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❘és✉♠é

❈❡tt❡ t❤ès❡ ♣♦rt❡ s✉r ❧❡ s✉✐✈✐ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ♠♦r♣❤♦❧♦❣✐q✉❡ ❞✉ ❞❡r♥✐❡r tr♦♥✲
ç♦♥ ❞❡ ❣r❛♥❞ ❝♦✉rs ❞✬❡❛✉ à ❧✐t ♠♦❜✐❧❡ ❞✉ ♥♦r❞✲❡st ❞❡ ❧❛ ❋r❛♥❝❡✱ s✐t✉é ❛✉ s❡✐♥ ❞❡ ❧❛ rés❡r✈❡ ♥❛t✉r❡❧❧❡
ré❣✐♦♥❛❧❡ ❞❡ ❧❛ ✏▼♦s❡❧❧❡ ❙❛✉✈❛❣❡✑✳ ❈❡ tr♦♥ç♦♥ à ❢♦rt ❡♥❥❡✉① ♣rés❡♥t❡ ❞✬✐♠♣♦rt❛♥t❡s é✈♦❧✉t✐♦♥s
❧❛tér❛❧❡s ❡t ✈❡rt✐❝❛❧❡s rés✉❧t❛♥t ❞✬❛❝t✐✈✐tés ❤✉♠❛✐♥❡s ♣❛ssé❡s✱ ♥♦t❛♠♠❡♥t à ❧❛ s✉✐t❡ ❞✬❡①tr❛❝t✐♦♥s
❞❡ ❣r❛♥✉❧❛t ❡t ❞❡ st❛❜✐❧✐s❛t✐♦♥s ❞❡ ❜❡r❣❡s ❡♥ ❛♠♦♥t ❡t ❡♥ ❛✈❛❧✳ ▲✬é✈♦❧✉t✐♦♥ ré❝❡♥t❡ ❝♦♥❞✉✐t à ✉♥
r✐sq✉❡ ❞❡ ❞é✢✉✈✐❛t✐♦♥ ♣♦✉✈❛♥t ❞ést❛❜✐❧✐s❡r ❞❡s ♦✉✈r❛❣❡s t❡❧s q✉❡ ❧❡ ♣♦♥t ❞❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs✳

❆✜♥ ❞✬é✈❛❧✉❡r ❡t ❞✬❛♥t✐❝✐♣❡r ❝❡s é✈♦❧✉t✐♦♥s✱ ✉♥ ❞✐❛❣♥♦st✐❝ ♠♦r♣❤♦❞②♥❛♠✐q✉❡ ❞ét❛✐❧❧é ❡t ❞❡s
♠♦❞é❧✐s❛t✐♦♥s ♥✉♠ér✐q✉❡s ✜♥❡s ♦♥t été ré❛❧✐sés✳ ▲❡s ❞✐♠❡♥s✐♦♥s ❧❛tér❛❧❡s✱ ❧♦♥❣✐t✉❞✐♥❛❧❡s ❡t t❡♠✲
♣♦r❡❧❧❡s ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s s♦♥t ❛❜♦r❞és à ❞❡s é❝❤❡❧❧❡s s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ❡♠❜♦✐té❡s s✉r
❧❛ ❜❛s❡ ✭✐✮ ❞✬✉♥❡ ❛♥❛❧②s❡ ❤✐st♦r✐q✉❡✱ ✭✐✐✮ ❞✬✉♥❡ ✐♠♣♦rt❛♥t❡ ✐♥str✉♠❡♥t❛t✐♦♥ ♣♦✉r ❧❡ s✉✐✈✐ ❞❡ ❧❛
❞②♥❛♠✐q✉❡ ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡ ❡t ✭✐✐✐✮ ❞❡ ♠♦❞é❧✐s❛t✐♦♥s ❞❡ ❝♦♠♣❧❡①✐té ❛❞❛♣té❡ ❛✉① ❞♦♥♥é❡s✳ ▲❡
s✉✐✈✐ ❞❡ t❡rr❛✐♥ ✭✹ ❛♥s✮ ❛ ❝♦♥s✐sté ❡♥ ✭✐✮ ❞❡s ❛❝q✉✐s✐t✐♦♥s t♦♣♦✲❜❛t❤②♠étr✐q✉❡s ✭▲■❉❆❘✮✱ ✭✐✐✮ ❞❡s
♠❡s✉r❡s ❞❡ ♥✐✈❡❛✉ ❞✬❡❛✉✱ ❞❡ ✈✐t❡ss❡ ❡t ❞❡ ❞é❜✐t ✭✶✷ ❧✐♠♥✐♠ètr❡s✱ ♥♦♠❜r❡✉① ♣r♦✜❧s ❆❉❈P✮ ❡t ✭✐✐✐✮
✉♥ s✉✐✈✐ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ✭♠❡s✉r❡s ❣r❛♥✉❧♦♠étr✐q✉❡s✱ ♣❧❛❝❡tt❡s ♣❡✐♥t❡s✱ ❝❤❛î♥❡s ❞✬ér♦s✐♦♥✱
✷✺✵✵ tr❛❝❡✉rs ❘❋■❉✱ ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s✱ ❝❛♠♣❛❣♥❡s ❍❡❧❧❡②✲❙♠✐t❤✮✳

▲❡s ♠♦❞é❧✐s❛t✐♦♥s ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡s ✷❉ ✭❚❡❧❡♠❛❝ ✷❉✲❙✐s②♣❤❡✮ ♦♥t été ♠✐s❡s ❡♥ ♣❧❛❝❡ ♣♦✉r
r❡♣r♦❞✉✐r❡ ❧❡s é✈♦❧✉t✐♦♥s ♣❛ssé❡s✱ ❝♦♠♣r❡♥❞r❡ ❧❡s ❞②♥❛♠✐q✉❡s ❛❝t✉❡❧❧❡s ❡t ❛♥t✐❝✐♣❡r ❧❡s é✈♦❧✉t✐♦♥s
❢✉t✉r❡s ❞✉ s✐t❡✳ ▲❡s ♣❛r❛♠ètr❡s✲❝❧és ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ ♦♥t été ❞ét❡r♠✐✲
♥és ❛✉ tr❛✈❡rs ❞✬✉♥❡ ♠ét❤♦❞♦❧♦❣✐❡ ♠❡♥é❡ à ❞❡s é❝❤❡❧❧❡s s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ❝r♦✐ss❛♥t❡s✱ ❞❡ ❧❛ ♠✐s❡
❡♥ ♠♦✉✈❡♠❡♥t ❞✉ sé❞✐♠❡♥t ❥✉sq✉✬à ❧✬❡✛❡t ❞❡s ♣r♦❝❡ss✉s ❝♦✉♣❧és s✉r ❧❛ ♠♦r♣❤♦❧♦❣✐❡ ❞✉ tr♦♥ç♦♥✳
❖♥ s✬✐♥tér❡ss❡ ❛✐♥s✐ s✉❝❝❡ss✐✈❡♠❡♥t ❛✉① ❝♦♥tr❛✐♥t❡s ❝r✐t✐q✉❡s ❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t✱ ❛✉ ❞é❜✐t s♦✲
❧✐❞❡ ♣♦♥❝t✉❡❧ ❡t à ❧✬é❝❤❡❧❧❡ ❞✬✉♥❡ ❝r✉❡ ❡t ❛✉ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ ♠✉❧t✐✲❝❧❛ss❡s ❣r❛♥✉❧♦♠étr✐q✉❡s✳

▲✬❡st✐♠❛t✐♦♥ ❞✉ s❡✉✐❧ ❝r✐t✐q✉❡ ❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❛ été ré❛❧✐sé à ♣❛rt✐r ❞❡ ❧✬é✈❛❧✉❛t✐♦♥ ❞❡
❧❛ ❝♦♠♣ét❡♥❝❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❜❛sé❡ s✉r ❞❡s ♣❧❛❝❡tt❡s ♣❡✐♥t❡s ❡t ❞❡s tr❛❝❡✉rs ❘❋■❉✳ ▲❛ ♠✐s❡ ❡♥
é✈✐❞❡♥❝❡ ❞✬❡✛❡ts ❞❡ ♠❛sq✉❛❣❡ ❡t ❞❡ s✉r❡①♣♦s✐t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s s✉r ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❧❡✉r ♠✐s❡
❡♥ ♠♦✉✈❡♠❡♥t ❛ ❝♦♥❞✉✐t à ✉♥❡ ❛♠é❧✐♦r❛t✐♦♥ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❝r✐t✐q✉❡✳

▲❡s ♠❡s✉r❡s ✐♥ s✐t✉ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ❡♥ ❝r✉❡ ♦♥t ♣❡r♠✐s ❞❡ ❝❤♦✐s✐r ❡t ❞❡ ❝❛❧❡r ✉♥❡ ❢♦r♠✉❧❡
❞❡ tr❛♥s♣♦rt s♦❧✐❞❡ ❛❞❛♣té❡ ❛✉ s✐t❡ ❞✬ét✉❞❡✳ ❉❡s ♠❡s✉r❡s ✐♥❞✐r❡❝t❡s ❞❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡
à ❧✬❛✐❞❡ ❞✬✉♥ ❤②❞r♦♣❤♦♥❡ ♦♥t ♣❡r♠✐s ❞✬❡st✐♠❡r ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ ❞é❜✐t s♦❧✐❞❡ à ❧✬é❝❤❡❧❧❡ ❞✬✉♥❡
❝r✉❡✳ ▲❛ ❝♦♥❢r♦♥t❛t✐♦♥ ❞❡s ✢✉① sé❞✐♠❡♥t❛✐r❡s ♠♦❞é❧✐sés ❡t ♦❜t❡♥✉s ♣❛r ♠❡s✉r❡ ❛❝♦✉st✐q✉❡ ré✈è❧❡
❧❛ r✐❝❤❡ss❡ ✐♥❢♦r♠❛t✐✈❡ ❞❡ ❝❡tt❡ ❞❡r♥✐èr❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ✉♥❡ ❤②stérés✐s ❡♥tr❡ ✢✉① ❧✐q✉✐❞❡ ❡t ✢✉①
s♦❧✐❞❡ s✉r ❧✬❡♥s❡♠❜❧❡ ❞❡ ❧✬é✈è♥❡♠❡♥t✱ ❛✐♥s✐ q✉❡ ❧❛ r♦❜✉st❡ss❡ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡s ✈♦❧✉♠❡s ❝❤❛rr✐és✳

✶



▲❛ ✈✐t❡ss❡ ✈✐rt✉❡❧❧❡ ❞❡ ❞é♣❧❛❝❡♠❡♥t ❞❡s tr❛❝❡✉rs ❘❋■❉✱ ❞♦♥t ♥♦✉s ♠♦♥tr♦♥s q✉✬❡❧❧❡ ❛✉❣♠❡♥t❡
❛✈❡❝ ❧❛ t❛✐❧❧❡ ❞❡s ♣❛rt✐❝✉❧❡s✱ ❛ été ✉t✐❧✐sé❡ ♣♦✉r ❞ét❡r♠✐♥❡r ✉♥ ❢❛❝t❡✉r ❞❡ ❝♦rr❡❝t✐♦♥ ✏tr❛♣♣✐♥❣ ❢❛❝✲
t♦r✑ ❞✉ t❛✉① ❞❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞❡s ♣❛rt✐❝✉❧❡s✳ ❈❡ ❢❛❝t❡✉r ♣❡r♠❡t
❞✬❛♠é❧✐♦r❡r ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞❡ ❝♦♠♣♦s✐t✐♦♥ ❣r❛♥✉❧♦♠étr✐q✉❡ ❞❡ ❧❛ r✐✈✐èr❡ ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥
❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞✳

❆ ♣❛rt✐r ❞❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❡t ❞❡ tr❛♥s♣♦rt
sé❞✐♠❡♥t❛✐r❡ s✉r ❞❡s tr♦♥ç♦♥s r❡❧❛t✐✈❡♠❡♥t r❡❝t✐❧✐❣♥❡s✱ ✐❧ ❛ é❣❛❧❡♠❡♥t été ♣♦ss✐❜❧❡ ❞✬✐♥✈❡st✐❣✉❡r
❧❛ ❞②♥❛♠✐q✉❡ ❧❛tér❛❧❡✳ ▲❛ ♠♦❞é❧✐s❛t✐♦♥ ♠♦r♣❤♦❞②♥❛♠✐q✉❡ ❞✬✉♥ ♠é❛♥❞r❡ ❛ été ✐♥✐t✐é❡ s✉r ❧❛ ❜❛s❡
❞✬✉♥ s✉✐✈✐ ✜♥ ré❛❧✐sé ❛✉ ❝♦✉rs ❞❡ ❧❛ t❤ès❡ ✭s✉✐✈✐ ♣❤♦t♦❣r❛♠♠étr✐q✉❡✱ ♣r♦✜❧s ❞❡ ✈✐t❡ss❡s ❞✬é❝♦✉❧❡✲
♠❡♥t ❡♥ ❝r✉❡✱ tr❛ç❛❣❡ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ♣r♦✈❡♥❛♥t ❞✉ s❛♣❡♠❡♥t ❞❡ ❜❡r❣❡✮✳

❈❡tt❡ r❡❝❤❡r❝❤❡ ❞♦❝t♦r❛❧❡ ❛ ♣❡r♠✐s ❞❡ ♣r♦❞✉✐r❡ ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✈❛r✐é
❡t ❛❜♦♥❞❛♥t✱ s❛♥s ♣ré❝é❞❡♥t ♣♦✉r ❝❡ t②♣❡ ❞✬ét✉❞❡✱ ❞✬❛♠é❧✐♦r❡r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ♣r♦❝❡ss✉s
♣❤②s✐q✉❡s ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡s ❡t ❞❡ ♠❡ttr❡ ❛✉ ♣♦✐♥t ❞❡s ♠♦❞é❧✐s❛t✐♦♥s ♣❡rt✐♥❡♥t❡s✱ ❝❡s ❞❡✉①
❞❡r♥✐❡rs ✈♦❧❡ts ét❛♥t ❝♦♠❜✐♥és ❞❡ ❢❛ç♦♥ ✐♥é❞✐t❡✳ ❈❡tt❡ ❜❛s❡ ❞♦✐t ♣❡r♠❡ttr❡ ❞❡ ♣r♦♣♦s❡r ❞❡s s❝é✲
♥❛r✐♦s ❞✬é✈♦❧✉t✐♦♥ ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡✱ ♣♦✉r ❞✐✛ér❡♥ts ❢♦rç❛❣❡s ❤②❞r♦❧♦❣✐q✉❡s ❡t ❝❤♦✐① ♦♣ér❛✲
t✐♦♥♥❡❧s✱ ❡t ❛✐♥s✐ ❞✬é❝❧❛✐r❡r ❧❛ ♣r✐s❡ ❞❡ ❞é❝✐s✐♦♥ ❡♥ t❡r♠❡ ❞❡ ❣❡st✐♦♥ ❞✉r❛❜❧❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❙❛✉✈❛❣❡✳

▲✬❡♥s❡♠❜❧❡ ❞❡ ❝❡tt❡ r❡❝❤❡r❝❤❡ ✐♥t❡r❞✐s❝✐♣❧✐♥❛✐r❡ ❡st tr❛♥s♣♦s❛❜❧❡ à t♦✉t❡ r✐✈✐èr❡ ❛❧❧✉✈✐❛❧❡ ♣ré✲
s❡♥t❛♥t ❞✬✐♠♣♦rt❛♥ts ❡♥❥❡✉① ❞❡ ❣❡st✐♦♥✳
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❆❜str❛❝t

❚❤✐s t❤❡s✐s ❞❡❛❧s ✇✐t❤ t❤❡ ♠♦♥✐t♦r✐♥❣ ❛♥❞ ♠♦❞❡❧❧✐♥❣ ♦❢ t❤❡ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❞②♥❛♠✐❝s ♦❢ t❤❡ ❧❛st
r❡❛❝❤ ♦❢ ❧❛r❣❡ ♠♦❜✐❧❡ ❣r❛✈❡❧✲❜❡❞ r✐✈❡r ✐♥ ♥♦rt❤✲❡❛st❡r♥ ❋r❛♥❝❡✱ ❧♦❝❛t❡❞ ✇✐t❤✐♥ t❤❡ ✧❲✐❧❞ ▼♦s❡❧❧❡✧
r❡❣✐♦♥❛❧ ♥❛t✉r❡ r❡s❡r✈❡✳ ❚❤✐s r❡❛❝❤ ♦❢ ✐♥t❡r❡st ❤❛s ❡①♣❡r✐❡♥❝❡❞ s✐❣♥✐✜❝❛♥t ❧❛t❡r❛❧ ❛♥❞ ✈❡rt✐❝❛❧
❛❞❥✉st♠❡♥ts ❛s ❛ r❡s✉❧t ♦❢ ♣❛st ❤✉♠❛♥ ❛❝t✐✈✐t✐❡s✱ ♥♦t❛❜❧② s❡❞✐♠❡♥t ❡①tr❛❝t✐♦♥ ❛♥❞ ❜❛♥❦ st❛❜✐❧✐✲
③❛t✐♦♥ ✉♣str❡❛♠ ❛♥❞ ❞♦✇♥str❡❛♠✳ ❘❡❝❡♥t ❡✈♦❧✉t✐♦♥s ❤❛✈❡ ❧❡❞ t♦ ❛ r✐s❦ ♦❢ ❛✈✉❧s✐♦♥✱ ✇❤✐❝❤ ❝♦✉❧❞
❞❡st❛❜✐❧✐③❡ str✉❝t✉r❡s s✉❝❤ ❛s t❤❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs ❜r✐❞❣❡✳

■♥ ♦r❞❡r t♦ ❛ss❡ss ❛♥❞ ❛♥t✐❝✐♣❛t❡ t❤❡s❡ ❝❤❛♥❣❡s✱ ❛ ❞❡t❛✐❧❡❞ ♠♦r♣❤♦❞②♥❛♠✐❝ ❞✐❛❣♥♦s✐s ❛♥❞
❞❡t❛✐❧❡❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ✇❡r❡ ❝❛rr✐❡❞ ♦✉t✳ ❚❤❡ ❧❛t❡r❛❧✱ ❧♦♥❣✐t✉❞✐♥❛❧ ❛♥❞ t❡♠♣♦r❛❧ ❞✐♠❡♥✲
s✐♦♥s ♦❢ t❤❡ ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s ❛r❡ ❛❞❞r❡ss❡❞ ❛t ❡♠❜❡❞❞❡❞ s♣❛t✐♦✲t❡♠♣♦r❛❧ s❝❛❧❡s ❜❛s❡❞ ♦♥ ✭✐✮ ❛
❤✐st♦r✐❝❛❧ ❛♥❛❧②s✐s✱ ✭✐✐✮ ❡①t❡♥s✐✈❡ ✐♥str✉♠❡♥t❛t✐♦♥ ❢♦r ♠♦♥✐t♦r✐♥❣ ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② ❞②♥❛♠✐❝s
❛♥❞ ✭✐✐✐✮ ♠♦❞❡❧❧✐♥❣ ♦❢ ❛ ❝♦♠♣❧❡①✐t② ❛❞❛♣t❡❞ t♦ t❤❡ ❞❛t❛✳ ❋✐❡❧❞ ♠♦♥✐t♦r✐♥❣ ✭✹ ②❡❛rs✮ ❝♦♥s✐st❡❞ ♦❢
✭✐✮ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛❝q✉✐s✐t✐♦♥s ✭▲■❉❆❘✮✱ ✭✐✐✮ ✇❛t❡r ❧❡✈❡❧✱ ✈❡❧♦❝✐t② ❛♥❞ ✢♦✇ ♠❡❛s✉r❡♠❡♥ts ✭✶✷
❧✐♠♥✐♠❡t❡rs✱ ♥✉♠❡r♦✉s ❆❉❈P ♣r♦✜❧❡s✮ ❛♥❞ ✭✐✐✐✮ ❜❡❞❧♦❛❞ ♠♦♥✐t♦r✐♥❣ ✭❣r❛✐♥ s✐③❡ ♠❡❛s✉r❡♠❡♥ts✱
♣❛✐♥t❡❞ ♣❛t❝❤❡s✱ ❡r♦s✐♦♥ ❝❤❛✐♥s✱ ✷✳✺✵✵ ❘❋■❉ tr❛❝❡rs✱ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts✱ ❍❡❧❧❡②✲❙♠✐t❤ ❝❛♠✲
♣❛✐❣♥s✮✳

✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t ♠♦❞❡❧❧✐♥❣ ✭❚❡❧❡♠❛❝ ✷❉✲❙✐s②♣❤❡✮ ✇❛s ✉s❡❞ t♦ r❡♣r♦❞✉❝❡ ♣❛st ❞❡✈❡❧♦♣✲
♠❡♥ts✱ ✉♥❞❡rst❛♥❞ ❝✉rr❡♥t ❞②♥❛♠✐❝s ❛♥❞ ❛♥t✐❝✐♣❛t❡ ❢✉t✉r❡ ❞❡✈❡❧♦♣♠❡♥ts ❛t t❤❡ s✐t❡✳ ❚❤❡ ❦❡②
♣❛r❛♠❡t❡rs ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❞②♥❛♠✐❝s ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ❛ ♠❡t❤♦❞♦❧♦❣② ❜❛s❡❞ ♦♥ ✐♥✲
❝r❡❛s✐♥❣ s♣❛t✐♦t❡♠♣♦r❛❧ s❝❛❧❡s✱ ❢r♦♠ t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ s❡❞✐♠❡♥t ♠♦t✐♦♥ t♦ t❤❡ ❡✛❡❝t ♦❢ ❝♦✉♣❧❡❞
♣r♦❝❡ss❡s ♦♥ t❤❡ ♠♦r♣❤♦❧♦❣② ♦❢ t❤❡ s❡❝t✐♦♥✳ ❲❡ ❢♦❝✉s s✉❝❝❡ss✐✈❡❧② ♦♥ t❤❡ ❝r✐t✐❝❛❧ ❜❡❞ s❤❡❛r str❡ss
❢♦r s❡❞✐♠❡♥t tr❛♥s♣♦rt✱ ♦♥ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♣✉♥❝t✉❛❧ ❛♥❞ ❛t ❛ ✢♦♦❞ s❝❛❧❡✱ ❛♥❞ ♦♥ ♠✉❧t✐✲❣r❛✐♥
❝❧❛ss s❡❞✐♠❡♥t tr❛♥s♣♦rt✳

❚❤❡ ❝r✐t✐❝❛❧ t❤r❡s❤♦❧❞ ❢♦r ♠♦✈❡♠❡♥t ✇❛s ❡st✐♠❛t❡❞ ❜② ❡✈❛❧✉❛t✐♥❣ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✉s✐♥❣
♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❛♥❞ ❘❋■❉ tr❛❝❡rs✳ ❚❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡✛❡❝ts ♦♥ t❤❡
❝♦♥❞✐t✐♦♥s ✉♥❞❡r ✇❤✐❝❤ ♣❛rt✐❝❧❡s ❛r❡ s❡t ✐♥ ♠♦t✐♦♥ ❧❡❞ t♦ ❛♥ ✐♠♣r♦✈❡❞ ❡st✐♠❛t❡ ♦❢ t❤❡ ❝r✐t✐❝❛❧
s❤❡❛r str❡ss✳

■♥ s✐t✉ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ❜❡❞❧♦❛❞ ✇❡r❡ ✉s❡❞ t♦ s❡❧❡❝t ❛♥❞ ❝❛❧✐❜r❛t❡ ❛ s♦❧✐❞ tr❛♥s♣♦rt ❢♦r♠✉❧❛
❛❞❛♣t❡❞ t♦ t❤❡ st✉❞② s✐t❡✳ ■♥❞✐r❡❝t ♠❡❛s✉r❡♠❡♥ts ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✉s✐♥❣ ❛♥ ❤②❞r♦♣❤♦♥❡
❡♥❛❜❧❡❞ ✉s t♦ ❡st✐♠❛t❡ t❤❡ ❞②♥❛♠✐❝s ♦❢ s♦❧✐❞ ❞✐s❝❤❛r❣❡ ♦♥ ❛ ✢♦♦❞ s❝❛❧❡✳ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡
s❡❞✐♠❡♥t ❞✐s❝❤❛r❣❡ ♠♦❞❡❧❧❡❞ ❛♥❞ t❤♦s❡ ♦❜t❛✐♥❡❞ ❜② ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥t r❡✈❡❛❧❡❞ t❤❡ r✐❝❤♥❡ss
♦❢ t❤❡ ❧❛tt❡r✱ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ ❤②st❡r❡s✐s ❜❡t✇❡❡♥ ❧✐q✉✐❞ ❛♥❞ s♦❧✐❞ ❞✐s❝❤❛r❣❡ ♦✈❡r t❤❡ ❡♥t✐r❡ ❡✈❡♥t✱
❛s ✇❡❧❧ ❛s t❤❡ r♦❜✉st♥❡ss ♦❢ t❤❡ ❝❛rr✐❡❞ ❡st✐♠❛t❡❞ ✈♦❧✉♠❡s✳
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❚❤❡ ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ ❘❋■❉ tr❛❝❡rs✱ ✇❤✐❝❤ ✇❡ s❤♦✇ ✐♥❝r❡❛s❡s ✇✐t❤ ♣❛rt✐❝❧❡ s✐③❡✱ ✇❛s ✉s❡❞
t♦ ❞❡t❡r♠✐♥❡ ❛ tr❛♣♣✐♥❣ ❢❛❝t♦r ❢♦r t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt r❛t❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♣❛rt✐❝❧❡ s✐③❡✳
❚❤✐s ❢❛❝t♦r ❛❧❧♦✇s ✉s t♦ t❛❦❡ ❜❡tt❡r ❛❝❝♦✉♥t ♦❢ t❤❡ ❣r❛♥✉❧♦♠❡tr✐❝ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ r✐✈❡r ✇❤❡♥
♠♦❞❡❧✐♥❣ t❤❡ ❜❡❞❧♦❛❞✳

❇② ❞❡t❡r♠✐♥✐♥❣ t❤❡ ♠❛✐♥ ❤②❞r♦❞②♥❛♠✐❝ ❛♥❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♣❛r❛♠❡t❡rs ♦♥ ❛ r❡❧❛t✐✈❡❧②
str❛✐❣❤t r❡❛❝❤✱ ✐t ✇❛s ❛❧s♦ ♣♦ss✐❜❧❡ t♦ ✐♥✈❡st✐❣❛t❡ ❧❛t❡r❛❧ ❞②♥❛♠✐❝s✳ ▼♦r♣❤♦❞②♥❛♠✐❝ ♠♦❞❡❧❧✐♥❣
♦❢ ❛ ♠❡❛♥❞❡r ✇❛s ✐♥✐t✐❛t❡❞ ♦♥ t❤❡ ❜❛s✐s ♦❢ ❞❡t❛✐❧❡❞ ♠♦♥✐t♦r✐♥❣ ❝❛rr✐❡❞ ♦✉t ❞✉r✐♥❣ t❤❡ t❤❡s✐s
✭♣❤♦t♦❣r❛♠♠❡tr✐❝ ♠♦♥✐t♦r✐♥❣✱ ✈❡❧♦❝✐t② ♣r♦✜❧❡s✱ ❡r♦❞❡❞ ❜❛♥❦ ♠❛t❡r✐❛❧ tr❛❝❦✐♥❣✮✳

❚❤✐s ❞♦❝t♦r❛❧ r❡s❡❛r❝❤ ❤❛s ♣r♦❞✉❝❡❞ ❛ ♣❛rt✐❝✉❧❛r❧② ✈❛r✐❡❞ ❛♥❞ ❛❜✉♥❞❛♥t ❞❛t❛s❡t✱ ✉♥♣r❡❝❡✲
❞❡♥t❡❞ ❢♦r t❤✐s t②♣❡ ♦❢ st✉❞②✱ ✐♠♣r♦✈❡❞ ♦✉r ❦♥♦✇❧❡❞❣❡ ♦❢ ♣❤②s✐❝❛❧ ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② ♣r♦❝❡ss❡s
❛♥❞ ❡♥❛❜❧❡❞ ✉s t♦ ❞❡✈❡❧♦♣ r❡❧❡✈❛♥t ♠♦❞❡❧❧✐♥❣✱ t❤❡ ❧❛st t✇♦ ❛s♣❡❝ts ❜❡✐♥❣ ❝♦♠❜✐♥❡❞ ✐♥ ❛♥ ✉♥♣r❡✲
❝❡❞❡♥t❡❞ ✇❛②✳ ❚❤✐s ❜❛s✐s ♠❛❦❡s ✐t ♣♦ss✐❜❧❡ t♦ ♣r♦♣♦s❡ ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② ❡✈♦❧✉t✐♦♥ s❝❡♥❛r✐♦s✱
❢♦r ❞✐✛❡r❡♥t ❤②❞r♦❧♦❣✐❝❛❧ ❢♦r❝✐♥❣s ❛♥❞ ♦♣❡r❛t✐♦♥❛❧ ❝❤♦✐❝❡s✱ ❛♥❞ t❤✉s t♦ ✐♥❢♦r♠ ❞❡❝✐s✐♦♥✲♠❛❦✐♥❣
✐♥ t❡r♠s ♦❢ s✉st❛✐♥❛❜❧❡ ♠❛♥❛❣❡♠❡♥t ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳

❆❧❧ ♦❢ t❤✐s ✐♥t❡r❞✐s❝✐♣❧✐♥❛r② r❡s❡❛r❝❤ ❝❛♥ ❜❡ tr❛♥s♣♦s❡❞ t♦ ❛♥② ❛❧❧✉✈✐❛❧ r✐✈❡r ♣r❡s❡♥t✐♥❣ ♠❛❥♦r
♠❛♥❛❣❡♠❡♥t ❝❤❛❧❧❡♥❣❡s✳

✹



❘❡♠❡r❝✐❡♠❡♥ts

❏❡ t✐❡♥s à ❡①♣r✐♠❡r ♠❛ ♣r♦❢♦♥❞❡ ❣r❛t✐t✉❞❡ ❡♥✈❡rs ♠❡s ❝♦✲❞✐r❡❝t❡✉rs ❞❡ t❤ès❡✱ ▲❛✉r❡♥t ❙❝❤♠✐tt✱
P✐❡rr❡✲❆♥❞ré ●❛r❛♠❜♦✐s ❡t P❛s❝❛❧ ❋✐♥❛✉❞✲●✉②♦t✱ ♣♦✉r ❧❡✉r ❞é✈♦✉❡♠❡♥t ❡t ❧❡✉r ❜✐❡♥✈❡✐❧✲
❧❛♥❝❡ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ❝❡tt❡ ❛✈❡♥t✉r❡✳ ❚r❛✈❛✐❧❧❡r à ✈♦s ❝ôtés à été ✉♥ ♣r✐✈✐❧è❣❡ ❡t ✉♥❡ ❡①♣ér✐❡♥❝❡
✐♥❡st✐♠❛❜❧❡ t❛♥t ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ♣r♦❢❡ss✐♦♥♥❡❧ q✉❡ ♣❡rs♦♥♥❡❧✳ ▲❛✉r❡♥t✱ ♠❡r❝✐ ❞✬❛✈♦✐r ❝r✉ ❡♥
♠♦✐ ❡t ❞❡ ♠✬❛✈♦✐r ♣❡r♠✐s ❞❡ ré❛❧✐s❡r ❝❡tt❡ t❤ès❡ ❞❛♥s ❧❡s ♠❡✐❧❧❡✉rs ❝♦♥❞✐t✐♦♥s ♣♦ss✐❜❧❡s✱ P✐❡rr❡✱
♠❡r❝✐ ❞❡ ♠✬❛✈♦✐r ♣❡r♠✐s ❞❡ ♠✬é♣❛♥♦✉✐r ❡t ❞❡ ♣r♦❣r❡ss❡r s❝✐❡♥t✐✜q✉❡♠❡♥t✱ ❡t P❛s❝❛❧✱ ♠❡r❝✐ ♣♦✉r
t❛ ♣é❞❛❣♦❣✐❡ ❡t t♦♥ ❛✐❞❡ ❞❛♥s ❧✬❡♥❝❛❞r❡♠❡♥t ❞❡s ét✉❞✐❛♥ts✳

❏✬❛✐♠❡r❛✐s r❡♠❡r❝✐❡r ❧✬❆❣❡♥❝❡ ❞❡ ❧✬❡❛✉ ❘❤✐♥✲▼❡✉s❡ ❡t à ❧❛ ré❣✐♦♥ ●r❛♥❞ ❊st ♣♦✉r ❧❡✉r
s♦✉t✐❡♥ ✜♥❛♥❝✐❡r s❛♥s ❧❡q✉❡❧ ❝❡tt❡ t❤ès❡ ♥✬❛✉r❛✐t ♣❛s été ♣♦ss✐❜❧❡✳ ❉❡ ♣❧✉s✱ ❥❡ t✐❡♥s à r❡♠❡r❝✐❡r
❧✬■◆❙❆ ❞❡ ❙tr❛s❜♦✉r❣ ♣♦✉r s❛ ♣❛rt✐❝✐♣❛t✐♦♥ à ❧✬❛❝❤❛t ❞✬✉♥ ❆❉❈P✱ ✉♥ ✐♥str✉♠❡♥t q✉✐ ❛ ❣r❛♥❞❡✲
♠❡♥t ❝♦♥tr✐❜✉é à ❧❛ ré✉ss✐t❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❞❡ r❡❝❤❡r❝❤❡✳

❏❡ s♦✉❤❛✐t❡ r❡♠❡r❝✐❡r ❧❡s r❛♣♣♦rt❡✉rs ❆❧❛✐♥ ❘❡❝❦✐♥❣ ❡t ▼❛r✐♦ ❋r❛♥❝❛✱ ❛✐♥s✐ q✉❡ ❧❡s ❡①✲
❛♠✐♥❛t❡✉rs ●♦❡✛r❡② ❍♦✉❜r❡❝❤ts ❡t ❍é❧è♥❡ ❘♦✉① ♣♦✉r ♠✬❛✈♦✐r ❢❛✐t ❧✬❤♦♥♥❡✉r ❞✬❛❝❝❡♣t❡r
❞✬é✈❛❧✉❡r ❝❡tt❡ t❤ès❡✳ ❯♥ ❣r❛♥❞ ♠❡r❝✐ ♣♦✉r ✈♦s ❡①♣❡rt✐s❡s✱ r❡❧❡❝t✉r❡s ❡t ❛♥❛❧②s❡s ❛tt❡♥t✐✈❡s✱ ❛✐♥s✐
q✉❡ ♣♦✉r ✈♦s r❡♠❛rq✉❡s ❞ét❛✐❧❧é❡s✱ q✉✐ ♠✬♦♥t ♣❡r♠✐s✱ ❥❡ ❧✬❡s♣èr❡✱ ❞❡ ♣r❡♥❞r❡ ❞❛✈❛♥t❛❣❡ ❞❡ r❡❝✉❧
❡t ❞✬❛♠é❧✐♦r❡r ♠♦♥ ♠❛♥✉s❝r✐t✳

❏❡ ✈♦✉❞r❛✐s ❡①♣r✐♠❡r ♠❛ s✐♥❝èr❡ r❡❝♦♥♥❛✐ss❛♥❝❡ ❡♥✈❡rs ❧❡s ♠❡♠❜r❡s ❞❡ ♠♦♥ ❝♦♠✐té ❞❡ s✉✐✈✐
❞❡ t❤ès❡✱ ❑❛♠❛❧ ❊❧ ❑❛❞✐ ❆❜❞❡rr❡③③❛❦ ❡t ❙té♣❤❛♥❡ ❘♦❞r✐❣✉❡s✱ ♣♦✉r ❧❡✉r ❞✐s♣♦♥✐❜✐❧✐té ❡t
❧❡✉rs ❝♦♥s❡✐❧s ❛✈✐sés q✉✐ ♦♥t ❣r❛♥❞❡♠❡♥t ❝♦♥tr✐❜✉é à ❧✬❛✈❛♥❝❡♠❡♥t ❞❡ ♠❡s tr❛✈❛✉① ❞❡ r❡❝❤❡r❝❤❡✳

❏❡ ❞és✐r❡ r❡♠❡r❝✐❡r ❝❤❛❧❡✉r❡✉s❡♠❡♥t t♦✉t❡s ❧❡s ♣❡rs♦♥♥❡s ❛✈❡❝ q✉✐ ❥✬❛✐ ❡✉ ❧❛ ❝❤❛♥❝❡ ❞❡ ❝♦❧❧❛✲
❜♦r❡r ❡t q✉✐ ♠✬♦♥t ♣❡r♠✐s ❞✬❛❝q✉ér✐r ❞❡ ❧❛ ❞♦♥♥é❡ ♦✉ ❞❡ ❞é✈❡❧♦♣♣❡r ❞❡ ♥♦✉✈❡❧❧❡s ❝♦♠♣ét❡♥❝❡s ❞❛♥s
❧❡ s✉✐✈✐ ❞❡s é✈♦❧✉t✐♦♥s ♠♦r♣❤♦❧♦❣✐q✉❡s ✭▼❛t❤✐❡✉ ❑♦❡❤❧ ❡t ❙❛♠✉❡❧ ●✉✐❧❧❡♠✐♥✮✱ ❧✬❡st✐♠❛t✐♦♥
❞✉ tr❛♥s♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ✭❚❤♦♠❛s ●❡❛② ❡t ❙é❜❛st✐❡♥ ❩❛♥❦❡r✮ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥
❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡ ✷❉ ✭❑❛♠❛❧ ❊❧ ❑❛❞✐ ❆❜❞❡rr❡③③❛❦✱ ❘✐❛❞❤ ❆t❛ ❡t ❊❞❞② ▲❛♥❣❡♥❞♦❡♥✮✳

❯♥ ❣r❛♥❞ ♠❡r❝✐ à t♦✉s ♠❡s ❝♦❧❧è❣✉❡s ❞✉ ▲❛❜♦r❛t♦✐r❡ ■♠❛❣❡ ❱✐❧❧❡ ❡t ❊♥✈✐r♦♥♥❡♠❡♥t ♣♦✉r
❧❡✉r ❛❝❝✉❡✐❧ ❡t ❧❡✉r s♦✉t✐❡♥ t♦✉t ❛✉ ❧♦♥❣ ❞❡ ♠❛ t❤ès❡✳ ❏❡ t✐❡♥s ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t à r❡♠❡r❝✐❡r
❊st❡❧❧❡ ❇❛❡❤r❡❧ ♣♦✉r s❛ très ❣r❛♥❞❡ ❞✐s♣♦♥✐❜✐❧✐té✱ ●r③❡❣♦r③ ❙❦✉♣✐♥s❦✐ ♣♦✉r s❛ ♣♦❧②✈❛❧❡♥❝❡✱
✓ ❣r❛♥❞ ❢rèr❡ ✔ ❉❛✈✐❞ ❊s❝❤❜❛❝❤ ♣♦✉r s♦♥ s♦✉t✐❡♥ ✐♥❞é❢❡❝t✐❜❧❡✱ ❱❛❧❡♥t✐♥ ❈❤❛r❞♦♥ ♣♦✉r s♦♥
❛✐❞❡ ♣ré❝✐❡✉s❡ ❡t ●✐❧❧❡s ❘✐①❤♦♥ ♣♦✉r s❛ ❜✐❡♥✈❡✐❧❧❛♥❝❡✱ s❛♥s ♦✉❜❧✐❡r t♦✉t❡s ❝❡❧❧❡s ❡t ❝❡✉① q✉✐
♠✬♦♥t ❛❝❝♦♠♣❛❣♥é ❛✉ q✉♦t✐❞✐❡♥ ♦✉ s✉r ❧❡ t❡rr❛✐♥ ✿ ❏♦r❞❛♥❡✱ ❊t✐❡♥♥❡✱ ❆❣♥ès✱ ❈❛ss❛♥❞r❛✱ ❈❛❧✐♥❡✱
◗✉❡♥t✐♥✱ ❆✉ré❧✐❛✱ ❇❡♥♦ît ❱❛❧❡♥t✐♥ ❡t ❘♦♠❛✐♥✳

✺



▼❡r❝✐ ❛✉① ❝♦❧❧è❣✉❡s ❞❡ ❧❛ ♣❧❛t❡❢♦r♠❡ ❤②❞r❛✉❧✐q✉❡ ❞❡ ❧✬■◆❙❆ ❞❡ ♠✬❛✈♦✐r ❛❝❝✉❡✐❧❧✐ ❡t ✐♥té❣ré ❛✉
s❡✐♥ ❞❡ ❧✬éq✉✐♣❡ ▼é❝❛❋❧✉✳ ❈❡tt❡ ♦♣♣♦rt✉♥✐té ❛ été très ❡♥r✐❝❤✐ss❛♥t❡ ❡t ♠✬❛ ♣❡r♠✐s ❞✬é❧❛r❣✐r ♠❡s
❝♦♥♥❛✐ss❛♥❝❡s ❡♥ ♠♦❞é❧✐s❛t✐♦♥ ♣❤②s✐q✉❡ ❡t ♥✉♠ér✐q✉❡ ❞❡s é❝♦✉❧❡♠❡♥ts✳ ❏❡ t✐❡♥s ♣❛rt✐❝✉❧✐èr❡♠❡
à r❡♠❡r❝✐❡r ▲é❛♥❞r♦ ❉✉❛rt❡✱ q✉✐ ❛ t♦✉❥♦✉rs été ♣rés❡♥t ♣♦✉r ré♣♦♥❞r❡ à ♠❡s q✉❡st✐♦♥s✱ ❛✐♥s✐
q✉❡ ●✉✐❧❤❡♠ ❡t ◆✐❝♦❧❛s ❉❡❧❧✐♥❣❡r ❛✈❡❝ q✉✐ ❥✬❛✐ ♣❛ssé ❞❡ ❜♦♥s ♠♦♠❡♥ts✱ q✉❡ ❝❡ s♦✐t ❛✉t♦✉r
❞✬✉♥ ❝❛❢é ♦✉ ❞✬✉♥ ✈❡rr❡✳

❚♦✉s ♠❡s r❡♠❡r❝✐❡♠❡♥ts ❛✉① ♠❡♠❜r❡s ❞✉ ❈♦♥s❡r✈❛t♦✐r❡ ❞❡s ❊s♣❛❝❡s ◆❛t✉r❡❧s ❞❡ ▲♦rr❛✐♥❡ ❞❡
❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs✱ ♣♦✉r ♠✬❛✈♦✐r ♦✉✈❡rt ❧❡✉rs ♣♦rt❡s ❧♦rs ❞❡ ♠❡s ♠✐ss✐♦♥s ❞❡ t❡rr❛✐♥✳ ❏❡ t✐❡♥s
t♦✉t s♣é❝✐✜q✉❡♠❡♥t à r❡♠❡r❝✐❡r ❈❛t❤② ●r✉❜❡r✱ ❛✈❡❝ q✉✐ ❥✬❛✐ ❡✉ ✉♥ ré❡❧ ♣❧❛✐s✐r à tr❛✈❛✐❧❧❡r t♦✉t
❛✉ ❧♦♥❣ ❞❡ ❝❡tt❡ ét✉❞❡✳ ❏✬❡♥ ♣r♦✜t❡ é❣❛❧❡♠❡♥t ♣♦✉r r❡♠❡r❝✐❡r ▼♦♥✐q✉❡✱ ❞✐t ✓ ▼♦♦♥ ✔✱ q✉✐ ♠✬❛
❛❝❝✉❡✐❧❧✐❡ ❞❛♥s s♦♥ ét❛❜❧✐ss❡♠❡♥t ❡t q✉✐ ❛ t♦✉❥♦✉rs été ❛✉① ♣❡t✐ts s♦✐♥s ♣♦✉r ♠♦✐✱ ❞❡ ♠ê♠❡ q✉❡
❧❡s ❞✐✛ér❡♥ts ❛❣r✐❝✉❧t❡✉rs q✉✐ ♦♥t ❞é♣❛♥♥é ♠♦♥ ✈é❤✐❝✉❧❡✳

▼✐❧❧❡ ♠❡r❝✐s ❛✉① st❛❣✐❛✐r❡s✱ ét✉❞✐❛♥ts ♦✉ ❝♦♥♥❛✐ss❛♥❝❡s ♠✬❛②❛♥t ❛✐❞é à ❝♦❧❧❡❝t❡r ❡t✴♦✉ tr❛✐t❡r
❞❡ ❧❛ ❞♦♥♥é❡ ✿ ▼✐❝❤❡❧✱ ❱❛❧❡♥t✐♥✱ ❍✉❣♦✱ ●✉✐❧❧❛✉♠❡✱ ❚❤♦♠❛s✱ ▲❛r❛✱ ▲❛✉r❡✱ ❉♦r✐❛♥❡ ❡t ❏✉❧✐❡tt❡✳

❏❡ r❡♠❡r❝✐❡ ❝❤❛❧❡✉r❡✉s❡♠❡♥t ♠❡s ❞✐✛ér❡♥ts ❝♦❧♦❝❛t❛✐r❡s✱ ❉✉❞✉✱ ❆♥t♦✐♥❡✱ ❙❛❧♦♠é✱ ❇❛♣t✐st❡ ❡t
❋❧♦r✐❛♥ ♣♦✉r ❧❡✉r s♦✉t✐❡♥ ❡t ❧❡✉r ❜✐❡♥✈❡✐❧❧❛♥❝❡ ❞✉r❛♥t ❝❡s ❛♥♥é❡s ❞❡ t❤ès❡✳ ❏❡ t✐❡♥s é❣❛❧❡♠❡♥t à
r❡♠❡r❝✐❡r ❞✉ ❢♦♥❞ ❞✉ ❝÷✉r ♠❡s ❛♠✐s✱ ▼❛r❝✱ ▲♦❧❛✱ P❤✐❧✐♣♣❡✱ ❋r❛♥❝❦ ❡t ❧❡✉rs ♠♦✐t✐és✱ ♣♦✉r ♠✬❛✈♦✐r
é♣❛✉❧é ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ ❛✈❡♥t✉r❡✳ ❏❡ s♦✉❤❛✐t❡ ❡♥✜♥ ❞✐r❡ ✉♥ très ❣r❛♥❞ ♠❡r❝✐ ❛✉① ●❊ ♣♦✉r ❧❡✉r
s♦✉t✐❡♥ ✐♥❡st✐♠❛❜❧❡ ❡t ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t à ❈♦❧✐♥✱ ❉❛❞❛✱ ❉✉❞✉✱ ❍é❧è♥❡✱ ❏✉❧✐❡ ❡t ▼❛❞♦✉ ♣♦✉r
❧❡✉r ❛✐❞❡ s✉r ❧❡ t❡rr❛✐♥✳

▼❡r❝✐ ✐♥✜♥✐♠❡♥t à t♦✉s ❧❡s ♠❡♠❜r❡s ❞❡ ♠❛ ❢❛♠✐❧❧❡✱ ♠❛ ♠èr❡ q✉✐ ❛ ❜r❛✈é s❛ ♣❡✉r ❞❡ ❧✬❡❛✉ ♣♦✉r
♠✬❛❝❝♦♠♣❛❣♥❡r ❡♥ ❜❛t❡❛✉ ✭tr♦✉é ✦✮ s✉r ❧❡ t❡rr❛✐♥✱ ♠♦♥ ❣r❛♥❞✲♣èr❡ q✉✐ ❛ t♦✉❥♦✉rs été ❧à ♣♦✉r
♠♦✐ ❡t s❛♥s q✉✐ ❥❡ ♥❡ s❡r❛✐s ♣❛s q✉✐ ❥❡ s✉✐s✱ ♠❛ ♠❛rr❛✐♥❡ q✉✐ ❡st ✈❡♥✉❡ ♠❡ ré❝✉♣ér❡r ❡♥ r❛❞❡ à ❧❛
❣❛r❡✱ ♠♦♥ ❝♦✉s✐♥ q✉✐ ❡st ✈❡♥✉ ♠✬❛✐❞❡r à ❧❛ ❞❡r♥✐èr❡ ♠✐♥✉t❡ ♣♦✉r ❢❛✐r❡ ❞❡s ♠❡s✉r❡s ❞❡ ❝❤❛rr✐❛❣❡
❞❡♣✉✐s ❧❡ ♣♦♥t ❡t ❏❡❛♥♠✐ ❡t ❦✐t♦✉ ♣♦✉r ♠✬❛✈♦✐r ❛❝❝✉❡✐❧❧✐ ♣❡♥❞❛♥t ❧❛ ❈❖❱■❉✳

❊♥✜♥✱ ❞✉ ♣❧✉s ♣r♦❢♦♥❞ ❞❡ ♠♦♥ ❝÷✉r✱ ✉♥ ✐♠♠❡♥s❡ ♠❡r❝✐ à ♠❛ ❝♦♣✐♥❡ ❏✉❧✐❡tt❡ q✉✐ s✬❡st ❡♥❣❛❣é❡
❝♦r♣s ❡t â♠❡ à ♠❡s ❝ôtés✳ ❚✉ ❛s t♦✉❥♦✉rs été ❧à ♣♦✉r ❞✐s❝✉t❡r ❞❡ ♠❡s ❣❛❧❡ts ❡t ❞❡ ♠❡s ❣❛❧èr❡s✱ ❡t
❛ s✉ tr♦✉✈❡r ❧❡s ♠♦ts ❥✉st❡s ♣♦✉r ♠✬❛✐❞❡r à ❛✈❛♥❝❡r✳ ▼❡r❝✐ ♣♦✉r t♦✉t✱ ❞❡ ❧❛ ♠❡s✉r❡ ❛❝♦✉st✐q✉❡
❛✉ ♣❡t✐t ♠❛t✐♥ ❞✉ ✷✺ ❞é❝❡♠❜r❡ à ❧❛ r❡❧❡❝t✉r❡ ❞❡ ❝❡ ♠❛♥✉s❝r✐t ❥✉sq✉✬❛✉ ❜♦✉t ❞❡ ❧❛ ♥✉✐t❀ s❛♥s t♦✐
❥❡ ♥✬❛✉r❛✐s ❥❛♠❛✐s ♣✉ ② ❛rr✐✈❡r ✦ ❁✸

❯♥ ❞❡r♥✐❡r ♠♦t ♣♦✉r ❆r♦✱ ❛❧✐❛s ❇✐❜✉✱ ♠♦♥ ✜❞è❧❡ ❝♦♠♣❛❣♥♦♥ ❧❛❣♦♠♦r♣❤❡✳ ▼❡r❝✐ ❞❡ ♠✬❛✈♦✐r
❛❝❝♦♠♣❛❣♥é ❞✉r❛♥t t♦✉t❡s ❝❡s ❛♥♥é❡s✳ ❙❛❝❤❡ q✉❡ t❛ ♣rés❡♥❝❡ ❛ été ❞✬✉♥ très ❣r❛♥❞ s♦✉t✐❡♥✳
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✻✳✷✳✹ ❈♦✲❝♦♥str✉❝t✐♦♥ ❞❡ s❝é♥❛r✐♦s ❞❡ ❣❡st✐♦♥ ❞✉r❛❜❧❡ ❞❡ ❧❛ ♠♦❜✐❧✐té ❧❛tér❛❧❡ ❞❡

❧❛ ▼♦s❡❧❧❡ s❛✉✈❛❣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✶

❇✐❜❧✐♦❣r❛♣❤② ✶✻✾

✽





▲❡ ❝♦♥❝❡♣t ❞✬❤②❞r♦s②stè♠❡ ✢✉✈✐❛❧ ❞é✜♥✐ ♣❛r ❆♠♦r♦s ❛♥❞ P❡tts ✭✶✾✾✸✮ ❡st ✉♥ s♦✉s✲❡♥s❡♠❜❧❡
❞✉ s②stè♠❡ ✢✉✈✐❛❧ ❡t s❡ r❛♣♣♦rt❡ à ✉♥ tr♦♥ç♦♥ ❞❡ ❝♦✉rs ❞✬❡❛✉ ✐♥❝❧✉❛♥t s♦♥ ❧✐t ♠✐♥❡✉r✱ s♦♥ ❧✐t
♠❛❥❡✉r✱ s❛ ♥❛♣♣❡ ❞✬❛❝❝♦♠♣❛❣♥❡♠❡♥t ❡t ❧❡s ♠✐❧✐❡✉① ❛q✉❛t✐q✉❡s ❡t r✐✈❡r❛✐♥s q✉✬✐❧s ❝♦♥t✐❡♥♥❡♥t ❛✉
s❡✐♥ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t✳ ▲✬❤②❞r♦s②stè♠❡ ✢✉✈✐❛❧ s❡ ❢♦❝❛❧✐s❡ s✉r ❧❡s ✢✉① ❞❡ ♠❛t✐èr❡ ✭❡❛✉✱ sé❞✐♠❡♥ts✱
♥✉tr✐♠❡♥ts✱ ♠❛t✐èr❡ ♦r❣❛♥✐q✉❡✮✱ ❞✬é♥❡r❣✐❡ ❡t ❞✬♦r❣❛♥✐s♠❡s ✈✐✈❛♥ts ❞❛♥s q✉❛tr❡ ❞✐♠❡♥s✐♦♥s ✿ ✭✐✮
❧♦♥❣✐t✉❞✐♥❛❧❡ ❡♥tr❡ ❧❡s ③♦♥❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡t ❞❡ st♦❝❦❛❣❡ ✭✐✐✮ ❧❛tér❛❧❡ ❡♥tr❡ ❧❛ r✐✈✐èr❡ ❡t ❧❛ ♣❧❛✐♥❡
❛❧❧✉✈✐❛❧❡ ♦✉ ❡♥tr❡ ❧❡ ❝❤❡♥❛❧ ♣r✐♥❝✐♣❛❧ ❡t ❧❡s ❝❤❡♥❛✉① ❧❛tér❛✉①✱ ✭✐✐✐✮ ✈❡rt✐❝❛❧❡ ❡♥tr❡ ❧❛ r✐✈✐èr❡ ❡t
❧❛ ♥❛♣♣❡ ❞✬❛❝❝♦♠♣❛❣♥❡♠❡♥t ❡t ✭✐✈✮ t❡♠♣♦r❡❧❧❡ ❞✬✉♥ é✈è♥❡♠❡♥t ❤②❞r♦❧♦❣✐q✉❡ à ❞❡s é✈♦❧✉t✐♦♥s
♣❧✉r✐✲sé❝✉❧❛✐r❡s ✈♦✐r❡ ♣❧✉r✐✲♠✐❧❧é♥❛✐r❡s✱ ✐♥❝❧✉❛♥t ❧❡s ✐♠♣❛❝ts ❛♥t❤r♦♣✐q✉❡s ✭❆r♥❛✉❞ ❛♥❞ ❙❝❤♠✐tt✮✳
❈❡s é❝❤❛♥❣❡s s♦♥t ♠✉❧t✐✲❞✐r❡❝t✐♦♥♥❡❧s ❡t ♣❡✉✈❡♥t êtr❡ ❛♥❛❧②sés à ❞❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ❡♠❜♦✐té❡s✱
❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❛✉① ♠✐❝r♦❤❛❜✐t❛ts✳ ❖♥ s✬✐♥tér❡ss❡r❛ ❞❛♥s ❝❡ tr❛✈❛✐❧ à ❞❡s é❝❤❡❧❧❡s ❛❧❧❛♥t ❞❡ ❧❛
s❡❝t✐♦♥ ❡♥ tr❛✈❡rs ❞❡ ❝♦✉rs ❞✬❡❛✉ à ❞❡s ❜✐❡❢s ❞❡ ♣❧✉s✐❡✉rs ❦✐❧♦♠ètr❡s✳

✶✳✶✳✷ ❋♦♥❝t✐♦♥♥❡♠❡♥t ❞✉ s②stè♠❡ ✢✉✈✐❛❧

▲❡ tr❛♥s❢❡rt ❞❡s sé❞✐♠❡♥ts ❛✉ s❡✐♥ ❞✬✉♥ s②stè♠❡ ✢✉✈✐❛❧ rés✉❧t❡ ❞❡ ♣r♦❝❡ss✉s ❞✬ér♦s✐♦♥✱ ❞❡ tr❛♥s✲
♣♦rt ❡t ❞❡ ❞é♣ôt✱ ❝♦♥trô❧és ♣❛r ❧❛ ❝❛♣❛❝✐té ❞❡ tr❛♥s♣♦rt ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡t ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❞❡s
♠❛tér✐❛✉①✳ ❈❡tt❡ ❝❛♣❛❝✐té ❞❡ tr❛♥s♣♦rt✱ ✐✳❡✳ ❧❛ ❝❛♣❛❝✐té ❞❡ tr❛✈❛✐❧ q✉❡ ♣❡✉t ❡✛❡❝t✉❡r ✉♥❡ r✐✈✐èr❡✱
❡st ❞é✜♥✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣✉✐ss❛♥❝❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t Ω [W/m]✱ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉ ♣r♦❞✉✐t ❞❡
❧❛ ♣❡♥t❡ ❞❡ ❧❛ ❧✐❣♥❡ ❞✬é♥❡r❣✐❡ J [m/m]✱ ❞✉ ❞é❜✐t ❧✐q✉✐❞❡ Q

[

m3/s
]

❡t ❧❡ ♣♦✐❞s s♣é❝✐✜q✉❡ ❞❡ ❧✬❡❛✉
γ = ρg

[

N/m3
]

✱ ❛✈❡❝ ρ
[

kg/m3
]

❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞❡ ❧✬❡❛✉ ❡t g
[

m/s2
]

❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ❣r❛✲
✈✐té✮ ✭❇❛❣♥♦❧❞✱ ✶✾✻✻✮✳ ▲❛ ♣✉✐ss❛♥❝❡ s♣é❝✐✜q✉❡ ω ♣❡r♠❡tt❛♥t ❞❡ ❝♦♠♣❛r❡r ❞❡s s②stè♠❡s ❞❡ t❛✐❧❧❡s
❡t ❞❡ ❝❛r❛❝tér✐st✐q✉❡s sé❞✐♠❡♥t♦❧♦❣✐q✉❡s ❞✐✛ér❡♥t❡s ❡st ❛❧♦rs ❞é✜♥✐❡ ❝♦♠♠❡ ét❛♥t ❧❡ r❛♣♣♦rt ❡♥tr❡
❧❛ ♣✉✐ss❛♥❝❡ ❜r✉t❡ Ω ❡t ❧❛ ❧❛r❣✉r ❞✉ ❧✐t w ✿

ω =
Ω

w
=

γJQ

w
✭✶✳✶✮

▲❛ ♣❡♥t❡ ❞❡ ❧❛ ❧✐❣♥❡ ❞✬é♥❡r❣✐❡ ❞é♣❡♥❞ ❞❡ ❧❛ t♦♣♦❣r❛♣❤✐❡ ❧♦❝❛❧❡✱ t❛♥❞✐s q✉❡ ❧❡ ❞é❜✐t ❧✐q✉✐❞❡ ✈❛r✐❡
❡♥ ❢♦♥❝t✐♦♥ ❞✉ t②♣❡ ❞❡ ❝❧✐♠❛t ❡t ❞❡s ✈❛r✐❛❜✐❧✐tés ♠été♦✲❤②❞r♦❧♦❣✐q✉❡s ✐♥❞✉✐t❡s✱ ❞❡s ♣r♦♣r✐étés
♣❤②s✐q✉❡s ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ✭♥❛t✉r❡ ❞❡s r♦❝❤❡s✱ ❞✉ s♦❧✱ ❞✉ ❝♦✉✈❡rt ✈é❣ét❛❧ ❡t ❞❡ ❧✬♦❝❝✉♣❛t✐♦♥ ❞❡s
s♦❧s ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t✮✳ ❈❡tt❡ ♣✉✐ss❛♥❝❡ q✉❛♥t✐✜❡ ❧✬é♥❡r❣✐❡ ♠é❝❛♥✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t tr❛♥s✐t❛♥t
❞❛♥s ❧❡ s②stè♠❡✱ ❞♦♥t ✉♥❡ ♣❛rt✐❡ ❡st ❞✐ss✐♣é❡ ✈✐❛ ❧❡ tr❛♥s♣♦rt ❞❡s sé❞✐♠❡♥ts✱ q✉❡ ❝❡ s♦✐t ♣❛r
❝❤❛rr✐❛❣❡ ♦✉ ❞❛♥s ✉♥❡ ♠♦✐♥❞r❡ ♠❡s✉r❡ ♣❛r s✉s♣❡♥s✐♦♥✳ ▲❡ ❝❤❛rr✐❛❣❡ ❝♦rr❡s♣♦♥❞ ❛✉ tr❛♥s♣♦rt s✉r
❧❡ ❢♦♥❞✱ ❞❡ ♣❛rt✐❝✉❧❡s ❣r♦ss✐èr❡s ❞❡ ❞✐❛♠ètr❡ D > 0.5mm✱ s❡ ❞é♣❧❛ç❛♥t ♣❛r ❣❧✐ss❡♠❡♥t✱ r♦✉❧❡♠❡♥t
♦✉ s❛❧t❛t✐♦♥ ✭❇r❛✈❛r❞ ❛♥❞ P❡t✐t✱ ✶✾✾✼❀ ❑♥✐❣❤t♦♥✱ ✶✾✾✽✮✳

