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❛❣❣r❡❣❛t❡s ❛r❡ ❤✐❣❤❧② r❡❧❡✈❛♥t ♠♦❞❡❧s ♦❢ ❜✐♦❧♦❣✐❝❛❧ t✐s✲
s✉❡s ❢♦r q✉❛♥t✐t❛t✐✈❡ ❡①♣❧♦r❛t✐♦♥ ❬✽✱ ✾❪✳ ❖r❣❛♥✐③❡❞ ✐♥
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r❛t❤❡r ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❝♦♥t✐♥✉✉♠ ♦❢ r❡❧❛①❛t✐♦♥ t✐♠❡s
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♣❛r❛♠❡t❡rs✿ t❤❡ ♣r❡❢❛❝t♦r ❛♥❞ t❤❡ ❡①♣♦♥❡♥t ♦❢ t❤❡ ♣♦✇❡r
❧❛✇✳ ❚❤❡ ♣r❡❢❛❝t♦r q✉❛♥t✐✜❡s t❤❡ ♦✈❡r❛❧❧ st✐✛♥❡ss ♦❢ t❤❡
❝❡❧❧ ✭✐ts t②♣✐❝❛❧ ♠♦❞✉❧✉s✮✱ ✇❤✐❧❡ t❤❡ ♣♦✇❡r✲❧❛✇ ❡①♣♦♥❡♥t
✐♥❞✐❝❛t❡s t❤❡ r❡❧❛t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ ❡❧❛st✐❝ ✭❡♥❡r❣② st♦r✲
❛❣❡✮ ❛♥❞ ✈✐s❝♦✉s✲❧✐❦❡ ✭❞✐ss✐♣❛t✐♦♥✮ ❜❡❤❛✈✐♦rs✳ ❋♦r s✐♥❣❧❡
❝❡❧❧s✱ t❤❡ t②♣✐❝❛❧ ♠♦❞✉❧✐ ❛r❡ ❤✉♥❞r❡❞s ♦❢ P❛s❝❛❧s ✇❤✐❧❡
t❤❡ ❡①♣♦♥❡♥t α ✐s ❢♦✉♥❞ ✐♥ t❤❡ r❛♥❣❡ 0.15 − 0.3✱ t❤✉s
❝❧♦s❡r t♦ ❛♥ ❡❧❛st✐❝ s♦❧✐❞ ✭α = 0✮ t❤❛♥ t♦ ❛ ✈✐s❝♦✉s ❧✐q✉✐❞
❜❡❤❛✈✐♦r ✭α = 1✮✳ ❇♦t❤ ❞❡♣❡♥❞ ♦♥ t❤❡ ❧❡✈❡❧ ♦❢ ❛♣♣❧✐❡❞
str❡ss✱ ✇✐t❤ ❡✈✐❞❡♥❝❡ ♦❢ str❡ss✲st✐✛❡♥✐♥❣ ❬✷✸✱ ✷✹❪ ❛s ✇❡❧❧ ❛s
♦❢ str❡ss✲s♦❢t❡♥✐♥❣ ❬✷✵❪✱ ✇✐t❤ ❛tt❡♠♣ts ♠❛❞❡ t♦ r❡❝♦♥❝✐❧❡
t❤❡ t✇♦ ♦♣♣♦s✐t❡ ♦❜s❡r✈❛t✐♦♥s ❬✷✺❪✳
■♥ ♠♦❞❡❧ t✐ss✉❡s✱ ❜❡❤❛✈✐♦rs ♦♣❡r❛t✐♥❣ ♦♥ ❞✐✛❡r❡♥t
t✐♠❡s❝❛❧❡s ❤❛✈❡ ❜❡❡♥ ♥♦t✐❝❡❞ ❬✷✻❪✿ ❡❧❛st✐❝ ♦♥ s❤♦rt t✐♠❡s
s❝❛❧❡s ✭s❡❝♦♥❞s t♦ ♠✐♥✉t❡s✮ ❬✷✼❪ ✇❤❡r❡ t❤❡ t✐ss✉❡ ✉♥❞❡r✲
❣♦❡s s❤♦rt✲t❡r♠ r❡✈❡rs✐❜❧❡ ❞❡❢♦r♠❛t✐♦♥s ♣r♦♣♦rt✐♦♥❛❧ t♦
t❤❡ ❧♦❛❞✱ t❤❡♥ ✈✐s❝♦✲❡❧❛st✐❝ ♦♥ ❧♦♥❣❡r t✐♠❡ s❝❛❧❡s ✭♠✐♥✲
✉t❡s t♦ ❤♦✉rs✮ ❬✷✽✕✸✷❪ ✇❤❡♥ ❝❡❧❧✉❧❛r r❡♦r❣❛♥✐③❛t✐♦♥ ♦❝✲
❝✉rs✳ ❚❤❡ r❡❧❛①❛t✐♦♥ t✐♠❡ ♦❢ ✢✉❝t✉❛t✐♦♥s✱ ♦♥ t❤❡ ♦r❞❡r
♦❢ 5 ❤♦✉rs ❢♦r ❋✾ ❝❡❧❧s ❛❣❣r❡❣❛t❡s ❬✸✸❪ ✇❛s ✐♥✈♦❦❡❞ ❢♦r
t❤❡ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✇♦ r❡❣✐♠❡s✳ ❋♦r ❧♦♥❣❡r t✐♠❡
s❝❛❧❡s ✭❞❛②s✮ ❝❡❧❧ ❞✐✈✐s✐♦♥ ❛♥❞ ❞❡❛t❤ ♠❛② ❛❧s♦ ❝♦♥tr✐❜✉t❡
t♦ t✐ss✉❡ ✢✉✐❞✐③❛t✐♦♥ ❬✸✹❪✳ ❚❤❡ ✈✐s❝♦❡❧❛st✐❝ ❞❡s❝r✐♣t✐♦♥
s♦♠❡t✐♠❡s ❡①t❡♥❞❡❞ t♦ ❡❧❛st♦✲✈✐s❝♦✲♣❧❛st✐❝✐t② ❝❤❛r❛❝t❡r✲
✐③❡s ♠♦❞❡❧ t✐ss✉❡s ❜② t❤❡✐r s✉r❢❛❝❡ t❡♥s✐♦♥✱ t❤❡✐r ❨♦✉♥❣✬s
♠♦❞✉❧✉s✱ t❤❡✐r ✈✐s❝♦s✐t② ❛♥❞ t❤❡✐r ②✐❡❧❞ str❡ss✳ ▼❛♥②
st✉❞✐❡s ✇❡r❡ ❞❡❞✐❝❛t❡❞ t♦ ♠❡❛s✉r❡ t❤❡s❡ ❧♦♥❣✲t✐♠❡ ♠❡✲
❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s✳ ■♥ ❝♦♥✲
tr❛st✱ t❤❡ s❤♦rt✲t✐♠❡ ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r ✇❛s ♥♦t s♦ ❢✉❧❧②
❡①❛♠✐♥❡❞ ✇❤✐❧❡ ❜❡✐♥❣ ❛t t❤❡ ❝❡♥t❡r ♦❢ s✐♥❣❧❡ ❝❡❧❧ ♠❡❝❤❛♥✲
✐❝s ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ r❤❡♦❧♦❣② ♦❢ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡✲
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❣❛t❡s ❝❡rt❛✐♥❧② ❞❡♣❡♥❞s ♦♥ ❝❡❧❧✲s❝❛❧❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡r✲
t✐❡s ❜✉t ✐t s❤♦✉❧❞ ❛❧s♦ ❜❡ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ♠❡❝❤❛♥✐❝❛❧
♣r♦♣❡rt✐❡s ♦❢ ✐♥t❡r❝❡❧❧✉❧❛r ❥✉♥❝t✐♦♥s ❬✸✺❪ ✇❤✐❝❤ ❡①❤✐❜✐t
✈✐s❝♦❡❧❛st✐❝ ♣r♦♣❡rt✐❡s ❬✸✻❪✳ ❍♦✇❡✈❡r t❤❡ ❧✐♥❦ ❜❡t✇❡❡♥
❝❡❧❧✉❧❛r ❛♥❞ ❥✉♥❝t✐♦♥❛❧ ❝♦♥tr✐❜✉t✐♦♥s ✐s ♥♦t str❛✐❣❤t❢♦r✲
✇❛r❞ ❬✸✼❪✳ ❲❤✐❧❡ ♣♦✇❡r✲❧❛✇ r❡✈❡❛❧s ❛s ❞❡s❝r✐❜✐♥❣ ❜♦t❤
s✉s♣❡♥❞❡❞ ♠♦♥♦❧❛②❡rs ❬✸✽✱ ✸✾❪ ♦r ♦r❣❛♥s ❬✹✵✱ ✹✶❪✱ ✉♥❞❡r✲
st❛♥❞✐♥❣ ❤♦✇ ❝❡❧❧✲s❝❛❧❡ ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ✭♣♦✇❡r ❧❛✇
r❤❡♦❧♦❣②✱ st✐✛♥❡ss✱ ♥♦♥ ❧✐♥❡❛r✐t✐❡s✮ ❛r❡ tr❛♥s❧❛t❡❞ ❛t t❤❡
❝♦❧❧❡❝t✐✈❡ s❝❛❧❡ r❡♠❛✐♥s ❛♥ ♦♣❡♥ q✉❡st✐♦♥ ❬✹✷❪ ❛s ✇❡❧❧ ❛s
t❤❡ r❡s♣❡❝t✐✈❡ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤❡ ✐♥tr❛❝❡❧❧✉❧❛r ❛♥❞ ✐♥✲
t❡r❝❡❧❧✉❧❛r ❝♦♠♣♦♥❡♥ts✳
▼♦r❡♦✈❡r✱ t❤❡ ♠♦st ❝♦♠♠♦♥ ♣r♦t♦❝♦❧s t♦ ♠❡❛s✉r❡ r❤❡♦✲
❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ♠❛t❡r✐❛❧s ♦r ❝❡❧❧s ❛r❡ ❡✐t❤❡r t❤❡ ❝r❡❡♣
❛♥❞ r❡❝♦✈❡r② t❡st ✇❤✐❝❤ ♠❡❛s✉r❡ ♠❛t❡r✐❛❧ ❞❡❢♦r♠❛t✐♦♥ ✐♥
r❡s♣♦♥s❡ t♦ ❛ str❡ss st❡♣ ❛♣♣❧✐❝❛t✐♦♥ ♦r t❤❡ ♦s❝✐❧❧❛t♦r②
❡①♣❡r✐♠❡♥ts t♦ ❧♦♦❦ ❛t ♣♦ss✐❜❧❡ ❢r❡q✉❡♥❝② ❡✛❡❝ts✳ ◆♦♥
❧✐♥❡❛r✐t✐❡s ❞❡t❡❝t✐♦♥ r❡q✉✐❡rs t♦ ✈❛r② t❤❡ ❛♠♣❧✐t✉❞❡ ♦❢ t❤❡
st✐♠✉❧❛t✐♦♥ t❤✉s ❤❛✈✐♥❣ t♦ r❡♣❡❛t t❤❡ ❡①♣❡r✐♠❡♥ts✳ ◆❡✇
♣r♦t♦❝♦❧s ❜❛s❡❞ ♦♥ ❧❛r❣❡ ❛♠♣❧✐t✉❞❡ ❜r♦❛❞ s♣❡❝tr✉♠ s✐❣✲
♥❛❧s ❤❛✈❡ ❜❡❡♥ ♣r♦♣♦s❡❞ ❜✉t t❤❡② ❤❛✈❡ ♥♦t ❜❡❡♥ t❡st❡❞
②❡t✳ ❖♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s✐❞❡✱ ♦♥❡ ♠❛❥♦r ❤✉r❞❧❡ st❡♠s
❢r♦♠ t❤❡ ❞✐✣❝✉❧t② t♦ ❛♣♣❧② ❝♦♥tr♦❧❧❡❞ str❡ss s♦❧✐❝✐t❛t✐♦♥s
t♦ ❞❡s✐❣♥❡❞ ♠✐♥✐♠❛❧ ♠♦❞❡❧ t✐ss✉❡s ❛♥❞ t♦ ❛❝❝✉r❛t❡❧② ♠❡❛✲
s✉r❡ t❤❡✐r r❡s✉❧t✐♥❣ ❞❡❢♦r♠❛t✐♦♥s ❛s ✇❡❧❧ ❛s ❢r♦♠ ❛ ❧❛❝❦ ♦❢
❛♥❛❧②s✐s t♦♦❧s✳ ❍❡r❡✐♥ ✇❡ ✐♥✈❡st✐❣❛t❡ t❤❡ r❤❡♦❧♦❣② ♦❢ ♠✉❧✲
t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ♦❢ ❋✾ ❝❡❧❧s✱ ❛ ❝❡❧❧ t②♣❡ ✇❤✐❝❤ ❤❛s ❜❡❡♥
❡①t❡♥s✐✈❡❧② st✉❞✐❡❞ ❜♦t❤ ❛t t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❬✷✶❪ ❛♥❞ ❛t t❤❡
♠✉❧t✐❝❡❧❧✉❧❛r s❝❛❧❡ ❬✽✱ ✸✵✱ ✸✸❪✳ ❚❤✐s ✇❛s ❞♦♥❡ t❤❛♥❦s t♦
❛♥ ♦r✐❣✐♥❛❧ ❛❧❧✲✐♥✲♦♥❡ r❤❡♦♠❡t❡r ❝♦♠❜✐♥✐♥❣ t✇♦ ✐♠♣♦rt❛♥t
❢❡❛t✉r❡s✿ ✜rst✱ t❤❡ ❛❜✐❧✐t② t♦ ❣❡♥❡r❛t❡ ❝♦♥tr♦❧❧❡❞ ❝❡❧❧✉❧❛r
❛❣❣r❡❣❛t❡s ❣✉❛r❛♥t❡❡❞ ❜② ♠❛❣♥❡t✐❝ ♠♦❧❞✐♥❣❀ s❡❝♦♥❞✱ t♦
❛♣♣❧② ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ st✐♠✉❧❛t✐♦♥s ❜♦t❤ ✐♥ t❡r♠s ♦❢ ❢r❡✲
q✉❡♥❝② ❛♥❞ ❛♠♣❧✐t✉❞❡✳ ❯s✐♥❣ t❤✐s ♥❡✇ s❡t✉♣✱ ✇❡ ❝♦✉❧❞
♦❢ ❝♦✉rs❡ s✉❜❥❡❝t ♠❛❣♥❡t✐❝ ❛❣❣r❡❣❛t❡s t♦ st❛♥❞❛r❞ r❤❡✲
♦❧♦❣✐❝❛❧ t❡sts✱ ❜✉t ✇❡ ❝♦✉❧❞ ❛❧s♦ ✐♥tr♦❞✉❝❡ ❛♥ ♦r✐❣✐♥❛❧
❜r♦❛❞✲s♣❡❝tr✉♠ st✐♠✉❧❛t✐♦♥ t♦ ♦❜t❛✐♥✱ ✐♥ ❛ s✐♥❣❧❡ ❡①♣❡r✲
✐♠❡♥t t❤❡ ❜❡st r❤❡♦❧♦❣✐❝❛❧ ♠♦❞❡❧ ❞❡s❝r✐❜✐♥❣ ❛❣❣r❡❣❛t❡
r❤❡♦❧♦❣②✳ ❇❡s✐❞❡s✱ ✇❡ t❡st❡❞ t❤❡ ✐♥t❡r♣❧❛② ❜❡t✇❡❡♥ ❝❡❧❧✲
s❝❛❧❡ ♠❡❝❤❛♥✐❝s ❛♥❞ t✐ss✉❡✲s❝❛❧❡ r❤❡♦❧♦❣②✳ ❚❤❡s❡ ♣r♦t♦✲
❝♦❧s ✇❡r❡ ❝r♦ss✲✈❛❧✐❞❛t❡❞ ✉s✐♥❣ ❛ ♠✐❝r♦✲♣❧❛t❡ r❤❡♦♠❡t❡r
s♣❡❝✐✜❝❛❧❧② ❛❞❛♣t❡❞ t♦ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s✳ ❖✈❡r✲
❛❧❧✱ t❤❡ r❡s✉❧ts ❞❡♠♦♥str❛t❡ t❤❛t ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s
❡①❤✐❜✐t ❛ ♣♦✇❡r✲❧❛✇ r❤❡♦❧♦❣✐❝❛❧ ❜❡❤❛✈✐♦✉r ✇✐t❤ str❡ss✲
st✐✛❡♥✐♥❣✳ ❙✉r♣r✐s✐♥❣❧②✱ t❤❡ st✐✛♥❡ss ♦❢ t❤✐s ❝♦❤❡s✐✈❡ ❝❡❧❧
❛ss❡♠❜❧② ✐s ❧♦✇❡r t❤❛♥ t❤❛t ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♥❞✐✲
✈✐❞✉❛❧ ❝❡❧❧✳ ❲❤✐❧❡ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ ❛♥❞ ✐♥❞✐✈✐❞✉❛❧ ❝❡❧❧
st✐✛♥❡ss ❞♦ ♥♦t ❛✛❡❝t t❤❡ ❡①♣♦♥❡♥t ❣♦✈❡r♥✐♥❣ t❤❡ ♣♦✇❡r
❧❛✇ r❡s♣♦♥s❡✱ ❜♦t❤ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♦✈❡r❛❧❧ ❛❣❣r❡❣❛t❡
st✐✛♥❡ss✳

❆ ▼❆●◆❊❚■❈ ❈❖▼P❘❊❙❙■❖◆ ❘❍❊❖▼❊❚❊❘
❆❚ ❚❍❊ ❚■❙❙❯❊ ❙❈❆▲❊

■♥ ♦r❞❡r t♦ q✉❛♥t✐❢② t❤❡ r❤❡♦❧♦❣✐❝❛❧ ❜❡❤❛✈✐♦r ♦❢ ❛ ♠✉❧✲
t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡✱ ✇❡ st✐♠✉❧❛t❡ t❤✐s ♠❛t❡r✐❛❧ ♠❡❝❤❛♥✐✲
❝❛❧❧② ✇✐t❤ ❛♥ ❛r❜✐tr❛r② s✐❣♥❛❧ ❜② r❡♠♦t❡❧② ❛♣♣❧②✐♥❣ ♠❛❣✲

♥❡t✐❝ ❢♦r❝❡s ♦♥ ❛❧❧ ❝❡❧❧s t❤r♦✉❣❤ ✐♥t❡r♥❛❧✐③❡❞ s✉♣❡r♣❛r❛✲
♠❛❣♥❡t✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ❬✹✸❪✳ Pr❡✈✐♦✉s ✇♦r❦s ❤❛✈❡ ❡✈✐✲
❞❡♥❝❡❞ t❤❛t ✐♥❝♦r♣♦r❛t✐♥❣ ♠❛❣♥❡t✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ❞♦❡s
♥♦t ♠♦❞✐❢② ♥❡✐t❤❡r t❤❡ ❝❡❧❧ ❜✐♦❧♦❣✐❝❛❧ ❛❝t✐✈✐t② ❬✹✹❪ ♥♦r
t❤❡✐r ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❬✹✺❪✳ ❲❡ ❢✉rt❤❡r t❡st❡❞ ♣♦s✲
s✐❜❧❡ ❝②t♦t♦①✐❝✐t② ❡✛❡❝ts ♦♥ t❤❡ ❋✾ ❝❡❧❧s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦
❡✈❡♥ ✉♥❞❡r ♠❛❣♥❡t✐❝ ✜❡❧❞ ❡①♣♦s✉r❡ ✭❆♣♣❡♥❞✐① ❆ ▼❡t❤✲
♦❞s✮ t♦ ❞✐s❝❛r❞ ❤❛r♠❢✉❧♥❡ss ❤②♣♦t❤❡s✐s✱ ✇❤✐❧❡ ❛♣♦♣t♦s❡
✐s ♥♦t ❞❡t❡❝t❡❞ ✐♥ t❤❡ ❛❣❣r❡❣❛t❡ ✭❋✐❣✉r❡ ✶✲❞✮✳ ❲❡ ✉s❡
❛ ♠❛❣♥❡t✐❝❛❧❧② ✐♥s♣✐r❡❞ ♠♦❧❞✐♥❣ str❛t❡❣② ❬✸✶❪ ✭❋✐❣✉r❡ ✶❛
❛♥❞ ❆♣♣❡♥❞✐① ❆ ▼❡t❤♦❞s✮ t♦ ❞❡s✐❣♥ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡✲
❣❛t❡s ♦❢ ✈❛r✐♦✉s s❤❛♣❡s ✿ ❝②❧✐♥❞❡r ✭✇✐t❤ ❛ t②♣✐❝❛❧ ❞✐❛♠❡t❡r
♦❢ 2mm ❛♥❞ ❛ ❤❡✐❣❤t h0 = 1mm✮ ❛s ✇❡❧❧ ❛s ❝✉❜♦✐❞ ✭1mm
❧♦♥❣ sq✉❛r❡ ❜❛s❡ ❛♥❞ 0.6mm ❤❡✐❣❤t✮✳ ❲❤❡r❡❛s ❝❧❛ss✐❝❛❧
t❡❝❤♥✐q✉❡s ✭❤❛♥❣✐♥❣ ❞r♦♣s✱ ♠✐❝r♦✲✇❡❧❧s ♦r ❛❣✐t❛t✐♦♥✮ r❡✲
q✉✐r❡ s❡✈❡r❛❧ ❞❛②s t♦ ♦❜t❛✐♥ s♣❤❡r♦✐❞s ♦❢ t②♣✐❝❛❧❧② 500 ♥♠
❞✐❛♠❡t❡r ❬✸✸❪✱ ♠❛❣♥❡t✐❝ ♠♦❧❞✐♥❣ ②✐❡❧❞s ✇✐t❤✐♥ ❛ s✐♥❣❧❡
❞❛② t♦ ❛❣❣r❡❣❛t❡s ♦❢ ✈❛r✐♦✉s s❤❛♣❡s ❛♥❞ ♦❢ ♠✐❧❧✐♠❡t❡r✲s✐③❡✳
❖❜t❛✐♥❡❞ ♠❛❣♥❡t✐❝ ❋✾ ❝❡❧❧s ❛❣❣r❡❣❛t❡s ❛r❡ ❞❡♥s✐❧② ♣❛❝❦❡❞
❛ss❡♠❜❧✐❡s ✇✐t❤ ❛♥ ❤♦♠♦❣❡♥❡♦✉s ❝❡❧❧ ❞❡♥s✐t② ❛♥❞ str✉❝✲
t✉r❡ ♦❢ t❤❡ ❝②t♦s❦❡❧❡t♦♥✳ ❈❡❧❧s ✐♥ t❤❡s❡ ❛❣❣r❡❣❛t❡s ❞✐s♣❧❛②
✇❡❧❧ ❞❡✈❡❧♦♣❡❞ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥s ✭❋✐❣✉r❡ ✶❞✮✳ ❚❤❡ ❛❞❤❡✲
s✐♦♥s ❞❡♣❡♥❞ ❧✐tt❧❡ ♦♥ t❤❡ r❛❞✐❛❧ ♣♦s✐t✐♦♥✿ ❛ 20µ♠✲t❤✐❝❦
❡♥✈❡❧♦♣❡ ❛❢t❡r 24 ❤ ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❛r♦✉♥❞ ❛ s❧✐❣❤t❧② ❧❡ss
❝♦❤❡s✐✈❡ ❝♦r❡✳

❚❤❡s❡ ♠❛❣♥❡t✐❝❛❧❧② ♠♦❧❞❡❞ ❛❣❣r❡❣❛t❡s ❝❛♥ ❜❡ st✐♠✉✲
❧❛t❡❞ ❛t ✇✐❧❧ s✐♥❝❡ t❤❡ ♠❛❣♥❡t✐❝ ❝❡❧❧✉❧❛r ❢♦r❝❡ ✐s ❣❡♥❡r✲
❛t❡❞ ❜② ❛♥ ❡❧❡❝tr♦♠❛❣♥❡t ✇❤♦s❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ✈❛r✐❡❞
✐♥ ❛ t✐♠❡✲❞❡♣❡♥❞❡♥t ♠❛♥♥❡r✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❞❡✈❡❧✲
♦♣s ❛ t✐ss✉❡ ♠❛❣♥❡t✐③❛t✐♦♥ MV (B) ❛♥❞ ❡①❡rts ❛ r♦✉❣❤❧②
❝♦♥st❛♥t ♣✉❧❧✐♥❣ ❢♦r❝❡ fV = MV (B) dB

dz ♣❡r ✉♥✐t ✈♦❧✉♠❡
♦❢ ❛❣❣r❡❣❛t❡ ✭❋✐❣✉r❡ ✶ ❛♥❞ ▼❡t❤♦❞s✮✳ ❚❤❡ ♠❛①✐♠❛❧ ❡①✲
❡rt❡❞ ❢♦r❝❡ ✐s 2.2 kN.m−3✳ ❋♦r z✲✐♥❞❡♣❡♥❞❡♥t s❡❝t✐♦♥s
✭✢❛t s✉r❢❛❝❡✮✱ ♥♦ s✐♠♣❧❡ s❤❡❛r ✐s ✐♥❞✉❝❡❞ ❛♥❞ ❞❡❢♦r♠❛✲
t✐♦♥s ❛r❡ ❧✐♠✐t❡❞ t♦ ✉♥✐❛①✐❛❧ sq✉❡❡③✐♥❣✳ ❚❤❡ str❡ss ✐s ❛❧✲
✇❛②s ❝♦♠♣r❡ss✐✈❡✱ ❛♥❞ ✇❡ t❛❦❡ ❛ ♣♦s✐t✐✈❡ ♥♦t❛t✐♦♥ ❢♦r
s✐♠♣❧✐❝✐t②✳ ■ts ❧♦❝❛❧ ✈❛❧✉❡ ❛t ❛♥② ❛❧t✐t✉❞❡ z ❛❜♦✈❡ t❤❡
❣❧❛ss ♣❧❛t❡ ✐s s✐♠♣❧② ❣✐✈❡♥ ❜② t❤❡ s✉♠ ♦❢ ❛❧❧ ♠❛❣♥❡t✐❝
❢♦r❝❡s ❡①❡rt❡❞ ♦♥ ❝❡❧❧s ❧♦❝❛t❡❞ ❤✐❣❤❡r ✇✐t❤✐♥ t❤❡ ❛❣❣r❡✲

❣❛t❡✿ σloc(z) =
´ h(t)

z
fV (z

′) dz′✳ ❋♦r ❛ ✉♥✐❢♦r♠ ✈♦❧✉♠❡
❢♦r❝❡ fV ✱ t❤❡ str❡ss ✐♥❝r❡❛s❡s ❧✐♥❡❛r❧② ✇✐t❤ t❤❡ ❞✐st❛♥❝❡
❢r♦♠ ✐ts ✉♣♣❡r s✉r❢❛❝❡✳ ❲❡ ❞❡✜♥❡ σ ❛s t❤❡ s♣❛t✐❛❧❧② ❛✈❡r✲
❛❣❡❞ ✈❛❧✉❡ ♦❢ t❤❡ str❡ss σ ≡ 〈σloc(z, t)〉z ✐♥ t❤❡ ♠❛❣♥❡t✐❝
r❤❡♦♠❡t❡r ✇❤✐❝❤ r❡❞✉❝❡s t♦ σ = 1

2 h(t) fV ≈ 1
2 h0 fV ✳

❲❤❡♥ h0 = 1mm✱ ✐t r❡❛❝❤❡s ❛❜♦✉t 1P❛ ❢♦r t❤❡ ♠❛①✐♠❛❧
✈❛❧✉❡ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ♠❛❣♥❡t✐❝ ✜❡❧❞✳

❲✐t❤ t❤✐s s❡t✲✉♣ ✭❋✐❣✉r❡ ✶❣✲❤✮✱ t❤❡ ❛❣❣r❡❣❛t❡ ❞❡❢♦r♠❛✲
t✐♦♥ ✈❛r✐❡s ✐♥ r❡s♣♦♥s❡ t♦ t❤❡ ❝♦♠♣r❡ss✐✈❡ ❢♦r❝❡ ✐♠♣♦s❡❞
❜② t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t✱ ✐t ❞♦❡s ♥♦t ❡①❝❡❡❞ δh ≤ 50µm
♠❡❛♥✐♥❣ t❤❡ ♦✈❡r❛❧❧ ❛❣❣r❡❣❛t❡ str❛✐♥ ✐s s♠❛❧❧❡r t❤❛♥ 5%
❢♦r ❛❣❣r❡❣❛t❡s ♦❢ ❛ t②♣✐❝❛❧ ❤❡✐❣❤t h0 = 1♠♠✳

■♥ ♦r❞❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r ♦❢ t❤❡
❛❣❣r❡❣❛t❡s✱ ♦✉r ❛✐♠ ✐s t♦ ♠❡❛s✉r❡ t❤❡ r❤❡♦❧♦❣✐❝❛❧ r❡s♣♦♥s❡
R r❡❧❛t✐♥❣ t❤❡ ❧♦❝❛❧ str❛✐♥ εloc ❛❧♦♥❣ t❤❡ ❝♦♠♣r❡ss✐♦♥
❛①✐s t♦ t❤❡ ♣r❡s❡♥t ❛♥❞ ❡❛r❧✐❡r ✈❛❧✉❡s ♦❢ t❤❡ str❡ss σloc

❛❧♦♥❣ t❤❡ s❛♠❡ ❛①✐s ❛t t❤❡ s❛♠❡ ❧♦❝❛t✐♦♥✿ εloc(z, t) =
R ({σloc(z, t

′}t′≤t)✳ ❚❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ♣r♦✈✐❞❡s t❤❡
❛♣♣❧✐❡❞ str❡ss s✐❣♥❛❧ σ(t) ❛♥❞ t❤❡ ♠❡❛s✉r❡❞ str❛✐♥ ε(t) =
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❋■●✳ ✶✿ ❚❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r✳ ❛ ❙❝❤❡♠❛t✐❝s ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ♠♦❧❞✐♥❣✳ ▼❛❣♥❡t✐❝ ❝❡❧❧s ❛r❡ s❡❡❞❡❞ ✐♥ ❛♥ ❛❣❛r♦s❡ ✇❡❧❧
♦✈❡r❤❛♥❣✐♥❣ ❛ ♠❛❣♥❡t✳ ❖♥❝❡ t❤❡ ♠❛❣♥❡t ❤❛s ❜❡❡♥ r❡♠♦✈❡❞ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥s ✐♥s✉r❡ t❤❡ ❝♦❤❡s✐✈❡♥❡ss ♦❢ t❤❡ ❛ss❡♠❜❧② ✇✐t❤✐♥ ❛

❞❛②✳❜✲❝ ❙✐❞❡ ❛♥❞ t♦♣ ✈✐❡✇s ♦❢ ♠❛❣♥❡t✐❝ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s✳ ❚❤❡ ♠❛❣♥❡t✐❝ ♠♦❧❞✐♥❣ t❡❝❤♥✐q✉❡ ♣r♦✈✐❞❡s t❤❡ ❞❡s✐r❡❞
❛❣❣r❡❣❛t❡ s❤❛♣❡✱ ❤❡r❡ ❛ ❝②❧✐♥❞r✐❝❛❧ ❛❣❣r❡❣❛t❡ ✭❜✮ ♦r ❛ ❝✉❜♦✐❞❛❧ ❛❣❣r❡❣❛t❡ ✭❝✮ ✭s❝❛❧❡ ❜❛r✿ 500µ♠✮✳ ❞ ◗✉❛rt❡r s❡❝t✐♦♥s ♦❢ ❛

