♥✲
t❡s✱ r❡s✉❧t❛♥❞♦ ♥❛s ❝✉r✈❛s ❞❡ r✐❣✐❞❡③✱ ❋✐❣✉r❛ ✼✸ ♣❛r❛ EI(x) ❡ ❋✐❣✉r❛ ✼✹ ♣❛r❛ fc

GA
(x)✳

❆ ❝✉r✈❛ ❊■✭❤✮ ❢♦✐ ✐♥t❡r♣♦❧❛❞❛ ♣♦r ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ s❡❣✉♥❞♦ ❣r❛✉✱ r❡s✉❧t❛♥❞♦ ♥❛
❊q✉❛çã♦ ✭✶✹✳✺✮✳ ❊ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❛❥✉st❛❞♦ R2

a = 0, 99965✳ ❆
❛❧t✉r❛ ❤ ❞❡✈❡ s❡r ✐♥s❡r✐❞❛ ❡♠ ♠✐❧í♠❡tr♦s✳

EI(h) = (1, 3563h2
− 20, 7958h+ 121, 7771) 106 Nmm2. ✭✶✹✳✺✮



✼✵

❋✐❣✉r❛ ✼✸ ✕ ❈♦♠♣♦♥❡♥t❡ EI ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧ ♣❛r❛ ❞✉❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦ ❝♦♥❡❝t❛❞❛s

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✼✹ ✕ ❈♦♠♣♦♥❡♥t❡ fc
GA ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧ ♣❛r❛ ❞✉❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦ ❝♦♥❡❝t❛❞❛s

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❝✉r✈❛ fc
GA

(h) ❢♦✐ ✐♥t❡r♣♦❧❛❞❛ ♣♦r ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ t❡r❝❡✐r♦ ❣r❛✉✱ r❡s✉❧t❛♥❞♦ ♥❛
❊q✉❛çã♦ ✭✶✹✳✻✮✳ ❊ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❛❥✉st❛❞♦ R2

a = 0, 99603✳ ❆
❛❧t✉r❛ ❤ ❞❡✈❡ s❡r ❡♠ ♠✐❧í♠❡tr♦s✳

fc
GA

(h) = (0, 02851h3
− 2, 11983h2 + 52, 16818h+ 884, 69682) 10−8 N−1. ✭✶✹✳✻✮

❖ ❝❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ♣❛r❛ ✉♠ ❞♦s ❝❛s♦s ❡stá ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✼✺✳



✼✶

❋✐❣✉r❛ ✼✺ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s ♣❛r❛ ▲❂✷✵✵♠♠ ❡ ❍❂✸✻♠♠✳

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

✶✹✳✹ ❘■●■❉❊❩ ❉❆❙ ❈❍❆P❆❙ ❉❊ ❈❖▼P❊◆❙❆❉❖

❖ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ♣❛r❛ ❛ ❝❤❛♣❛ ❞❡ ❝♦♠♣❡♥s❛❞♦ ❢♦✐ s✐♠♣❧✐✜❝❛❞♦✱ ♣♦✐s
❛ ❡str✉t✉r❛ ❡♠ ❝❛✐①ã♦ s❡ tr❛t❛ ❞❡ ❞✉❛s ❝❤❛♣❛s ✐❣✉❛✐s ❡ ❞❡ ♠❡s♠♦ ♠♦♠❡♥t♦ ❞❡ ✐♥ér❝✐❛
Iyy✳ ❆ss✐♠✱ ❛♣❡♥❛s ✉♠❛ ❝❤❛♣❛ ❢♦✐ ❛✈❛❧✐❛❞❛ ❡✱ ♦s r❡s✉❧t❛❞♦s ❞❡ r✐❣✐❡③ ♣♦❞❡♠ s❡r ❢❛❝✐❧♠❡♥t❡
❡st✐♠❛❞♦s ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❞✉❛s ❝❤❛♣❛s✱ ♠✉❧t✐♣❧✐❝❛♥❞♦✲s❡ ♣♦r ❞♦✐s✳ P❛r❛ ❢❛❝✐❧✐r ❛✐♥❞❛
♠❛✐s ❛ ❛♥á❧✐s❡✱ ❡♠ ✈❡③ ❞❡ ♠✉❧t✐♣❧✐❝❛r ♦ r❡s✉❧t❛❞♦ ♣♦r ❞♦✐s✱ ❛ ❢♦rç❛ ✉t✐❧✐③❛❞❛ ❢♦✐ ✺✵◆ ❛♦
✐♥✈és ❞❡ ✶✵✵◆✳ ❆ss✐♠✱ ♦s ❣rá✜❝♦s ❡ ❡q✉❛çõ❡s ❥á ♣♦❞❡♠ r❡♣r❡s❡♥t❛r ♦ ❝♦♥❥✉♥t♦ ❞❡ ❞✉❛s
❝❤❛♣❛s✳

❋✐❣✉r❛ ✼✻ ✕ ❈♦♠♣♦♥❡♥t❡ EI ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧ ♣❛r❛ ❞✉❛s ❈❤❛♣❛s ❞❡ ❈♦♠♣❡♥s❛❞♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❝✉r✈❛ ❊■✭❤✮ ❢♦✐ ✐♥t❡r♣♦❧❛❞❛ ♣♦r ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ s❡❣✉♥❞♦ ❣r❛✉✱ r❡s✉❧t❛♥❞♦ ♥❛
❊q✉❛çã♦ ✭✶✹✳✼✮✳ ❊ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❛❥✉st❛❞♦ R2

a = 0, 99833✳ ❆
❛❧t✉r❛ ❤ ❞❡✈❡ s❡r ✐♥s❡r✐❞❛ ❡♠ ♠✐❧í♠❡tr♦s✳

EI(h) = (1, 1341h2
− 3, 1281h+ 21, 9699) 106 Nmm2. ✭✶✹✳✼✮



✼✷

❋✐❣✉r❛ ✼✼ ✕ ❈♦♠♣♦♥❡♥t❡ fc
GA ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧ ♣❛r❛ ❞✉❛s ❈❤❛♣❛s ❞❡ ❈♦♠♣❡♥s❛❞♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❝✉r✈❛ fc
GA

(h) ❢♦✐ ✐♥t❡r♣♦❧❛❞❛ ♣♦r ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ t❡r❝❡✐r♦ ❣r❛✉✱ r❡s✉❧t❛♥❞♦ ♥❛
❊q✉❛çã♦ ✶✹✳✽✳ ❊ ❛♣r❡s❡♥t♦✉ ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❛❥✉st❛❞♦ R2

a = 0, 99843✳ ❆
❛❧t✉r❛ ❤ ❞❡✈❡ s❡r ❡♠ ♠✐❧í♠❡tr♦s✳

fc
GA

(h) = (−0, 3529h3 + 32, 8550h2
− 1080, 5296h+ 16072, 6083) 10−8 N−1. ✭✶✹✳✽✮

✶✹✳✺ ❈❖▼P❆❘❆➬➹❖ ❉❊ ❘■●■❉❊❩❊❙

❈♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ✈❡r✐✜❝❛r ❛s r✐❣✐❞❡③❡s ❞❛s ❡str✉t✉r❛s q✉❡ ❝♦♠♣õ❡♠ ❛ ✈✐❣❛✱ ♦s
❣rá✜❝♦s ❞❛s ❝✉r✈❛s ❞❡ r✐❣✐❞❡③❡s ❞❛s ❡str✉t✉r❛s ❞❛ ✈✐❣❛ ❝❛✐①ã♦ ❢♦r❛♠ ✉♥✐❞♦s ❡♠ ✉♠❛ só
✜❣✉r❛✱ ♥❛s ❋✐❣✉r❛s ✼✽ ❡ ✼✾✳ ❈♦♥st❛t❛✲s❡ ❞❛s ✜❣✉r❛s q✉❡ ❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ tê♠ ♠❛✐♦r
✐♥✢✉ê♥❝✐❛ ♥❛ ❝♦♠♣♦♥❡♥t❡ EI ❞❡ r✐❣✐❞❡③✱ ❡♥q✉❛♥t♦ q✉❡ ❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦ tê♠ ♥❛
fc
GA

✳ ■ss♦ ❛❝♦♥t❡❝❡✱ ♣♦✐s ♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ é ♠✉✐t♦ s✉♣❡r✐♦r
❛♦ ❞♦ ❝♦♠♣❡♥s❛❞♦✱ ❡♥q✉❛♥t♦ q✉❡ ♦ ❝♦♠♣❡♥s❛❞♦ é ♦ ú♥✐❝♦ ♠❛t❡r✐❛❧ q✉❡ ❡stá ♣r❡s❡♥t❡ ♠❛✐s
♣ró①✐♠♦ ❞❛ ❧✐♥❤❛ ♥❡✉tr❛ ❞❛ ❡str✉t✉r❛✱ ♦✉ s❡❥❛✱ ❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦ s❡rã♦ r❡s♣♦♥sá✈❡✐s
♣♦r ❜♦❛ ♣❛rt❡ ❞❛ t❡♥sã♦ ❝✐s❛❧❤❛♥t❡✳



✼✸

❋✐❣✉r❛ ✼✽ ✕ ❈♦♠♣♦♥❡♥t❡s EI ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✼✾ ✕ ❈♦♠♣♦♥❡♥t❡s fc
GA ❞❡ ❘✐❣✐❞❡③ ❋❧❡①✉r❛❧

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳



✼✹

✶✺ ❉❊❙❊◆❱❖▲❱■▼❊◆❚❖ ❉❖ ❆▲●❖❘■❚▼❖

❖ ❛❧❣♦r✐t♠♦ ❢♦✐ ❡❧❛❜♦r❛❞♦ ♣❛r❛ r❡❛❧✐③❛r ❝á❧❝✉❧♦s ❡str✉t✉r❛✐s ❞❡ ✉♠❛ ❧♦♥❣❛r✐♥❛ ❞❡
✉♠ ❛❡r♦♠♦❞❡❧♦✱ ❝♦♠ ✉♠ ❢♦r♠❛t♦ ❡ ✉♠ ♠❛t❡r✐❛❧ ❡s♣❡❝í✜❝♦✳ ❆ ❡str✉t✉r❛ ❡♠ s✐✱ ❝♦♥s✐st❡ ❞❡
❝❤❛♣❛s ❞❡ ♠❛❞❡✐r❛ ✭❝♦♠♣❡♥s❛❞♦✮ ❡ ❞❡ ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❝♦♠ ✉♠ ❢✉r♦ ❝✐r❝✉❧❛r✳ ➱ ❞✐✈✐❞❛
❡♠ ❞✉❛s s❡çõ❡s✱ s❡♥❞♦ ❛ ♣r✐♠❡✐r❛ ❝♦♠♣♦st❛ ❞♦s ❞♦✐s ♠❛t❡r✐❛✐s s✉♣r❛❝✐t❛❞♦s ❡ ❛ s❡❣✉♥❞❛
s❡çã♦ ❝♦♠♣♦st❛ ❛♣❡♥❛s ♣♦r ✉♠❛ ú♥✐❝❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛
✽✵✳

❋✐❣✉r❛ ✽✵ ✕ ▼♦❞❡❧♦ ❞❡ ▲♦♥❣❛r✐♥❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

✶✺✳✶ ❊◗❯❆❈■❖◆❆▼❊◆❚❖ P❆❘❆ ❈➪▲❈❯▲❖ ❉❆ ❉❊❋▲❊❳➹❖ ◆❆
❊❳❚❘❊▼■❉❆❉❊ ❉❆ ▲❖◆●❆❘■◆❆

❆s ❡q✉❛çõ❡s ❢♦r❛♠ ❞❡❞✉③✐❞❛s ❛ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ❞❛ ❋✐❣✉r❛ ✽✶✳ ◆♦ q✉❛❧✱ P (x)
r❡♣r❡s❡♥t❛ ♦ ❝❛rr❡❣❛♠❡♥t♦ ❞❛ ❛s❛✱ P é ✉♠❛ ❢♦rç❛ ✐♠❛❣✐♥ár✐❛✱ q✉❡ ❢♦✐ ❛♣❧✐❝❛❞❛ ♣❛r❛ q✉❡
s❡❥❛ ♣♦ssí✈❡❧ ❝❛❧❝✉❧❛r ❛ ❞❡✢❡①ã♦ ♥❛ ♣♦♥t❛ ❞❛ ❧♦♥❣❛r✐♥❛ ❛tr❛✈és ❞♦ ❚❡♦r❡♠❛ ❞❡ ❈❛st✐❣❧✐❛♥♦✳
❉❡ss❛ ❢♦r♠❛✱ ❢♦✐ ♣♦ssí✈❡❧ ❝♦♥s✐❞❡r❛r ♦s ❡s❢♦rç♦s ❞❡ ♠♦♠❡♥t♦ ❡ t❛♠❜é♠ ♦s ❝✐s❛❧❤❛♥t❡s✳

❋✐❣✉r❛ ✽✶ ✕ ▼♦❞❡❧❛♠❡♥t♦ ❞♦ Pr♦❜❧❡♠❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳



✼✺

➱ ✐♥t❡r❡ss❛♥t❡ ♥♦t❛r q✉❡ ❡①✐st❡ ✉♠ ❛✜❧❛♠❡♥t♦ ♥❛ ♣r✐♠❡✐r❛ s❡çã♦✱ ❞❡ss❛ ❢♦r♠❛ EI
❡ fc

GA
❞❡✐①❛♠ ❞❡ s❡r ❝♦♥st❛♥t❡s ❡ ♣❛ss❛♠ ❛ s❡r❡♠ ❢✉♥çõ❡s ❞❡♣❡♥❞❡♥t❡s ❞❛ ❛❧t✉r❛✳ ❈♦♠♦ ❛

s❡çã♦ ❛✜❧❛ ❞❡ ❢♦r♠❛ ❧✐♥❡❛r✱ ❛ ❡q✉❛çã♦ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❛❧t✉r❛ ❞❛ ❡str✉t✉r❛ ❡♠ ❢✉♥çã♦ ❞♦
❝♦♠♣r✐♠❡♥t♦ ❞❛ ✈✐❣❛ ♣♦❞❡ s❡r ❞❡s❝r✐t❛ ♣♦r✿

H(x) =
H1 −Hroot

X1

x+Hroot, ✭✶✺✳✶✮

♦♥❞❡ H1 é ❛ ❛❧t✉r❛ ♥♦ ✜♥❛❧ ❞❛ s❡çã♦ ✶✱ Hroot é ❛ ❛❧t✉r❛ ♥❛ r❛✐③ ❡ X1 é ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛
s❡çã♦ ✶✳

❚❡♠✲s❡ ♣❛r❛ ❡st❡ ♣r♦❜❧❡♠❛ ❛ ❡q✉❛çã♦ ❞❡ ♠♦♠❡♥t♦ ✢❡t♦r✿

M(x) = −

∫ x

0

P (x)dx+ x

∫ x

0

P (x)dx− x

∫ L

0

P (x)dx+

∫ L

0

P (x)xdx−Px+PL, ✭✶✺✳✷✮

♦♥❞❡ s✉❛ ❞❡r✐✈❛❞❛ ♣❛r❝✐❛❧ ❡♠ r❡❧❛çã♦ à P✱ é ❞❛❞❛ ♣♦r✿

∂M(x)

∂P
= L− x. ✭✶✺✳✸✮

P❛r❛ ❛ ❢♦rç❛ ❝✐s❛❧❤❛♥t❡✱ t❡♠✲s❡✿

V (x) = −

∫ x

0

P (x)dx+

∫ L

0

P (x)dx+ P, ✭✶✺✳✹✮

♦♥❞❡ s✉❛ ❞❡r✐✈❛❞❛ ♣❛r❝✐❛❧ ❡♠ r❡❧❛çã♦ à P✱ é ❞❛❞❛ ♣♦r✿

∂V (x)

∂P
= 1. ✭✶✺✳✺✮

❆♣❧✐❝❛♥❞♦ ❛ ❊q✉❛çã♦ ✼✳✷ ❡ ❢❛③❡♥❞♦ P❂✵✱ ♦♥❞❡ ♥❡st❡ ❝❛s♦ ♦s ❡s❢♦rç♦s ♥♦r♠❛✐s ❡ ❞❡
t♦rçã♦ sã♦ t❛♠❜é♠ ♥✉❧♦s✱ t❡♠✲s❡ ❛ ❝♦♥tr✐❜✉✐çã♦ ❞❡ ❝❛❞❛ s❡çã♦ ♣❛r❛ ❛ ❞❡✢❡①ã♦ ♥❛ ♣♦♥t❛✱
❞❛❞❛ ♣♦r δ1 ❡ δ2✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✿

δ1 =

∫ X1

0

M1(x)

EI1(x)

∂M1(x)

∂P
dx+

∫ X1

0

fc

GA
(x)V1(x)

∂V1(x)

∂P
dx, ✭✶✺✳✻✮

δ2 =

∫ L

X1

M2(x)

EI(2)

∂M2(x)

∂P
dx+

∫ L

X1

fc

GA
V2(x)

∂V2(x)