▲❛ s✉s♣❡♥s✐♦♥ ❝♦rr❡s♣♦♥❞ ❛✉ tr❛♥s♣♦rt ❞❡ ♣❛rt✐❝✉❧❡s ✜♥❡s✱ s❡ ❞é♣❧❛ç❛♥t ❞❛♥s ❧❛ ❝♦❧♦♥♥❡ ❞✬❡❛✉✱
s♦✉s ❧✬❡✛❡t ❞❡s ✢✉❝t✉❛t✐♦♥s ✈❡rt✐❝❛❧❡s ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ▲❡ tr❛♥s♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡
❢♦♥❞ ✐♥❞✉✐t ❧❛ ♠❛❥♦r✐té ❞❡s é✈♦❧✉t✐♦♥s ♠♦r♣❤♦❧♦❣✐q✉❡s ❞✉ ❝♦✉rs ❞✬❡❛✉✱ t❛♥❞✐s q✉❡ ❧❡ ❞é♣ôt ❞❡ ❧❛
❝❤❛r❣❡ ❡♥ s✉s♣❡♥s✐♦♥ ❞❛♥s ❧❡ ❧✐t ♠❛❥❡✉r ❢❛✈♦r✐s❡ ❧❛ st❛❜✐❧✐té ❞❡s ❜❡r❣❡s ❡t ❧❛ ✈é❣ét❛❧✐s❛t✐♦♥ ❞✉
❧✐t✳ ▲❡s ♠❛tér✐❛✉① tr❛♥s♣♦rtés ♣❛r ❧❡ ❝♦✉rs ❞✬❡❛✉ ♣❡✉✈❡♥t ♣r♦✈❡♥✐r ❞✉ ❧✐t ♠✐♥❡✉r✱ ♣❛r ✐♥❝✐s✐♦♥
❞✉ ✓ ♠❛t❡❧❛s ✔ ❛❧❧✉✈✐❛❧✱ ♦✉ ❞✉ ❧✐t ♠❛❥❡✉r ♣❛r ér♦s✐♦♥ ❞❡s ❜❡r❣❡s✳ ▲❡✉r ❞✐s♣♦♥✐❜✐❧✐té ❞é♣❡♥❞ ✭✐✮
❞❡ ❧❛ ♠♦r♣❤♦❧♦❣✐❡ ❡t ❞✉ r❡♠♣❧✐ss❛❣❡ ❞✉ ❢♦♥❞ ❞❡ ✈❛❧❧é❡✱ ❞♦♥t ❧❛ ❧❛r❣❡✉r ❡t ❧✬é♣❛✐ss❡✉r ✐♥✢✉❡♥❝❡
r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ❞②♥❛♠✐q✉❡s ❧❛tér❛❧❡s ❡t ✈❡rt✐❝❛❧❡s ❞✉ ❝♦✉rs ❞✬❡❛✉✱ ✭✐✐✮ ❞❡ ❧❛ ♥❛t✉r❡ ❞❡s ❛❧❧✉✈✐♦♥s
❞✉ ❢♦♥❞ ❞❡ ✈❛❧❧é❡✱ ❞♦♥t ❧❛ ❣r❛♥✉❧♦♠étr✐❡ ❡t ❧❡ ❞❡❣ré ❞❡ ❝♦❤és✐♦♥ ❞ét❡r♠✐♥❡♥t ❧❡✉r ér♦❞❛❜✐❧✐té ❡t
✭✐✐✐✮ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ✈é❣ét❛t✐♦♥ r✐✈✉❧❛✐r❡✱ ❞♦♥t ❧❛ ♥❛t✉r❡ ❡t ❧❛ ❞❡♥s✐té t❡♥❞ à ❧✐♠✐t❡r ❧✬ér♦s✐♦♥ ❞❡s
❜❡r❣❡s ✭❇❡❡s♦♥ ❛♥❞ ❉♦②❧❡✱ ✶✾✾✺✮✳ ❈❡s ♣❛r❛♠ètr❡s ✈❛r✐❡♥t ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❧✐t❤♦❧♦❣✐❡ ❞✉ ❜❛ss✐♥
✈❡rs❛♥t✱ q✉✐ ❞é♣❡♥❞ ❞❡ ❧✬❤✐st♦✐r❡ ❣é♦❧♦❣✐q✉❡ ❛♥❝✐❡♥♥❡ ♦✉ ré❝❡♥t❡ ❞❡ ❧❛ ré❣✐♦♥✱ ❡t ❞❡ s♦♥ ♦❝❝✉♣❛t✐♦♥
❞✉ s♦❧✱ q✉✐ é✈♦❧✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❝❧✐♠❛t ❡t ❞❡s ❛❝t✐♦♥s ❛♥t❤r♦♣✐q✉❡s✳

✶✵





✶✳✶✳✸ ❆❥✉st❡♠❡♥ts s♣❛t✐♦✲t❡♠♣♦r❡❧s ❞❡s ❝♦✉rs ❞✬❡❛✉

➚ ❧✬é❝❤❡❧❧❡ ❞✬✉♥ rés❡❛✉ ❤②❞r♦❣r❛♣❤✐q✉❡✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ♣❤②s✐q✉❡s ❞✉ s②stè♠❡ ✢✉✈✐❛❧ é✈♦❧✉❡♥t
❞❡ ♠❛♥✐èr❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ✭▼♦♥t❣♦♠❡r② ❛♥❞ ❇✉✣♥❣t♦♥✱ ✶✾✾✼✮✳ ❉✬❛♠♦♥t ❡♥ ❛✈❛❧✱ ❧❛ ♣❡♥t❡ ❡t ❧❛
t❛✐❧❧❡ ❞❡s sé❞✐♠❡♥ts ❞✐♠✐♥✉❡✱ t❛♥❞✐s q✉❡ ❧❡ ❞é❜✐t ❡t ❧❛ ❞✐s♣♦♥✐❜✐❧✐é ❡♥ sé❞✐♠❡♥t ❛✉❣♠❡♥t❡ ✭❈❤✉r❝❤✱
✷✵✵✷❀ P❡✐r②✱ ✶✾✽✾✮✳ ❈❡tt❡ é✈♦❧✉t✐♦♥ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ♣❤②s✐q✉❡s ❡♥tr❛✐♥❡ ✉♥❡ str✉❝t✉r❛t✐♦♥ ❧♦♥✲
❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ ♠♦r♣❤♦❧♦❣✐❡ ❞❡s ❝♦✉rs ❞✬❡❛✉ ❡t ❞❡ ❧❡✉r ♠♦r♣❤♦❞②♥❛♠✐q✉❡ ✭❘♦s❣❡♥✱ ✶✾✾✹❀ P❡✐r②✱
✶✾✽✾✮✳ ❈❡tt❡ str✉❝t✉r❛t✐♦♥ ♥✬❡st ❝❡♣❡♥❞❛♥t ♣❛s ❝♦♥t✐♥✉❡ ❞✉ ❢❛✐t ❞❡s ✈❛r✐❛t✐♦♥s ❧♦❝❛❧❡s ❞❡ ❧❛ ❝❛✲
♣❛❝✐té ❞❡ tr❛♥s♣♦rt ♦✉ ❞❡ ❧❛ ❢♦✉r♥✐t✉r❡ sé❞✐♠❡♥t❛✐r❡✱ ♣❛r ❡①❡♠♣❧❡ ❛✉ ❞r♦✐t ❞❡s ❝♦♥✢✉❡♥❝❡s ✭❘✐❝❡
❡t ❛❧✳✱ ✷✵✵✽✮✱ ❛✐♥s✐ q✉❡ ❞❡ ❝♦♥trô❧❡s ♣❤②s✐q✉❡s ❧♦❝❛✉① ✭❛✤❡✉r❡♠❡♥t r♦❝❤❡✉①✱ rétré❝✐ss❡♠❡♥t ❞❡ ❧❛
✈❛❧❧é❡✱ ❡t❝✳✮✳ ▲❡ s②stè♠❡ ✢✉✈✐❛❧ s❡ ❝❛r❛❝tér✐s❡ ❛✐♥s✐ ♣❛r ✉♥❡ s✉❝❝❡ss✐♦♥ ❞❡ tr♦♥ç♦♥s ✏❤♦♠♦❣è♥❡s✑✱
sé♣❛rés ♣❛r ❞❡s ❞✐s❝♦♥t✐♥✉✐tés ❡♥ t❡r♠❡s ❞❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ ❡t ❞✬❛❥✉st❡♠❡♥ts ♠♦r♣❤♦❞②✲
♥❛♠✐q✉❡s✳ ❉❛♥s ✉♥ tr♦♥ç♦♥ ❤♦♠♦❣è♥❡✱ ♣♦✉r ✉♥❡ ❝❛♣❛❝✐té ❞❡ tr❛♥s♣♦rt ❞♦♥♥é❡ ✭✐✮ ✉♥ ❡①❝é❞❡♥t ❞❡
❝❤❛r❣❡ ❞❡ ❢♦♥❞ ♣r♦✈❡♥❛♥t ❞❡ ❧✬❛♠♦♥t ❡♥tr❛î♥❡ ✉♥❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❞❡s ❝❤❡♥❛✉①✱ ♣♦✉✈❛♥t ❛❜♦✉t✐r à
❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❧✐t ❡♥ tr❡ss❡s✱ ❛❧♦rs ✭✐✐✮ q✉✬✉♥ ❞é✜❝✐t ❞❡ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ✐♥❞✉✐t ✉♥❡ ❝♦♥❝❡♥tr❛t✐♦♥
❞❡s é❝♦✉❧❡♠❡♥ts ❞❛♥s ✉♥ ❝❤❡♥❛❧ ✉♥✐q✉❡✱ é✈❡♥t✉❡❧❧❡♠❡♥t ❡♥ ❝♦♥tr❛❝t✐♦♥✱ ♣❧✉s ♦✉ ♠♦✐♥s s✐♥✉❡✉①
✈♦✐r❡ ♠é❛♥❞r✐❢♦r♠❡✳ ❯♥ st②❧❡ ✐♥t❡r♠é❞✐❛✐r❡ ❡①✐st❡✱ ❧❡s ❝❤❡♥❛✉① ❞✐✈❛❣❛♥ts✱ ❝❛r❛❝tér✐sés ♣❛r ✉♥❡
❞②♥❛♠✐q✉❡ ❛❝t✐✈❡ ❞❛♥s ✉♥ ❧✐t ♠♦②❡♥ ❧❛r❣❡✱ ❛❧t❡r♥❛♥t ❞❡s ♣♦rt✐♦♥s s✐♥✉❡✉s❡s à ❝❤❡♥❛❧ ✉♥✐q✉❡ ❡t ❞❡s
♣♦rt✐♦♥s ❡♥ tr❡ss❡s ✭❈❤✉r❝❤✱ ✶✾✽✸❀ ❋❡r❣✉s♦♥ ❛♥❞ ❲❡rr✐tt②✱ ✶✾✽✸❀ ❘✐❝❡ ❡t ❛❧✳✱ ✷✵✵✾❀ ▼❛❧❛✈♦✐ ❛♥❞
❇r❛✈❛r❞✱ ✷✵✶✵✮✳ ❯♥❡ s❝❤é♠❛t✐s❛t✐♦♥ ❞❡s ♣r✐♥❝✐♣❛✉① st②❧❡s ❡t ❢♦r♠❡s ✢✉✈✐❛❧❡s✱ ❞❛♥s ❧❡✉r ❞✐♠❡♥s✐♦♥
❧♦♥❣✐t✉❞✐♥❛❧❡ ❡t ❧❛tér❛❧❡ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❡s ❢❛❝t❡✉rs ❞❡ ❝♦♥trô❧❡✱ ❡st ♣rés❡♥té❡ ❋✐❣✉r❡ ✶✳✸✳

▲❡s ❧✐ts ❡♥ tr❡ss❡s s❡ r❡tr♦✉✈❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ ♣✐é♠♦♥t ♦ù ❧❛ r✐✈✐èr❡ ❛ ✉♥ ❡s♣❛❝❡ ❞❡ ❧✐✲
❜❡rté s✉✣s❛♥t ❡t ✉♥❡ ❢❛✐❜❧❡ ♣❡♥t❡ ✭❡①✳ ❇r❛❤♠❛♣♦✉tr❡✱ Pô✱ ❉✉r❛♥❝❡✮✳ ■❧s s❡ ❝❛r❛❝tér✐s❡♥t ♣❛r ❞❡s
❝❤❡♥❛✉① ♠✉❧t✐♣❧❡s ❞✐✈❡r❣❡❛♥ts ❡t ❝♦♥✈❡r❣❡❛♥ts✱ très ♠♦❜✐❧❡s ❞❛♥s ❧✬❡s♣❛❝❡ ❡t ❞❛♥s ❧❡ t❡♠♣s✳ ❈❡s
❝❤❡♥❛✉① ✐♥st❛❜❧❡s s♦♥t sé♣❛rés ♣❛r ❞❡s ❜❛♥❝s ♣❛s ♦✉ ♣❡✉ ✈é❣ét❛❧✐sés ❞✉ ❢❛✐t ❞❡ ❧✬❛rr❛❝❤❡♠❡♥t ❞❡ ❧❛
✈é❣ét❛t✐♦♥ q✉✐ s✬② ❞é✈❡❧♦♣♣❡ ❧♦rs ❞❡ ❝r✉❡s ❛♥♥✉❡❧❧❡s ♦✉ ❜✐❡♥♥❛❧❡s✱ ❝♦♥❞✉✐s❛♥t à ✉♥ r❛❥❡✉♥✐ss❡♠❡♥t
❢réq✉❡♥t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ ❛❧❧✉✈✐❛❧❡ ✭❚❛❧ ❛♥❞ P❛♦❧❛✱ ✷✵✶✵✮✳ P♦✉r ❝❛r❛❝tér✐s❡r ❧❡s ❞✐✛ér❡♥ts ♠♦t✐❢s
❞❡ tr❡ss❛❣❡✱ ♣❧✉s✐❡✉rs ✐♥❞✐❝❡s ♦♥t été ♣r♦♣♦sés✱ ❡♥ s❡ ❜❛s❛♥t ♥♦t❛♠♠❡♥t s✉r ❧❛ ♠❡s✉r❡ ❞✉ ♥♦♠❜r❡
❞❡ ❝❤❡♥❛✉① ❛❝t✐❢s ❧❡ ❧♦♥❣ ❞❡ tr❛♥s❡❝ts ♣❡r♣❡♥❞✐❝✉❧❛✐r❡s à ❧✬❛①❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✭❆s❤♠♦r❡✱ ✶✾✾✶❀
❇r✐❞❣❡✱ ✷✵✵✺✮✱ ♦✉ s✉r ❧❡ r❛♣♣♦rt ❞❡ ❧❛ ❧♦♥❣✉❡✉r t♦t❛❧❡ ❞❡s ❝❤❡♥❛✉① à ❧❛ ❧♦♥❣✉❡✉r ♣r✐♥❝✐♣❛❧❡ ❞✉
❝❤❡♥❛❧ ✭▼♦s❧❡②✱ ✶✾✽✶❀ ❘✐❝❤❛r❞s✱ ✶✾✽✷❀ P❡✐r②✱ ✶✾✽✾✮✳

▲❡s r✐✈✐èr❡s à ♠é❛♥❞r❡s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❞❡s ❝♦✉rs ❞✬❡❛✉ ❞❡ ♣❧❛✐♥❡ ❛✉① ♣❡♥t❡s ♠♦②❡♥♥❡s
♦✉ ❢❛✐❜❧❡s ♣rés❡♥t❛♥t ✉♥ r❛♣♣♦rt ❞✬❛s♣❡❝t ✭r❛t✐♦ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✉ ❝♦✉rs ❞✬❡❛✉ s✉r s❛ ♣r♦❢♦♥❞❡✉r
♠♦②❡♥♥❡✮ ♠♦②❡♥ ♦✉ ❢❛✐❜❧❡ ✭❑♥✐❣❤t♦♥✱ ✶✾✾✽✮✳ ▲❡s r✐✈✐èr❡s ♠é❛♥❞r✐❢♦r♠❡s s❡ ❝❛r❛❝tér✐s❡♥t ♣❛r ✉♥
❝❤❡♥❛❧ ✉♥✐q✉❡ s✐♥✉❡✉① ❞♦♥t ❧✬✐♥❞✐❝❡ ❞❡ s✐♥✉♦s✐té ❞✉ tr❛❝é ❡♥ ♣❧❛♥ ❡st s✉♣ér✐❡✉r à ✶✱✸ ✭❇r✐❝❡✱
✶✾✼✺❀ ❙❝❤✉♠♠✱ ✶✾✼✼✮ ♦✉ ✶✱✺ ✭▲❡♦♣♦❧❞ ❛♥❞ ❲♦❧♠❛♥✱ ✶✾✺✼❀ ▲❡♦♣♦❧❞ ❡t ❛❧✳✱ ✶✾✻✹✮✳ ❈❡t ✐♥❞✐❝❡
❞❡ s✐♥✉♦s✐té ❝♦rr❡s♣♦♥❞ ❛✉ r❛♣♣♦rt ❡♥tr❡ ❧❛ ❧♦♥❣✉❡✉r ❝✉r✈✐❧✐❣♥❡ ❞✉ ❧✐t ❡t ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧✬❛①❡
❝❡♥tr❛❧ ❞❡ ❧✬❡♥✈❡❧♦♣♣❡ ❞❡ ♠é❛♥❞r❛❣❡ ✭▼❛❧❛✈♦✐ ❛♥❞ ❇r❛✈❛r❞✱ ✷✵✶✵✮ ♦✉ ❞❡ ❧✬❛①❡ ♣❛ss❛♥t ♣❛r t♦✉s
❧❡s ♣♦✐♥ts ❞✬✐♥✢❡①✐♦♥ ❞❡ ❧❛ r✐✈✐èr❡ ✭❆❧❧❡♥✱ ✶✾✽✹✮✳ ▲❡s ♠é❛♥❞r❡s s❡ ❞✐st✐♥❣✉❡♥t s❡❧♦♥ ❞❡✉① ❣r❛♥❞s
t②♣❡s ✿ ✭✐✮ ❧❡s ♠é❛♥❞r❡s ❡♥❝❛✐ssés✱ q✉✐ s❡ ❞é✈❡❧♦♣♣❡♥t ❡♥ ✐♥❝✐s❛♥t ❧❡ s✉❜str❛t✉♠ ♣♦✉r ❢♦r♠❡r
✉♥❡ ✈❛❧❧é❡ ❡♥❝❛✐ssé❡ ♦✉ ✉♥ ❝❛♥②♦♥✱ ❝❛r❛❝tér✐sés ♣❛r ✉♥❡ ❞②♥❛♠✐q✉❡ très ❧❡♥t❡ ✭❡①✳ ❈♦❧♦r❛❞♦
♦✉ ❧❛ ❜❛ss❡ ✈❛❧❧é❡ ❞❡ ❧❛ ❙❡✐♥❡✮ ❡t ✭✐✐✮ ❧❡s ♠é❛♥❞r❡s ❧✐❜r❡s✱ q✉✐ s❡ ❢♦r♠❡♥t à ❧❛ s✉r❢❛❝❡ ❞❡ ❧❛
♣❧❛✐♥❡ ❛❧❧✉✈✐❛❧❡✱ s♦♥t ❝❛r❛❝tér✐sés ♣❛r ✉♥❡ ❣r❛♥❞❡ ♠♦❜✐❧✐té ❧❛tér❛❧❡ ✭❡①✳ ❨✉❦♦♥✮✳ ▲❛ s✐♥✉♦s✐té ❞❡s
♠é❛♥❞r❡s ❧✐❜r❡s✱ ✐♥✈❡rs❡♠❡♥t ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉ ❞é❜✐t s♦❧✐❞❡ ❛♠♦♥t✱ ❛ t❡♥❞❛♥❝❡ à ❛✉❣♠❡♥t❡r ❡♥
❢♦♥❝t✐♦♥ ❞❡ ❧✬ér♦❞❛❜✐❧✐té ❞❡s ❜❡r❣❡s ✭❙❝❤✉♠♠✱ ✶✾✻✸✮✱ q✉✐ ❡st ❧✐é❡ à ❧❛ ♣rés❡♥❝❡ ❞❡ sé❞✐♠❡♥ts ✜♥s
✭❧✐♠♦♥s✱ ❛r❣✐❧❡s✮ ❡t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥ ❞❡ ❜❡r❣❡✳ ▲❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❝❡s ♠é❛♥❞r❡s ♣❡✉t êtr❡ ❧✐♠✐té
❧❛tér❛❧❡♠❡♥t ♣❛r ❧❛ ✈❛❧❧é❡ ❡♥❝❛✐ss❛♥t❡✱ ♣♦✉✈❛♥t ❝♦♥❞✉✐r❡ à ✉♥❡ ❞✐ss②♠étr✐❡ ❞✉ tr❛❝é ❡♥ ♣❧❛♥✳

✶✷



❋✐❣✉r❡ ✶✳✸ ✿ ❱✉❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡t ❡♥ ♣❧❛♥ ❞❡s ❢♦r♠❡s ❡t ♣r♦❝❡ss✉s ✢✉✈✐❛✉① ❡t ❞❡s ❢❛❝t❡✉rs ❞❡
❝♦♥trô❧❡ ❛ss♦❝✐és✱ ❞✬❛♣rès ❇r✐❡r❧❡② ❛♥❞ ❋r②✐rs ✭✷✵✶✸✮✳

❙✐ ❧❡s ❢♦r♠❡s ✢✉✈✐❛❧❡s s❡ ré♣❛rt✐ss❡♥t ❞❛♥s ❧✬❡s♣❛❝❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❡✉r ♣♦s✐t✐♦♥ ❛✉ s❡✐♥ ❞✉
s②stè♠❡ ✢✉✈✐❛❧✱ ❡❧❧❡s é✈♦❧✉❡♥t é❣❛❧❡♠❡♥t ❞❛♥s ❧❡ t❡♠♣s ✭❋✐❣✉r❡ ✶✳✹✮✳ ▲❡s ✈❛r✐❛t✐♦♥s t❡♠♣♦r❡❧❧❡s
❞❡s ❢❛❝t❡✉rs ❞❡ ❝♦♥trô❧❡ ✭❞é❜✐ts ❧✐q✉✐❞❡s ❡t s♦❧✐❞❡s✮ ❡♥tr❛✐♥❡♥t ❞❡s ❛❥✉st❡♠❡♥ts ♠♦r♣❤♦❧♦❣✐q✉❡s
s✉r ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s t❡♠♣♦r❡❧❧❡s✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞✉ ❞é❜✐t ❧✐q✉✐❞❡ ❧♦rs ❞✬✉♥❡ ❝r✉❡ ❝♦♥❞✉✐t à ✉♥
❛❥✉st❡♠❡♥t ❞❡s ♠és♦❢♦r♠❡s ❞✉ ❧✐t ✭❞✉♥❡s✱ ❜❛♥❝s ❛❧❧✉✈✐❛✉①✱ ❡t❝✳✮ ✭❏❛❝❦s♦♥✱ ✶✾✼✻✮✱ ❧❛ ✈❛r✐❛t✐♦♥
✐♥t❡r❛♥♥✉❡❧❧❡ ❞✉ ré❣✐♠❡ ❤②❞r♦❧♦❣✐q✉❡ ✐♥❞✉✐t ✉♥❡ é✈♦❧✉t✐♦♥ ❞❡ ❧❛ s❡❝t✐♦♥ ❡♥ tr❛✈❡rs ❡t ❞✉ tr❛❝é
❡♥ ♣❧❛♥ ❞✉ ❝♦✉rs ❞✬❡❛✉ ✭❉♦❡r✐♥❣ ❡t ❛❧✳✱ ✷✵✵✼✮✱ t❛♥❞✐s q✉❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡s ❛♣♣♦rts ❧✐q✉✐❞❡s ❡t✴♦✉
s♦❧✐❞❡s✱ ❧✐é❡ à ❞❡s ♠♦❞✐✜❝❛t✐♦♥s ❝❧✐♠❛t✐q✉❡s ♦✉ ❛♥t❤r♦♣✐q✉❡s s✉r ✉♥❡ é❝❤❡❧❧❡ t❡♠♣♦r❡❧❧❡ ♣❧✉r✐✲
❞é❝❡♥♥❛❧❡ à ♣❧✉r✐✲sé❝✉❧❛✐r❡✱ ❡♥tr❛î♥❡ ✉♥ ❛❥✉st❡♠❡♥t ❞✉ ♣r♦✜❧ ❡♥ ❧♦♥❣ ❞✉ ❝♦✉rs ❞✬❡❛✉ ✭❇r❛✈❛r❞
❛♥❞ P❡✐r②✱ ✶✾✾✸✮✳ ❈❡s ❛❥✉st❡♠❡♥ts ✢✉✈✐❛✉①✱ s✉r ❞✐✛ér❡♥t❡s t❡♠♣♦r❛❧✐tés✱ ♣❡✉✈❡♥t é✈✐❞❡♠♠❡♥t s❡
❝♦♠❜✐♥❡r✱ ❝♦♥❞✉✐s❛♥t à ❞❡s ré♣♦♥s❡s ✢✉✈✐❛❧❡s ❝♦♠♣❧❡①❡s ✭❙❝❤✉♠♠✱ ✶✾✼✸✮✳

✶✸



❋✐❣✉r❡ ✶✳✹ ✿ ❊❝❤❡❧❧❡s t❡♠♣♦r❡❧❧❡s ❡t s♣❛t✐❛❧❡s ❞❡ ❧✬❛❥✉st❡♠❡♥t ❞❡s ❞✐✛ér❡♥t❡s ❝♦♠♣♦s❛♥t❡s ♠♦r✲
♣❤♦❧♦❣✐q✉❡s ❞✉ ❝❤❡♥❛❧✳ ▲❡s ❧♦♥❣✉❡✉rs✱ ✐♥❞✐❝❛t✐✈❡s✱ s♦♥t ❛♣♣❧✐q✉é❡s à ✉♥ ❝♦✉rs ❞✬❡❛✉ t❡♠♣érés✱
❞✬❛♣rès ❑♥✐❣❤t♦♥ ✭✶✾✾✽✮✳

✶✳✶✳✹ ❆♥t❤r♦♣✐s❛t✐♦♥ ❞❡s ❝♦✉rs ❞✬❡❛✉

❉❡ ♥♦♠❜r❡✉① ❝♦✉rs ❞✬❡❛✉ ♦♥t été ❛♠é♥❛❣és ♣❛r ❧✬❍♦♠♠❡ ❛✜♥ ❞❡ ré❞✉✐r❡ ❧❡s r✐sq✉❡s ❞✬✐♥♦♥✲
❞❛t✐♦♥✱ ❞❡ ❞é✈❡❧♦♣♣❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬é❧❡❝tr✐❝✐té✱ ❞✬❛♠é❧✐♦r❡r ❧❛ ♥❛✈✐❣❛t✐♦♥ ✢✉✈✐❛❧❡ ♦✉ ❡♥❝♦r❡
❞✬❛✉❣♠❡♥t❡r ❧❡s s✉r❢❛❝❡s ❝✉❧t✐✈❛❜❧❡s ✭❇r❛✈❛r❞✱ ✶✾✾✹✮✳ ❉❡ ♣❧✉s✱ ❧❡s ❝♦✉rs ❞✬❡❛✉ ♦♥t été ❡①♣❧♦✐tés
❝♦♠♠❡ s♦✉r❝❡s ❞❡ ♠❛tér✐❛✉① ❞❡ ❝♦♥str✉❝t✐♦♥✱ ❡t ❞❡ ❣r❛♥❞❡s q✉❛♥t✐tés ❞✬❛❧❧✉✈✐♦♥s ♦♥t été ♣ré✲
❧❡✈é❡s ❞❡s ❧✐ts ♠✐♥❡✉rs ❡t ♠❛❥❡✉rs ♣♦✉r ré♣♦♥❞r❡ ❛✉① ❜❡s♦✐♥s ❝r♦✐ss❛♥ts ❡♥ ❣r❛♥✉❧❛ts ♣♦✉r ❧❛
❝♦♥str✉❝t✐♦♥ ❞✬✐♥❢r❛str✉❝t✉r❡s r♦✉t✐èr❡s ♦✉ ❞❡ ❧♦❣❡♠❡♥ts ✭❊❞❡❧❜❧✉tt❡✱ ✷✵✵✵✮✳ ▲❛ ♠♦❞✐✜❝❛t✐♦♥ ❞❡s
✈❛r✐❛❜❧❡s ❞❡ ❝♦♥trô❧❡ ❞❡ ❧✬❤②❞r♦s②stè♠❡ ✭ré❣✐♠❡ ❤②❞r♦❧♦❣✐q✉❡ ❡t tr❛♥s✐t sé❞✐♠❡♥t❛✐r❡✮ rés✉❧t❛♥t
❞❡ s❡s ❛❝t✐✈✐tés ❛♥t❤r♦♣✐q✉❡s ❛ ❝♦♥❞✉✐t à ✉♥❡ ❛❧tér❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❤②❞r♦♠♦r♣❤♦❧♦❣✐q✉❡ ❡t
❞❡s ❢♦♥❝t✐♦♥♥❛❧✐tés é❝♦❧♦❣✐q✉❡s ❞❡s ❝♦✉rs ❞✬❡❛✉ ✭●r♦s♣r❡tr❡✱ ✷✵✶✶✮✳ P❛r♠✐s ❝❡s ♣r❡ss✐♦♥s ❛♥t❤r♦✲
♣✐q✉❡s✱ ♦♥ ❞✐st✐♥❣✉❡ ❞❡s ❛❝t✐♦♥s ✭✐✮ ❞✐r❡❝t❡s s✉r ❧❛ ♠♦r♣❤♦❧♦❣✐❡ ❞✉ ❧✐t ❡t ❞❡s ❜❡r❣❡s ✭❝❤❡♥❛❧✐s❛t✐♦♥✱
r❡❝♦✉♣❡♠❡♥t ❞❡ ♠é❛♥❞r❡s✱ ❝♦♥str✉❝t✐♦♥ ❞✬♦✉✈r❛❣❡s ❧❛tér❛✉① ❡t tr❛♥s✈❡rs❛✉①✱ s✉♣♣r❡ss✐♦♥ ❞❡ ❧❛
✈é❣ét❛t✐♦♥ r✐✈✉❧❛✐r❡✱ ♣ré❧è✈❡♠❡♥ts ❞✬❡❛✉ ❡t ❞❡ ♠❛tér✐❛✉①✱ ❡t❝✳✮ ❡t ✭✐✐✮ ✐♥❞✐r❡❝t❡s ✭♠♦❞✐✜❝❛t✐♦♥ ❞❡
❧✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ❡t ❞✉ rés❡❛✉ ❞❡ ❞r❛✐♥❛❣❡ à ❧✬é❝❤❡❧❧❡ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t✱ tr❛♥s❢❡rts ❤②❞r✐q✉❡s
✐♥t❡r✲❜❛ss✐♥s✱ ❡t❝✳✮ ✭❉✐♥❣❡r ❡t ❛❧✳✱ ✶✾✽✷❀ ▲❛♥❞♦♥✱ ✷✵✵✼✮✳

❼ ▲❛ ❝❤❡♥❛❧✐s❛t✐♦♥ ❝♦♥s✐st❡ à ♠♦❞✐✜❡r ❧❡ tr❛❝é ❡♥ ♣❧❛♥ ❡t✴♦✉ ❧❛ ❣é♦♠étr✐❡ ❞✉ ❧✐t à tr❛✈❡rs
❞✐✛ér❡♥ts t②♣❡s ❞✬✐♥t❡r✈❡♥t✐♦♥s ✭r❡❝❛❧✐❜r❛❣❡✱ r❡❝t✐✜❝❛t✐♦♥✱ ❡♥❞✐❣✉❡♠❡♥t ❡♥ ❜❡r❣❡✱ r❡♣r♦✜✲
❧❛❣❡✱ st❛❜✐❧✐s❛t✐♦♥ ❞❡ ❜❡r❣❡✱ ❡♥tr❡t✐❡♥ ❡t ❝✉r❛❣❡✮✱ ❛✜♥ ❞✬❛✉❣♠❡♥t❡r ❧❛ ❝❛♣❛❝✐té ❤②❞r❛✉❧✐q✉❡
♦✉ ❧❡ t✐r❛♥t ❞✬❡❛✉ ♣♦✉r ré❞✉✐r❡ ❧❡s r✐sq✉❡s ❞✬✐♥♦♥❞❛t✐♦♥ ♦✉ ❢❛❝✐❧✐t❡r ❧❛ ♥❛✈✐❣❛t✐♦♥ ✭❇r♦♦❦❡s✱
✶✾✽✽✮✳ ▲❛ ♠♦❞✐✜❝❛t✐♦♥ ❞✉ tr❛❝é ❡♥ ♣❧❛♥ ❡t ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞✉ ❝♦✉rs ❞✬❡❛✉ ❡♥❣❡♥❞r❡ ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡ ❡t ❞✉ ❞é❜✐t à ♣❧❡✐♥s ❜♦r❞s✱ ❝❡ q✉✐ t❡♥❞ à ❡♥tr❛✐♥❡r ✉♥❡ ✐♥❝✐s✐♦♥
❞✉ ❝❤❡♥❛❧✳ ▲❛ st❛❜✐❧✐s❛t✐♦♥ ❞❡s ❜❡r❣❡s ✐♥t❡rr♦♠♣t ❧❛ ❢♦✉r♥✐t✉r❡ ❧❛tér❛❧❡ ❡♥ sé❞✐♠❡♥ts ❡t
❝♦♥tr✐❜✉❡ à ❛♠♣❧✐✜❡r ❝❡tt❡ ✐♥❝✐s✐♦♥ ❞✉ ❧✐t ✭❲❛ss♦♥ ❡t ❛❧✳✱ ✶✾✾✺✮✳

❼ ▲❡ ❝r❡✉s❡♠❡♥t ❞✬✉♥❡ ❢♦ss❡ ❞✬❡①tr❛❝t✐♦♥ sé❞✐♠❡♥t❛✐r❡ ❞❛♥s ❧❡ ❧✐t ♠✐♥❡✉r ❞✬✉♥ ❝♦✉rs ❞✬❡❛✉
❝♦♥❞✉✐t à ✐♥t❡rr♦♠♣r❡ ❧♦❝❛❧❡♠❡♥t ❧❡ tr❛♥s✐t sé❞✐♠❡♥t❛✐r❡ ❛✈❛❧ ♣❛r ♣✐é❣❛❣❡ ❞❡s sé❞✐♠❡♥ts✳ ❊♥
❛♠♦♥t✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❧♦❝❛❧❡ ❞❡ ❧❛ ♣❡♥t❡ ❞❡ ❧❛ ❧✐❣♥❡ ❞✬❡❛✉ ❛❝❝r♦✐t ❧❛ ❝❛♣❛❝✐té ❞❡ tr❛♥s♣♦rt

✶✹



❞✉ ❝♦✉rs ❞✬❡❛✉✱ ❝❡ q✉✐ ❡♥❣❡♥❞r❡ ✉♥❡ ér♦s✐♦♥ ré❣r❡ss✐✈❡✳ ❊♥ ❛✈❛❧✱ ❧❡ ❞é❜✐t ❧✐q✉✐❞❡ ♥✬ét❛♥t
♣❧✉s s❛t✉ré ❡♥ ❞é❜✐t s♦❧✐❞❡ ✭❉❡❣♦✉tt❡✱ ✷✵✵✻✮✱ ❧❡ ❝♦✉rs ❞✬❡❛✉ ❝r❡✉s❡ s♦♥ ❧✐t ♣♦✉r ❝♦♠♣❡♥s❡r
❝❡ ❞é✜❝✐t✱ ❡♥❣❡♥❞r❛♥t ✉♥❡ ér♦s✐♦♥ ♣r♦❣r❡ss✐✈❡✳ ▲❛ ♣r♦♣❛❣❛t✐♦♥ ♦♣♣♦sé❡ ❞❡ ❝❡s ❛❥✉st❡♠❡♥ts
♠♦r♣❤♦❧♦❣✐q✉❡s ♣❡✉t ✐♥❞✉✐r❡ ✉♥❡ ✐♥❝✐s✐♦♥ ❣é♥ér❛❧❡ ❞✉ ❧✐t ❛✈❡❝ ✉♥ ❛❜❛✐ss❡♠❡♥t ❞✉ t♦✐t ❞❡ ❧❛
♥❛♣♣❡ ❛❧❧✉✈✐❛❧❡ ❡t✴♦✉ à ✉♥❡ ❞❡st❛❜✐❧✐s❛t✐♦♥ ❞✬♦✉✈r❛❣❡s✱ ❝♦♠♠❡ ❧❡s ♣✐❧❡s ❞❡ ♣♦♥ts ✭❇r❛✈❛r❞✱
✶✾✾✹✮✳

❼ ▲❡s ❜❛rr❛❣❡s ♣❡r♠❡tt❡♥t ❞❡ st♦❝❦❡r ❞❡ ❧✬❡❛✉ ♣♦✉r ♣r♦❞✉✐r❡ ❞❡ ❧✬é♥❡r❣✐❡✱ é❝rêt❡r ❧❡s ❝r✉❡s
❡t✴♦✉ s♦✉t❡♥✐r ❧❡s ét✐❛❣❡s✱ ❢❛✈♦r✐s❡r ❧✬✐rr✐❣❛t✐♦♥✱ ❡t❝✳ ■❧ ❡①✐st❡ ❞❡✉① t②♣❡s ❞✬♦✉✈r❛❣❡s ✿ ❧❡s
❜❛rr❛❣❡s ♠♦❜✐❧❡s ❡t ✜①❡s ✭P❡tts✱ ✶✾✽✹✮✳ ▲❡s ❜❛rr❛❣❡s ♠♦❜✐❧❡s ♣❡✉✈❡♥t s✬❡✛❛❝❡r ♣♦✉r ♣❡r✲
♠❡ttr❡ ❧❡ tr❛♥s✐t ❞❡s sé❞✐♠❡♥ts ❡♥ ❝r✉❡✱ ❛❧♦rs q✉❡ ❧❡s ❜❛rr❛❣❡s ✜①❡s ♣✐è❣❡♥t ❧❡s sé❞✐♠❡♥ts
❞❛♥s ❧❛ r❡t❡♥✉❡ ✭❱❡r✐❝❛t ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❈❡ ❞é✜❝✐t sé❞✐♠❡♥t❛✐r❡ ❡♥❣❡♥❞r❡ ✉♥❡ ✐♥❝✐s✐♦♥ ❞✉
❧✐t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦✉✈r❛❣❡✱ q✉✐ ♣❡✉t êtr❡ ❧✐♠✐té❡ ♣❛r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥❡ ❝♦✉❝❤❡ ❞✬❛r♠✉r❛❣❡
❡t✴♦✉ ❧✬❛♣♣❛r✐t✐♦♥ ❞✬❛✤❡✉r❡♠❡♥ts r♦❝❤❡✉①✱ ❝❡ q✉✐ ❛ ❞❡s ❝♦♥séq✉❡♥❝❡s é❝♦❧♦❣✐q✉❡s ♥é❣❛t✐✈❡s
✭❲❛ss♦♥ ❡t ❛❧✳✱ ✶✾✾✺❀ ❇r❛✈❛r❞ ❡t ❛❧✳✱ ✶✾✾✼✮✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ❝❡s ♦✉✈r❛❣❡s ♠♦❞✐✜❡ é❣❛❧❡♠❡♥t
❧❛ ❞✉ré❡✱ ❧✬✐♥t❡♥s✐té ❡t ❧❛ ❢réq✉❡♥❝❡ ❞❡s ❝r✉❡s ✭❇r❛♥❞t✱ ✷✵✵✵✮✱ ❛✐♥s✐ q✉❡ ❧❡ ré❣✐♠❡ t❤❡r♠✐q✉❡
✭❈❛s❛❞♦✱ ✷✵✶✸✮✳

✶✳✷ Pr♦❝❡ss✉s ♣❤②s✐q✉❡s ❞✉ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡

Pré❝é❞❡♠♠❡♥t ❛❜♦r❞é à ❧✬é❝❤❡❧❧❡ ❞❡ ❧✬❤②❞r♦s②stè♠❡✱ ❞❛♥s s❛ ❞✐♠❡♥s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡✱ ❧❡ tr❛♥s♣♦rt
❞❡ sé❞✐♠❡♥ts ❡♥ r✐✈✐èr❡ ♠❡t ❡♥ ❥❡✉ ❞❡s ♣r♦❝❡ss✉s ❝♦♠♣❧❡①❡s à ♣❧✉s✐❡✉rs é❝❤❡❧❧❡s q✉✐ ♣rés❡♥t❡♥t
❞❡ ❢♦rt❡s ✈❛r✐❛❜✐❧✐tés s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s✳ ❊♥ ❡✛❡t✱ ✐❧ s✬❛❣✐t ❞✬✐♥t❡r❛❝t✐♦♥s ❡♥tr❡ ✉♥ é❝♦✉❧❡♠❡♥t✱
s♦✉✈❡♥t t✉r❜✉❧❡♥t✱ ❡t ❞❡s sé❞✐♠❡♥ts ♣❧✉s ♦✉ ♠♦✐♥s ❤♦♠♦❣è♥❡s ✈♦✐r❡ ❝♦❤és✐❢s✳ ❖♥ s✬✐♥tér❡ss❡ ✐❝✐ à
✉♥❡ ❞❡s❝r✐♣t✐♦♥ ♠é❝❛♥✐st❡ ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❛✉ ❢♦♥❞ ❡①❡r❝é❡ ♣❛r ❧✬é❝♦✉❧❡♠❡♥t✱ ❛✉
❜✐❧❛♥ ❞❡s ❢♦r❝❡s à ❧✬é❝❤❡❧❧❡ ❞✉ ❣r❛✐♥✱ ❛✉① ❝♦♥❞✐t✐♦♥s ❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t✱ ❡t ❡♥✜♥ à ❧❛ ❝❛♣❛❝✐té
❞❡ tr❛♥s♣♦rt ❞✬✉♥ é❝♦✉❧❡♠❡♥t✳ ❈❡tt❡ ❞❡s❝r✐♣t✐♦♥ s✬❛♣♣✉✐❡ s✉r ❧❡s ❝♦✉rs ❞❡ ❉✉❢r❡s♥❡ ❛♥❞ ■s❡♥♠❛♥♥
✭✷✵✷✵✮✱ ❘❡❝❦✐♥❣ ✭✷✵✶✷❛✮ ❡t ❈❛♠❡♥❡♥ ❛♥❞ ▼❡❧✉♥ ✭✷✵✷✶✮✳

✶✳✷✳✶ ❈♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t

▲❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❛✉ ❢♦♥❞ τb
[

N/m2
]

❝♦rr❡s♣♦♥❞ à ❧❛ ❢♦r❝❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡①❡r❝é❡ s✉r
❧❡ ❧✐t ❞❡ ❧❛ r✐✈✐èr❡✳ ❉❛♥s ✉♥ ❝♦✉rs ❞✬❡❛✉✱ ❡♥ é❝♦✉❧❡♠❡♥t ✉♥✐❢♦r♠❡✱ t♦✉t❡s ❧❡s ❢♦r❝❡s q✉✐ s✬❡①❡r❝❡♥t s✉r
✉♥ ✈♦❧✉♠❡ ❞✬❡❛✉ s♦♥t ❡♥ éq✉✐❧✐❜r❡s✱ ❧❡s ❢♦r❝❡s ❞❡ ❢r♦tt❡♠❡♥t s✉r ❧❡ ❢♦♥❞ ❝♦♠♣❡♥s❡♥t ❧✬❛❝❝é❧ér❛t✐♦♥
❞❡ ❧❛ ❣r❛✈✐té ✭❆♥❝❡②✱ ✷✵✶✻✮✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬é❝r✐r❡ ❧❛ r❡❧❛t✐♦♥ s✉✐✈❛♥t❡ ✿

ρgAdxsinα = τbPdx ✭✶✳✷✮

♦ù ρ ❝♦rr❡s♣♦♥❞ à ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞❡ ❧✬❡❛✉
[

kg/m3
]

✱ g ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ❣r❛✈✐té
[

m/s2
]

✱
A ❧✬❛✐r❡ ♠♦✉✐❧❧é❡

[

m2
]

✱ dx ❧❛ ❧♦♥❣✉❡✉r s❡❧♦♥ ❧✬é❝♦✉❧❡♠❡♥t ❞✉ ✈♦❧✉♠❡ ❞✬❡❛✉ [m]✱ α ❧✬❛♥❣❧❡ ❞❡ ❧❛
♣❡♥t❡ ❞❡ ❧❛ ❧✐❣♥❡ ❞✬❡❛✉✱ P ❧❡ ♣ér✐♠ètr❡ ♠♦✉✐❧❧é [m] ❡t τb

[

N/m2
]

❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❛✉
❢♦♥❞✱ q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ❢♦r❝❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡①❝❡r❝é❡ s✉r ❧❡ ❢♦♥❞ ❡t ❧❡s ❜❡r❣❡s✳ ❉❛♥s ❧❡ ❝❛s ❞❡
r✐✈✐èr❡s à ❢❛✐❜❧❡ ♣❡♥t❡✱ ♦♥ ♣❡✉t ❛♣♣r♦①✐♠❡r ❧❛ ♣❡♥t❡ ❞❡ ❧✐❣♥❡ ❞✬❡❛✉ ♣❛r S ≈ sinα. ❉❛♥s ❧❡ ❝❛s ❞✬✉♥
r❛♣♣♦rt ❧❛r❣❡✉r✴♣r♦❢♦♥❞❡✉r ❢❛✐❜❧❡ ❡t ❡♥ s✉♣♣♦s❛♥t ❧❛ s❡❝t✐♦♥ ❡♥ tr❛✈❡rs r❡❝t❛♥❣✉❧❛✐r❡✱ ♦♥ ♣❡✉t
s✉♣♣♦s❡r q✉❡ ❧❡ r❛②♦♥ ❤②❞r❛✉❧✐q✉❡ Rh = A/P = Wh/ (W + 2h) ≈ h ❛✈❡❝ h ❧❛ ❤❛✉t❡✉r ❞✬❡❛✉ [m]
❡t W ❧❛ ❧❛r❣❡✉r ❞✉ ❝♦✉rs ❞✬❡❛✉ [m]✳ ❙♦✉s ❝❡s ❤②♣♦t❤ès❡s✱ τb ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t s✉r ❧❡
❢♦♥❞ ♣❡✉t êtr❡ ❛♣♣r♦①✐♠é❡ ♣❛r ✿

τb = ρghS ✭✶✳✸✮

✶✺





✶✳✷✳✷ ▼✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡s sé❞✐♠❡♥ts

❯♥❡ ♣❛rt✐❝✉❧❡ ✐♠♠❡r❣é❡ ❛✉ ❢♦♥❞ ❞✬✉♥ ❝♦✉rs ❞✬❡❛✉ ❡st s♦✉♠✐s❡ à ❞✐✛ér❡♥t❡s ❢♦r❝❡s [N ] ✿ ❧❛ ❣r❛✈✐té
FG ✭❧✐é❡ à ❧❛ ♠❛ss❡ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✮✱ ❧❛ ♣♦✉ssé❡ ❞✬❆r❝❤✐♠è❞❡ FB ✭❧✐é❡ à ❧❛ ♠❛ss❡ ❞✉ ✢✉✐❞❡ ❞é♣❧❛❝é❡
♣❛r ❧❛ ♣❛rt✐❝✉❧❡✮✱ ❧❛ ❢♦r❝❡ ❞❡ tr❛î♥é❡ FD ✭❧✐é❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✮ ❡t ❧❛ ❢♦r❝❡ ❞❡ ♣♦rt❛♥❝❡
FL ✭❧✐é❡ à ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡♥tr❡ ❧❡ ❜❛s ❡t ❧❡ ❤❛✉t ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✮✳ ▲❡
❜✐❧❛♥ ❞❡s ❢♦r❝❡s ❛♣♣❧✐q✉é❡s à ✉♥❡ ♣❛rt✐❝✉❧❡ ✐♠♠❡r❣é❡ ❡st s❝❤é♠❛t✐sé s✉r ❧❛ ❋✐❣✉r❡ ✶✳✻✳

❋✐❣✉r❡ ✶✳✻ ✿ ❇✐❧❛♥ ❞❡s ❢♦r❝❡s s✬❡①❡rç❛♥t s✉r ✉♥❡ ♣❛rt✐❝✉❧❡ ❛✉ s❡✐♥ ❞✬✉♥ é❝♦✉❧❡♠❡♥t✱ ❞✬❛♣rès ▲❛♠❜
❡t ❛❧✳ ✭✷✵✵✽✮✳

❈❡tt❡ ♣❛rt✐❝✉❧❡ ❡st ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❧♦rsq✉❡ ❧❡s ❢♦r❝❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ✭❧❛ tr❛î♥é❡ ❡t ❧❛
♣♦rt❛♥❝❡✮ s♦♥t s✉♣ér✐❡✉r❡s ❛✉① ❢♦r❝❡s st❛❜✐❧✐s❛tr✐❝❡s ✭❧❡ ♣♦✐❞s ♠♦✐♥s ❧❛ ♣♦✉ssé❡ ❞✬❆r❝❤✐♠è❞❡
❛♣♣❡❧é ❧❡ ♣♦✐❞s ❞é❥❛✉❣é✮✳ ▲❛ ♠♦❜✐❧✐té ❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❞é♣❡♥❞ ❛✐♥s✐ ❞❡ ♣❧✉s✐❡✉rs ♣❛r❛♠ètr❡s
(D, ρs, u∗, ρ, µ, g)✱ ❡t ♦♥ ♣❡✉t ❞é❝r✐r❡ ❧❡ ♣r♦❜❧è♠❡ à ❧✬❛✐❞❡ ❞❡ tr♦✐s ✈❛r✐❛❜❧❡s ❛❞✐♠❡♥t✐♦♥♥❡❧❧❡s ✿

θ =
ρu2

∗

(ρs − ρ) gD
=

τ

(ρs − ρ) gD
✭✶✳✼✮

Re∗ =
ρu∗D

µ
=

ρ1/2τ1/2D

µ
✭✶✳✽✮

ρ∗ =
ρs − ρ

ρ
✭✶✳✾✮

♦ù θ ❡st ❧❡ ♣❛r❛♠ètr❡ ❞❡ ❙❤✐❡❧❞s q✉✐ ❝♦rr❡s♣♦♥❞ à ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ♠♦②❡♥♥❡ τ ❛❞✐✲
♠❡♥t✐♦♥♥❛❧✐sé❡ ♣❛r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣❛rt✐❝✉❧❡s✱ ✐✳❡✳ ❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞❡ ❧❛
♣❛rt✐❝✉❧❡ ρs ❡t ❞❡ ❧✬❡❛✉ ρ ❡t ❧❡ ❞✐❛♠ètr❡ D ❞❡ ❧❛ ♣❛rt✐❝✉❧❡✳ Re∗ ❡st ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ♣❛r✲
t✐❝✉❧❛✐r❡ ♣❡r♠❡tt❛♥t ❞❡ ❝❛r❛❝tér✐s❡r ❧❛ t✉r❜✉❧❡♥❝❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❡♥ ❢❛✐s❛♥t ✐♥t❡r✈❡♥✐r
❧❛ ✈✐t❡ss❡ ❞❡ ❢r♦tt❡♠❡♥t u∗ ❝♦♠♠❡ ✈✐t❡ss❡ ❝❛r❛❝tér✐st✐q✉❡✱ ❧❡ ❞✐❛♠ètr❡ d ❞❡ ❧❛ ♣❛rt✐❝✉❧❡ ❝♦♠♠❡
❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡ ❡t ❧❛ ✈✐s❝✉♦s✐té ❞②♥❛♠✐q✉❡ µ✳ ρ∗ ❡st ❧❡ r❛♣♣♦rt ❞❡s ♠❛ss❡s ✈♦❧✉♠✐q✉❡s
♣❡r♠❡tt❛♥t ❞❡ ❝❛r❛❝tér✐s❡r ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞✉ ♠❛tér✐❛✉① ρs ♣❛r r❛♣♣♦rt à ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡
❞✉ ✢✉✐❞❡ ρ✳

❆ ♣❛rt✐r ❞✬❡①♣ér✐❡♥❝❡s ❡♥ ❧❛❜♦r❛t♦✐r❡✱ ❙❤✐❡❧❞s ✭✶✾✸✻✮ ❛ ❡st✐♠é ✉♥ ♣❛r❛♠ètr❡ ❝r✐t✐q✉❡ ❞❡ ❙❤✐❡❧❞s
θcr ❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡s sé❞✐♠❡♥ts ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞ ♣❛rt✐❝✉❧❛✐r❡ Re∗
❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ❈❡s ❡①♣ér✐❡♥❝❡s ♦♥t été ré❛❧✐sé❡s à ♣❛rt✐r ❞❡ ♠❛tér✐❛✉① ❞❡ ❞✐✛ér❡♥ts r❛♣♣♦rts
❞❡ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ρ∗✱ ✈❛r✐❛♥t ❡♥tr❡ ✵✳✵✻ ❡t ✸✳✸✱ ♣rés❡♥t❛♥t ✉♥❡ ❣r❛♥✉❧♦♠étr✐❡ r❡❧❛t✐✈❡♠❡♥t
✉♥✐❢♦r♠❡ ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥ ❞✐❛♠ètr❡ ♠é❞✐❛♥ D50✳ ▲❡ ❞✐❛❣r❛♠♠❡ ❞❡ ❙❤✐❡❧❞s ✭❋✐❣✉r❡ ✶✳✼✮ ♠♦♥tr❡
q✉❡ ❧❛ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡s sé❞✐♠❡♥ts ❡st ✐♥❞é♣❡♥❞❛♥t❡ ❞✉ t②♣❡ ❞❡ ♠❛tér✐❛✉① ✉t✐❧✐sés✱ ❡t ♣❛r
❝♦♥séq✉❡♥t ❛✉① r❛♣♣♦rts ❞❡s ♠❛ss❡s ✈♦❧✉♠✐q✉❡s ρ∗✳ ❙❡✉❧ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ♣❛rt✐❝✉❧❛✐r❡ ❡t ❧❡
♣❛r❛♠ètr❡ ❞❡ ❙❤✐❡❧❞s s♦♥t ❞♦♥❝ ❞❡s ✈❛r✐❛❜❧❡s ❞✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡s sé❞✐♠❡♥ts✳

✶✼





❈❡ rés✉❧t❛t ✐♥❞✐q✉❡ q✉❡ θcr ❛✉❣♠❡♥t❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡✱ ❛❧♦rs q✉❡ ❧✬♦♥ ♣♦✉rr❛✐t s✬❛tt❡♥❞r❡
❛✉ rés✉❧t❛t ✐♥✈❡rs❡ ❞✉ ❢❛✐t ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❡✛❡ts ❞❡ ❣r❛✈✐té ❛✈❡❝ ❧❛ ♣❡♥t❡ ✭❈❤✐❡✇ ❛♥❞ P❛r❦❡r✱
✶✾✾✹✮✳ ❆ ♣❛rt✐r ❞✬✉♥ ❜✐❧❛♥ ❞❡s ❢♦r❝❡s✱ ▲❛♠❜ ❡t ❛❧✳ ✭✷✵✵✽✮ ❡t ❘❡❝❦✐♥❣ ✭✷✵✵✾✮ ♦♥t ♠♦♥tré q✉❡ ❝❡tt❡
♣r♦♣r✐été s✬❡①♣❧✐q✉❡ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡s ❝❤❛♥❣❡♠❡♥ts ❛✛❡❝t❛♥t ❧❛ t✉r❜✉❧❡♥❝❡ ❡t ❧❡ ♣r♦✜❧ ❞❡
✈✐t❡ss❡s✱ ♣♦✉r ❞❡ ❢♦rt❡s ♣❡♥t❡s ❞❡ ❝♦✉rs ❞✬❡❛✉✳ ❘❡❝❦✐♥❣ ✭✷✵✵✾✮ ❛ ♣r♦♣♦sé ✉♥❡ ❢♦r♠✉❧❡ ♣❡r♠❡tt❛♥t
❞✬❡st✐♠❡r θcr ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡ ❞✉ ❢♦♥❞ ❞✉ ❧✐t S ✈❛❧✐❞❡ ♣♦✉r ❞❡s ♠❛tér✐❛✉① ✉♥✐❢♦r♠❡s ✿

θcr = 0.15S0.275 ✭✶✳✶✵✮

▲♦rsq✉❡ ❧❛ ❣r❛♥✉❧♦♠étr✐❡ ❡st ét❡♥❞✉❡✱ ❧❡s ♣❛rt✐❝✉❧❡s ♣❡✉✈❡♥t ✐♥t❡r❛❣✐r ❡♥tr❡✲❡❧❧❡s ♠♦❞✐✜❛♥t
❧♦❝❛❧❡♠❡♥t ❧❛ ♠♦❜✐❧✐té ❞❡s sé❞✐♠❡♥ts s❡❧♦♥ ❧❡✉r t❛✐❧❧❡✳ ▲❡s ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s ✜♥❡s s♦♥t ♣r♦té❣é❡s
❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡t ❜❧♦q✉é❡s ✭♦✉ ♣✐é❣é❡s✮ ♣❛r ❧❡s ♣❛rt✐❝✉❧❡s ♣❧✉s ❣r♦ss✐èr❡s✱ ❝❡ q✉✐ t❡♥❞ à ❛✉❣♠❡♥t❡r
θcr ♣❛r r❛♣♣♦rt à ❧❛ ✈❛❧❡✉r ❞é✜♥✐❡ ♣♦✉r ✉♥❡ ❣r❛♥✉❧♦♠étr✐❡ ✉♥✐❢♦r♠❡✳ ❆ ❧✬✐♥✈❡rs❡✱ ❧❡s ♣❛rt✐❝✉❧❡s ❧❡s
♣❧✉s ❣r♦ss✐èr❡s ♣❡✉✈❡♥t êtr❡ ♣❧✉s ❡①♣♦sé❡s à ❧✬é❝♦✉❧❡♠❡♥t✱ ❝❡ q✉✐ t❡♥❞ à ❞✐♠✐♥✉❡r θcr ♣❛r r❛♣♣♦rt
à ❧❛ ✈❛❧❡✉r ❞é✜♥✐❡ ♣♦✉r ✉♥❡ ❣r❛♥✉❧♦♠étr✐❡ ✉♥✐❢♦r♠❡✳ P♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡ ❝❡s ❡✛❡ts ❞❡ ♠❛sq✉❛❣❡
❡t ❞❡ s✉r❡①♣♦s✐t✐♦♥✱ P❛r❦❡r ❛♥❞ ❑❧✐♥❣❡♠❛♥ ✭✶✾✽✷✮ ♦♥t ♣r♦♣♦sé ❞✬❡①♣r✐♠❡r ❧❡ ♣❛r❛♠ètr❡ ❞❡ ❙❤✐❡❧❞s
❝r✐t✐q✉❡ θcr,Dk

❞✬✉♥❡ ♣❛rt✐❝✉❧❡ ❞❡ ❞✐❛♠ètr❡ Dk✱ à ♣❛rt✐r ❞❡ s❛ ✈❛❧❡✉r θcr,D50
♣♦✉r ✉♥ ❞✐❛♠ètr❡

♠♦②❡♥ D50 ❞✉ ♠é❧❛♥❣❡ sé❞✐♠❡♥t❛✐r❡✱ ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿

θcr,Dk
= θcr,D50

(

Dk

D50

)−b

✭✶✳✶✶✮

❛✈❡❝ b ✉♥ ❝♦❡✣❝✐❡♥t ❞❡ ♠❛sq✉❛❣❡✴s✉r❡①♣♦s✐t✐♦♥ ♣♦✉✈❛♥t ✈❛r✐❡r ❡♥tr❡ ✵ ✭❧❡s ♣❛rt✐❝✉❧❡s ♥✬♦♥t ❛✉✲
❝✉♥❡ ✐♥✢✉❡♥❝❡ ❡♥tr❡ ❡❧❧❡s ❀ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❝r✐t✐q✉❡ ❡st ♣r❡sq✉❡ ♣r♦♣♦rt✐♦♥♥❡❧❧❡ ❛✉
♣♦✐❞s✮ ❡t ✶ ✭❧❡s ❞✐✛ér❡♥❝❡s ❞✬❡①♣♦s✐t✐♦♥ ❞❡s ♣❛rt✐❝✉❧❡s ❡t ❞✬❛♥❣❧❡s ❞❡ ❢r♦tt❡♠❡♥t ❝♦♠♣❡♥s❡♥t ❝♦♠✲
♣❧èt❡♠❡♥t ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ♣♦✐❞s ❞❡s ♣❛rt✐❝✉❧❡s ❀ ❧❛ ✈❛❧❡✉r ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❝r✐t✐q✉❡
❡st ❧❛ ♠ê♠❡ ♣♦✉r t♦✉t❡s ❧❡s t❛✐❧❧❡s ❞❡ ♣❛rt✐❝✉❧❡s✮✳ ❘❡❝❦✐♥❣ ✭✷✵✵✾✮ ❛ ❛❞❛♣té ❝❡tt❡ ❢♦r♠✉❧❛t✐♦♥ ❛✉①
✈❛r✐❛t✐♦♥s ❞❡ ♣❡♥t❡s✱ ❛✜♥ ❞❡ ♣r♦♣♦s❡r ❧❛ r❡❧❛t✐♦♥ s✉✐✈❛♥t❡ ✿

θcr,Dk
= (1.32S + 0.037)

(

Dk

D50

)−0.93

✭✶✳✶✷✮

♦ù S ❝♦rr❡s♣♦♥❞ à ❧❛ ♣❡♥t❡ ❞✉ ❝❤❡♥❛❧✳ ❈❡tt❡ éq✉❛t✐♦♥ ❞♦♥♥❡ ❞❡s rés✉❧t❛ts s✐♠✐❧❛✐r❡s à ❧✬éq✉❛t✐♦♥
✶✳✶✵ ét❛❜❧✐❡ ♣♦✉r ❞❡s sé❞✐♠❡♥ts ✉♥✐❢♦r♠❡s ♣♦✉r Dk/D50 ≈ 1.4✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❛♣♣r♦①✐♠❛t✐✲
✈❡♠❡♥t ❛✉ ❞✐❛♠ètr❡ ♠é❞✐❛♥ ❞❡s ❣r❛♥✉❧♦♠étr✐❡s ét❡♥❞✉❡s ❡♥ r✐✈✐èr❡s à ❣r❛✈✐❡r✱ ♦ù ♦♥ r❡tr♦✉✈❡
❣é♥ér❛❧❡♠❡♥t D84/D50 ≈ 2.2 ✭❘✐❝❦❡♥♠❛♥♥ ❛♥❞ ❘❡❝❦✐♥❣✱ ✷✵✶✶✮✳