❝②❧✐♥❞r✐❝❛❧ ❛❣❣r❡❣❛t❡ st❛✐♥❡❞ ✇✐t❤ ❉❆P■ ✭❜❧✉❡✮✱ ❊✲❝❛❞❤❡r✐♥ ❛♥t✐❜♦❞② ✭❣r❡❡♥✮✱ ❙✐❘✲❛❝t✐♥ ✭r❡❞✮✱ ❛♥❞ ❝❧❡❛✈❡❞ ❈❛s♣❛s❡✲✸ ❛♥t✐❜♦❞②
✭✇❤✐t❡✮ ✭❙❝❛❧❡ ❜❛rs✿ 100µ♠✮✳ ❡ ❙❝❤❡♠❛t✐❝s ♦❢ t❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r✳ ❆♥ ❛❣❣r❡❣❛t❡ ✐s s❡❡❞❡❞ ✐♥ ❛ 37◦❈ t❤❡r♠♦st❛t❡❞ t❛♥❦
✜❧❧❡❞ ✇✐t❤ ❝✉❧t✉r❡ ♠❡❞✐✉♠✳ ■ts s✐❞❡s ❛r❡ s❡❛❧❡❞ ✇✐t❤ ❣❧❛ss t♦ ❛❧❧♦✇ ❢❛st ❝❛♠❡r❛ ✐♠❛❣✐♥❣✳ ❆♥ ❡❧❡❝tr♦♠❛❣♥❡t ❝♦♠♣♦s❡❞ ♦❢ ❛
❝❡♥tr❛❧ s♦❢t ✐r♦♥ ♣♦❧❛r ♣✐❡❝❡ s✉rr♦✉♥❞❡❞ ❜② ❛ ❝♦✐❧ ✐s ♣♦s✐t✐♦♥❡❞ ✉♥❞❡r♥❡❛t❤ t♦ ❣❡♥❡r❛t❡ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞✳ ❚❤❡ ❝✉rr❡♥t

s✉♣♣❧✐❡❞ t♦ t❤❡ ❝♦✐❧ ✐s ❞❡❧✐✈❡r❡❞ ❜② ❛♥ ❛♠♣❧✐✜❡❞ s✐❣♥❛❧ ❣❡♥❡r❛t♦r✳ ■♠❛❣✐♥❣ ❛♥❞ ♠❛❣♥❡t✐❝ s✐❣♥❛❧s ❛r❡ s②♥❝❤r♦♥✐③❡❞✳ ❢ ❚❤❡ ❢♦r❝❡
✐s ❛❧♠♦st ❝♦♥st❛♥t ♦✈❡r t❤❡ ❛❣❣r❡❣❛t❡ ❤❡✐❣❤t ✭❧❡ss t❤❛♥ 20✪ ✈❛r✐❛t✐♦♥ ❛r♦✉♥❞ t❤❡ ♠❡❛♥ ✈❛❧✉❡ fV ✮ ✇❤✐❧❡ t❤❡ str❡ss ✐♥❝r❡❛s❡s

❛♣♣r♦①✐♠❛t❡❧② ❧✐♥❡❛r❧② ✇✐t❤ t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ t♦♣✱ ✇✐t❤ ❛ ♠❡❛♥ str❡ss ✈❛❧✉❡ fV h0/2✳ ❣✲❤ ▼❛❣♥❡t✐❝ ❢♦r❝❡s ♣❡r ✉♥✐t ✈♦❧✉♠❡
✐♠♣♦s❡❞ t♦ t❤❡ ✇❤♦❧❡ ❛❣❣r❡❣❛t❡ ✭❣r❛② ❛r❡❛✮ ❛♥❞ ♠❡❛s✉r❡❞ ❞❡❢♦r♠❛t✐♦♥ ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ✭❜❧❛❝❦ ♠❛r❦❡rs✮ ❛r❡ s✉♣❡r✐♠♣♦s❡❞✳

❚❤❡ ✈❡rs❛t✐❧✐t② ♦❢ t❤❡ r❤❡♦♠❡t❡r ❛❧❧♦✇s t♦ ✐♠♣♦s❡ ✈❛r✐♦✉s s✐❣♥❛❧s✱ ❤❡r❡ ❛ st❡♣ ✭❣✮ ❛♥❞ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❛ st❡♣ ✇✐t❤ ❛
s✉♣❡r✐♠♣♦s❡❞ 1 ❍③ s✐♥✉s♦✐❞ ✭❤✮✳

δh(t)/h0 ❛t t❤❡ s❝❛❧❡ ♦❢ t❤❡ ❛❣❣r❡❣❛t❡✳ ❚❤❡ ❧❛tt❡r ✐s ❡q✉❛❧
t♦ t❤❡ s♣❛t✐❛❧ ❛✈❡r❛❣❡ ♦❢ t❤❡ ❧♦❝❛❧ ❞❡❢♦r♠❛t✐♦♥✱ ε(t) =

〈εloc(z, t)〉z✳ ❍❡♥❝❡✱ ❛ss✉♠✐♥❣ ❛ ❧✐♥❡❛r ❧♦❝❛❧ r❤❡♦❧♦❣✐❝❛❧
r❡s♣♦♥s❡ R✱ ✐t ❛❧s♦ r❡❧❛t❡s ❞✐r❡❝t❧② t❤❡ ♠❛❝r♦s❝♦♣✐❝ str❛✐♥



✹

t♦ t❤❡ ♠❛❝r♦s❝♦♣✐❝ ❛♣♣❧✐❡❞ str❡ss✿ ε(t) = R ({σ(t′)}t′≤t)✳
✭❋♦r t❤❡ ♥♦♥❧✐♥❡❛r r❡❣✐♠❡✱ s❡❡ ▼❡t❤♦❞s✮✳
❚❤✐s s❡t✲✉♣ ✐s ❤✐❣❤❧② ✈❡rs❛t✐❧❡ ❛♥❞ ❛❣❣r❡❣❛t❡s ❝❛♥ ❜❡

s✉❜❥❡❝t❡❞ t♦ ✈❛r✐♦✉s ❢♦r❝❡ s✐❣♥❛❧s✿ st❡♣s✱ r❛♠♣s✱ s✐♥✉✲
s♦✐❞❛❧ ❛♥❞ ❜r♦❛❞ s♣❡❝tr✉♠ s✐❣♥❛❧s ✇✐t❤ ❢r❡q✉❡♥❝✐❡s r❛♥❣✲
✐♥❣ ❢r♦♠ 0.1 t♦ 10 ❍③ ✭❋✐❣✉r❡ ✶❣✲❤✮✳ ▼❡❛s✉r❡♠❡♥ts ✇❡r❡
❝❛rr✐❡❞ ♦✉t ♦♥ ❋✾ ♠✉r✐♥❡ ❡♠❜r②♦♥✐❝ ❝❛r❝✐♥♦♠❛ ❝❡❧❧s ❬✹✻❪✱
❛ ✇❡❧❧✲❝❤❛r❛❝t❡r✐③❡❞ ❝❡❧❧ ❧✐♥❡ ❡①t❡♥s✐✈❡❧② st✉❞✐❡❞ ❜♦t❤ ❛t
t❤❡ s✐♥❣❧❡ ❝❡❧❧ ❧❡✈❡❧ ❛t s❤♦rt✲t✐♠❡ s❝❛❧❡ ❬✶✾✱ ✷✶✱ ✹✼❪ ❛♥❞
❛t t❤❡ t✐ss✉❡ ❧❡✈❡❧ ❛t ❧♦♥❣❡r t✐♠❡ s❝❛❧❡ ❬✸✵✱ ✸✸❪✳ ❋✾ ❝❡❧❧
❧✐♥❡ ✐s t❤✉s ❛s ❛ r❡❧❡✈❛♥t ♠♦❞❡❧ ❜♦t❤ t♦ ❤✐❣❤❧✐❣❤t ❝♦❧❧❡❝✲
t✐✈❡ ❡✛❡❝ts ❛t s❤♦rt✲t✐♠❡ s❝❛❧❡ ❛♥❞ t♦ ❛❧❧♦✇ ❝♦♠♣❛r✐s♦♥
✇✐t❤ ❜❡❤❛✈✐♦r ❛t ❧♦♥❣❡r t✐♠❡ s❝❛❧❡✳ ◆❡✈❡rt❤❧❡ss ♠❛❣♥❡t✐❝
r❤❡♦♠❡tr② ❝♦✉❧❞ ❜❡ ❛♣♣❧✐❡❞ t♦ ♦t❤❡r ❝❡❧❧ t②♣❡s✱ ♣r♦✈✐❞❡❞
t❤❛t t❤❡ ❝❡❧❧s ❛r❡ ❛❜❧❡ t♦ ❢♦r♠ st❛❜❧❡ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣✲
❣r❡❣❛t❡s ❛♥❞ ❤❛✈❡ ❛ s✉✣❝✐❡♥t ♠❛❣♥❡t✐❝ ♣♦t❡♥❝② ❜❛s❡❞
♦♥ ❡♥❞♦❝②t♦s✐s ❬✹✸❪✳ ❋♦r ✐♥st❛♥❝❡✱ ♠✉r✐♥❡ ❝♦❧♦♥ ❝❛♥❝❡r
❝❡❧❧s ❈❚✷✻✱ ❤❛✈❡ ❜❡❡♥ s✉❝❝❡ss❢✉❧❧② t❡st❡❞ ✇✐t❤ t❤❡ s❛♠❡
♣r♦t♦❝♦❧ ✭❙✉♣♣❧❡♠❡♥t❛❧ ♠❛t❡r✐❛❧✮✳

P❖❲❊❘✲▲❆❲ ❘❍❊❖▲❖●❨ ❖❋
▼❯▲❚■❈❊▲▲❯▲❆❘ ❆●●❘❊●❆❚❊❙

❲❡ ✜rst ✉s❡ t✇♦ ❝❧❛ss✐❝ s✐❣♥❛❧s✿ str❡ss st❡♣s ❛♥❞ s✐♥❣❧❡✲
❢r❡q✉❡♥❝② str❡ss s✐♥✉s♦✐❞s✳
❚❤❡ r❡s♣♦♥s❡ t♦ ❛ ❢♦r❝❡ st❡♣ s✐❣♥❛❧ ♦❢ 1.1 kN.m−3✱ ❝♦r✲

r❡s♣♦♥❞✐♥❣ t♦ ❛ σ st❡♣♣✐♥❣ ✉♣ t♦ σ0 = 1
2 h0 fV = 0.55Pa

✐s r❡❝♦r❞❡❞✱ ✭❙✉♣♣❧❡♠❡♥t❛❧ ▼♦✈✐❡ ✶✮✳ ❍❡r❡✱ ❢♦r t ≥ 0 t❤❡
❛♣♣❧✐❡❞ str❡ss ✐s ❛ ❝♦♥st❛♥t✱ σ = σ0✳ ❍❡♥❝❡✱ R ✐s s✐♠✲
♣❧② ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡✱ ❛♥❞ ✇❡ ❞❡✜♥❡ t❤❡ ❢✉♥❝t✐♦♥ Jσ0

(t)
t❤r♦✉❣❤✿ εσ0

(t) ≡ σ0 Jσ0
(t)✳ ❲❡ ♦❜s❡r✈❡ ✭❋✐❣✉r❡ ✷❛✮ t❤❛t

✐t ❝♦✐♥❝✐❞❡s ✇✐t❤ ❛ ♣♦✇❡r✲❧❛✇ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡ ♦✈❡r ❢♦✉r
♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ✭0.01 t♦ 100 s✮✿

J(t) = J0 (t/τ)
α, ✭✶✮

❍❡r❡ ✇❡ ✐♥tr♦❞✉❝❡ t❤❡ ❝❧❛ss✐❝❛❧ ❝r❡❡♣ ❢✉♥❝t✐♦♥ J(t)✱ ❛♥❞
❞r♦♣ t❤❡ σ0 s✉❜s❝r✐♣t ❢♦r J ✱ ❛ss✉♠✐♥❣ t❤❛t t❤❡ r❡s♣♦♥s❡
✐s ❧✐♥❡❛r✳ ❚❤❡ ❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r τ ✐s s❡t t♦ 1 s ❜②
❝♦♥✈❡♥t✐♦♥✳
❉✐str✐❜✉t✐♦♥s ♦❢ t❤❡ ❡①♣♦♥❡♥t α ❛♥❞ t❤❡ ♣r❡❢❛❝t♦r J0

❛r❡ s❤♦✇♥ ♦♥ ✜❣✉r❡s ✷❜ ❛♥❞ ❝ ♣r❡s❡♥t✐♥❣ t❤❡✐r ❤✐st♦❣r❛♠s
❛♥❞ ❝✉♠✉❧❛t✐✈❡ ❤✐st♦❣r❛♠s ✭✇✐t❤ J0 ✐♥ ❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡✮
❢♦r 40 ❛❣❣r❡❣❛t❡s✳ ❚❤❡ ❧❛tt❡r ❛r❡ ✜tt❡❞ ❜② ❛♥ ❡rr♦r ❢✉♥❝✲
t✐♦♥✱ ②✐❡❧❞✐♥❣ t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡s ❛s ✇❡❧❧ ❛s t❤❡ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥✳ ❲❡ ✜♥❞ α = 0.21 ± 0.03 ✭♠❡❛♥±s❞✮ ❛♥❞
J0 = (4.8 + 2.3,−0.9) 10−2 Pa−1 ✭♠❡❛♥±s❞✮✳ ❖✉r s❛♠✲
♣❧✐♥❣ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ♥♦r♠❛❧ ❛♥❞ ❧♦❣✲♥♦r♠❛❧ ♣r♦❜❛✲
❜✐❧✐t② ❧❛✇s ❢♦r α ❛♥❞ J0 r❡s♣❡❝t✐✈❡❧②✱ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤
❬✶✽✱ ✶✾❪✳ ❆s t❤❡ ❞✐s♣❡rs✐♦♥ ❜❡t✇❡❡♥ s❡✈❡r❛❧ ♠❡❛s✉r❡✲
♠❡♥ts ♦♥ ❛ ❣✐✈❡♥ ❛❣❣r❡❣❛t❡ ✐s s♠❛❧❧❡r t❤❛♥ t❤❛t ♦❜s❡r✈❡❞
❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ❛❣❣r❡❣❛t❡s✱ t❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ✐s
s✉✐t❛❜❧❡ t♦ ❡st✐♠❛t❡ t❤❡ ✐♥❤❡r❡♥t ❞✐str✐❜✉t✐♦♥ ♦❢ r❤❡♦❧♦❣✲
✐❝❛❧ ♣❛r❛♠❡t❡rs✳ ❲❡ ❝❤❡❝❦❡❞ t❤❛t t❤❡ ♠❡❛s✉r❡❞ r❤❡♦✲
❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ❛❣❣r❡❣❛t❡✬s s❤❛♣❡
❜② ❝♦♠♣❛r✐♥❣ ❝②❧✐♥❞r✐❝❛❧ ❛♥❞ ❝✉❜♦✐❞ ❛❣❣r❡❣❛t❡s r❡s♣♦♥s❡
✭❙✉♣♣❧❡♠❡♥t❛❧ ♠❛t❡r✐❛❧✮✳

a

b

c

❋■●✳ ✷✿ ❈r❡❡♣ ❢✉♥❝t✐♦♥ ❛♥❞ ♣♦✇❡r✲❧❛✇ r❤❡♦❧♦❣②✳ ❛
❈r❡❡♣ ❢✉♥❝t✐♦♥ ♦❢ ❛ ♠✉❧t✐❝❡❧❧✉❧❛r ❝②❧✐♥❞r✐❝❛❧ ❛❣❣r❡❣❛t❡

s✉❜♠✐tt❡❞ t♦ ❛ st❡♣ ♦❢ ❛ 1.1 kN.m−3 ❢♦r❝❡ ♣❡r ✉♥✐t ✈♦❧✉♠❡✱
♣❧♦tt❡❞ ✐♥ ❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡✳ ❊①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ✭❜❧❛❝❦

❝r♦ss❡s✮ ❛r❡ ✜tt❡❞ ✇✐t❤ ❛ ♣♦✇❡r✲❧❛✇ ♦❢ t✐♠❡ J(t) = J0 (t/τ)
α

✇✐t❤ t❤❡ ♠❡❛s✉r❡❞ ❡①♣♦♥❡♥t α = 0.21± 0.03 ❛♥❞ ❝♦♠♣❧✐❛♥❝❡
J0 = 0.048± 0.015Pa−1✳ ❜✲❝ ❈✉♠✉❧❛t✐✈❡ ❞✐str✐❜✉t✐♦♥

❢✉♥❝t✐♦♥ ✭♦r❛♥❣❡ ❞✐❛♠♦♥❞s✮ ❛♥❞ ❤✐st♦❣r❛♠ ✭✐♥ ❜❧❛❝❦✮ ♦❢ t❤❡
❡①♣♦♥❡♥t α ✭❜✮ ❛♥❞ ♦❢ t❤❡ ❝♦♠♣❧✐❛♥❝❡ J0 ♣r❡s❡♥t❡❞ ✐♥

❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡ ✭❝✮✳ ❚❤❡ ❝✉♠✉❧❛t✐✈❡ ❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥s
♦❢ t❤❡ ❡①♣♦♥❡♥t ❛♥❞ ♦❢ t❤❡ ❧♦❣❛r✐t❤♠ ♦❢ t❤❡ ❝♦♠♣❧✐❛♥❝❡ ❛r❡

✜tt❡❞ ❜② ❛♥ ❡rr♦r ❢✉♥❝t✐♦♥ ✇❤✐❧❡ t❤❡✐r ❤✐st♦❣r❛♠s ❛r❡
❞❡s❝r✐❜❡❞ ❜② ❛ ♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥✳ ❊①♣❡r✐♠❡♥ts ✇❡r❡

r❡♣❡❛t❡❞ ♦✈❡r ✺✺ ❞✐✛❡r❡♥t ❛❣❣r❡❣❛t❡s✳

❆s t❤❡ ❛❣❣r❡❣❛t❡ ✐s st✐♠✉❧❛t❡❞ ✐♥ ✐ts ❧✐♥❡❛r r❡❣✐♠❡✱
✐ts ❞❡❢♦r♠❛t✐♦♥ ε(t) ✐♥ r❡s♣♦♥s❡ t♦ ❛♥ ❛r❜✐tr❛r② ✐♠♣♦s❡❞
str❡ss ❤✐st♦r② σ(t) ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✐♥ t❡r♠s ♦❢ t❤❡ ❛❜♦✈❡
❝r❡❡♣ ❢✉♥❝t✐♦♥✳ ■♥❞❡❡❞✱ t❤❡ str❡ss ❝❛♥ ❜❡ ✈✐❡✇❡❞ ❛s ❛ s❡✲
r✐❡s ♦❢ str❡ss st❡♣s dσ(t′) = dσ

dt (t
′) dt′ ❛t ❡❛r❧✐❡r t✐♠❡s

t′ ≤ t✱ ❛♥❞ t❤❡ ❞❡❢♦r♠❛t✐♦♥ ✐s ❡①♣❡❝t❡❞ t♦ ❝♦✐♥❝✐❞❡ ✇✐t❤
t❤❡ s✉♠ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝r❡❡♣ ❢✉♥❝t✐♦♥s✿

ε(t) =

ˆ t

0

J(t− t′)
dσ

dt
(t′) dt′ ✭✷✮



✺

❚♦ t❡st t❤❡ ♣♦✇❡r✲❧❛✇ r❡s♣♦♥s❡ ♦❜t❛✐♥❡❞ ✇✐t❤ ♦♥❡ st❡♣✲
❧✐❦❡ str❡ss s✐❣♥❛❧✱ ✇❡ s✉♣❡r✐♠♣♦s❡❞ t♦ ✐t ❛ s✐♥✉s♦✐❞❛❧ ❢♦r❝❡
✇✐t❤ ❛♠♣❧✐t✉❞❡ σosc ❛t ❛♥❣✉❧❛r ❢r❡q✉❡♥❝② ω ✭❝♦rr❡s♣♦♥❞✲
✐♥❣ t♦ ✸ ❍③✮✱ st❛rt✐♥❣ ❛ ❢❡✇ s❡❝♦♥❞s ❛❢t❡r t❤❡ ❢♦r❝❡ st❡♣
✭❋✐❣✉r❡ ✸❜✮✳ ❊q✳ ✭✷✮ ♣r❡❞✐❝ts t❤❛t ✐♥ t❤❡ ❧✐♥❡❛r r❡❣✐♠❡✱ ❛♥
♦s❝✐❧❧❛t♦r② str❡ss ②✐❡❧❞s ❛ s✐♥✉s♦✐❞❛❧ str❛✐♥ r❡s♣♦♥s❡ ✇✐t❤
❝♦♠♣❧❡① ❛♠♣❧✐t✉❞❡ ε⋆osc = J⋆(ω)σosc✱ ✇❤❡r❡✿

J⋆(ω) =
1

E⋆(ω)
=

J0 Γ(1 + α)

(iωτ)α
✭✸✮

✇✐t❤ E⋆(ω) t❤❡ ❝♦♠♣❧❡① ❨♦✉♥❣ ♠♦❞✉❧✉s ❛♥❞ Γ t❤❡ ❊✉❧❡r
❣❛♠♠❛ ❢✉♥❝t✐♦♥✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✭❋✐❣✉r❡ ✸❛✱❜✱❞✮ ❛r❡
❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ t❤❡ ❡❛r❧✐❡r ♣♦✇❡r✲
❧❛✇ r❡s♣♦♥s❡ t♦ ❛ ❢♦r❝❡ st❡♣ ❣✐✈❡♥ ❜② ❊q✳ ✭✶✮ ❛♥❞ t❤❡
♦s❝✐❧❧❛t♦r② r❡s♣♦♥s❡ ❛t ✸ ❍③✳ ■t ✐s t❤✉s ♣♦ss✐❜❧❡ t♦ ❡①tr❛❝t
❛ ❝♦♠♣❧❡① ♠♦❞✉❧✉s ✈❛❧✉❡ E⋆(ω) ❢♦r ❡❛❝❤ t❡st❡❞ ❛♥❣✉❧❛r
❢r❡q✉❡♥❝② ω✳
❋✐❣✉r❡ ✸❞ ❞✐s♣❧❛②s t❤❡ ❛♠♣❧✐t✉❞❡ |E⋆| ❛♥❞ ♣❤❛s❡ s❤✐❢t

ϕ ♦❢ t❤❡ ❝♦♠♣❧❡① ♠♦❞✉❧✉s ❢♦r s❡✈❡r❛❧ ❢r❡q✉❡♥❝✐❡s ω/(2π)
r❛♥❣✐♥❣ ❢r♦♠ 0.1 t♦ 10 ❍③✳ ❚❤❡ ❛♠♣❧✐t✉❞❡ ❡①❤✐❜✐ts
❛ ♣♦✇❡r✲❧❛✇ ❞❡♣❡♥❞❡♥❝❡ ♦♥ ❢r❡q✉❡♥❝② |E∗| ∝ ωα ♦✈❡r
t✇♦ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡✱ ✇❤✐❧❡ t❤❡ ♣❤❛s❡ s❤✐❢t ϕ ❛♣✲
♣❡❛rs ✐♥❞❡♣❡♥❞❡♥t ♦❢ ❢r❡q✉❡♥❝②✱ ❝♦♥s✐st❡♥t❧② ✇✐t❤ ❊q✳ ✭✸✮
✇❤✐❝❤ ♣r❡❞✐❝ts ϕ = απ/2✳ E0 ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❛♠✲
♣❧✐t✉❞❡ ❛t ✶ ❍③✱ ✐✳❡✳✱ E0 = |E⋆(ω = 2π/τ)|✳ ■t ✐s r❡✲
❧❛t❡❞ t♦ J0 t❤r♦✉❣❤ ❊q✳ ✭✸✮✿ E0 J0 = (2π)α/Γ(1 + α)✳
❚❤❡ ♦s❝✐❧❧❛t♦r② ❡①♣❡r✐♠❡♥ts ②✐❡❧❞ α = 0.22± 0.02✱ ❤❡♥❝❡
(2π)α/Γ(1 + α) ≈ 1.64✱ ❛♥❞ E0 = 40 ± 6P❛✱ ✇❤✐❝❤ ❝♦r✲
r❡s♣♦♥❞s t♦ J0 = (4.2± 1.0) 10−2 Pa−1✳ ❚❤❡ r❡s✉❧t ❢r♦♠
t❤❡ ♦s❝✐❧❧❛t♦r② r❡❣✐♠❡ ✐s t❤✉s ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡
♦♥❡ ❢r♦♠ t❤❡ ❝r❡❡♣ ❡①♣❡r✐♠❡♥t✳ ❲❡ ❡①t❡♥❞ t❤❡ ❛❣r❡❡✲
♠❡♥t ❜❡t✇❡❡♥ t❤✐s t✇♦ r❤❡♦♠❡tr② ♣r♦t♦❝♦❧s ❢r♦♠ s✐♥❣❧❡
❝❡❧❧ ❬✶✾❪ t♦ t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r s❝❛❧❡✳

❇❆❈❑✲❚❖✲❇❆❈❑ ❈❖▼P❆❘■❙❖◆ ❲■❚❍ ❆
P❆❘❆▲▲❊▲✲P▲❆❚❊❙ ❘❍❊❖▼❊❚❊❘

❆s ❛ ❝r♦ss✲✈❛❧✐❞❛t✐♦♥✱ ✇❡ ✉s❡❞ ❛ s❡t✲✉♣ ✐♥✐t✐❛❧❧② ❞❡✲
s✐❣♥❡❞ ❢♦r s✐♥❣❧❡✲❝❡❧❧ r❤❡♦❧♦❣② ❬✹✽❪✱ t❤❡ ♣❛r❛❧❧❡❧✲♣❧❛t❡s
r❤❡♦♠❡t❡r ❬✹✾❪✱ ❛♥❞ ❡①t❡♥❞❡❞ ✐t t♦ t❤❡ s❝❛❧❡ ♦❢ ♠✉❧t✐✲
❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s✳ ■♥ t❤❡✐r ♣r✐♥❝✐♣❧❡✱ ♠❡❛s✉r❡♠❡♥ts ♦♥
❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ❛r❡ s✐♠✐❧❛r t♦ ♠❡❛s✉r❡♠❡♥ts ♦♥ s✐♥✲
❣❧❡ ❝❡❧❧s✳ ❆ ❝✉❜♦✐❞ ❛❣❣r❡❣❛t❡ ✐s ❝♦♠♣r❡ss❡❞ ❜❡t✇❡❡♥ t✇♦
❣❧❛ss ♠✐❝r♦♣❧❛t❡s✱ ❛ r✐❣✐❞ ♦♥❡ ❛♥❞ ❛ ✢❡①✐❜❧❡ ♦♥❡ ✇❤♦s❡
st✐✛♥❡ss ❤❛s ❜❡❡♥ ♣r❡✈✐♦✉s❧② ❝❛❧✐❜r❛t❡❞✳ ❑♥♦✇✐♥❣ t❤❡
❢♦r❝❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡ ❛♥❞ ✐ts ❞❡❢♦r♠❛✲
t✐♦♥✱ ✐ts ❝♦♠♣r❡ss✐♦♥ ✈✐s❝♦❡❧❛st✐❝ ♠♦❞✉❧✉s ✐s ❡st✐♠❛t❡❞✳
❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ✢❡①✐❜❧❡ ❣❧❛ss ♠✐❝r♦♣❧❛t❡ ✭t❤❡ ❢♦r❝❡
♣r♦❜❡✮ ❤❛❞ t♦ ❜❡ ❛❞❛♣t❡❞ s♣❡❝✐✜❝❛❧❧②✿ ✇❤✐❧❡ ❛❣❣r❡❣❛t❡s
❛r❡ ❢❛r ❧❛r❣❡r ✭❛r♦✉♥❞ 500µ♠ r❛❞✐✉s✮ t❤❛♥ s✐♥❣❧❡ ❝❡❧❧s✱
t❤❡② ❛r❡ s♦❢t❡r ✭❋✐❣✉r❡ ✸❞✮✳ ❚❤✉s✱ ♦r✐❣✐♥❛❧ s♣❛t✉❧❛✲❧✐❦❡
♣❧❛t❡s ✇✐t❤ ✇✐❞❡ t✐♣s ✭✶ ♠♠ ✐♥ ✇✐❞t❤✮ ❛♥❞ ❛ t❤✐♥ ♥❡❝❦
❛r♦✉♥❞ 5mm ❧♦♥❣ ❛♥❞ 100µm ✇✐❞t❤✮ ✇❡r❡ ❞❡s✐❣♥❡❞ t♦
r❡❛❝❤ ❛ t②♣✐❝❛❧ st✐✛♥❡ss ♦❢ t❡♥s ♦❢ ♥◆✴µ♠ ✭▼❡t❤♦❞s✮✳ ❚❤❡
s✐♥✉s♦✐❞❛❧ st✐♠✉❧❛t✐♦♥s ❡①❡rt❡❞ ✇✐t❤ t❤❡ ♣❛r❛❧❧❡❧✲♣❧❛t❡s
r❤❡♦♠❡t❡r ❝❧♦s❡❧② ♣❛r❛❧❧❡❧❡❞ t❤♦s❡ ❡①❡rt❡❞ ✇✐t❤ t❤❡ ♠❛❣✲
♥❡t✐❝ r❤❡♦♠❡t❡r✿ ❛❣❣r❡❣❛t❡s ✇❡r❡ ✜rst ❝♦♠♣r❡ss❡❞✱ t❤❡♥

❛♥ ♦s❝✐❧❧❛t♦r② ❞❡❢♦r♠❛t✐♦♥ ✐♥ t❤❡ 1 − 2% r❛♥❣❡ ✇❛s ❛♣✲
♣❧✐❡❞✳ ❙t✉❞②✐♥❣ t❤❡ r❡s♣♦♥s❡ ♦❢ ✼ ❝✉❜♦✐❞ ❛❣❣r❡❣❛t❡s✱
✇❡ ✜♥❞ t❤❡ s❛♠❡ ♣♦✇❡r✲❧❛✇ r❤❡♦❧♦❣②✱ ❝❤❛r❛❝t❡r✐③❡❞ ❜②
❛♥ ❡①♣♦♥❡♥t α = 0.27 ± 0.04 ❛♥❞ ❛♥ ❡❧❛st✐❝ ♠♦❞✉❧✉s
E0 = 45±12P❛✳ ◗✉❛♥t✐t❛t✐✈❡❧②✱ ❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s t❤✉s
❡①❤✐❜✐t ❛ s❧✐❣❤t❧② ♠♦r❡ ♣r♦♠✐♥❡♥t ✈✐s❝♦✉s✲❧✐❦❡ ❝♦♠♣♦♥❡♥t
✭❤✐❣❤❡r α✮ t❤❛♥ ✇❤❡♥ t❡st❡❞ ✇✐t❤ t❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡✲
t❡r✱ ✇❤✐❧❡ ❡st✐♠❛t❡s ♦❢ t❤❡ ❧✐♥❡❛r ❡❧❛st✐❝ ♠♦❞✉❧✉s E0 ❛r❡
❝♦♥s✐st❡♥t ❜❡t✇❡❡♥ t❤❡ t✇♦ ✐♥str✉♠❡♥ts✳ ❚❤✐s ❝♦♠♣❛r✐✲
s♦♥ ❝♦rr♦❜♦r❛t❡s t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ♠❛❣♥❡t✐❝
r❤❡♦♠❡t❡r ❛♥❞ ❝♦♥✜r♠s t❤❡ ♣♦✇❡r✲❧❛✇ r❤❡♦❧♦❣② ♦❢ ♠✉❧✲
t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s✳