∂P
dx, ✭✶✺✳✼✮

♦♥❞❡ ❛ ❞❡✢❡①ã♦ ♥❛ ♣♦♥t❛ δtip é ❛ s♦♠❛ ❞❡ δ1 ❡ δ2✳

✶✺✳✷ ❋▲❯❳❖●❘❆▼❆ P❆❘❆ ❆ ❉❊❚❊❘▼■◆❆➬➹❖ ❉❆ ❉❊❋▲❊❳➹❖

❖ ✢✉①♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦✱ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❞❡✢❡①ã♦✱ s❡❣✉❡ ♥❛ ❋✐❣✉r❛ ✽✷✳



✼✻

❋✐❣✉r❛ ✽✷ ✕ ❋❧✉①♦❣r❛♠❛ ❞♦ ❆❧❣♦r✐t♠♦ ♣❛r❛ ♦ ❈á❧❝✉❧♦ ❞❛ ❉❡✢❡①ã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

✶✺✳✸ ❊◗❯❆❈■❖◆❆▼❊◆❚❖ P❆❘❆ ❈➪▲❈❯▲❖ ❉❆ ❚❊◆❙➹❖

❆❧é♠ ❞❛ ❞❡✢❡①ã♦ ♥❛ ♣♦♥t❛ ❞❛ ❛s❛✱ ♦✉tr♦ ❝r✐tér✐♦ ❡str✉t✉r❛❧ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♦ ❞✐✲
♠❡♥s✐♦♥❛♠❡♥t♦ ❞❛ ❧♦♥❣❛r✐♥❛ é ♦ ❞❡ ♠á①✐♠❛ t❡♥sã♦✱ ♦♥❞❡ é ❛✈❛❧✐❛❞♦ ❛ t❡♥sã♦ ♠á①✐♠❛ ♥❛s
❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❡♠ ❞✐✈❡rs❛s s❡çõ❡s tr❛♥s✈❡rs❛✐s ❛♦ ❧♦♥❣♦ ❞❛ ❡♥✈❡r❣❛❞✉r❛✳

❉❛ ❋✐❣✉r❛ ✽✸✱ ❛ ár❡❛ ❡♠ ✈❡r♠❡❧❤♦ r❡♣r❡s❡♥t❛ ♦s ♣♦♥t♦s ♦♥❞❡ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞♦ ❛
♠á①✐♠❛ t❡♥sã♦ ♥❛ ♣r✐♠❡✐r❛ ♣❛rt✐çã♦ ❞❛ ❧♦♥❣❛r✐♥❛✱ ❡♥q✉❛♥t♦ q✉❡ ❛ r❡❣✐ã♦ ❡♠ ❛③✉❧ é ✉♠
♣♦♥t♦ ❝rít✐❝♦ ♣❛r❛ ❛ s❡❣✉♥❞❛ ♣❛rt✐çã♦ ❞❛ ❛s❛✳

❋✐❣✉r❛ ✽✸ ✕ P♦s✐çõ❡s ♦♥❞❡ ❛ ❚❡♥sã♦ ♥❛s ❇❛rr❛s ❞❡ ❈❛r❜♦♥♦ é ❈❛❧❝✉❧❛❞❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

P❡r❝❡❜❡✲s❡ ♣❛r❛ ❛ ♣r✐♠❡✐r❛ s❡çã♦✱ q✉❡ ❡①✐st❡ ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ ❛✈❛❧✐❛r ❛ t❡♥sã♦ ♥ã♦
só ♥❛ r❛✐③✱ ♣♦✐s ❡①✐st❡ ✉♠ ❛✜❧❛♠❡♥t♦ ❡ ✐ss♦ ❝❛✉s❛ ✉♠❛ ✈❛r✐❛çã♦ ♥❛ t❡♥sã♦✳ ❏á ♥❛ s❡❣✉♥❞❛
♣❛rt✐çã♦✱ ❛ ❡str✉t✉r❛ ♣♦ss✉í r✐❣✐❞❡③ ❡ ❞✐♠❡♥sõ❡s ❝♦♥st❛♥t❡s✱ ♣♦rt❛♥t♦ só é ❛✈❛❧✐❛❞♦ ❛ t❡♥sã♦
♥♦ ✐♥í❝✐♦ ❞❛ s❡çã♦✳
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❆♣❡♥❛s ♦ ❡s❢♦rç♦ ❞❡✈✐❞♦ ❛♦ ♠♦♠❡♥t♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ t❡♥sã♦ ♥❛s
q✉❛✐s ❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❡stã♦ s✉❜♠❡t✐❞❛s✳ ❖ ❡s❢♦rç♦ ❞❡✈✐❞♦ ❛ t❡♥sã♦ ❝✐s❛❧❤❛♥t❡ ♥ã♦
❢♦✐ ❝♦♥s✐❞❡r❛❞♦✱ ✈✐st♦ q✉❡ ❛ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❡s❢♦rç♦ ❝✐s❛❧❤❛♥t❡ s❡ ❞á ♣ró①✐♠♦ à ❧✐♥❤❛
♥❡✉tr❛ ❡ ❛s ❜❛rr❛s ❡stã♦ ❧♦❝❛❧✐③❛❞❛s ♥❛ ❡①tr❡♠✐❞❛❞❡ s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r ❞❛ ❡str✉t✉r❛✳

❖ í♥❞✐❝❡ ❞❡ ❢❛❧❤❛ ♥❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦ ♥ã♦ s❡rá ❛✈❛❧✐❛❞♦✱ ♣♦✐s ❛s ❜❛rr❛s ❞❡
❝❛r❜♦♥♦ ✜❝❛r❛♠ ♠✉✐t♦ ♠❛✐s s✉s❝❡tí✈❡✐s à ❢❛❧❤❛r✳ ❆ss✐♠✱ ♥ã♦ ❢♦✐ ♥❡❝❡ssár✐♦ ❞❡s❡♥✈♦❧✈❡r
✉♠ ❛❧❣♦r✐t♠♦ ♣❛r❛ ❞❡t❡r♠✐♥❛r ♦ í♥❞✐❝❡ ❞❡ ❢❛❧❤❛ ♥❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦✳

❖ ❝á❧❝✉❧♦ é ✐♥✐❝✐❛❞♦ ❝♦♠ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ ♠♦♠❡♥t♦ ❞❡ ✐♥ér❝✐❛ tr❛♥s❢♦r♠❛❞♦✱ q✉❡
s✉❜st✐t✉✐♥❞♦ ❛s ✈❛r✐á✈❡✐s ♥❛ ❊q✉❛çã♦ ✭✻✳✺✮ ♣❛r❛ s❡ ❛❞❡q✉❛r ♣r♦❜❧❡♠❛✱ r❡s✉❧t❛ ❡♠✿

Iyy,t = Iyy,carbonbars + Iyy,plywoods
EIplywoods

EIcarbonbars
, ✭✶✺✳✽✮

♦♥❞❡ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ♦ Eref ❝♦♠♦ ♦ ♣ró♣r✐♦ ♠ó❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❞♦ ❝❛r❜♦♥♦✱ ❝❛❧❝✉❧❛❞♦
♣❡❧❛ ❡q✉❛çã♦✿

Eref = Ecarbonbars =
EIcarbonbars
Iyy,carbonbars

. ✭✶✺✳✾✮

▲❡♠❜r❛♥❞♦ q✉❡ EIcarbonbars ❡ EIplywoods sã♦ ❡st✐♠❛❞♦s ♥✉♠❡r✐❝❛♠❡♥t❡ ♣❡❧❛s ❊q✉❛✲
çõ❡s ✭✶✹✳✺✮ ❡ ✭✶✹✳✼✮✳ ❖s t❡r♠♦s ❝❛r❜♦♥❜❛rs ❡ ♣❧②✇♦♦❞s ❢❛③❡♠ r❡❢❡rê♥❝✐❛ ❛♦ ❝♦♥❥✉♥t♦ ❞❡
❞✉❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❡ às ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

✶✺✳✹ ❋▲❯❳❖●❘❆▼ P❆❘❆ ❆ ❉❊❚❊❘▼■◆❆➬➹❖ ❉❆ ❚❊◆❙➹❖

❖ ✢✉①♦❣r❛♠❛ ❞♦ ❛❧❣♦r✐t♠♦ ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❛ ❞❡✢❡①ã♦ s❡❣✉❡ ♥❛ ❋✐❣✉r❛ ✽✹✳

❋✐❣✉r❛ ✽✹ ✕ ❋❧✉①♦❣r❛♠❛ ❞♦ ❆❧❣♦r✐t♠♦ ♣❛r❛ ♦ ❈á❧❝✉❧♦ ❞❡ ❚❡♥sã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳
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✶✺✳✺ ❱❆▲■❉❆➬➹❖ ❉❖ ❆▲●❖❘■❚▼❖ ❈❖▼ ❆ ❙■▼❯▲❆➬➹❖ ◆❯▼➱❘■❈❆

❉❡ ❢♦r♠❛ ❛ ✈❡r✐✜❝❛r ❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❞♦ ❛❧❣♦rt✐♠♦ ❞❡s❡♥✈♦❧✈✐❞♦✱ ❢♦✐ s✐♠✉❧❛❞♦ ♥✉✲
♠❡r✐❝❛♠❡♥t❡ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ✉♠ ♣r♦❜❧❡♠❛ ❡s♣❡❝í✜❝♦ ❡ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦s r❡s✉❧t❛❞♦s
❞❡ ❞❡✢❡①ã♦ ❡ t❡♥sã♦ ♦❜t✐❞♦s ❞♦ ❛❧❣♦r✐t♠♦ ❞❡s❡♥✈♦❧✈✐❞♦ ❡♠ P②t❤♦♥✳

❖ ♣r♦❜❧❡♠❛ ❝r✐❛❞♦ ❝♦♥s✐t❡ ❞❡ ✉♠❛ ❧♦♥❣❛r✐♥❛ ❝✉❥♦ ❝❛rr❡❣❛♠❡♥t♦ é ❞❡s❝r✐t♦ ♣❡❧❛
❊q✉❛çã♦ ✭✶✺✳✶✵✮ ❡ s✉❛s ❞✐♠❡♥sõ❡s sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✽✺✳

P (x) =− 3, 9566E−18x6 + 6, 3343E−15x5
− 3, 8439E−12x4 + 1, 0840E−09x3

− 1, 3930E−07x2 + 5, 3581E−06x+ 2, 9998E−03[Nmm].
✭✶✺✳✶✵✮

❋✐❣✉r❛ ✽✺ ✕ ❉✐♠❡♥sõ❡s ❞❛ ▲♦♥❣❛r✐♥❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❖ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❡❧❛❜♦r❛❞♦ ♣❡❧♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘© é
❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✽✻✳

❋✐❣✉r❛ ✽✻ ✕ ▼♦❞❡❧♦ ❡♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ❞❛ ▲♦♥❣❛r✐♥❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❈❛♠♣♦ ❞❡ ❞❡s❧♦❝❛♠❡♥t♦s ♦❜t✐❞❛s ❛tr❛✈és ❞♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘© ❛tr❛✈és
❞❡ ✉♠❛ ❛♥á❧✐s❡ ❧✐♥❡❛r ❡stát✐❝❛✱ ❋✐❣✉r❛ ✽✼✳

❆ ❚❛❜❡❧❛ ✷✻ ❛♣r❡s❡♥t❛ ❛ ❝♦♠♣❛r❛çã♦ ❞❛ ❞❡✢❡①ã♦ ♥❛ ❡①tr❡♠✐❞❛❞❡ ❞❛ ❧♦♥❣❛r✐♥❛
❡♥tr❡ ❛ s✐♠✉❧❛çã♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❡ ♦ ❛❧❣♦r✐t♠♦✳

❚❛❜❡❧❛ ✷✻ ✕ ❈♦♠♣❛r❛çã♦ ❉❛ ❋❧❡❝❤❛ ▼á①✐♠❛

δFEM ❬♠♠❪ δalgoritmo ❬♠♠❪ ❉✐❢❡r❡♥ç❛ ❬%❪
✵✱✵✺✻✼✶✹ ✵✱✵✺✾✼✵✵ ✺✱✷✻
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❋✐❣✉r❛ ✽✼ ✕ ❈❛♠♣♦ ❞❡ ❉❡s❧♦❝❛♠❡♥t♦s

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❈❛♠♣♦ ❞❡ t❡♥sõ❡s ❞♦s ❡❧❡♠❡♥t♦s ❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ♥❛ ❞✐r❡çã♦ ❧♦♥❣✐t✉❞✐♥❛❧
✭❳✮✱ ♦❜t✐❞❛s ♣♦r ♠❡✐♦ ❞♦ s♦❢t✇❛r❡ ❆❧t❛✐r ❍②♣❡r✇♦r❦s❘©✱ ❋✐❣✉r❛ ✽✽✳

❋✐❣✉r❛ ✽✽ ✕ ❈❛♠♣♦ ❞❡ ❚❡♥sõ❡s ❞❛s ❇❛rr❛s ♥❛ ❉✐r❡çã♦ ▲♦♥❣✐t✉❞✐♥❛❧

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ t❡♥sã♦ ♠á①✐♠❛ ♥❛ ❞✐r❡çã♦ ❧♦♥❣✐t✉❞✐♥❛❧ s✉♣♦rt❛❞❛ ♣❡❧❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❢♦✐
♦❜t✐❞❛ ❡♠ ❞✐✈❡rs❛s s❡çõ❡s ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❧♦♥❣✐t✉❞✐♥❛❧ ✭❳✮✱ s❡♥❞♦ ♣♦ssí✈❡❧ tr❛ç❛r ✉♠❛
❝✉r✈❛ ❞❡ t❡♥sã♦ ❡ ❝♦♠♣❛r❛r ❡♥tr❡ ♦s ♠♦❞❡❧♦s✳ ◆❛ q✉❛❧✱ ♦ ú❧t✐♠♦ ♣♦♥t♦ ❞❛s ❝✉r✈❛s✱ ❡♠
✺✵✶♠♠ é ❛ t❡♥sã♦ s✉♣♦rt❛❞❛ ❛♣ós ❛ tr❛♥s✐çã♦ ❞❛ s❡çã♦✱ ♦✉ s❡❥❛✱ ♥❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦
s✉♣❡r✐♦r✳

❋✐❣✉r❛ ✽✾ ✕ ❈♦♠♣❛r❛çã♦ ❞❛ σx,max ❡♥tr❡ ♦ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❡ ♦ ❛❧❣♦r✐t♠♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳
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◗✉❛♥t♦ à t❡♥sã♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦s r❡s✉❧t❛❞♦s ❞♦ ❛❧❣♦r✐t♠♦ t✐✈❡r❛♠ ✉♠❛ ❜♦❛ ❛♣r♦✲
①✐♠❛çã♦ ❛♦s ❞♦ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❞❡s❝r❡✈❡♥❞♦ ❜❡♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡♥tr❡
✶✵♠♠ ❡ ✹✺✵♠♠✳ ❚❡✈❡✲s❡ ✉♠❛ ♣❡q✉❡♥❛ ❞✐✈❡r❣ê♥❝✐❛ ♥❛s ❡①tr❡♠✐❞❛❞❡s✳ ◆❛ r❛✐③✱ ✐ss♦ ♣♦❞❡
s❡r ❡①♣❧✐❝❛❞♦ ♣❡❧♦ ❢❛t♦ ❞❡ q✉❡ ♥♦ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ♦❝♦rr❡ ✉♠❛ ❝♦♥❝❡♥tr❛çã♦
❞❡ t❡♥sã♦ ♥♦s ❡❧❡♠❡♥t♦s ♣ró①✐♠♦s à r❛✐③✱ ♦ q✉❡ ♥ã♦ ❛❝♦♥❝❡t❡r✐❛ ♥✉♠❛ ❝♦♥❞✐çã♦ r❡❛❧✳ ❏á
♥♦ ✜♥❛❧ ❞❛ s❡çã♦✱ ❤á ✉♠❛ ❞✐❢❡r❡♥ç❛ r❡s✉❧t❛♥t❡ ❞❛ tr♦❝❛ ❞❡ s❡çã♦ ❛❜r✉♣t❛✱ ❡♥q✉❛♥t♦ q✉❡
♥❛ t❡♦r✐❛ ❝♦♥s✐❞❡r❛✲s❡ ✉♠❛ tr♦❝❛ s✉❛✈❡✳

❉❡ t♦❞♦ ♠♦❞♦✱ ❞❡✈✐❞♦ à ❜♦❛ ❝♦♥❢♦r♠✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s✱ é ♣♦ssí✈❡❧ ❛✜r♠❛r q✉❡
♦ ❛❧❣♦r✐t♠♦ ❝✉♠♣r❡ ♦ s❡✉ ♣r♦♣ós✐t♦ ❝♦♠ s✉❝❡ss♦✳