P♦✉r ✉♥❡ ❣r❛♥✉❧♦♠étr✐❡ ét❡♥❞✉❡✱ θcr ♣❡✉t é❣❛❧❡♠❡♥t ✈❛r✐❡r ❞❛♥s ❧❡ t❡♠♣s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡
❧✬❤✐st♦r✐q✉❡ ❞❡s é❝♦✉❧❡♠❡♥ts ✭P❛♣❤✐t✐s ❛♥❞ ❈♦❧❧✐♥s✱ ✷✵✵✺❀ ▼❛st❡❧❧❡r ❡t ❛❧✳✱ ✷✵✶✾✮✳ ❆ ❧✬é❝❤❡❧❧❡ ❞✬✉♥
é✈è♥❡♠❡♥t ❤②❞r♦❧♦❣✐q✉❡✱ θcr ♣❡✉t ❛✉❣♠❡♥t❡r ❡♥tr❡ ❧❛ ♠♦♥té❡ ❡t ❧❛ ❞❡s❝❡♥t❡ ❞❡ ❝r✉❡ ✭▼❛♦✱ ✷✵✶✷✮✳
❈❡tt❡ ❛✉❣♠❡♥t❛t✐♦♥ ❡st ❛ttr✐❜✉é❡ à ❞❡s ❝❤❛♥❣❡♠❡♥ts t❡♠♣♦r❡❧s ❞❛♥s ❧❡ ❞❡❣ré ❞✬♦r❣❛♥✐s❛t✐♦♥ ❡t
❞❡ ❝♦♠♣❧❡①✐té ❞❡ ❧❛ s✉r❢❛❝❡ ❞✉ ❧✐t✳ Pr❡t③❧❛✈ ❡t ❛❧✳ ✭✷✵✷✵✮ ❛ ♠♦♥tré q✉❡ θcr ❛✉❣♠❡♥t❡ ♣r♦❣r❡s✲
s✐✈❡♠❡♥t ❛✈❡❝ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❝✉♠✉❧❛t✐✈❡ τ ❥✉sq✉✬à ❝❡ q✉✬✉♥❡ ❝r✉❡ s✉✣s❛♠♠❡♥t
✐♠♣♦rt❛♥t❡ s❡ ♣r♦❞✉✐s❡ ♣♦✉r ♣❡rt✉r❜❡r ❧❛ s✉r❢❛❝❡ ❞✉ ❧✐t ❡t ✧ré✐♥✐t✐❛❧✐s❡r✧ ❧✬❤✐st♦r✐q✉❡ ❞❡ ❧✬é❝♦✉✲
❧❡♠❡♥t✳ ▲❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❝✉♠✉❧❛t✐✈❡ t❡♥❞ à ❛❝❝r♦îtr❡ ❧❛ st❛❜✐❧✐té ❞✉ ❧✐t à tr❛✈❡rs
❞✐✈❡rs ♠é❝❛♥✐s♠❡s t❡❧s q✉❡ ❧✬❛r♠✉r❛❣❡ ❞❡ s✉r❢❛❝❡ ✭P❢❡✐✛❡r ❡t ❛❧✳✱ ✷✵✶✼✮✱ ❧❛ ❝♦♠♣❛❝t✐♦♥ ❞✉ ❧✐t
✭▼❛rq✉✐s ❛♥❞ ❘♦②✱ ✷✵✶✷✮✱ ❧❡ ❝❤❛♥❣❡♠❡♥ts ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❣r❛♥✉❧♦♠étr✐q✉❡ ✭❍✉♠♣❤r✐❡s ❡t ❛❧✳✱
✷✵✶✷✮✱ ❧✬❛♣♣r♦✈✐s✐♦♥♥❡♠❡♥t ❡♥ sé❞✐♠❡♥ts ✭❘❡❝❦✐♥❣✱ ✷✵✶✷❜✮✱ ❧❡ r❡❣r♦✉♣❡♠❡♥t ✭❙tr♦♠ ❡t ❛❧✳✱ ✷✵✵✹✮
❡t ❧✬✐♠❜r✐❝❛t✐♦♥ ❞❡s ❣r❛✐♥s ✭❨❛❣❡r ❡t ❛❧✳✱ ✷✵✶✽✮✳

✶✾



✶✳✷✳✸ ❚❛✉① ❞❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡

❯♥❡ ❢♦✐s ❧❛ ❝♦♥tr❛✐♥t❡ ❛❞✐♠❡♥s✐♦♥♥❡❧❧❡ s❡✉✐❧ θcr ❞é♣❛ssé❡✱ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❝❡rt❛✐♥❡s ♣❛rt✐❝✉❧❡s ❡st
✐♥✐t✐é ❡t ✉♥ ❞é❜✐t s♦❧✐❞❡ ❡st tr❛♥s♣♦rté ♣❛r ❧✬é❝♦✉❧❡♠❡♥t✳ ❈❡ tr❛♥s♣♦rt s♦❧✐❞❡ s✬❡✛❡❝t✉❡ s♦✉s ❢♦r♠❡
❞❡ ❝❤❛rr✐❛❣❡ ✭r♦✉❧❡♠❡♥t✱ ❣❧✐ss❡♠❡♥t ♦✉ s❛❧t❛t✐♦♥ ❛✉ ❢♦♥❞✮ ♦✉ ❞❡ s✉s♣❡♥s✐♦♥ ✭♣♦rté ♣❛r ❧✬é❝♦✉❧❡✲
♠❡♥t ❞❛♥s ❧❛ ❝♦❧♦♥♥❡ ❞✬❡❛✉✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t
❡t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ♣❛rt✐❝✉❧❡s✳ ❉❡ ♥♦♠❜r❡✉s❡s ❢♦r♠✉❧❡s ♣❡r♠❡tt❛♥t ❞✬❡st✐♠❡r ❧❡ tr❛♥s♣♦rt
s♦❧✐❞❡✱ q✉❡ ❝❡ s♦✐t ♣❛r ❝❤❛rr✐❛❣❡ ✭❡①✳ ▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r ✭✶✾✹✽✮✮✱ s✉s♣❡♥s✐♦♥ ✭❡①✳ ❊♥❣❡❧✉♥❞
❛♥❞ ❍❛♥s❡♥ ✭✶✾✻✼✮✮ ♦✉ ♣❛r ❝❤❛rr✐❛❣❡ ❡t s✉s♣❡♥s✐♦♥ ✭❡①✳ ❱❛♥ ❘✐❥♥ ✭✶✾✽✾✮✮ ♦♥t été ♣r♦♣♦sé❡s ❞❛♥s
❧❛ ❧✐ttér❛t✉r❡✳

❉❛♥s ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡✱ s❡✉❧❡s ❧❡s ❢♦r♠✉❧❡s ♣❡r♠❡tt❛♥t ❞✬❡st✐♠❡r ❧❡ tr❛♥s♣♦rt ❞❡ ❧❛
❝❤❛r❣❡ ❞❡ ❢♦♥❞ s♦♥t ❛❜♦r❞é❡s✱ ét❛♥t ❞♦♥♥é q✉❡ ❧❡ ❝❤❛rr✐❛❣❡ ❡st ❧❡ ♠♦❞❡ ❞❡ tr❛♥s♣♦rt q✉✐ ✐♥❞✉✐t
❧❛ ♠❛❥♦r✐té ❞❡s é✈♦❧✉t✐♦♥s ♠♦r♣❤♦❧♦❣✐q✉❡s ❞✉ ❝♦✉rs ❞✬❡❛✉✳ ▲❛ ♣❧✉♣❛rt ❞❡ ❝❡s ❢♦r♠✉❧❡s s♦♥t s❡♠✐✲
❡♠♣✐r✐q✉❡s✱ r❡♣♦s❛♥t s✉r ✉♥❡ ❜❛s❡ t❤é♦r✐q✉❡ ♣❧✉s ♦✉ ♠♦✐♥s é❧❛❜♦ré❡✱ ❛✈❡❝ ❞❡s ♣❛r❛♠ètr❡s ❛❥✉stés
s✉r ✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✳ ❈❡s ❞♦♥♥é❡s ♣r♦✈✐❡♥♥❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ♠❡s✉r❡s ❞❡
tr❛♥s♣♦rt s♦❧✐❞❡ ❡✛❡❝t✉é❡s ❡♥ ❝❛♥❛❧ ❞❡ ❧❛❜♦r❛t♦✐r❡✱ ❛✈❡❝ ❞❡s é❝♦✉❧❡♠❡♥ts s❛t✐s❢❛✐s❛♥t ❧❛ ❝♦♥❞✐t✐♦♥
❞✬éq✉✐❧✐❜r❡ ✭♣❡♥t❡ st❛❜✐❧✐sé❡ ♣♦✉r ❞❡s ❞é❜✐ts s♦❧✐❞❡ ❡t ❧✐q✉✐❞❡ ❝♦♥st❛♥ts ❡♥ ❡♥tré❡✮✳ ❈❡s ❢♦r♠✉❧❡s
s❡♠✐✲❡♠♣✐r✐q✉❡s ét❛❜❧✐ss❡♥t ❣é♥ér❛❧❡♠❡♥t ✉♥❡ r❡❧❛t✐♦♥ ❡♥tr❡ ✉♥ ♣❛r❛♠ètr❡ ❝❛r❛❝tér✐s❛♥t ❧✬❤②❞r❛✉✲
❧✐q✉❡ ❡t ✉♥ ♣❛r❛♠ètr❡ ❝❛r❛❝tér✐s❛♥t ❧❡ tr❛♥s♣♦rt ❞❡ sé❞✐♠❡♥ts✱ ♣❡r♠❡tt❛♥t ❞✬❡st✐♠❡r ❧❛ ❝❛♣❛❝✐té
❞❡ tr❛♥s♣♦rt ❞✬✉♥ é❝♦✉❧❡♠❡♥t✳ ❙❡❧♦♥ ❧❡s ❛✉t❡✉rs✱ ❧✬❤②❞r❛✉❧✐q✉❡ ♣❡✉t êtr❡ ❝❛r❛❝tér✐sé❡ ♣❛r ❧❛ ♣✉✐s✲
s❛♥❝❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t w ✭❇❛❣♥♦❧❞✱ ✶✾✽✵✮✱ ❧❡ ❞é❜✐t s♣é❝✐✜q✉❡ q ✭❙❝❤♦❦❧✐ts❝❤✱ ✶✾✻✷❀ ❘✐❝❦❡♥♠❛♥♥✱
✶✾✾✵✮✱ ❧❡ ❞é❜✐t t♦t❛❧ Q ✭❈♦✉✈❡rt ❡t ❛❧✳✱ ✶✾✾✶❀ ▲❡❢♦rt✱ ✷✵✵✼✮ ♦✉✱ ❧❡ ♣❧✉s s♦✉✈❡♥t✱ ♣❛r ❧❡ ♣❛r❛♠ètr❡ ❞❡
❙❤✐❡❧❞s θ ✭❇r♦✇♥✱ ✶✾✺✵❀ ❊✐♥st❡✐♥✱ ✶✾✺✵❀ ❊♥❣❡❧✉♥❞ ❛♥❞ ❍❛♥s❡♥✱ ✶✾✻✼✮✳ ▲❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡
❡st ❣é♥ér❛❧❡♠❡♥t ❝❛r❛❝tér✐sé ♣❛r ❧❡ ❞é❜✐t s♦❧✐❞❡ ❛❞✐♠❡♥t✐♦♥♥❡❧ ❛♣♣❡❧é ♣❛r❛♠ètr❡ ❞✬❊✐♥st❡✐♥ Φb

q✉✐ s✬é❝r✐t ✿

Φb =
qsb

√

(

ρs

ρ − 1
)

gD3
50

= α (θ − θcr)
β ✭✶✳✶✸✮

❛✈❡❝ Φb ❧❡ ✢✉① sé❞✐♠❡♥t❛✐r❡ ♣❛r ❝❤❛rr✐❛❣❡ [−] ,qsb ❧❛ ✈❛❧❡✉r ❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞✉ ✢✉① ❞❡ tr❛♥s♣♦rt
[

m3/s/m
]

✳

▲❡s ❣r❛♥❞❡✉rs ♣❡r♠❡tt❛♥t ❞❡ ❝❛r❛❝tér✐s❡r ❧✬❤②❞r❛✉❧✐q✉❡ ❡t ❧❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ s♦♥t ❤❛✲
❜✐t✉❡❧❧❡♠❡♥t ❛❞✐♠❡♥s✐♦♥♥❛❧✐sé❡s✱ ❛✜♥ ❞❡ ré❞✉✐r❡ ❧❛ ❞✐s♣❡rs✐♦♥ ❞❡s rés✉❧t❛ts ❞✉❡ ❛✉① ❝♦♥❞✐t✐♦♥s
❡①♣ér✐♠❡♥t❛❧❡s ❡t ❞✬❛❥✉st❡r ❧❡s ♣♦✐♥ts s✉r ✉♥❡ r❡❧❛t✐♦♥ s✉♣♣♦sé❡ ✉♥✐q✉❡✳

■❧ ❡①✐st❡ ❞❡✉① ❣r❛♥❞❡s ❢❛♠✐❧❧❡s ❞✬éq✉❛t✐♦♥s ✭❋✐❣✉r❡ ✶✳✶✵✮ ✿ ❧❡s ❢♦r♠✉❧❡s à s❡✉✐❧s ❞❡ ❧❛ ❢♦r♠❡
Φ = f (θ − θcr) ❡t ❧❡s ❢♦r♠✉❧❡s s❛♥s s❡✉✐❧ ❞❡ ❧❛ ❢♦r♠❡ Φ = f (θ/θcr)✳

▲❡s ❢♦r♠✉❧❡s à s❡✉✐❧ ❝♦♥s✐❞èr❡♥t ✉♥ tr❛♥s♣♦rt ♥✉❧ ❧♦rsq✉❡ θ < θcr✱ ❝❡ q✉✐ ❧❡s r❡♥❞ très ❞é✲
♣❡♥❞❛♥t❡s ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞❡ θcr✳ ❊t❛♥t ❞♦♥♥é❡ ❧❛ ❣r❛♥❞❡ ❞✐✣❝✉❧té à ♠❡s✉r❡r✱ ✈♦✐r❡ ♠ê♠❡ à
❞é✜♥✐r ✉♥ s❡✉✐❧ ✭❝❢✳ ✶✳✷✳✷✮ ❞❡s ❢♦r♠✉❧❡s s❛♥s s❡✉✐❧✱ ♠♦✐♥s r❡str✐❝t✐✈❡✱ ♦♥t été ♣r♦♣♦sé❡s ✭P❛r❦❡r
❛♥❞ ❑❧✐♥❣❡♠❛♥✱ ✶✾✽✷❀ P❛r❦❡r ❡t ❛❧✳✱ ✶✾✽✷❀ ❲✐❧❝♦❝❦✱ ✷✵✵✶❀ ❲✐❧❝♦❝❦ ❛♥❞ ❈r♦✇❡✱ ✷✵✵✸✮✳ ❈❡s ❢♦r♠✉❧❡s
s❛♥s s❡✉✐❧ ❢♦♥t ✐♥t❡r✈❡♥✐r ❧❡ t❛✉① ❞❡ tr❛♥s♣♦rt θ/θcr✱ ♣❡r♠❡tt❛♥t ❞❡ ♣ré❞✐r❡ ✉♥ tr❛♥s♣♦rt✱ ♠ê♠❡
très ❢❛✐❜❧❡✱ ❧♦rsq✉❡ θ t❡♥❞ ✈❡rs ✵✱ ❝♦♠♠❡ ❧❡ s✉❣❣èr❡♥t ❞❡s ♦❜s❡r✈❛t✐♦♥s ❞❡ ❧❛❜♦r❛t♦✐r❡ ♣♦✉r ❞❡s
❣r❛♥✉❧♦♠étr✐❡s ét❡♥❞✉❡s ✭P❛✐♥t❛❧✱ ✶✾✼✶✮✳

✷✵







✶✳✸ ▼♦❞é❧✐s❛t✐♦♥ ♠♦r♣❤♦✲❞②♥❛♠✐q✉❡

▲❛ ❞é♠❛r❝❤❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❝♦♥s✐st❡ ❣é♥ér❛❧❡♠❡♥t ❡♥ ❧✬ét❛❜❧✐ss❡♠❡♥t ❞✬✉♥ ♠♦❞è❧❡ ♠❛t❤é♠❛✲
t✐q✉❡ r❡✢ét❛♥t ❧❛ ♣❡r❝❡♣t✐♦♥ ❞❡ ❧❛ ♣❤②s✐q✉❡✱ ♣✉✐s ❞❡ s❛ rés♦❧✉t✐♦♥ ❛♥❛❧②t✐q✉❡ ♦✉ ♥✉♠ér✐q✉❡✳
❯♥❡ ♠♦❞é❧✐s❛t✐♦♥ ✭♠❛t❤é♠❛t✐q✉❡ ♦✉ ♥✉♠ér✐q✉❡✮ ❞✬✉♥ s②stè♠❡ ♣❤②s✐q✉❡ ❡st ♥é❝❡ss❛✐r❡♠❡♥t ✉♥❡
s✐♠♣❧✐✜❝❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣❧❡①✐té ❞✉ ré❡❧✳ ▲❛ ❞é♠❛r❝❤❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❡st ❣é♥ér❛❧❡♠❡♥t ✉♥ ❝♦♠✲
♣r♦♠✐s ❡♥tr❡ ✭✶✮ ❧❡s ♦❜❥❡❝t✐❢s ❞❡ ♠♦❞é❧✐s❛t✐♦♥✱ ✭✷✮ ❧❡s ❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡s ❡t ✭✸✮ ❧❛ ❝♦♠♣❧❡①✐té ❞✉
♠♦❞è❧❡✳ ❈❡s tr❛✈❛✉① ❞❡ t❤ès❡ s✬✐♥s❝r✐✈❡♥t ❞❛♥s ✉♥❡ ✈♦❧♦♥té ❞❡ ♠✐s❡ ❡♥ ❝♦❤ér❡♥❝❡ ❞✬✉♥ ♠♦❞è❧❡
❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡ ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ♠✉❧t✐✲s♦✉r❝❡s ❞❡ t❡rr❛✐♥✳

▲❡s ♠♦❞è❧❡s ♥✉♠ér✐q✉❡s ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡s s♦♥t ❧❛r❣❡♠❡♥t ✉t✐❧✐sés ♣♦✉r ❞❡s ❛♣♣❧✐❝❛t✐♦♥s
❞✬✐♥❣é♥✐❡r✐❡ ❤②❞r❛✉❧✐q✉❡✳ P❛r♠✐ ❧❡s ♦✉t✐❧s ❡①✐st❛♥ts ♦♥ ♣❡✉t ❝✐t❡r ❧❡ ♠♦❞è❧❡ ✶❉ ❍❊❈✲❘❆❙ ✭❇r✉♥✲
♥❡r✱ ✷✵✶✵✮✱ ▼✐❦❡✲✷✶ ✭❲❛rr❡♥ ❛♥❞ ❇❛❝❤✱ ✶✾✾✷✮✱ ❉❡❧❢t✸❉ ✭▲❡ss❡r ❡t ❛❧✳✱ ✷✵✵✹✮✱ ❧❡ ♠♦❞è❧❡ ✷❉ ♦✉ ✸❉
❚❡❧❡♠❛❝✲❙✐s②♣❤❡ ✭❱✐❧❧❛r❡t ❡t ❛❧✳✱ ✷✵✶✸✮✳

▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡s tr❛✈❛✉① ♥é❝❡ss✐t❡ ❞❡ r❡♣rés❡♥t❡r ❧❛ ✈❛r✐❛❜✐❧✐té ❧♦♥❣✐t✉❞✐♥❛❧❡✱ ❧❛tér❛❧❡ ❡t t❡♠✲
♣♦r❡❧❧❡ ❞❡s é❝♦✉❧❡♠❡♥ts ✢✉✐❞❡s ❡t ❞❡s é✈♦❧✉t✐♦♥s ♠♦r♣❤♦❧♦❣✐q✉❡s ❛ss♦❝✐é❡s✳ ❆✐♥s✐✱ ✉♥ ♠♦❞è❧❡
❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡ ✷❉ ❡st ❧✬♦✉t✐❧ ❛♣♣r♦♣r✐é q✉✐ s❡r❛ ✉t✐❧✐sé ❞❛♥s ❝❡s tr❛✈❛✉①✳ ▲❡ ♠♦❞è❧❡ ♠❛t❤é✲
♠❛t✐q✉❡ ♣rés❡♥té ❞❛♥s ❝❡ q✉✐ s✉✐t✱ ❡st ❝❡❧✉✐ rés♦❧✉ ❞❛♥s ❚❡❧❡♠❛❝✷❉✲❙✐s②♣❤❡✳ ❈❡ ♠♦❞è❧❡ ♥✉♠ér✐q✉❡
❛ été ❝❤♦✐s✐ ♣♦✉r ❝❡s tr❛✈❛✉① ❝❛r ✐❧ ❡st très ✉t✐❧✐sé✱ ♣❡r❢♦r♠❛♥t ❡t r♦❜✉st❡✱ ♦♣❡♥ s♦✉r❝❡ ❡t ♠♦❞✐✜❛❜❧❡
✭❍❡r✈♦✉❡t✱ ✷✵✵✼✮✳ ❉❡ ♣❧✉s ✐❧ ♣❡r♠❡t ❞❡s ❝❛❧❝✉❧s ♣❛r❛❧❧è❧❡s ❡✣❝❛❝❡s s✉r ❞❡s ♠❛✐❧❧❛❣❡s ❝♦♥séq✉❡♥ts
❝❡ q✉✐ ♣❡r♠❡t ❞✬ét✉❞✐❡r ❞❡s ③♦♦♠s très ❞ét❛✐❧❧és ♦✉ ❡♥❝♦r❡ ❞❡s ❞♦♠❛✐♥❡s s♣❛t✐♦✲t❡♠♣♦r❡❧s r❡❧❛t✐✲
✈❡♠❡♥t ✐♠♣♦rt❛♥ts✳ ❯♥ ♠♦❞è❧❡ ❤②❞r❛✉❧✐q✉❡ ✶❉ ❛✈❡❝ ❧❡s ♦✉✈r❛❣❡s ❛ été ré❛❧✐sé ❛✈❡❝ ❍❊❈✲❘❆❙ s✉r
✉♥❡ ③♦♥❡ ❡♥❣❧♦❜❛♥t ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡✱ ❛✜♥ ❞✬❡st✐♠❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❧✐♠✐t❡s
❞✉ ♠♦❞è❧❡ ✷❉✳

✶✳✸✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❤②❞r❛✉❧✐q✉❡

▲✬❤②❞r❛✉❧✐q✉❡ ✢✉✈✐❛❧❡ ❡st ✉♥❡ ❞✐s❝✐♣❧✐♥❡ ❛♣♣❧✐q✉é❡ ❞❡ ❧❛ ♠é❝❛♥✐q✉❡ ❞❡s ✢✉✐❞❡s✱ q✉✐ ét✉❞✐❡ ❧❡
♠♦✉✈❡♠❡♥t ❞❡s ❧✐q✉✐❞❡s✳ ▲❡s ❧♦✐s ❞❡ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡t ❞✉ ♠♦♠❡♥t s♦♥t ♠✐s❡s ❡♥ ÷✉✈r❡
s✉r ✉♥ ✈♦❧✉♠❡ ❞❡ ❧✐q✉✐❞❡ ✭❤②♣♦t❤ès❡s ❞❡ ♠✐❧✐❡✉ ❝♦♥t✐♥✉✱ ✈♦✐r ❈❤❛ss❛✐♥❣ ✭✶✾✾✼✮✮✳ ❉❛♥s ❧❡s é❝♦✉❧❡✲
♠❡♥ts ❡♥ r✐✈✐èr❡✱ ❞✐✈❡rs ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ♦♥t ❧✐❡✉ à ❞❡ ♠✉❧t✐♣❧❡s é❝❤❡❧❧❡s✱ ❞❡ ❝❡❧❧❡ ❞❡ str✉❝t✉r❡s
t✉r❜✉❧❡♥t❡s très ❧♦❝❛❧✐sé❡s ❞❛♥s ❧❡s ❝♦✉❝❤❡s ❧✐♠✐t❡s ✭❡✳❣✳ ◆✐❦♦r❛ ❡t ❛❧✳ ✭✷✵✵✹✮✮ à ❞❡s ♣r♦♣❛❣❛t✐♦♥s
❞✬♦♥❞❡s à ♣❧✉s ❣r❛♥❞❡ é❝❤❡❧❧❡ ✭❡✳❣✳ ❉✐♥❣♠❛♥ ✭✷✵✵✾✮❀ ❚❤✉❛❧ ✭✷✵✶✵✮✮✳ ▲❡s ❞❡✉① ♣r✐♥❝✐♣❛❧❡s ❢♦r❝❡s à
❧✬÷✉✈r❡ ❞❛♥s ❧❡s é❝♦✉❧❡♠❡♥ts à s✉r❢❛❝❡ ❧✐❜r❡ s♦♥t ❧❡s ❢♦r❝❡s ❞❡ ❣r❛✈✐té ❡t ❞❡ ❝✐s❛✐❧❧❡♠❡♥t q✉✐ ♣r♦✲
✈✐❡♥♥❡♥t ❞❡ ❧❛ rés✐st❛♥❝❡ ♣❛r ❢r✐❝t✐♦♥ ❜❛s❛❧❡ ❛✈❡❝ ❧❡s ❡✛❡ts ✈✐sq✉❡✉① ❡t t✉r❜✉❧❡♥ts ❀ ✉♥❡ ❛✉tr❡ ❢♦r❝❡
❞❡ s✉r❢❛❝❡ ❡♥ ❥❡✉ ❡st ❧❛ ❢♦r❝❡ ❞❡ ♣r❡ss✐♦♥✳ ▲❛ ✈❛r✐❛❜✐❧✐té ❞❡s é❝♦✉❧❡♠❡♥ts à s✉r❢❛❝❡ ❧✐❜r❡ rés✉❧t❡
❞❡ ❧✬éq✉✐❧✐❜r❡ ❞❡s ❢♦r❝❡s ❡t ❞❡s ♠❛ss❡s q✉✐ s❡ r❡✢èt❡ ❞❛♥s ❧❡s ✈❛r✐❛❜✐❧✐tés ❞❡s ❝❤❛♠♣s ❞❡ ✈✐t❡ss❡
❡t ❞❛♥s ❧❡s ❞é❢♦r♠❛t✐♦♥s ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❡t ♣❡✉t êtr❡ ♣ré❞✐t❡ ♣❛r ❧❛ t❤é♦r✐❡ ❤②❞r❛✉❧✐q✉❡ ✭❝❢✳
❉✐♥❣♠❛♥ ✭✷✵✵✾✮❀ ❚❤✉❛❧ ✭✷✵✶✵✮❀ ❆♥❝❡② ✭✷✵✶✻✮✮✳ ▲❛ ❝♦♠♣❧❡①✐té ❞❡s é❝♦✉❧❡♠❡♥ts ❞❛♥s ✉♥ tr♦♥ç♦♥
❞❡ r✐✈✐èr❡ ♣❡✉t ✈❛r✐❡r ❡♥ ❢♦♥❝t✐♦♥ ❞❡s é❝❤❛♥❣❡s ❧❛tér❛✉①✱ ❞❡ ❧❛ ❢♦r♠❡ ❡t ❞❡ ❧❛ s✐♥✉♦s✐té ❞✉ ❝❤❡♥❛❧✱
❞❡s ♣❡♥t❡s✱ ❞❡s ❜❡r❣❡s ❡t ❞❡ ❧❛ r✉❣♦s✐té ❞✉ ❢♦♥❞✱ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ✈é❣ét❛t✐♦♥✱ ❞❡ ❝♦♥✢✉❡♥❝❡s
♦✉ ❞❡ ❞✐✤✉❡♥❝❡s✱ ♦✉ ❞❡ str✉❝t✉r❡s ❛rt✐✜❝✐❡❧❧❡s ❡♥ ❧✐❣♥❡ ✭♣♦♥ts✱ ❞é✈❡rs♦✐rs✱ ❜❛rr❛❣❡s✮ ♦✉ ❧❛tér❛❧❡s
✭❞é✈❡rs♦✐rs ❧❛tér❛✉①✱ ❞✐❣✉❡s✮ ✭❝❢✳ ●r❛❢ ❛♥❞ ❆❧t✐♥❛❦❛r ✭✷✵✵✵✮✮✳

▲❡s ♠♦❞è❧❡s ❤②❞r❛✉❧✐q✉❡s s♦♥t à ❜❛s❡ ♣❤②s✐q✉❡ ❡t ❞é♥♦♠♠❡♥t ✐❝✐ ❞❡s éq✉❛t✐♦♥s ❞✐✛ér❡♥t✐❡❧❧❡s
❞❡ ❜✐❧❛♥s ♣❡r♠❡tt❛♥t ❞❡ ❞é❝r✐r❡ ❧❡ ♠♦✉✈❡♠❡♥t ❞❡ ❧✬❡❛✉ ❞❛♥s ✉♥ é❝♦✉❧❡♠❡♥t à s✉r❢❛❝❡ ❧✐❜r❡✳ ■❧ ❡st
q✉❡st✐♦♥ ❞❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r ❙t♦❦❡s ✐♥❝♦♠♣r❡ss✐❜❧❡s ✭❝❢✳ ❈❤❛ss❛✐♥❣ ✭✶✾✾✼✮✮ ✐♥té❣ré❡s s✉r ❧❛
✈❡rt✐❝❛❧❡ ❡t s✐♠♣❧✐✜é❡s ❞❛♥s ❞✐✛ér❡♥t❡s ✈❡rs✐♦♥s ❞❡s éq✉❛t✐♦♥s ❞❡ ❇❛rré ❞❡ ❙❛✐♥t✲❱❡♥❛♥t✳

✷✸



▲❛ ✈✐s❝♦s✐té ❞❡ ❧✬❡❛✉ ❡t ❧❡s ❡✛❡ts ❞❡ ❝✐s❛✐❧❧❡♠❡♥t s♦♥t ❝❧❛ss✐q✉❡♠❡♥t ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❡s
♠♦❞è❧❡s ❤②❞r❛✉❧✐q✉❡s ❛✉ tr❛✈❡rs ❞✬✉♥ t❡r♠❡ ❞❡ ❢r✐❝t✐♦♥ ♣❛r✐ét❛❧❡✱ ❡①♣r✐♠é à ❧✬❛✐❞❡ ❞✬✉♥❡ ❧♦✐ ❡♠✲
♣✐r✐q✉❡ ét❛❜❧✐❡ à ♣❛rt✐r ❞❡ ♠❡s✉r❡ ❞✬é❝♦✉❧❡♠❡♥ts ✭❝❢✳ ❈❤♦✇ ✭✶✾✺✾✮❀ ❆♥❝❡② ✭✷✵✶✻✮✮✳ ▲❡s ♠♦❞è❧❡s
❤②❞r❛✉❧✐q✉❡s s♦♥t ♠é❝❛♥✐st❡s✱ ❞ét❡r♠✐♥✐st❡s✱ ❡t s♣❛t✐❛❧❡♠❡♥t ❞✐str✐❜✉és ✭❘♦✉① ✭✷✵✵✹✮✮✳ ❙❡❧♦♥ ❧❛
❝♦♠♣❧❡①✐té ❞❡s é❝♦✉❧❡♠❡♥t ét✉❞✐és ❡t ❧❡s ❞♦♥♥é❡s ❞✐s♣♦♥✐❜❧❡s✱ ❞❡s ♠♦❞è❧❡s ✶❉ ♦✉ ✷❉ s♦♥t ❝♦✉✲
r❛♠♠❡♥t ✉t✐❧✐sés✳

❊♥ ❡✛❡t✱ ❧❛ rés♦❧✉t✐♦♥ ❞✬✉♥ ♠♦❞è❧❡ ❤②❞r❛✉❧✐q✉❡ ♥é❝❡ss✐t❡ ❞❡s ❞♦♥♥é❡s ♣♦✉r ❞é❝r✐r❡ ❛ ♠✐♥✐♠❛ ❧❡s
♣❛r❛♠ètr❡s ❞❡ ❜❛t❤②♠étr✐❡ ❡t ❞❡ ❢r✐❝t✐♦♥ s✉r ❧❡ ❞♦♠❛✐♥❡ ❡t ❧❡s ❝♦♥❞✐t✐♦♥s ❛✉① ❜♦r❞s ❞✉ ❞♦♠❛✐♥❡✳
▲❡s ♠♦❞è❧❡s ♠❛t❤é♠❛t✐q✉❡s ❡t ♥✉♠ér✐q✉❡s ✶❉ ❡t ✷❉ ✉t✐❧✐sés ❞❛♥s ❝❡s tr❛✈❛✉① s♦♥t ♣rés❡♥tés
❝✐✲❛♣rès ❛✈❡❝ ❧❡s ♣r✐♥❝✐♣❛❧❡s ❤②♣♦t❤ès❡s s✉r ❧❡sq✉❡❧❧❡s ✐❧s r❡♣♦s❡♥t✳

✶✳✸✳✶✳✶ ▼♦❞è❧❡ ❙❛✐♥t✲❱❡♥❛♥t ✶❉

▲✬♦❜t❡♥t✐♦♥ ❞❡s éq✉❛t✐♦♥s ❞❡ ❙❛✐♥t✲❱❡♥❛♥t à ♣❛rt✐r ❞❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ❡st ♣❛r
❡①❡♠♣❧❡ ♣rés❡♥té❡ ❞❛♥s ❚❤✉❛❧ ✭✷✵✶✵✮ ♣♦✉r ✉♥ ❝❛♥❛❧ ❞❡ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ ❡t ♣♦✉r ✉♥❡ s❡❝✲
t✐♦♥ q✉❡❧❝♦♥q✉❡ ❞❛♥s ▼❛❧♦✉ ✭✷✵✷✷✮❀ P✉❥♦❧ ✭✷✵✷✷✮✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❤②♣♦t❤ès❡s s✐♠♣❧✐✜❝❛tr✐❝❡s
♣❡r♠❡tt❛♥t ❞✬♦❜t❡♥✐r ❧❡s éq✉❛t✐♦♥s ❞❡ ❙❛✐♥t✲❱❡♥❛♥t s♦♥t ✭❝❢✳ ❈❤♦✇ ✭✶✾✺✾✮❀ ❆♥❝❡② ✭✷✵✶✻✮✮ ✿

✶✳ ▲✬❛①❡ ❞✬é❝♦✉❧❡♠❡♥t ❡st q✉❛s✐ r❡❝t✐❧✐❣♥❡ ✲ ♣r♦✜❧ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❝✉r✈✐❧✐❣♥❡ ❞♦♥t ❧❡s ✈❛r✐❛t✐♦♥s
s♦♥t ❢❛✐❜❧❡s ✭r❛②♦♥ ❞❡ ❝♦✉r❜✉r❡ ❧♦❝❛❧ ❣r❛♥❞✮✳

✷✳ ▲✬é❝♦✉❧❡♠❡♥t ❞✬❡❛✉ ❡st q✉❛s✐ ♠♦♥♦❞✐♠❡♥s✐♦♥♥❡❧ ✲ ❧❛ ❝ôt❡ ❡t ❧❛ ✈✐t❡ss❡ s♦♥t ❝♦♥st❛♥ts ❞❛♥s
t♦✉t❡ s❡❝t✐♦♥ ♣❡r♣❡♥❞✐❝✉❧❛✐r❡ à ❧✬é❝♦✉❧❡♠❡♥t✳

✸✳ ▲❛ s❡❝t✐♦♥ ❞✬é❝♦✉❧❡♠❡♥t ❡t ❧❡s ❤❛✉t❡✉rs ❞✬❡❛✉ ✈❛r✐❡♥t ❞♦✉❝❡♠❡♥t ❡t ♣r♦❣r❡ss✐✈❡♠❡♥t s✉r
❞❡ ❝♦✉rt❡s ❞✐st❛♥❝❡s✳ ❖♥ ♣❛r❧❡ ❞❡ ré❣✐♠❡ ❣r❛❞✉❡❧❧❡♠❡♥t ✈❛r✐é ❛✉ss✐ ❛♣♣❡❧é ❛♣♣r♦①✐♠❛t✐♦♥
❞❡s ❣r❛♥❞❡s ❧♦♥❣✉❡✉rs ❞✬♦♥❞❡✳ ❉❛♥s ❝❡ ❝❛s✱ ❡♥ ✐♥tr♦❞✉✐s❛♥t ❞❡s é❝❤❡❧❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡
❤❛✉t❡✉r H0 ❡t ❞❡ ❧♦♥❣✉❡✉r L0 ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡✱ ❧❡ r❛♣♣♦rt ❞✬❛s♣❡❝t ϵ = H0/L0 ❡st s✉♣♣♦sé
♣❡t✐t ❞❡✈❛♥t ✶ ✭ϵ ≪ 1✮✳

✹✳ ▲❡s ❧✐❣♥❡s ❞❡ ❝♦✉r❛♥t ❛✉ s❡✐♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ♥❡ s✉❜✐ss❡♥t ♣❛s ❞❡ ❜✐❢✉r❝❛t✐♦♥ ❜r✉t❛❧❡✳

✺✳ ❊♥ ❝❛s ❞✬❛♣♣♦rt ✭r❡s♣✳ ♣❡rt❡✮ à ❧❛ ♣❛rt✐❡ ❞②♥❛♠✐q✉❡✱ ❧❛ ✈✐t❡ss❡ ❞✬✐♥❥❡❝t✐♦♥ ✭r❡s♣✳ ❢✉✐t❡✮ ❡st
é❣❛❧❡ à ❧❛ ✈✐t❡ss❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✭r❡s♣✳ ♥✉❧❧❡✮✳

✻✳ ▲❛ s✉r❢❛❝❡ ❞✬é❝♦✉❧❡♠❡♥t ❡①❡r❝❡ ✉♥❡ ❝♦♥tr❛✐♥t❡ ❞❡ ❢r♦tt❡♠❡♥t τp s✉r ❧❡ ❧✐t ❞❡ ❧❛ r✐✈✐èr❡
❝♦♥s✐❞éré ❝♦♠♠❡ ✜①❡ ✭♣❛s ❞✬ér♦s✐♦♥ ♥✐ ❞❡ ❞é♣ôt✮ ❡t ❞♦♥t ❧❛ r✉❣♦s✐té ❡st s✉♣♣♦sé❡ ✉♥✐❢♦r♠❡
❧❡ ❧♦♥❣ ❞✬✉♥ ❜✐❡❢✳

❖♥ ❝♦♥s✐❞èr❡ ✉♥❡ ♣♦rt✐♦♥ ❞❡ rés❡❛✉ ❤②❞r♦❣r❛♣❤✐q✉❡ ❞é❝r✐t❡ ♣❛r ❞❡s s❡❣♠❡♥ts ❝♦♥♥❡❝tés✱ ❡t ♦♥
♥♦t❡ t ∈ ]0, T ] ❧❡ t❡♠♣s ♣❤②s✐q✉❡ ❡t x ❧✬❛❜s❝✐ss❡ ❝✉r✈✐❧✐❣♥❡✳ ❙♦✐t A (x, t)

[

m2
]

❧❛ s❡❝t✐♦♥ ❡♥ tr❛✈❡rs
❞✬é❝♦✉❧❡♠❡♥t ❡t Q (x, t)

[

m3/s
]

❧❡ ❞é❜✐t t❡❧ q✉❡ Q = UA ❛✈❡❝ U (x, t) ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ [m/s]
s✉r ✉♥❡ s❡❝t✐♦♥ ❡♥ tr❛✈❡rs ❞✬é❝♦✉❧❡♠❡♥t✳ ❖♥ ❞é✜♥✐t ❧❡ ♥♦♠❜r❡ ❞❡ ❋r♦✉❞❡ ❡♥ s❡❝t✐♦♥ q✉❡❧❝♦♥q✉❡
Fr = U/c =

√

Q2W/gA3✱ ♦ù W ❡st ❧❛ ❧❛r❣❡✉r ❛✉ ♠✐r♦✐r✱ ❡t q✉✐ ❝♦♠♣❛r❡ ❧❛ ✈✐t❡ss❡ ❞✬é❝♦✉❧❡♠❡♥t
U à ❧❛ ❝é❧ér✐té c ❞❡s ♦♥❞❡s ❀ Fr2 ❝♦♠♣❛r❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❞✉ ✢✉✐❞❡ ❡♥ ♠♦✉✈❡♠❡♥t à ❧✬é♥❡r❣✐❡
♣♦t❡♥t✐❡❧❧❡ ❞❡ ❧❛ ♣❡s❛♥t❡✉r✳

✷✹



▲❡s éq✉❛t✐♦♥s ❞❡ ❙❛✐♥t✲❱❡♥❛♥t ✶❉ s♦✉s ❢♦r♠❡ ❝♦♥s❡r✈❛t✐✈❡ ❛✈❡❝ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❞✬✉♥❡ s❡❝t✐♦♥
✈❛r✐❛❜❧❡ A ❛✈❡❝ ❛♣♣♦rts ❧❛tér❛✉① s✬é❝r✐✈❡♥t

MSW1D :















∂A

∂t
+

∂Q

∂x
= ql

∂Q
∂t + ∂

∂x

(

Q2

A

)

= −gA
(

∂Z
∂x − Sf

)

+ Uδlql

(1) (2) (3) (4) (5)

✭✶✳✶✻✮

♦ù Z (x, t) ❡st ❧✬❛❧t✐t✉❞❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ ❡♥ [m] ❡t Z = (b+ h) ❛✈❡❝ b (x) ❧✬❛❧t✐t✉❞❡ ❞✉ ♣♦✐♥t
❧❡ ♣❧✉s ♣r♦❢♦♥❞ ❞✬✉♥❡ s❡❝t✐♦♥ ❡♥ tr❛✈❡rs ❡t h (x, t) ❧❛ ❤❛✉t❡✉r ❞✬❡❛✉ ❡♥[m]✱ g ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡
❧❛ ♣❡s❛♥t❡✉r ❡♥

[

m/s2
]

❡t ql (x, t) ❧❡ ❞é❜✐t ❧✐♥é✐q✉❡ ❧❛tér❛❧ ❞✬❛♣♣♦rt✴♣❡rt❡ ❡♥
[

m2/s
]

❡t δl = 1
s✐ ql > 0 s✐♥♦♥ δl = 0✳ ▲❡ t❡r♠❡ ❞❡ ❢r✐❝t✐♦♥ ❡st ❝❧❛ss✐q✉❡♠❡♥t ❡①♣r✐♠é ❛✈❡❝ ❧❛ ❧♦✐ ❞❡ ▼❛♥♥✐♥❣✲
❙tr✐❝❦❧❡r ét❛❜❧✐❡ ❡♠♣✐r✐q✉❡♠❡♥t ♣♦✉r ❞❡s é❝♦✉❧❡♠❡♥ts ✉♥✐❢♦r♠❡s ❡t q✉✐ s✬é❝r✐t ✿

Sf =
|Q|Q

K2A2R
4/3
h

✭✶✳✶✼✮

❛✈❡❝ K ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❙tr✐❝❦❧❡r ❡♥
[

m1/3/s
]

✱ Rh (x, t) = A/Ph ❧❡ r❛②♦♥ ❤②❞r❛✉❧✐q✉❡ ❡t Ph (x, t)
❧❡ ♣ér✐♠ètr❡ ♠♦✉✐❧❧é ❡♥[m]✳

▲❡s ❝✐♥q t❡r♠❡s ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t s♦♥t ❧❡s t❡r♠❡s ✐♥❡rt✐❡❧s✱ ✐✳❡✳✭✶✮ ❧✬❛❝✲
❝é❧ér❛t✐♦♥ ❧♦❝❛❧❡ ❡t ✭✷✮ ❧✬❛❝❝é❧ér❛t✐♦♥ ❝♦♥✈❡❝t✐✈❡✱ ♣✉✐s ✭✸✮ ❧❡ ❣r❛❞✐❡♥t ❞❡ ♣r❡ss✐♦♥✱ ✭✹✮ ❧❡ t❡r♠❡
s♦✉r❝❡ ❞❡ ❢r✐❝t✐♦♥ ❡t ✭✺✮ ❧❡ t❡r♠❡ s♦✉r❝❡ ❞✬é❝❤❛♥❣❡ ❞❡ ♠♦♠❡♥t ❞û ❛✉① é❝❤❛♥❣❡s ❧❛tér❛✉① ❀ ❧❡✉r
✐♠♣♦rt❛♥❝❡ r❡❧❛t✐✈❡ ✈❛r✐❡ ♥♦t❛♠♠❡♥t s❡❧♦♥ ❧❡s ré❣✐♠❡s ❞✬é❝♦✉❧❡♠❡♥t ❡t ♣❡✉✈❡♥t êtr❡ ét✉❞✐és ✈✐❛
✉♥❡ ❛❞✐♠❡♥s✐♦♥♥❛❧✐s❛t✐♦♥ ❞❡s éq✉❛t✐♦♥s ✭❝❢✳ ❉✐♥❣♠❛♥ ✭✷✵✵✾✮❀ ❚❤✉❛❧ ✭✷✵✶✵✮❀ ▼❛❧♦✉ ✭✷✵✷✷✮✮✳

❆✜♥ ❞✬♦❜t❡♥✐r ✉♥ ♣r♦❜❧è♠❡ ❜✐❡♥ ♣♦sé✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬❛❥♦✉t❡r ❞❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❡t
❛✉① ❧✐♠✐t❡s ♣♦✉r ❧❡s ✈❛r✐❛❜❧❡s ❞✬é❝♦✉❧❡♠❡♥t✳ ❊♥ ❣é♥ér❛❧ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞✬✐♠♣♦s❡r ✉♥❡ ♦✉ ❞❡s
sér✐❡s t❡♠♣♦r❡❧❧❡s ❞❡ ❞é❜✐t ❛✉ ♣♦✐♥ts ❞✬✐♥❥❡❝t✐♦♥ ❛♠♦♥t✭s✮ ❡t é✈❡♥t✉❡❧❧❡♠❡♥t ❧❛tér❛✉①✱ Qin (t) ❡t
ql,d (t)✱ d ∈ [1..Nd] r❡s♣❡❝t✐✈❡♠❡♥t ❛✉① ♣♦✐♥ts ❞✬✐♥❥❡❝t✐♦♥ à ❛♠♦♥t✭s✮ ❡t ❧❛tér❛✉①✳ ❖♥ ❞é✜♥✐t ❧❡
♥♦♠❜r❡ ❞❡ ❋r♦✉❞❡ ❡♥ s❡❝t✐♦♥ q✉❡❧❝♦♥q✉❡ F = U/c =

√

Q2W/gA3✱ ♦ù W ❡st ❧❛ ❧❛r❣❡✉r ❛✉ ♠✐✲
r♦✐r✱ ❡t q✉✐ ❝♦♠♣❛r❡ ❧❛ ✈✐t❡ss❡ ❞✬é❝♦✉❧❡♠❡♥t U à ❧❛ ❝é❧ér✐té c ❞❡s ♦♥❞❡s ❀ F2 ❝♦♠♣❛r❡ ❧✬é♥❡r❣✐❡
❝✐♥ét✐q✉❡ ❞✉ ✢✉✐❞❡ ❡♥ ♠♦✉✈❡♠❡♥t à ❧✬é♥❡r❣✐❡ ♣♦t❡♥t✐❡❧❧❡ ❞❡ ❧❛ ♣❡s❛♥t❡✉r✳ ❯♥❡ ❝♦♥❞✐t✐♦♥ ❧✐♠✐t❡
❛✈❛❧ s✉r ❧❛ ❤❛✉t❡✉r ❞✬❡❛✉ ♥♦té❡ hav(t) s✉✣t ♣♦✉r ❧❡s é❝♦✉❧❡♠❡♥ts ❡♥ ré❣✐♠❡ ✢✉✈✐❛❧ ✭F < 1✮✱ ❡st
♥é❝❡ss❛✐r❡ à ❧✬❛♠♦♥t ♣♦✉r ❧❡s é❝♦✉❧❡♠❡♥ts t♦rr❡♥t✐❡❧s✳ ▲❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s s♦♥t ❝❧❛ss✐q✉❡♠❡♥t
❞é✜♥✐❡s à ♣❛rt✐r ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞✉ ♠♦❞è❧❡ ❡♥ ré❣✐♠❡ st❛t✐♦♥♥❛✐r❡ ❛♣♣❡❧é❡ ❝♦✉r❜❡ ❞❡ r❡♠♦✉s ♦✉
Z0 (x) = Z (Qin (t0) , ql,1..Nd

(t0) , hav (t0))✳

❉❛♥s ❝❡ tr❛✈❛✐❧ ❧❡ ♠♦❞è❧❡ ♥✉♠ér✐q✉❡ ❍❊❈✲❘❆❙ ❛ été ✉t✐❧✐sé✱ ❡♥ ♣❛rt✐❝✉❧✐❡r s♦♥ s♦❧✈❡✉r ♣❡r✲
♠❛♥❡♥t q✉✐ rés♦✉t ✉♥❡ éq✉❛t✐♦♥ ❞❡ ❝❤❛r❣❡ ♣❛r ✈❡✐♥❡ ❞✬é❝♦✉❧❡♠❡♥t✱ ❧✐t ♠✐♥❡✉r ❡t ❧✐ts ♠❛❥❡✉rs ♣❛r
❡①❡♠♣❧❡ ✭❇r✉♥♥❡r✱ ✷✵✶✵✮✳

✷✺



✶✳✸✳✶✳✷ ▼♦❞è❧❡ s❤❛❧❧♦✇ ✇❛t❡r ✷❉

▲❡ ♠♦❞è❧❡ ❤②❞r❛✉❧✐q✉❡ ✷❉ ♣rés❡♥té ✐❝✐ ❡st ❝❡❧✉✐ rés♦❧✉ ❞❛♥s ❚❡❧❡♠❛❝✷❉✲❙✐s②♣❤❡ ✭❍❡r✈♦✉❡t✱ ✷✵✵✼❀
❱✐❧❧❛r❡t ❡t ❛❧✳✱ ✷✵✶✸✮ q✉✐ ❡st ✉t✐❧✐sé ❞❛♥s ❝❡s tr❛✈❛✉①✳

❖♥ ❝♦♥s✐❞èr❡ ✉♥ ❞♦♠❛✐♥❡ ❞❡ r✐✈✐èr❡ ✷❉✱ t ∈ ]0, T ] ❧❡ t❡♠♣s ♣❤②s✐q✉❡✱ ❡t ✉♥ r❡♣èr❡ ❝❛rtés✐❡♥
✷❉ ♦ù ❧❡s ❝♦♦r❞♦♥♥é❡s s♦♥t ♥♦té❡s x ❡t y✳ ▲❡s éq✉❛t✐♦♥s ✷❉ s❤❛❧❧♦✇ ✇❛t❡r ✭❙❲✮ ❛✈❡❝ ♣r✐s❡ ❡♥
❝♦♠♣t❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ s✬é❝r✐✈❡♥t ❞❛♥s ❧❡✉r ❢♦r♠❡ ❝♦♥s❡r✈❛t✐✈❡ ✿

∂h

∂t
+

∂✭hu)
∂x

+
∂✭hv)
∂y

= 0 ✭✶✳✶✽✮

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= −g

∂Zs

∂x
+

τx
h

+
1

h
div(hν.grad(u)) ✭✶✳✶✾✮

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
= −g

∂Zs

∂y
+

τy
h

+
1

h
div(hν.grad(v)) ✭✶✳✷✵✮

♦ù h ❡st ❧❛ ❤❛✉t❡✉r ❞✬❡❛✉ [m]✱ u = (u, v)
T ❡st ❧❡ ✈❡❝t❡✉r ✈✐t❡ss❡ ✷❉ ♠♦②❡♥♥é s✉r ❧❛ ✈❡rt✐❝❛❧❡

[m/s] ❛✈❡❝ u ❧❛ ❝♦♠♣♦s❛♥t❡ s❡❧♦♥ x ❡t v ❧❛ ❝♦♠♣♦s❛♥t❡ s❡❧♦♥ y ✱ g ❡st ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ❣r❛✈✐té
[

m/s2
]

✱ Zs ❡st ❧✬❛❧t✐t✉❞❡ ❞❡ ❧❛ s✉r❢❛❝❡ ❧✐❜r❡ [m]✱ t ❡st ❧❡ t❡♠♣s [s]✱ x ❡t y s♦♥t ❧❡s ❝♦♦r❞♦♥♥é❡s
s♣❛t✐❛❧❡s ❤♦r✐③♦♥t❛❧❡s [m]✱ ν ❡st ❧❛ ✈✐s❝♦s✐té t✉r❜✉❧❡♥t❡ ♠♦②❡♥♥é❡ s✉r ❧❛ ✈❡rt✐❝❛❧❡

[

m2/s
]

❡t τx
✭r❡s♣✳ τy✮ ❡st ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❜❛s❛❧

[

N/m2
]

s❡❧♦♥ x ✭r❡s♣✳ y✮✳
▲❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❜❛s❛❧❡ t♦t❛❧❡ s✬é❝r✐t ❛❧♦rs

τb =
√

τ2x + τ2y =

√

(

1

2
ρCfu2

)

+

(

1

2
ρCfv2

)

✭✶✳✷✶✮

❛✈❡❝ ρ ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞❡ ❧✬❡❛✉
[

kg/m3
]

❡t Cf ✉♥ ❝♦❡✣❝✐❡♥t ❞❡ ❢r✐❝t✐♦♥ ❛❞✐♠❡♥s✐♦♥♥❡❧ t❡❧
q✉❡ ✿

Cf =
2g

K2
sh

1/3
✭✶✳✷✷✮

❛✈❡❝ Ks (x, y) ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❙tr✐❝❦❧❡r
[

m1/3/s
]

q✉✐ r❡q✉✐❡rt ❣é♥ér❛❧❡♠❡♥t ✉♥ ❝❛❧❛❣❡ à ♣❛rt✐r
❞✬♦❜s❡r✈❛t✐♦♥s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ❈❡ ❝♦❡✣❝✐❡♥t ❞❡ ❢r♦tt❡♠❡♥t ❤②❞r❛✉❧✐q✉❡ ❡st ❝♦♥s✐❞éré ❝♦♠♠❡
s♣❛t✐❛❧✐sé✱ ❝❡ q✉✐ ❡st ❛❜♦r❞❛❜❧❡ ❛✈❡❝ ♥♦tr❡ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞❡♥s❡✱ ❛✜♥ ❞❡ ❝♦♠♣❡♥s❡r ✜♥❡♠❡♥t ❧❡s
❡rr❡✉rs ❡♥tr❡ ❧❡s ❞♦♥♥é❡s ❡t ❧❡ ♠♦❞è❧❡✳

✶✳✸✳✷ ▼♦❞é❧✐s❛t✐♦♥ ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡

▲❡ ♠♦❞è❧❡ ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡ ♣rés❡♥té ✐❝✐ ❡st ❝❡❧✉✐ rés♦❧✉ ❞❛♥s ❚❡❧❡♠❛❝✷❉✲❙✐s②♣❤❡ ✭❍❡r✈♦✉❡t✱
✷✵✵✼❀ ❱✐❧❧❛r❡t ❡t ❛❧✳✱ ✷✵✶✸✮ q✉✐ ❡st ✉t✐❧✐sé ❞❛♥s ❝❡s tr❛✈❛✉①✳

▲❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t t♦t❛❧❡ τb ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❤②❞r♦❞②♥❛♠✐q✉❡
✷❉ ❡st ❝♦rr✐❣é❡✱ à ❧✬❛✐❞❡ ❞✬✉♥ ❢❛❝t❡✉r µ✱ ♣♦✉r ♦❜t❡♥✐r ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❞❡ ♣❡❛✉ ✭♦✉
❞❡ ❣r❛✐♥✱ ❝❢✳ s❡❝t✐♦♥ ✶✳✷✳✶✱ ❊q✉❛t✐♦♥ ✶✳✹✮✱ q✉✐ ❡st ❧❛ s❡✉❧❡ ❝♦♠♣♦s❛♥t❡ ❛❣✐ss❛♥t s✉r ❧❡ tr❛♥s♣♦rt ❞❡
sé❞✐♠❡♥ts✳

τ ′ = µτb ✭✶✳✷✸✮

♦ù ❧❡ ❢❛❝t❡✉r ❞❡ ❝♦rr❡❝t✐♦♥ µ = C✬f/Cf ❝♦rr❡s♣♦♥❞ ❛✉ r❛♣♣♦rt ❡♥tr❡ ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❢r✐❝t✐♦♥ Cf

✐ss✉ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❤②❞r♦❞②♥❛♠✐q✉❡ ✭❊q✉❛t✐♦♥ ✶✳✷✷✮ ❡t ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❢r✐❝t✐♦♥ C ′
f ❞û à ❧❛

❢r✐❝t✐♦♥ ❞❡ ♣❡❛✉ q✉✐ s✬é❝r✐t ✿

✷✻



C ′
f = 2

(

κ

log(12h/h′

s)

)2

✭✶✳✷✹✮

♦ù κ ❡st ❧❛ ❝♦♥st❛♥t❡ ❞❡ ✈♦♥ ❑ár♠á♥✱ h ❧❛ ❤❛✉t❡✉r ❞✬❡❛✉ ❡t h
′

s ❧❛ ❧♦♥❣✉❡✉r ❞❡ r✉❣♦s✐té ✭♠✮ ❞é✜♥✐❡
♣❛r ✿

h
′

s = αh′

s
D50 ✭✶✳✷✺✮

❛✈❡❝ αh′

s
✉♥ ♣❛r❛♠ètr❡ à ❝❛❧❡r ✭✸ ♣❛r ❞é❢❛✉t ❀ ❚❛ss✐ ❛♥❞ ❱✐❧❧❛r❡t ✭✷✵✶✹✮✮ ❡t D50❧❡ ❞✐❛♠ètr❡ ♠é❞✐❛♥

❞❡s sé❞✐♠❡♥ts✳
❙✉♣♣♦s♦♥s ✉♥❡ ❞✐s❝rét✐s❛t✐♦♥ ❡♥K ❝❧❛ss❡s ❞❡ ❧❛ ❝♦✉r❜❡ ❣r❛♥✉❧♦♠étr✐q✉❡ t❡❧ q✉❡Dk ∈ [D′

k, D
′
k+1]

❡st ❧❛ ♠♦②❡♥♥❡ ❧♦❣❛r✐t❤♠✐q✉❡ ❞❡s ❞✐❛♠ètr❡s ❝♦♠♣r✐s ❡♥tr❡ ❧❡s ❜♦r♥❡s D′
k etD

′
k+1 ❞❡ ❧❛ ❝❧❛ss❡

k ∈ 1..K ❀ ♦♥ ♥♦t❡ pk ❧❛ ♣r♦♣♦rt✐♦♥ ✈♦❧✉♠✐q✉❡ ❞❡ ❝❤❛q✉❡ ❝❧❛ss❡ ❞❛♥s ❧❛ ❝♦✉❝❤❡ ❛❝t✐✈❡✳
▲❡ tr❛♥s♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ❡st ❝❛❧❝✉❧é ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ ❞❡ ❙❤✐❡❧❞s θk ❡st✐♠é

♣♦✉r ❧❛ ❝❧❛ss❡ k q✉✐ s✬é❝r✐t ✿

θk =
τ ′

(ρs − ρ)gDk
✭✶✳✷✻✮

❛✈❡❝ τ ′ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❞❡ ♣❡❛✉ ✭♦✉ ❞❡ ❣r❛✐♥✮ ❞♦♥♥é❡ ♣❛r ❧✬éq✉❛t✐♦♥ ✶✳✷✸✱ ρ ❡t ρs s♦♥t r❡s♣❡❝t✐✈❡✲
♠❡♥t ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞✉ ✢✉✐❞❡ ❡t ❞❡s sé❞✐♠❡♥ts✱ g ❡st ❧✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧❛ ❣r❛✈✐té✱ D ❡st ❧❡
❞✐❛♠ètr❡ r❡♣rés❡♥t❛t✐❢ ❞❡ ❧❛ ❝❧❛ss❡ k✳

▲❡ t❛✉① ❞❡ tr❛♥s♣♦rt ❛❞✐♠❡♥s✐♦♥♥❡❧ ✐♥❞✉✐t ♣❛r ❧✬é❝♦✉❧❡♠❡♥t✱ ♥♦té Φb,k ❡st ❝❛❧❝✉❧é ♣♦✉r ❝❤❛q✉❡
❝❧❛ss❡ ❞❡ t❛✐❧❧❡ k à ❧✬❛✐❞❡ ❞✬✉♥❡ ❢♦r♠✉❧❡ ❞❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡✱ ❞♦♥t ❧✬✉♥❡ ❞❡s ♣❧✉s ❝♦✉r❛♠♠❡♥t
✉t✐❧✐sé❡s ❡st ❝❡❧❧❡ ♣r♦♣♦sé❡ ♣❛r ▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r ✭✶✾✹✽✮ ✿

Φb,k = αMPMpk(θk − θcr,k)
βMPM ✭✶✳✷✼✮

♦ù Φb,k ❡st ❧❡ t❛✉① ❞❡ tr❛♥s♣♦rt ❛❞✐♠❡♥s✐♦♥♥❡❧✱ ❞❡ ❧❛ ❝❧❛ss❡ ❞❡ t❛✐❧❧❡ k✱ αMPM ❡t βMPM s♦♥t
❧❡s ❝♦❡✣❝✐❡♥ts ❡♠♣✐r✐q✉❡s ❞❡ ▼P▼✱ pk ❡st ❧❛ ❢r❛❝t✐♦♥ ❞❡ ❧❛ ❝❧❛ss❡ k ❞✐s♣♦♥✐❜❧❡ ❞❛♥s ❧❛ ❝♦✉❝❤❡
❛❝t✐✈❡✱ θk ❡st ❧❡ ♣❛r❛♠ètr❡ ❞❡ ❙❤✐❡❧❞s ♣♦✉r ❧❛ ❝❧❛ss❡ k ❡t θcr,k ❡st ❧❡ ♣❛r❛♠ètr❡ ❞❡ ❙❤✐❡❧❞s ❝r✐t✐q✉❡
♣♦✉r ❧❛ ❝❧❛ss k✳

▲❡ t❛✉① ❞❡ tr❛♥s♣♦rt ❛❞✐♠❡♥s✐♦♥♥❡❧ qb
[

m2/s
]

♣❛r ✉♥✐té ❞❡ ❧❛r❣❡✉r s❛♥s ♣♦r❡s✱ ❡st ❝❛❧❝✉❧é
❝♦♠♠❡ ✿

qb,k = Φb,k

√

(

ρs
ρ

− 1

)

gD3
k ✭✶✳✷✽✮

♦ù Φb ❡st ❧❡ t❛✉① ❞❡ tr❛♥s♣♦rt ❛❞✐♠❡♥s✐♦♥♥❡❧ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞✳
▲❡ t❛✉① ❞❡ tr❛♥s♣♦rt t♦t❛❧ qt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ♣❛r ✉♥✐té ❞❡ ❧❛r❣❡✉r ❡st ❝❛❧❝✉❧é ❡♥ s♦♠♠❛♥t