❇❘❖❆❉ ❙P❊❈❚❘❯▼ ❘❍❊❖▲❖●❨

❚♦ s②st❡♠❛t✐❝❛❧❧② q✉❛♥t✐❢② ❛❣❣r❡❣❛t❡ r❤❡♦❧♦❣② ❛♥❞ ✐ts
♣♦ss✐❜❧❡ ♥♦♥✲❧✐♥❡❛r✐t✐❡s ✐♥ ❛ s✐♥❣❧❡ ❡①♣❡r✐♠❡♥t✱ ✇❡ ✐♥tr♦✲
❞✉❝❡ ❛♥ ♦r✐❣✐♥❛❧ ♣r♦t♦❝♦❧ ✐♥ ✇❤✐❝❤ ✇❡ ✐♠♣♦s❡ ❛ ❧❛r❣❡ ❛♠✲
♣❧✐t✉❞❡✱ ❜r♦❛❞ s♣❡❝tr✉♠ str❡ss s✐❣♥❛❧ ✭❡①❛♠♣❧❡ ♦♥ ❋✐❣✲
✉r❡ ✹❛✱ s❡❡ ▼❡t❤♦❞s ❢♦r ❛♥❛❧②t✐❝❛❧ ❡①♣r❡ss✐♦♥ ❛♥❞ ❞❡✲
t❛✐❧s✮✳ ▼❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ✐s ✐♥❞❡❡❞ ❤✐❣❤❧② ✈❡rs❛t✐❧❡ ❛♥❞
❛❧❧♦✇s ❢♦r t❤❡ ❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❞❡s✐❣♥❡❞ st✐♠✉❧❛t✐♦♥ s✐❣♥❛❧✳
❚❤❡ r❤❡♦❧♦❣✐❝❛❧ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥ ❜❡t✇❡❡♥ str❛✐♥ ❛♥❞
str❡ss ✐s ✐♥❢❡rr❡❞ ❜② ✐❞❡♥t✐❢②✐♥❣ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥
t❤❡✐r r❡❧❡✈❛♥t t✐♠❡s ❞❡r✐✈❛t✐✈❡s ♦r ✐♥t❡❣r❛❧s ✭❋✐❣✉r❡ ✹❝✱❞✮✳
❚❤❡s❡ s✐❣♥❛❧s ❛♥❞ t❤❡✐r t✐♠❡ ❞❡r✐✈❛t✐✈❡s ❢♦r♠ ❛ tr❛❥❡❝t♦r②
✐♥ t❤❡ s②st❡♠ ♣❤❛s❡ s♣❛❝❡✳ ❯s✐♥❣ ❛ ❜r♦❛❞ s♣❡❝tr✉♠ s✐❣♥❛❧
❛❧❧♦✇s t♦ ❡①♣❧♦r❡ t❤❡ ♣❤❛s❡ s♣❛❝❡ ❡✣❝✐❡♥t❧② ❛♥❞ t♦ t❤✉s
s❦❡t❝❤ t❤❡ ♠❛♥✐❢♦❧❞ t❤❛t ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝♦♥st✐t✉t✐✈❡
❡q✉❛t✐♦♥✳
❱❛r✐♦✉s✱ ♣♦ss✐❜❧② ♥♦♥✲❧✐♥❡❛r✱ r❤❡♦❧♦❣✐❝❛❧ ♠♦❞❡❧s ❝❛♥

❜❡ ✐♥t❡❣r❛t❡❞ ♦✈❡r t❤❡ ❛❧t✐t✉❞❡ z✱ ♦♣t✐♠✐③❡❞ t♦ ♦❜t❛✐♥
t❤❡ ❜❡st ♣❛r❛♠❡t❡r ✈❛❧✉❡s ✐♥ ✈✐❡✇ ♦❢ t❤❡ ❡①♣❡r✐♠❡♥✲
t❛❧ ❞❛t❛✱ t❤❡♥ ❝♦♠♣❛r❡❞ q✉❛♥t✐t❛t✐✈❡❧② ✇✐t❤ ❡❛❝❤ ♦t❤❡r
✭▼❡t❤♦❞s✮✳ ■♥s♣✐r❡❞ ❜② t❤❡ ♣♦✇❡r✲❧❛✇ ❝r❡❡♣ ❧✐♥❡❛r r❡✲
s♣♦♥s❡ ❛♥❞ ❜② t❤❡ ❧✐tt❡r❛t✉r❡ ❬✺✵✱ ✺✶❪✱ ✇❡ t❡st❡❞ ❛ ❧✐♥✲
❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧✱ ❛♥❞ ♦❜t❛✐♥❡❞ ❛ ❞✐✛❡r❡♥t✐❛t✐♦♥ ❡①✲
♣♦♥❡♥t α = 0.25 ± 0.02 ❛♥❞ ❛ ❝♦♠♣❧✐❛♥❝❡ ♣r❡❢❛❝t♦r
J0 = 0.045 ± 0.010Pa−1 ✭N = 8✮✳ ■t ♣r♦✈✐❞❡s ❛ ✜t
✇✐t❤ r❡❛s♦♥❛❜❧❡✱ ②❡t ❢❛r ❢r♦♠ ♣❡r❢❡❝t✱ q✉❛❧✐t② ✭❋✐❣✉r❡ ✹❜✱
❜❧✉❡ ❧✐♥❡✮✳ ❚❤❡r❡❢♦r❡✱ ♠♦r❡ ❣❡♥❡r❛❧✱ ♥♦♥❧✐♥❡❛r ❡q✉❛t✐♦♥s
✇✐t❤ ♦♥❡ ❢r❛❝t✐♦♥❛❧ ❡❧❡♠❡♥t ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞✳ ❯s✐♥❣ t❤❡
❆❦❛✐❦❡ ■♥❢♦r♠❛t✐♦♥ ❈r✐t❡r✐♦♥ ✭❚❛❜❧❡ ■✮✱ ✇❡ ✐❞❡♥t✐❢② ❛s t❤❡
❜❡st ♠♦❞❡❧ t❤❡ ❢♦❧❧♦✇✐♥❣ ♥♦♥❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ str❡ss✲str❛✐♥
r❡❧❛t✐♦♥s❤✐♣ ✭❊q✳ ✭❆✸✮ ✐♥ ▼❡t❤♦❞s✮✿

εloc(t) = J1 Iτα

(

σloc(t)

1 + σloc(t)/σc

)

✭✹✮

✇❤❡r❡ Iτα(f(t)) ✐s t❤❡ α✲♦r❞❡r ❢r❛❝t✐♦♥❛❧ ✐♥t❡❣r❛❧ ♦❢ t❤❡
s✐❣♥❛❧ f(t) ❬✺✶❪✳ ▼❛①✐♠❛❧ ❧✐❦❡❧✐❤♦♦❞ ♦♣t✐♠✐③❛t✐♦♥ ②✐❡❧❞s
t❤❡ ❢♦❧❧♦✇✐♥❣ ✈❛❧✉❡s ♦❢ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs✿ t❤❡ ❞②♥❛♠✲
✐❝❛❧ ❡①♣♦♥❡♥t α = 0.22 ± 0.01✱ t❤❡ ❝♦♠♣❧✐❛♥❝❡ J1 =
0.13± 0.02Pa−1 ❛♥❞ t❤❡ ❝r✐t✐❝❛❧ str❡ss ❢♦r ♥♦♥✲❧✐♥❡❛r ❡❢✲
❢❡❝ts σc = 0.5 ± 0.1Pa ✭N = 8✮✳ ◆♦t❡ t❤❡ ❣♦♦❞ ❛❣r❡❡✲
♠❡♥t ❜❡t✇❡❡♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ♦r❞❡r ♦❢ ❞✐✛❡r❡♥t✐❛t✐♦♥ α
❛♥❞ ♣r❡✈✐♦✉s ❡st✐♠❛t❡s ♦❜t❛✐♥❡❞ ✇✐t❤ ❝❧❛ss✐❝❛❧ r❤❡♦❧♦❣✐✲
❝❛❧ st✐♠✉❧❛t✐♦♥s✳ ■♥❝❧✉❞✐♥❣ ❡✐t❤❡r str❛✐♥ ♦r str❡ss t❤r❡s❤✲
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❋■●✳ ✸✿ ❍❛r♠♦♥✐❝ r❡❣✐♠❡ ❛♥❞ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ♣❛r❛❧❧❡❧ ♣❧❛t❡ r❤❡♦❧♦❣② ❛♥❞ s✐♥❣❧❡ ❝❡❧❧ r❤❡♦❧♦❣②✳ ❛ ❑②♠♦❣r❛♣❤ ♦❢
t❤❡ ✉♣♣❡r ✐♥t❡r❢❛❝❡ ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ s✉❜♠✐tt❡❞ ✜rst t♦ ❛ ❢♦r❝❡ st❡♣ ♦❢ 834N.m−3 ❛♥❞ t❤❡♥ t♦ ❛ ❢♦r❝❡ ♦s❝✐❧❧❛t✐♦♥ ❛t ❛ ❢r❡q✉❡♥❝②
♦❢ 3❍③ ❛♥❞ ✇✐t❤ ❛♥ ❛♠♣❧✐t✉❞❡ 280N.m−3 ❛r♦✉♥❞ t❤❡ st❡♣ ❢♦r❝❡✳ ❜ ❊①tr❛❝t❡❞ ♦s❝✐❧❧❛t♦r② ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤❡ ❞❡❢♦r♠❛t✐♦♥ ✭✐♥

❜❧❛❝❦✮ s✉♣❡r✐♠♣♦s❡❞ ✇✐t❤ t❤❡ ❤❛r♠♦♥✐❝ ♣❛rt ♦❢ t❤❡ ❛♣♣❧✐❡❞ ❢♦r❝❡✳ P❤❛s❡ s❤✐❢t ϕ ❛♥❞ ❛♠♣❧✐t✉❞❡ A ❛r❡ ♠❡❛s✉r❡❞ ❛t ❡❛❝❤
❢r❡q✉❡♥❝②✳ ❝ ❘❡s♣❡❝t✐✈❡ ❣❡♦♠❡tr✐❡s ♦❢ t❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ✭❧❡❢t✮ ❛♥❞ t❤❡ ♣❛r❛❧❧❡❧✲♣❧❛t❡s r❤❡♦♠❡t❡r ✭r✐❣❤t✮✳ ❈✉❜♦✐❞
❛❣❣r❡❣❛t❡s ❛r❡ ♦❜t❛✐♥❡❞ ❜② ♠❛❣♥❡t✐❝ ♠♦❧❞✐♥❣ ❛♥❞ ❢♦r♠ ❛❧♦♥❣ z✲❛①✐s✳ ■♥ t❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r✱ t❤❡ ❛❣❣r❡❣❛t❡s ❛r❡

❝♦♠♣r❡ss❡❞ ❛❧♦♥❣ t❤❡✐r ❢♦r♠❛t✐♦♥ ❛①✐s z ✇❤✐❧❡ ✐♥ t❤❡ ♣❛r❛❧❧❡❧✲♣❧❛t❡s r❤❡♦♠❡t❡r✱ ❛❣❣r❡❣❛t❡s ❛r❡ ❝♦♠♣r❡ss❡❞ ❛❧♦♥❣ ❛♥ ♦rt❤♦❣♦♥❛❧
❞✐r❡❝t✐♦♥✳ ❞ ❋r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ♠♦❞✉❧✉s ✭♣✉r♣❧❡ s②♠❜♦❧s✮ ❛♥❞ ♣❤❛s❡ ✭❣r❡❡♥ s②♠❜♦❧s✮ ♦❢ t❤❡ ❝♦♠♣❧❡① ✈✐s❝♦❡❧❛st✐❝
♠♦❞✉❧✉s E∗ ♦❢ t❤❡ ❛❣❣r❡❣❛t❡s ♠❡❛s✉r❡❞ ✐♥ t✇♦ ❞✐✛❡r❡♥t ❣❡♦♠❡tr✐❡s ✿ ❝②❧✐♥❞❡r ✭❞✐❛♠♦♥❞s✮ ❛♥❞ ❝✉❜♦✐❞ ✭sq✉❛r❡s✮ ❛♥❞ ✇✐t❤ t✇♦
❞✐st✐♥❝t s❡t✲✉♣s ✭♠❛❣♥❡t✐❝ ❛♥❞ ♣❛r❛❧❧❡❧✲♣❧❛t❡s r❤❡♦♠❡t❡rs✮✳ ❊①♣❡r✐♠❡♥ts ✇❡r❡ r❡♣❡❛t❡❞ ❢♦r ✹✺ ❝②❧✐♥❞r✐❝❛❧ ❛❣❣r❡❣❛t❡s ❛♥❞ ✼
❝✉❜♦✐❞ ❛❣❣r❡❣❛t❡s✳ ❊①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛r❡ ✜tt❡❞ ❜② ❛ ♣♦✇❡r✲❧❛✇ ❢♦r t❤❡ ♠♦❞✉❧✉s ✭♣✉r♣❧❡ ❧✐♥❡s✮ ❛♥❞ ❜② ❛ ❝♦♥st❛♥t ❢♦r t❤❡
♣❤❛s❡ s❤✐❢t ✭❣r❡❡♥ ❧✐♥❡s✮ ❣✐✈✐♥❣ ❛♥ ❡①♣♦♥❡♥t α = 0.22± 0.01 ❛♥❞ ❛ st✐✛♥❡ss E0 = 40± 6 P❛ ❢♦r t❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r✳
❘❡s✉❧ts ♦❜t❛✐♥❡❞ ✇✐t❤ ❛ s✐♥❣❧❡✲❝❡❧❧ ♠✐❝r♦♣❧❛t❡s r❤❡♦♠❡t❡r ❢♦r ❋✾ s✐♥❣❧❡ ❝❡❧❧s ❧♦❛❞❡❞ ✇✐t❤ ♥❛♥♦♣❛rt✐❝❧❡s ✭♦♣❡♥ ❝✐r❝❧❡s✮ ❛r❡

✐♥❝❧✉❞❡❞ ❢♦r ❝♦♠♣❛r✐s♦♥✳

♦❧❞s ✐♥ t❤❡ ♠♦❞❡❧ ❞✐❞ ♥♦t ✐♠♣r♦✈❡ ❛❣r❡❡♠❡♥t ✇✐t❤ ❡①✲
♣❡r✐♠❡♥t❛❧ ❞❛t❛✱ ✇❤✐❝❤ r✉❧❡❞ ♦✉t t❤❡ r❡❧❡✈❛♥❝❡ ♦❢ ♣❧❛st✐❝
❜❡❤❛✈✐♦✉r ❬✽❪ ✐♥ t❤❡ ❋✾ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ✐♥ t❤❛t
r❛♥❣❡ ♦❢ ❞❡❢♦r♠❛t✐♦♥s✳
❲❡ ♥❡①t ♣r♦❜❡ t❤✐s ♥♦♥✲❧✐♥❡❛r✐t② ♦❢ t❤❡ ♣♦✇❡r✲❧❛✇ r❡✲

s♣♦♥s❡ ❜② ❛♣♣❧②✐♥❣ ❜✐❣❣❡r str❡ss t♦ t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣✲
❣r❡❣❛t❡✳
❋✐rst ❛ str❡ss r❛♠♣ σ(t) = σ̇0 t ✭✇❤❡r❡ σ̇0 ✐s ❛ ❝♦♥st❛♥t

str❡ss r❛t❡✮ ✐s ❡①♣❡❝t❡❞ t♦ ❣❡♥❡r❛t❡ ❛ ♣♦✇❡r✲❧❛✇ r❡s♣♦♥s❡
✐♥ t❤❡ ❧✐♥❡❛r r❡❣✐♠❡✿

ε(t) =
J0 σ̇0 τ

(1 + α)

(

t

τ

)1+α

✭✺✮

❍♦✇❡✈❡r t❤❡ ❛❝t✉❛❧ ❞❡❢♦r♠❛t✐♦♥ ✭❋✐❣✉r❡ ✺❛✮ s❤♦✇s ❛♥
❛♣♣❛r❡♥t ❞❡✈✐❛t✐♦♥ ❢r♦♠ t❤✐s ❧❛✇ ❢♦r ✈♦❧✉♠❡ ❢♦r❝❡s ❛❜♦✈❡
1.2 kN.m−3 ✭❝♦rr❡s♣♦♥❞✐♥❣ t♦ 0.6Pa str❡ss ✇❤❡♥ h0 = 1
♠♠✮✿ t❤❡ ♦❜s❡r✈❡❞ ❞❡❢♦r♠❛t✐♦♥ ✐s s♠❛❧❧❡r t❤❛♥ ❡①♣❡❝t❡❞
❢r♦♠ ❊q✳ ✭✺✮✳ ❚❤✐s str❡ss st✐✛❡♥✐♥❣ ✐s ❝♦♥✜r♠❡❞ ❜②
r❡❝♦r❞✐♥❣ t❤❡ ❝r❡❡♣ r❡s♣♦♥s❡s t♦ ❞✐✛❡r❡♥t ❢♦r❝❡ st❡♣s
❝♦rr❡s♣♦♥❞✐♥❣ t♦ str❡ss ❛♠♣❧✐t✉❞❡s r❛♥❣✐♥❣ ❢r♦♠ 0.3 t♦
1.2Pa✳ ❋♦r ❡❛❝❤ ✈❛❧✉❡ ♦❢ t❤❡ str❡ss✱ t❤❡ ❝r❡❡♣ ❞❡❢♦r♠❛✲
t✐♦♥ st✐❧❧ ❢♦❧❧♦✇s ❛ ♣♦✇❡r✲❧❛✇ ✇✐t❤ ❛❧♠♦st ✉♥❝❤❛♥❣❡❞ ❡①✲
♣♦♥❡♥t ✭❋✐❣✉r❡ ✺❝✮✱ ✇❤✐❧❡ t❤❡ ❝♦♠♣❧✐❛♥❝❡ ♣r❡❢❛❝t♦r J0 ✐s
r❡❞✉❝❡❞ ❢♦r ❤✐❣❤❡r str❡ss ❧❡✈❡❧s ✭❋✐❣✉r❡ ✺❞✮✳
❊q✳ ✭✹✮ ❛❧s♦ ♣r❡❞✐❝ts str❛✐♥ ❤✐st♦r✐❡s ✇❤❡♥ t❤❡ ❛❣❣r❡✲

❣❛t❡ ✐s s✉❜❥❡❝t❡❞ t♦ s✐♠♣❧❡r str❡ss s✐❣♥❛❧s✳ ❚❤❡ ❝r❡❡♣
r❡s♣♦♥s❡ t♦ ❛ st❡♣ str❡ss s♦❧✐❝✐t❛t✐♦♥ ✐s ❛ s✐♥❣❧❡ ♣♦✇❡r✲❧❛✇
❢✉♥❝t✐♦♥✱ ❛s ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♦❜s❡r✈❛t✐♦♥s✱ ✇✐t❤ ❛ ❝♦♥✲
st❛♥t ❡①♣♦♥❡♥t α ✭❋✐❣✉r❡ ✺❝✮ ✇❤✐❧❡ t❤❡ str❡ss ❞❡♣❡♥❞❡♥❝❡
♦❢ t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝t✐✈❡ ❝♦♠♣❧✐❛♥❝❡ r❡♣r♦❞✉❝❡s t❤❡ ♦♥❡
❡st❛❜❧✐s❤❡❞ ❜② st❡♣ ❢♦r❝✐♥❣ ✭❋✐❣✉r❡ ✺❞✮✳ ■♥t❡r❡st✐♥❣❧②✱ ❛♥
❡✛❡❝t✐✈❡ ❡①♣♦♥❡♥t t❤❛t ❞❡❝r❡❛s❡s ✇✐t❤ t❤❡ ❛♣♣❧✐❡❞ ❢♦r❝❡
♠❛② ❜❡ ♦❜t❛✐♥❡❞ ❜② ❝♦♠♣❧❡♠❡♥t✐♥❣ t❤❡ ♠♦❞❡❧ ✇✐t❤ ❛ s❡❝✲
♦♥❞ ❢r❛❝t✐♦♥❛❧ ✐♥t❡❣r❛❧ ❛❝t✐♥❣ ♦♥ t❤❡ str❛✐♥ ✭❊q✳ ✭❆✾✮ ✐♥
▼❡t❤♦❞s ❢♦r ❛❞❞✐t✐♦♥❛❧ ❞❡t❛✐❧s✮✳
❋♦r ❡❛❝❤ s❛♠♣❧❡✱ ❛ s✐♥❣❧❡ ❜r♦❛❞ s♣❡❝tr✉♠ ❡①♣❡r✐♠❡♥t

❛❧❧♦✇❡❞ ✉s t♦ r❡❝♦✈❡r t❤❡ r❤❡♦❧♦❣✐❝❛❧ ❢❡❛t✉r❡s ✐❞❡♥t✐✜❡❞
❢r♦♠ st✐♠✉❧❛t✐♦♥s ❜❛s❡❞ ♦♥ ❜♦t❤ ❝r❡❡♣ ❢✉♥❝t✐♦♥s ❛♥❞ ❤❛r✲
♠♦♥✐❝ s✐❣♥❛❧s ❛♥❞ t♦ ❣❡♥❡r❛❧✐③❡ t❤❡♠ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛
❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥ ✭❊q✳✹✮✳ ❚❛❦❡♥ t♦❣❡t❤❡r✱ t❤❡ ❛♥❛❧✲
②s✐s ♦❢ ❛❧❧ ❝♦❧❧❡❝t❡❞ ❞❛t❛ ❝♦♥✜r♠s t❤❛t t❤❡ r❤❡♦❧♦❣② ♦❢
♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ✐s ❜❡st ❞❡s❝r✐❜❡❞ ❜② ❛ ❢r❛❝t✐♦♥❛❧
r❤❡♦❧♦❣✐❝❛❧ ❧❛✇ ✇✐t❤ ❛ ❢♦r❝❡✲❞❡♣❡♥❞❡♥t ♣r❡❢❛❝t♦r ✭str❡ss
st✐✛❡♥✐♥❣✮✳

❈❖◆❚❘■❇❯❚■❖◆ ❖❋ ❙■◆●▲❊ ❈❊▲▲
▼❊❈❍❆◆■❈❙

❙✐♥❝❡ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ❛r❡ ❡ss❡♥t✐❛❧❧② ♠❛❞❡ ♦❢
❝❡❧❧s ❛❞❤❡r✐♥❣ t♦ ❡❛❝❤ ♦t❤❡r✱ t❤❡✐r ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r ✐s



✼

a

b

c d

❋■●✳ ✹✿ ❇r♦❛❞ s♣❡❝tr✉♠ r❤❡♦❧♦❣②✳ ❛ ❙tr❡ss s✐❣♥❛❧ ✭❣r❡②✮
❛♥❞ ❜ ❝♦rr❡s♣♦♥❞✐♥❣ str❛✐♥ r❡s♣♦♥s❡ ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ✭❜❧❛❝❦
♣♦✐♥ts✮ ✜tt❡❞ ❜② ❞✐✛❡r❡♥t ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧s ✿ ❧✐♥❡❛r ♣♦✇❡r
❧❛✇ ♠♦❞❡❧ ✭❜❧✉❡ ❝✉r✈❡✮✱ ♥♦♥❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧ ❞❡✜♥❡❞
❜② ❊q✳ ✭❆✺✮ ✭r❡❞ ❝✉r✈❡✮✳ ❝✲❞ P❤❛s❡ s♣❛❝❡ r❡♣r❡s❡♥t❛t✐♦♥

✇❤❡r❡ t❤❡ ❝♦❧♦r❡❞ ❝✉r✈❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❢✉♥❝t✐♦♥❛❧ ❢♦r♠
❣✐✈❡♥ ❜② ❊q✳ ✭❆✶✷✮ ✐♥ t❤❡ ❧✐♥❡❛r ✭❜❧✉❡✮ ❛♥❞ ♥♦♥❧✐♥❡❛r ✭r❡❞✮

❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧✳ ■♥ r❡s♣❡❝t ✇✐t❤ t❤❡ ✉s❡ ❝♦♥✈❡♥t✐♦♥s✱
α✲♦r❞❡r ❞❡r✐✈❛t✐✈❡s ♦❢ str❛✐♥ ❤❛✈❡ t❤❡ s❛♠❡ ❞✐♠❡♥s✐♦♥ ❛s t❤❡
str❛✐♥✳ ❇❧❛❝❦ ♣♦✐♥ts ✐♥ ❛❧❧ s✉❜✜❣✉r❡s ❝♦rr❡s♣♦♥❞ t♦ t❤❡ s❛♠❡
❞❛t❛✳ ❉✐✛❡r❡♥t✐❛t✐♦♥ ❡①♣♦♥❡♥ts ❛r❡ ❞✐✛❡r❡♥t ✐♥ ❝ ✭α = 0.271✮
❛♥❞ ❞ ✭α = 0.217✮ s✐♥❝❡ t❤❡✐r ✈❛❧✉❡s ✇❡r❡ ♦❜t❛✐♥❡❞ ❜② ✜tt✐♥❣

❞✐✛❡r❡♥t ♠♦❞❡❧s t♦ t❤❡ s❛♠❡ ❞❛t❛ s❡t✳ ❚❤❡ ❛❜s♦❧✉t❡ ✜t
q✉❛❧✐t② ✐s ❡st✐♠❛t❡❞ ❜② R2✲❞❡t❡r♠✐♥❛t✐♦♥ ❧❡❛❞✐♥❣ t♦ ❛♥

R2 = 0.94± 0.02 ❢♦r ❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧ ❛♥❞ ❛
R2 = 0.992± 0.006 ❢♦r t❤❡ ♥♦♥✲❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧

✭❊q✳ ✭❆✶✷✮✮

❡①♣❡❝t❡❞ t♦ ❞❡♣❡♥❞ ♦♥ t❤❡ r❤❡♦❧♦❣✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ t❤❡
✐♥❞✐✈✐❞✉❛❧ ❝❡❧❧s ❛s ✇❡❧❧ ❛s ♦♥ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥✳ ❚♦ t❡st
t❤❡s❡ ❞❡♣❡♥❞❡♥❝✐❡s✱ ✇❡ ✜rst ✐♥✈❡st✐❣❛t❡ ✐s♦❧❛t❡❞ ❋✾ ❝❡❧❧s
♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r✳

❲❡ ♣r♦❜❡ ✐♥❞✐✈✐❞✉❛❧ ❋✾ ❝❡❧❧s ✐♥ ❛ s✐♥❣❧❡✲❝❡❧❧ ♠✐❝r♦♣❧❛t❡
r❤❡♦♠❡t❡r ❬✹✽❪ ✭❋✐❣✉r❡ ✸❞✮✳ ❇r✐❡✢②✱ t❤❡ ❛♣♣❧✐❡❞ ❞❡❢♦r♠❛✲

t✐♦♥ ♦♥ ✐♥❞✐✈✐❞✉❛❧ ❋✾ ❝❡❧❧s ✐s ✐♥ t❤❡ 10 − 50% r❛♥❣❡✱
❛♥❞ t❤❡ ❡❧❛st✐❝ ♠♦❞✉❧✉s ✐s ♠❡❛s✉r❡❞ ❛t ❞✐✛❡r❡♥t ❢r❡✲
q✉❡♥❝✐❡s ✉♣ t♦ 0.5 ❍③✳ ❚❤❡ ❡①♣♦♥❡♥t ❢♦✉♥❞ ❢♦r ❋✾ s✐♥✲
❣❧❡ ❝❡❧❧s ✭N = 11✮✱ αSC = 0.27 ± 0.03✱ ✐s ❝♦♥s✐st❡♥t
✇✐t❤ t❤❡ ♦♥❡ ♠❡❛s✉r❡❞ ✐♥ t❤❡ ♠✐❝r♦♣❧❛t❡ r❤❡♦♠❡t❡r ❢♦r
❋✾ ❝❡❧❧ ❛❣❣r❡❣❛t❡s✳ ❈♦♥s✐st❡♥❝② ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡①♣♦✲
♥❡♥ts ✐s ✐♥❞❡❡❞ ❡①♣❡❝t❡❞ ❛s ❧♦♥❣ ❛s t❤❡ t✐♠❡ s❝❛❧❡ ❝♦♥✲
s✐❞❡r❡❞ r❡♠❛✐♥s s❤♦rt ❝♦♠♣❛r❡❞ t♦ t❤❡ t②♣✐❝❛❧ ❝❡❧❧ r❡❛r✲
r❛♥❣❡♠❡♥t t✐♠❡ ❬✸✸❪✱ s✐♥❝❡ ❝❡❧❧✉❧❛r ♠❡❝❤❛♥✐❝❛❧ ❜❡❤❛✈✐♦r
✐s t❤❡♥ ❡①♣❡❝t❡❞ t♦ ❜❡ ♣r❡❞♦♠✐♥❛♥t✳ ❍♦✇❡✈❡r✱ ❋✾ s✐♥✲
❣❧❡ ❝❡❧❧s ❛r❡ s✐❣♥✐✜❝❛♥t❧② st✐✛❡r t❤❛♥ ❋✾ ❝❡❧❧ ❛❣❣r❡❣❛t❡s✱
✇✐t❤ ❛♥ ❡❧❛st✐❝ ♠♦❞✉❧✉s ESC

0 = 240 ± 80P❛✱ ❧❡❛❞✐♥❣ t♦
JSC
0 = (8±2) 10−3 Pa−1✳ ❈❡❧❧✉❧❛r ❜❡❤❛✈✐♦r ✐s ♥♦t t❤❡ ♦♥❧②

❝♦♥tr✐❜✉t✐♦♥ ♦❢ ♠✉❧t✐❝❡❧❧✉❧❛r ❜❡❤❛✈✐♦r ♠❡❝❤❛♥✐❝s ❡✈❡♥ ✐♥
t❤✐s ♠✐♥✐♠❛❧ t✐ss✉❡ ♠♦❞❡❧✳