✶✺✳✻ ❋❯◆➬➹❖ ❖❇❏❊❚■❱❖✿ ❈➪▲❈❯▲❖ ❉❆ ▼❆❙❙❆ ❉❆ ▲❖◆●❆❘■◆❆

❖ ♦❜❥❡t✐✈♦ ❞❛ ♣r♦❣r❛♠❛çã♦ é ♠✐♥✐♠❛r ✉♠❛ ❢✉♥çã♦ ❞❡ ✈❛r✐á✈❡✐s✱ ❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦✱
s✉❥❡✐t❛ ❛ ✉♠❛ sér✐❡ ❞❡ ✐♥❡q✉❛çõ❡s ✭r❡str✐çõ❡s✮✳ ❆ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ❞❡st❡ tr❛❜❛❧❤♦ é ❛ ❢✉♥çã♦
q✉❡ ❝❛❧❝✉❧❛ ❛ ♠❛ss❛ ❞❛ ❧♦♥❣❛r✐♥❛✱ q✉❡ ❡♥✈♦❧✈❡ s♦♠❛r ❛ ♠❛ss❛ ❞❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦✱
❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❡ ❞❛ ❝♦❧❛✳

❉♦ ❜❛♥❝♦ ❞❡ ❞❛❞♦s ❞❛ ❊q✉✐♣❡ ❆❧❜❛tr♦③✱ ❛ ❞❡♥s✐❞❛❞❡ ❧✐♥❡❛r ✭λ✮ ❞❛s ❜❛rr❛s ❞❡
❝❛r❜♦♥♦ sã♦ ❞❡ 25, 67 10−3g/mm✱ ♦♥❞❡ ❞❡✈❡✲s❡ ♠✉❧t✐♣❧✐❝❛r ♣❡❧♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❜❛rr❛
♣❛r❛ ♦❜t❡r ❛ s✉❛ ♠❛ss❛✳ ❆s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦ ♣♦ss✉❡♠ ✉♠❛ ❞❡♥s✐❞❛❞❡ ✈♦❧✉♠étr✐❝❛
✭ρ✮ ❞❡ 474 10−6g/mm3 ❡ ❛ ❞❡♥s✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ✭φ✮ ❞❡ ❝♦❧❛ q✉❡ é ❣❛st❛ ♣♦r ár❡❛ ❞❡ ❝♦♥t❛t♦
é ❞❡ 2, 325 10−4g/mm2✳

❆ ❡q✉❛çã♦ ♣❛r❛ ❡♥❝♦♥tr❛r ❛ ♠❛ss❛ t♦t❛❧ ❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ é✿

masscarbonbars = λcarb(L+
√

(Hroot −H1)2 +X2
1 ). ✭✶✺✳✶✶✮

P❛r❛ ❝❛❧❝✉❧❛r ❛ ♠❛ss❛ ❞❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦✿

massplywoods = 2ρplywood(
(Hroot +H1)

2
)X1. ✭✶✺✳✶✷✮

P❛r❛ ❝❛❧❝✉❧❛r ❛ ♠❛ss❛ ❞❡ ❝♦❧❛✿

massglue = 3φglueacarb(L+
√

(Hroot −H1)2 +X2
1 ), ✭✶✺✳✶✸✮

♦♥❞❡ acarb é ❛ ❛r❡st❛ ❞❛ ❜❛rr❛ ❞❡ ❝❛r❜♦♥♦✳
❈♦♥s✐❞❡r❛♥❞♦ ❛ s✐♠❡tr✐❛ ❞❛ ❛s❛✱ ❛ ♠❛ss❛ t♦t❛❧ ❞❛ ❧♦♥❣❛r✐♥❛ s❡rá ❡♥tã♦✿

mass = 2(masscarbonbars +massplywoods +massglue). ✭✶✺✳✶✹✮

❊♠ ❞✐✈❡rs♦s ♠♦♠❡♥t♦s✱ ❤❛✈❡rá ❝❛s♦s ❡♠ q✉❡ ❛❧❣✉♠❛ ❞❛s r❡str✐çõ❡s ✐♠♣♦st❛ ♥ã♦
s❡rá ❝✉♠♣r✐❞❛ ❡ é ♣r❡❝✐s♦ ♣❛ss❛r ❡st❛ ✐♥❢♦r♠❛çã♦ ♣❛r❛ ♦ ♦t✐♠✐③❛❞♦r✳ ❆ ú♥✐❝❛ ♠❛♥❡✐r❛ ❞❡ s❡
❢❛③❡r ✐st♦ é ❛♣❧✐❝❛♥❞♦ ✉♠❛ ♣❡♥❛❧✐❞❛❞❡ ❛♦ ✈❛❧♦r ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦✳ ❈♦♠♦ ♦ ❛❧❣♦r✐t♠♦ ♣♦s✲
s✉í três r❡str✐çõ❡s✱ t❡♠✲s❡ ❡♥tã♦ ❛s ♣❡♥❛❧✐❞❛❞❡s penaltysize✱ penaltystress ❡ penaltydeflection✳
❆ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ é ❞❡✜♥✐❞❛ ❝♦♠♦✿

f.obj. = mass ∗ penaltysize ∗ penaltystress ∗ penaltydeflection. ✭✶✺✳✶✺✮
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❖ P②t❤♦♥ ❝♦♥té♠ ✉♠❛ ✈❛st❛ ❜✐❜❧✐♦t❡❝❛ ❝♦♠ ❛❧❣♦r✐t♠♦s ❥á ❞❡s❡♥✈♦❧✈✐❞♦s✳ ❊♥tr❡ ❡❧❡s
❡①✐st❡ ♦ ❛❧❣♦r✐t♠♦ q✉❡ ♦t✐♠✐③❛ ♣❡❧♦ ♠ét♦❞♦ ❞❡ ❡✈♦❧✉çã♦ ❞✐❢❡r❡♥❝✐❛❧✱ ❡♠ ✐♥❣❧ês ❉✐✛❡r❡♥t✐❛❧

❊✈♦❧✉t✐♦♥✳
❆ s✉❛ ✐♠♣❧❡♠❡♥t❛çã♦ é ♠✉✐t♦ s✐♠♣❧❡s✱ ❜❛st❛ ✐♥❢♦r♠❛r ♦ ❧✐♠✐t❡ s✉♣❡r✐♦r ❡ ✐♥❢❡r✐♦r

❞❛s ✈❛r✐á✈❡✐s ❞❡ ❡♥tr❛❞❛✳ ❖ ✢✉①♦❣r❛♠❛ ❞♦ ♣r♦❣r❛♠❛ ❝♦♠♣❧❡t♦ ✜❝♦✉ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

❋✐❣✉r❛ ✾✵ ✕ ❋❧✉①♦❣r❛♠❛ ●❡r❛❧

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❙❡♥❞♦ q✉❡ ❛s ✈ár✐á✈❡✐s ❛ s❡r❡♠ ♦t✐♠✐③❛❞❛s ❡ ❛ ❢❛✐①❛ ♥❛ q✉❛❧ ❝❛❞❛ ✉♠❛ ✈❛r✐❛ é ❞❡✿

• Hroot✿ ✶✷ à ✸✻♠♠❀

• pH1✿ ✵ à ✶❀

• X1✿ ✺✵✵♠♠ à ▲✳

❙❡♥❞♦ q✉❡ H1 = pH1 ∗ (36 − 12) + 12✳ ❋♦✐ ✉t✐❧✐③❛❞❛ ❡st❛ ❧ó❣✐❝❛ ♣❛r❛ q✉❡ H1 s❡❥❛
s❡♠♣r❡ ♠❛✐♦r q✉❡ ✶✷♠♠ ❡ ♠❡♥♦r q✉❡ Hroot✱ ✈✐st♦ q✉❡ ❝♦♠♦ ♦ ♠❛✐♦r ❡s❢♦rç♦ ❡stá ♥❛ r❛✐③✱
❧♦❣♦ ❛ ♠❛✐♦r ❛❧t✉r❛ s❡rá ♥❛ r❛✐③✳ P♦rt❛♥t♦✱ ♥ã♦ ❢❛③ s❡♥t✐❞♦ ❞❡✐①❛r ♦ ♦t✐♠✐③❛❞♦r ❝❛♠✐♥❤❛r
♣❛r❛ ❡st❡ ❡s♣❛ç♦ ❞❡ s♦❧✉çã♦✳
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◆❡st❛ s❡çã♦ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❧✐♠✐t❡s ❡str✉t✉r❛✐s ❡ ❣❡♦♠étr✐❝♦s ❛❞♦t❛❞♦s ♣❛r❛
♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ❛❧❣♦r✐t♠♦✳

✶✻✳✶✳✶ ▲✐♠✐t❡s ❊str✉t✉r❛✐s

❈♦♠♦ ❥á ❝♦♠❡♥t❛❞♦✱ ❞♦✐s ❝r✐tér✐♦s ❡str✉t✉r❛✐s sã♦ ❛✈❛❧✐❛❞♦s✱ ♦ ❞❡ t❡♥sã♦ ♥❛s ❜❛rr❛s
❞❡ ❝❛r❜♦♥♦ ❞❡✈✐❞♦ ❛♦ ♠♦♠❡♥t♦ ✢❡t♦r ❡ ❛ ❞❡✢❡①ã♦ ♠á①✐♠❛ ♥❛ ♣♦♥t❛ ❞❛ ❧♦♥❣❛r✐♥❛✳

P❛r❛ ♦ ♣r✐♠❡✐r♦ ❝❛s♦✱ ❛ t❡♥sã♦ ♥❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ♥ã♦ ❞❡✈❡♠ ❡①❝❡❞❡r ❛ t❡♥sã♦
❧✐♠✐t❡ ❞♦ ♠❛t❡r✐❛❧✳ ❯♠ ❢❛t♦r ❞❡ s❡❣✉r❛♥ç❛ ❞❡ ✶✱✺ é ❛♣❧✐❝❛❞♦✱ ✈❛❧♦r r❡❝♦♠❡♥❞❛❞♦ ♣❡❧❛s
♥♦r♠❛s ❛❡r♦♥á✉t✐❝❛s✳ ◆♦ ❡♥t❛♥t♦✱ ❡st❡ ✈❛❧♦r ♣♦❞❡ s❡r ❛❧t❡r❛❞♦ ❝♦♥❢♦r♠❡ ♦ ✉s✉ár✐♦ ❞❡s❡❥❛r✳
❱❛❧❡ r❡ss❛❧t❛r q✉❡ ❛ ❝♦♠♣❡t✐çã♦ ❞❡ ❆❡r♦❞❡s✐❣♥ é ♠✉✐t♦ ❝♦♠♣❡t✐t✐✈❛ ❡ ♦s ❧✐♠✐t❡s ❞❛ ❛❡r♦♥❛✈❡
❝♦♠♦ ✉♠ t♦❞♦ sã♦ ❡①♣♦st♦s à ♣r♦✈❛ ❡✱ q✉❛❧q✉❡r r❡❞✉çã♦ ❞❡ ♠❛ss❛ ❝♦♥tr✐❜✉í ♣❛r❛ ✉♠
❣❛♥❤♦ ❞❡ ♣♦♥t✉❛çã♦ ♣❡❧❛ ❡q✉✐♣❡✳ ❆ss✐♠✱ ♠✉✐t❛s ✈❡③❡s ♦s ❢❛t♦r❡s ❞❡ s❡❣✉r❛♥ç❛ ❝❤❡❣❛♠ ❛
s❡r ♠❡♥♦r❡s q✉❡ ✶✱✺✳

❖ s❡❣✉♥❞♦ ❝r✐tér✐♦ ❡st❛❜❡❧❡❝✐❞♦ é q✉❡ ❛ ❞❡✢❡①ã♦ ♥❛ ♣♦♥t❛ ♥ã♦ ❞❡✈❡ ❡①❝❡❞❡r ✶✵✪
❞❛ s❡♠✐✲❡♥✈❡r❣❛❞✉r❛✱ ❝♦♥❢♦r♠❡ ✐♥❞✐❝❛ ❩❍❆❖ ◗✉♥ ❉■◆● ❨✉♥❧✐❛♥❣ ✭✷✵✶✶✮✳ ❊♥tr❡t❛♥t♦✱
♥♦✈❛♠❡♥t❡✱ ❡st❡ ❧✐♠✐t❡ é ❛♣❡♥❛s s✉❣❡r✐❞♦ ♣❡❧♦ ❛✉t♦r✱ ♣♦❞❡♥❞♦ s❡r ❛❧t❡r❛❞♦ ♣❡❧♦ ✉s✉ár✐♦✳
●r❛♥❞❡s ❞❡✢❡①õ❡s ♥❛ ❛s❛ r❡s✉❧t❛♠ ♥✉♠ ❞❡❝❛✐♠❡♥t♦ ❞❡ s✉st❡♥t❛çã♦✱ ✉♠❛ ❧♦♥❣❛r✐♥❛ ♠✉✐t♦
✢❡①í✈❡❧ ❝♦♠♣❧✐❝❛ ♦ ♣r♦❥❡t♦ ❛❡r♦❞✐♥â♠✐❝♦✳

✶✻✳✶✳✷ ▲✐♠✐t❡ ❞❡ ❈♦♠♣r✐♠❡♥t♦ ❞❛ P❛rt✐çã♦

❖ ❊st✉❞♦ ❞❡ ❈❛s♦ ✹✿ ❘✐❣✐❞❡③ ❢♦✐ ♣r✐♠❡✐r❛♠❡♥t❡ ❞✐r❡❝✐♦♥❛❞❛ ♣❛r❛ ✉♠❛ ❡str✉t✉r❛
❞❡ s❡çã♦ ❝♦♥st❛♥t❡✱ ❡ ❛ss✐♠✱ ♣♦st❡r✐♦r♠❡♥t❡ ❢♦r❛♠ ❛♣❧✐❝❛❞♦s ♦s ❝♦♥❝❡✐t♦s ❡ ❛s ❡q✉❛çõ❡s
♣❛r❛ ✉♠❛ ❡str✉t✉r❛ ❞❡ s❡çã♦ ✈❛r✐á✈❡❧✳ ◆♦ ❡♥t❛♥t♦✱ ✐ss♦ ❛❝❛❜❛ ♣♦r ♣r♦✈♦❝❛r ❛❧❣✉♠❛s
✐♠♣❡r❢❡✐çõ❡s ♥♦s ❝á❧❝✉❧♦s✳

❈♦♠♦ ❛ ❧♦♥❣❛r✐♥❛ ❛✜❧❛✱ ♥❛ ♠♦♥t❛❣❡♠✱ ❛s ❜❛rr❛s ❞❡✐①❛♠ ❞❡ ❡st❛r ♣❛r❛❧❡❧♦s ❛♦ ❡✐①♦
❧♦♥❣✐t✉❞✐♥❛❧ ❞❛ ✈✐❣❛✱ r❡❞✉③✐♥❞♦ ❛ r✐❣✐❞❡③ ✢❡①✉r❛❧ ❞❛ ❡str✉t✉r❛✳

❆ ♠♦♥t❛❣❡♠ ❢♦✐ r❡❛❧✐③❛❞❛ ❞❡ ❢♦r♠❛ q✉❡ ❛ ❜❛rr❛ s✉♣❡r✐♦r ♣❡r♠❛♥❡ç❛ ♥❛ ❤♦r✐③♦♥t❛❧
❡ q✉❡ ❛♣❡♥❛s ❛ ✐♥❢❡r✐♦r t❡♥❤❛ ✐♥❝❧✐♥❛çã♦✱ ❛ss✐♠✱ ❝♦♠♦ ❛s ✜❜r❛s ❞❡ ❝❛r❜♦♥♦ sã♦ ♣❛r❛❧❡❧❛s
à ❜❛rr❛✱ ❛ ♠♦❞❡❧❛❣❡♠ ❝♦rr❡t❛ ❞❛ ❡str✉t✉r❛ ❞❡✈❡ ❧❡✈❛r ✐st♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦✱ ❛❧t❡r❛♥❞♦ ♦
s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❧♦❝❛❧ ❞❛ ❜❛rr❛✱ ❝♦♥❢♦r♠❡ ❋✐❣✉r❛ ✾✶✳

P♦ré♠✱ ❝♦♠♦ ♦ ❛❧❣♦r✐t♠♦ ♥ã♦ ❧❡✈❛ ✐st♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦✱ ❡①✐st✐rá ✉♠ ❡rr♦ ♣r♦✲
✈❡♥✐❡♥t❡ ❞❡st❛ ❛♥❣✉❧❛çã♦✳ ❘❡❛❧✐③♦✉✲s❡ ❡♥tã♦ ✉♠ ❡st✉❞♦ ♣❛r❛ ✈❡r✐✜❝❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞♦
❝♦♠♣r✐♠❡♥t♦ t♦t❛❧ ❞❛ ✈✐❣❛✱ ❝♦♥s✐❞❡r❛♥❞♦ ❛♣❡♥❛s ❛ ♣r✐♠❡✐r❛ ♣❛rt✐çã♦ ✭X1✮✱ ❡♠ ✉♠❛ ❢❛✐①❛
❞❡ ✶✵✵ à ✺✵✵♠♠✱ ❝♦♥s✐❞❡r❛♥❞♦ à ♠❛✐♦r ✐♥❝❧✐♥❛çã♦ ♣♦ssí✈❡❧✱ ♦✉ s❡❥❛✱ ❛ ❛❧t✉r❛ ♥❛ r❛✐③ s❡rá
s❡♠♣r❡ ❞❡ ✸✻♠♠ ❡ ♥❛ ♣♦♥t❛ ❞❡ ✶✷♠♠✳ ❖ ❝❛rr❡❣❛♠❡♥t♦ ❛♣❧✐❝❛❞♦ ❢♦✐ ❧✐♥❡❛r✱ ✈✐s❛♥❞♦ ♠❛♥t❡r
✉♠ ♠❡s♠♦ ♣❛❞rã♦ ♣❛r❛ t♦❞♦s ♦s ❝♦♠♣r✐♠❡♥t♦s✳