❧❡s qb,k ♣♦♥❞érés ♣❛r ❧❡s pk

qt =
∑

pkqb,k ✭✶✳✷✾✮

▲✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬é❧é✈❛t✐♦♥ ❞✉ ❧✐t Zb ❡st ✜♥❛❧❡♠❡♥t ❝❛❧❝✉❧é❡ ❡♥ ✉t✐❧✐s❛♥t ❧✬éq✉❛t✐♦♥ ❞✬❊①♥❡r ♣♦✉r
❧❛ ❝♦♥t✐♥✉✐té sé❞✐♠❡♥t❛✐r❡ q✉✐ ❞é❝r✐t ❧❛ ❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ❡♥tr❡ ❧❡s sé❞✐♠❡♥ts ❞❛♥s ❧❡ ❧✐t
❡t ❧❡s sé❞✐♠❡♥ts tr❛♥s♣♦rtés ✿

(1− λ)
∂Zb

∂t
+∇.qt = 0

♦ù λ ❡st ❧❛ ♣♦r♦s✐té ❞✉ ❧✐t✱ t ❡st ❧❡ t❡♠♣s✳

✷✼



✶✳✹ ❖❜❥❡❝t✐❢s ❡t ❞é♠❛r❝❤❡ s❝✐❡♥t✐✜q✉❡

▲✬♦❜❥❡❝t✐❢ ❣é♥ér❛❧ ❞❡ ❝❡tt❡ t❤ès❡ ❡st ❞✬❛♠é❧✐♦r❡r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ tr❛♥s♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡
❢♦♥❞ ❡t ❞❡s é✈♦❧✉t✐♦♥s ♠♦r♣❤♦❞②♥❛♠✐q✉❡s ❞✬✉♥❡ ♣♦rt✐♦♥ ❞✬✉♥❡ ❣r❛♥❞❡ r✐✈✐èr❡ à ♠é❛♥❞r❡s ❞✐✲
✈❛❣❛♥ts✱ ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ❛ss♦❝✐és✱ ❛✐♥s✐ q✉✬à ❛♠é❧✐♦r❡r ❧❡✉r r❡♣rés❡♥t❛t✐♦♥ ♥✉♠ér✐q✉❡✱
❞❛♥s ❧✬♦♣t✐q✉❡ ❞✬✉♥ ❛♣♣✉✐ à ❧❛ ❣❡st✐♦♥ ❞❡ ❧❛ ♠♦❜✐❧✐té ❧❛tér❛❧❡ ❞❡s ❝♦✉rs ❞✬❡❛✉ ❡♥ ❣é♥ér❛❧✱ ❡t ❞❡ ❧❛
▼♦s❡❧❧❡ s❛✉✈❛❣❡ ❡♥ ♣❛rt✐❝✉❧✐❡r✱ ✉♥❡ r✐✈✐èr❡ à ❢♦rts ❡♥❥❡✉①✳

▲❡ s✐t❡ ❞❡ ❧❛ ✏▼♦s❡❧❧❡ s❛✉✈❛❣❡✑✱ ❞❡r♥✐❡r tr♦♥ç♦♥ à ❢♦rt❡ ♠♦❜✐❧✐té ❧❛tér❛❧❡ ❞❡ ❣r❛♥❞❡ r✐✈✐èr❡ ❞✉
♥♦r❞✲❡st ❞❡ ❧❛ ❋r❛♥❝❡✱ ♦✛r❡ ✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❞✬é✈♦❧✉t✐♦♥s ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡s ❡t ❞❡ ♣r♦❝❡ss✉s
♣❤②s✐q✉❡s ❛ss♦❝✐és✳ ❇✐❡♥ q✉❡ ❝❡tt❡ ♣♦rt✐♦♥ ❞❡ ❧❛ ▼♦s❡❧❧❡ ♥✬❛✐t ♣❛s ❝♦♥♥✉ ❞✬❛❝t✐♦♥s ❛♥t❤r♦♣✐q✉❡s
❞✐r❡❝t❡s ❧♦✉r❞❡s✱ s❡s é✈♦❧✉t✐♦♥s ♠♦r♣❤♦❧♦❣✐q✉❡s s♦♥t ✐♥✢✉❡♥❝é❡s ♣❛r ❞❡s ❛❝t✐♦♥s ♠❡♥é❡s ❡♥ ❛♠♦♥t
❡t ❡♥ ❛✈❛❧ ❞✉ s❡❝t❡✉r ét✉❞✐é✱ ♠❛✐s ❛✉ss✐ ♣❛r ❞❡s ✢✉❝t✉❛t✐♦♥s ❝❧✐♠❛t✐q✉❡s s✉r ❧❡s t❡♠♣s ♣❧✉s ❧♦♥❣s
✭♣❧✉s✐❡✉rs ❞é❝❡♥♥✐❡s à s✐è❝❧❡s✮✳ ❆✜♥ ❞❡ ♣♦✉✈♦✐r ❡st✐♠❡r ❧❛ tr❛❥❡❝t♦✐r❡ t❡♠♣♦r❡❧❧❡ ❞❡s ré❛❥✉st❡♠❡♥ts
♠♦r♣❤♦❧♦❣✐q✉❡s ❞❡ ❝❡tt❡ ♣♦rt✐♦♥ ❞❡ ❝♦✉rs ❞✬❡❛✉✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ✭✶✮ ❞✬❛♣♣ré❤❡♥❞❡r ✜♥❡♠❡♥t ❧❛
❝♦♠♣ré❤❡♥s✐♦♥ ♣❤②s✐q✉❡ ❞❡s ♣r♦❝❡ss✉s ❡t ✭✷✮ ❞❡ s✉✐✈r❡ ❧❡✉r é✈♦❧✉t✐♦♥ ❞❛♥s ❧❡ t❡♠♣s ❡t ❧✬❡s♣❛❝❡✳

▲❡s ♣r♦❝❡ss✉s ❡♥ ❥❡✉ s♦♥t ❝♦♠♣❧❡①❡s✱ ❝♦✉♣❧és✱ ❛✈❡❝ ✉♥❡ ❢♦rt❡ ✈❛r✐❛❜✐❧✐té s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡✳
❆ ✉♥❡ é❝❤❡❧❧❡ ❧♦❝❛❧❡ ✭s❡❝t✐♦♥ ❡♥ tr❛✈❡rs✮✱ ❝❡tt❡ ❝♦♠♣❧❡①✐té ❡st ❢♦rt❡♠❡♥t ❧✐é❡ ❛✉① ✐♥t❡r❛❝t✐♦♥s
✢✉✐❞❡✲❣r❛✐♥ ❞❛♥s ❞❡s é❝♦✉❧❡♠❡♥ts à s✉r❢❛❝❡ ❧✐❜r❡ t✉r❜✉❧❡♥ts✱ ❝❡ q✉✐ r❡st❡ ❞✐✣❝✐❧❡ à ♠❡s✉r❡r ❡t
r❡♣rés❡♥t❡r✳ ❈❡tt❡ ❝♦♠♣❧❡①✐té ❡st ❛❝❝❡♥t✉é❡ à ❧✬é❝❤❡❧❧❡ ❞✉ tr♦♥ç♦♥ ❞❡ r✐✈✐èr❡✱ ❛✈❡❝ ✉♥❡ ❣r❛♥✉❧♦♠é✲
tr✐❡ ❡t ❞❡s ❢❛❝✐ès ♠♦r♣❤♦❞②♥❛♠✐q✉❡s ❤étér♦❣è♥❡s✱ s♦✉♠✐s ❛✉① ✈❛r✐❛t✐♦♥s ♠été♦✲❤②❞r♦❧♦❣✐q✉❡s ❡t
❞❡ ❢♦✉r♥✐t✉r❡ sé❞✐♠❡♥t❛✐r❡✳ ❯♥❡ ❛♣♣r♦❝❤❡ ♣❛r é❝❤❡❧❧❡s s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡s ❡♠❜♦îté❡s s✬❛✈èr❡ ❞♦♥❝
✐♥❞✐s♣❡♥s❛❜❧❡✳

❉❡ ♣❧✉s✱ ❧✬♦❜s❡r✈❛❜✐❧✐té s✉r ❧❡ t❡rr❛✐♥ ét❛♥t ❧✐♠✐té❡✱ ❡t ❞é♣❡♥❞❛♥t❡ ❞❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ❡t
t❡♠♣♦r❡❧❧❡s✱ ❧❡ r❡❝♦✉rs à ❞❡s ♠♦❞é❧✐s❛t✐♦♥s ❞❡ ❝♦♠♣❧❡①✐té ❛❞❛♣té❡ à ❧❛ ♣❤②s✐q✉❡ ❡t ❛✉① ♦❜❥❡❝t✐❢s✱
❛✐♥s✐ q✉✬❛✉ ❝♦♥t❡♥✉ ✐♥❢♦r♠❛t✐❢ ❞❡s ❞♦♥♥é❡s✱ ❡st ✐♥❞✐s♣❡♥s❛❜❧❡✳ ◆♦✉s ❛✈♦♥s ❛✐♥s✐ ❞é✈❡❧♦♣♣é ✉♥❡
❛♣♣r♦❝❤❡ ✐♥♥♦✈❛♥t❡ ❝♦♠❜✐♥❛♥t ❞❡s ♠❡s✉r❡s ✐♥ s✐t✉ ✈❛r✐é❡s✱ ❞❡♥s❡s ❡t ❝♦♠♣❧é♠❡♥t❛✐r❡s ✭❜❛sé❡ s✉r
❞❡s ♠❡s✉r❡s ♣♦♥❝t✉❡❧❧❡s ❞✐str✐❜✉é❡s ❞❛♥s ❧❡ t❡♠♣s ❡t ❧✬❡s♣❛❝❡ ❞✬♦r❞r❡ ❤②❞r❛✉❧✐q✉❡s✱ ♠♦r♣❤♦❧♦✲
❣✐q✉❡s ❡t sé❞✐♠❡♥t❛✐r❡s✮✱ ❛✈❡❝ ❞❡s ♠♦❞é❧✐s❛t✐♦♥s ✷❉ ❤②❞r❛✉❧✐q✉❡s ❡t ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡s✳

▲❡s ♦❜❥❡❝t✐❢s s♣é❝✐✜q✉❡s ❞❡ ❧❛ t❤ès❡ ❝♦♥❝❡r♥❡♥t ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❝r✉❝✐❛✉①
♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ tr❛♥s♣♦rt s♦❧✐❞❡ ❡t ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ❢♦r♠❡s ✢✉✈✐❛❧❡s✱ ❞❡♣✉✐s ❧❛ ♠✐s❡
❡♥ ♠♦✉✈❡♠❡♥t ❞✉ sé❞✐♠❡♥t ❥✉sq✉✬à ❧✬❡✛❡t ❞❡s ♣r♦❝❡ss✉s ❝♦✉♣❧és s✉r ❧❛ ♠♦r♣❤♦❧♦❣✐❡ ❞✉ ❧✐t ✢✉✈✐❛❧✳
P❧✉s ♣ré❝✐sé♠❡♥t✱ ❝❡❧❛ ♥♦✉s ❛ ❝♦♥❞✉✐t à ♣r♦❝é❞❡r ♣❛r ét❛♣❡s ❡♥ ❝❤❡r❝❤❛♥t à ❡st✐♠❡r ✿

✶✳ ❧❡s ❝♦♥tr❛✐♥t❡s ❝r✐t✐q✉❡s ❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ❀

✷✳ ❧❡s ✢✉① s♦❧✐❞❡s ♣♦♥❝t✉❡❧s ✭s❡❝t✐♦♥ ❡♥ tr❛✈❡rs✮ ❡t à ❧✬é❝❤❡❧❧❡ ❞✬✉♥❡ ❝r✉❡ ❀

✸✳ ❧❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ ♠✉❧t✐✲❝❧❛ss❡s à ❧✬é❝❤❡❧❧❡ ❞✉ tr♦♥ç♦♥ ❀

✹✳ ❧❡s é✈♦❧✉t✐♦♥s ♠♦r♣❤♦❞②♥❛♠✐q✉❡s ❞❛♥s ✉♥❡ ♣❡rs♣❡❝t✐✈❡ ❞✬❛✐❞❡ à ❧❛ ❣❡st✐♦♥✳

✷✽







❈❤❛♣✐tr❡ ✷

Prés❡♥t❛t✐♦♥ ❡t é✈♦❧✉t✐♦♥s ♠♦r♣❤♦❧♦❣✐q✉❡s

❞❡ ❧❛ ▼♦s❡❧❧❡

❯♥❡ ♣rés❡♥t❛t✐♦♥ ❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❞❛♥s s♦♥ ❜❛ss✐♥ ✈❡rs❛♥t ❡st ❡✛❡❝t✉é❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✳ ■❧
s✬✐♥tér❡ss❡ ❛✉① ❝❛r❛❝tér✐st✐q✉❡s ♣❤②s✐q✉❡s ❡t à ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❤②❞r♦❧♦❣✐q✉❡ ❞✉ ❜❛ss✐♥✱ ♣✉✐s à
✉♥❡ ❛♥❛❧②s❡ ❤✐st♦r✐q✉❡ ❞❡s ❛❝t✐♦♥s ❛♥t❤r♦♣✐q✉❡s ❡♥tr❡♣r✐s❡♥t ❞❛♥s ❧❛ ✈❛❧❧é❡ ❞❡ ❧❛ ▼♦s❡❧❧❡✱ ❡t ❡♥✜♥
❛✉① ❝♦♥séq✉❡♥❝❡s s✉r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡ ❞✉ ❝♦✉rs ❞✬❡❛✉ ❡♥ ♣❛rt✐❝✉❧✐❡r s✉r
❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❙❛✉✈❛❣❡✳

✷✳✶ ❈❛r❛❝tér✐st✐q✉❡s t♦♣♦❣r❛♣❤✐q✉❡s ❡t ❣é♦❧♦❣✐q✉❡s ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t

✷✳✶✳✶ ❉❛♥s ❧❡ ♠❛ss✐❢ ❞❡s ❱♦s❣❡s

▲❡ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛ ▼♦s❡❧❧❡ ✭❋✐❣✉r❡ ✷✳✶✮ s❡ ♣❛rt❛❣❡ ❡♥tr❡ ❧❡ ♠❛ss✐❢ ♠♦♥t❛❣♥❡✉① ❞❡s ❱♦s❣❡s
❡t ❧❡ ♣❧❛t❡❛✉ ❧♦rr❛✐♥✱ ❞♦♥t ❧❛ ❧✐♠✐t❡ s❡ ♠❛tér✐❛❧✐s❡ ♣❛r ❧❡ ❤♦rst ❞✬❊♣✐♥❛❧✳ ▲❡ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛
▼♦s❡❧❧❡ s✉♣ér✐❡✉r❡ ✭1215km2✮ ❡st très r❛♠❛ssé ❡t s❡ s✉❜❞✐✈✐s❡ ❡♥ ♣❧✉s✐❡✉rs s♦✉s✲❜❛ss✐♥s ❱♦s❣✐❡♥s
très ❝♦♠♣❛❝ts ✿ ❧❛ ▼♦s❡❧♦tt❡ ✭352km2✮ ❡t ❧❛ ❱♦❧♦❣♥❡ ✭369km2✮ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ▲❛
▼♦s❡❧❧❡ ♣r❡♥❞ s❛ s♦✉r❝❡ ❛✉ ❈♦❧ ❞❡ ❇✉ss❛♥❣ à 1226m ❞✬❛❧t✐t✉❞❡ ❡t ❞r❛✐♥❡ ❧✬❡♥s❡♠❜❧❡ ❞✉ ✈❡rs❛♥t
♦❝❝✐❞❡♥t❛❧ ❞❡s ❱♦s❣❡s ❞✉ ❙✉❞ ❡♥tr❡ ❧❡ ❍♦❤♥❡❝❦ ✭1362m✮ ❡t ❧❡ ❜❛❧❧♦♥ ❞✬❆❧s❛❝❡ ✭1247m✮ ✭▼❛✐r❡
❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳

▲❡ ▼❛ss✐❢ ❞❡s ❱♦s❣❡s ✭❋✐❣✉r❡ ✷✳✷✮ s❡ ❝♦♠♣♦s❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞❡ r♦❝❤❡s ❞✉r❡s✱ ❝r✐st❛❧❧✐♥❡s
✭❣r❛♥✐t❡s✮ ♦✉ ♠ét❛♠♦r♣❤✐q✉❡s ✭❣♥❡✐ss✮ ♣r♦✈❡♥❛♥t ❞✉ s♦❝❧❡ ❤❡r❝②♥✐❡♥✳ ❈❡s r♦❝❤❡s ✐♠♣❡r♠é❛❜❧❡s
❛✤❡✉r❡♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ❛✉① ❛❧t✐t✉❞❡s ❧❡s ♣❧✉s é❧❡✈é❡s ❡t ❝♦♥st✐t✉❡♥t ❧❡s tr♦✐s✲q✉❛rt ❞❡ ❧❛ s✉r❢❛❝❡
❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❛♠♦♥t ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ❆ ♣❧✉s ❜❛ss❡s ❛❧t✐t✉❞❡s✱ ♦♥ r❡tr♦✉✈❡
❞❡s ❛✤❡✉r❡♠❡♥ts ❞❡ ❢♦r♠❛t✐♦♥s ❣rés❡✉s❡s ✐ss✉❡s ❞❡ ❧✬ér♦s✐♦♥ ❞✉ s♦❝❧❡ ✭❚r✐❛s✮ ❡t ❞❡s ❢♦r♠❛t✐♦♥s
❣❧❛❝✐❛✐r❡s ✭◗✉❛t❡r♥❛✐r❡✮ q✉✐ ♦❝❝✉♣❡♥t ❧❡s ✢❛♥❝s ❡t ❧❡s ❢♦♥❞s ❞❡ ✈❛❧❧é❡s ✭❘❡♠②✱ ✷✵✵✾✮✳ ▲❡ ♣r♦✜❧ ❡♥
❧♦♥❣ ❞❡ ❧❛ ▼♦s❡❧❧❡ ✭❋✐❣✉r❡ ✷✳✸✮ s❡ ❝❛r❛❝tér✐s❡ ♣❛r ✉♥❡ ♣❡♥t❡ ❞✬❡♥✈✐r♦♥ 10% à ❧✬❡①tré♠✐té ❛♠♦♥t✱
q✉✐ ❞✐♠✐♥✉❡ r❛♣✐❞❡♠❡♥t à 2% à ♣r♦①✐♠✐té ❞❡ ❚❤✐❧❧♦t✱ ♣♦✉r ❛tt❡✐♥❞r❡ ✉♥❡ ✈❛❧❡✉r ❞❡ 0, 4% ❛✉ ♥✐✈❡❛✉
❞❡ ❘❡♠✐r❡♠♦♥t ✭❆❊❘▼✱ ✶✾✾✷✮✳ ▲❛ ♣ré❞♦♠✐♥❛♥❝❡ ❞❡s r♦❝❤❡s ✐♠♣❡r♠é❛❜❧❡s ❞❛♥s ❧❡s s❡❝t❡✉rs à
❢♦rt❡ ♣❡♥t❡ ❝♦♥tr✐❜✉❡ ❛✐♥s✐ à ❧❛ ❣é♥ér❛t✐♦♥ ❞✬é❝♦✉❧❡♠❡♥ts ❛❜♦♥❞❛♥ts ❡t à ❧❡✉r ♣r♦♣❛❣❛t✐♦♥ r❛♣✐❞❡
❥✉sq✉✬à ❊♣✐♥❛❧ ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ▲❛ ♣❤②s✐♦❣r❛♣❤✐❡ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t t❡♥❞ à ❛♠♣❧✐✜❡r
❝❡ ♣❤é♥♦♠è♥❡✱ ❡♥ ❢❛✈♦r✐s❛♥t ❧❛ ❝♦♥❝♦♠✐t❛♥❝❡ ❞❡s ♣✐❝s ❞❡ ❝r✉❡s ❝❡ q✉✐ ♣❡✉t ❝♦♥❞✉✐r❡ à ❧❛ ❢♦r♠❛t✐♦♥
❞✬♦♥❞❡s ❞❡ ❝r✉❡s très ♣✉✐ss❛♥t❡s ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳

✸✶



❋✐❣✉r❡ ✷✳✶ ✿ ❚♦♣♦❣r❛♣❤✐❡ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ❛♠♦♥t ❞❡ ❚♦♥♥♦②

✷✳✶✳✷ ▲❡ ♣❧❛t❡❛✉ ❧♦rr❛✐♥

❆ ❧✬❛✈❛❧ ❞✬❊♣✐♥❛❧✱ ❧❛ ▼♦s❡❧❧❡ s✬❡♥❝❛✐ss❡ ❞❛♥s ❧❡ ♣❧❛t❡❛✉ ❧♦rr❛✐♥ q✉✐ s❡ s✐t✉❡ ❡♥ ♣ér✐♣❤ér✐❡ ❞❡
❧✬❊st ❞✉ ❇❛ss✐♥ ♣❛r✐s✐❡♥ ❡♥tr❡ 300m ❡t 400m ❞✬❛❧t✐t✉❞❡ ✭❋✐❣✉r❡ ✷✳✶✮✳ ▲❡ ❝♦✉rs ❞✬❡❛✉ ❞r❛✐♥❡
✉♥❡ ✈❛❧❧é❡ ❞♦♥t ❧❡s ✈❡rs❛♥ts ♦♥t ✉♥❡ ❝❡♥t❛✐♥❡ ❞❡ ♠ètr❡s ❞❡ ❤❛✉t❡✉r✳ ▲❛ ♣❡♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧❡
♠♦②❡♥♥❡ ❡st ❞❡ 1, 7❻ ❡t ❡st ❛❧✐♠❡♥té❡ ♣❛r ♣❧✉s✐❡✉rs ❛✤✉❡♥ts ✿ ❧✬❊✉r♦♥ ✭147km2✮✱ ❧❡ ❉✉r❜✐♦♥
✭145km2✮ ❡t ❧✬❆✈✐èr❡ ✭116km2✮ ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ▲❡ s✉❜str❛t✉♠✱ ❞✉ ❙❡❝♦♥❞❛✐r❡✱
s❡ ❝♦♠♣♦s❡ ❞✬✉♥❡ s✉♣❡r♣♦s✐t✐♦♥ ❞❡ ❝♦✉❝❤❡s sé❞✐♠❡♥t❛✐r❡s✱ à ❢❛✐❜❧❡ ♣❡♥❞❛❣❡ ✈❡rs ❧❡ ◆♦r❞✲❖✉❡st✱
❞♦♥t ❧❛ ❧✐t❤♦❧♦❣✐❡ ❡st ❡ss❡♥t✐❡❧❧❡♠❡♥t ❝❛❧❝❛✐r❡ ❡t ♠❛r♥❡✉s❡ ✭❋✐❣✉r❡ ✷✳✷✮✳ ▲❛ ❧❛r❣❡✉r ❞❡ ❧❛ ✈❛❧❧é❡
✈❛r✐❡ s❡❧♦♥ ❧❛ ♥❛t✉r❡ ❞✉ s✉❜str❛t✉♠ ❡♥❝❛✐ss❛♥t✱ ❞❡ 400m ❞❛♥s ❧❛ tr❛✈❡rsé❡ ❞❡s r♦❝❤❡s ❝❛❧❝❛✐r❡s à
2500m ❛✉ ♥✐✈❡❛✉ ❞❡s ✈❡rs❛♥ts ♠❛r♥❡✉① ♦✉ ❛r❣✐❧❡✉① ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳

✸✷



❋✐❣✉r❡ ✷✳✷ ✿ ❈❛rt❡ ❣é♦❧♦❣✐q✉❡ s✐♠♣❧✐✜é❡ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ❛♠♦♥t ❞❡ ❚♦♥♥♦②

P❧✉s✐❡✉rs ♥✐✈❡❛✉① ❞❡ t❡rr❛ss❡s s✬✐♥s❝r✐✈❡♥t ❞❛♥s ❧❛ ✈❛❧❧é❡✱ ❧❡s t❡rr❛ss❡s ❧❡s ♣❧✉s é❧❡✈é❡s s♦♥t
❛ttr✐❜✉é❡s ❛✉ ▼✐♥❞❡❧ ✭50 à 100m✮ ❡t ❧❡s ♣❧✉s ❜❛ss❡s ❛✉ ❲ür♠ ✭5 ❡t 20m✮ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱
✶✾✾✶✮✳ ▲❡ r❡❜♦r❞ ❞❡ ❝❡s t❡rr❛✐♥s ✢✉✈✐❛t✐❧❡s ♦✉ ✢✉✈✐♦❣❧❛❝✐❛✐r❡s ❞❛tés ❞✉ ◗✉❛t❡r♥❛✐r❡ ❡st ❝❡♣❡♥❞❛♥t
r❛r❡♠❡♥t ❡♥ ❝♦♥t❛❝t ❛✈❡❝ ❧❡ ❧✐t ♠❛❥❡✉r ❡t ♣r♦❝✉r❡ ❞♦♥❝ très ♣❡✉ ❞❡ ♠❛tér✐❛✉① à ❧❛ r✐✈✐èr❡✳ ▲❛
❢♦✉r♥✐t✉r❡ sé❞✐♠❡♥t❛✐r❡ ❞✉ ❝♦✉rs ❞✬❡❛✉ s❡ ❢❛✐t ♣r✐♥❝✐♣❛❧❡♠❡♥t ♣❛r r❡♠❛♥✐❡♠❡♥t ❞❡s sé❞✐♠❡♥ts ❞✉
❢♦♥❞ ❛❧❧✉✈✐❛❧ ❤♦❧♦❝è♥❡ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❈❡t ❤ér✐t❛❣❡ ✢✉✈✐❛❧ ❝♦♥st✐t✉❡ ✉♥ r✉❜❛♥ ❝♦♥t✐♥✉
❞✬❛❧❧✉✈✐♦♥s✱ ❞✬✉♥❡ é♣❛✐ss❡✉r ❞❡ 3 à 5m✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❝♦♠♣♦sé ❞❡ s❛❜❧❡s ❡t ❞❡ ❣❛❧❡ts✱ ❛②❛♥t été
❝❤❛rr✐és ♣❛r ❧❛ ▼♦s❡❧❧❡ ❞❡♣✉✐s ❧❡s ❱♦s❣❡s✳ ❊♥ ❢♦♥❝t✐♦♥ ❞❡s s❡❝t❡✉rs✱ ❧❡s ♠❛tér✐❛✉① r❡❞✐str✐❜✉és
♣r♦✈✐❡♥♥❡♥t s♦✐t ❞❡ ❧✬✐♥❝✐s✐♦♥ ❞✉ ❝♦✉rs ❞✬❡❛✉✱ ❞❡ ❧❛ r❡♣r✐s❡ ❞❡ ❜❛♥❝s ❛❧❧✉✈✐❛✉① ♦✉ ❞✉ r❡❝✉❧ ❞❡
❜❡r❣❡ ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳ ▲❛ ▼♦s❡❧❧❡ ♣♦ssè❞❡ ✉♥❡ ❞②♥❛♠✐q✉❡ ❞❡ ❧✐t à ❢♦♥❞ ♠♦❜✐❧❡
❛ss❡③ ❛❝t✐✈❡✱ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s ♦s❝✐❧❧❛t✐♦♥s ❞✉ tr❛❝é ❞✉ ❧✐t ♠✐♥❡✉r ❡st ✐❞❡♥t✐q✉❡ à ❧❛ ❧❛r❣❡✉r ❞✉
❝♦✉rs ❞✬❡❛✉ ✭❝♦❡✣❝✐❡♥t ❞❡ s✐♥✉♦s✐té ❞❡ 1, 16✮✳ ❈❡tt❡ ❞②♥❛♠✐q✉❡ ♥❛t✉r❡❧❧❡ ♣❡✉t ❝❡♣❡♥❞❛♥t êtr❡
❧♦❝❛❧❡♠❡♥t ✐♥✢✉❡♥❝é❡ ♣❛r ❧✬♦ss❛t✉r❡ r♦❝❤❡✉s❡ ❞❡ ❧❛ ✈❛❧❧é❡ ✭❛✤❡✉r❡♠❡♥ts ♦✉ ❜✉té❡✮✱ ❛✐♥s✐ ❞✬❛♣rès
▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡ ✭✶✾✾✶✮ 90% ❞✉ ❧✐♥é❛✐r❡ ❡♥tr❡ ❊♣✐♥❛❧ ❡t ▼éré✈✐❧❧❡ ❡st ❧✐é❡ à ❝❡tt❡ str✉❝t✉r❛t✐♦♥✳
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✷✳✶✳✸ ▲❡ tr♦♥ç♦♥ ❞✬ét✉❞❡

❉❛♥s ♥♦tr❡ s❡❝t❡✉r ❞✬ét✉❞❡ ✭❋✐❣✉r❡ ✷✳✷✮✱ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡ ❧❛ ✈❛❧❧é❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ s❡ s✐♥❣✉❧❛r✐s❡
♣❛r ❧✬é❧❛r❣✐ss❡♠❡♥t ❞✉ ❢♦♥❞ ❛❧❧✉✈✐❛❧❡ ✭2000 − 2200m ❡♥tr❡ ❙♦❝♦✉rt ❡t ❱✐r❡❝♦✉rt✮ ❡t ❧✬❛✉❣♠❡♥t❛✲
t✐♦♥ ❞❡ ❧✬é♣❛✐ss❡✉r ❞✬❛❧❧✉✈✐♦♥s ✭8 à 10m ❞❡ ❞é♣ôts s❛❜❧♦✲❣r❛✈❡❧❡✉①✮ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶❀
❈❛r❝❛✉❞✱ ✶✾✾✷✮✳ ❙✉r ❧❛ ♣❛rt✐❡ ❛♠♦♥t ❞✉ ❧✐♥é❛✐r❡ ✭❋✐❣✉r❡ ✷✳✹✮✱ ❧❡ ❧✐t ♠✐♥❡✉r ❞❡ ❧❛ ▼♦s❡❧❧❡ s❡ ❧♦❝❛✲
❧✐s❡ ❡ss❡♥t✐❡❧❧❡♠❡♥t ❞✉ ❝ôté ❣❛✉❝❤❡ ❞❡ ❧❛ ♣❧❛✐♥❡ ❞✬✐♥♦♥❞❛t✐♦♥ ✭❈❤❛r♠❡s à ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs✮✱
t❛♥❞✐s q✉❡ s✉r ❧❛ ♣❛rt✐❡ ❛✈❛❧ ❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡✱ ❧❛ r✐✈✐èr❡ ✈✐❡♥t ❛✉ ❝♦♥t❛❝t ❞✉ t❛❧✉s r♦❝❤❡✉① s✐t✉é
à ❞r♦✐t❡ ❞✉ ❧✐t ♠❛❥❡✉r ✭❱✐r❡❝♦✉rt à ❇❛②♦♥✮✳ ❈❡tt❡ ❞✐s♣♦s✐t✐♦♥ ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡ ❞✬❛❝❝♦♠♣❛❣♥❡r
❡t ❞✬❛♠♣❧✐✜❡r ❧❡ ❜❛❧❛♥❝❡♠❡♥t ❣é♥ér❛❧ ❞✉ tr❛❝é ❡♥ ✏❙✏ ❞❡ ❧❛ ✈❛❧❧é❡ q✉✐ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❧✐é à ❞❡s
❝❛✉s❡s t❡❝t♦♥✐q✉❡s ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳

❋✐❣✉r❡ ✷✳✸ ✿ Pr♦✜❧ ❡♥ ❧♦♥❣ ❞❡ ❧❛ ▼♦s❡❧❧❡✱ ❞✬❛♣rès ❆❊❘▼ ✭✶✾✾✷✮

❙✉r ❝❡ tr♦♥ç♦♥ ❞❡ 12km ❞❡ ❧♦♥❣ ✭❋✐❣✉r❡ ✷✳✹✮✱ ❧❛ ▼♦s❡❧❧❡ ♣♦ssè❞❡ ✉♥❡ ♣❡♥t❡ ❞✬❡♥✈✐r♦♥ 1, 2❻✱
✉♥❡ ❧❛r❣❡✉r ♠♦②❡♥♥❡ ❞❡ 60m ❡t ✉♥❡ ♣✉✐ss❛♥❝❡ s♣é❝✐✜q✉❡ ❞❡ ❧✬♦r❞r❡ ❞❡ 45W/m2 ❛✈❡❝ ❞❡s ✈❛r✐❛t✐♦♥s
❧♦❝❛❧❡s ♣❧✉s ♦✉ ♠♦✐♥s ✐♠♣♦rt❛♥t❡s ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✶✻✮✳ ▲❡ tr❛❝é ❞❡ ❝❡ ❝♦✉rs ❞✬❡❛✉ ❝♦✉rs
❞❡ ♠♦②❡♥♥❡ é♥❡r❣✐❡ ❡st ❣❧♦❜❛❧❡♠❡♥t très s✐♥✉❡✉① ✭✐♥❞✐❝❡ ❞❡ s✐♥✉♦s✐té ♠♦②❡♥ ❞❡ 1, 37✮✱ ♠❛✐s
❝♦♠♣♦rt❡ ❧♦❝❛❧❡♠❡♥t ❞❡s tr♦♥ç♦♥s ♣♦✉✈❛♥t êtr❡ r❡❝t✐❧✐❣♥❡s ✭❱✐r❡❝♦✉rt ❀ 1, 01✮✱ s✐♥✉❡✉① ✭❇❛✐♥✈✐❧❧❡✲
❛✉①✲♠✐r♦✐rs ❀ 1, 11✮ ♦✉ ♠é❛♥❞r✐❢♦r♠❡s ✭▼❛♥❣♦♥✈✐❧❧❡ ❀ 1, 72✮✳ ❈❡tt❡ ❞✐s♣❛r✐té s♣❛t✐❛❧❡ s✬❡①♣❧✐q✉❡
❡♥ ♣❛rt✐❡ ♣❛r ❧❛ ♣rés❡♥❝❡ ❞❡ ❢❛❝t❡✉rs str✉❝t✉r❛✉①✳ ❊♥ ❡✛❡t✱ ❞✬❛♣rès ❈❤❛r❞♦♥ ✭✷✵✶✹✮✱ 20% ❞❡
❧❛ s✐♥✉♦s✐té ❞✉ ❧✐t ♠✐♥❡✉r ❡st ✐♥❞é♣❡♥❞❛♥t❡ ❞❡s s❡✉❧❡s ❝♦♥❞✐t✐♦♥s ❛❝t✉❡❧❧❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ▲❡
♣❛ss❛❣❡ ❞✬✉♥ ✈❡rs❛♥t à ❧✬❛✉tr❡ s❡ ❢❛✐t ❡♥tr❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs ❡t ❱✐r❡❝♦✉rt ❛✉ ♥✐✈❡❛✉ ❞✬✉♥
✉♥✐q✉❡ ❣r❛♥❞ ✏tr❛✈❡rs✑✱ ❞♦♥t ❧❡ tr❛❝é ❣é♥ér❛❧ ❞✉ ❧✐t s✬♦r✐❡♥t❡ ♦❜❧✐q✉❡♠❡♥t ❞❛♥s ❧❛ ✈❛❧❧é❡ ✭▼❛✐r❡
❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❙✉r ❝❡ tr♦♥ç♦♥ ❛✛r❛♥❝❤✐ ❞✬✐♥❝✐❞❡♥❝❡s str✉❝t✉r❛❧❡s✱ ❧❡ tr❛❝é ❞❡ ❧❛ ▼♦s❡❧❧❡
s✬♦r❞♦♥♥❡ ❡♥ tr❛✐♥ ❞❡ ♠é❛♥❞r❡s ✭❧♦♥❣✉❡✉r ❞✬♦♥❞❡ 900 − 1000m✱ ❛♠♣❧✐t✉❞❡ 400 − 700m✱ ✐♥❞✐❝❡
❞❡ s✐♥✉♦s✐té 1, 72✮ é✈♦❧✉❛♥t ♣❛r ♠✐❣r❛t✐♦♥ ♣r♦❣r❡ss✐✈❡ ✈❡rs ❧✬❛✈❛❧ ❡t r❡❝♦✉♣❡♠❡♥t ♥❛t✉r❡❧ ♣❛r
❞é❜♦r❞❡♠❡♥t✳ ❈❡tt❡ ❞②♥❛♠✐q✉❡ ❧❛tér❛❧❡ ❛❝t✐✈❡ ❡st ❛♠♣❧✐✜é❡ ♣❛r ✉♥❡ ❢❛✐❜❧❡ ❝♦❤és✐♦♥ ❞❡s ❛❧❧✉✈✐♦♥s
❞❡s ❜❡r❣❡s✱ ❞♦♥t ❧❛ ❣r❛♥✉❧♦♠étr✐❡ ❞é❝r♦ît ❞✬❛♠♦♥t ❡♥ ❛✈❛❧✱ ♣❛ss❛♥t ❞✬✉♥ D50 ❞❡ 20 à 15mm ❡t
❞✬✉♥ D90 ❞❡ 60 à 50mm ❡♥tr❡ ❈❤❛r♠❡s ❡t ❇❛②♦♥ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❈❡s ♠❛tér✐❛✉①
❝♦♥st✐t✉❡♥t ❧✬❡ss❡♥t✐❡❧ ❞❡s sé❞✐♠❡♥ts ❣r♦ss✐❡rs ❞❡s ❜❛♥❝s ❡t ❞❡s r❛❞✐❡rs✳ ▲❛ ♣rés❡♥❝❡ ❞❡ ❜❛♥❝s ✈✐❢s
✐♥❞✐q✉❡ ♣❛r ❛✐❧❧❡✉rs q✉❡ ❝❡s ❞é♣ôts ♣❡✉✈❡♥t ❢❛❝✐❧❡♠❡♥t êtr❡ ♠✐s ❡♥ ♠♦✉✈❡♠❡♥t ❧♦rs ❞❡ ❝r✉❡s✳ ❯♥❡
♣❡♥t❡ r❡❧❛t✐✈❡♠❡♥t ♠❛rq✉é❡ ❡t ✉♥❡ ❞②♥❛♠✐q✉❡ ❞❡ ❧✐t à ❢♦♥❞ ♠♦❜✐❧❡ s♦♥t ❛✉t❛♥t ❞❡ ❝❛r❛❝tér✐st✐q✉❡s
❞✬✉♥ ❝♦✉rs ❞✬❡❛✉ ❞❡ ♣✐é♠♦♥t ✭❆❊❘▼✱ ✶✾✾✽✮✳
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❋✐❣✉r❡ ✷✳✹ ✿ ▲✐♥é❛✐r❡ ❞✬ét✉❞❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥tr❡ ❈❤❛r♠❡s ❡t ❇❛②♦♥

✷✳✷ ❈❛r❛❝tér✐st✐q✉❡s ❤②❞r♦❧♦❣✐q✉❡s ❞❡ ❧❛ ▼♦s❡❧❧❡

✷✳✷✳✶ ❘é❣✐♠❡ ❤②❞r♦❧♦❣✐q✉❡ ❞❡ ❧❛ ▼♦s❡❧❧❡

▲❡ rés❡❛✉ ❞✬✐s♦❤②èt❡s ♠♦②❡♥♥❡s ✭❋✐❣✉r❡ ✷✳✺✮ ré❛❧✐sé à ♣❛rt✐r ❞❡ sér✐❡s ♣❧✉✈✐♦♠étr✐q✉❡s ❞✬✉♥❡
♣ér✐♦❞❡ ❞❡ 19 ❛♥s ✭✶✾✼✶✲✶✾✾✵✮ ♠♦♥tr❡ ✉♥❡ ❢♦rt❡ ❞✐st♦rs✐♦♥ s♣❛t✐❛❧❡ ❞❡s ❛♣♣♦rts ❡♥ ❡❛✉ à ❧✬é❝❤❡❧❧❡
❞✉ ❜❛ss✐♥ ✈❡rs❛♥t✳ ▲❡s ♣ré❝✐♣✐t❛t✐♦♥s ♠♦②❡♥♥❡s ❛♥♥✉❡❧❧❡s s✉r ❧❡ ♣❧❛t❡❛✉ ❧♦rr❛✐♥ s♦♥t ❞✬❡♥✈✐r♦♥
800mm ❝♦♥tr❡ 1000 à 2100mm s✉r ❧❡ ♠❛ss✐❢ ❞❡s ❱♦s❣❡s ❛✈❡❝ ❞✬✐♠♣♦rt❛♥t❡s ✈❛r✐❛t✐♦♥s ❧♦❝❛❧❡s
✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✶✻✮✳ ▲❡s ❝✉♠✉❧s ♣❧✉✈✐♦♠étr✐q✉❡s ❧❡s ♣❧✉s ✐♠♣♦rt❛♥ts s❡ tr♦✉✈❡♥t s✉r
❧❛ ♣❛rt✐❡ s✉♣ér✐❡✉r❡ ❞✉ ❜❛ss✐♥✱ ❡♥tr❡ ❧❡ ♠ô❧❡ t♦♣♦❣r❛♣❤✐q✉❡ ❞❡ ●ér❛r❞♠❡r ✭1600mm✮ ❡t ❧❛ ❧✐❣♥❡
❞❡s ❝rêt❡s ✭> 2000mm✮ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ▲❡s ❛♣♣♦rts ♠❡♥s✉❡❧s s♦♥t ❞❡ 50 à 80mm ❡♥
♣❧❛✐♥❡ ❡t s✉♣ér✐❡✉rs à 100mm ❡♥ ♠♦♥t❛❣♥❡ ❛✈❡❝ ✉♥ ❝♦♥tr❛st❡ s❛✐s♦♥♥✐❡r ♠❛rq✉é ❞❡ ♣❧✉s ❞❡ 200mm
♣❡♥❞❛♥t ❧❡s ♠♦✐s ❞✬❛✉t♦♠♥❡✲❤✐✈❡r✳ ❈❡s ♣ré❝✐♣✐t❛t✐♦♥s ❛❜♦♥❞❛♥t❡s ❡t ré❣✉❧✐èr❡s✱ ❝♦♥st✐t✉❡♥t ✉♥❡
❧❛r❣❡ ♣r♦♣♦rt✐♦♥ ❞❡s é❝♦✉❧❡♠❡♥ts ❞❡ ❧❛ ▼♦s❡❧❧❡✱ q✉✐ ❜é♥é✜❝✐❡ ❛✐♥s✐ ❞✬✉♥ ❞é❜✐t s♦✉t❡♥✉ t♦✉t ❛✉
❧♦♥❣ ❞❡ ❧✬❛♥♥é❡✳ ▲✬ét❡♥❞✉❡ ❞❡ s♦♥ rés❡❛✉ ❤②❞r♦❣r❛♣❤✐q✉❡ s✉r ❧❡ ✈❡rs❛♥t ♦✉❡st ❞✉ ♠❛ss✐❢ ❱♦s❣✐❡♥✱
❡♥ ❢❛✐t ❧❡ ❝♦✉rs ❞✬❡❛✉ ❧❡ ♠✐❡✉① ❛❧✐♠❡♥té ❞✉ ◆♦r❞✲❊st ❞❡ ❧❛ ❋r❛♥❝❡ ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳
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❋✐❣✉r❡ ✷✳✺ ✿ Pré❝✐♣✐t❛t✐♦♥s ♠♦②❡♥♥❡s ❛♥♥✉❡❧❧❡s ✭❡♥ ♠♠✮ ❞❛♥s ❧❡ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛ ▼♦s❡❧❧❡
✭♣ér✐♦❞❡ ❞❡ ré❢ér❡♥❝❡ 1971− 1990✮✱ ❞✬❛♣rès ❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✸✮

▲❡ ré❣✐♠❡ ❤②❞r♦❧♦❣✐q✉❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡st ❞❡ t②♣❡ ♣❧✉✈✐♦✲é✈❛♣♦r❛❧ ✭♦✉ ♣❧✉✈✐♦✲♦❝é❛♥✐q✉❡✮ s❡
❝❛r❛❝tér✐s❛♥t ♣❛r ❞❡ ❤❛✉t❡s ❡❛✉① ❡♥ ❤✐✈❡r ❡t ❛✉ ❞é❜✉t ❞✉ ♣r✐♥t❡♠♣s ✭♥♦✈❡♠❜r❡✲❛✈r✐❧✮ ❡t ❞❡ ❜❛ss❡s
❡❛✉① ❡♥ été ✭♠❛✐✲♦❝t♦❜r❡✮✳ ❈❡ ré❣✐♠❡ s✐♠♣❧❡ ❢♦♥❝t✐♦♥♥❡ s❡❧♦♥ ✉♥ r②t❤♠❡ ❛♥♥✉❡❧ ❞❡ r❡♠♣❧✐ss❛❣❡s
❡t ❞❡ ✈✐❞❛♥❣❡s✱ ❝♦♠♣♦rt❛♥t ✻ ♠♦✐s ❡①❝é❞❡♥t❛✐r❡s ❡t ✻ ♠♦✐s ❞é✜❝✐t❛✐r❡s✱ ❞♦♥t ❧❡ r❛♣♣♦rt ❡st ❞❡ ✸
♣♦✉r ✶ ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ▲❡s ❡①trê♠❡s ❤②❞r♦❧♦❣✐q✉❡s ❝♦♠♣r❡♥♥❡♥t ❞❡s ❝r✉❡s ♣❧✉s
❢♦rt❡s ❡t ♣❧✉s ❢réq✉❡♥t❡s ❡♥ ♣ér✐♦❞❡ ❤✐✈❡r♥❛❧❡ ❡t ❞❡s ét✐❛❣❡s ♣❧✉s ♦✉ ♠♦✐♥s ♠❛rq✉és ❡♥ ♣ér✐♦❞❡
❡st✐✈❛❧❡✳ ▲❛ s❛✐s♦♥♥❛❧✐té ❡t ❧✬❛♠♣❧✐t✉❞❡ ❞❡ ❝❡s é✈è♥❡♠❡♥ts ❞é♣❡♥❞ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡ ❧✬❤✐st♦r✐q✉❡
❞❡s ♣ré❝✐♣✐t❛t✐♦♥s ❡t ❞❡ ❧✬ét❛t ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧❛ ✈é❣ét❛t✐♦♥✳ ▲❡s ❝r✉❡s s✉r✈✐❡♥♥❡♥t ♠❛✲
❥♦r✐t❛✐r❡♠❡♥t ♣❡♥❞❛♥t ❧❡s s❛✐s♦♥s ❢r♦✐❞❡s✱ ❧♦rsq✉❡ ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ❡st ❧❛ ♣❧✉s ❢❛✐❜❧❡ ❡t q✉❡
❞✬❛❜♦♥❞❛♥t❡s ♣ré❝✐♣✐t❛t✐♦♥s s✬❛❜❛tt❡♥t s✉r ❞❡s s♦❧s ❞é❥à s❛t✉rés✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧❡s ét✐❛❣❡s s♦♥t
❧✐és ❛✉① ❢❛✐❜❧❡s ♣ré❝✐♣✐t❛t✐♦♥s ❞❡s s❛✐s♦♥s ❝❤❛✉❞❡s ❡t à ✉♥❡ ❢♦rt❡ é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✳

✸✻



❉❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ ❝❤❛♥❣❡♠❡♥t ❝❧✐♠❛t✐q✉❡✱ à ❧✬é❝❤❡❧❧❡ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t✱ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
♠♦②❡♥♥❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ +1, 4◦c ❡♥r❡❣✐stré❡ ❡♥ ✉♥ s✐è❝❧❡ s✬❡st tr❛❞✉✐t ♣❛r ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥
❞❡ +50mm ❞❡ ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥ ♣♦t❡♥t✐❡❧❧❡✱ ❝❡ q✉✐ à ❝♦♥❞✉✐t ❛ ❞❡s ét✐❛❣❡s ♣❧✉s ✐♠♣♦rt❛♥ts✳

✷✳✷✳✷ ❍②❞r♦❧♦❣✐❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❞❛♥s ❧❡s ❱♦s❣❡s

▲❛ ♣❧✉s ❛♥❝✐❡♥♥❡ st❛t✐♦♥ ❤②❞r♦♠étr✐q✉❡ ✐♥st❛❧❧é❡ s✉r ❧❡ ❧✐♥é❛✐r❡ ❢r❛♥ç❛✐s ❞❡ ❧❛ ▼♦s❡❧❧❡ s❡ s✐t✉❡ ❛✉
♥✐✈❡❛✉ ❞✬❊♣✐♥❛❧ à 324m ❞✬❛❧t✐t✉❞❡ ✭❋✐❣✉r❡ ✷✳✶✮ ❡t ❞r❛✐♥❡ ✉♥ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ 1217km2✳ ❈❡tt❡
st❛t✐♦♥ ❛ été ♠✐s❡ ❡♥ s❡r✈✐❝❡ ❡♥ ✶✾✺✶ ❡t ❞✐s♣♦s❡ ❞❡ ❞♦♥♥é❡s ✈❛❧✐❞❡s ❞❡ ❤❛✉t❡✉rs ❞✬❡❛✉ ❡t ❞❡ ❞é❜✐ts
s✉r ✉♥❡ sér✐❡ ❞❡ ♣❧✉s ❞❡ ✻✵ ❛♥s✱ ♣♦✉r ❧❛ ♣ér✐♦❞❡ ✶✾✻✵✲✷✵✷✷ ✭s♦✉r❝❡ ❇❛♥q✉❡ ❤②❞r♦ ✲ ❡❛✉ ❋r❛♥❝❡✮✳
▲❛ ❞✐str✐❜✉t✐♦♥ ❞❡s ❞é❜✐ts ♠♦②❡♥s ♠❡♥s✉❡❧s ✭❋✐❣✉r❡ ✷✳✻✮ s❡ ❝❛r❛❝tér✐s❡ ♣❛r ✉♥ ✉♥✐q✉❡ ♠❛①✐♠✉♠
❧✬❤✐✈❡r ✭❞é❝❡♠❜r❡✲❥❛♥✈✐❡r✮ ❞❡ ❧✬♦r❞r❡ ❞❡ 60m3/s ❡t ✉♥ ✉♥✐q✉❡ ♠✐♥✐♠✉♠ ❧✬été ✭❛♦ût✮ ✐♥❢ér✐❡✉r à
20m3/s✳

❋✐❣✉r❡ ✷✳✻ ✿ ❊❝♦✉❧❡♠❡♥ts ♠❡♥s✉❡❧s à ❊♣✐♥❛❧ ❝❛❧❝✉❧és s✉r ✻✵ ❛♥s ✭❇❛♥q✉❡ ❤②❞r♦✮

❈❡ ré❣✐♠❡ ♣♦♥❞éré ♠❛sq✉❡ ❞❡s é❝❛rts ✐♥t❡r❛♥♥✉❡❧s ♣♦✉✈❛♥t êtr❡ ♣r♦♥♦♥❝és ❝♦♠♣♦rt❛♥t ❞❡s
❞é❜✐ts ♠❡♥s✉❡❧s ❡①trê♠❡s ❛❧❧❛♥t ❞❡ 3, 16m3/s ✭❛♦ût ✶✾✽✸✮ à 152, 5m3/s ✭❥❛♥✈✐❡r ✷✵✶✼✮✱ s♦✐t ✉♥
r❛♣♣♦rt ❞❡ ✶ à ✹✽✳ ❆ ❧✬é❝❤❡❧❧❡ ❞✬✉♥❡ ❛♥♥é❡ ❤②❞r♦❧♦❣✐q✉❡✱ ❧❛ ré♣❛rt✐t✐♦♥ ❞❡s é❝♦✉❧❡♠❡♥ts ♣❡✉t
é❣❛❧❡♠❡♥t ❢♦rt❡♠❡♥t ✈❛r✐❡r✱ ❡♥ ✶✾✽✸ ♣❧✉s ❞❡ 50% ❞✉ ✈♦❧✉♠❡ ❛♥♥✉❡❧ ♠♦②❡♥ ✭786 ♠✐❧❧✐♦♥s ❞❡ m3✮
s✬❡st é❝♦✉❧é ❡♥ ✻✵ ❥♦✉rs ❡t 10% ✭154 ♠✐❧❧✐♦♥s ❞❡ m3✮ ❡♥ ✹ ❥♦✉rs ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❆ ❧❛
s♦rt✐❡ ❞✉ ♠❛ss✐❢ ❞❡s ❱♦s❣❡s✱ à ❊♣✐♥❛❧✱ ❧❡ ♠♦❞✉❧❡ ✐♥t❡r❛♥♥✉❡❧ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡st ❞❡ 37, 7m3/s✱ ❝❡
q✉✐ ❝♦rr❡s♣♦♥❞ à ✉♥ ❞é❜✐t s♣é❝✐✜q✉❡ ❞❡ 31l/s/km2 ❡t ✉♥❡ ❧❛♠❡ ❞✬❡❛✉ é❝♦✉❧é❡ ❞❡ 980mm✳ ❊♥ s❡
❜❛s❛♥t s✉r ❧❡ r❛♣♣♦rt ♣❧✉✐❡✲❞é❜✐t ✭♣ér✐♦❞❡ ❞❡ ré❢ér❡♥❝❡ ✶✾✺✷✲✶✾✻✽✮ ❘✳ ❋r❡❝❛✉t ✭✶✾✼✷✮ ❝❛❧❝✉❧❡ ✉♥
❝♦❡✣❝✐❡♥t ❞✬é❝♦✉❧❡♠❡♥t ❞❡ ❧✬♦r❞r❡ ❞❡ ✵✱✻✱ ❧❡ ❞é✜❝✐t ❞✬é❝♦✉❧❡♠❡♥t ét❛♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ✐♠♣✉t❛❜❧❡
à ❧✬é✈❛♣♦tr❛♥s♣✐r❛t✐♦♥✳ ▲❡s ❞é❜✐ts ✐♥st❛♥t❛♥és ❞❡ ♣♦✐♥t❡s ❡♥r❡❣✐strés s✉r ❝❡s ✻✵ ❞❡r♥✐èr❡s ❛♥♥é❡s
✭✶✾✻✾✲✷✵✶✾✮ s♦♥t s✉r✈❡♥✉s ❧❡ ✶✾ ♥♦✈❡♠❜r❡ ✶✾✼✷ ✭642m3/s✮✱ ✾ ❛✈r✐❧ ✶✾✽✸ ✭717m3/s✮✱ ✶✺ ❢é✈r✐❡r
✶✾✾✵ ✭805m3/s✮✱ ✷✻ ❥❛♥✈✐❡r ✶✾✾✺ ✭700m3/s✮ ❡t ❧❡ ✺ ❥❛♥✈✐❡r ✷✵✶✽ ✭619m3/s✮✳ ❙✉r ❝❡tt❡ ♣ér✐♦❞❡ ❞❡
ré❢ér❡♥❝❡✱ ✉♥ ❛❥✉st❡♠❡♥t ❞❡s ❞é❜✐ts ♠❛①✐♠✉♠s ✐♥st❛♥t❛♥és à ✉♥❡ ❧♦✐ ❞❡ ●✉♠❜❡❧ ✭❚❛❜❧❡❛✉ ✷✳✶✮
❞♦♥♥❡✱ ♣♦✉r ❝❡s ❞✐✛ér❡♥t❡s ❝r✉❡s✱ ❞❡s ♣ér✐♦❞❡s ❞❡ r❡t♦✉rs ❝♦♠♣r✐s❡s ❡♥tr❡ ✶✵ ❡t ✺✵ ❛♥s✳

▲❛ ♣❧✉s ❢♦rt❡ ❝r✉❡ ❝♦♥♥✉❡ ❛ ❡✉ ❧✐❡✉ ❧❡ ✷✾ ❞é❝❡♠❜r❡ ✶✾✹✼ ✭> 300mm ❞❡ ♣❧✉✐❡ ❡♥ ✺ ❥♦✉rs s✉r
❧❡s ❱♦s❣❡s✮ ❛✈❡❝ ✉♥ ❞é❜✐t ❞❡ ♣♦✐♥t❡ ❡st✐♠é à 901m3/s ♣♦✉r ✉♥❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r ❛ss✐♠✐❧é❡ à ✉♥
é✈è♥❡♠❡♥t ❝❡♥t❡♥♥❛❧ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❉✬❛✉tr❡s ❝r✉❡s ❞❡ ❜✐❡♥ ♠♦✐♥❞r❡ ✐♠♣♦rt❛♥❝❡✱ ❞❡
♣ér✐♦❞❡s ❞❡ r❡t♦✉r ❞❡ ✷ à ✺ ❛♥s✱ ♦♥t ❡✉ ❧✐❡✉ ❡♥ ❤✐✈❡r ✶✾✾✽✲✶✾✾✾ ✭♥♦t❛♠♠❡♥t ❧❡ ✷✾ ♦❝t♦❜r❡ ✶✾✾✽✱ ✷✶
❢é✈r✐❡r ❡t ❧❡ ✶✵ ♠❛rs ✶✾✾✾✮ ❛✈❡❝ ✉♥ ♥✐✈❡❛✉ ❞✬❡❛✉ é❧❡✈é✱ ♣r♦❝❤❡ ❞✉ ♥✐✈❡❛✉ à ♣❧❡✐♥s ❜♦r❞s ♣❡♥❞❛♥t
❞❡ ❧♦♥❣✉❡s ❞✉ré❡s ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳
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❈✐♥q✉❛♥t❡♥♥❛❧❡ ✻✵✵✳✵ ❬✺✹✵✳✵ ❀✻✽✵✳✵❪ ✽✵✵✳✵ ❬✼✸✵✳✵ ❀✾✷✵✳✵❪
❈❡♥t❡♥♥❛❧❡ ◆♦♥ ❝❛❧❝✉❧é❡ ◆♦♥ ❝❛❧❝✉❧é❡

❚❛❜❧❡ ✷✳✶ ✿ P❧✉s ❢♦rt ❞é❜✐t ❥♦✉r♥❛❧✐❡r ✭◗❏❳✮ ❡t ♣❧✉s ❢♦rt ❞é❜✐t ✐♥st❛♥t❛♥é ✭◗■❳✮ ❛✈❡❝ ❧❡s ♣ér✐♦❞❡s
❞❡ r❡t♦✉r ❛ss♦❝✐é❡s ♣♦✉r ❧❛ ▼♦s❡❧❧❡ à ❊♣✐♥❛❧✱ ❝❛❧❝✉❧és s✉r ✺✽ ❛♥s ✭❇❛♥q✉❡ ❤②❞r♦✮✳

✷✳✷✳✸ ❍②❞r♦❧♦❣✐❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❞❛♥s ❧❡ ♣❧❛t❡❛✉ ❧♦rr❛✐♥

▲❛ st❛t✐♦♥ ❤②❞r♦♠étr✐q✉❡ ❞❡ ❚♦♥♥♦②✱ s✐t✉é❡ 60km ❡♥ ❛✈❛❧ ❞✬❊♣✐♥❛❧ ✭❋✐❣✉r❡ ✷✳✶✮✱ ♣❡r♠❡t ❞✬❡s✲
t✐♠❡r ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❤②❞r♦❧♦❣✐q✉❡ ❞✉ ♣✐é♠♦♥t ♠♦♥t❛❣♥❡✉① ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛ ▼♦s❡❧❧❡✳
▲✬✐♥st❛❧❧❛t✐♦♥ s❡ tr♦✉✈❡ à 231m ❞✬❛❧t✐t✉❞❡✱ à ❧✬❡①✉t♦✐r❡ ❞✬✉♥ ✈❡rs❛♥t t♦♣♦❣r❛♣❤✐q✉❡ ❞✬✉♥❡ s✉r❢❛❝❡
❞❡ 1976km2 ❡t ❢♦✉r♥✐t ❞❡s ❞♦♥♥é❡s ❧✐♠♥✐♠étr✐q✉❡s ❡t ❞é❜✐t♠étr✐q✉❡s ❞❡♣✉✐s s❛ ♠✐s❡ ❡♥ s❡r✈✐❝❡
❡♥ ✶✾✽✵ ✭sér✐❡ ❞❡ ✹✵ ❛♥s✮✳

▲❛ ❞✐str✐❜✉t✐♦♥ s❛✐s♦♥♥✐èr❡ ❞❡s é❝♦✉❧❡♠❡♥ts ❡st ❝♦♠♣❛r❛❜❧❡ à ❝❡❧❧❡ ❞❡ ❧❛ st❛t✐♦♥ ❞✬❊♣✐♥❛❧
✭❋✐❣✉r❡ ✷✳✻ ❡t ✷✳✼✮✱ à ❧✬❡①❝❡♣t✐♦♥ ❞✬✉♥ ❧é❣❡r ❝r❡✉① ♦❜s❡r✈é ❡♥ ❢é✈r✐❡r à ❧❛ st❛t✐♦♥ ❞❡ ❚♦♥♥♦②
✭❘❡♠②✱ ✷✵✵✾✮✳ ❈❡tt❡ ✈❛r✐❛t✐♦♥ ♠❡♥s✉❡❧❧❡ ❡st ❧✐é❡ ❛✉ st♦❝❦❛❣❡ t❡♠♣♦r❛✐r❡ ❞❡s ♣ré❝✐♣✐t❛t✐♦♥s s♦✉s
❢♦r♠❡ ❞❡ ♥❡✐❣❡ ❡♥ ❛❧t✐t✉❞❡ ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮ ❡t t❡♥❞ à ❞✐s♣❛r❛îtr❡ ❡♥ r❛✐s♦♥ ❞❡s
❝❤❛♥❣❡♠❡♥ts ❝❧✐♠❛t✐q✉❡s✳