❆t t❤❡ s✐♥❣❧❡ ❝❡❧❧ ❧❡✈❡❧ α ✐s ❧❡ss ✐♥✢✉❡♥❝❡❞ ❜② ♠♦st ✐♥✲
❤✐❜✐t♦rs ♦❢ ❝②t♦s❦❡❧❡t❛❧ ❛❝t✐✈✐t② ❬✷✵❪ t❤❛♥ st✐✛♥❡ss ✇❤✐❝❤
❛♣♣❡❛rs ❛s ♠♦r❡ s❡♥s✐t✐✈❡✳ ❋♦r ✐♥st❛♥❝❡ ❧❛tr✉♥❝✉❧✐♥ ❆
✭❛♥ ✐♥❤✐❜✐t♦r ♦❢ ❛❝t✐♥ ♣♦❧②♠❡r✐③❛t✐♦♥✮ ❛s ✇❡❧❧ ❛s ❜❧❡❜✲
❜✐st❛t✐♥ ✭❛♥ ✐♥❤✐❜✐t♦r ♦❢ ❛❝t♦♠②♦s✐♥ ❛❝t✐✈✐t②✮ s♦❢t❡♥s t❤❡
❝❡❧❧s ❜② ✷ t♦ ✺✲❢♦❧❞✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ❝❡❧❧ t②♣❡ ❛♥❞ ✐♥❤✐❜✐t♦r
❝♦♥❝❡♥tr❛t✐♦♥ ❬✶✻✱ ✷✵✱ ✺✷✱ ✺✸❪✳ ❚❤✐s r❡s✉❧t ✐s tr❛♥s❧❛t❡❞
❛t t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r s❝❛❧❡✳ ❖♥ ❛❣❣r❡❣❛t❡s✱ ❧❛tr✉♥❝✉❧✐♥ ❆
❞✐sr✉♣ts t❤❡ ❞❡♥s❡ ❝♦rt✐❝❛❧ ❛❝t✐♥ ♠❡s❤✇♦r❦ ✈✐s✐❜❧❡ ✐♥ ♥♦r✲
♠❛❧ ❝♦♥❞✐t✐♦♥s✿ s♠❛❧❧ ♣❛t❝❤❡s ✇✐t❤ ✜❧❛♠❡♥ts ♥♦ ❧♦♥❣❡r
t❤❛♥ 2µ♠ t❤❡♥ ❛♣♣❡❛r ✭❋✐❣✉r❡ ✻❞ ❛♥❞ ❡✮✳ ❯♥❞❡r ❝♦♥tr♦❧
❝♦♥❞✐t✐♦♥s✱ t❤❡ t②♣✐❝❛❧ ❛❝t✐♥ ✜❧❛♠❡♥t ❧❡♥❣t❤ ✐s 40± 4µ♠
❛❢t❡r 24 ❤ ♠❛t✉r❛t✐♦♥✱ ♦❢ t❤❡ ♦r❞❡r ♦❢ t❤❡ ♠❡❛♥ ♣❡r✐♠❡✲
t❡r ♦❢ t❤❡ ❝❡❧❧s ❛s ❛❝t✐♥ ✐s ♠❛✐♥❧② ❝♦rt✐❝❛❧✳ ❚❤✐s ♣❡r✐♠❡✲
t❡r t❡♥❞s t♦ ✐♥❝r❡❛s❡ ✇✐t❤ ♠❛t✉r❛t✐♦♥ t✐♠❡ ❛s ❝❡❧❧s ❜❡✲
❝❛♠❡ ♠♦r❡ ❤❡①❛❣♦♥❛❧✲❧✐❦❡✱ ❛♥❞ ❛❝t✐♥ ✜❧❛♠❡♥t ❧❡♥❣t❤ r❡✲
♣r♦❞✉❝❡s t❤❡s❡ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❧❛tr✉♥❝✉❧✐♥✳
■♥❤✐❜✐t♦rs ❡✛❡❝t ✐s ♥♦t r❡❞✉❝❡❞ t♦ t❤❡ ♣❡r✐♣❤❡r② ♦❢ t❤❡
❛❣❣r❡❣❛t❡ ❜✉t ❡①t❡♥❞s t♦ t❤❡ ✐♥♥❡r ❝❡❧❧s✳
◗✉❛♥t✐t❛t✐✈❡❧②✱ t❤❡ ❡①♣♦♥❡♥t α ❞♦❡s ♥♦t ❝❤❛♥❣❡ ❞r❛st✐✲
❝❛❧❧② ✭❋✐❣✉r❡ ✻❡✮✱ t❤❡ s❧✐❣❤❧t② ♠♦r❡ ❡❧❛st✐❝ ❜❡❤❛✈✐♦r ♥♦✲
t✐❝❡❞ ✉♥❞❡r ❧❛tr✉♥❝✉❧✐♥ ❆ ❛❞❞✐t✐♦♥ s✉❣❣❡sts t❤❛t ❛❝t✐♥ ❞❡✲
♣♦❧②♠❡r✐③❛t✐♦♥ ❞♦❡s ♥♦t ♥❡❝❡ss❛r✐❧② ♠❛❦❡s t❤❡ ❝❡❧❧s ♠♦r❡
❞✐ss✐♣❛t✐✈❡ ❛s ✇❛s ❛❧r❡❛❞② ❞❡♠♦♥str❛t❡❞ ❬✺✹✱ ✺✺❪✳ ❇② ❝♦♥✲
tr❛st✱ ❛ t✇✐❝❡ ❤✐❣❤❡r ❝♦♠♣❧✐❛♥❝❡ ✭❋✐❣✉r❡ ✻❢✮ ✐s ♠❡❛s✉r❡❞
♠❡❛♥✐♥❣ ❛❣❣r❡❣❛t❡s ❜❡❝♦♠❡ t✇✐❝❡ s♦❢t❡r r❡♣r♦❞✉❝✐♥❣ r❡✲
s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ s✐♥❣❧❡ ❝❡❧❧s ❬✷✵❪✳
❍♦✇❡✈❡r ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝r♦ss✲t❛❧❦ ❜❡t✇❡❡♥ ❛❝t✐♥ ♦r❣❛♥✐✲
③❛t✐♦♥ ❛♥❞ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ str❡♥❣t❤✱ ✇❡ ❛❧s♦ ❡①❛♠✐♥❡
❝❡❧❧ ❝♦♥tr❛❝t✐❧✐t② r♦❧❡ ❜② ❛❞❞✐♥❣ ❜❧❡❜❜✐st❛t✐♥✳ ❇❧❡❜❜✐s✲
t❛t✐♥ ❛❝ts ♦♥ ♠②♦s✐♥ ■■ ❜② ✐♥❤✐❜✐t✐♥❣ ❆❚P✱ ✐t ❞❡❝r❡❛s❡s
t❤❡ ♠♦t♦r ❛❝t✐✈✐t② ♦❢ t❤❡ ♠②♦s✐♥ ❜✉t ❛❧s♦ ♠♦❞✐✜❡s ✐ts ❛t✲
t❛❝❤♠❡♥t ❞②♥❛♠✐❝s✳ ❆t t❤❡ r❡❝♦♥st✐t✉t❡❞ ❛❝t✐♥ ❣❡❧ ❛♥❞
❛t t❤❡ s✐♥❣❧❡ ❝❡❧❧ ❧❡✈❡❧s✱ ✐ts ❛❞❞✐t✐♦♥ ❧❡❛❞s t♦ ❛ ♠♦r❡ ❡❧❛st✐❝
❜❡❤❛✈✐♦r ✭α ❡①♣♦♥❡♥t ❞❡❝r❡❛s❡✮ ❛♥❞ ❛ s♦❢t❡♥✐♥❣ ✭❞❡❝r❡❛s❡
♦❢ t❤❡ ❝♦♠♣❧✐❛♥❝❡✮ ❬✺✸✱ ✺✻❪✳ ❚❤✐s ❛❝t✐♦♥ ✐s tr❛♥s❧❛t❡❞ ❛t
t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r s❝❛❧❡ ✐♥❞❡❡❞ ✇❡ s❤♦✇ ✉♣ ♥♦ ✐♠♣❛❝t ♦♥
α ❡①♣♦♥❡♥t ✇❤❡r❡❛s s❧✐❣❤t❧② ❞❡❝r❡❛s✐♥❣ ❜✉t ❛♥ ✐♠♣♦rt❛♥t
❞❡❝r❡❛s❡ ♦❢ t❤❡ ❝♦♠♣❧✐❛♥❝❡✳ ■t t❤✉s r❡✈❡❛❧s t❤❡ ✐♠♣❛❝t ♦❢
✐♥❞✐✈✐❞✉❛❧ ❝❡❧❧s ♠❡❝❤❛♥✐❝s t❤r♦✉❣❤ ❛❝t✐♥ ❞✐s♦r❣❛♥✐③❛t✐♦♥
❛♥❞ ❝♦♥tr❛❝t✐❧✐t② ♦♥ ❛❣❣r❡❣❛t❡s st✐✛♥❡ss✳
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a b

dc
  J

0
 (mean value)

 fi�ed J
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  Eq(20)

1.21.00.80.60.40.20.0

 α  (mean value)

 fi�ed α =0.22 +/- 0.01

❋■●✳ ✺✿ ◆♦♥ ❧✐♥❡❛r✐t② ♦❢ t❤❡ r❤❡♦❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs✳ ❛ ❉✐s♣❧❛❝❡♠❡♥t ✭❜❧❛❝❦ ❝r♦ss❡s✮ ♦❢ t❤❡ ✉♣♣❡r s✉r❢❛❝❡ ♦❢ t❤❡
❛❣❣r❡❣❛t❡ s✉❜♠✐tt❡❞ t♦ ❛ str❡ss r❛♠♣ ❢r♦♠ 0 t♦ 1.1Pa ✐♥ 100 s ✭❣r❡② s✐❣♥❛❧✮✳ ❚❤❡ ❡①♣❡❝t❡❞ ❧✐♥❡❛r ❛♥s✇❡r ✐s s✉♣❡r✐♠♣♦s❡❞ ✐♥
❣r❡❡♥✳ ❚❤❡ ✐♥s❡rt ✐s ❛ ❧♦❣❛r✐t❤♠✐❝ s❝❛❧❡ ③♦♦♠ ♦❢ t❤❡ s✐❣♥❛❧ t♦ ❡♠♣❤❛s✐③❡ t❤❡ ❣❧♦❜❛❧ α+ 1 ❡①♣♦♥❡♥t ❛t s♠❛❧❧ ❞❡❢♦r♠❛t✐♦♥s✳ ❜
❈r❡❡♣ ❢✉♥❝t✐♦♥s ♦❜t❛✐♥❡❞ ❢♦r ❢♦✉r ❞✐✛❡r❡♥t str❡ss st❡♣s (σ = 0.21, 0.42, 0.63, 0.84Pa✮✳ ❝✲❞ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡ ❡①♣♦♥❡♥t α ❛♥❞ t❤❡
❝♦♠♣❧✐❛♥❝❡ J0 ✇✐t❤ t❤❡ str❡ss✳ ▼❡❛♥ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✐♥❞❡♣❡♥❞❡♥t ❝r❡❡♣ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ ❛t ✸ ❞✐✛❡r❡♥t str❡ss

❧❡✈❡❧s ✇✐t❤ t❤❡ ❛♣♣❧✐❡❞ str❡ss ✭σ = 0.27, 0.54 ❛♥❞ 1.1Pa✮ ❛r❡ s✉♣❡r✐♠♣♦s❡❞ ♦♥ ✐♥❞✐✈✐❞✉❛❧ ❞❛t❛ ♦❜t❛✐♥❡❞ ❢r♦♠ ❛❣❣r❡❣❛t❡s ✇❤✐❝❤
❤❛✈❡ ❡①♣❡r✐♠❡♥t❡❞ ❢♦✉r str❡ss st❡♣s ✭♣✐♥❦ ❝✉r✈❡s✮✳ ❖♥❡ ❤❛s t♦ ♣❛② ❛tt❡♥t✐♦♥ t♦ t❤❡ ❢❛❝t t❤❛t ❢♦r J0 ✈❛r✐❛t✐♦♥s✱ t❤❡ ❞✐s❝r❡♣❛♥❝✐❡s
r❡❧❛t❡❞ t♦ t❤❡ ✐♥❞✐✈✐❞✉❛❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ str❡ss σC ❛r❡ ❛❧♠♦st ✇✐♣❡❞ ♦✉t ❜② ✜tt✐♥❣ ✐♥❞✐✈✐❞✉❛❧❧② t❤✐s ♣❛r❛♠❡t❡r ✐♥ t❤❡
r❛♥❣❡ σC = 0.45± 0.10Pa−1✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ♥♦♥❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧ ♣r❡❞✐❝t✐♦♥ ❞❡❧✐♠✐t❡❞ ❜② t❤❡
❧✐❣❤t ❜❧✉❡ ❛r❡❛ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♣♦ss✐❜❧❡ r❛♥❣❡ ♦❢ st✐✛♥❡ss ❡①tr❛❝t❡❞ ❢r♦♠ ❜r♦❛❞ r❛♥❣❡ s♣❡❝tr✉♠ r❡s♣♦♥s❡ ✜ts✳

❈❖◆❚❘■❇❯❚■❖◆ ❖❋ ❈❊▲▲✲❈❊▲▲ ❆❉❍❊❙■❖◆

❲❡ ♥❡①t ❡①❛♠✐♥❡❞ t❤❡ r♦❧❡ ♦❢ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ ✐♥ t❤❡
♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❝❡❧❧ ❛❣❣r❡❣❛t❡s✱ ✜rst ❜② ✈❛r②✲
✐♥❣ t❤❡ ♠❛t✉r❛t✐♦♥ t✐♠❡ ❢r♦♠ 16 ❤ t♦ 48 ❤✱ s❡❝♦♥❞ ❛❞❞✐♥❣
❊●❚❆ t♦ ✐♥❤✐❜✐t t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ✐♥t❡r❝❡❧❧✉❧❛r ❛❞❤❡s✐♦♥s✳
■♥❞❡❡❞✱ ✐♥❝r❡❛s✐♥❣ t❤❡ ♠❛t✉r❛t✐♦♥ t✐♠❡ ❧❡❛❞s t♦ ♠♦r❡ ❝♦✲
❤❡s✐✈❡ ❛❣❣r❡❣❛t❡s✿ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥s ❞❡✈❡❧♦♣ ✇✐t❤ t✐♠❡
❢r♦♠ t❤❡ ♣❡r✐♣❤❡r② t♦ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ✭❋✐❣✲
✉r❡ ✻❛✲❜ ❛♥❞ ❋✐❣✉r❡ ✻❡✮✳ ❈♦♥✈❡rs❡❧②✱ ✉♥❞❡r t❤❡ ❛❝t✐♦♥
♦❢ ❊●❚❆✱ ❛ ❝❛❧❝✐✉♠ ✐♦♥ ❝❤❡❧❛t♦r ❞❡❝r❡❛s✐♥❣ ✐♥t❡r❝❡❧❧✉✲
❧❛r ❛❞❤❡s✐♦♥ ❢♦r❝❡s ✇✐t❤♦✉t ❛✛❡❝t✐♥❣ s✐♥❣❧❡ ❝❡❧❧ ♠❡❝❤❛♥✲
✐❝❛❧ ❢❡❛t✉r❡s ❬✷✵❪✱ t❤❡ ❛❣❣r❡❣❛t❡s ❛♣♣❡❛r ❧♦♦s❡r✱ ✇✐t❤
❛ ❧♦✇❡r ❡①♣r❡ss✐♦♥ ❧❡✈❡❧ ♦❢ ❝❛❞❤❡r✐♥s ❛t t❤❡ ♠❡♠❜r❛♥❡
✭❋✐❣✉r❡ ✻❝✮ ❛♥❞ ❛ ❞❡❝r❡❛s❡ ♦❢ ❊✲❝❛❞❤❡r✐♥ ♠❡❞✐❛t❡❞ ❝❡❧❧✲
❛❞❤❡s✐♦♥ ❧❡♥❣t❤ ♣❡r ❝❡❧❧ ✭❋✐❣✉r❡ ✻❡✮✳ ■♥ t❤❡s❡ ❝♦♥❞✐✲
t✐♦♥s✱ ✇❤✐❧❡ t❤❡ ❡①♣♦♥❡♥t α ✐s ♥♦t s✐❣♥✐✜❝❛♥t❧② ♠♦❞✐✜❡❞
❜② t❤❡ ❞❡❣r❡❡ ♦❢ ✐♥t❡r❝❡❧❧✉❧❛r ❛❞❤❡s✐♦♥ ✭❋✐❣✉r❡ ✻❢✮✱ t❤❡
❝♦♠♣❧✐❛♥❝❡ ❢❛❝t♦r J0 ❞❡♣❡♥❞s ♦♥ t❤❡ ❝❡❧❧✲❝❡❧❧ ❝♦♥t❛❝ts
✭❋✐❣✉r❡ ✻❣✮✿ ✇❤❡♥ t❤❡ ❛❣❣r❡❣❛t❡ ❝♦❤❡s✐✈❡♥❡ss ✐s r❡❞✉❝❡❞✱
❡✐t❤❡r ❜② s❤♦rt❡♥✐♥❣ t❤❡ ♠❛t✉r❛t✐♦♥ t✐♠❡ ♦r ✉♥❞❡r t❤❡ ❛❝✲
t✐♦♥ ♦❢ ❊●❚❆✱ t❤❡ ❛❣❣r❡❣❛t❡ ❜❡❝♦♠❡s s♦❢t❡r ✭❧❛r❣❡r ✈❛❧✉❡
♦❢ J0✮✳ ❈♦♥✈❡rs❡❧②✱ t❤❡ ♠❛t✉r❛t✐♦♥ ♦❢ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥s

st✐✛❡♥s t❤❡ ❛❣❣r❡❣❛t❡ ❛♥❞ ❛t 48 ❤ ♦❢ ♠❛t✉r❛t✐♦♥✱ t❤❡ ❝♦♠✲
♣❧✐❛♥❝❡ ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ❜❡❝♦♠❡s r❡♠❛r❦❛❜❧② ❝❧♦s❡ t♦ t❤❡
♦♥❡ ♦❢ ✐s♦❧❛t❡❞ ❋✾ ❝❡❧❧s✳

■t ♠❛② ❛♣♣❡❛r s✉r♣r✐s✐♥❣ t❤❛t ❊●❚❆ ✐s ♥♦t ♦❜s❡r✈❡❞
t♦ ✢✉✐❞✐③❡ t❤❡ ❛❣❣r❡❣❛t❡ ❜❡❤❛✈✐♦✉r q✉❛♥t✐t❛t✐✈❡❧② ❜✉t ♦✉r
❡①♣❡r✐♠❡♥ts ❞♦ ♥♦t ✐♥✈♦❧✈❡ str♦♥❣ ❛♣♣❧✐❡❞ str❡ss❡s ❬✸✼❪✳
❋✉rt❤❡r♠♦r❡✱ ❡①♣❡r✐♠❡♥ts ❞✉r❛t✐♦♥s ❛r❡ t♦♦ s❤♦rt t♦ ✐♥✲
✈♦❧✈❡ ❛ s✐❣♥✐✜❝❛♥t ♥✉♠❜❡r ♦❢ s♣♦♥t❛♥❡♦✉s ❝❡❧❧ ❞✐✈✐s✐♦♥s ♦r
❛♣♦♣t♦s✐s ❛♥❞ s✉❜s❡q✉❡♥t ❝❡❧❧ r❡❛rr❛♥❣❡♠❡♥ts✱ ✇❡ ❝♦rr❡✲
s♣♦♥❞✐♥❣❧② ❞♦ ♥♦t ❡①♣❡❝t ✢✉✐❞✐③❛t✐♦♥ ✉♥❞❡r ✇❡❛❦ ❛♣♣❧✐❡❞
str❡ss❡s ❬✸✹❪✳ ■♥ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❝♦♠♣❧❡t❡ ❝❡❧❧ r❡❛rr❛♥❣❡✲
♠❡♥ts✱ t❤❡ s❧✐❣❤t ❞❡❝r❡❛s❡ ♦❢ α ✉♣♦♥ ❛❞❞✐t✐♦♥ ♦❢ ❊●❚❆
♣r♦❜❛❜❧② r❡s✉❧ts ❢r♦♠ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t✇♦ ❛♥t❛❣♦✲
♥✐st✐❝ t❡♥❞❡♥❝✐❡s✳ ❖♥ ♦♥❡ ❤❛♥❞✱ ❧♦♦s❡♥✐♥❣ ❝❡❧❧✲❝❡❧❧ ❛❞✲
❤❡s✐♦♥ ❡❛s❡s s❧✐❞✐♥❣ ♠♦t✐♦♥s ❜❡t✇❡❡♥ ♥❡✐❣❤❜♦✉r✐♥❣ ❝❡❧❧s
❛♥❞ ✇❡ ❡①♣❡❝t ✐t t♦ ❝♦rr❡s♣♦♥❞✐♥❣❧② ❢❛✈♦✉r ❡♥❡r❣② ❞✐s✲
s✐♣❛t✐♦♥ ❛s ♦♣♣♦s❡❞ t♦ st♦r❛❣❡✱ t❤✉s ✐♥❝r❡❛s✐♥❣ α✳ ❖♥
t❤❡ ♦t❤❡r ❤❛♥❞✱ ❧♦♦s❡♥❡❞ ❛❞❤❡s✐♦♥ ♠❛② ❡❛s❡ ❛❣❣r❡❣❛t❡
❝♦♠♣❛❝t✐♦♥✱ ✇❤❡t❤❡r s♣♦♥t❛♥❡♦✉s ❛s ❛❧r❡❛❞② ♦❜s❡r✈❡❞ ✐♥
❛❣❣r❡❣❛t❡s ❬✺✼❪ ♦r ❞✉❡ t♦ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ❤✐st♦r② ❛s ❝❤❛r✲
❛❝t❡r✐③❡❞ ✐♥ ❣r❛♥✉❧❛r ♠❛t❡r✐❛❧s ❬✺✽❪✳ ❙✉❝❤ ❝♦♠♣❛❝t✐♦♥
s❤♦✉❧❞ ❡♥❤❛♥❝❡ t❤❡ ♥✉♠❜❡r ❛♥❞ s✉r❢❛❝❡ ❛r❡❛ ♦❢ ❝❡❧❧✲❝❡❧❧
❝♦♥t❛❝ts ❛♥❞ t❤✉s r❡❞✉❝❡ t❤❡ ❝❤❛♥❝❡s ♦❢ ♥♦♥✲❛✣♥❡✱ ❞✐ss✐✲
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Sir - Actin E-cadherin Merged
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❋■●✳ ✻✿ ❈♦♥tr✐❜✉t✐♦♥ ♦❢ ❝❡❧❧✲❝❡❧❧ ❝♦♥t❛❝ts ❛♥❞ ❝❡❧❧ ❝②t♦s❦❡❧❡t♦♥ ♦♥ ❛❣❣r❡❣❛t❡s r❤❡♦❧♦❣②✳ ❛✲❞ ■♠♠✉♥♦✢✉♦r❡s❝❡♥❝❡
✐♠❛❣❡s ♦❢ ❛❣❣r❡❣❛t❡s ❜♦t❤ ✐♥ t❤❡ ❝❡♥t❡r ❛♥❞ ♦♥ t❤❡ ♣❡r✐♣❤❡r②✳ ❙❝❛❧❡ ❜❛rs ✐♥❞✐❝❛t❡ 20µ♠✳ ◆✉❝❧❡✐ ✭❉❆P■ ❧❛❜❡❧❧✐♥❣✮✱ ❝❛❞❤❡r✐♥s
✭●❋P ❊✲❝❛❞❤❡r✐♥ ❛♥t✐❜♦❞②✮ ❛♥❞ ❛❝t✐♥ ✜❧❛♠❡♥ts ✭❙✐❘✲❆❝t✐♥✮ ❛r❡ ❧❛❜❡❧❧❡❞✳ ❡ ❚❤❡ ♠❡❛♥ ❧❡♥❣t❤ ♦❢ ❋✲❛❝t✐♥ ✜❜❡rs ✇✐t❤✐♥ ❛ ❝❡❧❧
❛♥❞ ♦❢ ❝❛❞❤❡r✐♥ ♣❛t❝❤❡s ♦♥ t❤❡ ♣❡r✐♣❤❡r② ♦❢ ❡❛❝❤ ❝❡❧❧ ❛r❡ ❝♦♠♣❛r❡❞ ✐♥ ❡❛❝❤ s✐t✉❛t✐♦♥✳ ❘❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞ ❢r♦♠ t❤r❡❡

✐♥❞❡♣❡♥❞❡♥t s❛♠♣❧❡s ♣❡r ❝♦♥❞✐t✐♦♥✳ ▼❛♥♥✲❲❤✐t♥❡② t❡sts ❛r❡ ❛♣♣❧✐❡❞ ❛♥❞ s✐❣♥✐✜❝❛♥❝❡ ❛r❡ ✐♥❞✐❝❛t❡❞ ✇❤❡♥ r❡❧❡✈❛♥t ✭⋆ st❛♥❞s
❢♦r ❛ s✐❣♥✐✜❝❛♥❝❡ ❞❡❣r❡❡ p✱ p < 0.01✱ ⋆⋆ ❢♦r p < 0.001✱ ⋆ ⋆ ⋆ ❢♦r p < 0.0001✮✳ ❢✲❣ ■♠♣❛❝t ♦❢ ♠❛t✉r❛t✐♦♥ t✐♠❡ ✭❢r♦♠ 16 t♦

48 ❤♦✉rs✮✱ ❞✐sr✉♣t✐✈❡ ❛❣❡♥ts ✭❊●❚❆✱ ❜❧❡❜❜✐st❛t✐♥ ❛♥❞ ❧❛tr✉♥❝✉❧✐♥ ❆✮ ❛♥❞ ❞❡♣❧❡t✐♦♥ ♦❢ α✲❝❛t❡♥✐♥ ♦♥ t❤❡ ❡①♣♦♥❡♥t α ✭❡✮ ❛♥❞
❝♦♠♣❧✐❛♥❝❡ ✭❢✮✱ ❡①♣r❡ss❡❞ ✐♥ ❢♦❧❞ ✐♥❝r❡❛s❡ ❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ✈❛❧✉❡ ❛t 24 ❤♦✉rs ♠❛t✉r❛t✐♦♥ t✐♠❡ ✭❧✐❣❤t r❡❞✮✱ ❝❤♦s❡♥ ❛s

st❛♥❞❛r❞✳ ❚❤❡ ❡①♣❡r✐♠❡♥ts ❤❛✈❡ ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t ♦♥ ✐♥❞❡♣❡♥❞❡♥t r❡♣❧✐❝❛t❡s ✭N > 20 ❢♦r ❊●❚❆ ❛♥❞ ✈❛r✐♦✉s ♠❛t✉r❛t✐♦♥ t✐♠❡✱
N = 22 ❢♦r ❜❧❡❜❜✐st❛t✐♥✱ N = 44 ❢♦r ❧❛tr✉♥❝✉❧✐♥ ❛♥❞ N = 51 ❢♦r 24 ❤ ❤♦✉rs ♠❛t✉r❛t✐♦♥✮✮✳ ▼❛♥♥✲❲❤✐t♥❡② st❛t✐st✐❝❛❧ t❡sts ❛r❡
✉s❡❞ t♦ ❧♦♦❦ ❛t ❞✐✛❡r❡♥❝❡s✳ ❲❤❡♥ s✐❣♥✐✜❝❛♥t✱ t❤❡s❡ ❞✐✛❡r❡♥❝❡s ✇✐t❤ t❤❡ st❛♥❞❛r❞ ❛r❡ ✐♥❞✐❝❛t❡❞✳ ❙t❛rs ♥✉♠❜❡rs ✐♥❞✐❝❛t❡ t❤❡

❞❡❣r❡❡ ♦❢ s✐❣♥✐✜❝❛♥❝❡ ✭⋆ ❢♦r p < 0.01✱ ⋆⋆ ❢♦r p < 0.001✱ ⋆ ⋆ ⋆ ❢♦r p < 0.0001✮✳

♣❛t✐✈❡ ❞❡❢♦r♠❛t✐♦♥s✱ t❤✉s ❝♦♥tr✐❜✉t✐♥❣ t♦ ❧♦✇❡r✐♥❣ t❤❡ ❡①✲
♣♦♥❡♥t α✳ ❚❤❡ ✇❡❛❦ ❞❡❝r❡❛s❡ ♦❢ α ♦❜s❡r✈❡❞ ✇❤❡♥ ❊●❚❆
✐s ✉s❡❞ s✉❣❣❡sts t❤❛t t❤❡ ❧❛tt❡r ♣❤❡♥♦♠❡♥♦♥ ♠❛② ♣♦ss✐❜❧②
❤❛✈❡ ❛ ❣r❡❛t❡r ✐♠♣❛❝t t❤❛♥ t❤❡ ❢♦r♠❡r✳

❉■❙❈❯❙❙■❖◆

❆♥ ❛❧❧✲✐♥✲♦♥❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ❢♦r ♠♦❞❡❧ t✐ss✉❡s
❖✉r ✇♦r❦ s❤♦✇s t❤❛t ♠❛❣♥❡t✐❝ ❝❡❧❧s ♠❛② ❛❝t ❛s ❛❝t✉❛✲
t♦rs t♦ ❛♣♣❧② ❝♦♥tr♦❧❧❡❞ ✐♥t❡r♥❛❧ ❢♦r❝❡s ♦♥ t❤❡ ❛❣❣r❡❣❛t❡
t❤❡② ❢♦r♠✳ ❚❤✐s ❛❧❧♦✇s t♦ ❝r❡❛t❡ ❛♥ ❛❧❧✲✐♥✲♦♥❡ r❤❡♦♠❡✲
t❡r ❝♦♠❜✐♥✐♥❣ ❛❣❣r❡❣❛t❡ ❢♦r♠❛t✐♦♥ ✭❝♦♥tr♦❧ ♦❢ ❛❣❣r❡❣❛t❡
s✐③❡✱ s❤❛♣❡ ❛♥❞ ❝♦♥t❡♥t t❤❛♥❦s t♦ ♠❛❣♥❡t✐❝ ♠♦❧❞✐♥❣✮ ✇✐t❤
❝♦♠♣r❡ss✐✈❡ ✈❡rs❛t✐❧❡ s♦❧✐❝✐t❛t✐♦♥✳
❚✇♦ ❞✐✛❡r❡♥ts s❡t✲✉♣s ✇❡r❡ ❞❡s✐❣♥❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ t♦

❞❡t❡r♠✐♥❡ t❤❡ r❤❡♦❧♦❣② ♦❢ ♠♦❧❞❡❞ ♠❛❣♥❡t✐❝ ♠✉❧t✐❝❡❧❧✉✲

❧❛r ❛❣❣r❡❣❛t❡s✿ t❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ❛♥❞ t❤❡ ♣❛r❛❧❧❡❧✲
♣❧❛t❡ r❤❡♦♠❡t❡r✳ ●✐✈❡♥ t❤❛t ❡st✐♠❛t❡s ♦❢ s✐♥❣❧❡ ❝❡❧❧ r❤❡✲
♦❧♦❣✐❝❛❧ ♣❛r❛♠❡t❡rs ♦❢t❡♥ ❞✐✛❡r ❜② ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡
✇❤❡♥ ♠❡❛s✉r❡❞ ❜② ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❬✷✷❪✱ t❤❡ ❛❣r❡❡✲
♠❡♥t ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ r❤❡♦♠❡t❡rs ✐s r❡♠❛r❦❛❜❧❡ ❛♥❞
✈❛❧✐❞❛t❡s t❤❡ ✐♥t❡r♥❛❧ ♠❛❣♥❡t✐❝ r❤❡♦♠❡tr② ♠❡t❤♦❞✳ ▼❛❣✲
♥❡t✐❝ r❤❡♦♠❡tr② ✐s t❤✉s ❛❜❧❡ t♦ t❡st t❤❡ r❤❡♦❧♦❣② ♦❢ ♠♦❞❡❧
t✐ss✉❡✳