❖ ♠♦❞❡❧♦ ❡♠ ❡❧❡♠❡♥t♦s ✜♥✐t♦s ❢♦✐ ❣❡r❛❞♦ ♣❡❧♦ s♦❢t✇❛r❡ ❍②♣❡r✇♦r❦s ❞❛ ❆❧t❛✐r❘©✱
❋✐❣✉r❛ ✾✷✳

◆❛ ❋✐❣✉r❛ ✾✸ ❢♦r❛♠ ❝♦♠♣❛r❛❞♦ ❞♦✐s ❝❛s♦s✱ ❛ ❝✉r✈❛ ❡♠ ❛③✉❧ r❡♣r❡s❡♥t❛ ✉♠❛ ❝♦♠✲
♣❛r❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ ❝♦♠ ✉♠❛ s✐♠✉❧❛çã♦ ❝♦♥s✐❞❡r❛♥❞♦ ❛s ✜❜r❛s ❞❡ ❝❛r❜♦♥♦ ♦r✐❡♥t❛❞❛s
♥❛ ❞✐r❡çã♦ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❛ ✈✐❣❛✱ ♦✉ s❡❥❛✱ ♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❡♠ ✈❡r♠❡❧❤♦ ✭❋✐❣✉r❛ ✾✶✮✱



✽✸

❋✐❣✉r❛ ✾✶ ✕ ❙✐st❡♠❛ ❞❡ ❘❡❢❡rê♥❝✐❛ ▲♦❝❛❧ ❞❛ ❇❛rr❛ ■♥❢❡r✐♦r

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✾✷ ✕ ▼♦❞❡❧♦ ❡♠ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ♣❛r❛ ▲❂✶✵✵♠♠

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❡ é ♦ ♠♦❞❡❧♦ q✉❡ ♠❡❧❤♦r r❡♣r❡s❡♥t❛ ♦ ❛❧❣♦r✐t♠♦✱ ♣♦✐s ❡❧❡ ♥ã♦ ❝♦♥s✐❞❡r❛ ❛ ✐♥❝❧✐♥❛çã♦ ❞❛
❜❛rr❛✳ P❡r❝❡❜❡✲s❡ q✉❡ ❛ ❝✉r✈❛ ❡♠ ❛③✉❧ ♥ã♦ é ♣❡q✉❡♥❛ ❡ ❝♦♥st❛♥t❡ ❡♠ t♦❞❛ ❛ ❢❛✐①❛ ❛✈❛❧✐❛❞❛
❡ ♣♦r ✐ss♦✱ ❝❤❡❣❛✲s❡ ❛ ❝♦♥❝❧✉sã♦ ❞❡ q✉❡ ❛✐♥❞❛ ❡①✐st❡ ✉♠ ❡rr♦ r❡❧❛❝✐♦♥❛❞♦ ❛♦ ♠♦❞❡❧♦ q✉❡
♥ã♦ é ♣r♦✈❡♥✐❡♥t❡ ❞❛ ✐♥❝❧✐♥❛çã♦ ❞❛ ❜❛rr❛✳ ❉❡ t♦❞❛ ❢♦r♠❛✱ ♦s r❡s✉❧t❛❞♦s ❝♦♥✈❡r❣❡♠ q✉❛♥t♦
♠❛✐♦r ❢♦r ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ✈✐❣❛✳

❖ s❡❣✉♥❞♦ ❝❛s♦ ❛ s❡r ❝♦♠♣❛r❛❞♦✱ ❛ ❝✉r✈❛ ❡♠ ✈❡r❞❡✱ r❡♣r❡s❡♥t❛ ✉♠❛ ❝♦♠♣❛r❛çã♦



✽✹

❞♦ ❛❧❣♦r✐t♠♦ ❝♦♠ ✉♠❛ s✐♠✉❧❛çã♦ ❝♦♥s✐❞❡r❛♥❞♦ ❛❣♦r❛ ❛s ✜❜r❛s ❞❡ ❝❛r❜♦♥♦ ♦r✐❡♥t❛❞❛s
♣❛r❛❧❡❧❛♠❡♥t❡ às ❜❛rr❛s✱ ♦ q✉❡ s❡r✐❛ ♦ ❝❛s♦ r❡❛❧✱ ♦✉ s❡❥❛✱ ♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ✉t✐❧✐③❛❞♦
é ♦ ❡♠ ❛③✉❧ ❝❧❛r♦ ✭❋✐❣✉r❛ ✾✶✮✱ ❡ é ♦ ♠♦❞❡❧♦ q✉❡ ♠❛✐s r❡♣r❡s❡♥t❛ ❛ ❝♦♥❞✐çã♦ r❡❛❧✳ P❡r❝❡❜❡✲
s❡ q✉❡ q✉❛♥t♦ ♠❛✐♦r ❢♦r ♦ â♥❣✉❧♦ ❞❡ ✐♥❝❧✐♥❛çã♦ ❞❛ ❜❛rr❛✱ ♠❛✐♦r s❡rá ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛
❝✉r✈❛ ✈❡r❞❡ ❡ à ❛③✉❧✱ ❝✉❥♦s ✈❛❧♦r❡s ❞❛ ❞✐❢❡r❡♥ç❛ ❡stã♦ ❛♣r❡s❡♥t❛❞♦s ❛❝✐♠❛ ❞❛ ❝✉r✈❛✳ ❊
❡ss❛ ❞✐❢❡r❡♥ç❛ é ❥✉st❛♠❡♥t❡ ♦ ❡rr♦ ❣❡r❛❞♦ s♦♠❡♥t❡ ♣❡❧❛ ❞❡s❝♦♥s✐❞❡r❛çã♦ ❞❛ ✐♥❝❧✐♥❛çã♦ ♥❛
♣r♦♣r✐❡❞❛❞❡ ❞❛ ❜❛rr❛✳

❋✐❣✉r❛ ✾✸ ✕ ■♥✢✉ê♥❝✐❛ ❞❛ ✐♥❝❧✐♥❛çã♦ ❞❛ ❜❛rr❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

➱ ♣♦ssí✈❡❧ ♣❡r❝❡❜❡r q✉❡ q✉❛♥t♦ ♠❛✐♦r ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ✈✐❣❛✱ ♠❛✐s ❛ r❡s♣♦st❛
❝♦♥✈❡r❣❡✱ ♦✉ s❡❥❛✱ ♦s r❡s✉❧t❛❞♦s ❞♦ ❛❧❣♦r✐t♠♦ s❡ ❛♣r♦①✐♠❛♠ ❞❛ s✐♠✉❧❛çã♦✳ P♦ré♠✱ ❝♦♠ ♦
✐♥t✉✐t♦ ❞❡ ♠✐♥✐♠✐③❛r ❡ss❛s ✐♠♣❡r❢❡✐çõ❡s✱ ❢♦✐ ❡ss❡♥❝✐❛❧ r❡str✐♥❣✐r ♦ ❝♦♠♣r✐♠❡♥t♦ ♠í♥✐♠♦ ❞❛
♣r✐♠❡✐r❛ ♣❛rt✐çã♦ ❞❛ ❧♦♥❣❛r✐♥❛✱ s❡♥❞♦ ❝♦♥s✐❞❡r❛❞♦ ❡♥tã♦ ✉♠ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ ✺✵✵♠♠✳

✶✻✳✶✳✸ ❉✐♠❡♥sõ❡s ♠á①✐♠❛s ❞❛ s❡çã♦

❆ ❧❛r❣✉r❛ ❡ ❛ ❛❧t✉r❛ ❞❛ ❧♦♥❣❛r✐♥❛ sã♦ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❡①tr❡♠❛ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛
♦❜t❡r ✉♠ r❡s✉❧t❛❞♦ ót✐♠♦✱ ♣♦r ❡st❡ ♠♦t✐✈♦ ❞❡✈❡✲s❡ ♠❛①✐♠✐③❛r ♦ ❡s♣❛ç♦ ❞❡✜♥✐❞♦ ♣❡❧♦ ♣❡r✜❧✳
P❛r❛ ✐ss♦✱ ❢♦✐ ❞❡✜♥✐❞♦ ✉♠ ❡q✉❛❝✐♦♥❛♠❡♥t♦ ♦❜❥❡t✐✈❛♥❞♦✲s❡ q✉❡ ❞✐stâ♥❝✐❛ ♠í♥✐♠❛ ❡♥tr❡ ❛
s❡çã♦ ❞❛ ❧♦♥❣❛r✐♥❛ ❡ ♦ ♣❡r✜❧ ❢♦ss❡ ❞❡ ❛té ✸ ♠✐❧í♠❡tr♦s✳ ❊st❡ ✈❛❧♦r ❢♦✐ ❛❞♦t❛❞♦ ❛tr❛✈és ❞❛
❡①♣❡r✐ê♥❝✐❛ ❞♦ ❛✉t♦r ❞❡♥tr♦ ❞♦ ❆❡r♦❞❡s✐❣♥✱ ♣♦✐s s❛❜❡✲s❡ q✉❡ é ✉♠❛ ❞✐stâ♥❝✐❛ s✉✜❝✐❡♥t❡
♣❛r❛ q✉❡ ❛ ❜❛❧s❛ ♥ã♦ s❡❥❛ r♦♠♣✐❞❛ ♥❡ss❛ r❡❣✐ã♦ ❞✉r❛♥t❡ ❛ ❝♦♥str✉çã♦✳

❆ ❋✐❣✉r❛ ✾✹ r❡♣r❡s❡♥t❛ ♦s ♣♦♥t♦s ❞❡ ❝♦♥tr♦❧❡ ❛❞♦t❛❞♦s✱ ♦s q✉❛✐s ❞❡❧✐♠✐t❛♠ ❛ ❢r♦♥✲
t❡✐r❛ ❞❛ s❡çã♦ ❞❛ ❧♦♥❣❛r✐♥❛ ♥♦ ♣❡r✜❧ ♣❛r❛ ✉♠ ❝❛s♦ ❣❡♥ér✐❝♦✳

❖ ❛❧❣♦r✐t♠♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❡st❡ ♠ó❞✉❧♦ ✐♠♣♦rt❛ ♦s ♣♦♥t♦s ❞♦ ♣❡r✜❧ ❞❡ ✉♠ ❛r✲
q✉✐✈♦ ❞❡ t❡①t♦ ❡ r❡❛❧✐③❛ ❡♠ s❡❣✉✐❞❛ ✉♠❛ ✈❛rr❡❞✉r❛✱ ❝♦♠❡ç❛♥❞♦ ♣❡❧♦s ♣♦♥t♦s s✉♣❡r✐♦r❡s✱ ❞❛
❞✐r❡✐t❛ ♣❛r❛ ❛ ❡sq✉❡r❞❛ ❡ ✜♥❛❧✐③❛♥❞♦ ❝♦♠ ♦s ♣♦♥t♦s ✐♥❢❡r✐♦r❡s✱ ❞❛ ❡sq✉❡r❞❛ ♣❛r❛ ❛ ❞✐r❡✐t❛✱
❝♦♥❢♦r♠❡ ❞❡♠♦♥str❛❞♦ ♥❛ ❋✐❣✉r❛ ✾✹✳ ◆❡ss❛ ✈❛rr❡❞✉r❛✱ ♦s ♣♦♥t♦s ❞♦ ♣❡r✜❧ r❡❝❡❜❡r❛♠ ✉♠❛
❞❡♥♦♠✐♥❛çã♦ ♣❛r❛ ❢❛❝✐❧✐t❛r ❛ r♦t✐♥❛ ❞♦ ♣r♦❣r❛♠❛✱ s❡♥❞♦ ♦ ♣♦♥t♦ A = i ❡ ♦ B = i+ 1✳



✽✺

❋✐❣✉r❛ ✾✹ ✕ ❘❡♣r❡s❡♥t❛çã♦ ❞♦s ♣♦♥t♦s ❞❡ ❝♦♥tr♦❧❡

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❆ ❧ó❣✐❝❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❡①tr❛✐r ❛ ❞✐stâ♥❝✐❛ ♠í♥✐♠❛ ❡♥tr❡ ♦s ♣♦♥t♦s ❞❡ ❝♦♥tr♦❧❡ ❡ ♦s
♣♦♥t♦s ❞♦ ♣❡r✜❧ ❢♦✐ ❛ ❞❡ r❡❛❧✐③❛r ✉♠❛ ❛♣r♦①✐♠❛çã♦ ❡♥tr❡ ♦s ♣♦♥t♦s ❞♦ ♣❡r✜❧ ♣♦r ✉♠❛ r❡t❛✱
❞❡♥♦♠✐♥❛❞❛ r❡t❛ ✧r✧✳ ❆tr❛✈és ❞❡❧❛ ♦❜tê♠✲s❡ ✉♠❛ r❡t❛ ♣❡r♣❡♥❞✐❝✉❧❛r✱ ❞❡♥♦♠✐♥❛❞❛ r❡t❛
✧s✧✱ ❛ q✉❛❧ ❞❡✈❡rá ♣❛ss❛r ♣❡❧♦ ♣♦♥t♦ ❞❡ ❝♦♥tr♦❧❡ ❡ s❡✉ ♠ó❞✉❧♦ ❞✐t❛rá ❛ ❞✐stâ♥❝✐❛ ❛✈❛❧✐❛❞❛✱
❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✾✺✳

❆s ❊q✉❛çõ❡s ✭✶✻✳✷✮ ❡ ✭✶✻✳✶✮ r❡♣r❡s❡♥t❛♠ ❛s ❡q✉❛çõ❡s ❞❛s r❡t❛s✱ ❞❡✜♥✐❞❛s ❝♦♠♦✿

s : y = msx+ (Piy −msPix). ✭✶✻✳✶✮

r : y = mrx+ (Ay −mrAx). ✭✶✻✳✷✮

❋✐❣✉r❛ ✾✺ ✕ ❘❡♣r❡s❡♥t❛çã♦ ❞❛ ❞✐stâ♥❝✐❛ ❛✈❛❧✐❛❞❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❊♥tr❡t❛♥t♦✱ ❛♣❡♥❛s t❡r ❝♦♠♦ r❡str✐çã♦ ✉♠❛ ❞✐stâ♥❝✐❛ ♠í♥✐♠❛ ❡♥tr❡ ♦s ♣♦♥t♦s ❞❡
❝♦♥tr♦❧❡ ❡ ❛ ❡①tr❡♠✐❞❛❞❡ ❞♦ ♣❡r✜❧ ♥ã♦ ❣❛r❛♥t❡✲s❡ q✉❡ ❛ s❡çã♦ ✜q✉❡ t♦t❛❧♠❡♥t❡ ❞❡♥tr♦ ❞♦
♣❡r✜❧✱ ♣♦✐s ♣♦❞❡♠ ♦❝♦rr❡r ❝❛s♦s ♥♦s q✉❛✐s ♦s ♣♦♥t♦s ❞❡ ❝♦♥tr♦❧❡ ✜q✉❡♠ ❢♦r❛ ❞♦ ♣❡r✜❧ ❡



✽✻

♠❡s♠♦ ❛ss✐♠ r❡s♣❡✐t❡♠ ❛ ❝♦♥❞✐çã♦ ❞❡ ❞✐stâ♥❝✐❛ ♠í♥✐♠❛✳ ❈♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ s❡ ❡✈✐t❛r
❡ss❛s s✐t✉❛çõ❡s✱ ❢♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ✉♠❛ ✈❡r✐✜❝❛çã♦ ❛❞✐❝✐♦♥❛❧✳ ❉❛❞❛ ♣♦r✿

Yimax
=

Ay − By

Ax − Bx

(Pix − Bx) + By. ✭✶✻✳✸✮

✶✻✳✶✳✹ ▲✐♠✐t❛çõ❡s ❞♦ ❆❧❣♦r✐t♠♦

➱ ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♦ ❡st✉❞♦ r❡❛❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ ❡♥✈♦❧✈❡✉ ❛ ❞❡✜♥✐çã♦
❞❡ ❛❧❣✉♠❛s r❡str✐çõ❡s✳ ❊♥tr❡ ❡❧❛s t❡♠✲s❡✿

• ❛ ❛❧t✉r❛ ❞❛ s❡çã♦ ❞❡✈❡ ✜❝❛r ❡♥tr❡ 12mm ≤ H ≤ 36mm❀

• ❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ♣♦ss✉❡♠ ❞✐♠❡♥sõ❡s ✜①❛s✱ s❡♥❞♦ s✉❛ ❛r❡st❛ ❞❡ 6mm ❡ s❡✉
❞✐â♠❡tr♦ ✐♥t❡r♥♦ ❞❡ 5mm❀