❋✐❣✉r❡ ✷✳✼ ✿ ❊❝♦✉❧❡♠❡♥ts ♠❡♥s✉❡❧s à ❚♦♥♥♦② ❝❛❧❝✉❧és s✉r ✹✵ ❛♥s ✭❇❛♥q✉❡ ❤②❞r♦✮

▲❡s ét✐❛❣❡s s♦♥t é❣❛❧❡♠❡♥t ♣❧✉s ❝r❡✉sés ❡♥ ❛♦ût à ❚♦♥♥♦② q✉✬à ❊♣✐♥❛❧✱ ❛✈❡❝ ❞❡s ❝♦❡✣❝✐❡♥ts
❞✬é❝♦✉❧❡♠❡♥ts r❡s♣❡❝t✐❢s ❞❡ ✵✱✷✾ ❡t ✵✱✹ ✭❇❛♥q✉❡ ❤②❞r♦✲❈❘❯❈❆▲✮✳ ❈❡tt❡ ❞✐✛ér❡♥❝❡ s✬❡①♣❧✐q✉❡ ❞❡
♣❛rt ❧❛ ♠♦r♣❤♦❧♦❣✐❡ ❞❡ ❧❛ r✐✈✐èr❡✱ ❡♥ ❡✛❡t ❧✬é❧❛r❣✐ss❡♠❡♥t ❞✉ ❝❤❡♥❛❧ ❛✉ ♣✐é♠♦♥t ❡st ❞✬❛✈❛♥t❛❣❡
❢❛✈♦r❛❜❧❡ ❛✉① é❝❤❛♥❣❡s ♥❛♣♣❡✲r✐✈✐èr❡ ❡t à ❧✬✐♠♣❧❛♥t❛t✐♦♥ ❞✬❡s♣è❝❡s ♣✐♦♥♥✐èr❡s ❝♦♥s♦♠♠❛tr✐❝❡s
❡♥ ❡❛✉ ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞é❜✐ts ❝❛r❛❝tér✐st✐q✉❡s ❝❛❧❝✉❧és ♣♦✉r
❝❤❛q✉❡ st❛t✐♦♥ ♠♦♥tr❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ❞é❜✐ts ✐♥st❛♥t❛♥és ♠❛①✐♠❛✉① ❞❡ ❧✬♦r❞r❡ ❞❡ 18%
♣♦✉r ❧❡s ❞✐✛ér❡♥t❡s ♣ér✐♦❞❡s ❞❡ r❡t♦✉r ✭❚❛❜❧❡❛✉ ✷✳✶ ❡t ✷✳✷✮✳ ❖♥ ❡st✐♠❡ q✉❡ ❧❡ ❞é❜✐t ❞❡ ❧❛ ❝r✉❡
❤✐st♦r✐q✉❡ ❞❡ ✶✾✹✼ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 1000m3/s ❛✈❡❝ ✉♥❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r ❞❡ ✶✵✵ ❛♥s✳
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❱✐❝❡♥♥❛❧❡ ✼✷✵✳✵ ❬✻✹✵✳✵ ❀✽✺✵✳✵❪ ✽✸✵✳✵ ❬✼✺✵✳✵ ❀✾✾✵✳✵❪

❈✐♥q✉❛♥t❡♥♥❛❧❡ ✽✸✵✳✵ ❬✼✹✵✳✵ ❀✶✵✵✵✳✵❪ ✾✼✵✳✵ ❬✽✻✵✳✵ ❀✶✷✵✵✳✵❪
❈❡♥t❡♥♥❛❧❡ ◆♦♥ ❝❛❧❝✉❧é❡ ◆♦♥ ❝❛❧❝✉❧é❡

❚❛❜❧❡ ✷✳✷ ✿ P❧✉s ❢♦rt ❞é❜✐t ❥♦✉r♥❛❧✐❡r ✭◗❏❳✮ ❡t ♣❧✉s ❢♦rt ❞é❜✐t ✐♥st❛♥t❛♥é ✭◗■❳✮ ❛✈❡❝ ❧❡s ♣ér✐♦❞❡s
❞❡ r❡t♦✉r ❛ss♦❝✐é❡s ♣♦✉r ❧❛ ▼♦s❡❧❧❡ à ❚♦♥♥♦② ❝❛❧❝✉❧é❡s s✉r ✸✾ ❛♥s ✭❇❛♥q✉❡ ❤②❞r♦✮

▲❡ ♣r♦✜❧ ❤②❞r♦❧♦❣✐q✉❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ✭❋✐❣✉r❡ ✷✳✽✮ ♠♦♥tr❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❧❡♥t❡ ❡t ré❣✉❧✐èr❡
❞❡s ✈♦❧✉♠❡s é❝♦✉❧és ❡♥tr❡ ❧❛ s♦rt✐❡ ❞❡s ❱♦s❣❡s ✭❊♣✐♥❛❧ ♣♦✐♥t ❦✐❧♦♠étr✐q✉❡ ✭P❑✮ ✺✹✵✮ ❡t ❧✬❛✈❛❧
❞✉ ♣❧❛t❡❛✉ ❧♦rr❛✐♥ ✭❚♦♥♥♦② P❑ ✻✵✵✮✳ ❙✉r ❝❡ tr♦♥ç♦♥✱ ♣rès ❞❡ ❧❛ ♠♦✐t✐é ❞❡s ❛♣♣♦rts ♣r♦✈✐❡♥♥❡♥t
❞❡ ✹ ❛✤✉❡♥ts ♣r✐♥❝✐♣❛✉① ✿ ❙❛✐♥t✲❖❣❡r 0, 8m3/s✱ ❉✉r❜✐♦♥ 1, 2m3/s✱ ❧✬❆✈✐èr❡ 1, 25m3/s ❡t ❧✬❊✉r♦♥
1, 1m3/s ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❈❡s ❛✤✉❡♥ts ét❛♥t ♠❛❥♦r✐t❛✐r❡♠❡♥t ❧♦❝❛❧✐sés à ❧✬❛♠♦♥t ❞❡
❇❛②♦♥ ✭❋✐❣✉r❡ ✷✳✶✮✱ ♦♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❡s ❞♦♥♥é❡s ❡♥r❡❣✐stré❡s à ❚♦♥♥♦② s♦♥t ❞❛✈❛♥t❛❣❡ r❡♣rés❡♥✲
t❛t✐✈❡s ❞❡s ✈♦❧✉♠❡s é❝♦✉❧és ❛✉ ♥✐✈❡❛✉ ❞✉ s✐t❡ ❞✬ét✉❞❡ q✉❡ ❝❡❧❧❡s ❡♥r❡❣✐stré❡s à ❊♣✐♥❛❧✳ ▲❡ ♠♦❞✉❧❡
✐♥t❡r❛♥♥✉❡❧ ♣❛ss❡ ❞❡ 37, 7m3/s à 47, 60m3/s ❞✬❛♠♦♥t ❡♥ ❛✈❛❧✱ s♦✐t ✉♥❡ ❤❛✉ss❡ ❞❡ 26% ♣♦✉r ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ s✉r❢❛❝❡ ❞r❛✐♥é❡ ❞❡ 62%✳ ❈❡tt❡ ❞✐st♦rs✐♦♥ s♣❛t✐❛❧❡ ♠❡t ❡♥ é✈✐❞❡♥❝❡ ❧❛ ♣❛rt
♣ré❞♦♠✐♥❛♥t❡ ❞❡ ❧❛ ③♦♥❡ ♠♦♥t❛❣♥❡✉s❡ ❞❛♥s ❧❛ ❝♦♥st✐t✉t✐♦♥ ❞❡s é❝♦✉❧❡♠❡♥ts ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡t ❧❛
♠♦❞❡st✐❡ ❞❡s ❛♣♣♦rts ❧❛tér❛✉① ♣❧✉s ❡♥ ❛✈❛❧✳

❋✐❣✉r❡ ✷✳✽ ✿ ❆♣♣♦rts ❞❡s ❛✤✉❡♥ts✱ ❞✬❛♣rès ❈❊●❯▼ ✭✷✵✵✻✮
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✷✳✷✳✹ ❍②❞r♦❧♦❣✐❡ ❞❡s ❛✤✉❡♥ts ❞❡ ❧❛ ▼♦s❡❧❧❡

❯♥❡ st❛t✐♦♥ ❞❡ ♠❡s✉r❡ ❝♦♠♣❧é♠❡♥t❛✐r❡ ❛ été ✐♥st❛❧❧é❡ à ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ✭❋✐❣✉r❡ ✷✳✶✮ ❡♥ ✷✵✶✹✱
❡♥tr❡ ❧❛ ❝♦♥✢✉❡♥❝❡ ❛✈❡❝ ❧❡ ❉✉r❜✐♦♥ ❡t ❧✬❆✈✐èr❡✱ à ❧✬❡①✉t♦✐r❡ ❞✬✉♥ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ 1491km2✳
❈❡tt❡ st❛t✐♦♥ ét❛♥t r❡❧❛t✐✈❡♠❡♥t ré❝❡♥t❡✱ ❧❛ ❝❤r♦♥✐q✉❡ ❞✐s♣♦♥✐❜❧❡ ✭✷✵✶✹✲✷✵✶✾✮ ❡st tr♦♣ ré❞✉✐t❡
♣♦✉r ♣❡r♠❡ttr❡ ✉♥❡ ❡st✐♠❛t✐♦♥ st❛t✐st✐q✉❡ s✉r ❧❡s ❞é❜✐ts ❞❡ ❝r✉❡ ❡t ♣ér✐♦❞❡s ❞❡ r❡t♦✉r ❛ss♦❝✐é❡s✳
❯♥❡ ♠ét❤♦❞❡ ❞✬✐♥t❡r♣♦❧❛t✐♦♥ ♣❛r tr❛♥s❢❡rt ✭P✐t♦♥✱ ✷✵✶✹✮ ❜❛sé❡ s✉r ❧❡ r❛♣♣♦rt ❞✬❛✐r❡s ❞r❛✐♥é❡s ❡st
❛❧♦rs ❡♠♣❧♦②é❡ ✭❛❧❣♦r✐t❤♠❡ ✷✳✶✮ ❛✜♥ ❞✬❡st✐♠❡r ❝❡s ❞é❜✐ts à ❧❛ st❛t✐♦♥ ❞❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❡♥ s❡
❜❛s❛♥t s✉r ❧❡s ❞♦♥♥é❡s ✐ss✉❡s ❞❡s st❛t✐♦♥s s✐t✉é❡s à ❧✬❛♠♦♥t ✭❊♣✐♥❛❧✮ ❡t à ❧✬❛✈❛❧ ✭❚♦♥♥②✮✳

❆❧❣♦r✐t❤♠❡ ✷✳✶ ▼ét❤♦❞❡ ❞✬❡st✐♠❛t✐♦♥ ❞✉ ❞é❜✐t ♣❛r r❛♣♣♦rt ❞✬❛✐r❡s ❞r❛✐♥é❡s
❖♥ ❝♦♥s✐❞èr❡ q✉❡ ❧❡ ❞é❜✐t Q ✈❛r✐❡ ❡♥ ❧♦✐ ♣✉✐ss❛♥❝❡ ❛✈❡❝ ❧✬❛✐r❡ ❞r❛✐♥é❡ A ❛♠♦♥t ✿

Q = a×Ab

❛✈❡❝ a ❡t b ❞❡s ❝♦♥st❛♥t❡s✳ ❈❡❧❛ r❡♣♦s❡ s✉r ✉♥❡ ❤②♣♦t❤ès❡ ❢♦rt❡ ❞✬❤♦♠♦❣é♥é✐té ❞❡s ❢❛❝t❡✉rs
♣❤②s✐♦❣r❛♣❤✐q✉❡s✳

❖♥ ♣❡✉t ❛❧♦rs ♣♦✉r ❞❡✉① ♣♦✐♥ts ❞✉ rés❡❛✉ ❤②❞r♦❣r❛♣❤✐q✉❡ é❝r✐r❡
Qamont/Qaval = (a×Ab

amont)/(a×Ab
aval)✱ ❛✈❡❝ Qamont ①①① ❡t Qaval ①①①✳

b = ln(Qamont/Qaval)/ln(Aamont/Aaval)

a = Qamont/A
b
amont = Qaval/A

b
aval

❖♥ ♦❜t✐❡♥t ✉♥ ❝♦❡✣❝✐❡♥t ❜ ❞❡ 0, 41±0, 04✱ ❝❡tt❡ ✈❛❧❡✉r ❡st r❡❧❛t✐✈❡♠❡♥t ❝♦♥st❛♥t❡ ♣♦✉r ❝❤❛❝✉♥
❞❡s ❞é❜✐ts ❝❛r❛❝tér✐st✐q✉❡s ✐♥t❡r♣♦❧és✱ ♠❛✐s ✐♥❢ér✐❡✉r❡ à ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞❡ 0.83 ❞ét❡r♠✐♥é❡ à
❧✬é❝❤❡❧❧❡ ❞❡ ❧❛ ❋r❛♥❝❡ ♠étr♦♣♦❧✐t❛✐♥❡ ✭❈✐♣r✐❛♥✐ ❡t ❛❧✳✱ ✷✵✶✷✮✳ ▲❡ ♠♦❞✉❧❡ ✐♥t❡r❛♥♥✉❡❧ ✐♥t❡r♣♦❧é à ❧❛
st❛t✐♦♥ ❞❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❡st ❞❡ 41, 57m3/s✱ ❝♦♥tr❡ 37, 7m3/s à ❊♣✐♥❛❧ ✭20km ❡♥ ❛♠♦♥t✮ ❡t
47, 6m3/s à ❚♦♥♥♦② ✭38km ❡♥ ❛✈❛❧✮ ✭❋✐❣✉r❡ ✷✳✶✮✳ ❈❡ rés✉❧t❛t ✐♥❞✐q✉❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ q✉❛s✐✲
❧✐♥é❛✐r❡ ❞✉ ♠♦❞✉❧❡ s✉r ❝❡ s❡❝t❡✉r✱ ❛✈❡❝ ✉♥ ❛♣♣♦rt ♠♦②❡♥ ❞❡ 0, 17m3/s/km✱ ✉♥❡ t❡♥❞❛♥❝❡ q✉❡
❧✬♦♥ ♦❜s❡r✈❡ é❣❛❧❡♠❡♥t à ❧✬é❝❤❡❧❧❡ ❞✉ ♣r♦✜❧ ❤②❞r♦❧♦❣✐q✉❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ✭❋✐❣✉r❡ ✷✳✽✮✳ ▲❡ ❞é❜✐t
✐♥st❛♥t❛♥é ♠❛①✐♠❛❧ ❡♥r❡❣✐stré ♣❛r ❧❛ st❛t✐♦♥ ❞❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❡st ❞❡ 675m3/s ✭❋✐❣✉r❡ ✷✳✾✮✱
❞✬❛♣rès ❧❡s ✈❛❧❡✉rs ❞✉ t❛❜❧❡❛✉ ✷✳✸ ❝❡tt❡ ❝r✉❡ ❛ ✉♥❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r ❞❡ ✶✵ ❛♥s✳

❋réq✉❡♥❝❡ ◗■❳ ✭m3/s✮
❳♦ ✸✺✼✳✵

●r❛❞❡① ✶✸✶✳✵
❇✐❡♥♥❛❧❡ ✹✵✺✳✵

◗✉✐♥q✉❡♥♥❛❧❡ ✺✺✸✳✵
❉é❝❡♥♥❛❧❡ ✻✺✶✳✵
❱✐❝❡♥♥❛❧❡ ✼✹✻✳✵

❈✐♥q✉❛♥t❡♥♥❛❧❡ ✽✻✼
❈❡♥t❡♥♥❛❧❡ ◆♦♥ ❝❛❧❝✉❧é❡

❚❛❜❧❡ ✷✳✸ ✿ ❉é❜✐ts ❝❛r❛❝tér✐st✐q✉❡s ✐♥t❡r♣♦❧és ♣♦✉r ❧❛ st❛t✐♦♥ ❞❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡

▲❛ st❛t✐♦♥ ❞❡ ❋r✐③♦♥ ♣❡r♠❡t ❞❡ ❥❛✉❣❡r ❧✬❆✈✐èr❡✱ ❧❡ s❡✉❧ ❛✤✉❡♥t ♥♦t❛❜❧❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ s✉r ❧❡ tr♦♥✲
ç♦♥ ❈❤ât❡❧✲❇❛②♦♥✱ ❛✈❡❝ ✉♥ ♠♦❞✉❧❡ ✐♥t❡r❛♥♥✉❡❧ ❞❡ 1, 25m3/s ✭❋✐❣✉r❡ ✷✳✶✮✳ ❈❡tt❡ st❛t✐♦♥ s✐t✉é❡✱ à
3km ❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥✢✉❡♥❝❡ ❛✈❡❝ ❧❛ ▼♦s❡❧❧❡✱ ❞✐s♣♦s❡ ❞❡ ❝❤r♦♥✐q✉❡s ❞❡ ❞é❜✐ts s✉r ✉♥❡ ♣ér✐♦❞❡
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❞❡ ✹✽ ❛♥s ✭✶✾✼✵✲✷✵✶✾✮ ♣♦✉r ✉♥ s♦✉s✲❜❛ss✐♥ ✈❡rs❛♥t ❞❡ 105km2✭❋✐❣✉r❡ ✷✳✽✮✳ ❊♥ ❛❞❞✐t✐♦♥♥❛♥t ❧❡s
❞é❜✐ts ♠❡s✉rés ❛✉① st❛t✐♦♥s ❞❡ ❋r✐③♦♥ ❡t ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡✱ ♦♥ ♦❜t✐❡♥t ✉♥❡ ✈❛❧❡✉r r❡❧❛t✐✈❡♠❡♥t
♣ré❝✐s❡ ❞✉ ❞é❜✐t ❞❡ ❧❛ ▼♦s❡❧❧❡ à ◆♦♠❡①② ✭❝♦♠♠✉♥❡ s✐t✉é❡ 2km ❡♥ ❛✈❛❧ ❞❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡✮
❛✉ ❞r♦✐t ❞❡ ❧❛ ❝♦♥✢✉❡♥❝❡ ❛✈❡❝ ❧✬❆✈✐èr❡✳

❆ ❧✬❛✈❛❧✱ ❞❡ ♣❡t✐ts r✉✐ss❡❛✉① ❞❡ q✉❡❧q✉❡s ❦✐❧♦♠ètr❡s ❞❡ ❧♦♥❣✱ ♠❛❥♦r✐t❛✐r❡♠❡♥t ❧♦❝❛❧✐sés ❡♥ r✐✈❡
❣❛✉❝❤❡✱ ❝♦❧❧❡❝t❡♥t ❧❡s ♣ré❝✐♣✐t❛t✐♦♥s s✉r ✉♥❡ s✉r❢❛❝❡ ❞✬❡♥✈✐r♦♥ 180km2 ❡♥tr❡ ◆♦♠❡①② ❡t ❇❛②♦♥✳
❙✉r ❝❡ tr♦♥ç♦♥✱ ❧❡s ❛♣♣♦rts ❧❛tér❛✉① ❡♥ ❝r✉❡ ❞♦✐✈❡♥t êtr❡ ❝♦♠♣❛r❛❜❧❡s ❛✉① ✈❛❧❡✉rs ❡♥r❡❣✐stré❡s
à ❧❛ st❛t✐♦♥ ❞❡ ❋r✐③♦♥✱ ❞♦♥t ❧❛ s✉r❢❛❝❡ ❞r❛✐♥é❡ ❡st r❡❧❛t✐✈❡♠❡♥t ♣r♦❝❤❡ ♣♦✉r ✉♥❡ ♣❤②s✐♦❣r❛♣❤✐❡
✐❞❡♥t✐q✉❡✳ ❙✉r ❧❡ s❡❝t❡✉r ❇❛②♦♥✲❚♦♥♥♦②✱ ❧✬❊✉r♦♥ ✭147km2✮ ❝♦❧❧❡❝t❡ ✉♥❡ ❣r❛♥❞❡ ♣❛rt✐❡ ❞❡s é❝♦✉✲
❧❡♠❡♥ts ❡t ✈✐❡♥t ❣♦♥✢❡r ❧❡ ❞é❜✐t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❞✬❡♥✈✐r♦♥ 1, 1m3/s ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮ à
2km ❡♥ ❛✈❛❧ ❞✉ s✐t❡ ❞✬ét✉❞❡✳ ❈❡ ❝♦✉rs ❞✬❡❛✉ ♥✬❡st ♣❛s ✐♥str✉♠❡♥té ♠❛✐s✱ ❞✬❛♣rès ▼❛✐r❡ ❛♥❞ ▲❛s✲
s❡rr❡ ✭✶✾✾✶✮✱ ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ❛✤✉❡♥ts ❛✉① ♣✐❝s ❞❡ ❝r✉❡s ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡♠❡♥t
♠♦✐♥❞r❡✱ ♦✉ ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✱ q✉❡ ♣♦✉r ❧❡ ♠♦❞✉❧❡ ✭❋✐❣✉r❡ ✷✳✽✮✳ ▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡
✭✶✾✾✶✮ ❛✣r♠❡ ❛✐♥s✐ q✉❡ ❧❡s ❛♣♣♦rts ❧❛tér❛✉① ❡♥tr❡ ❊♣✐♥❛❧ ❡t ❚♦♥♥♦② s♦♥t ✐♥s✉✣s❛♥ts ♣♦✉r ❝ré❡r
✉♥❡ ✈ér✐t❛❜❧❡ ❞✐st♦rs✐♦♥ ❞❛♥s ❧✬é✈♦❧✉t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡s ❞é❜✐ts s✉r ❝❡ s❡❝t❡✉r✳

❋✐❣✉r❡ ✷✳✾ ✿ ❍②❞r♦❣r❛♠♠❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❤✐✈❡r ✷✵✶✼✲✷✵✶✽ ✭❇❛♥q✉❡ ❤②❞r♦✮

❖♥ ♦❜s❡r✈❡ ❛✉ ❝♦♥tr❛✐r❡ ✉♥❡ st❛❣♥❛t✐♦♥ ✈♦✐r❡ ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❞é❜✐ts ♠❛①✐♠❛✉① ✐♥st❛♥t❛♥és
❡♥r❡❣✐strés ❡♥tr❡ ❧❡s st❛t✐♦♥s ❞❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❡t ❞❡ ❚♦♥♥♦②✱ ♣♦✉r ❞❡s é❝♦✉❧❡♠❡♥ts s✉♣ér✐❡✉rs
à 230m3/s✱ à ❧✬❡①❝❡♣t✐♦♥ ❞❡ ❧❛ ❝r✉❡ ❞é❝❡♥♥❛❧❡ ❞❡ ❥❛♥✈✐❡r ✷✵✶✽ ✭❋✐❣✉r❡ ✷✳✾✮✳ ❈❡tt❡ ✈❛❧❡✉r ❡st ♣r♦❝❤❡
❞✉ ❞é❜✐t à ♣❧❡✐♥s ❜♦r❞s ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡st✐♠é ♣❛r ❈♦r❜♦♥♥♦✐s ❡t ❛❧✳ ✭✷✵✵✻✮ à ❇❛②♦♥✱ à ❧✬❛✈❛❧ ❞❡ ♥♦tr❡
s❡❝t❡✉r ❞✬ét✉❞❡✱ ❞❡ 245m3/s✳ ▲✬é❝rêt❡♠❡♥t ❞❡s ♣✐❝s ❞❡ ❝r✉❡s s✬❡①♣❧✐q✉❡ ♣❛r ❧✬é❧❛r❣✐ss❡♠❡♥t ❞✉ ❧✐t
♠❛❥❡✉r ❞❛♥s ❧❡ s❡❝t❡✉r ❈❤❛r♠❡s✲❇❛②♦♥ ❡t ❧❛ ♣rés❡♥❝❡ ❞❡ ♥♦♠❜r❡✉① ❝❤❡♥❛✉① ❧❛tér❛✉① ❢❛✈♦r✐s❛♥t
❧✬❡①♣❛♥s✐♦♥ r❛♣✐❞❡ ❞✉ ❝❤❛♠♣s ❞✬✐♥♦♥❞❛t✐♦♥ ✭❋✐❣✉r❡ ✷✳✹✮✳ ▲♦rs ❞❡ ❧❛ ❝r✉❡ ❧❛ ♣❧✉s ✐♠♣♦rt❛♥t❡ ✭✶✺
❢é✈r✐❡r ✶✾✾✵✮✱ ❧❡ ❞é❜✐t ♠❛①✐♠✉♠ ✐♥st❛♥t❛♥é ♠❡s✉ré à ❊♣✐♥❛❧ ét❛✐t ❞❡ 805m3/s✱ ♣♦✉r ✉♥ ❞é❜✐t
❥♦✉r♥❛❧✐❡r ❞❡ 600m3/s✱ ♣✉✐s ❛✈❡❝ ✉♥ ❥♦✉r ❞❡ r❡t❛r❞ ❧❡s ✈❛❧❡✉rs ét❛✐❡♥t r❡s♣❡❝t✐✈❡♠❡♥t ❞❡ 789 ❡t
621m3/s à ❚♦♥♥♦②✳ ●❧♦❜❛❧❡♠❡♥t✱ ♦♥ ❡st✐♠❡ q✉❡ ❧❛ ✈✐t❡ss❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❞✬✉♥❡ ♦♥❞❡ ❞❡ ❝r✉❡ s✉r
❧❛ ▼♦s❡❧❧❡ ❡st ❞❡ ❧✬♦r❞r❡ ❞❡ 10km/h✳

✹✶







✷✳✸✳✷ ❆♠é♥❛❣❡♠❡♥ts ❞✉ ❳■❳è♠❡ s✐è❝❧❡

▲❡s ❣r❛♥❞s ❛♠é♥❛❣❡♠❡♥ts ❞✉ ❳■❳❡ s✐è❝❧❡ ❞é❜✉t❡♥t ❡♥ ✶✽✻✵ ♣❛r ❧❛ ❝❛♥❛❧✐s❛t✐♦♥ ♣❛rt✐❡❧❧❡ ❞❡ ❧❛
▼♦s❡❧❧❡ ❡♥ ❛✈❛❧ ❞❡ ◆❡✉✈❡s✲▼❛✐s♦♥s ✭❇♦♥♥❡❢♦♥t ❛♥❞ ❈❛r❝❛✉❞✱ ✶✾✾✼✮✳ ❈❡tt❡ ✈♦✐❡ ❞❡ ♥❛✈✐❣❛t✐♦♥
❡st ❝♦♥st✐t✉é❡ ❞✬✉♥❡ ❛❧t❡r♥❛♥❝❡ ❞❡ ❜✐❡❢s ré❣✉❧és ♣❛r ❞❡s ❜❛rr❛❣❡s ❡t ❞❡ s❡❝t❡✉rs ❡♥ ❞ér✐✈❛t✐♦♥✳
❆ ❧✬❛♠♦♥t✱ ♣❧✉tôt q✉❡ ❞✬❛♠é♥❛❣❡r ❧❡ ❝♦✉rs ❞✬❡❛✉ ♣♦✉r ❧❡ r❡♥❞r❡ ♥❛✈✐❣❛❜❧❡✱ ✉♥ ❝❛♥❛❧ ❧❛tér❛❧ à ❧❛
▼♦s❡❧❧❡ ❡st ❝♦♥str✉✐t ❡♥tr❡ ◆❡✉✈❡s✲▼❛✐s♦♥s ❡t ❊♣✐♥❛❧✳ ▲❛ ❝♦♥str✉❝t✐♦♥ ❞✉ ❝❛♥❛❧ ❞❡ ❧✬❊st ✭❜r❛♥❝❤❡
s✉❞✮ ❞❛♥s ❧❡s ❛♥♥é❡s ✶✽✼✵✲✶✽✾✵✱ ❡♥tr❛î♥❡ ❧❛ ❞é❝♦♥♥❡①✐♦♥ ❞❡ ❝❡rt❛✐♥s ❜r❛s ❞❡ ❧❛ ▼♦s❡❧❧❡ ✭❝❛♥❛❧
❞✬❛♠❡♥é ❛✉ ♠♦✉❧✐♥ ❞❡ ●r✐♣♣♦rt✮ ❡t ❧❛ ❞é✈✐❛t✐♦♥ ❞❡ ❝❡rt❛✐♥s tr♦♥ç♦♥s ❞✉ ❝♦✉rs ❞✬❡❛✉ ✭❜❛rr❛❣❡
❞❡ ❇❛✐♥✈✐❧❧❡✮✳ ❈❡s ❞✐✛ér❡♥ts ❛♠é♥❛❣❡♠❡♥ts ❝♦♥❞✉✐s❡♥t à ✉♥❡ ♠✉❧t✐♣❧✐❝❛t✐♦♥ ❞❡s ♣♦✐♥ts ❞❡ ❜✉té
❧❛tér❛✉① ❞✉ ❧✐t ♠✐♥❡✉r✱ q✉✐ ✈✐❡♥♥❡♥t s✬❛❞❞✐t✐♦♥♥❡r ❛✉① é❧é♠❡♥ts ❣é♦❧♦❣✐q✉❡s str✉❝t✉r❛♥t ❞❡ ❧❛
✈❛❧❧é❡✳ ❇✐❡♥ q✉❡ ❧♦❝❛❧❡♠❡♥t ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ❝❡ ❝❛♥❛❧ ♣rés❡r✈❡ ❡♥ ❣r❛♥❞❡ ♣❛rt✐❡ ❧❡ tr❛❝é ♥❛t✉r❡❧
❞✉ ❝♦✉rs ❞✬❡❛✉✱ à ❧✬é❝❤❡❧❧❡ ré❣✐♦♥❛❧❡✱ ❧❛ ♣r❡ss✐♦♥ ❛♥t❤r♦♣✐q✉❡ s✬✐♥t❡♥s✐✜❡ ❡♥ r❛✐s♦♥ ❞❡ ❧✬✐♠♣❛❝t ❞❡
❝❡s ❛♠é♥❛❣❡♠❡♥ts s✉r ❧❡s é❝♦✉❧❡♠❡♥ts ✭❋✐❣✉r❡ ✷✳✶✷✮✳

❋✐❣✉r❡ ✷✳✶✷ ✿ ■♠♣❧❛♥t❛t✐♦♥ ❞✉ ❈❛♥❛❧ ❞❡ ❧✬❊st ❡t s♦♥ rô❧❡ ❞❛♥s ❧❛ ❞②♥❛♠✐q✉❡ ❧❛tér❛❧❡ ❞❡ ❧❛
▼♦s❡❧❧❡✱ ❞✬❛♣rès ▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡ ✭✶✾✾✶✮

✹✹



❊♥ ❡✛❡t✱ ❧❡s ❞✐❣✉❡s ❞❡ ♣r♦t❡❝t✐♦♥ ❞✉ ❝❛♥❛❧ ❧✐♠✐t❡♥t ❧✬ét❛❧❡♠❡♥t ❞❡s ❝r✉❡s ❡♥ ❧✐t ♠❛❥❡✉r ❝❡ q✉✐
♣r♦✈♦q✉❡ ✉♥ r❡❤❛✉ss❡♠❡♥t ❞✉ ♥✐✈❡❛✉ ❞✬❡❛✉ ❡t ❛❝❝r♦✐t ❧♦❝❛❧❡♠❡♥t ❧❛ ❝❛♣❛❝✐té ❞❡ tr❛♥s♣♦rt ❞✉
❝♦✉rs ❞✬❡❛✉✳ ❆✐♥s✐✱ ❧❡ rétré❝✐ss❡♠❡♥t ❞✉ ❝❤❛♠♣s ❞✬✐♥♦♥❞❛t✐♦♥ ❛ ❡♥tr❛✐♥é ✉♥ s✉r❝r❡✉s❡♠❡♥t ❡t ✉♥
❡♥❝❛✐ss❡♠❡♥t ❞✉ ❧✐t ♣r✐♥❝✐♣❛❧ ❞❡ ❧❛ ▼♦s❡❧❧❡✱ ❝♦♥❞✉✐s❛♥t à ✉♥ ❛❜❛♥❞♦♥ ♦✉ à ✉♥ ❝♦♠❜❧❡♠❡♥t r❛♣✐❞❡
❞❡s ❝❤❡♥❛✉① s❡❝♦♥❞❛✐r❡s ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❈❡tt❡ s✐♠♣❧✐✜❝❛t✐♦♥ ❞✉ tr❛❝é ❞✉ ❝♦✉rs ❞✬❡❛✉
❡st ❧❡ ♣r✐♥❝✐♣❛❧ ❢❛❝t❡✉r ❞✉ r❡t♦✉r ❛✉ ♠é❛♥❞r❛❣❡ ❞❡ ❧❛ ▼♦s❡❧❧❡✱ ♠❛✐s ❧❛ s✉❜s✐st❛♥❝❡ ❞❡ ❝❤❡♥❛✉①
s❡❝♦♥❞❛✐r❡s s♦✉❧✐❣♥❡ ✉♥❡ ♠✉t❛t✐♦♥ ❡♥❝♦r❡ ✐♥❝♦♠♣❧èt❡ ❞✉ st②❧❡ ✢✉✈✐❛❧ ✭❇♦♥♥❡❢♦♥t ❛♥❞ ❈❛r❝❛✉❞✱
✶✾✾✼✮✳ ▲❛ ✈❛r✐❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ st②❧❡ ✢✉✈✐❛❧✱ ❛✈❡❝ ✉♥ ♠❛✐♥t✐❡♥ ♣❧✉s ♦✉ ♠♦✐♥s t❛r❞✐❢
❞✉ tr❡ss❛❣❡ ❡♥tr❡ ❧❡ ❳❱■■❡ ❡t ❧❡ ❳❳❡ s✐è❝❧❡✱ ❡st ❝❡♣❡♥❞❛♥t ❧✐é❡ à ❧❛ ♣rés❡♥❝❡ ❞❡ ❝♦♥tr❛✐♥t❡s
♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡s ❧♦❝❛❧❡s✳ ▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✵✮ ❝❛rt♦❣r❛♣❤✐❡ ❞❡ ♣❡t✐ts s❡❝t❡✉rs ❡♥
tr❡ss❡s s✉r ❧❛ ▼♦s❡❧❧❡ ❥✉sq✉❡ ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✻✵ ✭❡♥ ❛✈❛❧ ❞❡ ●r✐♣♣♦rt✮✱ ♠❛✐s ❝♦♥s✐❞èr❡ q✉✬❡♥
❞é♣✐t ❞❡ ❝❡s é♣✐♣❤é♥♦♠è♥❡s ❧❡ s②stè♠❡ ❡st ❡♥ éq✉✐❧✐❜r❡ ❛✉ ♠✐❧✐❡✉ ❞✉ ❳■❳❡ s✐è❝❧❡✳

❋✐❣✉r❡ ✷✳✶✸ ✿ Pr♦✜❧ ❡♥ ❧♦♥❣ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ✶✾✸✷ ❡t ✶✾✼✾✱ ❞✬❛♣rès ▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡ ✭✶✾✾✶✮

▲✬❛❧✐♠❡♥t❛t✐♦♥ ❞❡s ❜✐❡❢s ❞✉ ❝❛♥❛❧ ❞❡ ❧✬❊st ♥é❝❡ss✐t❡ é❣❛❧❡♠❡♥t ❧❛ ❝♦♥str✉❝t✐♦♥ ❞❡ ♣r✐s❡s ❞✬❡❛✉
❧❛tér❛❧❡s s✉❝❝❡ss✐✈❡s ❛ss♦❝✐é❡s à ❞❡s ❜❛rr❛❣❡s✱ ré♣❛rt✐❡s s✉r ❧✬❡♥s❡♠❜❧❡ ❞✉ ❧✐♥é❛✐r❡ ❞❡ ❧❛ ▼♦s❡❧❧❡
✭❋✐❣✉r❡ ✷✳✶✷✮✳ ❈❡s ❜❛rr❛❣❡s ♠♦❞✐✜❡♥t ❧♦❝❛❧❡♠❡♥t ❧❛ ❝♦♠♣ét❡♥❝❡ ❞✉ ❝♦✉rs ❞✬❡❛✉ ✿ à ❧✬❛♠♦♥t ❧❡
r❡♠♦✉s ❤②❞r❛✉❧✐q✉❡ ❞✉ ❜❛rr❛❣❡ ❡♥tr❛î♥❡ ✉♥ ❞é♣ôt ❞❡ sé❞✐♠❡♥ts ❡t ❢❛❝✐❧✐t❡ ❧❡s ❞é❜♦r❞❡♠❡♥ts✱ t❛♥❞✐s
q✉✬à ❧✬❛✈❛❧ ❧❡s é❝♦✉❧❡♠❡♥ts ❝♦♥tr✐❜✉❡♥t à ❧✬❛✛♦✉✐❧❧❡♠❡♥t ❡t à ❧✬✐♥❝✐s✐♦♥ ❞✉ ❧✐t✳ ▲❛ ♠✉❧t✐♣❧✐❝❛t✐♦♥
❞❡ ❝❡s ♦✉✈r❛❣❡s ✐♠♣❛❝t❡ ❧❡ tr❛♥s✐t sé❞✐♠❡♥t❛✐r❡ à ❧✬é❝❤❡❧❧❡ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❝❡ q✉✐ ❡♥❣❡♥❞r❡ ❞❡s
❛❥✉st❡♠❡♥ts ♠♦r♣❤♦❧♦❣✐q✉❡s ❞✉ ❧✐t ❞❡ ❧❛ r✐✈✐èr❡✳ ❊♥ ✶✾✸✷✱ s♦✐t ✉♥ ❞❡♠✐✲s✐è❝❧❡ ❛♣rès ❧❛ ❝♦♥str✉❝t✐♦♥
❞✉ ❝❛♥❛❧ ❞❡ ❧✬❊st✱ ♦♥ ❝♦♥st❛t❡ q✉❡ ❧❛ ♠❛❥♦r✐té ❞❡s ❜❛rr❛❣❡s s❡♠❜❧❡♥t êtr❡ ❝♦♠❜❧és✳ ■❧s s❡r❛✐❡♥t
❞♦♥❝ r❡❧❛t✐✈❡♠❡♥t tr❛♥s♣❛r❡♥ts ❞✉ ♣♦✐♥t ❞❡ ✈✉❡ ❞❡ ❧❛ ❝♦♥t✐♥✉✐té sé❞✐♠❡♥t❛✐r❡ ✭❋✐❣✉r❡ ✷✳✶✸✮✳

✹✺



▲❛ ❝♦♥str✉❝t✐♦♥ ❞✉ ❜❛rr❛❣❡ ❞❡ ❇❛✐♥✈✐❧❧❡ ❡st ❛♥tér✐❡✉r❡ ❛✉① ❛♠é♥❛❣❡♠❡♥ts ❞✉ ❝❛♥❛❧ ❞❡ ❧✬❊st
❡t ❞❛t❡ ❞❡ ✶✽✸✵✳ ❆ ❝❡tt❡ é♣♦q✉❡✱ ❝❡t ♦✉✈r❛❣❡ ♣❡r♠❡t ❞✬❛❧✐♠❡♥t❡r tr♦✐s ♠♦✉❧✐♥s s✐t✉és s✉r ✉♥
❜r❛s ❞❡ ❧❛ ▼♦s❡❧❧❡ ♣❛ss❛♥t ♣❛r ❇❛✐♥✈✐❧❧❡✱ ▼❛♥❣♦♥✈✐❧❧❡ ❡t ❘♦✈✐❧❧❡ ✭❘❡♠②✱ ✷✵✵✾✮✳ ●râ❝❡ à ✉♥ ❞r♦✐t
❞✬❡❛✉ ❞❛t❛♥t ❞✉ ❳❱■■■❡ s✐è❝❧❡✱ ❝❡ ❜❛rr❛❣❡ ❛ ♣✉ êtr❡ ré❛♠é♥❛❣é à ♣❧✉s✐❡✉rs r❡♣r✐s❡s✱ ❛✜♥ ❞✬❛❧✐✲
♠❡♥t❡r ❞❡✉① ♠✐❝r♦❝❡♥tr❛❧❡s s✐t✉é❡s à ❇❛✐♥✈✐❧❧❡ ❡t ▼❛♥❣♦♥✈✐❧❧❡✳ ❆❝t✉❡❧❧❡♠❡♥t✱ ❧❛ ❝♦t❡ ❞❡ ❧❛ ❝rêt❡
❞✉ ❜❛rr❛❣❡ ❡st ❞❡ 254, 55m✱ ❛✈❡❝ ❞❛♥s ❧❡s ❝♦♥❞✐t✐♦♥s ❤②❞r♦❧♦❣✐q✉❡s ♥♦r♠❛❧❡s ✉♥ ❞é❜✐t t✉r❜✐♥é
❞❡ 4m3/s✱ ♣♦✉r ✉♥❡ ❤❛✉t❡✉r ❞❡ ❝❤✉t❡ ❞❡ 2m ✭❙✐♥❜✐♦✱ ✷✵✶✵✮✳ ❱♦✐❡s ♥❛✈✐❣❛❜❧❡s ❞❡ ❋r❛♥❝❡ ✭❱◆❋✮
♣ré❧è✈❡ é❣❛❧❡♠❡♥t ❞❡ ❧✬❡❛✉ ❛✉ ❞r♦✐t ❞✉ ❜❛rr❛❣❡ ♣♦✉r ❛❧✐♠❡♥t❡r ❧❡ ❝❛♥❛❧ ❞❡ ❧✬❊st ✳

❆✉ ❳■❳❡ s✐è❝❧❡✱ ❞✬❛✉tr❡s ❛♠é♥❛❣❡♠❡♥ts ❧♦✉r❞s s♦♥t ♣♦♥❝t✉❡❧❧❡♠❡♥t ❡✛❡❝t✉és ❛✜♥ ❞❡ ♣r♦té❣❡r
❞❡s ❤❛❜✐t❛t✐♦♥s ✭♣❛r ❡①✳ ✉♥❡ ❞✐❣✉❡ ❞❡ ❞é❢❡♥s❡ ❞❡ ▼❛♥❣♦♥✈✐❧❧❡✮✱ ❞❡s ✈♦✐❡s ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥s ✭♣❛r
❡①✳ ✉♥ ♣❡rré ❧♦♥❣❡❛♥t ❧❡ t❛❧✉s ❞❡ s♦✉❜❛ss❡♠❡♥t ❞✉ ❝❤❡♠✐♥ ❞❡ ❢❡r à ❱✐r❡❝♦✉rt✮ ♦✉ ❢❛✈♦r✐s❡r ❧❡
❢r❛♥❝❤✐ss❡♠❡♥t ❞❡ ❧❛ r✐✈✐èr❡ ✭♣❛r ❡①✳ ♣♦♥t ❞❡ ❇❛✐♥✈✐❧❧❡✮ ✭❘❡♠②✱ ✷✵✵✾✮✳ ▲✬✐♠♣❧❛♥t❛t✐♦♥ ❞✉ ♣♦♥t
s✬❛❝❝♦♠♣❛❣♥❡ ❝❡♣❡♥❞❛♥t ❞✬✉♥❡ ❝♦♥tr❛❝t✐♦♥ ❧❛tér❛❧❡ ❞✉ ❧✐t ♠✐♥❡✉r ❡t ❞✬✉♥ ❛✛♦✉✐❧❧❡♠❡♥t ❛✉t♦✉r
❞❡s ♣✐❧❡s✱ t❛♥❞✐s q✉❡ ❧❡s ❝❤❛✉ssé❡s s✉r❤❛✉ssé❡s ❢♦r♠❡♥t ❞❡s ❞✐❣✉❡s tr❛♥s✈❡rs❛❧❡s ❛✉① é❝♦✉❧❡♠❡♥ts
q✉✐ ❝❧♦✐s♦♥♥❡♥t ❧❡ ❧✐t ♠❛❥❡✉r✳

✷✳✸✳✸ ❊①tr❛❝t✐♦♥ ❞❡ ❣r❛♥✉❧❛ts ❡♥ ❧✐t ♠✐♥❡✉r

▲✬❡①tr❛❝t✐♦♥ ✐♥❞✉str✐❡❧❧❡ ❞✬❛❧❧✉✈✐♦♥s ❞❛♥s ❧❡ ❧✐t ♠✐♥❡✉r ❞❡ ❧❛ ▼♦s❡❧❧❡ ❞é♠❛rr❡ ❛♣rès ❧❛ s❡❝♦♥❞❡
❣✉❡rr❡ ♠♦♥❞✐❛❧❡✱ à ♣r♦①✐♠✐té ❞❡s ✈✐❧❧❡s ✭◆❛♥❝② ❡t ❊♣✐♥❛❧✮ ❡t ❞❡s ♣r✐♥❝✐♣❛❧❡s ✈♦✐❡s ❞❡ ❝♦♠♠✉✲
♥✐❝❛t✐♦♥ ✭❊❞❡❧❜❧✉tt❡✱ ✷✵✵✵✮✳ ▲❡s ♣ré❧è✈❡♠❡♥ts ❞✐r❡❝ts s✬✐♥t❡♥s✐✜❡♥t ❝♦♥s✐❞ér❛❜❧❡♠❡♥t ❛✉ ❝♦✉rs
❞❡s ❛♥♥é❡s ✶✾✻✵✱ ♣✉✐s s✬ét❡♥❞❡♥t ✐♥é❣❛❧❡♠❡♥t ❞❛♥s ❧❡ ❢♦♥❞ ❞❡ ✈❛❧❧é❡ ❥✉sq✉✬❛✉① ❛♥♥é❡s ✶✾✽✵✱ à
❧✬❡①❝❡♣t✐♦♥ ❞✉ s❡❝t❡✉r ❇❛✐♥✈✐❧❧❡✲❱✐r❡❝♦✉rt ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❈❡s ③♦♥❡s ❞✬❡①tr❛❝t✐♦♥ ❡♥
❧✐t ♠✐♥❡✉r ❢♦r♠❡♥t ❞❡ ✈❛st❡s ❢♦ss❡s ✭❋✐❣✉r❡ ✷✳✶✹✮ q✉✐ ♣✐è❣❡♥t ❧❛ t♦t❛❧✐té ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ❡t
❝♦♥tr✐❜✉❡♥t à s❡❝t♦r✐s❡r ❧❡ tr❛♥s✐t sé❞✐♠❡♥t❛✐r❡ ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳

▲❡ ❝♦♠❜❧❡♠❡♥t ♣r♦❣r❡ss✐❢ ❞❡ ❝❡s ❢♦ss❡s ♣❡rt✉r❜❡ ❧✬éq✉✐❧✐❜r❡ ♠♦r♣❤♦❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ▼♦s❡❧❧❡
❡t ❡♥❣❡♥❞r❡ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❢r♦♥ts ❞✬ér♦s✐♦♥ ❞❡ ♣❛rt ❡t ❞✬❛✉tr❡ ❞❡s ③♦♥❡s ❞✬❡①tr❛❝t✐♦♥s ✭▼❛✐r❡
❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ❆ ❧✬❛♠♦♥t✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❧♦❝❛❧❡ ❞❡ ❧❛ ♣❡♥t❡ ❞✉ ❢♦♥❞ ♣r♦✈♦q✉❡ ✉♥❡
✈❛❣✉❡ ❞✬ér♦s✐♦♥ ré❣r❡ss✐✈❡ ❝♦♥❞✉✐s❛♥t à ✉♥ ❛❜❛✐ss❡♠❡♥t ❞✉ ♣❧❛♥❝❤❡r ❛❧❧✉✈✐❛❧ ♣♦✉✈❛♥t ❛❜♦✉t✐r à ❧❛
♠✐s❡ à ♥✉ ❞✉ s✉❜str❛t✉♠ r♦❝❤❡✉① ✭❋✐❣✉r❡ ✷✳✶✹✮✳ ❆ ❧✬❛✈❛❧✱ ❧❡ ❞é✜❝✐t sé❞✐♠❡♥t❛✐r❡ ♦❝❝❛s✐♦♥♥é ♣❛r
❧❡ ♣✐é❣❡❛❣❡ ❞❡s ♠❛tér✐❛✉① ❡st ❝♦♠♣❡♥sé ♣❛r ✉♥❡ ér♦s✐♦♥ ♣r♦❣r❡ss✐✈❡ à ❧✬♦r✐❣✐♥❡ ❞✬✉♥ ❝r❡✉s❡♠❡♥t
✈❡rt✐❝❛❧ ❞✉ ❧✐t ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ▲❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❝❡s ❛❥✉st❡♠❡♥ts ♠♦r♣❤♦❧♦❣✐q✉❡s s✉r
❧❡ ❧✐♥é❛✐r❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥tr❛✐♥❡ ❛✐♥s✐ ❧✬❛❜❧❛t✐♦♥ ❞✬✉♥ ✐♠♣♦rt❛♥t ✈♦❧✉♠❡ ❞❡ sé❞✐♠❡♥t ❛✉ ❝♦✉rs ❞✉
❳❳❡ s✐è❝❧❡✳ ❉✉r❛♥t ❝❡tt❡ ♣ér✐♦❞❡✱ ♦♥ ❡st✐♠❡ q✉✬❡♥ ♠♦②❡♥♥❡ 79000tonnes/an ❞❡ ♠❛tér✐❛✉① s♦♥t
❡①♣♦rtés ❞✉ tr♦♥ç♦♥ s✐t✉é ❡♥tr❡ ❊♣✐♥❛❧ ❡t ❱❡❧❧❡✲s✉r✲▼♦s❡❧❧❡ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✽✶❀ ❇❈❊❖▼✱
✶✾✽✶✮✳ ❈❡tt❡ ✈✐❞❛♥❣❡ ❞✉ r❡♠♣❧✐ss❛❣❡ ❛❧❧✉✈✐❛❧ ♣r♦✈♦q✉❡ ✉♥❡ ✐♥❝✐s✐♦♥ q✉❛s✐✲❣é♥ér❛❧✐sé❡ ❞✉ ❧✐t ❛✈❡❝
❞❡s ✈❛❧❡✉rs ♣♦✉✈❛♥t ❛tt❡✐♥❞r❡ −4m ✭❋✐❣✉r❡ ✷✳✶✸✮ ❛✉ ❞r♦✐t ❞❡s s✐t❡s ❞✬❡①tr❛❝t✐♦♥ ✭❇❈❊❖▼✱ ✶✾✽✶✮✳

▲❛ ♣ér❡♥♥✐té ❞❡ ❝❡rt❛✐♥s ♦✉✈r❛❣❡s ❞✬❛rt ét❛♥t ♠❡♥❛❝é❡ ♣❛r ❝❡tt❡ ✐♥❝✐s✐♦♥ ✭♣❛r ❡①✳ ❧✬❡✛♦♥❞r❡✲
♠❡♥t ❞✉ ♣♦♥t ❞❡ ❈❤❛r♠❡s ❡♥ ✶✾✻✻✮✱ ❧❛ ré❣❧❡♠❡♥t❛t✐♦♥ ✐♥t❡r❞✐t ♣r♦❣r❡ss✐✈❡♠❡♥t ❧❡s ❡①tr❛❝t✐♦♥s
❡♥ ❧✐t ♠✐♥❡✉r ✈❡rs ❧❛ ✜♥ ❞❡s ❛♥♥é❡s ✶✾✼✵✳ ❈❡♣❡♥❞❛♥t✱ ♠❛❧❣ré ❝❡tt❡ ✐♥t❡r❞✐❝t✐♦♥ ❡t ❧❡ ❝♦♠❜❧❡♠❡♥t
♣r♦❣r❡ss✐❢ ❞❡s ❢♦ss❡s ❞✬❡①tr❛❝t✐♦♥ ❧❡ ♣❤é♥♦♠è♥❡ s❡ ♣♦✉rs✉✐t ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ♠♦❞✐✜❝❛t✐♦♥ ❧♦❝❛❧❡ ❞❡s
❢♦rç❛❣❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ✭❋✐❣✉r❡ ✷✳✶✹✮✳ ▲✬❡♥❢♦♥❝❡♠❡♥t ❞✉ ❧✐t ❛ ❡♥❣❡♥❞ré ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❧❛
❢réq✉❡♥❝❡ ❞❡s ❞é❜♦r❞❡♠❡♥ts ❡♥ ❧✐t ♠❛❥❡✉r✱ ❝❡ q✉✐ ❧✐♠✐t❡ ❧❡ ♠é❝❛♥✐s♠❡ ❞❡ ❞ét❡♥t❡ ❤②❞r♦❝✐♥ét✐q✉❡
❡t ❛❝❝r♦✐t ❧❛ ❝❛♣❛❝✐té ér♦s✐✈❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ▲❡ ré❛❥✉st❡♠❡♥t ❞✉ ♣❧❛♥✲
❝❤❡r ❛❧❧✉✈✐❛❧ à ❝❡s ♥♦✉✈❡❧❧❡s ❝♦♥❞✐t✐♦♥s ❤②❞r♦❞②♥❛♠✐q✉❡s ♣❛ss❡ ♣❛r ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡ ❞✉
❝♦✉rs ❞✬❡❛✉✱ q✉✐ s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ✐♥❝✐s✐♦♥ ❞✉ ❧✐t à ❧✬❛♠♦♥t ❡t ✉♥ ❡①❤❛✉ss❡♠❡♥t à ❧✬❛✈❛❧✳
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❈❡s ❝♦♥tr❛✐♥t❡s ❤②❞r❛✉❧✐q✉❡s s❡ s✉♣❡r♣♦s❡♥t ❧♦❝❛❧❡♠❡♥t ❛✉① ♣❡rt✉r❜❛t✐♦♥s ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
✢✉✈✐❛❧❡✱ ❧✐é❡s ❛✉① ♣ré❧è✈❡♠❡♥ts ❡♥ ❧✐t ♠✐♥❡✉r✱ ❝❡ q✉✐ ♣❡✉t ❡①❛❝❡r❜❡r ❧✬✐♥❝✐s✐♦♥ ❞✉ ❧✐t✳ ▲✬❡♥❢♦♥❝❡♠❡♥t
❞✉ ❝❤❡♥❛❧ ❡st ❞✬❛✉t❛♥t ♣❧✉s ♠❛rq✉é ❧♦rsq✉❡ ❞❡s ❡♥r♦❝❤❡♠❡♥ts ♣r♦tè❣❡♥t ❧❡s ❜❡r❣❡s ❡t ❡♠♣ê❝❤❡♥t
❧✬ér♦s✐♦♥ ❧❛tér❛❧❡ s✉s❝❡♣t✐❜❧❡ ❞❡ ❝♦♠♣❡♥s❡r ❧❡ ❞é✜❝✐t sé❞✐♠❡♥t❛✐r❡ ✭❈❤❛r❞♦♥✱ ✷✵✶✹✮✳ ▲❡ ♠❛tér✐❡❧
r❡♣r✐s ❞✉ ❢♦♥❞ t❡♥❞ à s✬❛❝❝✉♠✉❧❡r ❡♥ ❛✈❛❧ ❞✉ s❡❝t❡✉r ❡♥❞✐❣✉é ❝❛r ❧❛ r✐✈✐èr❡ ♥✬❛ ❧♦❝❛❧❡♠❡♥t ♣❧✉s
❧❛ ❝❛♣❛❝✐té ❞❡ tr❛♥s♣♦rt❡r ❧❡ s✉r♣❧✉s sé❞✐♠❡♥t❛✐r❡✳ ❉❡s ❞é♣ôts ❝♦♥❞✉✐s❡♥t à ❧✬❡①❤❛✉ss❡♠❡♥t ❞✉
♣❧❛♥❝❤❡r ❛❧❧✉✈✐❛❧ ❝❡ q✉✐ ❢❛✈♦r✐s❡ ❧❡s ❞é❜♦r❞❡♠❡♥ts✳ ❈❡ ♣❤é♥♦♠è♥❡ ❞✬❛❜❧❛t✐♦♥✴❛❝❝✉♠✉❧❛t✐♦♥ s❡
tr❛♥s❢èr❡ ❡♥ s✬❛♠♦rt✐ss❛♥t✱ t❛♥t ✈❡rs ❧✬❛♠♦♥t q✉❡ ✈❡rs ❧✬❛✈❛❧✱ ❡t ❝♦♥❞✉✐t à ❧❛ ♠✐s❡ ❡♥ ♣❧❛❝❡ ❞✬✉♥
♣r♦✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❜❛s❝✉❧é ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ▲❡s tr❛✈❛✉① ❞✬❡♥❞✐❣✉❡♠❡♥ts ❡t ❞✬❡♥r♦❝❤❡✲
♠❡♥ts ✐♠♣❛❝t❡♥t ❞♦♥❝ ❧❡s ♣r♦❝❡ss✉s ❞✬❛❥✉st❡♠❡♥t ❞✉ ❝♦✉rs ❞✬❡❛✉ ❡t ♣❡✉✈❡♥t ❛❣❣r❛✈❡r ❧❡s r✐sq✉❡s
❞✬✐♥♦♥❞❛t✐♦♥✳

❋✐❣✉r❡ ✷✳✶✻ ✿ ❊✈♦❧✉t✐♦♥ ❞❡s ❛✐r❡s ❞✬❡①tr❛❝t✐♦♥ ❞❡ ❣r❛♥✉❧❛ts ❡♥ ❧✐t ♠❛❥❡✉r ❡♥tr❡ ✶✾✼✺ ❡t ✷✵✵✷✱
❞✬❛♣rès ❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✸✮

❆ ♣❛rt✐r ❞❡ ✶✾✾✵✲✷✵✵✵✱ ❧❡s ❡①tr❛❝t✐♦♥s ❡♥ ❧✐t ♠✐♥❡✉r s♦♥t t♦t❛❧❡♠❡♥t ✐♥t❡r❞✐t❡s ✭❛rrêté ❞✉
✷✷ s❡♣t❡♠❜r❡ ✶✾✾✹ r❡❧❛t✐❢ ❛✉① ❝❛rr✐èr❡s✮ ❡t ✐❧ ♥✬② ❛ ♣❧✉s ❞✬♦✉✈❡rt✉r❡ ❞❡ ❣r❛✈✐èr❡s ❞❛♥s ❧❛ ❜❛♥❞❡
❛❝t✐✈❡ ❞❡ ❧❛ ▼♦s❡❧❧❡✳ ▲✬♦❝❝✉♣❛t✐♦♥ ❞✉ s♦❧ ❞❡ ❧❛ ✈❛❧❧é❡ ❡st ♣❧✉s ♦✉ ♠♦✐♥s ✜❣é❡ ✭❋✐❣✉r❡ ✷✳✶✻✮ ❡t
❧✬♦❜❧✐❣❛t✐♦♥ ❞❡ ✏r❡♠✐s❡ ❡♥ ét❛t ❞✉ s✐t❡✑ ❞❛t❛♥t ❞❡ ✶✾✼✶✱ ❝♦♥tr❛✐♥t ❧❡s ❝❛rr✐❡rs à r❡♥❢♦r❝❡r ❧❡s ❜❡r❣❡s
❞❡s ❣r❛✈✐èr❡s ❞és❛✛❡❝té❡s ❛✈❡❝ ❞❡s ❡♥r♦❝❤❡♠❡♥ts✳
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▲❛ ❣❡st✐♦♥ ❡t ❧✬❡♥tr❡t✐❡♥ ❞❡ ❝❡s ③♦♥❡s ✏é✈✐❞é❡s✑ ❞✬❛❧❧✉✈✐♦♥s ✭220ha ❞✉ ❧✐t ♠❛❥❡✉r ❡♥tr❡ ❈❤❛r♠❡s
❡t ❇❛②♦♥✮ ✐♥❝♦♠❜❡ ❡♥s✉✐t❡ ❛✉① ❝♦♠♠✉♥❡s✱ q✉✐ ❧♦✉❡♥t ❝❡s ét❛♥❣s ❡t ♣❧❛♥s ❞✬❡❛✉ ❛✉① ❛ss♦❝✐❛t✐♦♥s
❞❡ ♣ê❝❤❡ ❛✜♥ ❞❡ ❜é♥é✜❝✐❡r ❞✬✉♥ r❡✈❡♥✉ ré❣✉❧✐❡r✳ ▲✬❡♥❞✐❣✉❡♠❡♥t ❞✉ ❧✐t ♠✐♥❡✉r ❡t ❧❛ ♠✉❧t✐♣❧✐❝❛t✐♦♥
❞❡s ❡①tr❛❝t✐♦♥s à ♣r♦①✐♠✐té ❞✐r❡❝t❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥❣❡♥❞r❡ ❝❡♣❡♥❞❛♥t ✉♥ r✐sq✉❡ ❞❡ r✉♣t✉r❡ ❞❡
❞✐❣✉❡ ♣♦✉✈❛♥t ❝♦♥❞✉✐r❡ à ❧❛ ❝❛♣t✉r❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ♣❛r ❞❡s ❣r❛✈✐èr❡s✳ ❊♥ ❡✛❡t✱ ❝❡s ❛♠é♥❛❣❡♠❡♥ts
♣❡✉✈❡♥t êtr❡ ❞ést❛❜✐❧✐sés ❡♥ ❝r✉❡ ♣❛r ❧✬❛✛♦✉✐❧❧❡♠❡♥t ❞✉ ♣✐❡❞ ❞❡ ❜❡r❣❡✱ ❛❣❣r❛✈é ♣❛r ❧✬✐♥❝✐s✐♦♥ ❞✉
❧✐t✱ ❧❛ s✉r✈❡rs❡ ❞❡s é❝♦✉❧❡♠❡♥ts ❞é❜♦r❞❛♥ts ✭r❡❤❛✉ss❡ ❞✉ t✐r❛♥t ❞✬❡❛✉ ❡♥ ❝r✉❡✮ ❡t✴♦✉ s♦✉s ❧✬❡✛❡t
❞❡ ❧❛ ♣r❡ss✐♦♥ ❤②❞r♦st❛t✐q✉❡ ✭r❡♥❛r❞ ❤②❞r❛✉❧✐q✉❡✮✳

✷✳✸✳✺ ❈❛♣t✉r❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ♣❛r ✉♥❡ ❣r❛✈✐èr❡