❙♦ ❢❛r t✇♦ t❡❝❤♥✐q✉❡s ❤❛✈❡ ❜❡❡♥ ❞❡❞✐❝❛t❡❞ t♦ t❤❡ r❤❡✲
♦❧♦❣② ♦❢ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ♦r t✐ss✉❡ ❡①tr❛❝ts ❛t
s❤♦rt t✐♠❡ s❝❛❧❡✿ t❤❡ s❤❡❛r r❤❡♦♠❡t❡r ❬✽❪ ❛♥❞ r❡❧❛①❛t✐♦♥
❝♦♠♣r❡ss✐✈❡ ♣❧❛t❡s r❤❡♦♠❡tr② ❬✷✼❪✳ ❙❤❡❛r r❤❡♦♠❡t❡r ❜②
❧♦♦❦✐♥❣ ❛t ♥✉♠❡r♦✉s ❛❣❣r❡❣❛t❡s ♦♥ ❛ s✐♥❣❧❡ ❡①♣❡r✐♠❡♥t
✐s ❤✐❣❤❧② ♣r❡❝✐s❡ ❤♦✇❡✈❡r ♥♦ ❛❜s♦❧✉t❡ ✈❛❧✉❡ ❝❛♥ ❜❡ ❡①✲
tr❛❝t❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❞✐✣❝✉❧t② t♦ ❡st✐♠❛t❡ s✉r❢❛❝❡ ❝♦♥✲
t❛❝t✳ ❈♦♠♣r❡ss✐✈❡ ♣❧❛t❡s r❡❧❛①❛t✐♦♥ ❢♦❝✉s❡❞ ♦♥ ❛ s✐♥❣❧❡
❛❣❣r❡❣❛t❡ ❜✉t ❝❛♥ ♥♦t ✈❛r② ❛t ✇✐❧❧ t❤❡ st✐♠✉❧❛t✐♦♥ t②♣❡✳



✶✵

❚❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ♦✈❡r❝♦♠❡s t❤❡s❡ t✇♦ ❧✐♠✐t❛t✐♦♥s
❜② ❧♦♦❦✐♥❣ ❛t s✐♥❣❧❡ ❛❣❣r❡❣❛t❡ r❤❡♦❧♦❣② ✐♥ ❝♦♠♣r❡ss✐♦♥
❛♥❞ ❜② ♣r♦♣♦s✐♥❣ ✈❛r✐♦✉s s✐♠✉❧❛t✐♦♥ ♣❛tt❡r♥s✳

❚❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ❛❧❧♦✇s ✐♥❞❡❡❞ t♦ ❡①❡rt ❛r❜✐✲
tr❛r② ❝♦♠♣r❡ss✐✈❡ str❡ss s✐❣♥❛❧s ✐♥ t❤❡ r❛♥❣❡ ❢r♦♠ 0.1 t♦
10Hz✳ ■t ♦✛❡rs ❛ ✉♥✐q✉❡ ♦♣♣♦rt✉♥✐t② t♦ ✐♠♣❧❡♠❡♥t ❜r♦❛❞
s♣❡❝tr✉♠ r❤❡♦❧♦❣②✱ ❛♥ ❛♣♣r♦❛❝❤ ✇❤✐❝❤ ❛✐♠s ❛t ♣r♦✈✐❞✐♥❣
t❤❡ ❝♦♥st✐t✉t✐✈❡ ❡q✉❛t✐♦♥ ♦❢ t❤❡ ♠❛t❡r✐❛❧ ✉s✐♥❣ ❛ s✐♥❣❧❡
❡①♣❡r✐♠❡♥t ♣❡r s❛♠♣❧❡✳ ❚❤✐s ✐s r❡♠✐♥✐s❝❡♥t ♦❢ t❤❡ ♦♣t✐✲
♠❛❧❧② ✇✐♥❞♦✇❡❞ ❝❤✐r♣ ♣r♦t♦❝♦❧ ✐♥tr♦❞✉❝❡❞ ✐♥ ❬✺✾✱ ✻✵❪✱ ❛
♣r♦t♦❝♦❧ ❝❛rr✐❡❞ ♦✉t ✐♥ ❋♦✉r✐❡r s♣❛❝❡✳ ■♥ ❝♦♥tr❛st✱ t❤❡
♣r❡s❡♥t ❜r♦❛❞ s♣❡❝tr✉♠ ♣r♦t♦❝♦❧ ✐s ♣❡r❢♦r♠❡❞ ✐♥ r❡❛❧
s♣❛❝❡✱ t❤❡r❡❜② ❛❧❧♦✇✐♥❣ t♦ ❢✉❧❧② ❝❤❛r❛❝t❡r✐③❡ ♥♦♥❧✐♥❡❛r✲
✐t✐❡s ✇✐t❤ ♦♥❧② ♦♥❡ s✐❣♥❛❧✳

▼✉❧t✐❝♦♥tr✐❜✉t✐♦♥ ♦❢ ❝❡❧❧✲❝❡❧❧ ✐♥t❡r❛❝t✐♦♥ ❛♥❞ ❝❡❧❧✉❧❛r
r❤❡♦❧♦❣② t♦ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡ r❤❡♦❧♦❣②
❚❤❡ ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥ts ♦❢ ♠♦❞❡❧ t✐ss✉❡ r❤❡♦❧♦❣② r❡✲
♣♦rt❡❞ ❤❡r❡ r❡✈❡❛❧ t❤❛t ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ❜❡❤❛✈❡
❛s ✈✐s❝♦❡❧❛st✐❝ ♠❛t❡r✐❛❧s ✇❡❧❧ ❞❡s❝r✐❜❡❞ ❜② ❛ ♥♦♥❧✐♥❡❛r
❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧ ✇✐t❤ str❡ss st✐✛❡♥✐♥❣✳ ❚❤❡ ♥♦♥❧✐♥❡❛r
❢♦r♠ ❣✐✈❡♥ ✐♥ ✭✹✮ ✐s r❡♠✐♥✐s❝❡♥t ♦❢ t❤❡ ❞❡♣❡♥❞❡♥❝❡ ❢♦✉♥❞
❡①♣❡r✐♠❡♥t❛❧❧② ❜❡t✇❡❡♥ st✐✛♥❡ss ❛♥❞ str❡ss ❢♦r s✐♥❣❧❡
❝❡❧❧s ❬✷✶✱ ✻✶❪✳ ■t ❡✈♦❦❡s t❤❡ ❧♦❝❛❧ s✉r❢❛❝❡ t❡♥s✐♦♥ r❡✐♥✲
❢♦r❝❡♠❡♥t ♠❡❛s✉r❡❞ ❢♦r ❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ❬✷✾❪ ❛t ❧♦♥❣❡r
t✐♠❡s❝❛❧❡✱ ❛♥❞ ♠❛② ❜❡ t❤❡ s✐❣♥❛t✉r❡ ♦❢ ❛♥ ❛❝t✐✈❡ r❡s♣♦♥s❡
♦❢ ❝❡❧❧s t♦ ♠❡❝❤❛♥✐❝❛❧ str❡ss✳

❚❤❡ ❝r❡❡♣ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ✐s ❛ ♣♦✇❡r ❧❛✇
❢✉♥❝t✐♦♥✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐s t❤❡ ❤❛❧❧♠❛r❦ ♦❢ t❤❡ ♣r❡s❡♥❝❡
♦❢ ❛ ❝♦♥t✐♥✉♦✉s ❞✐str✐❜✉t✐♦♥ ♦❢ r❡❧❛①❛t✐♦♥ t✐♠❡s✱ ✜rst
✐❞❡♥t✐✜❡❞ ❛t t❤❡ ✐♥❞✐✈✐❞✉❛❧ ❝❡❧❧ ❧❡✈❡❧ ❬✶✾❪✳ ❚❤❡ ✈❛❧✉❡ ♦❢
α ❝❧♦s❡ t♦ 0.2 ♣✉ts ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ✐♥ t❤❡ s❛♠❡
r❛♥❣❡ ❛s ✐♥❞✐✈✐❞✉❛❧ ❝❡❧❧s ✐♥ t❡r♠s ♦❢ ❞②♥❛♠✐❝s✳ ❚❤✐s
❞②♥❛♠✐❝ ❡①♣♦♥❡♥t ❛❧s♦ ♣r♦✈❡s r♦❜✉st t♦ ♠♦st ♣❡rt✉r❜❛✲
t✐♦♥s✳ ❇② ❝♦♥tr❛st✱ st✐✛♥❡ss ✐s r❡♠❛r❦❛❜❧② s❡♥s✐t✐✈❡ ♥♦t
♦♥❧② t♦ ✐♥tr❛❝❡❧❧✉❧❛r ❝②t♦s❦❡❧❡t♦♥ ✭r❡✢❡❝t✐♥❣ t❤❡ s✐♥❣❧❡
❝❡❧❧ r❤❡♦❧♦❣② ❝❤❛♥❣❡ ✐♥ t❤❡ ❝❛s❡ ♦❢ ❧❛tr✉♥❝✉❧✐♥✲❆ ❛❝t✐♥
❞✐sr✉♣t✐♦♥✱ ♦r ♠②♦s✐♥ ✐♥❤✐❜✐t✐♦♥ ❞✉❡ t♦ ❜❧❡❜❜✐st❛t✐♥✮ ❜✉t
❛❧s♦ t♦ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥s✳ ❚❤❡ ❝♦♠♣❧✐❛♥❝❡ J0 ❞❡❝r❡❛s❡s
✭st✐✛❡♥✐♥❣✮ ❛s t❤❡ ❛❣❣r❡❣❛t❡ ♠❛t✉r❡s ✭❋✐❣✉r❡ ✻✮✳ ■♥❞❡❡❞
❛s ❝❡❧❧✉❧❛r ❛❞❤❡s✐♦♥s ❞❡✈❡❧♦♣✱ ✐♥❞✐✈✐❞✉❛❧ ❝❡❧❧s ❜❡❝♦♠❡
♠♦r❡ s❤❛r♣❧② ❢❛❝❡t❡❞✱ ❡①♣✉❧s❡ ✐♥t❡rst✐t✐❛❧ ✢✉✐❞ ❢r♦♠ t❤❡
❛❣❣r❡❣❛t❡ ❬✺✼❪ ❛♥❞ r❡❞✉❝❡ t❤❡✐r s❧✐❞✐♥❣ ♣♦ss✐❜✐❧✐t✐❡s ✐♥ t❤❡
✐♥t❡rst✐t✐❛❧ r❡❣✐♦♥s✳ ❚❤✐s ❝❤❛♥❣❡ ✐♥ ❣❡♦♠❡tr②✱ ❛s ✐♥ ❧✐q✉✐❞
❢♦❛♠s✱ ❝♦rr❡s♣♦♥❞s t♦ ❛ st✐✛❡♥✐♥❣ ♦❢ t❤❡ ❡♥t✐r❡ str✉❝t✉r❡
s✐♥❝❡ ✐t ✐♥❝r❡❛s❡s t❤❡ ❧❡✈❡❧ ♦❢ ❧♦❝❛❧ ❞❡❢♦r♠❛t✐♦♥s r❡q✉✐r❡❞
t♦ ♠❛t❝❤ ❛ ❣✐✈❡♥ ♠❛❝r♦s❝♦♣✐❝ ❞❡❢♦r♠❛t✐♦♥✳ ❆❧♦♥❣s✐❞❡✱
✇❡ ♦❜s❡r✈❡❞ ❛ s♦❢t❡♥✐♥❣ ✭❋✐❣✉r❡ ✻✮ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢
❊●❚❆✱ ✇❤✐❝❤ ✐s ❦♥♦✇♥ t♦ ✇❡❛❦❡♥ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ ❛♥❞
r❡s✉❧ts ✐♥ ❧❡ss ❢❛❝❡t✐♥❣ ❝❡❧❧s✳ ❚❤✐s ❞❡♣❡♥❞❡♥❝❡ ✇✐t❤ t❤❡
str❡♥❣t❤ ♦❢ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ ✐s r❡♠❛r❦❛❜❧❡ ❛s ✐♥ t❤✐s
r❛♥❣❡ ♦❢ t✐♠❡s❝❛❧❡ ✭s❤♦rt❡r t❤❛♥ t❤❡ ✢✉❝t✉❛t✐♦♥ t✐♠❡
♠❡❛s✉r❡❞ ❛r♦✉♥❞ 5 ❤♦✉rs ❢♦r ❋✾ ❝❡❧❧s ❬✸✸❪ ♦r t❤❡ ❚✶
tr❛♥s✐t✐♦♥ t✐♠❡ ✐♥ t✐ss✉❡ ❬✻✷✱ ✻✸❪✮✱ ❝❡❧❧ r❡❛rr❛♥❣❡♠❡♥ts ❞♦
♥♦t ♦❝❝✉r✱ ♠❡❛♥✐♥❣ t❤❛t t❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r s❤♦✉❧❞
❜❡ ♠♦r❡ s❡♥s✐t✐✈❡ t♦ t❤❡ ✐♥tr❛❝❡❧❧✉❧❛r ♠♦❞✐✜❝❛t✐♦♥s t❤❛♥
t❤❡ ✐♥t❡r❝❡❧❧✉❧❛r ♦♥❡s✳ ❚❤❡ ❛❝t✉❛❧ r❡s✉❧ts ✐♠♣❧② t❤❛t
❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥s ❛r❡ ❛❝t✉❛❧❧② ❛❧s♦ t❡st❡❞ t❤r♦✉❣❤ s❤♦rt
t✐♠❡ ❛♥❞ s♠❛❧❧ ❞❡❢♦r♠❛t✐♦♥s✳ ❙✐♥❣❧❡ ❝❡❧❧s ❛♣♣❡❛r st✐✛❡r
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❋■●✳ ✼✿ ❙t✐✛♥❡ss ❛♥❞ ♥♦♥ ❧✐♥❡❛r✐t✐❡s ❝❤❛r❛❝t❡r✐st✐❝s ♦❢
❝❡❧❧✉❧❛r ♠❛t❡r✐❛❧s✳ ❛ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦❢ ❝❡❧❧✉❧❛r

♠❛t❡r✐❛❧s ❛♥❞ ❝♦♠♣♦♥❡♥t st❛rt✐♥❣ s✐♥❣❧❡ ❝❡❧❧s ❬✻✶❪✱ ❝❡❧❧
♠♦♥♦❧❛②❡rs ❬✸✽❪ ❛♥❞ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ✭♣r❡s❡♥t st✉❞②✮✳

▼✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ❛♣♣❡❛r s♦❢t❡r t❤❛♥ ❛♥② ♦t❤❡r
❝❡❧❧✉❧❛r ♠❛t❡r✐❛❧s ✇✐t❤ ❛ ❨♦✉♥❣✬s ♠♦❞✉❧✉s ♦r❞❡rs ♦❢

♠❛❣♥✐t✉❞❡ ❜❡❧♦✇ ❝❡❧❧ ♦r ❛❝t✐♥✳ ❜ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❨♦✉♥❣✬s
♠♦❞✉❧✉s ✇✐t❤ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ❛♣♣❧✐❡❞ str❡ss ❢♦r s✐♥❣❧❡
❝❡❧❧s✱ ❝❡❧❧ ♠♦♥♦❧❛②❡r ❬✻✹❪ ❛♥❞ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s✳ ❙tr❡ss

st✐✛❡♥✐♥❣ ❝❛♥ ❜❡ ♥♦t✐❝❡❞ ❛t t❤❡ t❤r❡❡ s❝❛❧❡ ❜✉t ❡①❤✐❜✐ts
❞✐✛❡r❡♥t t❤r❡s❤♦❧❞s✳

t❤❛♥ t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ✭❋✐❣✉r❡ ✸✱ ❋✐❣✉r❡ ✼❛✮✱
❡✈❡♥ ❛❢t❡r ♠❛t✉r❛t✐♦♥ ✉♣ t♦ 48 ❤♦✉rs✱ ✭❋✐❣✉r❡ ✻❢✮✳
❋✐rst t❤❛t ♠❛② r❡s✉❧t ❢r♦♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❜❡✐♥❣
✈❡r② ❞❡♠❛♥❞✐♥❣ ✐♥ t❤❡ s✐♥❣❧❡✲❝❡❧❧ ❡①♣❡r✐♠❡♥t✱ ✇❤❡r❡
❛ s✐❣♥✐✜❝❛♥t ❢r❛❝t✐♦♥ ♦❢ t❤❡ ❝❡❧❧ s✉r❢❛❝❡ ✐s ❝♦♥♥❡❝t❡❞
t♦ r✐❣✐❞ ♣❧❛t❡s ❛♥❞ t❤❡ ❝❡❧❧ ❤❛s t♦ ❧❛r❣❡❧② ❞❡❢♦r♠✳ ❇②
❝♦♥tr❛st✱ ✐♥ ♠❡❛s✉r❡♠❡♥ts ♦♥ t❤❡ ❡♥t✐r❡ ❛❣❣r❡❣❛t❡✱ t❤❡
♦✈❡r❛❧❧ ❞❡❢♦r♠❛t✐♦♥ ✐♠♣♦s❡❞ ❝❛♥ ❜❡ r❡❛❝❤❡❞ t❤r♦✉❣❤
❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❝❡❧❧ ❞❡❢♦r♠❛t✐♦♥s ♠♦❞❡s s✐♥❝❡ t❤❡
s✉rr♦✉♥❞✐♥❣s ♦❢ ❡❛❝❤ ❝❡❧❧ ✐s t❤❡♥ s♦❢t❡r✳ ◆♦t❡ t❤❛t t❤✐s
❛r❣✉♠❡♥t ❛❧s♦ ❛♣♣❧✐❡s t♦ ✷❉ s✐t✉❛t✐♦♥s✱ ♠❛❦✐♥❣ ✷❉
❡♣✐t❤❡❧✐❛ s♦❢t❡r t❤❛♥ s✐♥❣❧❡ ❡♣✐t❤❡❧✐❛❧ ❝❡❧❧s✱ ❛s ♠❡❛s✉r❡❞
✐♥ ❛ s✉s♣❡♥❞❡❞ ❣❡♦♠❡tr② ❬✻✺❪✳ ▼✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s
❛r❡ ❛❝t✉❛❧❧② ❝❧♦s❡r t♦ t❤❡ st✐✛♥❡ss ♦❢ t❤❡ ❝②t♦♣❧❛s♠ ❬✻✻❪ ♦r
❜✐♦♣♦❧②♠❡r ❞✐❧✉t❡❞ ❣❡❧s ❬✻✼❪✳ ❚❤❡s❡ ❞❡❢♦r♠❛t✐♦♥s ♠♦❞❡
♠❛② t❤✉s ✐♠♣❧✐❡❞ ❡✐t❤❡r t❤❡ ❝②t♦♣❧❛s♠ ♦r t❤❡ ❝❡❧❧✲❝❡❧❧
❛❞❤❡s✐♦♥s✳ ▼♦r❡♦✈❡r t❤❡ ❝❡❧❧s ✐♥s✐❞❡ t❤❡ ❛❣❣r❡❣❛t❡
❡①♣❡r✐❡♥❝❡ ❛ s♦❢t❡r ❡♥✈✐r♦♥♠❡♥t ❛♥❞ ♠❛② ❛❞❛♣t t♦ ✐ts
st✐✛♥❡ss ❛s ✇❛s ❛❧r❡❛❞② ❞❡♠♦♥str❛t❡❞ ♦♥ ✷❉ s✉❜str❛t❡s
♦❢ ✈❛r②✐♥❣ st✐✛♥❡ss ❬✻✽✱ ✻✾❪✳
❋✐♥❛❧❧②✱ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ✐♥❤✐❜✐t♦rs ❤✐❣❤✲
❧✐❣❤ts t❤❛t ❜♦t❤ ✐♥t❡r❝❡❧❧✉❧❛r ❛♥❞ ✐♥tr❛❝❡❧❧✉❧❛r ❝♦♠♣♦✲
♥❡♥ts ❝♦♥tr✐❜✉t❡ t♦ t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ❜❡❤❛✈✐♦r
❡✈❡♥ ❛t s❤♦rt t✐♠❡ s❝❛❧❡✳

❙tr❡ss st✐✛❡♥✐♥❣ ♦❢ ❝❡❧❧✉❧❛r ♠❛t❡r✐❛❧s
❙tr❡ss st✐✛❡♥✐♥❣✱ ♦❜s❡r✈❡❞ ❤❡r❡ ✇✐t❤ ❝❡❧❧ ❛❣❣r❡❣❛t❡s✱ ❤❛s
♣r❡✈✐♦✉s❧② ❜❡❡♥ r❡♣♦rt❡❞ ❢♦r ❝♦♠♣❧❡① ♣♦❧②♠❡r✐❝ ♠❛t❡r✐❛❧s
❛s ✇❡❧❧ ❛s ❧✐✈✐♥❣ ❝❡❧❧s ❬✼✵✕✼✷❪ ✭❋✐❣✉r❡ ✼❜✮✳ ❋♦r ♣♦❧②♠❡rs✱
❛❧✐❣♥♠❡♥t ❛❧♦♥❣ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❡❞ ❢♦r❝❡ ❧❡❛❞s t♦
❛♥ ✐♥❝r❡❛s❡❞ r❡s✐st❛♥❝❡✱ ✇❤✐❝❤ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ st✐✛❡♥✲
✐♥❣ ♦❢ t❤❡ ♥❡t✇♦r❦✳ ❚❤✐s ❝♦♥tr✐❜✉t✐♦♥✱ ♣r❡s❡♥t ❛t t❤❡ s❝❛❧❡
♦❢ t❤❡ ❝②t♦s❦❡❧❡t♦♥✱ ♠❛② ❡①t❡♥❞ t♦ t❤❡ ❝❡❧❧✉❧❛r✱ ❛s ✇❡❧❧
❛s t♦ t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r s❝❛❧❡✳ ■♥ t✐ss✉❡s✱ ❝❡❧❧✲❝❡❧❧ ❛rr❛♥❣❡✲
♠❡♥ts ♠❛② ❛❧s♦ ♣❧❛② ❛ r♦❧❡ ❛s str❡ss ❝❛♥ ❞✐sr✉♣t ❛❞❤❡s✐♦♥



✶✶

❛♥❞ ❢❛❝✐❧✐t❛t❡ ✐♥ t✉r♥ ❝❡❧❧✲t♦✲❝❡❧❧ ♠♦✈❡♠❡♥ts ❧❡❛❞✐♥❣ t♦ ❛
str❡ss s♦❢t❡♥✐♥❣✳ ❍♦✇❡✈❡r✱ s✐♥❝❡ ♠❛①✐♠❛❧ ❞❡❢♦r♠❛t✐♦♥s ✐♥
♦✉r ❡①♣❡r✐♠❡♥ts ❛r❡ ✐♥ t❤❡ 5% r❛♥❣❡✱ t❤❡ ❞✐sr✉♣t✐♦♥ ♦❢ ❝❡❧❧
❥✉♥❝t✐♦♥s s❡❡♠s ✉♥❧✐❦❡❧② t♦ ❜❡ r❡❧❡✈❛♥t ❜✉t ❝❡❧❧✲❝❡❧❧ ❥✉♥❝✲
t✐♦♥ ❡❧❛st✐❝✐t② ❛s ✇❡❧❧ ❛s ❝❡❧❧ ❞❡❢♦r♠❛t✐♦♥s ♠❛② ❝♦♥tr✐❜✉t❡✳
❚❤❡ str❡ss st✐✛❡♥✐♥❣ ❛r✐s❡s ❛❜♦✈❡ 1P❛ ❝♦rr❡s♣♦♥❞✐♥❣ t♦
3% ❞❡❢♦r♠❛t✐♦♥✳ ❚❤✐s t❤r❡s❤♦❧❞ ✐s ♠✉❝❤ ♠♦r❡ ✐♠♣♦rt❛♥t
✐♥ s✐♥❣❧❡ ❝❡❧❧s ✭❛r♦✉♥❞ 102 − 104 P❛ ❬✻✶✱ ✼✸❪✮ ❛♥❞ ✐♥ ❝❡❧❧
♠♦♥♦❧❛②❡rs ✭s❡✈❡r❛❧ t❡♥s t♦ ❤✉♥❞r❡❞s P❛ ❬✸✽✱ ✸✾✱ ✻✹❪✮ ❝♦r✲
r❡s♣♦♥❞✐♥❣ ✐♥ ❜♦t❤ ❝❛s❡s t♦ ❞❡❢♦r♠❛t✐♦♥ ❛❜♦✈❡ 10%✳ ❚❤❡
♦❜t❛✐♥❡❞ t❤r❡s❤♦❧❞ str❡ss ✈❛❧✉❡ ✐s r❛t❤❡r ✐♥ t❤❡ r❛♥❣❡ ♦❢
str❡ss st✐✛❡♥✐♥❣ ♦❜s❡r✈❡❞ ❢♦r ❝②t♦s❦❡❧❡t❛❧ t♦ ❡①tr❛❝❡❧❧✉❧❛r
♣r♦t❡✐♥s ❬✻✼❪ ❛♥❞ r❡❝♦♥st✐t✉t❡❞ ❛❝t✐♥ ♥❡t✇♦r❦s ❬✼✹❪ ❢r♦♠
1 t♦ 10P❛✳ ❆s s♠❛❧❧ str❡ss❡s ❛r❡ ❛❝❝❡ss✐❜❧❡ ✇✐t❤ t❤❡ ♠❛❣✲
♥❡t✐❝ r❤❡♦♠❡t❡r✱ ✇❤✐❧❡ ♠♦st ♦t❤❡r t❡❝❤♥✐q✉❡s ❞❡❞✐❝❛t❡❞
t♦ s✐♥❣❧❡ ❝❡❧❧s ❢♦❝✉s ♦♥ ❧❛r❣❡r str❡ss❡s✱ ❛ ♠✉❧t✐✲st❡♣ str❡ss
st✐✛❡♥✐♥❣ ❛t ❞✐✛❡r❡♥t ❢♦r❝❡ ❧❡✈❡❧s ♠❛② ❜❡ ✐♠♣❧✐❡❞✳ ❚❤❡
t❤r❡s❤♦❧❞ ✐♥ t❤❡ ❝❛s❡ ♦❢ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡ ♠❛② ❜❡
t❤❡ s✐❣♥❛t✉r❡ ♦❢ ❝❡❧❧✲❝❡❧❧ ✐♥t❡r❛❝t✐♦♥s ❡❧❛st✐❝✐t② ❡♥❤❛♥❝✐♥❣
t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ s❡t✲✉♣✳

❈❖◆❈▲❯❙■❖◆

❯♥s✉r♣r✐s✐♥❣❧②✱ t❤❡ r❤❡♦❧♦❣② ♦❢ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡✲
❣❛t❡s ♣r❡s❡♥ts s✐♠✐❧❛r✐t✐❡s ✇✐t❤ s✐♥❣❧❡ ❝❡❧❧ ❛♥❞ ❝❡❧❧ ♠♦♥♦✲
❧❛②❡r r❤❡♦❧♦❣② ✐♥ s♣✐t❡ ♦❢ ♠❛r❦❡❞ ❞✐✛❡r❡♥❝❡s ✐♥ t❡r♠s
♦❢ s❝❛❧❡s ❛♥❞ str✉❝t✉r❡s✳ ■♥❞❡❡❞ ✇❡ ✜♥❞ t❤❛t t❤❡✐r r❡✲
s♣♦♥s❡ t♦ ❛ st❡♣✲❝♦♠♣r❡ss✐♦♥ ❢♦❧❧♦✇ ❛ ♣♦✇❡r✲❧❛✇ ✐♥ t❤❡
r❛♥❣❡ ❢r♦♠ t❡♥t❤s ♦❢ s❡❝♦♥❞s t♦ ♠✐♥✉t❡s✱ ✇✐t❤ ❛ ❝♦♠♣❛✲
r❛❜❧❡ ❞②♥❛♠✐❝❛❧ ❡①♣♦♥❡♥t✳ ▼♦r❡♦✈❡r ✇❡ s❤❡❞ ❧✐❣❤t ♦♥
t❤❡ s❤❛r❡❞ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ ✐♥❞✐✈✐❞✉❛❧ ❝❡❧❧ ♠❡❝❤❛♥✐❝s ❛♥❞
❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ ♦♥ ♠♦❞❡❧ t✐ss✉❡ r❤❡♦❧♦❣②✳ ❘❡♠❛r❦❛❜❧②✱
❝❡❧❧ ♠❡❝❤❛♥✐❝s ♠♦❞✐✜❝❛t✐♦♥ ❛s ✇❡❧❧ ❛s ✐♥t❡r❝❡❧❧✉❧❛r ❛❞❤❡✲
s✐♦♥ ❝❤❛♥❣❡s ❜♦t❤ ✐♠♣❛❝t ❛❣❣r❡❣❛t❡ st✐✛♥❡ss t❤✉s ❝❡❧❧ ♠❡✲
❝❤❛♥✐❝❛❧ ♣r♦♣❡rt✐❡s ❛♥❞ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ str❡♥❣t❤ tr❛♥s✲
❧❛t❡ ❛t t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r ❧❡✈❡❧✱ ❛♥❞ ❛r❡ ❝❛♣t✉r❡❞ ❜② ♦✉r
♦r✐❣✐♥❛❧ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r✳ ❍♦✇❡✈❡r✱ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢
♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ❞✐✛❡rs ❢r♦♠ t❤❛t ♦❢ s✐♥❣❧❡ ❝❡❧❧s✳

❚❤❡✐r ❡✛❡❝t✐✈❡ ❝♦♠♣❧✐❛♥❝❡ ✐s ❤✐❣❤❡r t❤❛♥ t❤❛t ♦❢ s✐♥❣❧❡
❝❡❧❧s✱ ❛♥❞ ❞❡♣❡♥❞s ♦♥ t❤❡ ♠❛t✉r❛t✐♦♥ ♦❢ ❝❡❧❧ ❥✉♥❝t✐♦♥s✳
❇❡s✐❞❡s ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ❡①❤✐❜✐t str❡ss st✐✛❡♥✐♥❣
❛❜♦✈❡ str❡ss❡s ♦❢ t❤❡ ♦r❞❡r ♦❢ 1P❛ ✐♥ t❤❡ r❛♥❣❡ ♦❢ ♦❜✲
s❡r✈❡❞ ❜✐♦❧♦❣✐❝❛❧ ❣❡❧s st✐✛❡♥✐♥❣ t❤r❡s❤♦❧❞ ❛♥❞ ❝❧❡❛r❧② ✐♥
t❤❡ r❛♥❣❡ ♦❢ t❤❡✐r ❛❝t✉❛❧ ❡❧❛st✐❝ ♠♦❞✉❧✉s✳ ❚❤❡ ❛❞❛♣t❛t✐♦♥
♦❢ ♥♦♥ ❧✐♥❡❛r✐t✐❡s str❡ss t❤r❡s❤♦❧❞ r❛♥❣❡ t♦ ❡❧❛st✐❝ ♠♦❞✲
✉❧✉s r❛♥❣❡ ❢r♦♠ t❤❡ s✐♥❣❧❡ ❝❡❧❧ ❧❡✈❡❧ t♦ t❤❡ ♠✉❧t✐❝❡❧❧✉❧❛r
♦♥❡ ✐s ❤✐❣❤❧✐❣❤t❡❞ ❤❡r❡✳
❚❤❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ❜r✐♥❣s ✉♣ t❤❡ ♣♦ss✐❜✐❧✐t② t♦