• ❛ ❝❤❛♣❛ ❞❡ ❝♦♠♣❡♥s❛❞♦ ❝♦♥s✐t✉í✲s❡ ❞❡ três ❧â♠✐♥❛s✱ s❡♥❞♦ ❛ ❡s♣❡ss✉r❛ ❞♦ ❧❛♠✐♥❛❞♦
❞❡ 3mm❀

• ♦ ❝♦♠♣r✐♠❡♥t♦ ♠í♥✐♠♦ ❞❛ ♣r✐♠❡✐r❛ ♣❛rt✐çã♦ ❞❛ ❧♦♥❣❛r✐♥❛ é ❞❡ 500mm❀

• ❛ ♣r✐♠❡✐r❛ ♣❛rt✐çã♦ ❞❡✈❡ ♣♦ss✉✐r ✉♠ ❛✜❧❛♠❡♥t♦ ❝♦♥st❛♥t❡✳



✽✼

✶✼ ❆P▲■❈❆➬➹❖ ❊▼ ❯▼ P❘❖❇▲❊▼❆ ❘❊❆▲

❖ ❛❧❣♦r✐t♠♦ ❞❡s❡♥✈♦❧✈✐❞♦ é ❛♣❧✐❝❛❞♦ ❛♦ ♣r♦❥❡t♦ ❞❛ ❊q✉✐♣❡ ❆❧❜❛tr♦③ ❆❡r♦❞❡s✐❣♥ ❞❛
❝❧❛ss❡ r❡❣✉❧❛r✱ ❞♦ ❛♥♦ ❞❡ ✷✵✶✾✱ ♣❛r❛ ❛ s❡❣✉♥❞❛ ❛❡r♦♥❛✈❡ ❞❡ ♣r♦tót✐♣♦✳ ❆s ❝♦♥st❛♥t❡s ❞❡
♣r♦❥❡t♦ sã♦✿ ♠❡✐❛ ❡♥✈❡r❣❛❞✉r❛ ❞❛ ❛s❛ ▲❂✶✶✹✺♠♠ ❡ ♦ ❝❛rr❡❣❛♠❡♥t♦ é ❞❛❞♦ ♣❡❧❛ ❊q✉❛çã♦
✭✶✼✳✶✮✳

P (x) =− 2, 3880E−18x6 + 7, 6026E−15x5
− 9, 0179E−12x4 + 4, 7844E−09x3

− 1, 2042E−06x2 + 1, 0782E−04x+ 2, 1710E−01.
✭✶✼✳✶✮

❆ s❡♠✐✲❡♥✈❡r❣❛❞✉r❛ ❞❛ ❛s❛ é ❞✐✈✐❞✐❞❛ ❡♠ q✉❛tr♦ ♣❛rt✐çõ❡s✱ s❡♥❞♦ s❡✉s ❞❛❞♦s ❛♣r❡✲
s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✷✼✱ ♦♥❞❡ ✧❳✧é ❛ ❞✐stâ♥❝✐❛ ❞❛ q✉❡❜r❛ ❞❡ ♣❛rt✐çã♦ ❛té ❛ r❛í③ ❡ ✧❝♦r❞❛✧é
❛ ❝♦r❞❛ ♥❛q✉❡❧❛ s❡çã♦✳ ❆s ❝♦♥st❛♥t❡s ✧yACw✧❡ ✧zACw✧r❡♣r❡s❡♥t❛♠ ❛ ♣♦s✐çã♦ ❤♦r✐③♦♥t❛❧
❞♦ ❝❡♥tr♦ ❛❡r♦❞✐♥â♠✐❝♦ ✭❆❈✮ ❡ ❛ ♣♦s✐çã♦ ✈❡rt✐❝❛❧ ❞♦ ❝❡♥tr♦ ❞♦ ♣❡r✜❧✱ ❛♠❜♦s ❛❞✐♠❡♥s✐♦♥❛✐s
❡ r❡❢❡r❡♥❝✐❛❞♦s ♣❡❧♦ ❜♦r❞♦ ❞❡ ❛t❛q✉❡✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦r ❡①♣❡r✐ê♥❝✐❛ ❞❛ ❡q✉✐♣❡✱ ✉♠
❢❛t♦r ❞❡ s❡❣✉r❛♥ç❛ ❞❡ ❋❙❂✶✱✷✵ s❡rá ❝♦♥s✐❞❡r❛❞♦ ♣❛r❛ r❡❛❧✐③❛r ❛s ❛♥á❧✐s❡s✳

❚❛❜❡❧❛ ✷✼ ✕ ❉❛❞♦s ♣❛r❛ ❝❛❞❛ ♣❛rt✐çã♦ ❞❛ ❛s❛

P❛rt✐çã♦ ✶ ✷ ✸ ✹
❳ ✵ ✻✸✵ ✶✵✻✶ ✶✶✹✺

❝♦r❞❛ ✺✷✶✱✶ ✺✷✶✱✶ ✷✻✵✱✵ ✶✸✵✱✵
yACw ✵✱✷✺✵✽
zACw ✵✱✵✾✼✻
P❡r✜❧ Possenti24022018

✶✼✳✶ P❆❘➶▼❊❚❘❖❙ ❉❆ ❖❚■▼■❩❆➬➹❖

❖s ♣❛râ♠❡tr♦s ❞❡ ♦t✐♠✐③❛çã♦ ❞♦ ❛❧❣♦r✐t♠♦ sã♦ ❛❧t❡r❛❞♦s ❡ s❡✉s r❡s✉❧t❛❞♦s ❛✈❛❧✐❛❞♦s✳
❈♦♠♦ ♦ t❡♠♣♦ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ é ✉♠❛ ✐♥❢♦r♠❛çã♦ ✐♠♣♦rt❛♥t❡ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ❛♣❧✐❝❛çã♦✱
❡st❡ t❛♠❜é♠ é ❛✈❛❧✐❛❞♦✳

❖s ♣❛râ♠❡tr♦s ❞❛ ♦t✐♠✐③❛çã♦ s❡rã♦ ❞❡✜♥✐❞♦s ♣❛r❛ ♦ ❛❧❣♦r✐t♠♦ ❝♦♠ ❜❛s❡ ♥❛ ❛♣❧✐❝❛✲
çã♦ ♥❡st❡ ♣r♦❜❧❡♠❛✳ ❙❡♥❞♦ q✉❡ ♣❛r❛ ❝❛❞❛ r❡s✉❧t❛❞♦ ❛♣r❡s❡♥t❛❞♦✱ ❢♦✐ r❡❛❧✐③❛❞❛ ✉♠❛ ♠é❞✐❛
❞❡ três ♦t✐♠✐③❛çõ❡s✳

✶✼✳✶✳✶ ❊str❛té❣✐❛ ❞❡ ❊✈♦❧✉çã♦ ❉✐❢❡r❡♥❝✐❛❧

▲❡♠❜r❛♥❞♦ q✉❡ é ♣♦ssí✈❡❧ ✈❛r✐❛r três ♣❛râ♠❡tr♦s ♥❛ ❞❡✜♥✐çã♦ ❞❛ ❡str❛té❣✐❛ ❞❛
❡✈♦❧✉çã♦ ❞✐❢❡r❡♥❝✐❛❧✱ s❡♥❞♦ ❡❧❡s✿ ♦ ♠❡❝â♥✐s♠♦ ❞❡ s❡❧❡çã♦❀ ♦ ♥ú♠❡r♦ ❞❡ ❞✐❢❡r❡♥ç❛s ❡ ♦
♠♦❞❡❧♦ ❞❡ r❡❝♦♠❜✐♥❛çã♦✳ P♦r ❡①❡♠♣❧♦✱ ♦s ♣❛râ♠❡tr♦s ❞❛ ❡str❛té❣✐❛ ❜❡st✶❜✐♥ s✐❣♥✐✜❝❛♠✿
❜❡st ✐♠♣❧✐❝❛ q✉❡ é s❡❧❡❝✐♦♥❛❞♦ ♦ ✈❡t♦r ❞❡ ♠❡♥♦r ✈❛❧♦r ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ♣❛r❛ ❛ ♣ró①✐♠❛
❣❡r❛çã♦❀ ✶ ❞❡♥♦t❛ q✉❡ ❛♣❡♥❛s ✉♠ ♣❛r ❞❡ ✈❡t♦r❡s é ✉t✐❧✐③❛❞♦ ♥❛ ❞✐❢❡r❡♥❝✐❛çã♦ ♣♦♥❞❡r❛❞❛
❡ ❜✐♥ ✐♠♣❧✐❝❛ q✉❡ ♦ t✐♣♦ ❞❡ ❝r✉③❛♠❡♥t♦ é ❜✐♥♦♠✐♥❛❧✳

❖ ❡st✉❞♦ ❢♦✐ ❡♥tã♦ r❡❛❧✐③❛❞♦✱ ❢❛③❡♥❞♦ ✉♠❛ ❝♦♠❜✐♥❛çã♦ ❞❡st❡s ♣❛râ♠❡tr♦s✳
❖❜s❡r✈❛✲s❡ ❞❛ ❋✐❣✉r❛ ✾✻ q✉❡ ❛ ❡str❛té❣✐❛ ❜❡st✶❜✐♥ ❛♣r❡s❡♥t♦✉ ♦ ♠❡❧❤♦r r❡s✉❧t❛❞♦ ❡✱



✽✽

❋✐❣✉r❛ ✾✻ ✕ ❆✈❛❧✐❛çã♦ ❞❛ ❊s❝♦❧❤❛ ❞❛ ❊str❛té❣✐❛ ❞❡ ❊✈♦❧✉çã♦ ❉✐❢❡r❡♥❝✐❛❧

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❛✐♥❞❛ ❛ss✐♠✱ ♦ s❡✉ t❡♠♣♦ ❞❡❝♦rr✐❞♦ ♣❛r❛ ♦ ♣r♦❝❡ss❛♠❡♥t♦ ❡stá ❡♥tr❡ ♦s ♠❡❧❤♦r❡s✳ ❉❡ss❛
❢♦r♠❛✱ ❡st❛ ❡str❛té❣✐❛ ❢♦✐ ❛❞♦t❛❞❛ ♣❛r❛ ♦ ❛❧❣♦r✐t♠♦✳ ❖✉tr❛ ♦❜s❡r✈❛çã♦ ✐♠♣♦rt❛♥t❡✱ é q✉❡
❛s ❡str❛té❣✐❛s ♥ã♦ ✐♠♣❧✐❝❛r❛♠ ♥✉♠ r❡s✉❧t❛❞♦ tã♦ ❞✐st❛♥❝✐❛❞♦✱ ❝✉❥❛ ✈❛r✐❛çã♦ ❢♦✐ ❞❡ ❛♣❡♥❛s
❛❧❣✉♠❛s ❣r❛♠❛s✳

✶✼✳✶✳✷ ❋❛✐①❛ ❞❡ ▼✉t❛çã♦

❆✉♠❡♥t❛♥❞♦ ❛ ❝♦♥st❛♥t❡ ❞❡ ♠✉t❛çã♦✱ ❛✉♠❡♥t❛✲s❡ ♦ r❛✐♦ ❞❡ ❜✉s❝❛✱ ♣♦ré♠ r❡❞✉③ ❛
✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛✳ ❆ ❝♦♥st❛♥t❡ ❞❡ ♠✉t❛çã♦ é ❛❧t❡r❛❞❛ ❡♠ ❝❛❞❛ ❣❡r❛çã♦✱ s❡♥❞♦
✉♠ ✈❛❧♦r r❛♥❞ô♠✐❝♦ ❡s❝♦❧❤✐❞♦ ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❡s♣❡❝✐✜❝❛❞❛ ❬♠í♥✱ ♠á①❪✳

❯♠ ❡st✉❞♦ ♣❛r❛ ✈❡r✐✜❝❛r ❛ ❝♦♥s❡q✉ê♥❝✐❛ ❞❡ s❡ ❛❧t❡r❛r ❡ss❛ ❢❛✐①❛ ❢♦✐ r❡❛❧✐③❛❞♦✱
❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✾✼✳ ▲❡♠❜r❛♥❞♦ q✉❡ ❡ss❛ ❢❛✐①❛ ❞❡✈❡ ❡st❛r ❡♥tr❡ ❬✵✱ ✷❪✳

❱❡r✐✜❝❛✲s❡ q✉❡ ♦ t❡♠♣♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ é ❡①tr❡♠❛♠❡♥t❡ ❛❢❡t❛❞♦ ❡ q✉❡ ❛♣❡s❛r
❞✐ss♦✱ ♦s r❡s✉❧t❛❞♦s ♣❡r♠❛♥❡❝❡♠ ♣r❛t✐❝❛♠❡♥t❡ ♦s ♠❡s♠♦s✱ ✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ❝♦♥st❛♥t❡ ❞❡
♠✉t❛çã♦✳ ❉❡ss❛ ❢♦r♠❛✱ ♣r✐♦r✐③❛♥❞♦ ♦ t❡♠♣♦ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦✱ ✉♠❛ ❢❛✐①❛ ❞❡ ✵ à ✵✱✺ ❢♦✐
s❡❧❡❝✐♦♥❛❞❛✳

✶✼✳✶✳✸ ❋❛✐①❛ ❞❡ ❘❡❝♦♠❜✐♥❛çã♦

❯♠❛ ♠❛✐♦r ❝♦♥st❛♥t❡ ❞❡ r❡❝♦♠❜✐♥❛çã♦✱ ♣❡r♠✐t❡✲s❡ q✉❡ ✉♠❛ ♠❛✐♦r q✉❛♥t✐❞❛❞❡ ❞❡
♠✉t❛♥t❡s ♣r♦❣r✐❞❛♠ ♣❛r❛ ❛ ♣ró①✐♠❛ ❣❡r❛çã♦✱ ❝♦♠ ✉♠ r✐s❝♦ ❞❡ ❛❢❡t❛r ❛ ❡st❛❜✐❧✐❞❛❞❡ ❞❛
♣♦♣✉❧❛çã♦✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ❢❛✐①❛ ❞❡ ♠✉t❛çã♦✱ ♥❛ r❡❝♦♠❜✐♥❛çã♦ ♦ ♦t✐♠✐③❛❞♦r ♣♦ss✉í ♦
✈❛❧♦r ♠í♥✐♠♦ ✜①♦ ❡♠ ③❡r♦✱ s❡♥❞♦ ♣❡r♠✐t✐❞❛ ❛ ❛❧t❡r❛çã♦ ❛♣❡♥❛s ❞♦ ❧✐♠✐t❛♥t❡ s✉♣❡r✐♦r✳

❘❡❛❧✐③❛♥❞♦ ✉♠ ❡st✉❞♦ ♣❛r❛ ✈❡r✐✜❝❛r ❛ ❝♦♥sq✉ê♥❝✐❛ ❞❛ ❡s❝♦❧❤❛ ❞❛ ❢❛✐①❛ ❞❡ r❡❝♦♠✲
❜✐♥❛çõ❡s✱ t❡♠✲s❡ q✉❡ ♦s r❡s✉❧t❛❞♦s s❡ s❛ír❛♠ ✉♠ ♣♦✉❝♦ ♠❡❧❤♦r❡s ♣❛r❛ ✉♠❛ ❢❛✐①❛ ❞❡ ✵ à
✵✱✺ ❡ q✉❡ ♦ t❡♠♣♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ✜❝♦✉ ♠❛✐♦r ♣❛r❛ ❛ ♠❡♥♦r ❢❛✐①❛ ❡st✉❞❛❞❛✱ ♣♦ré♠✱ s❡
❡st❛❜✐❧✐③♦✉ ♣❛r❛ ❛s ❞❡♠❛✐s✳ ❆ss✐♠✱ ❢♦✐ s❡❧❡❝✐♦♥❛❞❛ ❛ ❢❛✐①❛ ❞❡ r❡❝♦♠❜✐♥❛çã♦ ❞❡ ✵ à ✵✱✺✳



✽✾

❋✐❣✉r❛ ✾✼ ✕ ❆✈❛❧✐❛çã♦ ❞❛ ❋❛✐①❛ ❞❡ ▼✉t❛çã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❋✐❣✉r❛ ✾✽ ✕ ❆✈❛❧✐❛çã♦ ❞❛ ❋❛✐①❛ ❞❡ ❘❡❝♦♠❜✐♥❛çã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

✶✼✳✶✳✹ ❚❛♠❛♥❤♦ ❞❛ P♦♣✉❧❛çã♦

❖ t❛♠❛♥❤♦ ❞❛ ♣♦♣✉❧❛çã♦ é ❞❡✜♥✐❞♦ ❝♦♠ ❜❛s❡ ♥✉♠❛ ♠✉❧t✐♣❧✐❝❛çã♦ ❡♥tr❡ ✉♠❛ ❝♦♥s✲
t❛♥t❡ ❞❡♥♦t❛❞❛ ♣♦r ♣♦♣s✐③❡ ❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ✈❛r✐á✈❡✐s à s❡r❡♠ ♦t✐♠✐③❛❞❛s✳