▲✬✐♠♣❛❝t ❞✬✉♥❡ ❝❛♣t✉r❡ s✉r ❧❡ tr❛♥s✐t ❛❧❧✉✈✐❛❧ ❡st ❝♦♠♣❛r❛❜❧❡ ❛✉ ❝♦♠❜❧❡♠❡♥t ❞❡s ❛♥❝✐❡♥♥❡s ❢♦ss❡s
❞✬❡①tr❛❝t✐♦♥s ❡♥ ❧✐t ♠✐♥❡✉r✱ ❛✈❡❝ ❧❡ ♣✐é❣❡❛❣❡ ❞❡ ❧❛ t♦t❛❧✐té ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ❡t ❧❡ ❞é✈❡❧♦♣♣❡✲
♠❡♥t ❞❡ ❢r♦♥ts ❞✬ér♦s✐♦♥s ♣r♦❣r❡ss✐✈❡ ❡t ré❣r❡ss✐✈❡✳ ❆✉ ♣♦✐♥t ❞❡ r✉♣t✉r❡✱ ❧❛ ❝❤✉t❡ ❞❡ ❧❛ ❝❛♣❛❝✐té
❞❡ tr❛♥s♣♦rt ❞✉ ❧✐t ❝♦✉rt✲❝✐r❝✉✐té ❢❛✈♦r✐s❡ ❧✬❡♥❣r❛✈❡♠❡♥t ❡♥ ❧✐t ♠✐♥❡✉r✱ t❛♥❞✐s q✉✬❛✉ ♣♦✐♥t ❞❡ r❡s✲
t✐t✉t✐♦♥✱ ❧❡ ✏✈✐❞❛❣❡✑ ❞❡ ❧❛ ❣r❛✈✐èr❡ ❞❛♥s ❧❡ ❧✐t ♣❡✉t ❡♥tr❛✐♥❡r ✉♥❡ s✉r❝❤❛r❣❡ ❛❧❧✉✈✐❛❧❡ ❧♦❝❛❧❡ ✭▼❛✐r❡
❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ▲✬✐♥t❡rr✉♣t✐♦♥ ❞✉ tr❛♥s♣♦rt s♦❧✐❞❡ ❝❛✉sé❡ ♣❛r ❧❡ ❞é✈❡rs❡♠❡♥t ❞❡ ❧❛ r✐✈✐èr❡
❞❛♥s ❧❛ ❣r❛✈✐èr❡ ♣❡✉t ❞✉r❡r s✉r ♣❧✉s✐❡✉rs ❞é❝❡♥♥✐❡s✱ s❡❧♦♥ ❧❡ ✈♦❧✉♠❡ à ❝♦♠❜❧❡r✱ ❧❡ tr❛♥s♣♦rt s♦❧✐❞❡
❛♠♦♥t ❡t ❧❡s ❛❧é❛s ❤②❞r♦❧♦❣✐q✉❡s✳ ❆✜♥ ❞✬❛tté♥✉❡r ❧❡ r✐sq✉❡ ❞❡ ❝❛♣t✉r❡ ❞❡ ❧❛ ▼♦s❡❧❧❡✱ ❧❡ ♣r✐♥❝✐♣❡
❞❡ ❝❧♦✐s♦♥♥❡♠❡♥t tr❛♥s✈❡rs❛❧ ❞❡s ❛♥❝✐❡♥♥❡s ❣r❛✈✐èr❡s ❡st ♠✐s❡ ÷✉✈r❡ ♣❡✉ ❛✈❛♥t ✶✾✾✵✱ ❛✉ ♥✐✈❡❛✉
❞❡s ♣❧❛♥s ❞✬❡❛✉ ❞❡ ❇❛②♦♥ ❡t ❞❡ ❙♦❝♦✉rt✳ ▲❡s ❞✐❣✉❡s sé♣❛r❛t✐✈❡s ❞✉ ❧✐t ♠✐♥❡✉r s♦♥t é❣❛❧❡♠❡♥t
r❡♥❢♦r❝é❡s à ❧❛ s✉✐t❡ ❞❡ ❧❛ ❝❛♣t✉r❡ ♣❛rt✐❡❧❧❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ♣❛r ✉♥ ét❛♥❣ à ❇❛②♦♥✱ ❧♦rs ❞❡s ❝r✉❡s ❞❡
✶✾✽✷ ❡t ✶✾✽✸✳ ❉❡s ❞é✈❡rs♦✐rs ❡♥r♦❝❤és s♦♥t ♠✐s ❡♥ ♣❧❛❝❡ ❞❛♥s ❧❡ ❝♦r♣s ❞❡s ❞✐❣✉❡s ♣♦✉r ❢❛✈♦r✐s❡r ❧❡s
❝♦♥♥❡①✐♦♥s ❤②❞r❛✉❧✐q✉❡s ❡♥tr❡ ❧❡s ét❛♥❣s ❡t ❧❛ r✐✈✐èr❡ ❡♥ ❝r✉❡ ✭❋✐❣✉r❡ ✷✳✶✼✮✳ ❈❡s ❛♠é♥❛❣❡♠❡♥ts
❞♦✐✈❡♥t ♣❡r♠❡ttr❡ ❛✉① ♣❧❛♥s ❞✬❡❛✉ ❞❡ ❥♦✉❡r ✉♥ rô❧❡ ❞✬é❝rêt❡♠❡♥t ❞❡s ❝r✉❡s✱ ♣❛r ❧❡ r❡♠♣❧✐ss❛❣❡
❞✐✛éré ❞❡s ❣r❛✈✐èr❡s✳ ▲❡ ✈♦❧✉♠❡ ❞✐s♣♦♥✐❜❧❡ ❡st ❝❡♣❡♥❞❛♥t s♦✉✈❡♥t tr♦♣ ❢❛✐❜❧❡ ♣♦✉r ré❞✉✐r❡ ❧❡s
✐♥♦♥❞❛t✐♦♥s✳ ❉❡ ♠ê♠❡✱ ❧❡ ❢❛✐❜❧❡ ❝♦❡✣❝✐❡♥t ❞❡ r✉❣♦s✐té ❞❡ ❝❡s s✉r❢❛❝❡s ❡♥ ❡❛✉✱ ♣❛r r❛♣♣♦rt à ❧❛
s✉r❢❛❝❡ ❞✉ s♦❧ ♣❡✉t ❛❝❝é❧ér❡r ❧❡ ❝❤❡♠✐♥❡♠❡♥t ❞✬✉♥❡ ♦♥❞❡ ❞❡ ❝r✉❡ ❡♥ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬❛✈❛❧✳

❋✐❣✉r❡ ✷✳✶✼ ✿ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s s✉r❢❛❝❡s ✐♥♦♥❞é❡s ♣♦✉r ✉♥❡ ❝r✉❡ ❞é❝❡♥♥❛❧❡ ❞❛♥s ❧❡ s❡❝t❡✉r ❞❡
●r✐♣♣♦rt ✭❆t❧❛s ❙♦❣r❡❛❤✮

✺✵



▲♦rs ❞❡ ❧❛ ❝r✉❡ ❞❡ ✶✾✾✵ ✭♣ér✐♦❞❡ ❞❡ r❡t♦✉r ✷✵ ❛♥s✮✱ ❛✉❝✉♥ s❡✉✐❧ ❞❡ ❝♦♥♥❡①✐♦♥ ♥✬❡st ❛♠é♥❛❣é
❛✉ ♥✐✈❡❛✉ ❞❡s ❣r❛✈✐èr❡s ❞❡ ❙♦❝♦✉rt ❡t ❞❡ ❈❤❛♠❛❣♥❡ ✭❋✐❣✉r❡ ✷✳✶✼✮✳ ❈❡t é✈è♥❡♠❡♥t ❛ ❡♥❣❡♥❞ré ✸
❜rè❝❤❡s ❡♥tr❡ ❧❡s ♣❧❛♥s ❞✬❡❛✉ ❞❡ ❧❛ r✐✈❡ ❞r♦✐t❡✱ ❝❡ q✉✐ ❛ ❝♦♥❞✉✐t à ❧❛ ♠✐s❡ à ♥✉ ❞✉ ♣✐♣❡❧✐♥❡ ▼❛rs❡✐❧❧❡✲
❙tr❛s❜♦✉r❣✳ ❆ ❧❛ s✉✐t❡ ❞❡ ❝❡tt❡ ❝r✉❡✱ ❧❛ ❝♦♠♠✉♥❡ ❞❡ ❙♦❝♦✉rt ❛ ❞û ❛❜❛✐ss❡r ❧❛ ❞✐❣✉❡ ❡♥r♦❝❤é❡ ❡t
❝ré❡r ❞❡s ❞é✈❡rs♦✐rs ♣♦✉r ❢❛❝✐❧✐t❡r ❧❡s é❝♦✉❧❡♠❡♥ts ❡♥tr❡ ❧❛ ▼♦s❡❧❧❡ ❡t ❧❡s ét❛♥❣s ❞❛♥s ❧❡ ❜✉t
❞✬é✈✐t❡r ✉♥ ♣❤é♥♦♠è♥❡ ❞❡ ❝❛♣t✉r❡ ❡♥ ❝❤❛✐♥❡ ✭❊❞❡❧❜❧✉tt❡✱ ✷✵✵✵✮✳ ▲✬❡♥❝❤❛✐♥❡♠❡♥t ❞❡s é✈è♥❡♠❡♥ts
❤②❞r♦❧♦❣✐q✉❡s ❞❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r ✷✵ ❛♥s✱ ❡♥ ✶✾✽✸ ❡t ✶✾✾✵✱ ✐♥✐t✐❡ ♣❛r ❛✐❧❧❡✉rs ❧✬ér♦s✐♦♥ ❞❡ ❧❛ ❜❡r❣❡
❛♠♦♥t ❡t ❞✉ ❝♦r❞♦♥ ✐♥t❡r✲♣❧❛♥ ❞❡s ❛♥❝✐❡♥♥❡s ❣r❛✈✐èr❡s ❞❡ ●r✐♣♣♦rt✳ ▲❛ s✉❜♠❡rs✐♦♥ ré♣été❡ s♦✉s
❡♥✈✐r♦♥ 1, 5m ❞✬❡❛✉ ❞❡ ❧❛ ❜❡r❣❡ sé♣❛r❛t✐✈❡ ❞❡ ❧❛ ❣r❛✈✐èr❡ ❛♠♦♥t ❝♦♥❞✉✐t à ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❧❛
❝♦✉✈❡rt✉r❡ ✈é❣ét❛❧❡ ❛r❜♦r❡s❝❡♥t❡ ❞❡ ❧❛ r✐♣✐s②❧✈❡ à ❧❛ ✈❡✐❧❧❡ ❞❡ ❧❛ ❝r✉❡ ❞❡ ❥❛♥✈✐❡r ✶✾✾✺✳ ▲❡s ❞❡✉①
ét❛♥❣s ❞❡ 2ha ❡t 3ha s♦♥t ❝❛♣t✉rés ♣❛r ❧❛ ▼♦s❡❧❧❡ ❧♦rs ❞❡ ❝❡t é♣✐s♦❞❡ ❞❡ ❝r✉❡ ❞é❝❡♥♥❛❧❡✱ s✉✐t❡
à ✉♥❡ ❞ést❛❜✐❧✐s❛t✐♦♥ ❞❡ ❧❛ ♣❛rt✐❡ ❛♠♦♥t ❞✉ ❝♦r❞♦♥ ❞❡ sé♣❛r❛t✐♦♥ ❛✈❡❝ ❧❡ ❝♦✉rs ❞✬❡❛✉ ❡t à ✉♥❡
❜rè❝❤❡ ❝❡♥tr❛❧❡ ❡♥tr❡ ❧❡s ét❛♥❣s ✭❋✐❣✉r❡ ✷✳✶✽✮✳

❋✐❣✉r❡ ✷✳✶✽ ✿ P❤♦t♦❣r❛♣❤✐❡ ❛ér✐❡♥♥❡ ❞❡ ❧❛ ❝❛♣t✉r❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ♣❛r ❧❡s ❣r❛✈✐èr❡s ❞❡ ●r✐♣♣♦rt
❡♥ ✶✾✾✺ ✭❙♦✉r❝❡ ■●◆✮

❉❡s tr❛✈❛✉① ❞✬✉r❣❡♥❝❡ s♦♥t ❡✛❡❝t✉és ❛✜♥ ❞❡ rét❛❜❧✐r ❧✬é❝♦✉❧❡♠❡♥t ❞❛♥s ❧❡ ❧✐t ❞✉ ❝♦✉rs ❞✬❡❛✉
✭❝r❡✉s❡♠❡♥t ❞✬✉♥ ❝❤❡♥❛❧ ♣ré❢ér❡♥t✐❡❧ ❞❛♥s ❧❛ ▼♦s❡❧❧❡ ❡t ❞❡✉① é♣✐s ❞❡ ❢♦♥❞ ❡♥ ❡♥r♦❝❤❡♠❡♥t ❡♥
r✐✈❡ ❣❛✉❝❤❡✮ ❡t ❞❡ r❡❝♦♥str✉✐r❡ ❧❛ ❞✐❣✉❡ ❞❡ sé♣❛r❛t✐♦♥ ❡♥tr❡ ❧❛ ▼♦s❡❧❧❡ ❡t ❧❡s ét❛♥❣s ✭❞♦✉❜❧❡
❝♦r❞♦♥ ❞❡ ❣❛❜✐♦♥s ❡♥s❡rr❡ ✉♥ r❡♠❜❧❛✐ ❡♥ ♣❛rt✐❡ ✈é❣ét❛❧✐sé✮✳ ❉❛♥s ❧❡ ❜✉t ❞✬❛♠é❧✐♦r❡r ❧❛ ❝♦♥♥❡①✐♦♥
❤②❞r❛✉❧✐q✉❡ ❛✈❡❝ ❧❡s ♣❧❛♥s ❞✬❡❛✉✱ ✉♥ ❞é✈❡rs♦✐r ❛♠♦♥t ❡st ✐♥st❛❧❧é ❛✉ ♥✐✈❡❛✉ ❞✉ ♣r❡♠✐❡r ét❛♥❣ ❡t
❞❡✉① ❝♦❧❧❡❝t❡✉rs ❛✈❛❧s s♦♥t ♠✐s ❡♥ ♣❧❛❝❡ ❛✉ ♥✐✈❡❛✉ ❞✉ s❡❝♦♥❞ ét❛♥❣✳ ▲❛ ▼♦s❡❧❧❡ ❡st à ♥♦✉✈❡❛✉
❝❛♣t✉ré❡ ❛✉ ❝♦✉rs ❞❡ ❧❛ ❝r✉❡ ❞❡ ❞é❝❡♠❜r❡ ✷✵✵✶ ✭♣ér✐♦❞❡ ❞❡ r❡t♦✉r ✶✵ ❛♥s✮✱ ❧❡s é❝♦✉❧❡♠❡♥ts
♦♥t ❛rr❛❝❤é ❧❡s ❛♠é♥❛❣❡♠❡♥ts ❡♥ ❣é♥✐❡ ✈é❣ét❛❧ ❡t ❡♥❣❡♥❞ré ✉♥❡ ✐♠♣♦rt❛♥t❡ ér♦s✐♦♥ ❞✉ r❡♠❜❧❛✐
❡♥tr❡ ❧❡s ❞❡✉① r❛♥❣é❡s ❞❡ ❣❛❜✐♦♥s✳ ❉❡♣✉✐s ❝❡tt❡ ❞❛t❡✱ ❧✬ér♦s✐♦♥ ❞✉ r❡♠❜❧❛✐ s❡ ♣♦✉rs✉✐t✱ ❧❛ r❛♥❣é❡
❞❡ ❣❛❜✐♦♥s s❡ tr♦✉✈❛♥t à ❝♦té ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡st ♣r❛t✐q✉❡♠❡♥t ❞étr✉✐t❡ ❡t ❞❡s ❣r✐✛❡s ❞✬ér♦s✐♦♥
❝♦♥t✐♥✉❡♥t ❞❡ s❡ ♣r♦♣❛❣❡r ❡♥tr❡ ❧❡s ❞❡✉① ♣❧❛♥s ❞✬❡❛✉ ❡t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝♦♥♥❡①✐♦♥ ❛✈❛❧✳
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✷✳✹ ❈♦♥séq✉❡♥❝❡s s✉r ❧❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡ ❞❡ ❧❛

✏▼♦s❡❧❧❡ ❙❛✉✈❛❣❡✑

✷✳✹✳✶ ●r❛♥❞s tr❛✐ts ❞❡s é✈♦❧✉t✐♦♥s ❣é♦♠♦r♣❤♦❧♦❣✐q✉❡s ❡♥tr❡ ✶✾✺✵ ❡t ✶✾✽✵

❉ès ✶✾✺✵✱ ❞❡s ❞r❛❣✉❡s ✢♦tt❛♥t❡s ♣ré❧è✈❡♥t ❞❡s ❛❧❧✉✈✐♦♥s ❞❛♥s ❧❡ ❧✐t ♠✐♥❡✉r ❞✉ ❝♦✉rs ❞✬❡❛✉✱ ❛✉①
❡①tré♠✐tés ❞✉ s❡❝t❡✉r ❞❡ ❧❛ ▼♦s❡❧❧❡ s❛✉✈❛❣❡✱ ❡♥tr❡ ❈❤❛r♠❡s ❡t ❙♦❝♦✉rt ❡t à ❧✬❛✈❛❧ ❞✉ ♣♦♥t ❞❡
❇❛②♦♥ ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ❆ ❧✬❡①tré♠✐té ❛♠♦♥t✱ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❢r♦♥ts ❞✬ér♦s✐♦♥
♣r♦❣r❡ss✐✈❡ ❡♥❣❡♥❞r❡ ✉♥❡ ✐♥❝✐s✐♦♥ ❞✉ ❧✐t ❡♥tr❡ ❈❤❛r♠❡s ❡t ❧❡ ❜❛rr❛❣❡ ❞❡ ❇❛✐♥✈✐❧❧❡✱ ❛❧❧❛♥t ❥✉sq✉✬à
❧❛ ♠✐s❡ à ♥✉ ❞✉ s✉❜str❛t✉♠ à ❧✬❛✈❛❧ ❞❡ ❈❤❛r♠❡s ✭❋✐❣✉r❡ ✷✳✶✸✮✳ ▲✬❡♥❢♦♥❝❡♠❡♥t ❞✉ ❧✐t à ❧✬❛♠♦♥t ❞❡
❇❛✐♥✈✐❧❧❡ s✬❛❝❝♦♠♣❛❣♥❡ ❞✬✉♥ rétré❝✐ss❡♠❡♥t ❞❡ ❧❛ ❜❛♥❞❡ ❛❝t✐✈❡ s✉r ❧❛ ♣ér✐♦❞❡ ✶✾✹✾✲✶✾✻✺ ❡t ♣❧✉s
♣❛rt✐❝✉❧✐èr❡♠❡♥t à ♣r♦①✐♠✐té ❞❡ ●r✐♣♣♦rt✱ à ❧❛ s✉✐t❡ ❞❡ ❧✬♦✉✈❡rt✉r❡ ❞❡ ❧❛ ❣r❛✈✐èr❡ ❛✉ ❞é❜✉t ❞❡s
❛♥♥é❡s ✶✾✻✵ ✭❈❤❛r❞♦♥✱ ✷✵✶✹✮✳ ▲❛ ❝❤❡♥❛❧✐s❛t✐♦♥ ❞✉ ❝♦✉rs ❞✬❡❛✉ ❛✉ ❞r♦✐t ❞❡ ❧❛ ❣r❛✈✐èr❡✱ ❡①❛❝❡r❜❡
❧♦❝❛❧❡♠❡♥t ❧✬✐♥❝✐s✐♦♥ ❞✉ ❧✐t✱ ❛❧✐♠❡♥t❛♥t ✉♥ ♣❡t✐t s❡❝t❡✉r ❡♥ tr❡ss❡s s✐t✉é à ❧✬❛✈❛❧ ✐♠♠é❞✐❛t✱ ❞♦♥t
❧❛ ❧❛r❣❡✉r ❞❡ ❧❛ ❜❛♥❞❡ ❛❝t✐✈❡ s✬❛❝❝r♦ît ❡♥ ✶✾✻✺ ✭❋✐❣✉r❡ ✷✳✷✵✮✳ P❛r ❧❛ s✉✐t❡✱ ❧✬✐♥❝✐s✐♦♥ ❞✉ ❧✐t s❡
♣♦✉rs✉✐t ♣❧✉s ❡♥ ❛✈❛❧✱ ❝❡ q✉✐ ❝♦♥❞✉✐t à ❧❛ ❞✐s♣❛r✐t✐♦♥ ❞✉ s❡❝t❡✉r ❡♥ tr❡ss❡ ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✼✵✱
❛✉ ♣r♦✜t ❞✬✉♥ ❧✐t ✉♥✐q✉❡ ♠♦❞éré♠❡♥t s✐♥✉❡✉① ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ❉❛♥s ❧❛ ♣❛rt✐❡
❛✈❛❧ ❞❡ ❧❛ ▼♦s❡❧❧❡ s❛✉✈❛❣❡✱ ✉♥❡ ✈❛❣✉❡ ❞✬ér♦s✐♦♥ ré❣r❡ss✐✈❡ r❡♠♦♥t❡ ❞❡♣✉✐s ❧❛ ❢♦ss❡ ❞✬❡①tr❛❝t✐♦♥
❞❡ ❇❛②♦♥ ✭❋✐❣✉r❡ ✷✳✷✵✮ ❡t ❢❛✐t ❞✐s♣❛r❛îtr❡ ✉♥ s❡❝♦♥❞ s❡❝t❡✉r ❡♥ tr❡ss❡s s✐t✉é à ❱✐r❡❝♦✉rt✳ ❈❡tt❡
♠ét❛♠♦r♣❤♦s❡ ❧♦❝❛❧❡ ❞✉ st②❧❡ ✢✉✈✐❛❧❡ s✬❡✛❡❝t✉❡ ❞ès ❧❡s ❛♥♥é❡s ✶✾✻✵✱ ❛✈❡❝ ❧❛ ❢♦r♠❛t✐♦♥ ❞❡ ❞❡✉①
♠é❛♥❞r❡s ❡♥ ✏❣❡♥♦✉① s✉❝❝❡ss✐❢s✑ ❡t ❧❛ ré❞✉❝t✐♦♥ ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❧❛ ❜❛♥❞❡ ❛❝t✐✈❡ s✉r ❝❡ s❡❝t❡✉r
✭❈❤❛r❞♦♥✱ ✷✵✶✹✮✳ ❙✉r ❧❡ tr♦♥ç♦♥ ♠é❞✐❛♥ ❞❡ ❧❛ ▼♦s❡❧❧❡ s❛✉✈❛❣❡✱ ❛✉ ♥✐✈❡❛✉ ❞✉ ✏❣r❛♥❞ tr❛✈❡rs✑✱
❧✬❛♠♣❧✐t✉❞❡ ❡t ❧❛ ❞❡♠✐✲❧♦♥❣✉❡✉r ❞✉ tr❛✐♥ ❞❡ ♠é❛♥❞r❡s ✈❛r✐❡♥t ♣❡✉ ❡♥tr❡ ✶✾✺✵ ❡t ✶✾✽✵✳

❋✐❣✉r❡ ✷✳✷✵ ✿ ❊✈♦❧✉t✐♦♥ ❞✉ ❧✐t ❡t ❞✉ ♠✐❧✐❡✉ r✐✈❡r❛✐♥ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥tr❡ ✶✾✺✵ ❡t ✷✵✵✵✱ ❞✬❛♣rès
▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✵✮
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▲❛ r❛ré❢❛❝t✐♦♥ ❡t ❧❡ st♦❝❦❛❣❡ ❞❡s sé❞✐♠❡♥ts ❡♥ ❛♠♦♥t ❞✉ ❜❛rr❛❣❡ ❞❡ ❇❛✐♥✈✐❧❧❡✱ ❛❧✐♠❡♥t❡ ❧❛
❞②♥❛♠✐q✉❡ ❞❡ ré❛❥✉st❡♠❡♥t ♠♦r♣❤♦❧♦❣✐q✉❡ ✐♥✐t✐é ❞❛♥s ❧❡s ❛♥♥é❡s ✶✾✽✵✱ ❛✉ ♥✐✈❡❛✉ ❞✉ tr♦♥ç♦♥
s✐t✉é ❡♥ ❛✈❛❧ ❞❡ ❧✬♦✉✈r❛❣❡✳ ▲✬❡♥❢♦♥❝❡♠❡♥t ❞✉ ❧✐t ❞❡ ❧❛ ▼♦s❡❧❧❡ s❡ ♣♦✉rs✉✐t ❛✉ ♣✐❡❞ ❞✉ ❜❛rr❛❣❡
❡t ❧❡ s❛♣❡♠❡♥t ❞❡ ❧❛ r✐✈❡ ❝♦♥❝❛✈❡ ✭❞r♦✐t❡✮ s✐t✉é❡ ❡♥ ❛♠♦♥t ❞✉ ♣♦♥t ❞❡ ❇❛✐♥✈✐❧❧❡ s✬✐♥t❡♥s✐✜❡ à ❧❛
s✉✐t❡ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ ❜❛♥❝ ❞❡ ❣❛❧❡ts ❡♥ r✐✈❡ ❝♦♥✈❡①❡ ✭❋✐❣✉r❡ ✷✳✷✺✮✳ ▲❛ ♠✐❣r❛t✐♦♥ ❧❛tér❛❧❡
❞✉ ❝♦✉rs ❞✬❡❛✉ ❛❝❝r♦ît ❧❛ s✐♥✉♦s✐té ❞✉ tr♦♥ç♦♥✱ q✉✐ ✈✐❡♥t ❜✉t❡r ❡♥ r✐✈❡ ❣❛✉❝❤❡ ❝♦♥tr❡ ❧❛ ❞✐❣✉❡ ❞✉
❝❛♥❛❧ ❞❡ ❧✬❊st✱ ❝❡ q✉✐ ❛✉❣♠❡♥t❡ ❧♦❝❛❧❡♠❡♥t ❧❡s ✈✐t❡ss❡s ❞✬é❝♦✉❧❡♠❡♥ts ❡t ❢❛✈♦r✐s❡ ❧✬❛✛♦✉✐❧❧❡♠❡♥t
❞✉ ❧✐t ❛✉ ❞r♦✐t ❞✉ ♣♦♥t ❞❡ ❇❛✐♥✈✐❧❧❡✳ ▲✬✐♥❝✐s✐♦♥ ❞✉ ❧✐t ♣r♦❣r❡ss❡ ❡♥ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬❛✈❛❧ ❥✉sq✉✬à ❧❛
♣r❡♠✐èr❡ ❜♦✉❝❧❡ ❞❡ ♠é❛♥❞r❡ ❞✉ ❣r❛♥❞ tr❛✈❡rs ✭❋✐❣✉r❡ ✷✳✷✷✮✳

▲❡s ♠❛tér✐❛✉① ér♦❞és s✬❛❝❝✉♠✉❧❡♥t ❞❛♥s ❧❡ s❡❝t❡✉r ❞❡ ▼❛♥❣♦♥✈✐❧❧❡ ✭❋✐❣✉r❡ ✷✳✷✹✮ ❡♥ r❛✐s♦♥
❞❡s ❝♦♥❞✐t✐♦♥s ❤②❞r♦❞②♥❛♠✐q✉❡s ❧♦❝❛❧❡s ✭❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡ ❡t ❢❛✐❜❧❡ ❞é❜✐t à ♣❧❡✐♥s ❜♦r❞s✮✱
q✉✐ ❢❛✈♦r✐s❡♥t ❧✬❛❧❧✉✈✐♦♥♥❡♠❡♥t✳ ▼❛❧❣ré ❧❡s ✏♦♣ér❛t✐♦♥s ❜❧❛♥❝❤❡s✑ ré❛❧✐sé❡s s✉r ❝❡ tr♦♥ç♦♥ à ❧❛
s✉✐t❡ ❞❡s ❝r✉❡s ❞❡ ✶✾✽✷✲✶✾✽✸✱ ❧❡ ❧✐t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡st ❡♥ ❡①❤❛✉ss❡♠❡♥t à ♣r♦①✐♠✐té ❞❡ ❧❛ ❢❡r♠❡ ❞❡
❈❤❛✉❞r✉♣t ✭❋✐❣✉r❡ ✷✳✷✵✮✳ ▲❡ ❜❛s❝✉❧❡♠❡♥t ❞✉ ♣r♦✜❧ ❡♥ ❧♦♥❣ s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛
❜❛♥❞❡ ❛❝t✐✈❡ s✉r ❧❛ ♣❛rt✐❡ ❛♠♦♥t ❡t ✉♥ ❡♥❣r❛✐ss❡♠❡♥t ❞❡s ❜❛♥❝s s✉r ❧❛ ♣❛rt✐❡ ❛✈❛❧ ✭❈❤❛r❞♦♥✱ ✷✵✶✹✮✳
▲❡ s✉r♣❧✉s ❞✬❛❧❧✉✈✐♦♥s ❞é♣♦sé ❞✉r❛♥t ❧❡s ❛♥♥é❡s ✶✾✾✵ ❡♥ ❛✈❛❧ ❞✉ ♣♦♥t ❞❡ ❇❛✐♥✈✐❧❧❡ ✭❋✐❣✉r❡ ✷✳✷✹✮
♣r♦✈♦q✉❡ ✉♥❡ ré❞✉❝t✐♦♥ ❞❡ ❧❛ s❡❝t✐♦♥ ❞✬é❝♦✉❧❡♠❡♥t ❞❛♥s ❧❡ ♠é❛♥❞r❡ ❞❡ ▼❛♥❣♦♥✈✐❧❧❡✳ ❈❡❝✐ ❡♥❣❡♥❞r❡
✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ❞❡s ✈✐t❡ss❡s ❞✬é❝♦✉❧❡♠❡♥t ❡♥ ❝r✉❡ à ❧✬♦r✐❣✐♥❡ ❞✬✉♥❡ r❡♣r✐s❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡
❞✬ér♦s✐♦♥ ❧❛tér❛❧❡ ❞❛♥s ❝❡ s❡❝t❡✉r✳ ▲✬❛❞❛♣t❛t✐♦♥ ♠♦r♣❤♦❧♦❣✐q✉❡ ❞✉ ❝♦✉rs ❞✬❡❛✉ s❡ tr❛❞✉✐t ♣❛r
✉♥ r❡❝✉❧ ❞❡ ❜❡r❣❡✱ r❡♥❢♦r❝é ♣❛r ❧❛ ❢❛✐❜❧❡ ❝♦❤és✐♦♥ ❞❡ ❝❡❧❧❡✲❝✐ ✭♠❛tér✐❛✉① ❣r❛✈❡❧♦✲s❛❜❧❡✉①✮ ❡t ❞❡
❧✬❛❜s❡♥❝❡ ❞✬❛♠é♥❛❣❡♠❡♥ts ❛♥t❤r♦♣✐q✉❡s s✉r ❝❡ tr♦♥ç♦♥ ✭❈❊●❯▼ ✷✵✵✻✮✳ ▲❛ ♣♦s✐t✐♦♥ s❡♠✐✲❛①✐❛❧❡
❞❡s ❜❛♥❝s ❢♦r♠és ❛✉ ❝♦✉rs ❞❡ ❝❡tt❡ ♣ér✐♦❞❡ ✭❋✐❣✉r❡ ✷✳✷✹✮ ❢❛✈♦r✐s❡ ❧✬ér♦s✐♦♥ ❞❡s ❜❡r❣❡s s✐t✉é❡s
❡♥ r✐✈❡ ❣❛✉❝❤❡ ❡t ❡♥ r✐✈❡ ❞r♦✐t❡ ❞✉ ❝❤❡♥❛❧ ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ❈❡tt❡ ❢♦rt❡ ♠♦❜✐❧✐té
❧❛tér❛❧❡ ✭t❛✉① ❞✬ér♦s✐♦♥ ♠♦②❡♥ ❞✉ ♠é❛♥❞r❡ ✻ s✉♣ér✐❡✉r à ✶✶♠✴❛♥✮ ❡st à ♠❡ttr❡ ❡♥ r❡❧❛t✐♦♥ ❛✈❡❝
❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡s é✈è♥❡♠❡♥ts ♠♦r♣❤♦❣è♥❡s ✭◗✷ à ◗✺✮ ❡♥tr❡ ✶✾✾✹ ❡t ✷✵✵✶✱ ❞♦♥t
♣❧✉s✐❡✉rs ❝r✉❡s ❞é❜♦r❞❛♥t❡s ✭❋▲❯❱■❆▲✳■❙✱ ✷✵✶✺✮✳ ▲❛ ré❞✉❝t✐♦♥ ❞❡ ❧❛ ❝❛♣❛❝✐té ❞✉ ❝❤❡♥❛❧ ❡♥ ❧✐❡♥
❛✈❡❝ ❧✬❡①❤❛✉ss❡♠❡♥t ❞✉ ❧✐t ❢❛❝✐❧✐t❡ ❧❡s ❞é❜♦r❞❡♠❡♥ts ♣❛r ❞❡ss✉s ❧❛ ❜❡r❣❡ ❝♦♥❝❛✈❡ très ❜❛ss❡ ❞✉
♠é❛♥❞r❡ ❞❡ ▼❛♥❣♦♥✈✐❧❧❡ ✭❋✐❣✉r❡ ✷✳✷✻✮✳ ▲❛ ❞✐♠✐♥✉t✐♦♥ ❞❡s ❢♦r❝❡s tr❛❝tr✐❝❡s ❛✉ s❡✐♥ ❞✉ ❝❤❡♥❛❧
❛❧✐♠❡♥t❡ ❧❡ ♣r♦❝❡ss✉s ❞❡ ❞é♣ôt ❞❛♥s ❝❡ s❡❝t❡✉r✳ ▲❡s ❞é❜♦r❞❡♠❡♥ts ❡♥ ❧✐t ♠❛❥❡✉r s✬♦r❣❛♥✐s❡♥t
s♦✉s ❢♦r♠❡ ❞❡ ❧❛r❣❡s ♥❛♣♣❡s✱ ❧❡s é❝♦✉❧❡♠❡♥ts ❡♥❣❡♥❞r❡♥t ❧❡ ❝r❡✉s❡♠❡♥t ❞❡ ♠✐♥✐✲s✐❧❧♦♥s à ✺✵ ♠ ❡♥
r❡tr❛✐t ❞❡s r✐✈❡s✱ q✉✐ ❝♦♥st✐t✉❡♥t ❧❡s ♣ré♠✐ss❡s ❞✬✉♥❡ ❞é✢✉✈✐❛t✐♦♥ ❢✉t✉r❡ ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱
✷✵✵✵✮✳

❋✐❣✉r❡ ✷✳✷✼ ✿ P❤♦t♦❣r❛♣❤✐❡ ❛ér✐❡♥♥❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ❝r✉❡ ❞❛♥s ❧❡ s❡❝t❡✉r ❞❡ ▼❛♥❣♦♥✈✐❧❧❡

✻✵



▲❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ❝❡s ❞✐✛ér❡♥ts ❛❥✉st❡♠❡♥ts ♠♦r♣❤♦❧♦❣✐q✉❡s s❡ ♣♦✉rs✉✐t ❡♥❝♦r❡ ❞❡ ♥♦s ❥♦✉rs
❡t ♦♥t ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥ s✉✐✈✐ ❛♥♥✉❡❧ ré❛❧✐sé à ❧✬❛✐❞❡ ❞✬✉♥ ▲✐❉❆❘ t♦♣♦✲❜❛t❤②♠étr✐q✉❡✳ ❈❡s r❡❧❡✈és
♦♥t ♣❡r♠✐s ❞❡ ❞é❝r✐r❡ ❧❛ ♠♦r♣❤♦❞②♥❛♠✐q✉❡ ❛❝t✉❡❧❧❡ ❞✉ ❝♦✉rs ❞✬❡❛✉ ❡t ❞❡ ♠❡ttr❡ ❛✉ ♣♦✐♥t ❞❡s
♠♦❞é❧✐s❛t✐♦♥s ❤②❞r❛✉❧✐q✉❡s ❡t ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡s à ❞❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ✈❛r✐❛❜❧❡s✳ ▲❡s ♠é✲
t❤♦❞♦❧♦❣✐❡s ❡t ❧❡s ❞♦♥♥é❡s ❡♠♣❧♦②é❡s ♣♦✉r ❝❛❧✐❜r❡r ❝❡s ❞✐✛ér❡♥t❡s ♠♦❞é❧✐s❛t✐♦♥s s❡r♦♥t ♣rés❡♥té❡s
❞❛♥s ❧❡s ♣r♦❝❤❛✐♥s ❝❤❛♣✐tr❡s✳

✻✶





❈❤❛♣t❡r ✸

❊✛❡❝t✐✈❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ❝r✐t✐❝❛❧ ❜❡❞

s❤❡❛r str❡ss ❢r♦♠ ♠✉❧t✐✲s♦✉r❝❡

♠❡❛s✉r❡♠❡♥t ♦❢ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❢♦r ✷❉

❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧❧✐♥❣

❊♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜❥❡❝t✐❢s ❞❡ ❧❛ t❤ès❡✱ ❝❡ ❝❤❛♣✐tr❡ ét✉❞✐❡ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞✬✉♥❡ ♣r❡♠✐èr❡
q✉❛♥t✐té ❝❧é ✿ ❧❛ ❝♦♥tr❛✐♥t❡ ❝r✐t✐q✉❡ ❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡s sé❞✐♠❡♥ts✳ ❆ ♣❛rt✐r ❞❡ ❧✬ét✉❞❡
❞✐❛❝❤r♦♥✐q✉❡ ❞❡ ❧❛ ♠♦r♣❤♦❞②♥❛♠✐q✉❡ ❞✉ ❝♦✉rs ❞✬❡❛✉✱ ❞❡ s♦♥ s✉✐✈✐ ❡t ❞✬✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ♣❛r✲
t✐❝✉❧✐èr❡♠❡♥t ✈❛r✐é✱ ✉♥❡ ♥♦✉✈❡❧❧❡ ♠ét❤♦❞❡ ❡st ♣r♦♣♦sé❡ ♣♦✉r ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ ❞❡
❙❤✐❡❧❞s ❝r✐t✐q✉❡✳ ❊❧❧❡ ❡st ❜❛sé❡ s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣ét❡♥❝❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞é✜♥✐❡ à ❧✬❛✐❞❡
❞❡ ♣❧❛❝❡tt❡s ♣❡✐♥t❡s ❡t ❞❡ tr❛❝❡✉rs ❘❋■❉✱ ❛✐♥s✐ q✉❡ ❞✬✉♥ ♠♦❞è❧❡ ❤②❞r❛✉❧✐q✉❡ ✷❉✳ ▲❛ ♣❡rt✐♥❡♥❝❡ ❞❡
❧✬❡st✐♠❛t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ ❞❡ ❙❤✐❡❧❞s ❝r✐t✐q✉❡ ❡st é✈❛❧✉é❡ ❡♥ ❝♦♠♣❛r❛♥t ❧❡s ③♦♥❡s ér♦❞é❡s ♦❜s❡r✈é❡s
❣râ❝❡ ❛✉① r❡❧❡✈és ▲✐❉❆❘ t♦♣♦✲❜❛t②♠étr✐q✉❡ ✜♥s ré❛❧✐sés ❛✈❛♥t ❡t ❛♣rès ❞❡s ❝r✉❡s ♠♦r♣❤♦❣è♥❡s✱
❡t ❧❛ ❝❛rt❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❛✉ ❢♦♥❞ s✐♠✉❧é❡ ♣❛r ❧❡ ♠♦❞è❧❡ ❤②❞r❛✉❧✐q✉❡ ✷❉ ❡♥ ❝r✉❡✳

✸✳✶ ■♥tr♦❞✉❝t✐♦♥

◆✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝s ❤❛✈❡ ❜❡❡♥ ✐♥❝r❡❛s✐♥❣❧②
✉s❡❞ ❢♦r r✐✈❡r ♠❛♥❛❣❡♠❡♥t✱ ❡♥❣✐♥❡❡r✐♥❣ ✇♦r❦s✱ ❛♥❞ r❡st♦r❛t✐♦♥ ♣r♦❥❡❝ts ❛♥❞ r❡s❡❛r❝❤ ♣✉r♣♦s❡s
✭❡✳❣✳ ❇r♦✉ss❡ ❡t ❛❧✳ ✭✷✵✷✷✮❀ ❊❧ ❑❛❞✐ ❆❜❞❡rr❡③③❛❦ ❡t ❛❧✳ ✭✷✵✶✻✮❀ ❨✉ ❡t ❛❧✳ ✭✷✵✷✷✮❀ ■✇❛s❛❦✐ ❡t ❛❧✳
✭✷✵✶✻✮❀ ◆❡❧s♦♥ ❡t ❛❧✳ ✭✷✵✶✺✮✮✳ ❙✐♥❝❡ s❡❞✐♠❡♥t ♠♦✈❡♠❡♥t ✐s ✐♥❞✉❝❡❞ ❜② ✢♦✇ ❢♦r❝❡s✱ t❤❡ ❜❡❞
s❤❡❛r str❡ss τb ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st ✉s❡❞ ♣❛r❛♠❡t❡r t♦ q✉❛♥t✐❢② t❤❡ ❜❡❞❧♦❛❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt
✐♥ r✐✈❡r ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧❧✐♥❣✳ ❚❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❧❛✇s ✭▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r✱
✶✾✹✽❀ ❊✐♥st❡✐♥✱ ✶✾✺✵❀ ✈❛♥ ❘✐❥♥✱ ✶✾✽✹❀ ❲♦♥❣ ❛♥❞ P❛r❦❡r✱ ✷✵✵✻✮ ❛r❡ ❣❡♥❡r❛❧❧② ❜❛s❡❞ ♦♥ t❤❡ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r θ ✇❤✐❝❤ ✐s t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss s❤❡❛r str❡ss ❛♥❞ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ r❛t✐♦ ♦❢ t❤❡ ✢✉✐❞
❢♦r❝❡s✱ t❡♥❞✐♥❣ t♦ ✐♥✐t✐❛t❡ ♠♦t✐♦♥ ♦❢ ❛ ♣❛rt✐❝❧❡✱ t♦ t❤❡ ❣r❛✈✐t② ❢♦r❝❡ t❡♥❞✐♥❣ t♦ ❦❡❡♣ ✐t ❛t r❡st✳

θ =
τb

(ρs − ρ)gd
✭✸✳✶✮

✇❡r❡ t❤❡ ❜❡❞ s❤❡❛r str❡ss τb = ρghS ✭N/m2✮✱ ✇✐t❤ h ✐s t❤❡ ✇❛t❡r ❞❡♣t❤ ✭♠✮✱ S ✐s t❤❡ ❜❡❞ ♦r
✇❛t❡r✲s✉r❢❛❝❡ s❧♦♣❡ ✭m/m✮✱ g ✐s t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥ ✭m/s2✮✱ d ✐s t❤❡ ❣r❛✐♥ s✐③❡ ❞✐❛♠❡t❡r
✭♠✮ ❛♥❞ ρ ❛♥❞ ρs✱ ✇❤✐❝❤ ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ ✢✉✐❞ ❛♥❞ s❡❞✐♠❡♥t ❞❡♥s✐t✐❡s ✭kg/m3✮✳

✻✸



◆♦t❡ t❤❛t τb ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❢r♦♠ ✢♦✇ ✈❡❧♦❝✐t②✱ s✉❝❤ ❛s ❞♦♥❡ ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✱
❣✐✈❡♥ ❛❝❝❡ss t♦ s✉❜✲r❡❛❝❤ ✈❛r✐❛❜✐❧✐t✐❡s✳ ❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s qs ❛r❡ ✉s✉❛❧❧② ❝♦♠♣✉t❡❞
✭▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r✱ ✶✾✹✽❀ ❲♦♥❣ ❛♥❞ P❛r❦❡r✱ ✷✵✵✻✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r
θ r❡❧❛t✐✈❡ t♦ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr ❛s ❢♦❧❧♦✇s✿

qs ∝ α(θ − θcr)
β ✭✸✳✷✮

✇❡r❡ α ❛♥❞ β ❛r❡ ❡♠♣✐r✐❝❛❧ ❝♦❡✣❝✐❡♥ts ❛♥❞ θcr ❝♦rr❡s♣♦♥❞s t♦ ❞✐♠❡♥s✐♦♥❧❡ss ❝r✐t✐❝❛❧ s❤❡❛r str❡ss
❢♦r t❤❡ ✐♥❝✐♣✐❡♥t ♠♦t✐♦♥ ♦❢ ♣❛rt✐❝❧❡s✳ ❆s t❤❡ ❝♦♠♣✉t❡❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt r❛t❡s ✭❡q✉❛t✐♦♥ ✸✳✷✮
✐s ❛ ♥♦♥❧✐♥❡❛r ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❜❡❞ s❤❡❛r str❡ss τb t❤r♦✉❣❤ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✭❡q✉❛t✐♦♥ ✸✳✶✮✱
✉♥❝❡rt❛✐♥t✐❡s ✐♥ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ θcr ❝❛♥ ❧❡❛❞ t♦ ❧❛r❣❡ ❡rr♦rs ✐♥ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❡st✐♠❛t✐♦♥✳
❚❤❡s❡ ❡✛❡❝ts ❛r❡ ♣❛rt✐❝✉❧❛r❧② ✐♠♣♦rt❛♥t ✐♥ t❤❡ r❛♥❣❡ ♦❢ ❜❡❞ s❤❡❛r str❡ss s❧✐❣❤t❧② ❛❜♦✈❡ t❤❡
t❤r❡s❤♦❧❞ ❢♦r ♠♦t✐♦♥ τcr✱ ✇❤❡r❡ tr❛♥s♣♦rt r❛t❡s ♠❛② ✐♥❝r❡❛s❡ ❜② ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❢♦r
s♠❛❧❧ ❝❤❛♥❣❡s ✐♥ τb✳ ❚❤❡ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ❢♦r ♣❛rt✐❝❧❡ ❡♥tr❛✐♥♠❡♥t ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ t❤❡
❞✐❛❣r❛♠ ♣r♦♣♦s❡❞ ❜② ❙❤✐❡❧❞s ✭✶✾✸✻✮✱ ✇❤✐❝❤ ❡st❛❜❧✐s❤❡s ❛ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss s❤❡❛r
str❡ss ❛t ✐♥❝✐♣✐❡♥t ♠♦t✐♦♥ ❛♥❞ t❤❡ ♣❛rt✐❝❧❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r Re∗ ❞❡✜♥❡❞ ❛s✿

Re∗ =
uD

ν
✭✸✳✸✮

✇❡r❡ u ✐s t❤❡ ✢♦✇ ✈❡❧♦❝✐t②✱ D ✐s t❤❡ ❣r❛✐♥ s✐③❡ ❛♥❞ ν ✐s t❤❡ ❦✐♥❡♠❛t✐❝ ✈✐s❝♦s✐t② ♦❢ t❤❡ ✢✉✐❞✳
❚❤❡ ❙❤✐❡❧❞s ❝✉r✈❡ ✇❛s ♦❜t❛✐♥❡❞ ❢r♦♠ ❧❛❜♦r❛t♦r②✲✢✉♠❡ ❡①♣❡r✐♠❡♥ts ✉s✐♥❣ ✉♥✐❢♦r♠ ❣r❛✐♥ s✐③❡
s✉❜♠✐tt❡❞ ✉♥❞❡r ❞✐✛❡r❡♥t ✢♦✇ ❝♦♥❞✐t✐♦♥s ✐♥ ♦r❞❡r t♦ ❡st✐♠❛t❡ t❤❡ s❤❡❛r str❡ss r❡q✉✐r❡❞ t♦ ♠♦✈❡
❛ ♣❛rt✐❝❧❡ ♦❢ ❛ ❣✐✈❡♥ s✐③❡✳ ❘❡s✉❧ts s❤♦✇s t❤❛t t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr
❛♣♣r♦❛❝❤❡s ❛ ❝♦♥st❛♥t ✈❛❧✉❡ ♦❢ ✵✳✵✻ ❢♦r Re∗ > 102✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t ✐♥ ♥❛t✉r❛❧ r✐✈❡rs ✭t②♣✐❝❛❧❧②
Re∗ > 500✱ ❡✳❣✳ ❉✐♥❣♠❛♥✱ ✶✾✽✹✮ θcr ✐s s✉♣♣♦s❡❞ t♦ ❜❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ❣r❛✐♥ s✐③❡✳ ❆❧t❤♦✉❣❤
♦t❤❡r ❛✉t❤♦rs ❢♦✉♥❞ t❤❡ s❛♠❡ ❝♦♥❝❧✉s✐♦♥s✱ ♠❛♥② st✉❞✐❡s ❡st✐♠❛t✐♥❣ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss s❤❡❛r
str❡ss ✉♥❞❡r t✉r❜✉❧❡♥t ✢♦✇ ❝♦♥❞✐t✐♦♥s ❢♦✉♥❞ ❞✐✛❡r❡♥t t❤r❡s❤♦❧❞ ✈❛❧✉❡s s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥
✵✳✵✻ ✭❑♦♠❛r ❛♥❞ ❈❛r❧✐♥❣✱ ✶✾✾✶❀ ❆♥❞r❡✇s✱ ✶✾✽✸❀ ▼✐❧❧❡r ❡t ❛❧✳✱ ✶✾✼✼✮✳ ❚❤✐s s❝❛tt❡r ❜❡t✇❡❡♥ r❡s✉❧ts
✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡ ✈❛r✐❛t✐♦♥ ✐♥ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ✐♥✐t✐❛❧ ♠♦t✐♦♥ ♦❢ ♣❛rt✐❝❧❡✱ t❤❡ ♠❡t❤♦❞s
✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝r✐t✐❝❛❧ ❝♦♥❞✐t✐♦♥ ❢♦r s❡❞✐♠❡♥t ❡♥tr❛✐♥♠❡♥t ❛♥❞ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡
✢♦✇ ❝♦♥❞✐t✐♦♥s ✭❇✉✣♥❣t♦♥ ❛♥❞ ▼♦♥t❣♦♠❡r②✱ ✶✾✾✼✮✳ ❇② r❡❛♥❛❧②③✐♥❣ t❤❡ ❙❤✐❡❧❞✬s ❞❛t❛✱ ●❡ss❧❡r
✭✶✾✼✶✮ ❢♦✉♥❞ t❤❛t t❤❡ ✈❛❧✉❡ ♦❢ ✵✳✵✻ ✇❛s ♦✈❡r❡st✐♠❛t❡❞ ❜❡❝❛✉s❡ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss s❤❡❛r str❡ss ✇❛s
❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ t♦t❛❧ s❤❡❛r str❡ss τb ✇❡r❡✿

τb = τ ′ + τ ′′ ✭✸✳✹✮

✇❤✐❝❤ ✐s t❤❡ s✉♠ ♦❢ ❛ ❣r❛✐♥ s❤❡❛r str❡ss τ ′ ❛♥❞ ❛ ❜❡❞❢♦r♠ s❤❡❛r str❡ss τ ′′✳ ❍♦✇❡✈❡r✱ ♦♥❧② t❤❡
❣r❛✐♥ s❤❡❛r str❡ss ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ t♦t❛❧ s❤❡❛r str❡ss ✐♥t❡r✈❡♥❡s ✐♥ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt s✐♥❝❡
t❤❡ ❜❡❞❢♦r♠ s❤❡❛r str❡ss ✐s ❞✐ss✐♣❛t❡❞ ✐♥ ♦✈❡r❝♦♠✐♥❣ ❜❡❞❢♦r♠ r❡s✐st❛♥❝❡ s✉❝❤ ❛s ❝❤❛♥♥❡❧ ✇❛❧❧s ♦r
❜❡❞ ♠♦r♣❤♦❧♦❣②✳ ❚❤❡r❡❢♦r❡✱ ❜② ❛♣♣❧②✐♥❣ ❛ ❝♦rr❡❝t✐♦♥ ❢♦r s✐❞❡✲✇❛❧❧ ❡✛❡❝ts ❛♥❞ ❢♦r♠ ❞r❛❣✱ ●❡ss❧❡r
✭✶✾✼✶✮ ❞❡t❡r♠✐♥❡❞ ❛ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❝❧♦s❡ t♦ ✵✳✵✹✺✱ ❛ t❤r❡s❤♦❧❞ ✇❤✐❝❤ ✇❛s ❛❧s♦ ❢♦✉♥❞
❜② ❑♦♠❛r ✭✶✾✽✼✮ ❛♥❞ ▼✐❧❧❡r ❡t ❛❧✳ ✭✶✾✼✼✮✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ♣❛rt✐t✐♦♥✐♥❣ ❜❡t✇❡❡♥ t♦t❛❧ ❛♥❞ ❣r❛✐♥
s❤❡❛r str❡ss ✐s ✉s✉❛❧❧② ❞✐✣❝✉❧t t♦ ✐❞❡♥t✐❢②✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ ❡st✐♠❛t✐♥❣ t❤❡ ❧♦ss ♦❢
❡♥❡r❣② ❝❛✉s❡❞ ❜② ❜❡❞❢♦r♠s✳

✻✹



❚❤❡ ♠♦st ❝♦♠♠♦♥ ♠❡t❤♦❞ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss ✐s t♦ ❝♦♠♣✉t❡ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥
t❤❡ t♦t❛❧ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t nt ❛♥❞ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t n0 ❛s ❢♦❧❧♦✇s✿

τ ′ =

(

n0

nt

)3/2

τ ✭✸✳✺✮

✇❡r❡ nt ✐s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ▼❛♥♥✐♥❣✲❙tr✐❝❦❧❡r ❡q✉❛t✐♦♥ ❛♥❞ n0 ✐s ♣r❡❞✐❝t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡
♠❡❞✐❛♥ ♣❛rt✐❝❧❡ s✐③❡ D50 ✇✐t❤ n0 = 0.048D

1/6

50 ✳ ❆❧t❤♦✉❣❤ ♠❛♥② ♦❢ t❤❡ ✢✉♠❡ ❡①♣❡r✐♠❡♥ts ✉s❡❞ ❛
s✐❞❡✇❛❧❧ ❝♦rr❡❝t✐♦♥ t♦ ❡st✐♠❛t❡ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r✱ ♠♦st ♦❢ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ✉s❡❞
t❤❡ t♦t❛❧ s❤❡❛r str❡ss✱ ✇❤✐❝❤ ❝♦✉❧❞ ❧❡❛❞ t♦ ❛ s❧♦♣❡✲❞❡♣❡♥❞❡♥❝② ✭▲❛♠❜ ❡t ❛❧✳✱ ✷✵✵✽✮✳ ❇② st✉❞②✐♥❣
♣❛rt✐❝❧❡ ❡♥tr❛✐♥♠❡♥t ✐♥ ♥❛t✉r❛❧❧② s♦rt❡❞ r✐✈❡r❜❡❞s✱ ❆♥❞r❡✇s ✭✶✾✽✸✮ ❛❧s♦ s❤♦✇ t❤❛t t❤❡ ✈❛❧✉❡s
❞✐s❝r❡♣❛♥❝② ✐♥ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t✐♦♥s ❢♦r ❛ ❣✐✈❡♥ ❣r❛✐♥ s✐③❡ ✐s r❡❧❛t❡❞ t♦ t❤❡
s✐③❡ ♦❢ t❤❡ s✉rr♦✉♥❞✐♥❣ ♣❛rt✐❝❧❡s✳ ❚❤❡ r❡s✉❧ts s✉❣❣❡st t❤❛t r❡❧❛t✐✈❡❧② s♠❛❧❧❡r ♣❛rt✐❝❧❡s t❡♥❞ t♦
❜❡ ❤✐❞❞❡♥ ❜② t❤❡✐r ❧❛r❣❡r ♥❡✐❣❤❜♦rs✱ r❡s✉❧t✐♥❣ ✐♥ ❤✐❣❤❡r θci✱ ✇❤❡r❡❛s r❡❧❛t✐✈❡❧② ❧❛r❣❡r ♣❛rt✐❝❧❡s
t❡♥❞ t♦ ♣r♦tr✉❞❡ ❛♥❞ ❡①❤✐❜✐t ❧♦✇❡r θci✳ ❚❤❡ ✐♥✐t✐❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ♦❢ ♣❛rt✐❝❧❡ i✱ ✐♥ ♣♦♦r❧② s♦rt❡❞
❣r❛✈❡❧ ❜❡❞s✱ s❤♦✉❧❞ t❤❡r❡❢♦r❡ ❜❡ ❡①♣r❡ss❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝❧❡ r❡❧❛t✐✈❡ s✐③❡ ✭Di/Dr✮
✇❤❡r❡ ✈❛r✐❛t✐♦♥s ✐♥ θci ❡st✐♠❛t✐♦♥ ❝❛✉s❡❞ ❜② ❤✐❞✐♥❣ ❛♥❞ ♣r♦tr✉s✐♦♥ ❡✛❡❝ts ✭❲✐❧❝♦❝❦✱ ✶✾✽✽✮ ❝❛♥
❜❡ ❡①♣r❡ss❡❞ ❛s✿

θci = θcr

(

Di

Dr

)−b

✭✸✳✻✮

✇❡r❡ b ✐s ❛ ❤✐❞✐♥❣ ❢❛❝t♦r ❛♥❞ θci ❛♥❞ θcr ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡rs ❞❡t❡r♠✐♥❡❞
❢♦r ❛ ♣❛rt✐❝❧❡ s✐③❡ Di ❛♥❞ ❛ r❡❢❡r❡♥❝❡ ♣❛rt✐❝❧❡ s✐③❡ Dr✳ ❚❤✐s r❡❢❡r❡♥❝❡ ♣❛rt✐❝❧❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡
♣❛rt✐❝❧❡ s✐③❡ t❤❛t ✐s ♥♦t ❛✛❡❝t❡❞ ❜② t❤❡ ❤✐❞✐♥❣✴❡①♣♦s✉r❡ ❡✛❡❝ts ❛♥❞ ✐s ♦❢t❡♥ ❛ss✉♠❡❞ t♦ ❜❡ t❤❡
♠❡❞✐❛♥ ❣r❛✐♥ s✐③❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ✭❑♦♠❛r✱ ✶✾✽✼✮✳ ❚❤❡ ❤✐❞✐♥❣ ❢❛❝t♦r r❡♣r❡s❡♥ts t❤❡ ✐♥✢✉❡♥❝❡ ♦❢
❤✐❞✐♥❣ ❛♥❞ ♣r♦tr✉s✐♦♥ ❡✛❡❝ts ♦♥ ♣❛rt✐❝❧❡ ❡♥tr❛✐♥♠❡♥t ❛♥❞ ✈❛r✐❡s ❢r♦♠ ✵ ✭♣❛rt✐❝❧❡s ❤❛✈❡ ♥♦ ✐♥✢✉❡♥❝❡
♦♥ ❡❛❝❤ ♦t❤❡r s♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝r✐t✐❝❛❧ s❤❡❛r str❡ss ✐s ❛❧♠♦st ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♣❛rt✐❝❧❡ ✇❡✐❣❤t✮
t♦ ✶ ✭❞✐✛❡r❡♥❝❡s ✐♥ ♣❛rt✐❝❧❡ ❡①♣♦s✉r❡ ❛♥❞ ❢r✐❝t✐♦♥ ❛♥❣❧❡s ❝♦♠♣❧❡t❡❧② ♦✛s❡t ❞✐✛❡r❡♥❝❡s ✐♥ ♣❛rt✐❝❧❡
✇❡✐❣❤t s♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝r✐t✐❝❛❧ s❤❡❛r str❡ss ✐s t❤❡ s❛♠❡ ❢♦r ❛❧❧ ♣❛rt✐❝❧❡ s✐③❡✮✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ❜
✐♥❞✐❝❛t❡s ✐❢ t❤❡ ❡♥tr❛✐♥♠❡♥t ♦❢ ♣❛rt✐❝❧❡s ♦❢ ❞✐✛❡r❡♥t s✐③❡s ♦❝❝✉r ✐♥ ❛ s✐③❡✲s❡❧❡❝t✐✈❡ ✇❛② ✭b < 1✮
r❛t❤❡r t❤❛♥ ✐♥ ❡q✉❛❧ ♠♦❜✐❧✐t② ✭b ≈ 1✮ ✭P❛r❦❡r ❛♥❞ ❑❧✐♥❣❡♠❛♥✱ ✶✾✽✷❀ ❆♥❞r❡✇s✱ ✶✾✽✸✮✳ ❋❧✉♠❡ ❛♥❞
✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts s✉❣❣❡sts t❤❛t t❤❡ ✈❛❧✉❡ ♦❢ ❜ r❛♥❣❡s ❜❡t✇❡❡♥ ✵✳✻ ❛♥❞ ✶✱ ❜✉t ✐t ❞❡♣❡♥❞s ♦♥ t❤❡
❡♠♣❧♦②❡❞ ♠❡t❤♦❞ ✭r❡❢❡r❡♥❝❡ ♦r ❝♦♠♣❡t❡♥❝❡ ✢♦✇ ♠❡t❤♦❞✮ ❛♥❞ ♦♥ t❤❡ ✢♦♦❞ ♠❛❣♥✐t✉❞❡ ✭❆s❤✇♦rt❤
❛♥❞ ❋❡r❣✉s♦♥✱ ✶✾✽✾✮✳ ❖t❤❡r st✉❞✐❡s ❛❧s♦ s❤♦✇ t❤❛t t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝r✐t✐❝❛❧ s❤❡❛r str❡ss ❢♦r ❛
❣✐✈❡♥ ❜❡❞ s❤❡❛r str❡ss ❛♥❞ ❣r❛✐♥ s✐③❡ ✐♥❝r❡❛s❡s ✇✐t❤ t❤❡ r✐✈❡r s❧♦♣❡✳ ❇② ❝♦♠♣✐❧✐♥❣ ❡①✐st✐♥❣ ❞❛t❛✱
▲❛♠❜ ❡t ❛❧✳ ✭✷✵✵✽✮ ❢♦✉♥❞ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❧❛t✐♦♥s❤✐♣

θcr = 0.15S0.25 ✭✸✳✼✮

✇❤❡r❡ S ✐s t❤❡ r✐✈❡r s❧♦♣❡ ✇✐t❤ S = tanβ ❛♥❞ β ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❜❡❞✲s❧♦♣❡ ❛♥❣❧❡ ❢r♦♠
❤♦r✐③♦♥t❛❧✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤✐s s❧♦♣❡✲❞❡♣❡♥❞❡♥❝② ❝♦♥tr❛❞✐❝ts t❤❡ ♠♦❞❡❧s t❤❛t ♣r❡❞✐❝t ❛♥ ✐♥❝r❡❛s❡❞
♠♦❜✐❧✐t② ♦❢ s❡❞✐♠❡♥t ✇✐t❤ ❛♥ ✐♥❝r❡❛s✐♥❣ s❧♦♣❡ ❞✉❡ t♦ t❤❡ ❛❞❞❡❞ ❣r❛✈✐t❛t✐♦♥❛❧ ❢♦r❝❡ ✐♥ t❤❡ ❞♦✇♥✲
str❡❛♠ ❞✐r❡❝t✐♦♥ ✭❲✐❜❡r❣ ❛♥❞ ❙♠✐t❤✱ ✶✾✽✼✮✳ ❙❤✈✐❞❝❤❡♥❦♦ ❡t ❛❧✳ ✭✷✵✵✶✮ ❞❡♠♦♥str❛t❡❞ t❤❛t t❤✐s
❞❡♣❡♥❞❡♥❝② ✐s ❛ss♦❝✐❛t❡❞ t♦ t❤❡ r❡❧❛t✐✈❡ ❞❡♣t❤✱ s✐♥❝❡ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r t❡♥❞s t♦
✐♥❝r❡❛s❡ ❛s t❤❡ r❛t✐♦ ♦❢ ✢♦✇ ❞❡♣t❤ t♦ ❣r❛✐♥ ❞✐❛♠❡t❡r ❞❡❝r❡❛s❡s ❛♥❞ t❤❡ ✢♦✇ ❞❡♣t❤ ✐s ✐♥✈❡rs❡❧②
♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❝❤❛♥♥❡❧ s❧♦♣❡✳ ▲❛♠❜ ❡t ❛❧✳ ✭✷✵✵✽✮ ✐♥❞✐❝❛t❡❞ t❤❛t t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡
❝❤❛♥♥❡❧ s❧♦♣❡ ❛♥❞ t❤❡ r❡❧❛t✐✈❡ r♦✉❣❤♥❡ss ✐s ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ♠✉❧t✐♣❧❡ ❡✛❡❝ts✱ ❛s t❤❡ ♣❛rt✐❝❧❡ ❡♠❡r✲
❣❡♥❝❡ ✐s r❡❞✉❝❡❞ ✉♣str❡❛♠ ❛♥❞ t❤❡ ✐♥t❡♥s✐t② ♦❢ t❤❡ ♥❡❛r✲❜❡❞ t✉r❜✉❧❡♥❝❡ ✐s ✐♥❝r❡❛s❡❞ ❞♦✇♥str❡❛♠✳
❍❡♥❝❡✱ ❛❢t❡r ❝♦♠♣❛r✐♥❣ ❡✐❣❤t ❞❡❝❛❞❡s ♦❢ ✜❡❧❞ ❛♥❞ ✢✉♠❡ ❞❛t❛ ❇✉✣♥❣t♦♥ ❛♥❞ ▼♦♥t❣♦♠❡r② ✭✶✾✾✼✮
❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡r❡ ✐s ♥♦ ❝♦♥st❛♥t ✈❛❧✉❡ ♦❢ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❢♦r ❛❧❧ ♥❛t✉r❛❧ r✐✈❡rs✳