❡①❡rt s♠❛❧❧ ❢♦r❝❡s ❛♥❞ st✉❞② ♣r❡❝✐s❡❧② t❤❡ s♠❛❧❧ ❞❡❢♦r✲
♠❛t✐♦♥s ♦❢ ♠✐❧❧✐♠❡t❡r s❝❛❧❡ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s✳ ■t
♣r❡s❡♥ts ❛♥ ❡♥❤❛♥❝❡ s❡♥s✐t✐✈✐t② ❛❜❧❡ t♦ ❧♦♦❦ ❛t ♠♦❧❡❝✉✲
❧❛r ♠♦❞✐✜❝❛t✐♦♥ ♦❢ ✐♥tr❛❝❡❧❧✉❧❛r ♦r ✐♥t❡r❝❡❧❧✉❧❛r ❝♦♠♣♦✲
♥❡♥ts✳ ❚♦❣❡t❤❡r ✇✐t❤ ♠♦❞❡❧ ✐♥❢❡r❡♥❝❡ ❛♥❞ ♠♦❞❡❧ s❡✲
❧❡❝t✐♦♥✱ ❜r♦❛❞ s♣❡❝tr✉♠ ❛♥❛❧②s✐s ❛❧❧♦✇s t♦ ❞❡❝✐♣❤❡r ✐♥
❛ s✐♥❣❧❡ ❛❝q✉✐s✐t✐♦♥ t❤❡ r❤❡♦❧♦❣✐❝❛❧ ♠♦❞❡❧ t❤❛t ❜❡st ❞❡✲
s❝r✐❜❡s ❛ s❛♠♣❧❡✳ ❚❤❛♥❦s t♦ ✐ts ✈❡rs❛t✐❧✐t② ❜♦t❤ ✇✐t❤
r❡s♣❡❝t t♦ t❤❡ ♥❛t✉r❡ ♦❢ ❛♣♣❧✐❡❞ s✐❣♥❛❧s ✭❢r♦♠ st❡♣ t♦
♠✉❧t✐ ❢r❡q✉❡♥❝② ❢♦r❝❡ s✐❣♥❛❧✮ ❛♥❞ t♦ t❤❡ ♥❛t✉r❡ ♦❢ ❜✐♦✲
❧♦❣✐❝❛❧ s❛♠♣❧❡s ✭❝❡❧❧ t②♣❡s✱ ❞r✉❣s ❛♥❞ ✐♥❤✐❜✐t♦rs✮✱ t❤❡ ❛❧❧✲
✐♥✲♦♥❡ ♠❛❣♥❡t✐❝ r❤❡♦♠❡t❡r ❡✐t❤❡r ♦♥ ✐ts ♦✇♥✱ ♦r ❝♦✉♣❧❡❞
✇✐t❤ ✐♥❢❡r❡♥❝❡ ❛♥❛❧②s✐s ❝♦✉❧❞ ❜❡❝♦♠❡ ❛ ❦❡② ♣❧❛②❡r ❢♦r t❤❡
♠❡❝❤❛♥✐❝❛❧ ❡①♣❧♦r❛t✐♦♥ ♦❢ ❜✐♦❧♦❣✐❝❛❧ ♠♦❞❡❧ t✐ss✉❡s✱ ❛♥❞
❤❡❧♣ ❡❧✉❝✐❞❛t❡ ✇❤✐❝❤ ❜✐♦❝❤❡♠✐❝❛❧ ♦r ♣❤②s✐❝❛❧ ❢❛❝t♦rs ❛❢✲
❢❡❝t ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s r❤❡♦❧♦❣②✳ ❋♦r ✐♥st❛♥❝❡✱ t❤❡
r♦❧❡ ♣❧❛②❡❞ ❜② s❡❝r❡t❡❞ ♦r ❛rt✐✜❝✐❛❧❧② ❛❞❞❡❞ ❡①tr❛❝❡❧❧✉❧❛r
♠❛tr✐① ✐♥ t❤❡ ♠❡❝❤❛♥✐❝s ♦❢ ♠♦❞❡❧ t✐ss✉❡s ❝♦✉❧❞ r❡♣r❡s❡♥t
❛ ❝❤❛❧❧❡♥❣✐♥❣ q✉❡st✐♦♥ t♦ ❛❞❞r❡ss ✐♥ t❤❡ ❢✉t✉r❡✳ ■♥ ♣❛r✲
t✐❝✉❧❛r ❡♠❜r②♦ ♠♦r♣❤♦❣❡♥❡s✐s ♥♦t ♦♥❧② ❛r✐s❡s ❢r♦♠ ❝❡❧❧
❣❡♥❡r❛t❡❞ ❢♦r❝❡s ❜✉t ❛❧s♦ ♦♥ t✐ss✉❡s ♠❡❝❤❛♥✐❝❛❧ ♣r♦♣❡r✲
t✐❡s ❬✼✺❪✳ ❇❡✐♥❣ ❛❜❧❡ t♦ ♠❡❛s✉r❡ t✐ss✉❡ ❞❡❢♦r♠❛t✐♦♥ ✐♥ r❡✲
s♣♦♥s❡ t♦ str❡ss ♠♦❞✐✜❝❛t✐♦♥ s❤♦✉❧❞ s❤❡❞ ❧✐❣❤t ♦♥ ❡♠❜r②✲
♦♥✐❝ ❞❡✈❡❧♦♣♠❡♥t ♠❡❝❤❛♥✐s♠s✳ ▼♦r❡♦✈❡r ❛s ♠❡❝❤❛♥✐❝❛❧
♣r♦♣❡rt✐❡s ♦❢ t✐ss✉❡s ❢r♦♠ t❤❡ ♠♦❧❡❝✉❧❛r t♦ t❤❡ ♠❛❝r♦✲
s❝♦♣✐❝ s❝❛❧❡ ♣r♦✈❡ t♦ ❜❡ ❢✉♥❞❛♠❡♥t❛❧ ❢♦r t✐ss✉❡ ❢✉♥❝t✐♦♥
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❢♦r ❛ss✐st❛♥❝❡✳ ❲❡ t❤❛♥❦ ❆❧✐ ❆❜♦✉✲❍❛ss❛♥ ✭P❍❊◆■❳✱
❯▼❘ ✽✷✸✹✱ P❛r✐s✮ ❢♦r ♣r♦✈✐❞✐♥❣ ✉s ✇✐t❤ t❤❡ ♠❛❣♥❡t✐❝
♥❛♥♦♣❛rt✐❝❧❡s✳ ❚❤❡ ❛✉t❤♦rs ❣r❛t❡❢✉❧❧② ❛❝❦♥♦✇❧❡❞❣❡ ❢✉♥❞✲
✐♥❣ ❢r♦♠ t❤❡ ❝✐t② ♦❢ P❛r✐s ❘❡s❡❛r❝❤ Pr♦❣r❛♠ ❊♠❡r❣❡♥❝❡
✭●r❛♥t ■❉s ❵▼❆●■❈✬✮ ❛♥❞ s✉♣♣♦rt ❢r♦♠ t❤❡ ❊✉r♦♣❡❛♥
❯♥✐♦♥ ✭❊❘❈✲✷✵✶✹✲❈♦● ♣r♦❥❡❝t ▼❛❚✐ss❊ ✻✹✽✼✼✾✮✳ ❚❤❡
st✉❞② ✇❛s ♣❛rt✐❛❧❧② s✉♣♣♦rt❡❞ ❜② t❤❡ ▲❛❜❡① ❲❤♦ ❆♠ ■❄✱
▲❛❜❡① ❆◆❘✲✶✶✲▲❆❇❳✲✵✵✼✶✱ ❛♥❞ t❤❡ ❯♥✐✈❡rs✐té ❞❡ P❛r✐s✱
■❞❡① ❆◆❘✲✶✽✲■❉❊❳✲✵✵✵✶ ❢✉♥❞❡❞ ❜② t❤❡ ❋r❡♥❝❤ ●♦✈✲
❡r♥♠❡♥t t❤r♦✉❣❤ ✐ts ■♥✈❡st♠❡♥ts ❢♦r t❤❡ ❋✉t✉r❡ ♣r♦❣r❛♠✳

❆❯❚❍❖❘ ❈❖◆❚❘■❇❯❚■❖◆

❋✳▼✳✱ ❏✲❈✳❇✳✱ ❙✳❆✳✱ ❆✳❆✳✱ ❈✳●✳✱ P✳▼✳✱ ❈✳❲ ❛♥❞ ▼✳❘✳
❝♦♥❝❡✐✈❡❞ t❤❡ ✐❞❡❛❀ ●✳▼✳✱ ❋✳▼✳✱ ❋✳❋✳✱ ■✳◆✳✱ ▲✳❉✳✱ ❙✳❆✳✱
❆✳❆✳✱ ❛♥❞ ▼✳❘✳ ♣❡r❢♦r♠❡❞ t❤❡ ❡①♣❡r✐♠❡♥ts❀ ❱✳◆✳✱
❈✳●✳ ❛♥❞ P✳▼✳ r✉♥ t❤❡ ♣❛r❛♠❡tr✐❝ ✐♥❢❡r❡♥❝❡ ❡①♣❡r✐✲
♠❡♥ts✳ ❙✳❆✳✱ ❆✳❆✱ ❈✳●✳✱ P✳▼✳ ❛♥❞ ▼✳❘✳ ❛♥❛❧②③❡❞ t❤❡
❡①♣❡r✐♠❡♥ts✳ ❙✳❆✳✱ ❆✳❆✳✱ ❈✳●✳✱ P✳▼✳✱ ❈✳❲✳ ❛♥❞ ▼✳❘✳
s✉♣❡r✈✐s❡❞ t❤❡ st✉❞②✳ ❋✳▼✳✱❙✳❆✳✱ ❆✳❆✳✱ ❈✳●✳✱ P✳▼✳ ❛♥❞
▼✳❘✳ ✇r♦t❡ t❤❡ ♠❛♥✉s❝r✐♣t✳ ●✳▼✳✱ ❋✳▼✳✱ ❱✳◆✳✱ ❋✳❋✳✱
■✳◆✳✱ ▲✳❉✳✱ ❙✳❆✳✱ ❆✳❆✳✱ ❈✳●✳✱ P✳▼✳✱ ❈✳❲✳ ❛♥❞ ▼✳❘✳
♣r♦♦❢r❡❛❞ t❤❡ ♠❛♥✉s❝r✐♣t✳

❆♣♣❡♥❞✐① ❆✿ ▼❡t❤♦❞s

◆❛♥♦♣❛rt✐❝❧❡s ❛♥❞ r❡❛❣❡♥ts

❚❤❡ ♥❛♥♦♣❛rt✐❝❧❡s ✉s❡❞ t♦ ♠❛❣♥❡t✐❝❛❧❧② ❧❛❜❡❧ t❤❡ ❋✾
❝❡❧❧s ❛r❡ ❝✐tr❛t❡❞ ✐r♦♥ ♦①✐❞❡ ♠❛❣❤❡♠✐t❡ ✭❋❡2❖3✮ s✉♣❡r✲
♣❛r❛♠❛❣♥❡t✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ✇✐t❤ ❛ ❝❤❛r❛❝t❡r✐st✐❝ ❞✐❛♠❡✲
t❡r δ0 ≃ 7 − 8 ♥♠ ✭♣♦❧②❞✐s♣❡rs✐t② 28%✱ st❛♥❞❛r❞ ❞❡✈✐❛✲
t✐♦♥ s ≃ 2ñ♠✮✳ ❚❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ❝✉r✈❡ ✭❋✐❣✉r❡ ✽✮ ✐s ❞❡✲
s❝r✐❜❡❞ ❜② ❛ ▲❛♥❣❡✈✐♥ ❢✉♥❝t✐♦♥ ✇❡✐❣❤t❡❞ ❜② t❤❡ ♥❛♥♦♣❛r✲
t✐❝❧❡s s✐③❡ δ✿

M(|B|)

Msat
= φ(|B|) =

ˆ

Mnp(δ)L(ξ(δ))P (δ) dδ ✭❆✶✮

✇❤❡r❡ Mnp ✐s t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ❛t s❛t✉r❛t✐♦♥ ♦❢ ❛
♠❛❣❤❡♠✐t❡ ♥❛♥♦♣❛rt✐❝❧❡✱ ξ(δ) = µ0HMnp(δ)/(kBT )
❛♥❞ L(x) = coth(x) − 1/x✳ ❚❤❡ s✐③❡ ❞✐str✐❜✉t✐♦♥ P
✐s ❛♣♣r♦①✐♠❛t❡❞ ❜② ❛ ❧♦❣✲♥♦r♠❛❧ ❧❛✇ ✇✐t❤ t❤❡ ❝❤❛r❛❝✲
t❡r✐st✐❝ ❞✐❛♠❡t❡r δ0 ❛♥❞ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ s✳ ❆s

♣❛rt✐❝❧❡s ❛r❡ s✉♣❡r♣❛r❛♠❛❣♥❡t✐❝✱ M ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢
t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛♥❞ ❛♣♣❧✐❡❞ ❢♦r❝❡s ❛r❡
♣✉❧❧✐♥❣ ♦♥❡s✳

❲❡ ✉s❡❞ t✇♦ ❞✐✛❡r❡♥t ❝❡❧❧ t②♣❡s✳ ❋✾ ❲❚ ❝❡❧❧s ✇❡r❡
♣✉r❝❤❛s❡❞ ❢r♦♠ ❆❚❈❈✳ ❈❚✷✻ ❝❡❧❧s ✇❡r❡ ♣✉r❝❤❛s❡❞ ❢r♦♠
❆❚❈❈✳ ❚♦ ✐♥❤✐❜✐t ❛❝t✐♥ ✜❧❛♠❡♥t ❢♦r♠❛t✐♦♥✱ ▲❛tr✉♥❝✉❧✐♥
❆ ✭1µ▼✮ ♣✉r❝❤❛s❡❞ ❢r♦♠ ❙✐❣♠❛ ✭▲✺✶✻✸✮ ✐s ✉s❡❞ ✐♥ s♦♠❡
❡①♣❡r✐♠❡♥ts ❞✉r✐♥❣ ❛❣❣r❡❣❛t❡ ❢♦r♠❛t✐♦♥ ❛♥❞ st✐♠✉❧❛t✐♦♥✳
✭✰✴✲✮✲❇❧❡❜❜✐st❛t✐♥ ✭✷✵✸✸✾✵✱ ❙✐❣♠❛✲❆❧❞r✐❝❤✮ ✐s ❛❞❞❡❞ ❛t
10µ▼ t♦ ✐♥❤✐❜✐t ♠②♦s✐♥ ❛❝t✐✈✐t② ✐♥ ❞❡❞✐❝❛t❡❞ ❡①♣❡r✐✲
♠❡♥ts✳ ❊●❚❆ ✭0.4 ♠▼✮ ♠❛② ❜❡ ❛❞❞❡❞ ❛t t❤❡ s❛♠❡ st❛❣❡
t♦ ❛❝t ❛s ❛ ❝❛❧❝✐✉♠ ❝❤❡❧❛t♦r ❛♥❞ ❞❡❝r❡❛s❡ ❝❡❧❧✲❝❡❧❧ ❝❛❞✲
❤❡r✐♥ ♠❡❞✐❛t❡❞ ✐♥t❡r❛❝t✐♦♥s ❛s ✇❡❧❧ ❛s ✐♥❞✐✈✐❞✉❛❧ ❝❛❧❝✐✉♠
✐♥✢✉①✳

■♠♠✉♥♦✢✉♦r❡s❝❡♥❝❡ ✇❛s ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ❙✐❘✲❛❝t✐♥
✭2µ▼ ❢♦r 1 ❤♦✉r✮ t♦ st❛✐♥ ❛❝t✐♥ ✜❧❛♠❡♥ts ❛♥❞ ❉❆P■ t♦
❧❛❜❡❧ ♥✉❝❧❡✐✳ ❊✲❝❛❞❤❡r✐♥ ❛♥t✐❜♦❞② ✭❊❈❈❉✲✷ ❢r♦♠ ❚❤❡r✲
♠♦✜s❤❡r ✉s❡❞ ❛t 1 : 50 ❢♦r 2 ❤♦✉rs✮ ❝♦✉♣❧❡❞ ✇✐t❤ ❛ s❡❝✲
♦♥❞❛r② ❛♥t✐✲r❛t ●❋P ❛♥t✐❜♦❞② ✐s ✉s❡❞ t♦ ❡♥❤❛♥❝❡ t❤✐s
❝❡❧❧✲❝❡❧❧ ❛❞❤❡s✐♦♥ ♠♦❧❡❝✉❧❡✳ ❈❧❡❛✈❡❞ ❈❛s♣❛s❡✲✸ ❛♥t✐❜♦❞②
✭❈❡❧❧ ❙✐❣♥❛❧✮ ✇❛s ✉s❡❞ t♦ ❝❤❡❝❦ ❢♦r ♣♦ss✐❜❧❡ ❛♣♦♣t♦s✐s ✐♥
♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s✳

❈r②♦s❡❝t✐♦♥s

▼✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ✇❡r❡ ✜①❡❞ ✐♥ 4% P❋❆ ❢♦r ✶
❤♦✉r ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ t❤❡♥ ❡♠❜❡❞❞❡❞ ✐♥ ❖❈❚ ✭❖♣✲
t✐♠❛❧ ❈✉tt✐♥❣ ❈♦♠♣♦✉♥❞✱ ✸✻✶✻✵✸❊✱ ❱❲❘✮✳ ❆❢t❡r ❢r❡❡③✲
✐♥❣ ✐♥ ✐s♦♣❡♥t❛♥❡ ❝♦♦❧❡❞ ❞♦✇♥ ✐♥ ❧✐q✉✐❞ ♥✐tr♦❣❡♥✱ s❛♠♣❧❡s
✇❡r❡ ❦❡♣t ❛t −20◦C✳ 6 − 10µ♠ t❤✐❝❦ ❝r②♦s❡❝t✐♦♥s ✇❡r❡
♦❜t❛✐♥❡❞ ✭▲❡✐❝❛ ❈▼✶✺✷✵✮✳ ❋✐❜r✐❧t♦♦❧ ■♠❛❣❡❏ ♣❧✉❣✐♥ ❬✼✻❪
✇❛s ✉s❡❞ t♦ q✉❛♥t✐t❛t✐✈❡❧② ❛♥❛❧②③❡❞ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❝♦r✲
t✐❝❛❧ ❛❝t✐♥ ✜❧❛♠❡♥ts ♦r t❤❡ ♦r❣❛♥✐③❛t✐♦♥ ♦❢ ❝❡❧❧✲❝❡❧❧ ❛❞❤❡✲
s✐♦♥✳

❋■●✳ ❙✽✿ ▼❛❣♥❡t✐③❛t✐♦♥ ❝✉r✈❡ ♦❢ t❤❡ ✐r♦♥ ♦①✐❞❡

♥❛♥♦♣❛rt✐❝❧❡s✳ ❚❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ♥♦r♠❛❧✐③❡❞ ❜② t❤❡
s❛t✉r❛t✐♦♥ ♠❛❣♥❡t✐③❛t✐♦♥ ✐s ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡

❡①t❡r♥❛❧ ♠❛❣♥❡t✐❝ ✜❡❧❞✳



✶✺

▼❛❣♥❡t✐❝ ❝❡❧❧ ❧❛❜❡❧✐♥❣ ❛♥❞ ♠❛❣♥❡t✐❝ ❢♦r♠❛t✐♦♥ ♦❢
♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s

❋✾ ♠✉r✐♥❡ ❝❡❧❧s ❛r❡ ❣r♦✇♥ ✐♥ ❉▼❊▼ s✉♣♣❧❡♠❡♥t❡❞
✇✐t❤ 5% ❢❡t❛❧ ❜♦✈✐♥❡ s❡r✉♠ ✭❋❇❙✮ ❛♥❞ 1% ❛♥t✐❜✐♦t✐❝s
✭♣❡♥✐❝✐❧❧✐♥✴str❡♣t♦♠②❝✐♥✮ ❛t 37◦❈ ❛♥❞ 5% ❈❖2✳ ❲❤❡♥
❝❡❧❧s ❛r❡ ❛t ❝♦♥✢✉❡♥❝❡✱ ♥❛♥♦♣❛rt✐❝❧❡s s♦❧✉t✐♦♥ ✭[Fe] =
2♠▼ ✐♥ ❘P▼■✮ ✐s ❛❞❞❡❞ ❢♦r 2 ❤✳ ◆❛♥♦♣❛rt✐❝❧❡s ❛r❡ ✐♥✲
t❡r♥❛❧✐③❡❞ ✐♥ ❝❡❧❧s t❤r♦✉❣❤ ❡♥❞♦❝②t♦s✐s ♣❛t❤✇❛②s ❛♥❞ ❛r❡
✜♥❛❧❧② ❧♦❝❛❧✐③❡❞ ✇✐t❤✐♥ ✐♥tr❛❝❡❧❧✉❧❛r ✈❡s✐❝❧❡s ✐❞❡♥t✐✜❡❞ ❛s
❡♥❞♦s♦♠❡s ❬✹✸❪✳ ❆t ❤✐❣❤ ❞♦s❡s ✭50♠▼✮✱ tr❛♥s✐❡♥t ❛❣✲
❣r❡❣❛t✐♦♥ ♦❢ ❡♥❞♦s♦♠❡s ❛t t❤❡ ❝❡❧❧ ♠❡♠❜r❛♥❡ ♠❛② ❝❛✉s❡
tr❛♥s✐❡♥t ♠♦❞✐✜❝❛t✐♦♥ ♦❢ ❛❝t✐♥ ♥❡t✇♦r❦ ✇❤✐❧❡ ❝②t♦s❦❡❧❡✲
t♦♥ ✐s ♥♦t ♠♦❞✐✜❡❞ ❛t ❧♦✇ ❞♦s❡s ✭5♠▼✮ ❬✹✺❪✳ ❚❤❡ 2♠▼
✐♥❝✉❜❛t✐♦♥ ❝♦♥❝❡♥tr❛t✐♦♥ t❤✉s ❣✉❛r❛♥t✐❡s t❤❡ ✐♥t❡❣r✐t② ♦❢
t❤❡ ❝②t♦s❦❡❧❡t♦♥ ♥❡t✇♦r❦ ❛♥❞ ❢✉♥❝t✐♦♥✳ ❆❢t❡r ✐♥❝✉❜❛✲
t✐♦♥✱ ❝❡❧❧s ❛r❡ ✇❛s❤❡❞ ✇✐t❤ ❢r❡s❤ ❘P▼■ ❛♥❞ ❞❡t❛❝❤❡❞
✇✐t❤ tr②♣s✐♥ t♦ ❜❡ s❡❡❞❡❞ ✐♥ 2% ❛❣❛r♦s❡ ❣❡❧ ❝②❧✐♥❞r✐❝❛❧
♠♦❧❞s ✭❞✐❛♠❡t❡r 2 ♠♠✱ ❤❡✐❣❤t 1.5 ♠♠✮ ♦r ❝✉❜✐❝ ♠♦❧❞s
1♠♠ sq✉❛r❡✮ ♦❜t❛✐♥❡❞ ❜② ❢♦r♠✐♥❣ ❛ ♥❡t✇♦r❦ ♦❢ s♠❛❧❧
♠❛❣♥❡t✐❝ ❝②❧✐♥❞❡rs ✭♦r ❝✉❜❡s✮ ✇✐t❤✐♥ ❛♥ ❛❣❛r♦s❡ ♠♦❧❞
✭❋✐❣✉r❡ ✾✮✳ ■♥❞❡❡❞ ❜② r❡♠♦✈✐♥❣ t❤❡ ♠❛❣♥❡ts ❜❡❧♦✇✱ ❛♥❞
t❛❦✐♥❣ ♦✛ t❤❡ ♠❛❣♥❡t✐❝ ❝②❧✐♥❞❡rs ♦r ❝✉❜❡s ✇✐t❤✐♥ t❤❡ ❣❡❧✱
✇❡ ❛❝❤✐❡✈❡ t♦ ❤❛✈❡ ✇❡❧❧s t♦ s❡❡❞ ❝❡❧❧s ✇✐t❤✐♥✳ ❚❤❡ s❡❡❞✐♥❣
♦❢ ❝❡❧❧s ✭1 ♠✐❧❧✐♦♥✮ ✐♥ t❤❡ ✇❡❧❧s ✐s t❤❡♥ ♠❛❣♥❡t✐❝❛❧❧② ❞r✐✈❡♥
❜② t❤❡ ♠❛❣♥❡ts ❜❡❧♦✇ t❤❡ ❞✐s❤ ✭❋✐❣✉r❡ ✾✮✳ ❈❡❧❧✲❝❡❧❧ ❝♦♥✲
t❛❝ts ❞❡✈❡❧♦♣ ♦✈❡r♥✐❣❤t t♦ ♣r♦❞✉❝❡ ❛ ❝♦❤❡s✐✈❡ ❝②❧✐♥❞r✐❝❛❧
t✐ss✉❡ t❤❛t ❝❛♥ ❜❡ r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ♠♦❧❞ ✭❋✐❣✉r❡ ✶❛✲❞✮✳
❚❤❡ r❡s✉❧t✐♥❣ ❛❣❣r❡❣❛t❡s ❛r❡ r❡♠♦✈❡❞ ❢r♦♠ t❤❡ ✇❡❧❧ ❛❢t❡r
16 ❤ ✭♦✈❡r♥✐❣❤t ♠❛t✉r❛t✐♦♥✮✱ s❤♦✇✐♥❣ ✐♠♣♦rt❛♥t ❝❡❧❧✲❝❡❧❧
❛❞❤❡s✐♦♥s✳ ❚❤❡✐r s✐③❡ ✐s r❡♣r♦❞✉❝✐❜❧❡✿ ❝②❧✐♥❞r✐❝❛❧ ❛❣❣r❡✲
❣❛t❡s ♦❢ 2♠♠ ❞✐❛♠❡t❡r ❛♥❞ 0.8♠♠ ❤❡✐❣❤t ❢♦r 106 ❝❡❧❧s
❛♥❞ ❝✉❜♦✐❞❛❧ ❛❣❣r❡❣❛t❡s ♦❢ 1mm sq✉❛r❡ ❜❛s❡ ❛♥❞ ❝✐r❝❛
0.6mm ❤❡✐❣❤t ❢♦r 2.5 105 ❝❡❧❧s ✳ ■♥ ❛❞❞✐t✐♦♥✱ ♠❛❣♥❡t✐❝
♠♦❧❞✐♥❣ ❛❧❧♦✇s ✉s t♦ ❢♦r♠ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡s ✐♥
♣r❡s❡♥❝❡ ♦❢ ❝❤♦s❡♥ ✐♥❤✐❜✐t♦rs✳ ❚❤❡ r❡s✉❧t✐♥❣ ❛❣❣r❡❣❛t❡s
✭❋✐❣✉r❡ ✶❛✲❡✮ ❤❛✈❡ ❛ ❤♦♠♦❣❡♥❡♦✉s ❜✉❧❦ s❛t✉r❛t✐♦♥ ♠❛❣✲
♥❡t✐③❛t✐♦♥ ✭M sat

V = 103 ± 16A.m−1✮ ♠❡❛s✉r❡❞ ✇✐t❤ ❛
✈✐❜r❛t✐♥❣ s❛♠♣❧❡ ♠❛❣♥❡t♦♠❡t❡r ✭◗✉❛♥t✉♠ ❉❡s✐❣♥✱ ❱❡r✲
s❛❧❛❜✮✳ ❈❡❧❧ ✈✐❛❜✐❧✐t② ✐♥ ♣r❡s❡♥❝❡ ♦❢ ♠❛❣♥❡t✐❝ ♥❛♥♦♣❛rt✐✲
❝❧❡s ✇❛s ❝❤❛r❛❝t❡r✐③❡❞ ♦♥ ❝❡❧❧ ❝✉❧t✉r❡ ✇✐t❤ ❆❧❛♠❛r ❜❧✉❡
❞②❡s ✭■♥✈✐tr♦❣❡♥✮✳ ❚♦ ❛ss❡ss t❤❡ ♣♦t❡♥t✐❛❧ ❤❛r♠❢✉❧♥❡ss
♦❢ t❤❡ ♠❛❣♥❡t✐❝ ❧❛❜❡❧❧✐♥❣ ♦♥ s✉s♣❡♥❞❡❞ ❝❡❧❧s✱ ✇❡ ❝♦♠✲
♣❛r❡❞ ❞✉r✐♥❣ t❤r❡❡ ❞❛②s t❤❡ s✉r✈✐✈❛❧ r❛t❡ ♦❢ ❝❡❧❧s ✇✐t❤
♦r ✇✐t❤♦✉t ♠❛❣♥❡t✐❝ ♥❛♥♦♣❛rt✐❝❧❡s ❛♥❞ s✉❜♠✐tt❡❞ s♦♠❡
♠❛❣♥❡t✐❝❛❧❧② ❧❛❜❡❧❧❡❞ ❝❡❧❧s t♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✭❋✐❣✉r❡ ✶✵✮✳
◆♦ ❝②t♦t♦①✐❝✐t② ✐s ♥♦t✐❝❡❞ ❡✈❡♥ ✐♥ ♣r❡s❡♥❝❡ ♦❢ ♠❛❣♥❡t✐❝
✜❡❧❞✳

▼❛❣♥❡t✐❝ ✜❡❧❞ ❛♣♣❧✐❝❛t♦r

❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✉s❡❞ t♦ ❞❡❢♦r♠ t❤❡ ♠❛❣♥❡t✐③❡❞
❛❣❣r❡❣❛t❡ ✇❛s ❣❡♥❡r❛t❡❞ ✇✐t❤ ❛♥ ❡❧❡❝tr♦♠❛❣♥❡t ❝♦♠✲
♣♦s❡❞ ♦❢ ❛ ❝✉st♦♠✲♠❛❞❡ ✇❛t❡r✲❝♦♦❧❡❞ ❝♦✐❧ ✭6Ω✱ 14 ♠❍✮
✇r❛♣♣❡❞ ❛r♦✉♥❞ ❛ s♦❢t ✐r♦♥ ♣♦❧❛r ♣✐❡❝❡ ✭❞✐❛♠❡t❡r 55 ♠♠✱
❤❡✐❣❤t 85 ♠♠✮ ❛❧❧♦✇✐♥❣ t❤❡ ♣❛ss❛❣❡ ♦❢ ❛ ❝✉rr❡♥t ✉♣ t♦
10❆✳ ■♥ ✐ts ✉♣♣❡r ♣❛rt✱ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ♣♦❧❛r ♣✐❡❝❡

❋■●✳ ❙✾✿ ▼❛❣♥❡t✐❝ ♠♦❧❞✐♥❣ ♦❢ ❝②❧✐♥❞r✐❝❛❧

♠✉❧t✐❝❡❧❧✉❧❛r s♣❤❡r♦✐❞s✳ ❛ ❙❝❤❡♠❛t✐❝ r❡♣r❡s❡♥t❛t✐♦♥
❛♥❞ ❜ ♣✐❝t✉r❡s ♦❢ t❤❡ ❞✐✛❡r❡♥t st❡♣s ♦❢ t❤❡ ♠♦❧❞✐♥❣