❋♦✐ r❡❛❧✐③❛❞♦ ✉♠ ❡st✉❞♦✱ ✈❛r✐❛♥❞♦ ❡stá ❝♦♥st❛♥t❡ ❡ ♦❜s❡r✈❛♥❞♦ ❛ s✉❛ ✐♥✢✉ê♥❝✐❛ ♥❛
r❡s♣♦st❛✱ ❝✉❥♦s r❡s✉❧t❛❞♦s ❡stã♦ ♣r❡s❡♥t❡s ♥❛ ❋✐❣✉r❛ ✾✾✳

◆♦t❛✲s❡ q✉❡ ✉♠ ❛❧t♦ t❛♠❛♥❤♦ ❞❛ ♣♦♣✉❧❛ç❛♦ r❡❞✉③ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛
❡ q✉❡ ✉♠ t❛♠❛♥❤♦ ♠✉✐t♦ ♣❡q✉❡♥♦ ❞✐♠✐♥✉✐ ❛ ♣r♦❜❛❜✐❧✐❞❛❞❡ ❞❡ s❡ ♦❜t❡r❡♠ ♦s ♠❡❧❤♦r❡s
r❡s✉❧t❛❞♦s✳ ❉❡ss❛ ♠❛♥❡✐r❛✱ ❢♦✐ ❛❞♦t❛❞♦ ♦ ✈❛❧♦r ❞❡ ✶✺ ♣❛r❛ ❛ ❝♦♥st❛♥t❡ ♣r♦♣s✐③❡✱ ♣♦✐s
❛ss✐♠✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ é ❛❧t❛ ❡ ♦ r❡s✉❧t❛❞♦ ✜❝♦✉ ❡♥tr❡ ♦s ♠❡❧❤♦r❡s✳



✾✵

❋✐❣✉r❛ ✾✾ ✕ ❆✈❛❧✐❛çã♦ ❞♦ ❚❛♠❛♥❤♦ ❞❛ P♦♣✉❧❛çã♦

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

✶✼✳✶✳✺ ❚♦❧❡râ♥❝✐❛

❆ t♦❧❡râ♥❝✐❛ é ✉♠ ❞♦s ❝r✐tér✐♦s ❞❡ ♣❛r❛❞❛ ❞♦ ♦t✐♠✐③❛❞♦r✳ ◗✉❛♥❞♦ à ♠é❞✐❛ ❞♦s
r❡s✉❧t❛❞♦s ❞❛ ♣♦♣✉❧❛çã♦ ♠✉❧t✐♣❧✐❝❛❞♦s ♣❡❧❛ t♦❧❡râ♥❝✐❛ ❡✱ ❞✐✈✐❞♦ ♣❡❧♦ ❞❡s✈✐♦ ♣❛❞rã♦ ❞❡st❡s
r❡s✉❧t❛❞♦s ❢♦r ♠❛✐♦r q✉❡ ♦ ✈❛❧♦r ✉♥✐tár✐♦✱ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧✉çã♦ t❡r♠✐♥❛✳

❆✈❛❧✐❛♥❞♦ ❛ ❡s❝♦❧❤❛ ❞❛ t♦❧❡râ♥❝✐❛✱ ❝❤❡❣❛✲s❡ ❛ ❝♦♥❝❧✉sã♦ q✉❡ q✉❛♥t♦ ♠❛✐s ❛♣❡rt❛❞❛
❢♦r✱ ♠❡❧❤♦r s❡rá ♦ r❡s✉❧t❛❞♦✱ ♠❛s ❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛✱ ♠❛✐♦r s❡rá ♦ t❡♠♣♦ ❞❡ ♣r♦❝❡ss❛✲
♠❡♥t♦✳ ❖s r❡s✉❧t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✶✵✵✳

❋✐❣✉r❛ ✶✵✵ ✕ ❆✈❛❧✐❛çã♦ ❞❛ ❚♦❧❡râ♥❝✐❛

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❖ ✈❛❧♦r ♣❛❞rã♦ ♣❛r❛ ❛ t♦❧❡râ♥❝✐❛ é ❞❡ ✵✱✵✶✳ ❈♦♠♦ ♣♦❞❡♠♦s ✈❡r✐✜❝❛r✱ ✉♠❛ t♦❧❡râ♥❝✐❛
♠❛✐s ❛♣❡rt❛❞❛ q✉❡ ❡st❡ ✈❛❧♦r ♥ã♦ trás ♠✉✐t♦s ❜❡♥❡❢í❝✐♦s✱ ♣♦✐s ❣❛♥❤❛✲s❡ ♠✉✐t♦ ♣♦✉❝♦ ❝♦♠
♦ r❡s✉❧t❛❞♦ ❡ ♦ t❡♠♣♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ só ❛✉♠❡♥t❛✳ ❉❡ss❛ ❢♦r♠❛✱ ❡st❡ ✈❛❧♦r ❞❡ t♦❧❡râ♥❝✐❛



✾✶

❢♦✐ ❛❞♦t❛❞♦ ♣❛r❛ ♦ ❛❧❣♦r✐t♠♦✳

✶✼✳✶✳✻ ■♥✢✉ê♥❝✐❛ ❞♦s ✈❛❧♦r❡s ❞❡ P❡♥❛❧✐❞❛❞❡

▼❡s♠♦ q✉❛♥❞♦ ❛ ❧♦♥❣❛r✐♥❛ ♥ã♦ s❛t✐s❢❛③ ❛s ❝♦♥❞✐çõ❡s ❞❡ ♣r♦❥❡t♦✱ ♦ ♦t✐♠✐③❛❞♦r
♥❡❝❡ss✐t❛ ❞❡ ✉♠ ✈❛❧♦r ❞❡ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ♣❛r❛ ♣r♦ss❡❣✉✐r ❝♦♠ ❛ ♦t✐♠✐③❛çã♦✳

➱ ❛♣❧✐❝❛❞♦ ❡♥tã♦ ✉♠❛ ♣❡♥❛❧✐❞❛❞❡ à ❢✉♥çã♦ ♦❜❥❡t✐✈♦✱ ✈✐s❛♥❞♦ ❝♦♥❞✐❝✐♦♥❛r ♦ ♦t✐♠✐✲
③❛❞♦r ❛ ♣r♦❝✉r❛r ♣♦r ♦✉tr♦ ❡s♣❛ç♦ ❞❡ s♦❧✉çã♦✳ ❊♥tr❡t❛♥t♦✱ ❡✐s q✉❡ s✉r❣❡ ✉♠❛ q✉❡stã♦✱ ♦
✈❛❧♦r q✉❡ é ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ♣❡♥❛❧✐❞❛❞❡ ✐♥✢✉❡♥❝✐❛ ♥❛ ❜✉s❝❛ ♣❡❧❛ r❡s♣♦st❛ ót✐♠❛❄

P❛r❛ r❡s♣♦♥❞❡r ❛ ❡ss❡ q✉❡st✐♦♥❛♠❡♥t♦✱ r❡❛❧✐③♦✉✲s❡ ✉♠ ♣❡q✉❡♥♦ ❡st✉❞♦✱ q✉❡ ✈✐s❛
❜❛s✐❝❛♠❡♥t❡ ❡♠ r♦❞❛r ♦ ♦t✐♠✐③❛❞♦r ✉t✐❧✐③❛♥❞♦ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ♣❡♥❛❧✐❞❛❞❡✳ ❆ ❢❛✐①❛
❛✈❛❧✐❛❞❛ ♣❛r❛ ❡st❡s ✈❛❧♦r❡s ❢♦✐ ❞❡ ✶✵ à ✶✵✵✳ ▲❡♠❜r❛♥❞♦ q✉❡ ❡①✐st❡♠ três ♣❡♥❛❧✐❞❛❞❡s ♥♦
♣r♦❣r❛♠❛✱ ✉♠❛ ❞❡✈✐❞♦ ❛♦ t❛♠❛♥❤♦ ❞❛ s❡çã♦ ✭q✉❛♥❞♦ ❡❧❛ ♥ã♦ ❝❛❜❡ ♥♦ ♣❡r✜❧✮✱ ✉♠❛ ❞❡✈✐❞♦
à t❡♥sã♦ ✭♦❝♦rr❡ ❢❛❧❤❛ ❡str✉t✉r❛❧✮✱ ❡ ✉♠❛ ú❧t✐♠❛ q✉❡ é ❞❡✈✐❞♦ ❛♦ ♥ã♦ ❝✉♠♣r✐♠❡♥t♦ ❞❛
r❡str✐çã♦ ❞❡ ♠á①✐♠❛ ❞❡✢❡①ã♦✳

❋✐❣✉r❛ ✶✵✶ ✕ ❊st✉❞♦ ❞❛ ■♥✢✉ê♥❝✐❛ ❞♦s ❱❛❧♦r❡s ❞❡ P❡♥❛❧✐❞❛❞❡

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

❈♦♠♦ r❡s✉❧t❛❞♦✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✶✵✶✱ ♣❡r❝❡❜❡✲s❡ q✉❡ ♥ã♦ ❡①✐st✐✉ ✉♠❛ r❡❣✐ã♦
♦♥❞❡ ❛ r❡s♣♦st❛ ❢♦✐ ♠❡❧❤♦r ♦✉ ♣✐♦r ❞❡✈✐❞♦ à ❡s❝♦❧❤❛ ❞❛ ♣❡♥❛❧✐❞❛❞❡✳ ◆♦t❛✲s❡ q✉❡ ❡♠
❛❧❣✉♥s ♣❡q✉❡♥♦s ❝❛s♦s✱ ❛ r❡s♣♦st❛ ♥ã♦ ❝♦♥✈❡r❣✐✉ ❡①❛t❛♠❡♥t❡ ♣❛r❛ ♦ ót✐♠♦✱ ❡ ✐ss♦ ❞❡❝♦rr❡
s✐♠♣❧❡s♠❡♥t❡ ♣♦r ❝♦♥t❛ ❞❛ ♦t✐♠✐③❛çã♦ ❡♠ s✐✱ q✉❡ ♥❡♠ s❡♠♣r❡ ❡♥tr❡❣❛ ♦ r❡s✉❧t❛❞♦ ❡①❛t♦ ❛
❝❛❞❛ ✈❡③ ❡♠ q✉❡ ♦ ♣r♦❣r❛♠❛ r♦❞❛✳ P♦rt❛♥t♦✱ ❞❛ ❛♥á❧✐s❡✱ é ♣♦ssí✈❡❧ ❝♦♥❝❧✉✐r q✉❡ ♦s ✈❛❧♦r❡s
❞❡ ♣❡♥❛❧✐❞❛❞❡ ♥ã♦ t❡♥❞❡r❛♠ ❛ ✐♥✢✉ê♥❝✐❛r ♥❛ ❜✉s❝❛ ♣❡❧❛ ót✐♠❛ r❡s♣♦st❛✳ ➱ ❝❧❛r♦ q✉❡✱ s❡
❢♦ss❡♠ ✉t✐❧✐③❛❞♦s ✈❛❧♦r❡s ♠✉✐t♦ ♣ró①✐♠♦s ❞❡ ✶✱ ✐r✐❛♠ s✐♠ ✐♥✢✉❡♥❝✐❛r✱ ♣♦✐s ♥❛ ♣rát✐❝❛ ❛
♣❡♥❛❧✐❞❛❞❡ ❞❡✐①❛r✐❛ ❞❡ s❡r ❛♣❧✐❝❛❞❛✳
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✶✼✳✷ ❘❊❙❯▲❚❆❉❖❙ ❋■◆❆■❙

❆♦ ✜♥❛❧✱ ♣❛r❛ ✜♥s ❝♦♠♣❛r❛t✐✈♦s✱ ❞❡❝✐❞✐✉✲s❡ ❛❞♦t❛r ✉♠ ❢❛t♦r ❞❡ s❡❣✉r❛♥ç❛ ❞❡ ✶✱✺✵✳
❉♦ r❡s✉❧❛❞♦ ❞♦ ❛❧❣♦r✐t♠♦✱ ❛s ✈❛r✐á✈❡✐s ót✐♠❛s ❡♥❝♦♥tr❛❞❛s ♣❛r❛ ♦ ♣r♦❜❧❡♠❛ ❡♠ q✉❡stã♦
sã♦✿ Hroot ❂ ✷✽✱✼♠♠❀ H1 ❂ ✶✷✱✵♠♠ ❡ X1 ❂ ✼✺✸✱✹♠♠✳ ❆ ♠❛ss❛ ✜♥❛❧ ❞❛ ❡str✉t✉r❛ é ❞❡
✷✵✵✱✺❣✱ r❡♣r❡s❡♥t❛♥❞♦ ✉♠ ❣❛♥❤♦ ❞❡ ✷✾✪ ❝♦♠ r❡❧❛çã♦ à ❧♦♥❣❛r✐♥❛ ❞♦ ♣r✐♠❡✐r♦ ♣r♦tót✐♣♦✱
❛ q✉❛❧ ❢♦✐ ♦t✐♠✐③❛❞❛ ♠❛♥✉❛❧♠❡♥t❡✳

❋✐❣✉r❛ ✶✵✷ ✕ ❈❛♠✐♥❤♦ ❞❡ ❈♦♥✈❡❣ê♥❝✐❛ ❞❛s ❱❛r✐á✈❡✐s

❋♦♥t❡✿ ❆✉t♦r✱ ✷✵✶✾✳

➱ ♣♦ssí✈❡❧ ♦❜s❡r✈❛r ♦ ❝❛♠✐♥❤♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❛s ✈❛r✐á✈❡✐s✱ ❋✐❣✉r❛ ✶✵✷✱ ♦♥❞❡ ♦s
❡✐①♦s ✈❡rt✐❝❛✐s r❡♣r❡s❡♥t❛♠ ❡♠ ♣♦r❝❡♥t❛❣❡♠✱ ❞❡ ✵✪ à ✶✵✵✪✱ ♥♦ q✉❛❧ ✵✪ ❝♦rr❡s♣♦♥❞❡ ❛♦
❧✐♠✐t❡ ✐♥❢❡r✐♦r ❡ ✶✵✵✪ ❛♦ ❧✐♠✐t❡ s✉♣❡r✐♦r ✐♠♣♦st♦ ❛♦ ♦t✐♠✐③❛❞♦r✱ ♦✉ s❡❥❛✱ ✶✷♠♠ ❁ Hroot

✸✻♠♠✱ ✶✷♠♠ ❁ H1 ✸✻♠♠ ❡ X1 ❞❡ ✺✵✵♠♠ à ✶✶✹✺♠♠✳
❆ r❡s♣❡✐t♦ ❞❛ ❝♦♥✈❡r❣ê♥❝✐❛ ❞❛ r❡s♣♦st❛ ❛♦ ❧♦♥❣♦ ❞❛s ✐t❡r❛çõ❡s✱ ❋✐❣✉r❛ ✶✵✸✱ ♥♦t❛✲s❡

q✉❡ ♦s ✈❛❧♦r❡s ❞❛ ❢✉♥çã♦ ♦❜❥❡t✐✈♦ ✈ã♦ ❝❛❞❛ ✈❡③ ♠❛✐s s❡ ❛♣r♦①✐♠❛♥❞♦ ❞❛ r❡s♣♦st❛ ót✐♠❛✱
♣♦ré♠✱ ♥♦ ♠❡✐♦ ❞❡ss❡ ♣r♦❝❡ss♦✱ ❡①✐st❡♠ ❛❧❣✉♥s ✈❛❧♦r❡s q✉❡ ❣❡r❛r❛♠ ✉♠❛ r❡s♣♦st❛ ❜❡♠
❞✐❢❡r❡♥t❡ ❞❛ t❡♥❞ê♥❝✐❛✱ ❣r❛♥❞❡ ♠❛✐♦r✐❛ ❝♦rr❡s♣♦♥❞❡♥t❡ à ♦❝♦rrê♥❝✐❛ ❞❡ ♠✉t❛çã♦✳ ◆❡st❛
♦t✐♠✐③❛çã♦ ♦ ♥ú♠❡r♦ ❞❡ ✐t❡r❛çõ❡s ❢♦✐ ❞❡ ✼✶✹✱ ♦✉ s❡❥❛✱ ✜❝♦✉ ❛❜❛✐①♦ ❞❡ ✉♠ ❞♦s ❝r✐tér✐♦s ❞❡
♣❛r❛❞❛✱ ♥♦ q✉❛❧ ♦ ❧✐♠✐t❡ ✐♠♣♦st♦ ❢♦✐ ❞❡ ✶✵✵✵ ✐t❡r❛çõ❡s✳ ❖ ❝r✐tér✐♦ ❞❡ ♣❛r❛❞❛ ♥❡st❡ ❝❛s♦
♦❝♦rr❡✉ ❞❡✈✐❞♦ à t♦❧❡râ♥❝✐❛✱ ♦ q✉❡ ✜❝❛ ❡✈✐❞❡♥t❡ ✈✐s✉❛❧✐③❛♥❞♦ ♦s ♣♦♥t♦s ✜♥❛✐s ❞♦ ❣rá✜❝♦✱
♦s q✉❛✐s ♥ã♦ ❛♣r❡s❡♥t❛r❛♠ ♣r❛t✐❝❛♠❡♥t❡ ♥❡♥❤✉♠ ❞❡s✈✐♦✳
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✶✽ ❈❖◆❈▲❯❙➹❖