✻✺



❋✉rt❤❡r♠♦r❡✱ st✉❞✐❡s ♦❢ t❤❡ t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❛❧s♦ s❤♦✇
t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ✢♦✇ ❤✐st♦r② ✐♥ t❤❡ s❡❞✐♠❡♥t ♠♦❜✐❧✐t② ✭P❛♣❤✐t✐s ❛♥❞ ❈♦❧❧✐♥s✱ ✷✵✵✺✮✳ ■♥ ♥❛t✲
✉r❛❧ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs✱ Pr❡t③❧❛✈ ❡t ❛❧✳ ✭✷✵✷✵✮ ❞❡♠♦♥str❛t❡❞ t❤❛t θcr ♣r♦❣r❡ss✐✈❡❧② ✐♥❝r❡❛s❡s ✇✐t❤
❝✉♠✉❧❛t✐✈❡ s❤❡❛r str❡ss ✉♥t✐❧ ❛ s✉✣❝✐❡♥t❧② ❧❛r❣❡ ✢♦♦❞ ❡✈❡♥t ♦❝❝✉rr❡❞ t♦ ❞✐sr✉♣t t❤❡ ❜❡❞ s✉r❢❛❝❡
❛♥❞ ✏r❡s❡t✑ t❤❡ ✢♦✇ ❤✐st♦r②✱ ❛s s✉❣❣❡st❡❞ ❜② ▼❛st❡❧❧❡r ❡t ❛❧✳ ✭✷✵✶✾✮✳

❍♦✇❡✈❡r✱ ♠❛♥② ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧❧✐♥❣ ✉s❡ ❛ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❞❡t❡r♠✐♥❡❞
❢r♦♠ ✢✉♠❡ ❡①♣❡r✐♠❡♥ts ✭▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r✱ ✶✾✹✽❀ ✈❛♥ ❘✐❥♥✱ ✶✾✽✹❀ ❲♦♥❣ ❛♥❞ P❛r❦❡r✱
✷✵✵✻✮ ✇✐t❤♦✉t ❝♦♥s✐❞❡r✐♥❣ t❤❡ ♣♦ss✐❜❧❡ ✐♥✢✉❡♥❝❡ ♦❢ ❧♦❝❛❧ r✐✈❡r ♣r♦♣❡rt✐❡s ✭s❡❞✐♠❡♥t ♠✐①t✉r❡✱
❤✐❞✐♥❣✴❡①♣♦s✉r❡ ❡✛❡❝ts✱ ❝❤❛♥♥❡❧ s❧♦♣❡✱ r❡❧❛t✐✈❡ r♦✉❣❤♥❡ss✱ ❡t❝✮✳ ❙♦♠❡ ♦❢ t❤❡♠ ❛❞❥✉st t❤❡ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r θ ❝♦♠♣✉t❛t✐♦♥ ✭❡q✉❛t✐♦♥ ✸✳✶✮ ✐♥ ♦r❞❡r t♦ ♠❛t❝❤ ♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❡❞ ❜❡❞❧♦❛❞ ✭❡q✉❛✲
t✐♦♥ ✸✳✷✮ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr ❞❡✜♥❡❞ ❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡ ✭▼❡♥❞♦③❛
❡t ❛❧✳✱ ✷✵✶✼✮✳ ❚❤✐s ❛❞❥✉st♠❡♥t ❞❡r✐✈❡s ❢r♦♠ ❛ ♠♦❞✐✜❝❛t✐♦♥ ✐♥ t❤❡ t♦t❛❧ s❤❡❛r str❡ss ♣❛rt✐t✐♦♥✐♥❣
✭❡q✉❛t✐♦♥ ✸✳✹✮ t❤♦✉❣❤ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✇❤✐❝❤ ✐s ✐♥✈♦❧✈❡❞ ✐♥ t❤❡ s❦✐♥
❢r✐❝t✐♦♥ ❝♦♠♣✉t❛t✐♦♥ ✭❡q✉❛t✐♦♥ ✸✳✺✮✳

◆❡✈❡rt❤❡❧❡ss✱ ❛❧t❤♦✉❣❤ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❛♥❞ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❛r❡ t❤❡ ♠♦st
✐♥✢✉❡♥❝✐♥❣ ♣❛r❛♠❡t❡rs ❛❢t❡r t❤❡ s❡❞✐♠❡♥t ❞✐❛♠❡t❡r✱ ❛ s✐❣♥✐✜❝❛♥t ♣❛rt ♦❢ t❤❡✐r ✐♥✢✉❡♥❝❡ ✐s ❞✉❡ t♦
t❤❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✈❛r✐❛❜❧❡ ✭▼♦✉r❛❞✐ ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❚❤❡r❡❢♦r❡✱ ❝❛❧✐❜r❛t✐♥❣ t❤❡ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r ✉s✐♥❣ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ r❛t❤❡r t❤❛♥ ♠♦❞✐❢②✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r
❝♦✉❧❞ ❧❡❛❞ t♦ ♣❛r❛♠❡t❡r ✐❞❡♥t✐✜❛❜✐❧✐t② ✐ss✉❡s ✐♥ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♠♦❞❡❧❧✐♥❣✳ ❋✉rt❤❡r♠♦r❡✱
✇❤❡♥ st✉❞②✐♥❣ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐♥ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs✱ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts ❛r❡ r❛r❡❧② ❛✈❛✐❧✲
❛❜❧❡ ❞✉❡ t♦ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ s❛♠♣❧✐♥❣ ♠❡t❤♦❞s ✭❝♦st✱ ❡q✉✐♣♠❡♥t✱ t✐♠❡✱ ✢♦✇ ❝♦♥❞✐t✐♦♥s✱ ❡t❝✮✳

❚❤❡r❡❢♦r❡✱ t❤❡ ♣r❡s❡♥t ❝♦♥tr✐❜✉t✐♦♥ ♣r♦♣♦s❡s ❛ ♥❡✇ ❡✛❡❝t✐✈❡ ♠❡t❤♦❞ ❢♦r ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛✲
r❛♠❡t❡r ❡st✐♠❛t✐♦♥✱ ❜❛s❡❞ ♦♥ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❡st✐♠❛t✐♦♥ ❢r♦♠ ✭✐✮ ❛❝❝✉r❛t❡ ❧♦❝❛❧ ✐♥❢♦r♠❛t✐♦♥
❢r♦♠ ♣❛✐♥t❡❞ ♣❛t❝❤❡s ❛♥❞ ♦✈❡r ❛ ✇✐❞❡ ❣r❛✐♥ s✐③❡ r❛♥❣❡ ✇✐t❤ ❘❋■❉ tr❛❝❡rs ❛♥❞ ✭✐✐✮ ❛ ✷❉ ❤②✲
❞r❛✉❧✐❝ ♠♦❞❡❧✳ ❚❤❛♥❦s t♦ ❛ ❞❡t❛✐❧❡❞ ✜❡❧❞ ♠♦♥✐t♦r✐♥❣✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s ▲✐❉❆❘ t♦♣♦✲❜❛t❤②♠❡tr✐❝
❛❝q✉✐s✐t✐♦♥s✱ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ♠♦r♣❤♦❣❡♥✐❝ ✢♦♦❞s✱ t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ ❡st✐♠❛t❡❞ t❤r❡s❤♦❧❞ ✈❛❧✉❡
✐s ❛ss❡ss❡❞ ❜② ❝♦♠♣❛r✐♥❣ ✭✐✮ t❤❡ ♠❛①✐♠✉♠ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♠♦❞❡❧❡❞ ♦✈❡r ❡r♦❞❡❞ ❛r❡❛s t♦ ✭✐✐✮
t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr,D50 ❡st✐♠❛t❡❞ ❢♦r t❤❡ ❜❡❞ s✉r❢❛❝❡ D50✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s ❛rt✐❝❧❡ ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿ s❡❝t✐♦♥ ✷ ♣r❡s❡♥ts t❤❡ s✐t❡ ❛♥❞ t❤❡
❣❡♥❡r❛❧ ❝♦♥t❡①t ♦❢ t❤✐s st✉❞②✱ s❡❝t✐♦♥ ✸ ❞❡t❛✐❧s t❤❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ t♦ ❡st✐♠❛t❡ t❤❡
✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❛♥❞ ❝❛❧✐❜r❛t❡ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❣r❛✐♥
s❤❡❛r str❡ss✱ s❡❝t✐♦♥ ✹ ❞❡s❝r✐❜❡s t❤❡ r❡s✉❧ts ❛♥❞ ❞✐s❝✉ss❡❞ ❛❜♦✉t t❤❡ ❝❛♣❛❝✐t② ♦❢ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝
♠♦❞❡❧ t♦ ♣r❡❞✐❝t s❡❞✐♠❡♥t ♠♦t✐♦♥ ✉s✐♥❣ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ♣r❡✈✐♦✉s❧②✳

✸✳✷ ❙t✉❞② s✐t❡

❚❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✐s 560km ❧♦♥❣ ❢r♦♠ ✐ts s♦✉r❝❡ ❛t t❤❡ ♣❛ss ♦❢ ❇✉ss❛♥❣ ✐♥ t❤❡ ♥♦rt❤❡❛st ♦❢ ❋r❛♥❝❡
t♦ ✐ts ❝♦♥✢✉❡♥❝❡ ✇✐t❤ t❤❡ ❘❤✐♥❡ r✐✈❡r ❛t ❑♦❜❧❡♥③ ✐♥ ●❡r♠❛♥② ✭❋✐❣✉r❡ ✸✳✶ ❛✮✳ ❚❤❡ ✉♣♣❡r ♣❛rt
♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❞r❛✐♥s ❛ ❝❛t❝❤♠❡♥t ❛r❡❛ ♦❢ 1, 976 km2 ❢r♦♠ t❤❡ ✇❡st❡r♥ s✐❞❡ ♦❢ t❤❡ s♦✉t❤❡r♥
❱♦s❣❡s ▼♦✉♥t❛✐♥s t♦ t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❚♦♥♥♦② ♦♥ t❤❡ ▲♦rr❛✐♥❡ ♣❧❛t❡❛✉✳ ❚❤❡ ❣❡♦❧♦❣② ♦❢
t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s ❝♦♥s✐sts ♠❛✐♥❧② ✐♥ ❝r②st❛❧❧✐♥❡ ✭❣r❛♥✐t❡s✮ ❛♥❞ ♠❡t❛♠♦r♣❤✐❝ ✭❣♥❡✐ss✮ r♦❝❦s
♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❍❡r❝②♥✐❛♥ ❜❛s❡♠❡♥t✱ ✇❤✐❧❡ t❤❡ s✉❜str❛t✉♠ ♦❢ t❤❡ ▲♦rr❛✐♥❡ ♣❧❛t❡❛✉ ✐s ❝♦♠✲
♣♦s❡❞ ❜② ❛ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❧✐♠❡st♦♥❡ ❛♥❞ ♠❛r❧ s❡❞✐♠❡♥t❛r② ❧❛②❡rs ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳
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❚❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ♣r♦✜❧❡ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ s❧♦♣❡ ♦❢ 10% ❛t ✐ts ✉♣str❡❛♠
❡①tr❡♠✐t②✱ r❛♣✐❞❧② ❞❡❝r❡❛s✐♥❣ t♦ 0.4% ❛t ❘❡♠✐r❡♠♦♥t ❛♥❞ r❡❛❝❤✐♥❣ ❛♥ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ 1.7❻ ❢✉r✲
t❤❡r ❞♦✇♥str❡❛♠✳ ❚❤❡ ♣r❡❞♦♠✐♥❛♥❝❡ ♦❢ ✐♠♣❡r♠❡❛❜❧❡ r♦❝❦s ❛♥❞ st❡❡♣ s❡❝t♦rs ❝♦♥tr✐❜✉t❡s t♦
♣r♦♣❛❣❛t❡ r❛♣✐❞❧② t❤❡ ✢♦✇s t♦ ❊♣✐♥❛❧✱ ✇❤✐❧❡ t❤❡ ♣❤②s✐♦❣r❛♣❤② ♦❢ t❤❡ ❝❛t❝❤♠❡♥t ❝♦♥tr✐❜✉t❡s t♦
t❤❡ ✢♦♦❞ ♣❡❛❦s ❝♦♥❝♦♠✐t❛♥❝❡✱ ✇❤✐❝❤ ❣❡♥❡r❛t❡s ♠❛❥♦r ❤②❞r♦❧♦❣✐❝❛❧ ❡✈❡♥ts ❞♦✇♥str❡❛♠ ✭▼❛✐r❡
❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳

❚❤❡ ♣r❡❝✐♣✐t❛t✐♦♥ ❛r❡ ✉♥❡✈❡♥❧② ❞✐str✐❜✉t❡❞ ✇✐t❤ ❛ ♠❡❛♥ ❛♥♥✉❛❧ ✈❛❧✉❡ ♦❢ 800mm ♦✈❡r t❤❡
▲♦rr❛✐♥❡ ♣❧❛t❡❛✉ ✈❡rs✉s 1100mm ♦✈❡r t❤❡ ❱♦s❣❡s ♠♦✉♥t❛✐♥s✱ ✇❤❡r❡ ✐♠♣♦rt❛♥t ✈❛r✐❛t✐♦♥s ❛r❡ ♦❜✲
s❡r✈❡❞ ✇✐t❤ ❧♦❝❛❧❧② ♠♦r❡ t❤❛♥ 2000mm ♦♥ t❤❡ ❝r❡st ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳ Pr❡❝✐♣✐t❛t✐♦♥s
♦❝❝✉rs ♠❛✐♥❧② ❞✉r✐♥❣ t❤❡ ✇✐♥t❡r ✭◆♦✈❡♠❜❡r✲❋❡❜r✉❛r②✮ ✇✐t❤ ♠♦♥t❤❧② ♠♦r❡ t❤❛♥ 200mm ♦✈❡r t❤❡
❱♦s❣❡s ▼♦✉♥t❛✐♥s✳ ❚❤❡ r✐✈❡r ❤②❞r♦❧♦❣✐❝❛❧ r❡❣✐♠❡ ✐s ♣❧✉✈✐❛❧ ✇✐t❤ ❤✐❣❤ ✢♦✇s ✐♥ t❤❡ ✇✐♥t❡r✲s♣r✐♥❣
✭✷✲ ❛♥❞ ✶✵✲②❡❛r ✢♦♦❞s ❛r❡ 405m3/s ❛♥❞ 651m3/s r❡s♣❡❝t✐✈❡❧②✮ ❛♥❞ ❧♦✇ ✢♦✇ ✐♥ t❤❡ s✉♠♠❡r✱ ✇❤✐❧❡
t❤❡ ♠❡❛♥ ✐♥t❡r❛♥♥✉❛❧ ✢♦✇ ✐s ♦❢ 42m3/s ❛t t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡✳

❋✐❣✉r❡ ✸✳✶✿ ❙t✉❞② s✐t❡ ✭❆✮ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡ r✐✈❡r✑ ✐♥ t❤❡ ▼♦s❡❧❧❡ ❇❛s✐♥✱ ✭❇✮ ❧♦♥❣✐✲
t✉❞✐♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ♥❛t✉r❛❧ r❡❣✐♦♥❛❧ r❡s❡r✈❡ ✇✐t❤ ♦r❛♥❣❡ ♣♦✐♥ts ✐♥❞✐❝❛t✐♥❣ t❤❡ ♣♦s✐t✐♦♥s ♦❢
♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s PPn ❛♥❞ t❤❡ ❣r❡❡♥ ♣♦✐♥ts ✐♥❞✐❝❛t✐♥❣ t❤❡ ✐♥✐t✐❛❧ ♣♦s✐t✐♦♥s ♦❢ t❤❡ tr❛❝❡rs✱ ✭❈✮
❧♦♥❣✐t✉❞✐♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ✭r❡❞ s♦❧✐❞ ❧✐♥❡✮✱ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢
t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥ts✱ ✇✐t❤ ②❡❧❧♦✇ ♣♦✐♥ts ✐♥❞✐❝❛t✐♥❣ t❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ❧✐♠♥✐♠❡t❡rs Ln✱ ✭❉✮
s♣❛t✐❛❧ ❡①t❡♥t ♦❢ ✢♦♦❞ ❛r❡❛s s✐♠✉❧❛t❡❞ ❞✉r✐♥❣ t❤❡ ♣❡❛❦ ♦❢ t❤❡ ✢♦♦❞ ❡✈❡♥t F1 ✭Q = 300m3/s✮✳

❚❤❡ s❡❞✐♠❡♥t s✉♣♣❧② ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛r✐s❡s ♠❛✐♥❧② ❢r♦♠ t❤❡ r❡♠♦❜✐❧✐③❛t✐♦♥ ♦❢ ❍♦❧♦❝❡♥❡
❛❧❧✉✈✐❛❧ ❞❡♣♦s✐ts ❝♦♠♣♦s❡❞ ♦❢ ❣r❛✈❡❧ ❛♥❞ s❛♥❞ ❝❛rr✐❡❞ ❜② t❤❡ r✐✈❡r ❢r♦♠ t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s
✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❚❤✐s s❡❞✐♠❡♥t r❡❞✐str✐❜✉t✐♦♥ ♦❝❝✉rs ♣r✐♠❛r✐❧② t❤♦✉❣❤ ❜❡❞ ❛♥❞✴♦r
❜❛♥❦ ❡r♦s✐♦♥✱ ✇❤❡r❡ t❤❡ ❧❛t❡r❛❧ ♠♦❜✐❧✐t② ✐s str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ✈❛❧❧❡② ✇✐❞t❤ t❤❛t ✈❛r✐❡s
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❡r♦❞❡❞ s✉❜str❛t✉♠✳
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❚❤❡ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝ ✇❛s ❛❧t❡r❡❞ ❜② ✭✐✮ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ❛ ❝❛♥❛❧ ✇❤✐❝❤ r❡❞✉❝❡❞ ❧❛t❡r✲
❛❧❧② t❤❡ ✢♦♦❞ ❡①♣❛♥s✐♦♥ ❛r❡❛ ❛♥❞ ❝♦♥❝❡♥tr❛t❡s t❤❡ ✢♦✇ ✐♥t♦ t❤❡ r✐✈❡r ❜❡❞✱ ✭✐✐✮ t❤❡ ❝♦♥str✉❝t✐♦♥
♦❢ ❞❛♠s ✇❤✐❝❤ ❧♦❝❛❧❧② ♠♦❞✐❢② t❤❡ r✐✈❡r ❝♦♠♣❡t❡♥❝❡ ❛♥❞ ✐♥t❡rr✉♣t t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞
✭✐✐✐✮ t❤❡ ♠❛ss✐✈❡ s❡❞✐♠❡♥t ❡①tr❛❝t✐♦♥ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ✐♥ t❤❡ r✐✈❡r ❜❡❞ ✭✶✾✺✵✲✶✾✽✵✮ ❛♥❞ t❤❡r❡❛❢t❡r
✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ✭❋✐❣✉r❡ ✸✳✶ ❛✮✳ ❚❤❡ ❞❡st❛❜✐❧✐③❛t✐♦♥ ♦❢ t❤❡ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝ ❡q✉✐❧✐❜r✐✉♠
❝♦♥❞✉❝t❡❞ t♦ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❞❥✉st♠❡♥ts t❤❛t r❡s✉❧ts ✐♥t♦ t❤❡ r✐✈❡r ❜❡❞ ✐♥❝✐s✐♦♥ ✇❤✐❝❤ ✐♥❞✉❝❡❞
❧♦❝❛❧❧② ❛♥ ❡♠♣t②✐♥❣ ♦❢ t❤❡ r✐✈❡r ❜❡❞ s❡❞✐♠❡♥t st♦❝❦ ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳

❆ ♠❡❛♥❞❡r✐♥❣ r❡❛❝❤ ♦❢ 12km ❧❡♥❣t❤✱ ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ ●r✐♣♣♦rt ❛♥❞ ❇❛②♦♥ ❛t t❤❡ ✇❡st❡r♥
❢♦♦t❤✐❧❧s ♦❢ t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s✱ ✇❛s ❤♦✇❡✈❡r r❡❧❛t✐✈❡❧② ❧❡ss ❛✛❡❝t❡❞ ❜② ❤✉♠❛♥ ❛❝t✐✈✐t✐❡s ✭❋✐❣✲
✉r❡ ✸✳✶ ❛✮✳ ❚❤✐s s❡❝t✐♦♥ ✇❛s ❝❧❛ss✐✜❡❞ ✐♥ ✷✵✵✻ ❛s r❡❣✐♦♥❛❧ ♥❛t✉r❛❧ r❡s❡r✈❡ ✭t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑✮
✐♥ ♦r❞❡r t♦ ♣r♦t❡❝t t❤❡ ✇❛t❡r r❡s♦✉r❝❡s ❛s ✇❡❧❧ ❛s t❤❡ ❜✐♦❞✐✈❡rs✐t② ✭❋✐❣✉r❡ ✸✳✶ ❜✮✳ ❚❤✐s r❡❛❝❤ ♦❢
♠♦❞❡r❛t❡ ❡♥❡r❣②✱ ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ s♣❡❝✐✜❝ str❡❛♠ ♣♦✇❡r ♦❢ 50W/m2✱ r❡♣r❡s❡♥ts ♦♥❡ ♦❢ t❤❡ ♠♦st
❞②♥❛♠✐❝ s❡❝t✐♦♥ ♦❢ ❧❛r❣❡ r✐✈❡rs ✐♥ t❤❡ ♥♦rt❤❡❛st ♦❢ ❋r❛♥❝❡✳ ■t ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❝❛t❝❤♠❡♥t ❛r❡❛
♦❢ 1, 758 km2✱ ❛ s✐♥✉♦s✐t② ♦❢ ✶✳✹✱ ❛♥ ❛✈❡r❛❣❡ s❧♦♣❡ ♦❢ 1.2❻✱ ❛ ❜❛♥❦❢✉❧❧ ✇✐❞t❤ ✭r❡s♣✳ ❞✐s❝❤❛r❣❡✮ ♦❢
❛❜♦✉t 60m ✭r❡s♣✳ 250m3/s✮ ❛♥❞ ❛ s✉r❢❛❝❡ ✭r❡s♣✳ s✉❜s✉r❢❛❝❡✮ D50 ♦❢ 30mm ✭r❡s♣✳ 13mm✮✳

❆❧t❤♦✉❣❤ t❤✐s s❡❝t♦r ✇❛s ♣r♦t❡❝t❡❞✱ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ♠♦r♣❤♦❞②♥❛♠✐❝ ❛❞❥✉st♠❡♥ts ✭r❡❣r❡s✲
s✐✈❡ ❛♥❞ ♣r♦❣r❡ss✐✈❡ ❡r♦s✐♦♥✮ ✐♥✐t✐❛t❡❞ ❜② ❛❝t✐♦♥s ❝❛rr✐❡❞ ♦✉t ❛t t❤❡ ❡❞❣❡ ♦❢ t❤❡ ♥❛t✉r❛❧ r❡s❡r✈❡
❝♦♥✈❡r❣❡ t♦✇❛r❞s t❤❡ ❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ r❡❛❝❤✳ ❚❤✐s tr❛❥❡❝t♦r②✱ t♦✇❛r❞s ❛ ♥❡✇ ❞②♥❛♠✐❝ ❡q✉✐❧✐❜✲
r✐✉♠✱ ❝♦✉❧❞ ✐♥❞✉❝❡ ❛ r✐✈❡r ❛✈✉❧s✐♦♥ ✇❤✐❝❤ ♠❛② ❞❡st❛❜✐❧✐③❡ ✐♥❢r❛str✉❝t✉r❡s✳ ❆ ❝❛♣t✉r❡ ♦❢ t❤❡ r✐✈❡r
❜② t✇♦ ✢♦♦❞♣❧❛✐♥ ❣r❛✈❡❧ ♣✐ts ✐s ❛❧s♦ ♣♦ss✐❜❧❡✳ ❚❤❡ ♣r❡s❡♥t r❡s❡❛r❝❤ ✐s ♣❛rt ♦❢ ❛ ♣r♦❥❡❝t ❛✐♠✐♥❣ t♦
st✉❞② ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ♦❢ ♠❛♥❛❣❡♠❡♥t✴r❡st♦r❛t✐♦♥ ♦❢ t❤❡ ❧❛t❡r❛❧ ♠♦❜✐❧✐t② ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑
r✐✈❡r✱ ❜❛s❡❞ ♦♥ ✷❉ ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② s✐♠✉❧❛t✐♦♥s✳ ❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛✲
r❛♠❡t❡r tr❛♥s♣♦rt ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❛rt✐❝❧❡ ✐s t❤❡r❡❢♦r❡ ❝r✉❝✐❛❧✱ s✐♥❝❡ θcr str♦♥❣❧② ✐♥✢✉❡♥❝❡s t❤❡
♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❛♥❞✱ t❤✉s t❤❡ ♠♦❞❡❧❧✐♥❣ ♦❢ t❤❡ r✐✈❡r ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥✳

✸✳✸ ▼❡t❤♦❞s

❚❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❞✐✛❡r❡♥t ♠❡t❤♦❞s
✉s❡❞ ✐♥ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ♣❛rt✐❝❧❡ ✐♥✐t✐❛❧ ♠♦t✐♦♥ ❛♥❞ ✐♥ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣
❜❡❞ s❤❡❛r str❡ss✳ ❚❤❡② ❛r❡ t✇♦ ♠❛✐♥ ♠❡t❤♦❞s ❞❡s❝r✐❜❡❞ ❜② ❲✐❧❝♦❝❦ ✭✶✾✽✽✮ t♦ q✉❛♥t✐❢② t❤❡ ❝r✐t✐❝❛❧
❝♦♥❞✐t✐♦♥s ❢♦r ♣❛rt✐❝❧❡s ♠♦✈❡♠❡♥t✿

✭✐✮ ❚❤❡ r❡❢❡r❡♥❝❡ ♠❡t❤♦❞✱ ✇❤✐❝❤ ❝♦♥s✐sts t♦ ♠❡❛s✉r❡ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❛t ❞✐✛❡r❡♥t ✢♦✇
❝♦♥❞✐t✐♦♥s ❛♥❞ ❡①tr❛♣♦❧❛t❡ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt r❛t✐♥❣ ❝✉r✈❡ t♦ ❛ r❡❢❡r❡♥❝❡ ✈❛❧✉❡ ✭P❛r❦❡r
❡t ❛❧✳✱ ✶✾✽✷✮ ✐♥ ♦r❞❡r t♦ ✜♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝r✐t✐❝❛❧ s❤❡❛r str❡ss✳

✭✐✐✮ ❚❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ♠❡t❤♦❞ ❞❡✜♥❡❞ ❛❜♦✈❡✱ ✇❤✐❝❤ ❝♦♥s✐sts t♦ ♠❡❛s✉r❡ t❤❡ ♠❛①✐♠✉♠ s✐③❡ ♦❢
♣❛rt✐❝❧❡s t❤❛t ❛r❡ ♠♦❜✐❧✐③❡❞ ❢♦r ❛ ❣✐✈❡♥ s❤❡❛r str❡ss ✉s✐♥❣ ❜❡❞❧♦❛❞ s❛♠♣❧❡r✱ s❡❞✐♠❡♥t tr❛♣
♦r ♠❛r❦❡❞ ♣❛rt✐❝❧❡s✳

❚❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✈❛r✐❡s ❞❡♣❡♥❞✐♥❣ ♦❢ t❤❡ ♠❡t❤♦❞ ❡♠♣❧♦②❡❞✱ ✇✐t❤
✈❛❧✉❡s ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ ❝♦♠♣❡t❡♥❝❡ ♠❡t❤♦❞ ❣❡♥❡r❛❧❧② ❜❡✐♥❣ s♠❛❧❧❡r t❤❛♥ t❤♦s❡ ♦❜t❛✐♥❡❞ ✉s✐♥❣
t❤❡ r❡❢❡r❡♥❝❡ ♠❡t❤♦❞ ✭❲✐❧❝♦❝❦✱ ✶✾✽✽✮✳ ❚❤❡ ❜❡❞ s❤❡❛r str❡ss τb ✉s❡❞ ✐♥ ❜♦t❤ ♠❡t❤♦❞s ❝❛♥ ❜❡
❝♦♠♣✉t❡❞ ❛t t❤❡ ❝r♦ss✲s❡❝t✐♦♥ s❝❛❧❡✱ ✉s✐♥❣ t❤❡ ❞❡♣t❤✲s❧♦♣❡ ♣r♦❞✉❝t✱ ♦r ♠♦r❡ ❧♦❝❛❧❧② ✉s✐♥❣ ✢♦✇
✈❡❧♦❝✐t✐❡s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ♦r ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣✳ ❚❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛✲
r❛♠❡t❡r ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ✇✐t❤ ♦r ✇✐t❤♦✉t s❤❡❛r str❡ss ♣❛rt✐t✐♦♥✐♥❣ ✭❡q✉❛t✐♦♥ ✸✳✹✮✱ ❜✉t t❤❡ ✈❛❧✉❡s
❢♦✉♥❞ ✉s✐♥❣ t♦t❛❧ s❤❡❛r str❡ss τb ❛r❡ ❣❡♥❡r❛❧❧② ❤✐❣❤❡r t❤❛♥ t❤♦s❡ ✉s✐♥❣ t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss τ ′

✭P❡t✐t ❡t ❛❧✳✱ ✷✵✵✺✮✳

✻✽



❆s ♣❛rt ♦❢ t❤✐s st✉❞②✱ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♦❢ ♦✉r ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ✐s
❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ♠❡t❤♦❞ ✇❤❡r❡ t❤❡ ❜❡❞ s❤❡❛r str❡ss ✐s ❧♦❝❛❧❧② ❝♦♠♣✉t❡❞
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠♦❞❡❧ ❞❡❢❛✉❧t s❤❡❛r str❡ss ♣❛rt✐t✐♦♥✐♥❣✳ ■♥❞❡❡❞✱ t❤❡ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts
r❡q✉✐r❡❞ t♦ ❡♠♣❧♦② t❤❡ r❡❢❡r❡♥❝❡ ♠❡t❤♦❞ ♦r ❝❛❧✐❜r❛t❡ t❤❡ ❜❡❞ s❤❡❛r str❡ss ♣❛rt✐t✐♦♥✐♥❣ ❛r❡ r❛r❡❧②
❛✈❛✐❧❛❜❧❡✱ ❛♥❞ ❝♦♠♣❧❡① t♦ ❝♦❧❧❡❝t✱ ✇❤✐❧❡ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ♠❡t❤♦❞ ✐s ♠✉❝❤ ❡❛s✐❡r t♦ s❡t ✉♣
❛♥❞ ❧❡ss ❝♦st❧②✳ ❚❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✇✐❧❧ ❜❡ ❡st✐♠❛t❡❞ ✉s✐♥❣ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❛♥❞ tr❛❝❡rs
♠♦❜✐❧✐t② t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❧❛r❣❡st ♣❛rt✐❝❧❡ s✐③❡ tr❛♥s♣♦rt❡❞ ❜② t❤❡ r✐✈❡r ❞✉r✐♥❣ t❤❡ ❧❛r❣❡st ✢♦♦❞
♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ t✇♦ s✉r✈❡②s✳ ❆ r❡❧❛t✐♦♥s❤✐♣ ✇✐❧❧ ❜❡ ❡st❛❜❧✐s❤❡❞ ❜❡t✇❡❡♥ t❤❡ s✐③❡ ♦❢ t❤✐s ♣❛rt✐❝❧❡
❛♥❞ t❤❡ ♠❛①✐♠❛❧ ❣r❛✐♥ s❤❡❛r str❡ss ❧♦❝❛❧❧② ❝♦♠♣✉t❡❞ ❜② t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ t♦ ❡st✐♠❛t❡ t❤❡
❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❢♦r ❡❛❝❤ ♣❛rt✐❝❧❡ s✐③❡✳ ❚❤❡ ❛❜✐❧✐t② ♦❢ t❤✐s ♠♦❞❡❧ t♦ ♣r❡❞✐❝t t❤❡ s❡❞✐♠❡♥t
♠♦t✐♦♥✱ ✉s✐♥❣ t❤❡ ❡st✐♠❛t❡❞ t❤r❡s❤♦❧❞s ✈❛❧✉❡✱ ✇❛s ❛ss❡ss❡❞ ❜② ❝♦♠♣❛r✐♥❣ ✭✐✮ t❤❡ ♠❛①✐♠✉♠ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r ♠♦❞❡❧❡❞ ♦✈❡r ❡r♦❞❡❞ ❛r❡❛s t♦ ✭✐✐✮ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr,D50 ❡st✐♠❛t❡❞ ❢♦r
t❤❡ ❜❡❞ s✉r❢❛❝❡ D50✳

✸✳✸✳✶ ❋❧♦✇ ❝♦♠♣❡t❡♥❝❡ ❡st✐♠❛t✐♦♥

❚❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ♠❡t❤♦❞ ✇❤✐❝❤ ❝♦♥s✐sts ✐♥
✐❞❡♥t✐❢②✐♥❣ t❤❡ ❧❛r❣❡st ♣❛rt✐❝❧❡s tr❛♥s♣♦rt❡❞ ❜② t❤❡ r✐✈❡r ✭❲✐❧❝♦❝❦✱ ✶✾✾✷❀ ❚❤♦♠♣s♦♥ ❛♥❞ ❈r♦❦❡✱
✷✵✵✽✮✳ ❚❤❡s❡ s✐③❡s ♦❢ t❤✐s ♣❛rt✐❝❧❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜② ♠❡❛s✉r✐♥❣ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ♣❛rt✐❝❧❡s
tr❛♥s♣♦rt❡❞ ♦✉t ♦❢ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s✱ ✇❤♦s❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❣r❛✐♥ ✐♠❜r✐❝❛t✐♦♥ ❛r❡
r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡✳ ❍♦✇❡✈❡r✱ t❤✐s ❡st✐♠❛t✐♦♥ ✐s ❧♦❝❛❧ ❛♥❞ ♦♥❧② ✈❛❧✐❞ ✐❢ t❤❡ s✐③❡
♦❢ tr❛♥s♣♦rt❡❞ ♣❛rt✐❝❧❡s ✐s s♠❛❧❧❡r t❤❛♥ t❤❡ s✐③❡ ♦❢ t❤❡ ❝♦❛rs❡st ♣❛rt✐❝❧❡ ❛✈❛✐❧❛❜❧❡ ❢♦r tr❛♥s♣♦rt✱
✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♠❛①✐♠✉♠ ♣❛rt✐❝❧❡ s✐③❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡✳ ❆s ❛❧❧ ♣❛rt✐❝❧❡ s✐③❡s ♠❛②
♠♦✈❡ ✇✐t❤✐♥ ❛ ♥❛rr♦✇ r❛♥❣❡ ♦❢ ❜❡❞ s❤❡❛r str❡ss ✭P❛r❦❡r ❡t ❛❧✳✱ ✶✾✽✷❀ ❆♥❞r❡✇s✱ ✶✾✽✸✮✱ ✐t ♠❛②
r❡❞✉❝❡ t❤❡ r❛♥❣❡ ♦❢ ✢♦✇ ❝♦♥❞✐t✐♦♥s ❛✈❛✐❧❛❜❧❡ t♦ ❡st✐♠❛t❡ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡✳ ❚❤❡r❡❢♦r❡✱ ✇❡
❛❧s♦ ✉s❡❞ s❡❞✐♠❡♥t tr❛❝❡rs ✇❤♦s❡ ✭✐✮ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇❛s ❝♦❛rs❡r t❤❛♥ t❤❡ ❜❡❞ s✉r❢❛❝❡ ❛♥❞
✭✐✐✮ ♣♦s✐t✐♦♥s ✇❡r❡ ❧❛t❡r❛❧❧② ❞✐str✐❜✉t❡❞ ❛❝r♦ss t❤❡ r✐✈❡r s❡❝t✐♦♥✱ ✇❤✐❝❤ ❛❧❧♦✇s ❡st✐♠❛t✐♥❣ t❤❡ ✢♦✇
❝♦♠♣❡t❡♥❝❡ ♦✈❡r ❛ ✇✐❞❡r r❛♥❣❡ ♦❢ ✢♦✇ ❝♦♥❞✐t✐♦♥s✳ ◆❡✈❡rt❤❡❧❡ss✱ ❝♦♥tr❛r✐❧② t♦ t❤❡ ♣❛rt✐❝❧❡s ♦❢
t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s✱ t❤❡ ✐♠❜r✐❝❛t✐♦♥ ♦❢ t❤❡ s❡❞✐♠❡♥t tr❛❝❡rs ♠❛② ♥♦t ❜❡ ♥❛t✉r❛❧✱ s♦ ❝♦❛rs❡st
♣❛rt✐❝❧❡s ♠❛② ♣r♦tr✉❞❡ ❛♥❞ ❝♦✉❧❞ ❜❡ ❡♥tr❛✐♥❡❞ ♠♦r❡ ❡❛s✐❧②✳ ❍❡♥❝❡✱ t♦ ❛✈♦✐❞ ✉♥❞❡r❡st✐♠❛t✐♥❣ ♦❢
t❤❡ t❤r❡s❤♦❧❞ ❢♦r ♠♦t✐♦♥✱ ✇❡ ✉s❡❞ ✐♠♠♦❜✐❧❡ tr❛❝❡rs t♦ ❡st✐♠❛t❡ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r
❛♥❞ ♠♦❜✐❧❡ tr❛❝❡rs t♦ ✈❛❧✐❞❛t❡ t❤✐s ❡st✐♠❛t✐♦♥✳

✸✳✸✳✶✳✶ P❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❛♣♣r♦❛❝❤

P❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ✇❡r❡ s❡t ✐♥ ▼❛r❝❤ ✷✵✶✽ ✭PI✮ ❛t ✻ ❞✐✛❡r❡♥t s✐t❡s ❧♦♥❣✐t✉❞✐♥❛❧❧② ❞✐str✐❜✉t❡❞
❛❧♦♥❣ t❤❡ ▼♦s❡❧❧❡ st✉❞✐❡❞ r❡❛❝❤✱ ♦♥ ❡❛s✐❧② ❛❝❝❡ss✐❜❧❡ ✉♥✈❡❣❡t❛t❡❞ ❣r❛✈❡❧ ❜❛rs ✭❋✐❣✉r❡ ✸✳✶ ❜✮✳
❚❤❡ ♣❛t❝❤❡s ✇❡r❡ ♣❛✐♥t❡❞ ♦♥ ✈❛r✐♦✉s r✐✈❡r❜❡❞ s❡❞✐♠❡♥t ♠✐①t✉r❡s ✭❚❛❜❧❡ ✸✳✶✮ ❢♦✉♥❞ ♦♥ ✢❛t ❜❡❞
s✉r❢❛❝❡s ❡♠❡r❣✐♥❣ ❛t ♠♦❞❡r❛t❡ ✢♦✇ ❛♥❞ ❧♦❝❛t❡❞ ❝❧♦s❡ t♦ t❤❡ r✐✈❡r ♠♦❜✐❧❡✲❜❡❞✳ ❊❛❝❤ ♣❛t❝❤❡s
♦❢ 1m2 ✇❡r❡ ♣❛✐♥t❡❞ ✉s✐♥❣ ❛ 1 × 1m ✇♦♦❞ ❢r❛♠❡ ❛♥❞ ❛ ❤✐❣❤ r❡s✐st❛♥❝❡ ♠✉❧t✐✲s✉♣♣♦rt ✉♥✐✈❡rs❛❧
s♣r❛② ♣❛✐♥ts ♦❢ ❞✐✛❡r❡♥t ❝♦❧♦rs ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s✉r✈❡② ✭♦r❛♥❣❡ ❛♥❞ r❡❞✮✳ ❚❤❡ ❢♦✉r ❝♦r♥❡rs ♦❢
t❤❡ ♣❛t❝❤❡s ✇❡r❡ ❧❡✈❡❧❡❞ ✉s✐♥❣ ❛ ❝❡♥t✐♠❡t❡r✲❛❝❝✉r❛t❡ ❞✐✛❡r❡♥t✐❛❧ ●P❙ ✭❉●P❙✮ t♦ r❡❝♦r❞ t❤❡✐r
♣♦s✐t✐♦♥ ❛♥❞ ❢❛❝✐❧✐t❛t❡ t❤❡✐r r❡❝♦✈❡r②✳ ❚❤❡ ♣❛t❝❤❡s ✇❡r❡ ♣❤♦t♦❣r❛♣❤❡❞ ✉s✐♥❣ ❛ ✶✷✲▼P ❖❧②♠♣✉s
❚●✲✺ ❝❛♠❡r❛ ✇✐t❤ ❛ ❣r♦✉♥❞ r❡❢❡r❡♥❝❡✱ t♦ ♠❡❛s✉r❡ t❤❡ s✐③❡ ♦❢ t❤❡ ❧❛r❣❡st ♣❛✐♥t❡❞ ♣❛rt✐❝❧❡s✱ ✇✐t❤♦✉t
❞✐st✉r❜✐♥❣ t❤❡ s❡❞✐♠❡♥t ✐♠❜r✐❝❛t✐♦♥✳ ❚❤❡ s✐③❡ ♦❢ t❤❡s❡ ♣❛rt✐❝❧❡s ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡ s✐③❡ ♦❢ t❤❡
❧❛r❣❡st tr❛♥s♣♦rt❡❞ ♣❛rt✐❝❧❡ ♦❜s❡r✈❡❞ ✐♥ ♦r❞❡r t♦ ✈❡r✐❢② t❤❛t ❛❧❧ ❛✈❛✐❧❛❜❧❡ ♣❛rt✐❝❧❡ s✐③❡s ✇❡r❡ ♥♦t
tr❛♥s♣♦rt❡❞ ❞✉r✐♥❣ t❤❡ ✢♦♦❞✳ ❍♦✇❡✈❡r✱ t♦ ❜❡ ❝♦♥s✐st❡♥t ✇✐t❤ ♠♦st ♦❢ t❤❡ ✢✉♠❡ ❡①♣❡r✐♠❡♥ts✱
t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✇❛s ♦♥❧② ❡st✐♠❛t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧❛r❣❡st ♣❛rt✐❝❧❡ tr❛♥s♣♦rt❡❞ ✇✐t❤♦✉t
❝♦♥s✐❞❡r✐♥❣ t❤❡ s✐③❡ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ♣❛rt✐❝❧❡s✳ ❚❤❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ♣❛rt✐❝❧❡s ♦❢ t❤❡ ♣❛✐♥t❡❞ ❜❡❞
♣❛t❝❤❡s ✇❛s ♠♦♥✐t♦r❡❞ ✭❋✐❣✉r❡ ✸✳✷✮ ✐♥ ❋❡❜r✉❛r② ✷✵✶✾ ✭E1✮ ❛♥❞ ▼❛② ✷✵✶✾ ✭E2✮✳
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❋✐❣✉r❡ ✸✳✷✿ ▼♦♥✐t♦r✐♥❣ ❢r❛♠❡✇♦r❦ r❡❧❛t❡❞ t♦ t❤❡ ✢♦✇ ❤②❞r♦❣r❛♣❤ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛t t❤❡
❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❣❛✉❣✐♥❣ st❛t✐♦♥✳ An ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ t❤❡ ❛❡r✐❛❧ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛❝✲
q✉✐s✐t✐♦♥s✱ En ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s s✉r✈❡②s✱ PI ✐♥❞✐❝❛t❡s t❤❡ ♣❛t❝❤❡s
✐♥st❛❧❧❛t✐♦♥ ❛♥❞ TI t❤❡ tr❛❝❡rs ✐♥❥❡❝t✐♦♥✱ Fn ✐♥❞✐❝❛t❡s t❤❡ ✢♦♦❞s ❢♦r ✇❤✐❝❤ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡
✐s ❡st✐♠❛t❡❞ ❛♥❞ Sn ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ t❤❡ tr❛❝❡r s✉r✈❡②s✳

❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ tr❛♥s♣♦rt❡❞ ♣❛rt✐❝❧❡s ✉s✉❛❧❧② ✈❛r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ tr❛✈❡❧❡❞ ❞✐st❛♥❝❡s ✭▼❛♦
❡t ❛❧✳✱ ✷✵✵✽❀ ❍♦✉❜r❡❝❤ts ❡t ❛❧✳✱ ✷✵✶✷❀ P❡t✐t ❡t ❛❧✳✱ ✷✵✶✺✮✱ ✇❤✐❝❤ ✐♥✈♦❧✈❡s t♦ ❦♥♦✇ ❡①❛❝t❧② t❤❡ ♣♦✲
s✐t✐♦♥ ♦❢ ❡❛❝❤ ♣❛rt✐❝❧❡ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ ♠♦r♣❤♦❧♦❣✐❝❛❧ ✢♦♦❞s✳ ❇② s✉♣❡r✐♠♣♦s✐♥❣ ♣✐❝t✉r❡s ♦❢
t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s t❛❦❡♥ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ ✢♦♦❞ ❡✈❡♥ts ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐❞❡♥t✐❢② ❞✐✛❡r✲
❡♥❝❡s ✐♥ ♣❛rt✐❝❧❡ ♣♦s✐t✐♦♥✐♥❣✱ t❤✉s ❝♦♥❝❧✉❞✐♥❣ t❤❛t ♠✐ss✐♥❣ ♣❛rt✐❝❧❡s ✇❡r❡ tr❛♥s♣♦rt❡❞✳ ❍♦✇❡✈❡r✱
s♦♠❡ ♣❛rt✐❝❧❡s ♠❛② s✐♠♣❧② ❜❡ t✉r♥❡❞ ♦✈❡r ♦r ❝♦✈❡r❡❞ ❜② ♦t❤❡r ♣❛rt✐❝❧❡s ❛♥❞ t❤✉s ❝♦♥s✐❞❡r❡❞ ❛s
tr❛♥s♣♦rt❡❞✳ ❚❤❡r❡❢♦r❡✱ t♦ ❛✈♦✐❞ t❤✐s ♣♦t❡♥t✐❛❧ ♠❡t❤♦❞♦❧♦❣✐❝❛❧ ❜✐❛s✱ ✇❡ ♠❡❛s✉r❡❞ ♦♥❧② t❤❡ s✐③❡ ♦❢
♣❛rt✐❝❧❡s tr❛♥s♣♦rt❡❞ ♦✉t ♦❢ t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ♦❢ ✇❤✐❝❤ t❤❡ ♠✐♥✐♠✉♠ ♠♦❜✐❧✐t② ✐s ❡♥s✉r❡❞✳
❖❢ ❝♦✉rs❡✱ t❤✐s r❡s✉❧t ✐s ❤✐❣❤❧② ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ r❡❝♦✈❡r✐♥❣ r❛t❡ ♦❢ ♠♦❜✐❧❡ ♣❛rt✐❝❧❡s ✇❤✐❝❤ ✈❛r✐❡s
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞✐st❛♥❝❡ tr❛✈❡❧❡❞ ❜② ❛ ♣❛rt✐❝❧❡ ❛♥❞ t❤❡ ✈✐s✐❜❧❡ s✐❞❡ ✭❝♦❧♦r❡❞ ♦r ♥♦t✮ ❛t ✇❤✐❝❤
t❤❡ ♣❛rt✐❝❧❡ r❡sts✳ ❇✉t ❛s ✇❡ ❛r❡ ❧♦♦❦✐♥❣ ❢♦r t❤❡ ❧❛r❣❡st tr❛♥s♣♦rt❡❞ ♣❛rt✐❝❧❡✱ t❤❡ ♣r♦❜❛❜✐❧✐t②
♦❢ r❡❝♦✈❡r✐♥❣ t❤✐s s♣❡❝✐✜❝ ♣❛rt✐❝❧❡s s✐③❡ ✐s ❤✐❣❤❡r✱ ❜❡❝❛✉s❡ t❤❡② ❛r❡ tr❛♥s♣♦rt❡❞ ❞✉r✐♥❣ ❛ s❤♦rt❡r
♣❡r✐♦❞✱ t❤✉s ♦✈❡r ❛ s❤♦rt❡r ❞✐st❛♥❝❡ ❛♥❞ ❛r❡ ✈✐s✉❛❧❧② ❡❛s✐❡r t♦ ✐❞❡♥t✐❢②✳

▼❡❛s✉r✐♥❣ t❤❡ ♠❛①✐♠✉♠ s✐③❡ ♦❢ ♣❛rt✐❝❧❡s tr❛♥s♣♦rt❡❞ ♦✉t ♦❢ t❤❡ ♣❛t❝❤❡s ✐s ❤♦✇❡✈❡r ♥♦t ❛❧✇❛②s
t❤❡ ❜❡st s✐③❡ ✐♥❞✐❝❛t♦r t♦ ❡st✐♠❛t❡ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡✳ ■♥❞❡❡❞✱ t❤❡ ♠♦t✐♦♥ ♦❢ t❤✐s ♣❛rt✐❝❧❡ ♠❛② ❜②
✐♥✢✉❡♥❝❡❞ ❜② ❧♦❝❛❧ ✢♦✇ ❝♦♥❞✐t✐♦♥s ✭❞✐st✉r❜❛♥❝❡ ❞✉❡ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✈❡❣❡t❛t✐♦♥✮✱ t❤❡ ✐♥t❡r❛❝t✐♦♥
✇✐t❤ ♦t❤❡r ♣❛rt✐❝❧❡s ✭❤✐❞✐♥❣✴♣r♦tr✉s✐♦♥ ❡✛❡❝ts✮ ♦r ♣❛rt✐❝❧❡ ♣r♦♣❡rt✐❡s ✭s❤❛♣❡✮✳ ❙❡✈❡r❛❧ st✉❞✐❡s
s❤♦✇s t❤❛t t❤❡ D95 ♦❢ t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ tr❛♥s♣♦rt❡❞ ♣❛rt✐❝❧❡s ❝♦♥st✐t✉t❡s t❤❡ ❜❡st
✐♥❞✐❝❛t♦r ♦❢ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✭❑♦♠❛r ❛♥❞ ❈❛r❧✐♥❣✱ ✶✾✾✶❀ ❲❤✐t❛❦❡r ❛♥❞ P♦tts✱ ✷✵✵✼✮✳ ❚❤❡r❡❢♦r❡✱
❛s ♣r♦♣♦s❡❞ ❜② ❍♦✉❜r❡❝❤ts ❡t ❛❧✳ ✭✷✵✶✶✮ t♦ ❛♣♣r♦①✐♠❛t❡ t❤❡ D95✱ ✇❡ ♠❡❛s✉r❡❞ t❤❡ ♠❡❛♥ ❞✐❛♠❡t❡r
♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡s tr❛♥s♣♦rt❡❞ t♦ ❡st✐♠❛t❡ t❤❡ r✐✈❡r ✢♦✇ ❝♦♠♣❡t❡♥❝❡✳ ❚❤❡ s✐③❡s ♦❢ t❤❡s❡
♣❛rt✐❝❧❡s ✇❡r❡ ❛❧✇❛②s ♠❡❛s✉r❡❞ t❤r♦✉❣❤ ♣❛rt✐❝❧❡ ❞✐❣✐t❛❧✐③❛t✐♦♥ t♦ ❡♥s✉r❡ ♠❡t❤♦❞ ❝♦♥s✐st❡♥❝②✱ ❜✉t
✉s✐♥❣ ❞✐✛❡r❡♥t ❞❛t❛ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❡✈♦❧✉t✐♦♥✿

❼ ❋♦r ♣❛t❝❤❡s ✇✐t❤ ❡✐t❤❡r t♦t❛❧ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♦r ✇✐t❤♦✉t s❡❞✐♠❡♥t tr❛♥s♣♦rt✱ ✇❡ ❞✐❣✲
✐t❛❧✐③❡❞ t❤❡ ❜✲❛①✐s ♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡s ♦❜s❡r✈❛❜❧❡ ♦♥ t❤❡ ♣✐❝t✉r❡ t❛❦❡♥ ❜❡❢♦r❡ t❤❡
♠♦r♣❤♦❧♦❣✐❝❛❧ ✢♦♦❞s✳ ❍❡♥❝❡✱ ✇❡ ❝♦♥s✐❞❡r❡❞ t❤❛t ❡✐t❤❡r ❛❧❧ ♦r ♥♦♥❡ ♦✛ t❤❡♠ ✇❡r❡ tr❛♥s✲
♣♦rt❡❞ ♦✉t ♦❢ t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s✳

✼✵



❼ ❋♦r ♣❛t❝❤❡s ✇✐t❤ ♣❛rt✐❛❧ s❡❞✐♠❡♥t tr❛♥s♣♦rt✱ ✇❡ ❝♦❧❧❡❝t❡❞ ♣✐❝t✉r❡s ♦❢ t❤❡ ❞✐s♣❡rs❡❞ ❝♦❧♦r❡❞
♣❛rt✐❝❧❡s ♦❜s❡r✈❡❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ♣❛t❝❤❡s t♦ ❜✉✐❧t ❛♥ ♦rt❤♦♣❤♦t♦❣r❛♣❤✐❡s ♠♦s❛✐❝ ✉s✐♥❣
♣❤♦t♦❣r❛♠♠❡tr②❀ t❤❡♥ ✇❡ ❞✐❣✐t❛❧✐③❡❞ t❤❡ ❜✲❛①✐s ♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡s tr❛♥s♣♦rt❡❞ ♦✉t
♦❢ t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s✳

❆s ♣❛rt ♦❢ t❤✐s st✉❞②✱ t❤❡ ❡✈♦❧✉t✐♦♥ ♦❢ ♣❛t❝❤❡s ❝♦✈❡r❡❞ ❜② s❡❞✐♠❡♥ts ✇❛s ♥♦t st✉❞✐❡❞ ❜❡❝❛✉s❡ t❤❡
♠♦♠❡♥t ✇❤❡♥ t❤❡ ❞❡♣♦s✐ts ♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡ ✢♦♦❞ ✐s ✉♥❦♥♦✇♥✳ ■♥❞❡❡❞✱ ✐❢ ♣❛✐♥t❡❞ ♣❛rt✐❝❧❡s
✇❡r❡ ❜✉r✐❡❞ ❛t t❤❡ ♠❛①✐♠✉♠ s❤❡❛r str❡ss t❤❡② ♠❛② ❜❡ ♣r♦t❡❝t❡❞ ❢r♦♠ ✢♦✇ t❤❡r❡❢♦r❡ t❤❡ ❧❛r❣❡st
♣❛rt✐❝❧❡ tr❛♥s♣♦rt❡❞ ♦❜s❡r✈❡❞ ♠❛② ♥♦t ❜❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡✳

✸✳✸✳✶✳✷ ❙❡❞✐♠❡♥t tr❛❝❡rs ❛♣♣r♦❛❝❤

■♥ ♦r❞❡r t♦ ❣❡t ❝♦♠♣❧❡♠❡♥t❛r② ✐♥❢♦r♠❛t✐♦♥ ♦♥ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♣r♦❝❡ss❡s✱ ✷✵✵✵ tr❛❝❡rs ✇❡r❡
✐♥❥❡❝t❡❞ ❛t ✺ ❞✐✛❡r❡♥t s✐t❡s ❧♦♥❣✐t✉❞✐♥❛❧❧② ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛♥❞ t❤❡ ❞❛♠ ❜②♣❛ss
❝❤❛♥♥❡❧✳ ❍♦✇❡✈❡r✱ t❤❡ ✉s❡ ♦❢ t❤❡s❡ tr❛❝❡rs t♦ ❡st✐♠❛t❡ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❞❡♣❡♥❞s ♦♥
t❤❡ ❛❜✐❧✐t② ♦❢ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ t♦ ♣r❡❞✐❝t t❤❡ ❜❡❞ s❤❡❛r str❡ss t♦✇❛r❞s t❤❡s❡ s✐t❡s ♦❢ ✐♥❥❡❝✲
t✐♦♥s ✭✈❡❧♦❝✐t② ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥✱ ❝❤❛♥♥❡❧ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥✱ ✈❡❣❡t❛t✐♦♥✱ ❡t❝✮✳ ❚❤❡r❡❢♦r❡✱
✇❡ ♦♥❧② st✉❞② t❤❡ ♠♦❜✐❧✐t② ♦❢ t❤❡ ✹✺✵ tr❛❝❡rs ✐♥❥❡❝t❡❞ ❛t t❤❡ ✉♣str❡❛♠ ♣❛rt ♦❢ t❤❡ r❡s❡r✈❡ ❛❧♦♥❣
❛ ❧❛r❣❡ str❛✐❣❤t r❡❛❝❤ ✇✐t❤ ❤✐❣❤ ❜❛♥❦s✱ ❛ ✢❛t ❜❡❞✱ q✉❛s✐✲tr❛♣❡③♦✐❞❛❧ ❝r♦ss✲s❡❝t✐♦♥s✱ ❛♥❞ ✇❤❡r❡ ♥♦
s✐❣♥✐✜❝❛♥t ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥ ✇❛s ♦❜s❡r✈❡❞✳

❚❤❡s❡ ✹✺✵ ♣❛rt✐❝❧❡s t❛❦❡♥ ❢r♦♠ t❤❡ ▼♦s❡❧❧❡ ❘✐✈❡r ✇❡r❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ❧♦✇✲❢r❡q✉❡♥❝② ♣❛ss✐✈❡
✐♥t❡❣r❛t❡❞ tr❛♥s♣♦♥❞❡rs ✭❘❋■❉ P■❚ t❛❣s✮ ❞✐str✐❜✉t❡❞ ❜② ❚❡①❛s ■♥str✉♠❡♥ts✳ ❚r❛♥s♣♦♥❞❡rs ♦❢
✸✷♠♠✲❧♦♥❣ ✇❡r❡ r❛t❤❡r ✉s❡❞ t❤❛♥ ✷✸♠♠✲❧♦♥❣ ✇✐t❤✐♥ t❤❡ ❧✐♠✐t ♦❢ ♣❛rt✐❝❧❡ s✐③❡ ❛♥❞ ♣r❡❢❡r❡♥t✐❛❧❧②
✐♥s❡rt❡❞ ✐♥ t❤❡ s❤♦rt❡st ♣❛rt✐❝❧❡s ❛①✐s t♦ ❛❧❧♦✇ ❛ ❜❡tt❡r ❞❡t❡❝t✐♦♥ ✭❆r♥❛✉❞ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚r❛❝❡rs
r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ r✐✈❡r ❣r❛♥✉❧♦♠❡tr② ✭16− 128mm✮ ✇❡r❡ ❡q✉❛❧❧② ❞✐str✐❜✉t❡❞ ✐♥t♦ ✺ ❣r❛✐♥ s✐③❡
❝❧❛ss❡s ✐♥ ♦r❞❡r t❤❛t ♣❛rt✐❝❧❡s ♦❢ ❡❛❝❤ ❣r❛✐♥ s✐③❡s ❝❧❛ss ❤❛s t❤❡ s❛♠❡ ♣r♦❜❛❜✐❧✐t② t♦ ❜❡ r❡❝♦✈✲
❡r❡❞✳ ❈❧✉st❡rs ♦❢ ✷✺ tr❛❝❡rs ✭✺ ❜② ❝❧❛ss✮ ✇❡r❡ s❡❡❞❡❞ ❛r♦✉♥❞ ✶✽ ♣♦✐♥ts ❧❛t❡r❛❧❧② ❞✐str✐❜✉t❡❞ ❛t
5m ✐♥t❡r✈❛❧s ❛❧♦♥❣ ✷ tr❛♥s❡❝ts s❡♣❛r❛t❡❞ ❜② 10m t♦ ❛✈♦✐❞ ♣❛rt✐❝❧❡s ❤✐❞✐♥❣ ❡✛❡❝ts✳ ❚r❛❝❡rs ✇❡r❡
✐♥❥❡❝t❡❞ ✭PI✮ ✐♥ s♣r✐♥❣ ✷✵✶✽ ✭❋✐❣✉r❡ ✸✳✷✮ ♦♥ ✇❛❞❡❛❜❧❡ ❛r❡❛s✱ ❡①♣❡❝t✐♥❣ t❤❛t ❛ ♠♦r♣❤♦❧♦❣✐❝❛❧
✢♦♦❞ ♦❝❝✉rr❡❞ ❜❡❢♦r❡ t❤❡ ✐♥✐t✐❛❧ st❛t❡ s✉r✈❡② ✭S0✮✱ ♣❡r❢♦r♠❡❞ t❤❡ ♥❡①t s✉♠♠❡r✳ ❚❤❡✐r ♠♦❜✐❧✐t②
✇❛s ❛ss❡ss❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ✜❡❧❞ s✉r✈❡② ✭S1✮ ♣❡r❢♦r♠❡❞ ✇❤❡♥ t❤❡ r✐✈❡r❜❡❞ ✇❛s ❛❣❛✐♥ ✇❛❞❡❛❜❧❡
✐♥ s✉♠♠❡r ✷✵✶✾✳