♣r♦t♦❝♦❧✳ ✭✶✮ ❆ ❧❛②❡r ♦❢ 2% ❛❣❛r♦s❡ s♦❧✉t✐♦♥ ✐♥ P❇❙ ✐s
♣♦✉r❡❞ ✐♥t♦ ❛ ❝✉❧t✉r❡ ❞✐s❤✳ ✭✷✮ ❆ ❝②❧✐♥❞r✐❝❛❧ ♣❡r♠❛♥❡♥t
♠❛❣♥❡t ✐s ♣❧❛❝❡❞ ✉♥❞❡r t❤❡ ❞✐s❤ ✇❤✐❧❡ t❤❡ ❛❣❛r♦s❡ ✐s
st✐❧❧ ❧✐q✉✐❞ t♦ ❛ttr❛❝t ❛ ❝❛❧✐❜r❛t❡❞ st❡❡❧ ❝②❧✐♥❞❡r ✭2 ♠♠
✐♥ ❞✐❛♠❡t❡r✮✳ ✭✸✮ ❚❤❡ ❛❣❛r♦s❡ s♦❧✐❞✐✜❡s ❛s ✐t ❝♦♦❧s ❞♦✇♥
❛♥❞ t❤❡ ❝②❧✐♥❞❡r ✐s r❡♠♦✈❡❞ t♦ ❢♦r♠ ❛ ❝②❧✐♥❞r✐❝❛❧ ♠♦❧❞✳
✭✹✮ ❚❤❡ ❞✐s❤ ✐s ✜❧❧❡❞ ✇✐t❤ ❉▼❊▼ ♠❡❞✐✉♠ ✇✐t❤♦✉t ❋❇❙
❛♥❞ ♠❛❣♥❡t✐❝❛❧❧② ❧❛❜❡❧❡❞ ❝❡❧❧s ❛r❡ s❡❡❞❡❞ ✐♥ t❤❡ ✇❡❧❧s✳
❚❤❡ ♠❛❣♥❡t ❛ttr❛❝ts ❛♥❞ ❝♦♠♣❛❝ts t❤❡ ❝❡❧❧s ❢♦r 30
s❡❝♦♥❞s ❜❡❢♦r❡ ❜❡✐♥❣ r❡♠♦✈❡❞✳ ✭✺✮ ❚❤❡ ❞✐s❤ ✐s

✐♥❝✉❜❛t❡❞ ❛t 37◦❈ ❛♥❞ 5% ❈❖2 ♦✈❡r♥✐❣❤t t♦ ❛❧❧♦✇
t✐ss✉❡ ❢♦r♠❛t✐♦♥✳
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❋■●✳ ❙✶✵✿ ❈②t♦t♦①✐❝✐t② ♦❢ t❤❡ ♥❛♥♦♣❛rt✐❝❧❡s ♦♥ ❋✾

❝❡❧❧s ❱✐❛❜✐❧✐t② ♦❢ ♠❛❣♥❡t✐❝❛❧❧② ❧❛❜❡❧❧❡❞ ❝❡❧❧s ✐s ❡st✐♠❛t❡❞
❢r♦♠ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ✢✉♦r❡s❝❡♥❝❡ ✐♥t❡♥s✐t② ❧❡✈❡❧ ♦❢

❆❧❛♠❛r ❜❧✉❡ ❝♦♠♣❛r❡❞ ✇✐t❤ ✉♥❧❛❜❡❧❧❡❞ ❝❡❧❧s✳ ▲❛❜❡❧❧❡❞
❝❡❧❧s ❛r❡ ❡✐t❤❡r ♥♦t s✉❜♠✐tt❡❞ t♦ ♠❛❣♥❡t✐❝ ✜❡❧❞ ✭❇✲
❝♦♥❞✐t✐♦♥✮ ♦r s✉❜♠✐tt❡❞ t♦ ❛ 100 s ❧♦♥❣ ♠❛①✐♠❛❧

♠❛❣♥❡t✐❝ ✜❡❧❞ ❢♦r ✶✵ t✐♠❡s ❛ ❞❛②✳ ❘❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞
❢r♦♠ ✸ ✐♥❞❡♣❡♥❞❡♥t ❡①♣❡r✐♠❡♥ts✳ ◆♦ ❞✐✛❡r❡♥❝❡s ❛r❡

♥♦t✐❝❡❛❜❧❡ ❜❡t✇❡❡♥ t❤❡ t❤r❡❡ ❝♦♥❞✐t✐♦♥s✱ ♣r♦♠♦t✐♥❣ t❤❡
❝②t♦s❛❢❡t② ♦❢ t❤❡ ✐r♦♥ ♦①②❞❡ ♥❛♥♦♣❛rt✐❝❧❡s ♦♥ ❋✾ ❝❡❧❧s

❢♦r ✸ ❞❛②s✳

❣♦❡s ❞♦✇♥ ❢r♦♠ 55 ♠♠ t♦ 5 ♠♠✳ ❚❤❡ t♦♣ ♦❢ t❤❡ ♣♦❧❛r
♣✐❡❝❡ ✇❛s 3 ♠♠ ❜❡❧♦✇ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❛❣❣r❡❣❛t❡✳ ❚❤❡
❡❧❡❝tr♦♠❛❣♥❡t t❡♥s✐♦♥ ✇❛s ❝♦♥tr♦❧❧❡❞ ✇✐t❤ ❛ ❚●❆ ✶✷✹✷
s✐❣♥❛❧ ❣❡♥❡r❛t♦r ✭❆✐♠✫❚❚✐✮ ❛♥❞ ❛♠♣❧✐✜❡r ✭❑❡❜❝♦ ❇❖P✮✳

❚❤❡ s❤❛♣❡ ♦❢ t❤❡ ♣♦❧❛r ♣✐❡❝❡ ✇❛s ♦♣t✐♠✐③❡❞ t♦ ♠❛①✐✲
♠✐③❡ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❣r❛❞✐❡♥t dB/dz
❛❧♦♥❣ t❤❡ z ❝♦♦r❞✐♥❛t❡ ✭30T.m−1 ✇❤❡♥ t❤❡ ♠❛❣♥❡t✐❝
✜❡❧❞ r❡❛❝❤❡s ✐ts ♠❛①✐♠✉♠ ✈❛❧✉❡ 120 ♠❚✮ ❛s ✇❡❧❧ ❛s
✐ts ❤♦♠♦❣❡♥❡✐t② ✐♥ t❤❡ ❛❣❣r❡❣❛t❡ ✈♦❧✉♠❡✳ ◆❛♥♦♣❛r✲
t✐❝❧❡s ♠❛❣♥❡t✐③❡ ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞
B✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❛❣❣r❡❣❛t❡ ❞✐s♣❧❛②s ❛ ♠❛❣♥❡t✐③❛t✐♦♥



✶✻

MV = M sat
V φ(B/Bsat) ♣❡r ✉♥✐t ✈♦❧✉♠❡ ✭❢♦r φ✱ M sat

V ❛♥❞
Bsat✱ s❡❡ ❛❜♦✈❡✮✳ ❚❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❣❡♥❡r❛t❡❞ ❛t t❤❡
❝❡♥t❡r ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ❧✐♥❡❛r❧② ❞❡♣❡♥❞s ♦♥ t❤❡ ❛♣♣❧✐❡❞
t❡♥s✐♦♥ ✭s❡❡ ❋✐❣✉r❡ ✶✶❛✮ ❛♥❞ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❣r❛❞✐❡♥t
✇❛s ❛❧♠♦st ❤♦♠♦❣❡♥❡♦✉s ✭❧❡ss t❤❛♥ 20% ✈❛r✐❛t✐♦♥ ♦✈❡r ❛
s✐③❡ ❡①❝❡❡❞✐♥❣ ♦♥❡ ♠✐❧❧✐♠❡t❡r✮✱ ✇❤❛t❡✈❡r t❤❡ ❛♣♣❧✐❡❞ t❡♥✲
s✐♦♥ ✭❋✐❣✉r❡ ✶✶❜✮ ❡♥s✉r✐♥❣ ❛ ❤♦♠♦❣❡♥♦✉s ❢♦r❝❡ ♦♥ ❝❡❧❧s✳

❚❤❡ s❡t ✉♣ ✇❛s ❝❛❧✐❜r❛t❡❞ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡❞ ✐♥ ♦r❞❡r
t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❜✉❧❦ ✢❛tt❡♥✐♥❣ ♠❛❣♥❡t✐❝ ❢♦r❝❡ ❣❡♥❡r❛t❡❞
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❛♣♣❧✐❡❞ t❡♥s✐♦♥ V (t) ✉s✐♥❣ t❤❡ s❡t✲
✉♣ ❛s ❛ t❡♥s✐♦♠❡t❡r ❬✸✶❪✳ ❋❡rr♦✢✉✐❞ ❞r♦♣s ✭❛q✉❡♦✉s s♦❧✉✲
t✐♦♥ ♦❢ t❤❡ ♥❛♥♦♣❛rt✐❝❧❡s ✉s❡❞ ❢♦r ❝❡❧❧ ❧❛❜❡❧❧✐♥❣✮ ♦❢ ✈❛r✐♦✉s
s✐③❡ ❞❡♣♦s✐t❡❞ ♦♥ ❛ s✉♣❡r❤②❞r♦♣❤♦❜✐❝ s✉r❢❛❝❡ ✐♥ ❛ s✐❧✐❝♦♥
❜❛t❤✱ ✇❡r❡ ✢❛tt❡♥❡❞✳ ❋✐tt✐♥❣ ❡❛❝❤ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦✜❧❡
✇✐t❤ t❤❡ ▲❛♣❧❛❝❡ ❡q✉❛t✐♦♥ ❢♦r ❝❛♣✐❧❧❛r✐t② ✐♥ ♥♦♥✲✇❡tt✐♥❣
❝♦♥❞✐t✐♦♥s ♣r♦✈✐❞❡❞ t❤❡ s✉r❢❛❝❡ t❡♥s✐♦♥✳ ❚❤✐s ♠❡❛s✉r❡✲
♠❡♥t ✇❛s ✈❛❧✐❞❛t❡❞ ❜② ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❝❧❛ss✐❝ s❡ss✐❧❡
❞r♦♣ ❡①♣❡r✐♠❡♥t ✭❋✐❣✉r❡ ✶✶❝✮✳ ❚❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢
t❤❡ ♠❛❣♥❡t✐❝ ❢♦r❝❡ ❞❡♥s✐t② ✇❛s ♠❡❛s✉r❡❞ t♦ ❜❡ ❝❧♦s❡ t♦
2.5 kN.m−3✳

❙✐❣♥❛❧ ❣❡♥❡r❛t✐♦♥ ❛♥❞ s②♥❝❤r♦♥✐③❛t✐♦♥

❚❤❡ t❡♥s✐♦♥ s✐❣♥❛❧ ✐s tr❛♥s❢❡rr❡❞ t♦ t❤❡ ❣❡♥❡r❛t♦r ✉s✲
✐♥❣ t❤❡ ❲❛✈❡❢♦r♠ ▼❛♥❛❣❡r P❧✉s s♦❢t✇❛r❡✳ ❚♦ s②♥❝❤r♦✲
♥✐③❡ t❤❡ ❞❡❢♦r♠❛t✐♦♥ s✐❣♥❛❧ ✇✐t❤ t❤❡ ❢♦r❝❡ ❣❡♥❡r❛t✐♦♥✱ ❛
▲❊❉✱ ♣♦✇❡r❡❞ ❜② ❛ ♣✉❧s❡ ❣❡♥❡r❛t♦r t❤❛t ✐s s②♥❝❤r♦♥✐③❡❞
✇✐t❤ t❤❡ s✐❣♥❛❧ ❣❡♥❡r❛t♦r✱ ✇❛s ✉s❡❞ t♦ ♦✈❡r❡①♣♦s❡ ❛ s✐♥❣❧❡
✐♠❛❣❡ ♦❢ t❤❡ ♠♦✈✐❡ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❞❡❢♦r♠❛t✐♦♥
s❡q✉❡♥❝❡✳

■♠❛❣❡ ❛♥❛❧②s✐s

❚❤❡ ❞✐s♣❧❛❝❡♠❡♥t δh(t) ♦❢ t❤❡ ✉♣♣❡r ❛❣❣r❡❣❛t❡ s✉r❢❛❝❡
✐s r❡❝♦r❞❡❞ ❜② ❢❛st ❝❛♠❡r❛ ✐♠❛❣✐♥❣ ❛♥❞ q✉❛♥t✐✜❡❞
t❤r♦✉❣❤ ✐♠❛❣❡ ❛♥❛❧②s✐s✳ ❚❤❡ t❤r❡s❤♦❧❞ ♦❢ ❞❡t❡❝t✐♦♥
✐♥ ❞✐s♣❧❛❝❡♠❡♥t ✐s ♦❢ t❤❡ ♦r❞❡r ♦❢ 0.5µm ✇❤✐❧❡ t❤❡
♦✈❡r❛❧❧ ❛❣❣r❡❣❛t❡ str❛✐♥ ε ≡ δh/h0 ✭♣♦s✐t✐✈❡ ✇✐t❤ t❤❡
❝♦♥✈❡♥t✐♦♥s ✉s❡❞✮ ❞♦❡s ♥♦t ❡①❝❡❡❞ 5%✭✐✳❡✳✱ δh ≤ 50µm✮✳
❉❡❢♦r♠❛t✐♦♥s ✇❡r❡ ❛♥❛❧②③❡❞ ✉s✐♥❣ t❤❡ ✐♠❛❣❡ ❝♦rr❡❧❛t✐♦♥
❜❛s❡❞ tr❛❝❦✐♥❣ ❛❧❣♦r✐t❤♠ ♦♥ ■♠❛❣❡❏✿ ❚r❛❝❦❡r ■♥st❛❧❧
✭❞❡✈❡❧♦♣♣❡❞ ❜② ❖❧✐✈✐❡r ❈❛r❞♦s♦
s✐t❡s✳❣♦♦❣❧❡✳❝♦♠✴s✐t❡✴♦❧✐✈✐❡r❝❛r❞♦s♦✴❍♦♠❡✴♣❧✉❣✐♥s✮✳
■t ❡①tr❛❝ts t❤❡ ❞✐s♣❧❛❝❡♠❡♥t ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ✉♣♣❡r
✐♥t❡r❢❛❝❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t✐♠❡ ✭δh(t) ✐♥ ❋✐❣✉r❡ ✶❢✲❤✮✳
❱✐❜r❛t✐♦♥s ♦❢ t❤❡ s❡t✉♣ ✭♠❛✐♥❧② ❞✉❡ t♦ t❤❡ ✇❛t❡r ❝✐r❝✉❧❛✲
t✐♦♥ ✉s❡ t♦ t❤❡r♠❛❧✐③❡ t❤❡ ❝♦♥t❛✐♥❡r✮ ✇❡r❡ ❝♦♠♣❡♥s❛t❡❞
❜② tr❛❝❦✐♥❣ ❛ ✜①❡❞ ♣♦✐♥t ♦♥ t❤❡ ❝♦♥t❛✐♥❡r ❜♦tt♦♠
✭❛❞s♦r❜❡❞ ❞✉st ❢♦r ✐♥st❛♥❝❡✮ ❛♥❞ s✉❜tr❛❝t✐♥❣ ✐ts ♠♦t✐♦♥
❢r♦♠ t❤❡ ✐♥t❡r❢❛❝❡ ❞✐s♣❧❛❝❡♠❡♥t✳ ❚❤❡ ♣r❡❝✐s✐♦♥ ♦♥ t❤❡
✐♥t❡r❢❛❝❡ ❞✐s♣❧❛❝❡♠❡♥t ✐s ±0.5µ♠✳ ❙❛♠♣❧✐♥❣ ❢r❡q✉❡♥❝✐❡s
❛r❡ ❜❡t✇❡❡♥ ✶✵ t♦ ✶✵✵ ❍③ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❡①♣❡r✐♠❡♥ts✳

❋■●✳ ❙✶✶✿ ❈❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ♠❛❣♥❡t✐❝ ✜❡❧❞

❣❡♥❡r❛t♦r✳ ❛ ▼❛❣♥❡t✐❝ ✜❡❧❞ ❝r❡❛t❡❞ ❜② t❤❡
❡❧❡❝tr♦♠❛❣♥❡t ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞✐st❛♥❝❡ t♦ t❤❡ t♦♣ ♦❢

t❤❡ ♣♦❧❛r ♣✐❡❝❡ ❢♦r ❞✐✛❡r❡♥t t❡♥s✐♦♥s ❛♣♣❧✐❡❞ t♦ t❤❡
❛♠♣❧✐✜❡r✳ ❚❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❛❣❣r❡❣❛t❡ ✐s 3 ♠♠ ❛❜♦✈❡

t❤❡ ❡❧❡❝tr♦♠❛❣♥❡t s♦ t❤❡ ❛❣❣r❡❣❛t❡ ♣♦s✐t✐♦♥ ✐s
❡♠♣❤❛s✐③❡❞ ✐♥ ✈✐♦❧❡t✳ ❜ ❋♦r❝❡ ♣❡r ✉♥✐t ✈♦❧✉♠❡ ❡①tr❛❝t❡❞

❢r♦♠ t❤❡ ♠❡❛s✉r❡❞ ♠❛❣♥❡t✐❝ ✜❡❧❞ ❛♥❞ ❛❣❣r❡❣❛t❡
♠❛❣♥❡t✐③❛t✐♦♥ ❝✉r✈❡✳ ❝ ❋❡rr♦✢✉✐❞ ❞r♦♣s ✭❬❋❡❪❂1.25 ▼✮
♦❢ t❤r❡❡ ❞✐✛❡r❡♥t ✈♦❧✉♠❡s ✭0.6, 1.5, 4.5µ▲✮ ❞❡♣♦s✐t❡❞ ♦♥
❛ s✉♣❡r❤②❞r♦♣❤♦❜✐❝ ❝♦❛t❡❞ ❣❧❛ss s✉r❢❛❝❡✱ ✐♥ ❛ s✐❧✐❝♦♥ ♦✐❧
❜❛t❤✱ ❛r❡ s✉❜♠✐tt❡❞ t♦ ✐♥❝r❡❛s✐♥❣ ♠❛❣♥❡t✐❝ ✢❛tt❡♥✐♥❣

❢♦r❝❡s ✭✉♥❞❡r ♥♦r♠❛❧ ❣r❛✈✐t②✱ fV 1 = 6.9 kN.m−3✱
fV 2 = 56 kN.m−3✱ fV 3 = 107 kN.m−3✮ ❝♦rr❡s♣♦♥❞✐♥❣ t♦

✐♥❝r❡❛s✐♥❣ t❡♥s✐♦♥s ❛♣♣❧✐❡❞ t♦ t❤❡ ❛♠♣❧✐✜❡r
✭r❡s♣❡❝t✐✈❡❧②✿ 0, 1.2, 4.8, 8 ❱✮✳ ❉r♦♣❧❡ts ❡①♣❡r✐♠❡♥t❛❧

❡q✉✐❧✐❜r✐✉♠ ♣r♦✜❧❡s ❛r❡ ✜tt❡❞ ✇✐t❤ t❤❡♦r❡t✐❝❛❧ ❝❛♣✐❧❧❛r②
♣r♦✜❧❡ ✭②❡❧❧♦✇✮✱ ♦❜t❛✐♥❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ ♥✉♠❡r✐❝❛❧❧② t❤❡

▲❛♣❧❛❝❡ ❡q✉❛t✐♦♥ ❢♦r ❝❛♣✐❧❧❛r✐t② ✐♥ ♥♦♥✲✇❡tt✐♥❣
❝♦♥❞✐t✐♦♥s ✭✉s✐♥❣ ▼❛t❧❛❜✬s ❢✉♥❝t✐♦♥ ♦❞❡✹✺✮✳

▼✐❝r♦♣❧❛t❡ r❤❡♦♠❡t❡r

❆ ♠✐❝r♦♣❧❛t❡ r❤❡♦♠❡t❡r ✇❛s ✉s❡❞ ❜♦t❤ ❢♦r s✐♥❣❧❡ ❝❡❧❧
❛♥❞ ❢♦r ❛❣❣r❡❣❛t❡ ♠❡❛s✉r❡♠❡♥ts ❬✹✾❪✳ ■♥ s✉❝❤ ❛ ❞❡✲
✈✐❝❡✱ t❤❡ s❛♠♣❧❡ ✐s ❝♦♠♣r❡ss❡❞ ❜❡t✇❡❡♥ t✇♦ ♣❛r❛❧❧❡❧ ♠✐✲
❝r♦♣❧❛t❡s✳ ❖♥❡ ✐s r✐❣✐❞✳ ❚❤❡ ♦t❤❡r ✐s ✢❡①✐❜❧❡✳ ■ts ❞❡✢❡❝✲
t✐♦♥ δ ✐s r❡❧❛t❡❞ t♦ t❤❡ ❢♦r❝❡ F = kδ ❛♣♣❧✐❡❞ t♦ t❤❡ s❛♠♣❧❡
t❤r♦✉❣❤ t❤❡ ❝❛❧✐❜r❛t❡❞ st✐✛♥❡ss k✳

❍♦✇❡✈❡r✱ s✐♥❝❡ t❤❡ s❡t✲✉♣ ✇❛s ✐♥✐t✐❛❧❧② ❞❡s✐❣♥❡❞ t♦ t❡st
s✐♥❣❧❡ ❝❡❧❧s ✭s✐③❡ ❛r♦✉♥❞ 10µm✮✱ t❤❡ ✢❡①✐❜❧❡ ♠✐❝r♦♣❧❛t❡



✶✼

❤❛❞ t♦ ❜❡ ❛❞❛♣t❡❞ t♦ ❜♦t❤ t❤❡ s✐③❡ ✭500µm✮ ❛♥❞ t❤❡
st✐✛♥❡ss ♦❢ ❝❡❧❧ ❛❣❣r❡❣❛t❡s✳ ❚❤✉s✱ ♥❡✇ s♣❛t✉❧❛✲❧✐❦❡ ♣❧❛t❡s
❤❛✈❡ ❜❡❡♥ ❝r❡❛t❡❞ ✇✐t❤ ✇✐❞❡ t✐♣s ✭1mm ✐♥ ✇✐❞t❤✮ ❛♥❞
❛ t❤✐♥ ♥❡❝❦ ✭❛r♦✉♥❞ 5mm ❧♦♥❣ ❛♥❞ 100µm ✇✐❞t❤✮ t♦
❜❡ ❛❜❧❡ t♦ t❡st ❧❛r❣❡ ❜✉t ✈❡r② s♦❢t ♦❜❥❡❝ts ❧✐❦❡ ❝❡❧❧ ❛❣✲
❣r❡❣❛t❡s✳ ❚❤❡ st✐✛♥❡ss ♦❢ t❤❡ s♣❛t✉❧❛ ✇❛s 27.8 nN/µm✳
❋♦r s✐♥❣❧❡ ❝❡❧❧ ♠❡❛s✉r❡♠❡♥ts✱ ❛s ❋✾ ❝❡❧❧s ❛r❡ ✈❡r② s♦❢t✱
✇❡ ✉s❡❞ ❛ ♠✐❝r♦♣❧❛t❡ ♦❢ 0.6 nN/µm✳ ❚❤❡ ✢❡①✐❜❧❡ ♠✐✲
❝r♦♣❧❛t❡s ✇❡r❡ ♦t❛✐♥❡❞ ❜② ❤❡❛t✐♥❣ ❛♥❞ ♣✉❧❧✐♥❣ ❜♦r♦s✐❧✐✲
❝❛t❡ ♣❧❛t❡s ♦❢ 10 cm ① 1mm ① 200µm ❬✼✼❪✳ ❚❤❡ st✐✛✲
♥❡ss ♦❢ t❤❡ ✢❡①✐❜❧❡ ♠✐❝r♦♣❧❛t❡s ✇❛s ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ❛
st❛♥❞❛r❞ ♠✐❝r♦♣❧❛t❡ ✐ts❡❧❢ ❝❛❧✐❜r❛t❡❞ ❢♦❧❧♦✇✐♥❣ t❤❡ ♣r♦t♦✲
❝♦❧ ❞❡t❛✐❧❡❞ ✐♥ ❬✹✾❪✳ ❚❤❡ s❡t✉♣ ✇❛s ♠♦✉♥t❡❞ ♦♥ ❛ ▲❡✐❝❛
❉▼■❘❇ ✐♥✈❡rt❡❞ ♠✐❝r♦s❝♦♣❡ ✭▲❡✐❝❛ ▼✐❝r♦s②st❡♠s✱ ❘✉❡✐❧✲
▼❛❧♠❛✐s♦♥✱ ❋r❛♥❝❡✮✱ ❛♥❞ s❛♠♣❧❡s ✇❡r❡ ✈✐s✉❛❧✐③❡❞ ✉s✐♥❣ ❛
①10 ♦❜❥❡❝t✐✈❡ ❢♦r ❛❣❣r❡❣❛t❡s ❛♥❞ ❛ ①63 ♦❜❥❡❝t✐✈❡ ❢♦r s✐♥❣❧❡
❝❡❧❧ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ str❡ss σ ❛♣♣❧✐❡❞ t♦ t❤❡ s❛♠♣❧❡
✇❛s ❞❡✜♥❡❞ ❛s t❤❡ t❤❡ ❢♦r❝❡ F = kδ ❞✐✈✐❞❡❞ ❜② t❤❡ ❝♦♥✲
t❛❝t ❛r❡❛ A ❜❡t✇❡❡♥ t❤❡ s❛♠♣❧❡ ❛♥❞ t❤❡ ♣❧❛t❡✿ σ = F/A✳
❋♦r s✐♥❣❧❡ ❝❡❧❧s✱ t❤❡ ❝♦♥t❛❝t ❛r❡❛s ❜❡t✇❡❡♥ t❤❡ ♣❧❛t❡s ❛♥❞
t❤❡ ❝❡❧❧ ✇❡r❡ ❡st✐♠❛t❡❞ ❜② ❛ss✉♠✐♥❣ ❛ ❝✐r❝✉❧❛r ❝♦♥t❛❝t✱
✐✳❡✳ A = πD2/4✳ ❚❤❡ ❛♣♣❛r❡♥t ❝♦♥t❛❝t ❞✐❛♠❡t❡rs DF

❛♥❞ DR ✭r❡s♣❡❝t✐✈❡❧② ❢♦r t❤❡ ✢❡①✐❜❧❡ ❛♥❞ r✐❣✐❞ ♣❧❛t❡s✮
✇❡r❡ ♠❡❛s✉r❡❞ ♦♥ ❜r✐❣❤t ✜❡❧❞ ✐♠❛❣❡s✳ ❙✐♥❝❡ DF ❛♥❞
DR ❛r❡ ✉s✉❛❧❧② ❞✐✛❡r❡♥t✱ ✇❡ r❡t❛✐♥❡❞ t❤❡✐r ♠❡❛♥ sq✉❛r❡
✈❛❧✉❡✱ ❧❡❛❞✐♥❣ t♦ σ = 8F

π(D2

F
+D2

R
)
✳ ❆s ❢♦r t❤❡ ❝✉❜♦✐❞ ❝❡❧❧

❛❣❣r❡❣❛t❡s ♦❢ ❞✐♠❡♥s✐♦♥s L× L× h✱ t❤❡② ✐♥✐t✐❛❧❧② ❧✐❡ ♦♥
t❤❡✐r sq✉❛r❡ ❢❛❝❡✳ ❚❤❡② ❛r❡ s❡✐③❡❞ ❧❛t❡r❛❧❧② ❜❡t✇❡❡♥ ❜♦t❤
♠✐❝r♦♣❧❛t❡s ✭❋✐❣✉r❡ ✸❝✮✳ ❍❡♥❝❡✱ t❤❡ ❝♦♥t❛❝t s✉r❢❛❝❡ ✐s
r❡❝t❛♥❣✉❧❛r ❛♥❞ ✐ts ❛r❡❛ A = Lh ✐s ❞❡t❡r♠✐♥❡❞ t❤r♦✉❣❤
❜r✐❣❤t ✜❡❧❞ ✐♠❛❣✐♥❣✳ L ✐s ♠❡❛s✉r❡❞ ❞✐r❡❝t❧② ❞✉r✐♥❣ t❤❡
❡①♣❡r✐♠❡♥t✳ ■t ♠❛② s❧✐❣❤t❧② ❞✐✛❡r ❢r♦♠ t❤❡ ♠❡❛s✉r❡♠❡♥t
♦❜t❛✐♥❡❞ ❜❡❢♦r❡ t❤❡ ♠✐❝r♦♣❧❛t❡ ❤❛♥❞❧✐♥❣✳ h ✐s ❡st✐♠❛t❡❞
❜② ✉s✐♥❣ ✐♠❛❣❡s t❛❦❡♥ ❜❡❢♦r❡ t❤❡ ♠✐❝r♦♣❧❛t❡s ❣r❛s♣❡❞ t❤❡
❛❣❣r❡❣❛t❡s✿ ❛ ❝♦rr❡❝t✐♦♥ ✐s ❛♣♣❧✐❡❞ t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t
t❤❡ ♣♦ss✐❜❧❡ ❞❡❢♦r♠❛t✐♦♥ ❞✉❡ t♦ ❤❛♥❞❧✐♥❣ ✭✐t ✐s ❝♦♠♣✉t❡❞
❢r♦♠ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ L ✈❛❧✉❡s✮✳ ❋✐♥❛❧❧②✱ t❤❡ ✉♥✐❛①✲
✐❛❧ ❝❡❧❧ ♦r ❛❣❣r❡❣❛t❡ str❛✐♥ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ ♣❧❛t❡s ✇❛s
❞❡✜♥❡❞ ❛s ε = L−L0

L0

✱ ✇❤❡r❡ L0 ✭r❡s♣✳ L✮ ✐s t❤❡ ❞✐s✲

t❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♣❛r❛❧❧❡❧ ♠✐❝r♦♣❧❛t❡s ❜❡❢♦r❡ ✭r❡s♣✳ ❛❢✲
t❡r✮ ❝♦♠♣r❡ss✐♦♥✳ ❚❤❡ ❛♣♣❛r❡♥t ♠♦❞✉❧✉s ✐s t❤❡♥ ❣✐✈❡♥
❜② E = σ/ε✳ ❉②♥❛♠✐❝❛❧ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝❛rr✐❡❞ ♦✉t
✐♥ t❤❡ ❢r❡q✉❡♥❝② r❛♥❣❡ ❢r♦♠ 0.1 t♦ 3.2Hz ❢♦r ❝❡❧❧ ❛❣❣r❡✲
❣❛t❡s✱ ❛♥❞ ❢r♦♠ 0.1 t♦ 0.4Hz ❢♦r s✐♥❣❧❡ ❝❡❧❧s✳ ■♥ t❤❡ ❧❛tt❡r
❝❛s❡✱ ♠❡❛s✉r❡♠❡♥ts ❛t ❤✐❣❤❡r ❢r❡q✉❡♥❝✐❡s ✇❡r❡ ❞✐✣❝✉❧t t♦
❛♥❛❧②③❡✿ t❤❡ ✈❡r② ❧♦✇ st✐✛♥❡ss ♦❢ t❤❡ ✢❡①✐❜❧❡ ♣❧❛t❡ ✭❛t t❤❡
❧✐♠✐t ♦❢ t❤❡ t❡❝❤♥✐q✉❡✮✱ r❡q✉✐r❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ✈❡r② ❧♦✇
✈✐s❝♦❡❧❛st✐❝ ♠♦❞✉❧✉s ♦❢ ❋✾ ❝❡❧❧s✱ ♠❛❦❡s ✐t ✈❡r② s❡♥s✐t✐✈❡
t♦ ❛❧❧ ✈✐s❝♦✉s ✢♦✇s ✐♥❞✉❝❡❞ ❜② t❤❡ ♣❧❛t❡ ♠♦t✐♦♥ ✐♥ t❤❡
❝♦♠♣❧❡① ❣❡♦♠❡tr② ❛r♦✉♥❞ t❤❡ ♣❧❛t❡s ❛♥❞ ❜❡t✇❡❡♥ ❜♦t❤
♣❧❛t❡s ❛r♦✉♥❞ t❤❡ ❛❣❣r❡❣❛t❡✳