❈♦♠♦ ♠♦t✐✈❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✱ ❞❡✜♥✐✉✲s❡ ❡st❛❜❡❧❡❝❡r ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ ❛♥á✲
❧✐s❡ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ à ✢❡①ã♦ ❞❡ ✈✐❣❛s ❝♦♠♣♦st❛s✱ ❛♣❧✐❝❛❞❛s à ✉♠ ♣r♦❥❡t♦ ❞❡ ✉♠❛
❛❡r♦♥❛✈❡ rá❞✐♦ ❝♦♥tr♦❧❛❞❛✳ ❖s ❡st✉❞♦s ❞❡ ❝❛s♦ ❛♣r❡s❡♥t❛❞♦s ❢♦r♥❡❝❡r❛♠ t♦❞❛ ❛ ✐♥❢♦r♠❛✲
çã♦ ♥❡❝❡ssár✐❛ ♣❛r❛ q✉❡ ✉♠ ❛❧❣♦r✐t♠♦ ♣✉❞❡ss❡ s❡r ❞❡s❡♥✈♦❧✈✐❞♦✱ ✈✐s❛♥❞♦ ♦t✐♠✐③❛r ✉♠❛
❧♦♥❣❛r✐♥❛ ❞❡ ♣r♦❥❡t♦✳

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ♠❛t❡r✐❛✐s ❢♦✐ ✉♠ ❣r❛♥❞❡ ❞❡s❛✜♦✱ ♣♦ré♠ ♦s
r❡s✉❧t❛❞♦s ❝♦♠♣❛r❛t✐✈♦s ❡♥tr❡ ❡♥s❛✐♦s r❡❛✐s ❡ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❢♦r❛♠ ❜❡♠ ✐♥t❡✲
r❡ss❛♥t❡s✳

◆♦t❛✲s❡ q✉❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ✈✐❣❛ ❝❛✐①ã♦ ❡♠ ♠❛t❡r✐❛❧ ❝♦♠♣ós✐t♦ ❢♦✐ ❞❡t❡r♠✐✲
♥❛❞❛ ❝♦♠ ❣r❛♥❞❡ ♣r❡❝✐sã♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ✈✐❣❛ ❞❡ ❚✐♠♦s❤❡♥❦♦✳ ❆❧é♠ ❞✐ss♦✱ ♦ ❝♦♠♣❛r❛t✐✈♦
❞♦s r❡s✉❧t❛❞♦s ❞❡ t❡♥sã♦ ♥❛ s❡çã♦ tr❛♥s✈❡rs❛❧✱ ❞❛ ❡str✉t✉r❛ ❝♦♠♣♦st❛✱ ❞❡✈✐❞♦ ❛♦ ❡s❢♦rç♦
❞❡ ✢❡①ã♦✱ ♣❡❧❛ ♠❡t♦❞♦❧♦❣✐❛ ❛♣r❡s❡♥t❛❞❛ ❡ ♣❡❧❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❢♦r❛♠ ♠✉✐t♦
s✐♠✐❧❛r❡s✳

❖s r❡s✉❧t❛❞♦s ♣r♦✈❡♥✐❡♥t❡s ❞♦ ❛❧❣♦r✐t♠♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ r❡❛❧✐③❛r ♦s ❝á❧❝✉❧♦s ❡s✲
tr✉t✉r❛✐s ❢♦r❛♠ ❝♦♥❝♦r❞❛♥t❡s ❝♦♠ ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ q✉❛♥❞♦ r❡s♣❡✐t❛✲s❡ ❛s ❧✐♠✐✲
t❛çõ❡s ❞♦ ❛❧❣♦r✐t♠♦✳ ❊♥tr❡t❛♥t♦✱ é ✐♠♣♦rt❛♥t❡ r❡ss❛❧t❛r q✉❡ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧ t❡st❛r t♦❞❛s
❛s ❝♦♠❜✐♥❛çõ❡s ♣♦ssí✈❡✐s✱ ❡ q✉❡ ❛ ❛♣❧✐❝❛çã♦ à ❛♣❡♥❛s ✉♠ ♣r♦❜❧❡♠❛ ♥ã♦ s✐❣♥✐✜❝❛ q✉❡ ♦ ❡rr♦
❡♥❝♦♥tr❛❞♦ s❡rá ✐❣✉❛❧ ♣❛r❛ t♦❞♦s ♦s ♦✉tr♦s ♣r♦❜❧❡♠❛s✳

❖ ❛❧❣♦r✐t♠♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❞❡ ❢♦r♠❛ ❛ ❛✉①✐❧✐❛r ❛ ❡♥❝♦♥tr❛r ✉♠❛ ❡str✉t✉r❛ ❧❡✈❡
♥✉♠ ♣r♦❥❡t♦ ♣r❡❧✐♠✐♥❛r✱ ♣♦ré♠ ♥ã♦ s✉❜st✐t✉✐ ♦ ♣r♦❥❡t♦ ✜♥❛❧ ❡♠ s✐✳ ❉❡✈❡✲s❡ ❛✈❛❧✐❛r ♣♦s✲
t❡r✐♦r♠❡♥t❡✱ s❡ ♦❝♦rr❡✉ ❢❛❧❤❛ ♥♦ ❝♦♠♣❡♥s❛❞♦ ❡✴♦✉ ♥❛ ❝♦❧❛✱ ✈✐st♦ q✉❡ ❡st❡s ♥ã♦ ❝❛❧❝✉❧❛❞♦s
♣❡❧♦ ❛❧❣♦r✐t♠♦✳

❖ tr❛❜❛❧❤♦ ❞❡s❡♥✈♦❧✈✐❞♦ s❡r✈✐✉ ♣❛r❛ s❡r ❛♣❧✐❝❛❞♦ ❛♦ ♣r♦❥❡t♦ ❞❛ ❊q✉✐♣❡ ❆❧❜❛tr♦③
❆❡r♦❞❡s✐❣♥✱ ❞❛ ❝❧❛ss❡ r❡❣✉❧❛r✱ ❡ ❝♦♠ ❛ ♦t✐♠✐③❛çã♦ ❢♦✐ ♣♦ssí✈❡❧ r❡❞✉③✐r ❛ ♠❛ss❛ ❞❛ ❧♦♥❣❛r✐♥❛
❡♠ ✷✾✪✱ ❝♦♠♣❛r❛♥❞♦ ❝♦♠ ❛ ❧♦♥❣❛r✐♥❛ ❞♦ ♣r✐♠❡✐r♦ ♣r♦tót✐♣♦✳
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❆ r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦ ❡♥✈♦❧✈❡✉ ❞✐✈❡rs♦s t❡♠❛s ❡✱ ✐♥❢❡❧✐③♠❡♥t❡✱ ♥ã♦ ❢♦✐ ♣♦ssí✈❡❧
✐♠♣❧❡♠❡♥t❛r t✉❞♦ q✉❡ ♦ ❛✉t♦r ❛❧♠❡❥❛✈❛✳ ❉❡✐①❛✲s❡ ❡♥tã♦✱ ❝♦♠♦ s✉❣❡stã♦ ❞❡ tr❛❜❛❧❤♦s
❢✉t✉r♦s✱ ♣❛r❛ q✉❡ ♦✉tr♦s ♣♦ss❛♠ ❝♦♥tr✐❜✉✐r ♣❛r❛ ❡st❡ ♣r♦❥❡t♦✳

❖ ❡❢❡✐t♦s ❞❡✈✐❞♦ ❛♦ ❝❛rr❡❣❛♠❡♥t♦ ❞❡ t♦rçã♦ ♥❛ ❛s❛ ❛❝❛❜♦✉ ♥ã♦ s❡♥❞♦ ❝♦♥s✐❞❡r❛❞♦
♥❡st❡ tr❛❜❛❧❤♦✱ ♣♦ré♠ é ❞❡ ❣r❛♥❞❡ ✐♠♣♦rtâ♥❝✐❛ ♣❛r❛ ♦ ♣r♦❥❡t♦ ❡str✉t✉r❛❧✱ ♣♦✐s ❡♠ ❞❡✲
t❡r♠✐♥❛❞❛ ❛❡r♦♥❛✈❡ ❛ ♠❛♥♦❜r❛ ❝rít✐❝❛ ♣♦❞❡ s❡r ♦r✐❣✐♥❛❞❛ ❡♠ ❝♦♥❞✐çõ❡s ♦♥❞❡ ❛ t♦rçã♦ é
❜❡♠ s✐❣♥✐✜❝❛t✐✈❛✳ ❆❧é♠ ❞✐ss♦✱ s✉❣❡r❡✲s❡ ❛✈❛❧✐❛r ♠❛✐s ♣r♦❢✉♥❞❛♠❡♥t❡ ❛ ❝✉r✈❛ ❞♦ ❡♥s❛✐♦ ❞❡
t♦rçã♦ ❡ r❡❛❧✐③❛r ✉♠ ❡st✉❞♦ ❝♦♠ ✉♠❛ ❛♥á❧✐s❡ ♥ã♦ ❧✐♥❡❛r✱ ♣♦✐s ❢♦✐ ❡st❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦
❞❛s ❜❛rr❛s ❡ ❞❛ ✈✐❣❛ ❡♠ ❝❛✐①ã♦✳

P♦❞❡✲s❡ ❛✈❛❧✐❛r ❛ ✉t❧✐③❛çã♦ ❞❡ ♦✉tr♦s ♠❛t❡r✐❛✐s✱ ❝♦♠♦ ♠❛❞❡✐r❛ ❜❛❧s❛ ❛♦ ✐♥✈és ❞❡
❝♦♠♣❡♥s❛❞♦ ❡✱ ❞❡ ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦ ❞❡ ❞✐❢❡r❡♥t❡s ❞✐♠❡♥sõ❡s✳ ❆s ✐♠♣❧❡♠❡♥t❛çõ❡s ♥♦
♣r♦❣r❛♠❛ ❛❝❛❜❛♠ s❡♥❞♦ ❢á❝❡✐s✳

❖ ❝r✐tér✐♦ ❞❡ ♠á①✐♠❛ t❡♥sã♦ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ♣r❡✈❡r ❛ ❢❛❧❤❛ ❞❛s ❜❛rr❛s ❞❡ ❝❛r❜♦♥♦✱
♣♦ré♠✱ ✉♠ ♠❡❧❤♦r ❡st✉❞♦ ♣♦❞❡r✐❛ s❡r r❡❛❧✐③❛❞♦✱ ❛♣❧✐❝❛♥❞♦ ♦✉tr♦s ❝r✐tér✐♦s ❞❡ ❢❛❧❤❛✳ ❙❛❜❡✲
s❡ q✉❡ ❡st❡ ❝r✐tér✐♦ ♥ã♦ ❝♦♥s✐❞❡r❛ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ♦s ❝♦♠♣♦♥❡♥t❡s ❞❡ t❡♥sã♦ ♥♦ ♠❛t❡r✐❛❧
❡✱ s❡r✐❛ ♥❡❝❡ssár✐♦ ❝❛s♦ ❢♦ss❡ ✐♠♣❧❡♠❡♥t❛❞♦ ❛ ❝♦♥s✐❞❡r❛çã♦ ❞♦s ❡❢❡✐t♦s ❞❡ t♦rçã♦ ❞❛ ❛s❛✳

❯♠ ❡st✉❞♦ ♠❛✐s ❞❡t❛❧❤❛❞♦ ✈✐s❛♥❞♦ ❛♥❛❧✐s❛r ❛ ♣❡r❞❛ ❞❡ s✉st❡♥t❛çã♦ ❞❡✈✐❞♦ às ✐♥t❡✲
r❛çõ❡s ❛❡r♦❡❧ást✐❝❛s s❡r✐❛ ✐♥t❡r❡ss❛♥t❡ ❡♠ ✈❡③ ❞❡ ❧✐♠✐t❛r ❛ ❞❡✢❡①ã♦ ♥❛ ♣♦♥t❛ ❞❛ ❛s❛ ❝♦♠
❜❛s❡ ❛♣❡♥❛s ❡♠ ✉♠❛ ♣♦r❝❡♥t❛❣❡♠ ❞❛ ❡♥✈❡r❣❛❞✉r❛✳

❯♠ ❡st✉❞♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦♥t❛t♦ ❡♥tr❡ ❛s ✐♥t❡r❢❛❝❡s ❡ ❞❛ ❢❛❧❤❛ ♥❛ ❝♦❧❛
s❡r✐❛♠ ❢❛s❝✐♥❛♥t❡s✳ ❆❧é♠ ❞✐ss♦✱ ✐♠♣❧❡♠❡♥t❛r ♦ ❝á❧❝✉❧♦ ❞❡ ❢❛❧❤❛ ♥❛s ❝❤❛♣❛s ❞❡ ❝♦♠♣❡♥s❛❞♦✳
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1   """
2   Created on Sun Aug 19 14:03:16 2018
3   
4   @author: Lucas Wagner Crestani
5   Equipe Albatroz Aerodesign
6   
7   O autor aconselha a utilizar em mm, visto que as equações de rigidez estão em MPa.
8   """
9   

10   from sympy import Symbol
11   from scipy import integrate
12   import timeit
13   from scipy.optimize import differential_evolution
14   #import matplotlib.pyplot as plt
15   import math
16   import numpy as np
17   
18   
19   """ Constantes de Projeto """
20   #Carregamento
21   spanLoad=[-2.3880E-18, 7.6026E-15, -9.0179E-12, 4.7844E-09, -1.2042E-06,

1.0782E-04, 2.1710E-01]
22   
23   L = 1145 # Comprimento de meia envergadura
24   chord_x = [0, 630, 1061, L] # Posições onde há quebra de seção (para uma asa 

multiafilada)
25   chord_chord = [521.1, 521.1, 260.0, 130.0] # Cordas onde há quebra de seção (para 

uma asa multiafilada)
26   chord_airfoil =

["Possenti_24_02_2018_optfoil-b2.dat","Possenti_24_02_2018_optfoil-b2.dat","Possenti_2
4_02_2018_optfoil-b2.dat","Possenti_24_02_2018_optfoil-b2.dat"] # Perfis onde há 
quebra de seção (para uma asa multiafilada)

27   chord_yACw = [0.2508, 0.2508, 0.2508, 0.2508] # Posição ao longo da corda do centro 
aerodinâmico, em relação ao bordo de ataque [onde há quebra de seção (para uma asa 
multiafilada)]

28   chord_zACw = [0.0976, 0.0976, 0.0976, 0.0976] # Posição na vertical do centro 
aerodinâmico, em relação ao bordo de ataque [onde há quebra de seção (para uma asa 
multiafilada)]

29   
30   
31   """ Limitações de Projeto """
32   FS = 1.5 # Fator de segurança de projeto
33   maxWingTipDeflection = 10*L/100 # Máxima deflexão perimitida na ponta da asa em 

porcentagem da envergadura
34   
35   
36   """ Constantes do Algoritmo - Não  Alterar sem prévio estudo """
37   #Não alterar os valores do carbono e compensado abaixo:
38   carbon_e = 6 # Aresta da barra de carbono [mm]
39   carbon_d = 5 # Diâmetro interno da barra de carbono [mm]
40   plywood_t = 3 # Espessura da chapa de compensado [mm]
41   carbonbar_density = 25.67/1000 # Massa pelo comprimento da barra de carbono [g/mm]
42   plywood_density = 474E-6 # Densidade do compensado [g/mm³]
43   glue_density = 0.0002325 # Densidade da cola pela área de contato [g/mm²]
44   Xt = 400 # Tensão de ruptura da barra de carbono [MPa]
45   nFragmentsXt = 10 # Quantidade de pontos p/ avaliar a tensão na 1ª 

partição
46   
47   
48   x = Symbol('x')
49   
50   a = spanLoad[0] # x^6
51   b = spanLoad[1] # x^5
52   c = spanLoad[2] # x^4 
53   d = spanLoad[3] # x^3
54   e = spanLoad[4] # x^2
55   f = spanLoad[5] # x^1
56   g = spanLoad[6] # x^0
57   
58   """  Cálculo do Momento Fletor  """
59   def moment(x,ctes):
60   (a, b, c, d, e, f, g, H1,Hroot, X1, L) = ctes



61   M = (-(g*x**2)/2 - (f*x**3)/3 - (e*x**4)/4 - (d*x**5)/5 - (c*x**6)/6 -
(b*x**7)/7 - (a*x**8)/8) + x*(g*x + (f*x**2)/2 + (e*x**3)/3 + (d*x**4)/4 +
(c*x**5)/5 + (b*x**6)/6 + (a*x**7)/7) + (-(g*L) - (f*L**2)/2 - (e*L**3)/3 -
(d*L**4)/4 - (c*L**5)/5 - (b*L**6)/6 - (a*L**7)/7)*x + ((g*L**2)/2 + (f*L**3)/3
+ (e*L**4)/4 + (d*L**5)/5 + (c*L**6)/6 + (b*L**7)/7 + (a*L**8)/8)