❇r♦❛❞ s♣❡❝tr✉♠ s✐❣♥❛❧

❚❤❡ str❡ss s✐❣♥❛❧ ✇❡ ❛♣♣❧✐❡❞ ❢♦r t❤❡ ❜r♦❛❞ s♣❡❝tr✉♠
♠❡t❤♦❞ ✐s ❛ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ s❡✈❡r❛❧ s✐♥✉s♦✐❞❛❧ s✐❣♥❛❧s✿

σ(t) = σ0 ϕ(t)
n
∑

i=1

ρi cos(2π fi t+ φi), ✭❆✷✮

✇❤❡r❡ σ0 ✐s ✉s❡❞ t♦ t✉♥❡ t❤❡ ❛♠♣❧✐t✉❞❡ ❛♥❞ ϕ(t) =
tanh(λ t) ✐s ❛♥ ❡♥✈❡❧♦♣❡ ❢✉♥❝t✐♦♥ ✉s❡❞ t♦ s♠♦♦t❤ t❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ s✐❣♥❛❧ ♦✈❡r t❤❡ ✜rst ❢❡✇ s❡❝♦♥❞s✳ ❚❤❡
❢r❡q✉❡♥❝② r❛♥❣❡ ✐s ❝❤♦s❡♥ ❛s 0.1✲10 ❍③✳ ❚❤❡ n = 32 ❢r❡✲
q✉❡♥❝✐❡s fi ❛r❡ ❡q✉❛❧❧② s♣❛❝❡❞ ❧♦❣❛r✐t❤♠✐❝❛❧❧② ✇✐t❤✐♥ t❤✐s
r❛♥❣❡✳ ❚❤❡ ♣❤❛s❡s φi ❛r❡ ❝❤♦s❡♥ r❛♥❞♦♠❧② ✇✐t❤✐♥ [0, 2π]✳
■♥ ♦r❞❡r t♦ ❞❛♠♣ ❤✐❣❤ ❢r❡q✉❡♥❝✐❡s✱ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡
r❡❛❧ ♣r❡❢❛❝t♦r ρi ✐s ❝❤♦s❡♥ t♦ ❞❡❝r❡❛s❡ ✇✐t❤ t❤❡ ❢r❡q✉❡♥❝②✳
▼♦r❡ ♣r❡❝✐s❡❧②✱ ρ2i ✐s ❞r❛✇♥ ✉♥✐❢♦r♠❧② ✇✐t❤✐♥ [0, f2

min/f
2
i ]✱

✇❤✐❝❤ ❡♥s✉r❡s t❤❛t t❤❡ ❝♦♠♣❧❡① ❛♠♣❧✐t✉❞❡ ρi e
i φi ✐s ❞✐s✲

tr✐❜✉t❡❞ ✉♥✐❢♦r♠❧② ✐♥ t❤❡ ❞✐s❦ ♦❢ r❛❞✐✉s fmin/fi✱ ❛ s❝❛❧✐♥❣
r❡♠✐♥✐s❝❡♥t ♦❢ 1/f ♥♦✐s❡✳ ❲❡ ❣✐✈❡ ✐♥ ❙✉♣♣✳ ❋✐❣✳✶✷ t❤❡
❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢ ❜♦t❤ t❤❡ s✐❣♥❛❧✱ s❡❡ ❊q✳ ✭❆✷✮✱ ❛♥❞
t❤❡ ❛❣❣r❡❣❛t❡ r❡s♣♦♥s❡✳ ❇② ❛♥❛❧②s✐♥❣ t❤❡ s✐❣♥❛❧ ❛t ♥✉❧❧✲
str❡ss✱ ✇❡ ❡st✐♠❛t❡ t❤❡ ♥♦✐s❡ ❧❡✈❡❧ ♦❢ t❤❡ ❤❡✐❣❤t ♠❡❛s✉r❡✲
♠❡♥t t♦ 10−3✱ ❝♦♠❢♦rt❛❜❧② ❜❡❧♦✇ t❤❡ ❛♠♣❧✐t✉❞❡ 10−1 ♦❢
t❤❡ ❤✐❣❤❡st ❢r❡q✉❡♥❝② ✐♥✈♦❧✈❡❞✳

❋■●✳ ❙✶✷✿ ❋♦✉r✐❡r ❛♥❛❧②s✐s ♦❢ t❤❡ ❜r♦❛❞ s♣❡❝tr✉♠
s✐❣♥❛❧ ❛♥❞ r❡s♣♦♥s❡✳ ❈✉r✈❡ ✇✐t❤ ❣r❡② s❤❛❞♦✇✿ ❋♦✉r✐❡r
tr❛♥s❢♦r♠s ♦❢ t❤❡ str❡ss s✐❣♥❛❧✱ ✇❤✐❝❤ ❞✐s♣❧❛②s ❝❧❡❛r❧② t❤❡
N = 32 ❢r❡q✉❡♥❝✐❡s ❝❤♦s❡♥ ✇✐t❤ t❤❡ 1/f s❝❛❧✐♥❣ ❢♦r t❤❡✐r

r❡s♣❡❝t✐✈❡ ❛♠♣❧✐t✉❞❡s✳ ❊♠♣t② sq✉❛r❡s✿ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ♦❢
t❤❡ str❛✐♥ r❡s♣♦♥s❡ ♦❢ t❤❡ ❋✾ ♠✉❧t✐❝❡❧❧✉❧❛r ❛❣❣r❡❣❛t❡✳ ❋✐❧❧❡❞
❝✐r❝❧❡s✿ ❢♦r ❝♦♠♣❛r✐s♦♥✱ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ♥♦✐s❡ ❧❡✈❡❧ ❢♦r t❤❡
str❛✐♥ ♠❡❛s✉r❡♠❡♥t ✐♥ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣✳ ❚❤✐s ♥♦✐s❡

❡st✐♠❛t✐♦♥ ✐s t❛❦❡♥ ❛s t❤❡ str❛✐♥ ❞✐✛❡r❡♥❝❡ ✇✐t❤ t❤❡
♣♦✇❡r✲❧❛✇ r❡s♣♦♥s❡ t♦ ❛ σ = 1.1P❛ st❡♣✳

❘❤❡♦❧♦❣✐❝❛❧ ♠♦❞❡❧s

●❡♥❡r❛❧❧② s♣❡❛❦✐♥❣✱ ❛ r❤❡♦❧♦❣✐❝❛❧ ♠♦❞❡❧ ♠❛② ❜❡ ❞❡✲

✜♥❡❞ ❜② ❛ p✲❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r ✈❡❝t♦r ~θ ❛♥❞ ❜② ❛♥

❡q✉❛t✐♦♥ ♦❢ t❤❡ ❢♦r♠ εloc(t) = R({σloc(t
′)}t′≤t, ~θ)✱ ✇❤❡r❡



✶✽

▼♦❞❡❧ ❆■❈ ✭×104✮ α J (Pa−1) a (Pa−1) ā (Pa−2) b (Pa−1) β

✭❆✹✮ −5.69± 0.06 0.25± 0.02 0.045± 0.010 × × × ×

✭❆✺✮ −7.20± 0.07 0.22± 0.01 0.13± 0.03 2.2± 0.5 × × ×

✭❆✻✮ −6.73± 0.07 0.22± 0.02 0.07± 0.02 × 0.7± 0.4 × ×

✭❆✼✮ −6.78± 0.07 0.22± 0.01 0.08± 0.01 × × −0.47± 0.15 ×

✭❆✽✮ −7.16± 0.08 0.22± 0.01 0.16± 0.08 3.4± 3.3 −0.6± 1.0 −0.1± 0.4 ×

✭❆✾✮ −8.30± 0.05 0.29± 0.02 0.07± 0.01 0.5± 0.2 × × 0.20± 0.06

❚❆❇▲❊ ■✿ ▼♦❞❡❧ s❡❧❡❝t✐♦♥✳ ❚❤❡ ❆■❈ ❛♥❞ ♦♣t✐♠✐③❡❞ ♣❛r❛♠❡t❡r ✈❛❧✉❡s ❛r❡ ❣✐✈❡♥ ❢♦r ♠♦❞❡❧s ✭❆✹✲❆✾✮ ✭♠❡❛♥ ±
st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥✱ N = 8✮✳

R ✐s ❛♥ ✐♥t❡❣r♦✲❞✐✛❡r❡♥t✐❛❧ ♦♣❡r❛t♦r ❛❝t✐♥❣ ♦♥ t❤❡ ❢✉♥❝✲
t✐♦♥ σloc(t)✳
❚❤❡ r❤❡♦❧♦❣✐❝❛❧ ♠♦❞❡❧s ✇❡ ❝♦♥s✐❞❡r❡❞✱ ❞❡✜♥❡❞ ✐♥ t❤❡

❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤s ❜② ♦r❞❡r ♦❢ ✐♥❝r❡❛s✐♥❣ ❝♦♠♣❧❡①✐t②✱
❝♦♥t❛✐♥ ❢r❛❝t✐♦♥❛❧ ✐♥t❡❣r❛❧s ❬✺✶❪✱ ❞❡✜♥❡❞ ❛s✿

Iτα(f) =
1

τα Γ(α)

ˆ t

0

(t− t′)α−1f(t′) dt′ . ✭❆✸✮

✇❤❡r❡ ❛♥ ❛r❜✐tr❛r② t✐♠❡ s❝❛❧❡ τ ✐s s❡t t♦ τ = 1 s ❛♥❞
✇❤❡r❡ Iτα(f) ❤❛s t❤❡ s❛♠❡ ❞✐♠❡♥s✐♦♥ ❛s f ✳

❛✳ ▲✐♥❡❛r ❢r❛❝t✐♦♥❛❧ r❤❡♦❧♦❣② ❚❤✐s ♠♦❞❡❧ ❤❛s t✇♦
♣❛r❛♠❡t❡rs ✭❜♦t❤ ♣♦s✐t✐✈❡✮✿

εloc = J1 Iτα(σloc) ~θ = (α, J1) ✭❆✹✮

✇❤❡r❡ α ✐s ❞✐♠❡♥s✐♦♥❧❡ss ❛♥❞ J1 ✐s ✐♥ Pa−1✳
❜✳ ◆♦♥❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ r❤❡♦❧♦❣② ❚❤❡s❡ ❛r❡ ♥♦♥✲

❧✐♥❡❛r ✈❡rs✐♦♥s ♦❢ t❤❡ ♦r❞❡r α ≥ 0 ❢r❛❝t✐♦♥❛❧ r❤❡♦❧♦❣②✿

εloc = J1 Iτα

(

σloc

1 + a σloc

)

~θ = (α, J1, a) ✭❆✺✮

εloc = J1 Iτα

(

σloc

1 + ā σ2
loc

)

~θ = (α, J1, ā) ✭❆✻✮

εloc = J1 Iτα (σloc(1 + b σloc)) ~θ = (α, J1, b) ✭❆✼✮

εloc = J1 Iτα

(

σloc(1 + b σloc)

1 + a σloc + ā σ2
loc

)

~θ = (α, J1, a, ā, b)

✭❆✽✮

✇❤❡r❡ a ❛♥❞ b ❛r❡ ✐♥ Pa−1 ❛♥❞ ā ✐s ✐♥ Pa−2✳ ❚❤❡s❡
♠♦❞❡❧s ❣✐✈❡ ✈❛r✐♦✉s ❢✉♥❝t✐♦♥❛❧ ❢♦r♠s t♦ t❤❡ ♥♦♥❧✐♥❡❛r
r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ ❢r❛❝t✐♦♥❛❧ ❞❡r✐✈❛t✐✈❡ Iτ−α(εloc)
❛♥❞ σloc✳ ❇② ❝♦♥str✉❝t✐♦♥✱ t❤❡② ❛❧❧ r❡❞✉❝❡ t♦ ✭❆✹✮ ✇❤❡♥
a = ā = b = 0✳

❝✳ ◆♦♥❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ r❤❡♦❧♦❣②✱ t✇♦ ❢r❛❝t✐♦♥❛❧ ✐♥t❡✲
❣r❛❧s ✭♦r❞❡rs α ≥ β ≥ 0✮

εloc = J2 Iτα−β

(

Σloc

1 + aΣloc

)

~θ = (α, β, J2, a),

✭❆✾✮
✇❤❡r❡ ✇❡ ❞❡✜♥❡ Σloc = Iτβ (σloc)✱ ✇❤✐❝❤ r❡❞✉❝❡s t♦ Σloc =
σloc ✐♥ t❤❡ ❧✐♠✐t ✇❤❡r❡ β = 0✳ ❚❤✐s ♠♦❞❡❧ r❡❞✉❝❡s t♦
✭❆✺✮ ✇❤❡♥ β = 0✱ ❛♥❞ t♦ ✭❆✹✮ ✇❤❡♥ a = 0✳

❞✳ ❙tr❡ss✲str❛✐♥ r❡❧❛t✐♦♥s❤✐♣ ❚❤❡ ✈♦❧✉♠✐❝ ♥❛t✉r❡ ♦❢
t❤❡ ❛♣♣❧✐❡❞ ♠❛❣♥❡t✐❝ ❢♦r❝❡ ✐♠♣❧✐❡s t❤❛t t❤❡ str❡ss ✐s ♥♦t
✉♥✐❢♦r♠ ✇✐t❤✐♥ t❤❡ s❛♠♣❧❡s✳ ❘❛t❤❡r✱ ✐t ✐♥❝r❡❛s❡s ❛♣✲
♣r♦①✐♠❛t❡❧② ❧✐♥❡❛r❧② ❢r♦♠ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ♦❢ t❤❡ ❛❣❣r❡✲
❣❛t❡ ✉♣ t♦ ✐ts ♠❛①✐♠✉♠ ✈❛❧✉❡ ❛t t❤❡ s✉❜str❛t❡ s✉r❢❛❝❡✿
σloc(z) = σmax (1 − z/h0) = 2σ u✱ ✇❤❡r❡ σ ✐s t❤❡ s♣❛✲
t✐❛❧❧② ❛✈❡r❛❣❡❞ ❛♣♣❧✐❡❞ str❡ss ❛♥❞ u = 1 − z/h0 ✐s t❤❡
r❡❞✉❝❡❞ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ✉♣♣❡r s✉r❢❛❝❡ ♦❢ t❤❡ ❛❣❣r❡✲
❣❛t❡✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ❧♦❝❛❧ ❞❡❢♦r♠❛t✐♦♥ εloc ❛❧s♦ ❞❡✲
♣❡♥❞s ♦♥ ❛❧t✐t✉❞❡ ✈✐❛ t❤❡ ✭♥♦♥❧✐♥❡❛r✮ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛✲

t✐♦♥ εloc(z, t) = R
(

{σ(z, t′)}t′≤t, ~θ
)

✳ ❈♦rr❡s♣♦♥❞✐♥❣❧②✱

t❤❡ ♦✈❡r❛❧❧ ❛❣❣r❡❣❛t❡ ❞❡❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ ❜② ❛✈✲
❡r❛❣✐♥❣ t❤❡ ❧♦❝❛❧ ❞❡❢♦r♠❛t✐♦♥ ✜❡❧❞✳ ❋♦r ❛ r❡s♣♦♥s❡ R
❛♥❞ ❛ ❤♦♠♦❣❡♥❡♦✉s ♠❛❣♥❡t✐❝ ❢♦r❝❡ fV ✱ t❤❡ ♠❛❝r♦s❝♦♣✐❝
str❛✐♥ ✐s ❣✐✈❡♥ ❜②✿

ε(t) = 〈εloc(z, t)〉z = 〈R ({2uσ(t′)}t′≤t)〉0≤u≤1 . ✭❆✶✵✮

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

t❤r♦✉❣❤ t❤❡ s❛♠❡ ♦♣❡r❛t♦r✿ ε(t) = R
(

{σ(t′)}t′≤t, ~θ
)

✳

❋♦r ✐♥st❛♥❝❡✱ ❢♦r t❤❡ ❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ❝♦♥st✐t✉t✐✈❡ ❡q✉❛✲
t✐♦♥ ✭❆✹✮ ♦♥❡ ❛❧s♦ ❤❛s ε = J1 Iτα(σ) ❛♥❞ ❢♦r ❛ st❡♣ str❡ss
♦❢ ♠❛❣♥✐t✉❞❡ σ0✱ ✉s✐♥❣ ❊q✳ ✭❆✸✮ ✇❡ ✜♥❞ ❛ ♣♦✇❡r ❧❛✇
r❡s♣♦♥s❡✿

ε(t) = σ0
J1

Γ(1 + α)

(

t

τ

)α

. ✭❆✶✶✮

❈♦♠♣❛r✐♥❣ t❤✐s r❡s✉❧t ✇✐t❤ ❞❡✜♥✐t✐♦♥ ✭✶✮✱ ✇❡ ♦❜t❛✐♥ t❤❡
❝r❡❡♣ ❝♦♠♣❧✐❛♥❝❡ JL

0 = J1/Γ(1 + α) ❢♦r t❤❡ ❧✐♥❡❛r ❝❛s❡✳
▼♦r❡ ❝❛r❡ ♥❡❡❞s t♦ ❜❡ ❡①❡r❝✐s❡❞ ✇❤❡♥ t❤❡ r❤❡♦❧♦❣② R

✐s ♥♦♥❧✐♥❡❛r✳ ❆ ✉s❡❢✉❧ ❡①❛♠♣❧❡ ✐s t❤❡ ❝❛s❡ ♦❢ ▼♦❞❡❧ ✭❆✺✮✱
❢♦r ✇❤✐❝❤ t❤❡ ❡①♣❡❝t❡❞ ♦✈❡r❛❧❧ ❞❡❢♦r♠❛t✐♦♥ r❡❛❞s✿

ε(t) =

ˆ u=1

u=0

J1 Iτα

(

2uσ(t)

1 + 2auσ(t)

)

❞u

= J1 Iτα

(
ˆ u=1

u=0

2uσ(t)

1 + 2auσ(t)
❞u

)

= J1 Iτα

(

2aσ(t)− log(1 + 2a σ(t))

2a2σ(t)

)

.

❋♦r ❛ st❡♣ str❡ss✱ t❤❡ ❝♦♠♣❧✐❛♥❝❡ ♥♦✇ ❞❡♣❡♥❞s ♦♥ t❤❡ st❡♣
♠❛❣♥✐t✉❞❡ σ0 ✐♥ t❤✐s ♥♦♥✲❧✐♥❡❛r ❝❛s❡ ✭s❡❡ ❋✐❣✉r❡ ✺❡✮✿

JNL
0 =

J1
Γ(1 + α)

2aσ0 − log(1 + 2a σ0)

2a2σ2
0

.



✶✾

P❛r❛♠❡tr✐❝ ✐♥❢❡r❡♥❝❡

■♥ ♦r❞❡r t♦ ❛ss❡ss t♦ ✇❤❛t ❞❡❣r❡❡ t❤❡ r❤❡♦❧♦❣✐❝❛❧ ♠♦❞❡❧✱
❞❡✜♥❡❞ ❜② R✱ ✐s s✉✐t❛❜❧❡ t♦ ❞❡s❝r✐❜❡ t❤❡ ❡①♣❡r✐♠❡♥t❛❧
❞❛t❛ {εexp(t)}t✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ♥♦✐s❡
φ(t) ✐s ✇❤✐t❡ ❛♥❞ ●❛✉ss✐❛♥ ✭❛♠♣❧✐t✉❞❡ s✮ ❛♥❞ ❝♦♥tr✐❜✉t❡s
❛❞❞✐t✐✈❡❧② ✇✐t❤✐♥ t❤❡ ♠❡❛s✉r❡❞ ❞❡❢♦r♠❛t✐♦♥ ✈❛❧✉❡✿

εexp(t) = R({σ(t′)}t′≤t, ~θ) + φ(t) .

❲❡ t❤❡♥ ❞❡t❡r♠✐♥❡ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ♣❛r❛♠❡t❡rs ~θ ❛♥❞
s✱ ✐✳❡✳✱ p+ 1 r❡❛❧ ♥✉♠❜❡rs✱ t❤❛t ♠❛①✐♠✐③❡ t❤❡ ❧✐❦❡❧✐❤♦♦❞
❢✉♥❝t✐♦♥

L
(

{εexp(t)}t

∣

∣

∣
{σ(t)}t, ~θ

)

=
1

(2πs2)Nt/2
exp

(

−

Nt
∑

t=1

‖εexp(t)−R({σ(t′)}t′≤t, ~θ)‖
2

2s2

)

✭❆✶✷✮

❢♦r Nt t✐♠❡ ♣♦✐♥ts ✭t②♣✐❝❛❧❧② Nt ≃ 7 103 ❤❡r❡✮✳ ■♥❞❡❡❞✱
t❤❡ ❧✐❦❡❧✐❤♦♦❞ L ✐♥❞✐❝❛t❡s ❤♦✇ ❧✐❦❡❧② ✐t ✐s t♦ ♦❜s❡r✈❡ t❤❡
❛❝t✉❛❧ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ {εexp(t)}✱ ❣✐✈❡♥ t❤❡ r❤❡♦❧♦❣✐❝❛❧

♠♦❞❡❧ ✭❡♥❝♦❞❡❞ ✐♥ R✮✱ t❤❡ ♣❛r❛♠❡t❡r s❡t (~θ, s) ❛♥❞ t❤❡
✐♠♣♦s❡❞ str❡ss ❤✐st♦r② {σ(t)}✳ ❚❤❡ ❧❛r❣❡r t❤❡ ❧✐❦❡❧✐❤♦♦❞✱
t❤❡ ❜❡tt❡r t❤❡ ♠♦❞❡❧ ❛♥❞ ✐ts ♣❛r❛♠❡t❡rs ✜t t❤❡ ❡①♣❡r✐✲
♠❡♥t❛❧ ❞❛t❛✳

▼♦❞❡❧ s❡❧❡❝t✐♦♥

❚❤❡ r❤❡♦❧♦❣✐❝❛❧ ♠♦❞❡❧s ❞❡✜♥❡❞ ❜② ❊qs✳ ✭❆✹✲❆✾✮ ❛r❡
t❡st❡❞ ❛❣❛✐♥st t❤❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❜② ♠❛①✐♠✐③✐♥❣ t❤❡
❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝t✐♦♥ ✭❆✶✷✮✱ ②✐❡❧❞✐♥❣ ♦♣t✐♠❛❧ ♣❛r❛♠❡t❡rs✳
❚❛❜❧❡ ■ ❣❛t❤❡rs t❤❡ ❛✈❡r❛❣❡ ✈❛❧✉❡s ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛✲

t✐♦♥s ♦❢ t❤❡s❡ ♦♣t✐♠❛❧ ♣❛r❛♠❡t❡rs ✭N = 8✮✳

❖♥❝❡ t❤❡ ♣❛r❛♠❡t❡r ✈❛❧✉❡s ♦❢ ❡❛❝❤ ♠♦❞❡❧ ❤❛✈❡ ❜❡❡♥
♦♣t✐♠✐③❡❞✱ ✇❡ ♥❡❡❞ t♦ ❜❡ ❛❜❧❡ t♦ s❡❧❡❝t t❤❡ ❜❡st ♠♦❞❡❧✳
❖♥❡ ❞✐✣❝✉❧t② ✐s t❤❛t t❤❡ ✈❛r✐♦✉s ♠♦❞❡❧s ❝♦♥t❛✐♥ ❞✐✛❡r❡♥t
♥✉♠❜❡rs ♦❢ ♣❛r❛♠❡t❡rs✳ ■♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❜♦t❤ t♦♦ s✐♠♣❧❡
♠♦❞❡❧s ❛♥❞ t♦♦ ❝♦♠♣❧❡① ♠♦❞❡❧s ✭s✐♥❝❡ ♦✈❡r✜tt✐♥❣ ♠❛② r❡✲
❞✉❝❡ r❡♣r♦❞✉❝✐❜✐❧✐t② ❛♥❞✴♦r ♣r❡❞✐❝t❛❜✐❧✐t②✮✱ ✇❡ ❝♦♠♣✉t❡
❢♦r ❡❛❝❤ ♠♦❞❡❧ t❤❡ ❆❦❛✐❦❡ ✐♥❢♦r♠❛t✐♦♥ ❝r✐t❡r✐♦♥ ❬✼✽❪ ❞❡✲
✜♥❡❞ ❛s

AIC = −2 logL+ 2(p+ 1) . ✭❆✶✸✮

❚❤❡ ❆■❈ ♣r♦✈✐❞❡s ❛♥ ♦❜❥❡❝t✐✈❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ q✉❛❧✐t②
♦❢ ❡❛❝❤ ♠♦❞❡❧✱ ♣❡♥❛❧✐③✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♣❛r❛♠❡t❡rs p ❛♥❞
❢❛✈♦✉r✐♥❣ ❛ ❤✐❣❤ ✈❛❧✉❡ ♦❢ t❤❡ ❧✐❦❡❧✐❤♦♦❞ ❢✉♥❝t✐♦♥ L ❬✼✾❪✿

AIC(R) =
∑

t

‖εexp(t)−R({σ(t′)}t′ , ~θ)‖
2

s2
+Nt log(2πs

2) + 2(p+ 1) ✭❆✶✹✮

❚❤❡ ❛❜s♦❧✉t❡ ❆■❈ ✈❛❧✉❡s ❛r❡ ♥♦t ♣❛rt✐❝✉❧❛r❧② ♠❡❛♥✐♥❣❢✉❧✱
❜✉t t❤❡✐r r❡❧❛t✐✈❡ ✈❛❧✉❡s ♣r♦✈✐❞❡ ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥
t❤❡ ❞✐✛❡r❡♥t ♠♦❞❡❧s✱ ✇❤❡r❡ t❤❡ ❜❡st ♠♦❞❡❧ ❝♦rr❡s♣♦♥❞s
t♦ t❤❡ ❧♦✇❡st ❆■❈ ✈❛❧✉❡✳
❖♥ ❋✐❣✉r❡ ✹❜✱ t❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♠❡❛s✉r❡❞ ❞❡❢♦r♠❛✲

t✐♦♥ ε(t) ✭❜❧❛❝❦ ♣♦✐♥ts✮ ✐s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ♣r❡❞✐❝t✐♦♥s
♣r♦✈✐❞❡❞ ❜② t❤❡ ❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧ ✭❆✹✮ ❛♥❞ t❤❡
♥♦♥✲❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧s ✭❆✺✮ ❣✐✈❡♥ t❤❡ ❛♣♣❧✐❡❞ str❡ss
σ(t) ❞✐s♣❧❛②❡❞ ♦♥ ❋✐❣✉r❡ ✹❛✳ ❚❤❡ ❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧
✭❆✹✮ ❢❛✐❧s t♦ r❡♣r♦❞✉❝❡ t❤❡ t✐♠❡ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♠❡❛✲
s✉r❡❞ ❞❡❢♦r♠❛t✐♦♥✱ ✇❤✐❧❡ t❤❡ ♥♦♥✲❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧
✭❆✺✮ ②✐❡❧❞s s❛t✐s❢❛❝t♦r② ♣r❡❞✐❝t✐♦♥s✳ ■♥s♣❡❝t✐♦♥ ♦❢ ❚❛✲
❜❧❡ ✶ s❤♦✇s t❤❛t ❡st✐♠❛t❡❞ ❆■❈ ✈❛❧✉❡s ❛❣r❡❡ ✇✐t❤ t❤❡s❡
q✉❛❧✐t❛t✐✈❡ ♦❜s❡r✈❛t✐♦♥s✳ ❋✉rt❤❡r✱ ❛❧❧ ♥♦♥❧✐♥❡❛r ❢r❛❝t✐♦♥❛❧
♠♦❞❡❧s ✭❆✺✲❆✼✮ ❤❛✈❡ ❛ ❧♦✇❡r ❆■❈ t❤❛♥ t❤❛t ♦❢ t❤❡ ❧✐♥❡❛r
❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧ ✭❆✹✮✳ ❆♠♦♥❣ ✭❆✺✲❆✼✮ t❤❡ ❧♦✇❡st ❆■❈ ✐s

♦❜t❛✐♥❡❞ ❜② ✭❆✺✮✳ ❚❤❡ ❆■❈ ♦❜t❛✐♥❡❞ ❢♦r ✭❆✺✮ ✐s ❝♦♥s✐s✲
t❡♥t ✇✐t❤ t❤❛t ♦❢ t❤❡ ♠♦r❡ ❝♦♠♣❧❡① ♠♦❞❡❧ ✭❆✽✮❀ ❤♦✇❡✈❡r
♠♦st ♣❛r❛♠❡t❡r ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢♦r ✭❆✽✮ ❛r❡ ❝♦♥s✐st❡♥t
✇✐t❤ ③❡r♦✳ ❋♦r t❤❡s❡ r❡❛s♦♥s✱ ✇❡ ❞❡s✐❣♥❛t❡ ✭❆✺✮ ❛s t❤❡
❜❡st ❢r❛❝t✐♦♥❛❧ ♠♦❞❡❧ ✇✐t❤ ♦♥❡ ❢r❛❝t✐♦♥❛❧ ✐♥t❡❣r❛❧✳
❋✐♥❛❧❧②✱ ✐♥tr♦❞✉❝✐♥❣ ❛ s❡❝♦♥❞ ❢r❛❝t✐♦♥❛❧ ♦r❞❡r ✐♥ ♠♦❞❡❧

✭❆✾✮ ❛❧❧♦✇s t♦ ♣r❡❞✐❝t ❛❧♠♦st ♣❡r❢❡❝t❧② t❤❡ ❞❡❢♦r♠❛✲
t✐♦♥ ❤✐st♦r② ✭❙✉♣♣❧❡♠❡♥t❛❧ ♠❛t❡r✐❛❧✮✳ ❚❤❡ r❡❧❡✈❛♥❝❡ ♦❢
t❤✐s ♠♦❞❡❧ ✐s ❝♦♥✜r♠❡❞ ❜② ❝♦♠♣❛r✐♥❣ ♣❤❛s❡ s♣❛❝❡ ♣❧♦ts✳
❍♦✇❡✈❡r✱ ♥✉♠❡r✐❝❛❧ ✐♥t❡❣r❛t✐♦♥ s❤♦✇s t❤❛t t❤❡ ♣♦✇❡r✲❧❛✇
❜❡❤❛✈✐♦r t❤❡♥ ♣r❡❞✐❝t❡❞ ❢♦r st❡♣ str❡ss ❛ss❛②s ✐s ❝❤❛r❛❝✲
t❡r✐③❡❞ ❜② ❛♥ ❡①♣♦♥❡♥t t❤❛t ❞❡♣❡♥❞s ♦♥ t❤❡ str❡ss ❛♠✲
♣❧✐t✉❞❡ σ0✱ ❛t ✈❛r✐❛♥❝❡ ✇✐t❤ ❡①♣❡r✐♠❡♥t❛❧ ♦❜s❡r✈❛t✐♦♥s✳
❋✉rt❤❡r✱ t❤❡ ♠♦❞❡❧ ❢❛✐❧s t♦ r❡♣r♦❞✉❝❡ q✉❛♥t✐t❛t✐✈❡❧② t❤❡
σ0 ❞❡♣❡♥❞❡♥❝❡ ♦❢ t❤❡ ❝r❡❡♣ ❝♦♠♣❧✐❛♥❝❡ J0 ✭❙✉♣♣❧❡♠❡♥t❛❧
♠❛t❡r✐❛❧✮✳