62   return M
63   
64   """  Cálculo do Variação da Altura na Primeira Partição  """
65   def Heq(H1,Hroot,X1):
66   return lambda x: (H1-Hroot)/X1*x + Hroot
67   
68   """  Cálculo das Equações de Rigidez para a Viga Caixão - Primeira Partição """
69   def calc__Stiffness_boxbeam(ctes,Heq): # 12mm < H < 36mm
70   (a, b, c, d, e, f, g, H1,Hroot, X1, L) = ctes
71   
72   EI_boxbeam = lambda x: (1.1547*np.power(Heq(H1,Hroot,X1)(x),2) -

13.2751*Heq(H1,Hroot,X1)(x) + 62.4841)*np.power(10,6) #MPa
73   fc_GA_boxbeam = lambda x:(0.0229*np.power(Heq(H1,Hroot,X1)(x),3) -

4.1635*np.power(Heq(H1,Hroot,X1)(x),2) + 183.4859*Heq(H1,Hroot,X1)(x) -
891.4078)*10**(-8) #MPa

74   
75   M1dM_dP = lambda x: (L - x)*(-(g*x**2)/2 - (f*x**3)/3 - (e*x**4)/4 - (d*x**5)/5

- (c*x**6)/6 - (b*x**7)/7 - (a*x**8)/8) + (L - x)*x*(g*x + (f*x**2)/2 +
(e*x**3)/3 + (d*x**4)/4 + (c*x**5)/5 + (b*x**6)/6 + (a*x**7)/7) + (-(g*L) -
(f*L**2)/2 - (e*L**3)/3 - (d*L**4)/4 - (c*L**5)/5 - (b*L**6)/6 - (a*L**7)/7)*(L
- x)*x + ((g*L**2)/2 + (f*L**3)/3 + (e*L**4)/4 + (d*L**5)/5 + (c*L**6)/6 +
(b*L**7)/7 + (a*L**8)/8)*(L - x)

76   V1dV_dP = lambda x: -(g*x) - (f*x**2)/2 - (e*x**3)/3 - (d*x**4)/4 - (c*x**5)/5 -
(b*x**6)/6 - (a*x**7)/7 + g*L + (f*L**2)/2 + (e*L**3)/3 + (d*L**4)/4 +
(c*L**5)/5 + (b*L**6)/6 + (a*L**7)/7

77   
78   M_contribution = lambda x: (1/EI_boxbeam(x))*M1dM_dP(x)
79   V_contribution = lambda x: (fc_GA_boxbeam(x))*V1dV_dP(x)
80   
81   # 0 < x < X1 Viga Caixão
82   [sec1_int_up_M,sec1_int_down_M] = integrate.quad(M_contribution, 0, X1)
83   [sec1_int_up_V,sec1_int_down_V] = integrate.quad(V_contribution, 0, X1)
84   
85   deflection1 = ((sec1_int_up_M - sec1_int_down_M) + (sec1_int_up_V -

sec1_int_down_V))
86   return deflection1
87   
88   """  Cálculo das Equações de Rigidez para a Barra de Carbono - Segunda Partição  """
89   def calc__Stiffness_CarbonBar(ctes): # 12mm < H < 36mm
90   (a, b, c, d, e, f, g, H1,Hroot, X1, L) = ctes
91   
92   EI_carbonBar = 21273879.9302217 #MPa
93   fc_GA_carbonBar = 0.0000239083333333334 #MPa
94   
95   M2dM_dP = lambda x: (L - x)*(-(g*x**2)/2 - (f*x**3)/3 - (e*x**4)/4 - (d*x**5)/5

- (c*x**6)/6 - (b*x**7)/7 - (a*x**8)/8) + (L - x)*x*(g*x + (f*x**2)/2 +
(e*x**3)/3 + (d*x**4)/4 + (c*x**5)/5 + (b*x**6)/6 + (a*x**7)/7) + (-(g*L) -
(f*L**2)/2 - (e*L**3)/3 - (d*L**4)/4 - (c*L**5)/5 - (b*L**6)/6 - (a*L**7)/7)*(L
- x)*x + ((g*L**2)/2 + (f*L**3)/3 + (e*L**4)/4 + (d*L**5)/5 + (c*L**6)/6 +
(b*L**7)/7 + (a*L**8)/8)*(L - x)

96   V2dV_dP = lambda x: -(g*x) - (f*x**2)/2 - (e*x**3)/3 - (d*x**4)/4 - (c*x**5)/5 -
(b*x**6)/6 - (a*x**7)/7 + g*L + (f*L**2)/2 + (e*L**3)/3 + (d*L**4)/4 +
(c*L**5)/5 + (b*L**6)/6 + (a*L**7)/7

97   
98   M2_contribution = lambda x: 1/EI_carbonBar*M2dM_dP(x)
99   V2_contribution = lambda x: fc_GA_carbonBar*V2dV_dP(x)

100   
101   # X1 < x < L Barra de Carbono
102   [sec2_int_up_M,sec2_int_down_M] = integrate.quad(M2_contribution, X1, L)
103   [sec2_int_up_V,sec2_int_down_V] = integrate.quad(V2_contribution, X1, L)
104   
105   deflection2 = ((sec2_int_up_M - sec2_int_down_M) + (sec2_int_up_V -

sec2_int_down_V))
106   return deflection2
107   
108   """ Determinação do Momento de Inércia Transformado """
109   def calc__Iyy_t_bar_root(h,carbon_e,carbon_d,plywood_t):



110   carbon_Area = carbon_e**2 - math.pi*carbon_d**2/4
111   Iyy_carbonbars = 2*((carbon_e**4/12 - math.pi*carbon_d**4/64 + carbon_Area*(h/2

- carbon_e/2)**2))
112   Iyy_plywoods = 2*(plywood_t*h**3/12)
113   
114   EI_carbonbars = (1.3563*h**2 - 20.7958*h + 121.7771)*10**6
115   EI_plywoods = (0.1341*h**2 - 3.1281*h + 21.9699)*10**6
116   
117   Iyy_t_bar_root = Iyy_carbonbars + Iyy_plywoods*(EI_plywoods/EI_carbonbars)
118   return Iyy_t_bar_root
119   
120   """ Cálculo da Massa da Longarina """
121   def

calc__massWing(Hroot,H1,X1,L,carbonbar_density,plywood_density,plywood_t,carbon_e,glue
_density):

122   mass_carbonbars = carbonbar_density*(L + math.sqrt((Hroot-H1)**2+X1**2))
123   mass_plywoods = 2*plywood_t*((Hroot+H1)/2)*X1*plywood_density
124   mass_glue = 3*glue_density*carbon_e*(L+math.sqrt((Hroot-H1)**2+X1**2))
125   massSemiWing = mass_carbonbars + mass_plywoods + mass_glue
126   return massSemiWing*2 # multiplcado por 2, pois considera toda a longarina e não 

apenas meia asa
127   
128   
129   """ Função com o objetivo de verificar se a seção da longarina cabe no perfil 

"""
130   def checkSectionSize(airfoilData,ySC,zSC,w,h,chord):
131   
132   w = w/chord
133   h = h/chord
134   P1 = [(ySC - w/2),(zSC + h/2)]
135   P2 = [(ySC + w/2),(zSC + h/2)]
136   P3 = [(ySC - w/2),(zSC - h/2)]
137   P4 = [(ySC + w/2),(zSC - h/2)]
138   
139   
140   [linesData, columnsData] = np.shape(airfoilData)
141   airfoilData = np.float_(airfoilData)
142   
143   checkSize = [1,1,1,1,0,0,0,0]
144   for iData in range(0,linesData-1):
145   Ay = airfoilData[iData][0]
146   Az = airfoilData[iData][1]
147   By = airfoilData[iData+1][0]
148   Bz = airfoilData[iData+1][1]
149   
150   mr = (Bz-Az)/(By-Ay)
151   if mr == 0:
152   ms = 99999999
153   else:
154   ms = -1/mr
155   
156   x1_intersec = [(Az-mr*Ay)-(P1[1]-ms*P1[0])]/(ms-mr)
157   x2_intersec = [(Az-mr*Ay)-(P2[1]-ms*P2[0])]/(ms-mr)
158   x3_intersec = [(Az-mr*Ay)-(P3[1]-ms*P3[0])]/(ms-mr)
159   x4_intersec = [(Az-mr*Ay)-(P4[1]-ms*P4[0])]/(ms-mr)
160   
161   #1
162   if By <= x1_intersec and x1_intersec <= Ay:
163   y1_intersec = mr*x1_intersec + (Az-mr*Ay)
164   dist1 =

math.sqrt((x1_intersec-P1[0])**2+(y1_intersec-P1[1])**2)
165   if dist1< 3/(chord):
166   checkSize[0] = 0
167   #2    
168   if By <= x2_intersec and x2_intersec <= Ay:
169   y2_intersec = mr*x2_intersec + (Az-mr*Ay)
170   dist2 = math.sqrt((x2_intersec-P2[0])**2+(y2_intersec-P2[1])**2)
171   if dist2< 3/(chord):
172   checkSize[1]= 0
173   #3     
174   if By >= x2_intersec and x2_intersec >= Ay:
175   y3_intersec = mr*x3_intersec + (Az-mr*Ay)



176   dist3 = math.sqrt((x3_intersec-P3[0])**2+(y3_intersec-P3[1])**2)
177   if dist3< 3/(chord):
178   checkSize[2] = 0
179   #4        
180   if By >= x2_intersec and x2_intersec >= Ay:
181   y4_intersec = mr*x4_intersec + (Az-mr*Ay)
182   dist4 = math.sqrt((x4_intersec-P4[0])**2+(y4_intersec-P4[1])**2)
183   if dist4< 3/(chord):
184   checkSize[3] = 0
185   #5
186   if P1[0] <= airfoilData[iData][0] and P1[0] > airfoilData[iData+1,0]:
187   Zmax1 = (airfoilData[iData+1][1] + (airfoilData[iData][1] -

airfoilData[iData+1][1])*(P1[0]-airfoilData[iData+1][0])/(airfoilData[iDat
a][0]-airfoilData[iData+1][0]))

188   
189   if Zmax1 > P1[1]:
190   checkSize[4] = 1
191   #6    
192   if P2[0] <= airfoilData[iData][0] and P2[0] > airfoilData[iData+1][0]:
193   Zmax2 = (airfoilData[iData+1][1] + (airfoilData[iData][1] -

airfoilData[iData+1][1])*(P2[0]-airfoilData[iData+1][0])/(airfoilData[iDat
a][0]-airfoilData[iData+1][0]))

194   if Zmax2 > P2[1]:
195   checkSize[5] = 1
196   #7    
197   if P3[0] >= airfoilData[iData][0] and P3[0] < airfoilData[iData+1][0]:
198   Zmax3 = (airfoilData[iData+1][1] + (airfoilData[iData][1] -

airfoilData[iData+1][1])*(P3[0]-airfoilData[iData+1][0])/(airfoilData[iDa
ta][0]-airfoilData[iData+1][0]))

199   if Zmax3 < P3[1]:
200   checkSize[6] = 1
201   #8        
202   if P4[0] >= airfoilData[iData][0] and P4[0] < airfoilData[iData+1][0]:
203   Zmax4 = (airfoilData[iData+1][1] + (airfoilData[iData][1] -

airfoilData[iData+1][1])*(P4[0]-airfoilData[iData+1][0])/(airfoilData[iDa
ta][0]-airfoilData[iData+1][0]))

204   if Zmax4 < P3[1]:
205   checkSize[7] = 1
206   
207   
208   if sum(checkSize) == 8:
209   checksize = 1
210   return checksize # OK, coube no perfil
211   else:
212   checksize = 0
213   return checksize # Não coube no perfil
214   
215   
216   """ Parte Principal do Algoritmo """
217   def main(inputs_opt):
218   Hroot = inputs_opt[0] # Altura da longarina na raiz
219   H1 = inputs_opt[1]*(36-12)+12 # Altura da longarina no final da primeira partição
220   X1 = inputs_opt[2] # Comprimento da primeira partição
221   
222   ctes = (a, b, c, d, e, f, g, H1,Hroot, X1, L)
223   
224   
225   # Módulo para calcular a massa 
226   massWing =

calc__massWing(Hroot,H1,X1,L,carbonbar_density,plywood_density,plywood_t,carbon_e,
glue_density)

227   
228   # Módulo para checar a deflexão na ponta da asa
229   deflectionTip = calc__Stiffness_boxbeam(ctes,Heq) +

calc__Stiffness_CarbonBar(ctes)
230   
231   # Módulo para checar a máxima tensão
232   Stress_boxbeam = lambda x:

moment(x,ctes)*Heq(H1,Hroot,X1)(x)/2/calc__Iyy_t_bar_root(Heq(H1,Hroot,X1)(x),carb
on_e,carbon_d,plywood_t)

233   Stress_carbonBar = moment(X1,ctes)*3/(carbon_e**4/12 - math.pi*carbon_d**4/64)
234   



235   # Avaliar a tensão em diferentes pontos na primeira partição
236   stressFailure = np.ones(nFragmentsXt + 2)
237   for i in range(0,nFragmentsXt+1):
238   
239   x = i*(X1/nFragmentsXt)
240   Stress_x = Stress_boxbeam(x)
241   if Stress_x < Xt/FS:
242   stressFailure[i] = 0; # 0 ok, 1 falhou 
243   
244   # A barra de carbono da segunda partião falhou?        
245   if Stress_carbonBar < Xt/FS:
246   stressFailure[i+1] = 0; # 0 OK, 1 FALHOU,
247   
248   
249   
250   # Módulo para checar se a seção cabe no perfil por consequência da quebra de 

seção da asa
251   checkSize = np.zeros(len(chord_x)+1)
252   for iSC in range(0,len(chord_x)):
253   xSC = chord_x[iSC] # Posição ao longo da envergadura (eixo X)
254   w = 18 # Largura da seção [mm] (3mm + 6mm + 6mm + 3mm)        
255   h = Heq(H1,Hroot,X1)(xSC)
256   if xSC > X1:
257   
258   # Considerando a quebra de seção da longarina para a viga em caixão
259   w=18
260   h= Heq(H1,Hroot,X1)(X1)
261   airfoil = chord_airfoil[iSC-1]
262   airfoilDataFile = open(airfoil).read()
263   airfoilData = ([item.split() for item in

airfoilDataFile.split('\n')[:-1]])
264   ySC = chord_yACw[iSC-1] # Posicao do centro da seção ao longo da corda 

do perfil (% da corda, de 0 à 1)
265   zSC = chord_zACw[iSC-1] # Posição do centro da seção ao longo da 

altura do perfil (altura sob a corda , de 0 à 1)
266   chord =

(chord_chord[iSC]-chord_chord[iSC-1])*((X1-chord_x[iSC-1])/(chord_x[iSC]-c
hord_x[iSC-1])) + chord_chord[iSC-1] # Corda da asa naquela 
seção                  

267   checkSize[len(chord_x)] = checkSectionSize(airfoilData,ySC,zSC,w,h,chord)
268   
269   # Considerando a região onde só tem barra de carbono
270   w = 6 # Largura da seção, como é apenas 1 barra, é 6mm
271   h = 6 # Altura da seção, como é apenas 1 barra, é 6mm
272   
273   airfoil = chord_airfoil[iSC]
274   airfoilDataFile = open(airfoil).read()
275   airfoilData = ([item.split() for item in airfoilDataFile.split('\n')[:-1]])
276   ySC = chord_yACw[iSC] # Posicao do centro da seção ao longo da corda do 

perfil (% da corda, de 0 à 1)
277   zSC = chord_zACw[iSC] # Posição do centro da seção ao longo da altura do 

perfil (altura sob a corda , de 0 à 1)
278   chord = chord_chord[iSC] # Corda da asa naquela seção      
279   
280   checkSize[iSC] = checkSectionSize(airfoilData,ySC,zSC,w,h,chord)
281   
282   
283   # Aplicando Penalidade de Tamanho
284   penalty_size = 20
285   if all(checkSize==1):
286   penalty_size = 1
287   
288   # Aplicando Penalidade de Tensão
289   penalty_stress = 30
290   if all(stressFailure==0):
291   penalty_stress = 1
292   
293   # Aplicando Penalidade de Deflexão 
294   penalty_deflection = 1
295   if deflectionTip > maxWingTipDeflection:
296   penalty_deflection=40
297   



298   
299   #save_each = np.zeros(4)
300   #save_each[0] = massWing*penalty_deflection*penalty_stress*penalty_size
301   #save_each[1] = Hroot
302   #save_each[2] = H1
303   #save_each[3] = X1
304   #save.append(list(save_each))
305   #print(massWing)
306   return massWing*penalty_deflection*penalty_stress*penalty_size
307   
308   
309   tic = timeit.default_timer()
310   #save = []
311   bounds = [(12, 36), (0, 1),(500,L)] # Hroot, H1, X1
312   result = differential_evolution(main, bounds)
313   
314   print("Massa:",result.fun)
315   print("Hroot:", result.x[0])
316   print("H1:", (result.x[1]*(36-12)+12))
317   print("X1:", result.x[2])
318   
319   toc = timeit.default_timer()
320   print("RUN TIME : {0}".format(toc-tic))
321   
322   
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