❚r❛❝❡rs ✇❡r❡ r❡❝♦✈❡r❡❞ ❜② ♣❡❞❡str✐❛♥ s❡❛r❝❤❡s ✉s✐♥❣ ❛ 1.2m ❧♦♥❣ ❛♥❞ 0.5m ✇✐❞❡ r❡❝t❛♥❣✉❧❛r
❛♥t❡♥♥❛ ❝♦♥♥❡❝t❡❞ t♦ ❛ ❝♦♥tr♦❧ ❜♦① ✇❤✐❝❤ s❡♥❞s t❛❣s ■❉s t♦ ❛ ❝♦♠♣✉t❡r r❡❝♦r❞✐♥❣ ❞❛t❡ ❛♥❞
t✐♠❡ ♦❢ t❤❡✐r ❞❡t❡❝t✐♦♥✳ ❚❤❡ ❛♥t❡♥♥❛ ♣♦s✐t✐♦♥ ✇❛s ♠❡❛s✉r❡❞ ❡✈❡r② s❡❝♦♥❞ ✉s✐♥❣ ❛ ❝❡♥t✐♠❡t❡r✲
❛❝❝✉r❛❝② ❞✐✛❡r❡♥t✐❛❧ ●P❙ ✭❉●P❙✮✱ ✇❤✐❝❤ ❛❧❧♦✇s t♦ ❧♦❝❛t❡ t❤❡ ❞❡t❡❝t❡❞ ♣✐t✲t❛❣s ❜② s②♥❝❤r♦♥✐③✐♥❣
❝♦♠♣✉t❡r r❡❝♦r❞s ❛♥❞ ●P❙ tr❛❝❦s✳ ❚❤✐s r❛❞✐♦ ❢r❡q✉❡♥❝② ✐❞❡♥t✐✜❝❛t✐♦♥ ✭❘❋■❉✮ t❡❝❤♥♦❧♦❣② ❡♥❛❜❧❡❞
t♦ ❞❡t❡❝t ♣✐t✲t❛❣s ❧♦❝❛t❡❞ 1.8m ❛r♦✉♥❞ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❛♥t❡♥♥❛✱ ✇✐t❤ ❛ ♠❛①✐♠✉♠ ✈❡rt✐❝❛❧
❞❡t❡❝t✐♥❣ ❞✐st❛♥❝❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② 0.9m✳ ❚❤✉s✱ t❤❡ ❛♥t❡♥♥❛ ✇❛s ♣✉❧❧❡❞ ❛❧♦♥❣ s✉❝❝❡ss✐✈❡ 50m
❜❛♥❞s✱ ♠❛t❡r✐❛❧✐③❡❞ ❜② t✇♦ str✐♥❣s s❡♣❛r❛t❡❞ ❜② 1.5m✱ t♦ ♠✐♥✐♠✐③❡ ♦✈❡r❧❛♣ ❜❡t✇❡❡♥ ♣❛ss❡s ❛♥❞
♦♣t✐♠✐③❡ t❤❡ ✜❡❧❞ s✉r✈❡②✳ ❲❤❡♥ tr❛❝❡rs ✇❡r❡ ❞❡t❡❝t❡❞ ♠✉❧t✐♣❧❡ t✐♠❡s✱ t❤❡ ❝❡♥tr❛❧ ♣♦s✐t✐♦♥ ♦❢
t❤❡✐r ❞✐✛❡r❡♥t ❞❡t❡❝t❡❞ ❧♦❝❛t✐♦♥s ✇❛s ❝♦♠♣✉t❡❞✳ ❚❤❛♥❦ t♦ t❤✐s ♠❡t❤♦❞ t❤❡ ♦✈❡r❛❧❧ ♣♦s✐t✐♦♥✐♥❣
❛❝❝✉r❛❝② ♦❢ tr❛❝❡rs ✇❛s ❡st✐♠❛t❡❞ ❛t 3m✳ ❚❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✇❛s ❡st✐♠❛t❡❞ ✉s✐♥❣ ♦♥❧② tr❛❝❡rs
r❡❝♦✈❡r❡❞ ❛t S0 ❛♥❞ S1✳ ❚r❛❝❡rs ✐♥❥❡❝t❡❞ ❛t ❧❡ss t❤❛♥ 7m ❢r♦♠ t❤❡ ❧❡❢t ❜❛♥❦ ✇❡r❡ ❡①❝❧✉❞❡❞ ❢r♦♠
t❤❡ ❞❛t❛s❡t ❞✉❡ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❜❧♦❝❦s t❤❛t ❝♦✉❧❞ ❧♦❝❛❧❧② ♠♦❞✐❢② ✢♦✇ ❝♦♥❞✐t✐♦♥s ❛♥❞✴♦r tr❛♣
✐♥❥❡❝t❡❞ ♣❛rt✐❝❧❡s✳ ❚r❛❝❡rs ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ♠♦❜✐❧❡ ✇❤❡♥ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡✐r ❳✱❨ ♣♦s✐t✐♦♥s
❡①❝❡❡❞❡❞ 5m✳

✼✶



✸✳✸✳✷ ❇❡❞ s❤❡❛r str❡ss ❡st✐♠❛t✐♦♥

❚❤❡ ❜❡❞ s❤❡❛r str❡ss ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❛ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ❚❡❧❡♠❛❝✲✷❉✱ ✐♥t❡r♥❛❧❧② ❝♦✉♣❧❡❞
t♦ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ ❜❡❞ ❡✈♦❧✉t✐♦♥ ♠♦❞✉❧❡ ❙✐s②♣❤❡ ♦❢ t❤❡ ❚❡❧❡♠❛❝✲▼❛s❝❛r❡t ♠♦❞❡❧✐♥❣
s②st❡♠ ✭❍❡r✈♦✉❡t✱ ✷✵✵✼✮✳ ❚❤✐s ✐s ❛♥ ♦♣❡♥✲s♦✉r❝❡ ✇❡❧❧✲t❡st❡❞ ❛♥❞ ✇✐❞❡❧②✲✉s❡❞ s♦❢t✇❛r❡ ❡♠♣❧♦②❡❞
✐♥ ♠❛♥② ✜❡❧❞s ♦❢ ❛♣♣❧✐❝❛t✐♦♥✱ ✇❤✐❝❤ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ❋r❡♥❝❤ ❊❧❡❝tr✐❝✐t② ❇♦❛r❞ ✭❊❉❋✮✳ ❆❧❧
♠♦❞✉❧❡s ♦❢ t❤❡s❡ s✉✐t❡s ♦❢ s♦❧✈❡rs ❝♦♥s✐st ✐♥ ✜♥✐t❡✲❡❧❡♠❡♥t ♦r ✜♥✐t❡ ✈♦❧✉♠❡ ❛❧❣♦r✐t❤♠s t❤❛t ❛❧❧♦✇s
t♦ r✉♥ ♣❛r❛❧❧❡❧ ❝♦♠♣✉t❛t✐♦♥s ♦♥ ✉♥str✉❝t✉r❡❞ ♠❡s❤❡s✳ ❆s ♣❛rt ♦❢ t❤✐s st✉❞②✱ ❛ ✷❉ ❤②❞r♦❞②♥❛♠✐❝
♠♦❞❡❧ ✇❛s ❝♦♥str✉❝t❡❞ ❛❧♦♥❣ t❤❡ st✉❞✐❡❞ r❡❛❝❤✱ ❜❛s❡❞ ♦♥ ❛♥ ❤✐❣❤✲r❡s♦❧✉t✐♦♥ ❞✐❣✐t❛❧ ❡❧❡✈❛t✐♦♥
♠♦❞❡❧ ❛♥❞ ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ❛ ❞❡♥s❡ ❞❛t❛s❡t ♦❢ ✇❛t❡r ❧❡✈❡❧s t✐♠❡ s❡r✐❡s✳ ❚❤❡ ❧❛r❣❡st ✢♦♦❞ ❡✈❡♥t
✭Fn✮✱ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❜❡t✇❡❡♥ ❡❛❝❤ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ✭En✮ ❛♥❞ tr❛❝❡rs ✭Sn✮ s✉r✈❡②✱ ✇❡r❡
♠♦❞❡❧❧❡❞ t❤♦✉❣❤ ✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥s ✭❋✐❣✉r❡ ✸✳✷✮✳ ❚❤❡ ♠❛①✐♠✉♠ ❜❡❞ s❤❡❛r str❡ss❡s ♠♦❞❡❧❧❡❞
❞✉r✐♥❣ ❡❛❝❤ ♦❢ t❤❡s❡ ✢♦♦❞s ✇❡r❡ ❡①tr❛❝t❡❞ ❛t t❤❡ ♣❛t❝❤❡s ❛♥❞ tr❛❝❡rs ❧♦❝❛t✐♦♥✱ ❢r♦♠ r❡s✉❧ts ♦❢ t❤❡
❝♦✉♣❧❡❞ ✷❉ ♠♦r♣❤♦❞②♥❛♠✐❝ ♠♦❞❡❧ r✉♥ ✇✐t❤♦✉t ❛❝t✐✈❛t✐♥❣ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♦r ♠♦r♣❤♦❧♦❣✐❝❛❧
❡✈♦❧✉t✐♦♥ s✐♥❝❡ ♦♥❧② t❤✐s ❤②❞r❛✉❧✐❝ ✈❛r✐❛❜❧❡ ✐s ♦❢ ✐♥t❡r❡st✳

✸✳✸✳✷✳✶ ▼❛t❤❡♠❛t✐❝❛❧ ✢♦✇ ♠♦❞❡❧

❚❡❧❡♠❛❝✲✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ s♦❧✈❡s t❤❡ s❤❛❧❧♦✇ ✇❛t❡r ❡q✉❛t✐♦♥s ✭❙❲❊✮ ✐♥ t❤❡✐r ❝♦♥s❡r✈❛t✐✈❡
❢♦r♠s ✭❝♦♥t✐♥✉✐t② ❛♥❞ ♠♦♠❡♥t✉♠ ❛❧♦♥❣ ① ❛♥❞ ② ❞✐r❡❝t✐♦♥s✮ ✇❤✐❝❤ ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❢✉❧❧ ✸❉
◆❛✈✐❡r✲❙t♦❦❡s ❡q✉❛t✐♦♥s ✭❱✐❧❧❛r❡t ❡t ❛❧✳✱ ✷✵✶✸❀ ❆♥❝❡②✱ ✷✵✶✻❀ ❉✐♥❣♠❛♥✱ ✶✾✽✹✮✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s
✇❡r❡ s✐♠♣❧✐✜❡❞ ✐♥ t❤❡ ✈❡rt✐❝❛❧ ❞✐r❡❝t✐♦♥ ❛ss✉♠✐♥❣ ❤②❞r♦st❛t✐❝ ♣r❡ss✉r❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ♥❡❣❧✐❣✐❜❧❡
✈❡rt✐❝❛❧ ❛❝❝❡❧❡r❛t✐♦♥ ✇❤❡r❡✐♥ t✉r❜✉❧❡♥❝❡ ❡✛❡❝ts ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✉s✐♥❣ ❛ ❝♦♥st❛♥t ✈✐s❝♦s✐t②
♠♦❞❡❧✳ ❚❤❡ ✜rst t❡r♠ ♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ♦❢ t❤❡ ♠♦♠❡♥t✉♠ ❡q✉❛t✐♦♥s ✐s t❤❡ ♣r❡ss✉r❡ ❣r❛❞✐❡♥t✱
t❤❡ s❡❝♦♥❞ ✐s t❤❡ ❜♦tt♦♠ ❢r✐❝t✐♦♥ ❛♥❞ t❤❡ t❤✐r❞ ✐s t❤❡ ❤♦r✐③♦♥t❛❧ ❞✐✛✉s✐♦♥✿

∂H

∂t
+

∂✭UH)

∂x
+

∂✭V H)

∂y
= 0 ✭✸✳✽✮

∂U

∂t
+ U

∂U

∂x
+ V

∂U

∂y
= −g

∂Zs

∂x
+

τx
h

+
1

h
div(hν.grad(U)) ✭✸✳✾✮

∂V

∂t
+ U

∂V

∂x
+ V

∂V

∂y
= −g

∂Zs

∂y
+

τy
h

+
1

h
div(hν.grad(V )) ✭✸✳✶✵✮

✇❤❡r❡ ❤ ✐s t❤❡ ✇❛t❡r ❞❡♣t❤ ✭♠✮✱ ❯ ❛♥❞ ❱ ❛r❡ ❤♦r✐③♦♥t❛❧ ♠❡❛♥ ✈❡❧♦❝✐t② ❝♦♠♣♦♥❡♥ts ✭m/s✮✱ ❣ ✐s
t❤❡ ❣r❛✈✐t② ❛❝❝❡❧❡r❛t✐♦♥ ✭m/s2✮✱ Zs ✐s t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ✭♠✮✱ t ✐s t❤❡ t✐♠❡ ✭s✮✱ ① ❛♥❞ ② ❛r❡
❤♦r✐③♦♥t❛❧ s♣❛❝❡ ❝♦♦r❞✐♥❛t❡s ✭♠✮✱ ν ✐s t❤❡ ❞❡♣t❤✲❛✈❡r❛❣❡❞ ❡❞❞② ✈✐s❝♦s✐t② ✭m2/s✮ ❛♥❞ τx ✭r❡s♣✳
τy✮ ✐s t❤❡ ❜❡❞ s❤❡❛r str❡ss ✭N/m2✮ ❛❧♦♥❣ t❤❡ ❈❛rt❡s✐❛♥ x✲❛①✐s ✭r❡s♣✳ y✲❛①✐s✮ ❛s

τb =
√

τ2x + τ2y =

√

(

1

2
ρCfU2

)

+

(

1

2
ρCfV 2

)

✭✸✳✶✶✮

✇❡r❡ ρ ✐s t❤❡ ✇❛t❡r ❞❡♥s✐t② ✭kg/m3✮ ❛♥❞ Cf ✐s ❛ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛❞r❛t✐❝ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t
❝❛❧❝✉❧❛t❡❞ ❛s

Cf =
2g

K2
sh

1/3
✭✸✳✶✷✮

✇❡r❡ Ks (x, y) ✐s t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ✭m1/3/s✮ t❤❛t ❣❡♥❡r❛❧❧② ♥❡❡❞s t♦ ❜❡ ❝❛❧✐❜r❛t❡❞ t♦ ✜t ✢♦✇
♦❜s❡r✈❛t✐♦♥s✳ ❚❤✐s ❤②❞r❛✉❧✐❝ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐s ❝♦♥s✐❞❡r❡❞ s♣❛t✐❛❧✐③❡❞ ✇❤✐❝❤ ✐s ❛✛♦r❞❛❜❧❡ ✇✐t❤
♦✉r ❞❡♥s❡ ❞❛t❛s❡t✱ ✐♥ ♦r❞❡r t♦ ✜♥❡❧② ❝♦♠♣❡♥s❛t❡ ❞❛t❛✲♠♦❞❡❧ ❡rr♦rs✳

✼✷



❙✐s②♣❤❡ ♠♦❞❡❧ ❝♦rr❡❝ts t❤❡ t♦t❛❧ ❜❡❞ s❤❡❛r str❡ss τb ✭N/m2✮ ✐ss✉❡❞ ❢r♦♠ t❤❡ ❤②❞r♦❞②♥❛♠✐❝
♠♦❞❡❧ ✭❡q✉❛t✐♦♥ ✸✳✶✶✮ ✉s✐♥❣ ❛ ❢❛❝t♦r µ t♦ ❡①♣r❡ss t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss τ ′ ✭N/m2✮✱ ✇❤✐❝❤ ✐s t❤❡
♦♥❧② ❝♦♠♣♦♥❡♥t ❛❝t✐♥❣ ♦♥ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✭▼❡♥❞♦③❛ ❡t ❛❧✳✱ ✷✵✶✼✮✳

τ ′ = µτb ✭✸✳✶✸✮

✇❡r❡ t❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r µ = C✬f/Cf ❝♦rr❡s♣♦♥❞s t♦ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t Cf

❞❡✜♥❡❞ ✐♥ ❡q✉❛t✐♦♥ ✸✳✶✷ ❛♥❞ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t C ′
f ♦♥❧② ❞✉❡ t♦ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ ❣✐✈❡♥ ❜②✿

C ′
f = 2

(

κ

log(12h/h′

s)

)2

✭✸✳✶✹✮

✇❡r❡ κ ✐s t❤❡ ✈♦♥ ❑❛r♠❛♥ ❝♦❡✣❝✐❡♥t✱ ❤ t❤❡ ✇❛t❡r ❧❡✈❡❧ ✭♠✮ ❛♥❞ h
′

s t❤❡ r♦✉❣❤♥❡ss ❤❡✐❣❤t ✭♠✮
❞❡✜♥❡❞ ❛s

h
′

s = αh′

s
D50 ✭✸✳✶✺✮

✇❡r❡ αh′

s
✐s ❛ ❝❛❧✐❜r❛t✐♦♥ ♣❛r❛♠❡t❡r ✭✸ ❜② ❞❡❢❛✉❧t❀ ❚❛ss✐ ❛♥❞ ❱✐❧❧❛r❡t✱ ✷✵✶✹✮ ❛♥❞ D50 ✭♠✮ ✐s t❤❡

s❡❞✐♠❡♥t ♠❡❛♥ ❞✐❛♠❡t❡r✳ ❚❤✐s ♣❛r❛♠❡t❡r ♦❢ ❝❛❧✐❜r❛t✐♦♥ ✈❛r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❜❡❞✲
❢♦r♠s✱ ▼❡♥❞♦③❛ ❡t ❛❧✳ ✭✷✵✶✼✮ ❢♦✉♥❞ αh′

s
= 37 ❢♦r ❞✉♥❡s ❛♥❞ αh′

s
= 3.6 ❢♦r ❜❛rs✳

✸✳✸✳✷✳✷ ◆✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❝♦♥str✉❝t✐♦♥ ❛♥❞ ❝❛❧✐❜r❛t✐♦♥

❉♦♠❛✐♥ ♠❡s❤✐♥❣ ❛♥❞ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s

❚❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❞♦♠❛✐♥ ♦❢ t❤❡ ✷❉ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❝♦✈❡rs ❛ ✶✼ ❦♠✲❧♦♥❣ s❡❝t✐♦♥ ♦❢ t❤❡ ▼♦s❡❧❧❡
r✐✈❡r ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ ❈❤❛r♠❡s ❛♥❞ ❇❛②♦♥ ✭❋✐❣✉r❡ ✸✳✶✮✳ ❚❤❡ ❞♦♠❛✐♥ ✇❛s ❧♦♥❣✐t✉❞✐♥❛❧❧② ❡①t❡♥❞❡❞
♦✉t ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ r✐✈❡r s❡❝t✐♦♥ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s
✇✐t❤✐♥ t❤❡ st✉❞✐❡❞ ❛r❡❛✳ ❚❤❡ ✉♣str❡❛♠ ❛♥❞ ❞♦✇♥str❡❛♠ ❧✐♠✐ts ♦❢ t❤❡ ❞♦♠❛✐♥ ✇❡r❡ s❡t ♦♥ r❡❛❝❤❡s
✇❤❡r❡ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✐s ❧❛t❡r❛❧❧② r❡❞✉❝❡❞ ✭✈❛❧❧❡② ♥❛rr♦✇✐♥❣ ❛♥❞ tr❛♥s✈❡rs❡ r♦❛❞ ❡♠❜❛♥❦♠❡♥t✮
❛♥❞ t❤❡ ❝❤❛♥♥❡❧ ❜♦tt♦♠ ✐s st❛❜❧❡ ✭s✉❜str❛t✉♠ ♦✉t❝r♦♣ ❛♥❞ ❜r✐❞❣❡ ❢♦✉♥❞❛t✐♦♥s✮✳ ❚❤❡ ❞♦♠❛✐♥ ✇❛s
❧❛t❡r❛❧❧② ❡①t❡♥❞❡❞ ❢r♦♠ ❤✐❧❧s ❛t t❤❡ r✐❣❤t s✐❞❡ t♦ t❤❡ ❝❛♥❛❧ ❛t t❤❡ ❧❡❢t s✐❞❡✱ s✐♥❝❡ ✜❡❧❞ ♦❜s❡r✈❛t✐♦♥s
s❤♦✇s t❤❛t t❤❡ ❝❛♥❛❧ ❞✐❦❡s ✇❡r❡ ♥♦t s✉❜♠❡r❣❡❞ ❢♦r ❛ ✶✵✲②❡❛rs ✢♦♦❞✳ ❚❤✐s ❞♦♠❛✐♥ ✇❛s ❞✐s❝r❡t✐③❡❞
✐♥t♦ ❛ ❝♦♠♣✉t❛t✐♦♥❛❧ ❣r✐❞ ❝♦♠♣♦s❡❞ ♦❢ 1, 018, 976 tr✐❛♥❣✉❧❛r ❡❧❡♠❡♥ts ❛♥❞ ✺✶✶✷✾✻ ♥♦❞❡s ❣❡♥❡r✲
❛t❡❞ ✉s✐♥❣ ❇❧✉❡❦❡♥✉❡ s♦❢t✇❛r❡✳ ❚❤✐s ❣r✐❞ ✐s ❝♦♠♣♦s❡❞ ♦❢ str✉❝t✉r❡❞ s✉❜♠❡s❤❡s ✐♥t♦ t❤❡ r✐✈❡r❜❡❞
❛❧♦♥❣ t❤❡ ♠❛✐♥ ✢♦✇ ❞✐r❡❝t✐♦♥ t♦ t❤❡ ❞♦✇♥str❡❛♠ ❞✐r❡❝t✐♦♥ ❛♥❞ ✉♥str✉❝t✉r❡❞ ♠❡s❤ ✐♥ t❤❡ ✢♦♦❞✲
♣❧❛✐♥✳ ❚❤❡ ♠❡s❤ s✐③❡ ✈❛r✐❡s ❢r♦♠ ✸✳✺ t♦ 10m ❜❡t✇❡❡♥ t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧ ❛♥❞ t❤❡ ✢♦♦❞♣❧❛✐♥ ✇✐t❤
❧♦❝❛❧❧② r❡✜♥❡❞ ❛r❡❛s ❛s ❢♦r t❤❡ ❞✐✈❡rs✐♦♥ ❝❛♥❛❧ ♦❢ t❤❡ ❇❛✐♥✈✐❧❧❡ ❞❛♠ ✇❤❡r❡ t❤❡ ♠❡s❤ s✐③❡ ✇❛s s❡t
t♦ 2m✳ ❚❤❡ ♠❡s❤ ♥♦❞❡ ❡❧❡✈❛t✐♦♥s ✇❡r❡ ✐♥t❡r♣♦❧❛t❡❞ ❢r♦♠ ❛♥ ❛❝❝✉r❛t❡ ❞✐❣✐t❛❧ ❡❧❡✈❛t✐♦♥ ♠♦❞❡❧
✭❉❊▼✮ ❣❡♥❡r❛t❡❞ ❢r♦♠ ❛ ▲✐❉❆❘ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛❝q✉✐s✐t✐♦♥ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✭s❡❡ s❡❝t✐♦♥s
✸✳✸✳✸✳✶ ❛♥❞ ✸✳✸✳✸✳✷✮✳

❚❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❤❛s ✹ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✿ ♦♥❡ ✉♣✲
str❡❛♠ ❛t ❈❤❛r♠❡s✱ ♦♥❡ ❧❛t❡r❛❧ ♦♥ t❤❡ ❞✐✈❡rs✐♦♥ ❝❛♥❛❧ ♦❢ t❤❡ ❇❛✐♥✈✐❧❧❡ ❞❛♠ ❛♥❞ t✇♦ ❞♦✇♥str❡❛♠
❜❡❢♦r❡ t❤❡ ❜r✐❞❣❡s ♦❢ ❇❛②♦♥✳ ❆t t❤❡ ✉♣str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ✇❡ ✐♠♣♦s❡❞ t❤❡ ❞✐s❝❤❛r❣❡
r❡❝♦r❞❡❞ ❛t ✶ ❤♦✉r ✐♥t❡r✈❛❧ ❜② t❤❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ✭❋✐❣✉r❡ ✸✳✶✮ ❧♦❝❛t❡❞ 12km
✉♣str❡❛♠ ❝♦♥s✐❞❡r✐♥❣ t❤❛t ✭✐✮ ❧❛t❡r❛❧ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ tr✐❜✉t❛r✐❡s ♦✈❡r t❤✐s s❤♦rt ✉♥♠♦❞❡❧❡❞ ✉♣✲
str❡❛♠ r❡❛❝❤ ❞♦ ♥♦t ❝❤❛♥❣❡ s✐❣♥✐✜❝❛♥t❧② t❤❡ ✢♦♦❞ ♠❛❣♥✐t✉❞❡s ❛♥❞ t❤❛t ✭✐✐✮ ❢♦r ♥♦♥✲♦✈❡r✢♦✇✐♥❣
✢♦♦❞s t❤❡ ❤②❞r♦❣r❛♣❤ s❤❛♣❡ ✐s ✉♥❝❤❛♥❣❡❞✳ ❆t t❤❡ ❧❛t❡r❛❧ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥✱ ✇❡ ✐♠♣♦s❡❞ ❛
❝♦♥st❛♥t ♦✉t♣✉t ❞✐s❝❤❛r❣❡ ♦❢ 3.2m3/s ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞✐✈❡rs✐♦♥ ❝❛♥❛❧ ❞✐s❝❤❛r❣❡ ♠❡❛✲
s✉r❡❞ ✉s✐♥❣ ❛♥ ❆❝♦✉st✐❝ ❉♦♣♣❧❡r ❈✉rr❡♥t Pr♦✜❧❡r ✭❆❉❈P✮ ♠✐♥✉s t❤❡ ❡st✐♠❛t❡❞ ❧❛t❡r❛❧ ✐♥✢♦✇s

✼✸



❢r♦♠ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ tr✐❜✉t❛r✐❡s✳ ❆t t❤❡ t✇♦ ❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✱ ✇❡ ✐♠♣♦s❡❞
r❛t✐♥❣ ❝✉r✈❡s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ♦✉t♣✉ts ♦❢ ❛ ✶❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ❝♦♥str✉❝t❡❞ ❜❡t✇❡❡♥ ❇❛②♦♥ ❛♥❞
❚♦♥♥♦②✱ ✉s✐♥❣ ❍❊❈✲❘❆❙ s♦❢t✇❛r❡ ✭✺✳✵✳✼✮✳ ❚❤✐s ✶❉ ♠♦❞❡❧ ✇❛s ♣r❡❢❡rr❡❞ t♦ ❛ ✷❉ ♠♦❞❡❧ ✐♥ t❤✐s
❛r❡❛ s✐♥❝❡ ✐t ❡♥❛❜❧❡s t♦ ✐♥t❡❣r❛t❡ ❤②❞r❛✉❧✐❝ str✉❝t✉r❡s ♦r ♦t❤❡r ❝✐✈✐❧ ❡♥❣✐♥❡❡r✐♥❣ ✇♦r❦s ✐♥t♦ t❤❡
♠♦❞❡❧ s✉❝❤ ❛s t❤❡ ❛r❝❤❡❞ ❜r✐❞❣❡s ♦❢ ❇❛②♦♥✳ ❚❤❡ ✶❉ ♠♦❞❡❧ ✇❛s ❝❛❧✐❜r❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡
s✐♠✉❧❛t❡❞ ❲❙❊ t♦ t❤❡ r✐✈❡r ❢r❡❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ ▲✐❉❆❘ ❛❝q✉✐s✐t✐♦♥✳ ❚❤❡
✐♥✢✉❡♥❝❡ ♦❢ t❤✐s ❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ♦♥ ♠♦❞❡❧❧✐♥❣ r❡s✉❧ts ✇✐t❤✐♥ t❤❡ st✉❞✐❡❞ ❛r❡❛
✇❛s ❞❡t❡r♠✐♥❡❞ t❤r♦✉❣❤ ❛ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ❝❛rr✐❡❞ ♦✉t ❜② ♠♦❞✐❢②✐♥❣ ♦❢ ±1m t❤❡ ❞❡♣t❤ ✐♥t♦
t❤❡ ❞♦✇♥str❡❛♠ ✐♠♣♦s❡❞ r❛t✐♥❣ ❝✉r✈❡s✳

❍②❞r❛✉❧✐❝ ❝❛❧✐❜r❛t✐♦♥

❚❤❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ✇❛s ❝❛❧✐❜r❛t❡❞ ❜② ❛❞❥✉st✐♥❣ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♣❛t❝❤❡s
❛❧♦♥❣ t❤❡ ❞♦♠❛✐♥ ✐♥ ♦r❞❡r t❤❛t s✐♠✉❧❛t✐♦♥s r❡s✉❧ts ❝♦rr❡s♣♦♥❞s t♦ ♦❜s❡r✈❡❞ ❢r❡❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥
❛♥❞ ✢♦✇ ❞✐str✐❜✉t✐♦♥✳ ❚❤❡ ❝❤♦✐❝❡ ✐s ♠❛❞❡ t♦ ✉s❡ ❛ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t t❤❛t ✐s s♣❛t✐❛❧❧② ✉♥✐❢♦r♠
✐♥ t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧✱ ❡①❝❡♣t ✐♥ t❤❡ ❞❛♠ ❜②♣❛ss ❝❤❛♥♥❡❧✱ ❛♥❞ s♣❛t✐❛❧❧② ✉♥✐❢♦r♠ ✐♥t♦ t❤❡ ✢♦♦❞✲
♣❧❛✐♥s✳ ❚❤✐s r❡✈❡❛❧❡❞ t♦ ❜❡ s✉✣❝✐❡♥t t♦ ❣❡t ❛ ❢❛✐r❧② ❣♦♦❞ ♠♦❞❡❧✲❞❛t❛ ✜t ❛s s❤♦✇♥ ❜❡❧❧♦✇✳ ❚❤❡
❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❲❙❊ ✇❛s ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ ✶✵ ❧✐♠♥✐♠❡t❡rs ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ st✉❞✐❡❞ r❡❛❝❤
✭❋✐❣✉r❡ ✸✳✶✮✱ ✇✐t❤ ❛ ♠❡❛s✉r✐♥❣ ✐♥t❡r✈❛❧ ♦❢ ✺ ♠✐♥ ❛♥❞ ❛♥ ❛❝❝✉r❛❝② ♦❢ ±0.05% ❋❙✳ ❚❤❡s❡ ❞❡✈✐❝❡s
✭▲❡✈❡❧♦❣❣❡rs ❊❞❣❡ ▼✶✵✮ ✇❡r❡ ✐♥s❡rt❡❞ ✐♥ str❛✐♥❡r t✉❜❡s s❛♥❦ ✐♥t♦ t❤❡ r✐✈❡r❜❡❞ ♥❡❛r t❤❡ ❜❛♥❦
❛♥❞ ❧❡✈❡❧❡❞ ✉s✐♥❣ ❛ ❝❡♥t✐♠❡tr✐❝✲❛❝❝✉r❛❝② ▲❡✐❝❛ ❱✐✈❛ ●◆❙❙✳ ❚❤❡ ❧✐♠♥✐♠❡t❡r ❡❧❡✈❛t✐♦♥s ✇❡r❡ r❡❛❞✲
❥✉st❡❞✱ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❞❡✈✐❝❡s t♦ t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ♠❡❛s✉r❡❞
❜② t❤❡ ▲✐❉❆❘✱ ✇❤✐❝❤ ❡♥❛❜❧❡❞ ❛ ✈❡rt✐❝❛❧ ❛❝❝✉r❛❝② ❡st✐♠❛t❡❞ ❛t ±3cm✳ ❲❙❊ ❞❛t❛ ❞❡r✐✈❡❞ ❢r♦♠
▲✐❉❆❘ ❛❝q✉✐s✐t✐♦♥ ❝♦✉❧❞ ❤♦✇❡✈❡r ♥♦t ❞✐r❡❝t❧② ❜❡ ✉s❡❞ t♦ ❝❛❧✐❜r❛t❡ t❤❡ ♠♦❞❡❧✱ ❜❡❝❛✉s❡ ❞✉r✐♥❣
t❤❡ ❛✐r❜♦r♥❡ s✉r✈❡② ✭❢❡✇ ❤♦✉rs✮ ❞✐s❝❤❛r❣❡s ✈❛r✐❡❞ s✐❣♥✐✜❝❛♥t❧② ❛❧♦♥❣ t❤❡ r❡❛❝❤ ❞✉❡ t♦ ❛ ❞❛♠
♦♣❡r❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ r✐✈❡r❜❡❞ ✇❛s ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ❢r❡❡ s✉r❢❛❝❡
❡❧❡✈❛t✐♦♥ r❡❝♦r❞❡❞ ❜② ❡❛❝❤ ❧✐♠♥✐♠❡t❡r s✉❝❝❡ss✐✈❡❧② ✐♥ t✐♠❡✱ ❛t ❛ ✏♣❧❛t❡❛✉✑ ✈❛❧✉❡✱ ❝♦rr❡s♣♦♥❞✐♥❣
t♦ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ❛ ❞✐s❝❤❛r❣❡ ♦❢ 40m3/s✳

❙t❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛t t❤✐s ❞✐s❝❤❛r❣❡✱ ✉s✐♥❣ ❞✐✛❡r❡♥t ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t
❛♥❞ t❤❡ s✉♠ ♦❢ ❛❜s♦❧✉t❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ♠♦❞❡❧❧❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❲❙❊ ✇❡r❡ ❝❛❧❝✉❧❛t❡❞✱ t♦
✐❞❡♥t✐❢② t❤❡ ❜❡st✲✜tt✐♥❣ ❝♦❡✣❝✐❡♥t✳ ❚❤❡ ❧✐♠♥✐♠❡t❡rs ▲✹✱ ▲✺ ❛♥❞ ▲✶✷ ✇❡r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤✐s
❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡ss✱ ❝♦♥s✐❞❡r✐♥❣ t❤❛t t❤❡ ❲❙❊ ♠❛② ❧♦❝❛❧❧② ❜❡ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢
t❤❡ ✢♦✇ ❜❡t✇❡❡♥ t❤❡ ♠❛✐♥ ❛♥❞ ❞❛♠ ❜②♣❛ss ❝❤❛♥♥❡❧ ✭❋✐❣✉r❡ ✸✳✶✮✳ ❚❤✐s ✢♦✇ ❞✐str✐❜✉t✐♦♥ ✇❛s s✉❜✲
s❡q✉❡♥t❧② ❝❛❧✐❜r❛t❡❞ ❜② ❛❞❥✉st✐♥❣ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐♥t♦ t❤❡ ❞❛♠ ❜②♣❛ss ❝❤❛♥♥❡❧ t♦ ♠❛t❝❤
♠♦❞❡❧❧❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❞✐s❝❤❛r❣❡s ♠❡❛s✉r❡❞ ✇✐t❤✐♥ t❤✐s r❡❛❝❤ ❞✉r✐♥❣ t❤❡ ▲✐❉❆❘ s✉r✈❡② ✉s✐♥❣
❛ ❝✉rr❡♥t ♠❡t❡r✳ ❚❤❡r❡❛❢t❡r✱ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❇❛✐♥✈✐❧❧❡ ❞❛♠ ❞♦✇♥str❡❛♠ ❢❛❝❡ ✇❛s
❝❛❧✐❜r❛t❡❞✱ ✐♥ ♦r❞❡r t♦ ♠❛t❝❤ ♠♦❞❡❧❧❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❲❙❊ r❡❝♦r❞❡❞ ❛t t❤❡ ❧✐♠♥✐♠❡t❡r ▲✺✳ ❋✐✲
♥❛❧❧②✱ t❤❡ ✜rst st✉❞✐❡❞ ✢♦♦❞ ✭❋✐❣✉r❡ ✸✳✷✮ ✇❛s s✐♠✉❧❛t❡❞✱ ❞✉r✐♥❣ ✇❤✐❝❤ t❤❡ ✢♦♦❞♣❧❛✐♥ ❙tr✐❝❦❧❡r
❝♦❡✣❝✐❡♥t ✇❛s ❝❛❧✐❜r❛t❡❞✱ t♦ ♠❛t❝❤ t✐♠❡✲s❡r✐❡s ♦❢ ♠♦❞❡❧❧❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❲❙❊ r❡❝♦r❞❡❞ ❛t ❛❧❧
t❤❡ ❧✐♠♥✐♠❡t❡rs✳ ❚❤❡ ✈❛❧✐❞✐t② ♦❢ t❤♦s❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❢♦r t❤❡ s❡❝♦♥❞ st✉❞✐❡❞ ✢♦♦❞ ✭❋✐❣✉r❡
✸✳✷✮ ✇❛s ❛ss❡ss❡❞ ❜② ❝♦♠♣❛r✐♥❣ t✐♠❡✲s❡r✐❡s ♦❢ ♠♦❞❡❧❧❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❲❙❊ r❡❝♦r❞❡❞ ❛t ❛❧❧ t❤❡
❧✐♠♥✐♠❡t❡rs✳ ❚❤✐s s❡❝♦♥❞ ✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ❉❊▼ ❢r♦♠ ✷✵✶✾ ✐♥st❡❛❞
♦❢ ✷✵✶✽ ♦♥❡ ✐♥ ♦r❞❡r t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ♦❢ t❤❡ r✐✈❡r ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ ❛
♠❡s❤ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ✇❛s ❛❧s♦ ♣❡r❢♦r♠❡❞ t♦ ❡♥s✉r❡ t❤❛t t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣✲
❝✐❡♥t ✇❛s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♠❡s❤ s✐③❡✳

✼✹



❙❤❡❛r str❡ss ❝♦♠♣✉t❛t✐♦♥

❚❤❡ ✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥s ♦❢ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F1 ❛♥❞ F2 ✭❋✐❣✉r❡ ✸✳✷✮ ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡
✜♥✐t❡✲❡❧❡♠❡♥t ♥✉♠❡r✐❝❛❧ s♦❧✈❡r ♦❢ ❚❡❧❡♠❛❝✲✷❉ ✭✈❡rs✐♦♥ ✽✳✶✮ r✉♥ ✐♥ ♣❛r❛❧❧❡❧ ♦♥ ✹✷ ♣r♦❝❡ss♦rs✱ ✇✐t❤
❛ ❝♦♥st❛♥t t✐♠❡✲st❡♣ ♦❢ ✵✳✺✱ ✇❤✐❝❤ ❡♥❛❜❧❡❞ t♦ r❡s♣❡❝t ❛ ❈❋▲ ✈❛❧✉❡ ♦❢ ✶ ♦♥ ❡❛❝❤ st✉❞✐❡❞ ❝❛s❡s✳
❚❤❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ♦✉t♣✉ts✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♠❛①✐♠✉♠ ✢♦✇ ✈❡❧♦❝✐t② ♠♦❞❡❧❡❞ ❛t ❡❛❝❤
♣❛t❝❤❡s ❛♥❞ tr❛❝❡rs ❧♦❝❛t✐♦♥✱ s❡r✈❡❞ ❛s ❤♦t✲st❛rts t♦ ❝♦♠♣✉t❡ t❤❡ t♦t❛❧ ❜❡❞ s❤❡❛r str❡ss τb ❛♥❞
t❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r µ ✐♥ ❙✐s②♣❤❡✳ ❚❤✐s ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r µ ✇❛s ❝♦♠♣✉t❡❞ ❜❛s❡❞ ♦♥ ❛ r♦✉❣❤♥❡ss
❤❡✐❣❤t ❞❡t❡r♠✐♥❡❞ ✭❡q✉❛t✐♦♥ ✸✳✶✺✮ ✇✐t❤ ❛ D50 ♦❢ 30mm ❝♦♥s✐❞❡r❡❞ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ r✐✈❡r❜❡❞
❛♥❞ ❛ ❝♦❡✣❝✐❡♥t αh′

s
♦❢ ✸ ❛ss✉♠✐♥❣ ✢❛t ❜❡❞ ❝♦♥❞✐t✐♦♥s ❞✉r✐♥❣ t❤❡ ✢♦♦❞s ✭❱✐❧❧❛r❡t ❡t ❛❧✳✱ ✷✵✶✸✮✳

❇♦t❤ τb ❛♥❞ µ ✇❡r❡ ❡①tr❛❝t❡❞ ❢r♦♠ ♥✉♠❡r✐❝❛❧ r❡s✉❧ts ❛t ❡❛❝❤ ♣❛t❝❤❡s ❛♥❞ tr❛❝❡rs ✐♥✐t✐❛❧ ♣♦s✐t✐♦♥✱
t♦ ❝♦♠♣✉t❡ ✭❡q✉❛t✐♦♥ ✸✳✶✸✮ t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss τ ′ ❛❝t✐♥❣ ♦♥ t❤❡ ♣❛rt✐❝❧❡s ♠♦❜✐❧✐t②✳ ❚❤❡ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r θ ✇❛s ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✸✳✶✮ ❜❛s❡❞ ♦♥ t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss τ ′ ♠♦❞❡❧❡❞ ❛t ❡❛❝❤
st✉❞✐❡❞ ❧♦❝❛t✐♦♥✱ ❛♥❞ t❤❡ s✐③❡ D ♦❢ ❡❛❝❤ st✉❞✐❡❞ ♣❛rt✐❝❧❡s ✭tr❛❝❡rs ❞✐❛♠❡t❡r ♦r ♠❡❞✐❛♥ ❞✐❛♠❡t❡r
♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡s tr❛♥s♣♦rt❡❞ ♦✉t ♦❢ t❤❡ ♣❛t❝❤❡s✮✳ ❚❤❡♥✱ θ ✇❛s ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
D ✐♥ ♦r❞❡r t♦ ✈✐s✉❛❧❧② ❞❡t❡r♠✐♥❡ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠♦❜✐❧✐t② ♦r ♥♦t
♦❢ ❡❛❝❤ ♦❢ t❤❡ st✉❞✐❡❞ ♣❛rt✐❝❧❡s✳

✸✳✸✳✸ ❆ss❡ss♠❡♥t ♦❢ t❤❡ ❝r✐t✐❝❛❧ s❤❡❛r str❡ss ❡st✐♠❛t✐♦♥

❚❤❡ ❛❜✐❧✐t② ♦❢ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ t♦ ♣r❡❞✐❝t t❤❡ s❡❞✐♠❡♥t ♠♦t✐♦♥✱ ✉s✐♥❣ t❤❡ t❤r❡s❤✲
♦❧❞ ✈❛❧✉❡ θcr ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞②✱ ✇❛s ❛ss❡ss❡❞ ❛t t❤❡ s❝❛❧❡ ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡ ❘✐✈❡r✏✱ ❜②
❝♦♠♣❛r✐♥❣ ✭✐✮ t❤❡ ♠❛①✐♠✉♠ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♠♦❞❡❧❡❞ ♦✈❡r ❡r♦❞❡❞ ❛r❡❛s t♦ ✭✐✐✮ t❤❡ ❝r✐t✐❝❛❧
❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr,D50 ❡st✐♠❛t❡❞ ❢♦r t❤❡ ❜❡❞ s✉r❢❛❝❡ D50✳ ❚❤❡ ♠❛①✐♠✉♠ ❜❡❞ s❤❡❛r str❡ss ✇❛s
❡st✐♠❛t❡❞ ❞✉r✐♥❣ t❤❡ ❤✐❣❤❡st ✢♦✇ ❡✈❡♥t ✭F1✮ ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ t✇♦ ▲✐❉❆❘ s✉r✈❡②s✱ ❢r♦♠ ✇❤✐❝❤
❡r♦❞❡❞ ❛r❡❛s ✇❡r❡ ✐❞❡♥t✐✜❡❞✳ ❚❤❡ ❛r❡❛s ♦❢ s❡❞✐♠❡♥t ❞❡♣♦s✐ts ✇❡r❡ ❤♦✇❡✈❡r ♥♦t ❝♦♥s✐❞❡r❡❞ s✐♥❝❡
t❤✐s ♠❡❝❤❛♥✐s♠ ❞❡♣❡♥❞s ♦♥ ❧♦❝❛❧ ✢♦✇ ✈❡❧♦❝✐t✐❡s ❛s ✇❡❧❧ ❛s ♦♥ ✉♣str❡❛♠ s❡❞✐♠❡♥t s✉♣♣❧②✳

✸✳✸✳✸✳✶ ▲✐❉❆❘ ❛❝q✉✐s✐t✐♦♥s

❚❤❡ t✇♦ ❛✐r❜♦r♥❡ ▲✐❉❆❘ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛❝q✉✐s✐t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ❛❧♦♥❣ t❤❡ st✉❞✐❡❞ r❡❛❝❤
❛t ❧♦✇ ✇❛t❡r ❧❡✈❡❧s ✐♥ s✉♠♠❡r ✷✵✶✽ ❛♥❞ ✷✵✶✾ ✭❋✐❣✉r❡ ✸✳✷✮✳ ❚❤♦s❡ ❛❡r✐❛❧ ❛❝q✉✐s✐t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞
♦✉t ✇✐t❤ ❛♥ ❖♣t❡❝❤ ❚✐t❛♥ s❡♥s♦r ✉s✐♥❣ ❜♦t❤ ♥❡❛r✲✐♥❢r❛r❡❞ ❛♥❞ ❣r❡❡♥ ❧❛s❡rs t♦ ♠❡❛s✉r❡ t❤❡ t♦♣♦❣✲
r❛♣❤② ❛♥❞ t❤❡ s❤❛❧❧♦✇ ❜❛t❤②♠❡tr②✱ r❡s♣❡❝t✐✈❡❧② ✭▲❛❣✉❡ ❛♥❞ ❋❡❧❞♠❛♥♥✱ ✷✵✷✵✮✳ ❚❤❡ ✢✐❣❤ts ✇❡r❡
❛❝❤✐❡✈❡❞ ❛t ❛♥ ❡❧❡✈❛t✐♦♥ ♦❢ 450m✱ ✇❤✐❝❤ ❛❧❧♦✇❡❞ ❛ ❣r♦✉♥❞ r❡s♦❧✉t✐♦♥ ♦❢ 38pts/m2❛♥❞ 7pts/m2

❛t ❡♠❡r❣❡❞ ❛♥❞ s✉❜♠❡r❣❡❞ ❛r❡❛s✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ r❡❧❛t✐✈❡❧② ❧♦✇ ❞❡♥s✐t② ♦❢ ✉♥❞❡r✇❛t❡r ♠❡❛✲
s✉r❡♠❡♥ts ✐s ❞✉❡ t♦ ❛ s❡♥s♦r ♠❛❧❢✉♥❝t✐♦♥✐♥❣✱ ❛s ❛❧❧ ❞✐s❝r❡t❡ r❡t✉r♥s ✇❡r❡ ♥♦t r❡❝♦r❞❡❞✱ ✇❤✐❝❤
❝♦♥❞✉❝t❡❞ t♦ ✉s❡ ❢✉❧❧✲✇❛✈❡❢♦r♠ ❞❛t❛ ✇❤♦s❡ r❡❝♦r❞✐♥❣ ❢r❡q✉❡♥❝② ✐s ❞✐✈✐❞❡❞ ❜② t✇♦✳ ❚❤❡ ♣♦✐♥t
❝❧♦✉❞ ❞❡♥s✐t② ✇❛s ❤♦✇❡✈❡r s✉✣❝✐❡♥t t♦ ❜✉✐❧❞ ❞✐❣✐t❛❧ ❡❧❡✈❛t✐♦♥ ♠♦❞❡❧s ✭❉❊▼✮ ♦❢ 1m r❡s♦❧✉t✐♦♥✱
✇❡r❡ 95% ♦❢ t❤❡ r✐✈❡r s✉❜♠❡r❣❡❞ ❛r❡❛s ✭❞❡♣t❤ > 2.4m✮ ✇❡r❡ ❝♦✈❡r❡❞✳

✸✳✸✳✸✳✷ ❇❛t❤②♠❡tr✐❝ ❝❛♠♣❛✐❣♥

❚♦ ❝♦♠♣❧❡t❡ t❤❡ ❉❊▼s ♦✈❡r s✉❜♠❡r❣❡❞ ✉♥❝♦✈❡r❡❞ ❛r❡❛s✱ ❜❛t❤②♠❡tr✐❝ ❝❛♠♣❛✐❣♥s ✇❡r❡ ♣❡r❢♦r♠❡❞
❢♦❧❧♦✇✐♥❣ t❤❡ ▲✐❉❆❘ ❛❝q✉✐s✐t✐♦♥s✳ ❚❤❡ ❝❛♠♣❛✐❣♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ❢r♦♠ ❛ ❜♦❛t ✉s✐♥❣ ❛♥ ❆❝♦✉st✐❝
❉♦♣♣❧❡r ❈✉rr❡♥t Pr♦✜❧❡r ✭❆❉❈P✮ ❝♦✉♣❧❡❞ ✇✐t❤ ❛ ❝❡♥t✐♠❡tr✐❝✲❛❝❝✉r❛❝② ❞✐✛❡r❡♥t✐❛❧ ●P❙ ✭❉●P❙✮✳
❲❛t❡r ❞❡♣t❤s ✇❡r❡ r❡❝♦r❞❡❞ ❡✈❡r② s❡❝♦♥❞ ❛♥❞ ❛ss♦❝✐❛t❡❞ ✇✐t❤ ❉●P❙ ❝♦♦r❞✐♥❛t❡s ❞✉r✐♥❣ ♣♦st✲
♣r♦❝❡ss✐♥❣✱ ❜② s②♥❝❤r♦♥✐③✐♥❣ ❜♦t❤ ❞❡✈✐❝❡s✳ ❚❤❡ ❜♦❛t tr❛❥❡❝t♦r② ❢♦❧❧♦✇❡❞ ❛ ③✐❣③❛❣ ♣❛t❤ ❢r♦♠ ♦♥❡
r✐✈❡r s✐❞❡ t♦ t❤❡ ♦t❤❡r ✐♥ ♦r❞❡r t♦ ♦♣t✐♠✐③❡ t❤❡ r✐✈❡r❜❡❞ ♠❛♣♣✐♥❣ ❛♥❞ s✐♠♣❧✐❢②✐♥❣ ❜❛t❤②♠❡tr✐❝
tr❛♥s❡❝ts ✐♥t❡r♣♦❧❛t✐♦♥✳ ❚❤❡ ❆❉❈P ✈❡rt✐❝❛❧ ❜❡❛♠s ✇❡r❡ ✐♥t❡r♣♦❧❛t❡❞ ✉s✐♥❣ t❤❡ ❚r✐❛♥❣✉❧❛r ■r✲

✼✺



r❡❣✉❧❛r ◆❡t✇♦r❦s t♦♦❧s ✭❚■◆✮ ♦❢ ❆r❝●■❙ s♦❢t✇❛r❡ ❛♥❞ ❡❞❣❡s ✇❡r❡ ♠❛♥✉❛❧❧② ❛❞❥✉st❡❞ t♦ ♠❛♣ t❤❡
r✐✈❡r❜❡❞ ❛s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ✜❡❧❞✳ ❚❤❡ ❚■◆ ✇❤✐❝❤ ❡❧❡✈❛t✐♦♥ ❛❝❝✉r❛❝② ✇❛s ❡st✐♠❛t❡❞ ❛t ±5cm✱
✇❡r❡ r❛st❡r✐③❡❞ ✐♥t♦ 1m ❝❡❧❧s ❛♥❞ ✈❡rt✐❝❛❧❧② s❤✐❢t❡❞✱ ✐♥ ♦r❞❡r t♦ ♦✈❡r❧❛♣ ✇✐t❤ t❤❡ ▲✐❉❆❘ ❉❊▼s
t❤r♦✉❣❤♦✉t ♠❡r❣✐♥❣ ♣r♦❝❡ss✳

✸✳✸✳✸✳✸ ❊r♦❞❡❞ ❛r❡❛s

❚❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ ❡❧❡✈❛t✐♦♥ ❜❡t✇❡❡♥ ❉❊▼s ♦❢ ✷✵✶✽ ❛♥❞ ✷✵✶✾ ✇❛s ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❆r❝●■❙ s♦❢t✲
✇❛r❡ ❛♥❞ ❝❡❧❧s ❧♦❝❛t❡❞ ✐♥t♦ t❤❡ r✐✈❡r❜❡❞ ✇❡r❡ ❡①tr❛❝t❡❞ ❢r♦♠ t❤❡ r❡s✉❧t✐♥❣ r❛st❡r✳ ❚❤❡s❡ ❝❡❧❧s
✇❡r❡ ❝♦♥✈❡rt❡❞ ✐♥t♦ ♣♦✐♥ts✱ ✐♥ ♦r❞❡r t♦ s❡❧❡❝t ❛r❡❛s ✇❤❡r❡ ♦❜s❡r✈❡❞ ❡r♦s✐♦♥ ✇❛s ❤✐❣❤❡r ♦r ❡q✉❛❧ t♦
0.1m✱ ❝♦♥s✐❞❡r✐♥❣ t❤❛t ❧♦✇❡r ✈❛❧✉❡s ❛r❡ ✇✐t❤✐♥ ✉♥❝❡rt❛✐♥t② ❜♦✉♥❞s ♦❢ ▲✐❉❆❘ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡
♣♦✐♥ts ❧♦❝❛t❡❞ ♦♥ ❛r❡❛s ❝♦♠♣❧❡t❡❞ ❜② ❜❛t❤②♠❡tr✐❝ ❝❛♠♣❛✐❣♥s ✇❡r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤✐s ❞❛t❛s❡t✱
❝♦♥s✐❞❡r✐♥❣ t❤❛t r✐✈❡r❜❡❞s ♠❛♣♣✐♥❣ ✇❛s ♥♦t ❞❡t❛✐❧❡❞ ❡♥♦✉❣❤ t♦ ❜❡ ❝♦♠♣❛r❡❞ ❜❡t✇❡❡♥ s✉r✈❡②s✳
❋✉rt❤❡r♠♦r❡✱ t❤❡ ♣♦✐♥ts ❧♦❝❛t❡❞ ✐♥ r✐✈❡r s❡❝t✐♦♥s ✇❤❡r❡ ❜❛♥❦ ❡r♦s✐♦♥ ♦r s❡❞✐♠❡♥t ❞❡♣♦s✐ts ♦❝✲
❝✉rr❡❞ ✇❡r❡ ❡①❝❧✉❞❡❞✱ s✐♥❝❡ t❤❡s❡ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s ❝❛♥ ❧♦❝❛❧❧② ❝❤❛♥❣❡ t❤❡ ❜❡❞ s❤❡❛r
str❡ss ❞✐str✐❜✉t✐♦♥✱ ❜✉t ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧✳ ❖t❤❡r ♣♦✐♥ts ❧♦❝❛t❡❞ ❝❧♦s❡ t♦
r✐✈❡r s✐♥❣✉❧❛r✐t✐❡s ✭❜r✐❞❣❡✱ ❧♦❣✲❥❛♠s✱ ❡t❝✳✮ ♦r ✐s♦❧❛t❡❞ ✇❡r❡ ❛❧s♦ ♠❛♥✉❛❧❧② r❡♠♦✈❡❞✳

✸✳✸✳✸✳✹ ▼♦❞❡❧❧❡❞ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r

❚❤❡ ♠❛①✐♠✉♠ ❜❡❞ s❤❡❛r str❡ss τb ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r µ ♠♦❞❡❧❧❡❞ ♦✈❡r ❡❛❝❤
♦❢ t❤❡ s❡❧❡❝t❡❞ ♣♦✐♥ts✱ ❞✉r✐♥❣ t❤❡ ❤✐❣❤❡st ✢♦♦❞ ❡✈❡♥t ✭F1✮ ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ t❤❡ t✇♦ ▲✐❉❆❘
s✉r✈❡②s✱ ✇❛s ❡①tr❛❝t❡❞ ❢r♦♠ ♥✉♠❡r✐❝❛❧ r❡s✉❧ts✳ ❚❤❡ ❙❤✐❡❧❞s ❣r❛✐♥ s❤❡❛r str❡ss τ ′ ✇❛s ❝♦♠♣✉t❡❞
✭❡q✉❛t✐♦♥ ✸✳✶✸✮ ❛t ❡❛❝❤ ♣♦✐♥t ❛♥❞ ❛❞✐♠❡♥s✐♦♥❛❧✐③❡❞ ✭❡q✉❛t✐♦♥ ✸✳✶✮ ❜❛s❡❞ ♦♥ ❛ ❣r❛✐♥ s✐③❡ ♦❢ 30mm
❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❜❡❞ s✉r❢❛❝❡ D50✳ ❚❤❡ ❝✉♠✉❧❛t✐✈❡ ❢r❡q✉❡♥❝② ♦❢ θD50 ✇❛s ❝♦♠♣❛r❡❞ t♦ t❤❡
❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr,D50 ♦❢ ✵✳✵✸✺ ❡st✐♠❛t❡❞ ♣r❡✈✐♦✉s❧② t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢
❡r♦❞❡❞ ❛r❡❛s✱ ✇❤❡r❡ t❤❡ ✷❉ ♠♦❞❡❧ ♣r❡❞✐❝t❡❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt✳ ❚❤✐s ❝♦♠♣❛r✐s♦♥ ✇❛s ❞♦♥❡
✇✐t❤ ❜♦t❤ ❉❊▼s ✐♥ ♦r❞❡r t♦ ❝♦♥s✐❞❡r❡❞ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s✱ ✇❤✐❝❤ ❝♦✉❧❞ ♦❝❝✉r ❜❡❢♦r❡ t❤❡
st✉❞✐❡❞ ✢♦♦❞✳

✸✳✹ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t✐♦♥ ❞❡t❡r♠✐♥❡❞ ❜②
❝♦♠♣❛r✐♥❣ t❤❡ ♦❜s❡r✈❡❞ r✐✈❡r ✢♦✇ ❝♦♠♣❡t❡♥❝❡ t♦ t❤❡ ♠♦❞❡❧❧❡❞ ❣r❛✐♥ s❤❡❛r str❡ss✳ ❋✐rst✱ ✇❡
❞❡s❝r✐❜❡ t❤❡ r❡s✉❧ts ♦❢ ❜♦t❤ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❛♥❞ tr❛❝❡r s✉r✈❡②s✱ ✇❤✐❝❤ ❛❧❧♦✇❡❞ t♦ ❡st✐♠❛t❡
t❤❡ r✐✈❡r ✢♦✇ ❝♦♠♣❡t❡♥❝❡✳ ❚❤❡♥✱ ✇❡ s❤♦✇ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ❝❛❧✐❜r❛t✐♦♥
❢r♦♠ ✇❤✐❝❤ ❣r❛✐♥ s❤❡❛r str❡ss ✐s ❝♦♠♣✉t❡❞ ❛♥❞ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❙❤✐❡❧❞ ♣❛r❛♠❡t❡r ✐s ♣❧♦tt❡❞
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❣r❛✐♥ s✐③❡✳ ❋✐♥❛❧❧②✱ ✇❡ ❛ss❡ss t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ✇✐t❤ ♦✉r
♣r♦♣♦s❡❞ ❛♣♣r♦❛❝❤✱ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ♠❛①✐♠✉♠ ❣r❛✐♥ s❤❡❛r str❡ss ♠♦❞❡❧❡❞ ♦✈❡r ♦❜s❡r✈❡❞ ❡r♦❞❡❞
❛r❡❛s t♦ t❤❡ ❝r✐t✐❝❛❧ ❣r❛✐♥ s❤❡❛r str❡ss ❡st✐♠❛t❡❞ ❢♦r ❞✐✛❡r❡♥t ♣❛rt✐❝❧❡ s✐③❡s✳

✸✳✹✳✶ ❋❧♦✇ ❝♦♠♣❡t❡♥❝❡ ❡st✐♠❛t✐♦♥

❚❤❡ ✜rst s✉r✈❡② ♦❢ ❜♦t❤ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❡r♦s✐♦♥ ❛♥❞ tr❛❝❡r ❞✐s♣❧❛❝❡♠❡♥t t♦♦❦ ♣❧❛❝❡ ✹ ♠♦♥t❤s
❛❢t❡r t❤❡✐r ✐♥st❛❧❧❛t✐♦♥✱ ✐♥ ❆✉❣✉st ✷✵✶✽ ✭❋✐❣✉r❡ ✸✳✷✮✳ ❉✉r✐♥❣ t❤✐s ♣❡r✐♦❞✱ ♦♥❧② ❛ ♠✐♥♦r ✢♦♦❞
♦❝❝✉rr❡❞ ✐♥ ❏✉♥❡ ✷✵✶✽✱ ✇✐t❤ ❛ ♣❡❛❦ ✢♦✇ ❡st✐♠❛t❡❞ ❛t 90m3/s✱ ❡q✉✐✈❛❧❡♥t t♦ ❛♣♣r♦①✐♠❛t❡❧② ✵✳✸✻
t✐♠❡s t❤❡ ❜❛♥❦❢✉❧❧ ❞✐s❝❤❛r❣❡✳ ❙✐♥❝❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s r❡♠❛✐♥❡❞ ✐♥t❛❝t✱ ❛♥❞ t❤❡ ✜rst ✜❡❧❞
s✉r✈❡② ♦♥❧② ❛❧❧♦✇❡❞ t♦ ✐❞❡♥t✐❢② t❤❡ ✐♥✐t✐❛❧ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ❘❋■❉ tr❛❝❡rs✱ ✇❡ ❝♦♥s✐❞❡r❡❞ t❤❛t ♦✉r
♠♦♥✐t♦r✐♥❣ ❜❡❣❛♥ ❛t ❙❡♣t❡♠❜❡r ✷✵✶✽✳

✼✻



✸✳✹✳✶✳✶ P❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s

❚❤❡ ✜rst s✉r✈❡② ♦❢ t❤❡ ♣❛✐♥t❡❞ ♣❛t❝❤❡s ❡✈♦❧✉t✐♦♥s ✭E1✮ ✇❛s ♣❡r❢♦r♠❡❞ ✐♥ ❋❡❜r✉❛r② ✭❋✐❣✉r❡
✸✳✷✮✱ ❛❢t❡r ❛ ✢♦♦❞ ♣❡❛❦ ✭F1✮ ❡st✐♠❛t❡❞ ❛t 303m3/s✱ ✇❤✐❝❤ ♦❝❝✉rr❡❞ t❤❡ 25th ❉❡❝❡♠❜❡r ✷✵✶✽✳
❚❤❡ r❡s✉❧ts ♦❢ t❤✐s s✉r✈❡② ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❛❜❧❡ ✸✳✶✳ ❚✇♦ ♣❛t❝❤❡s ✇❡r❡ ♠✐ss✐♥❣ ✭❡r♦s✐♦♥✮✱ t✇♦
♣❛t❝❤❡s ✇❡r❡ ♣❛rt✐❛❧❧② ❡r♦❞❡❞ ✭♣❛rt✐❛❧✮ ❛♥❞ t✇♦ ♣❛t❝❤❡s ✇❡r❡ ❝♦✈❡r❡❞ ❜② s❡❞✐♠❡♥ts ✭❞❡♣♦s✐ts✮✳
❋♦r ♠✐ss✐♥❣ ♣❛t❝❤❡s✱ ✇❡ ❝♦♥s✐❞❡r t❤❛t t❤❡ D95 ♦❢ t❤❡ ♠♦❜✐❧✐③❡❞ ♣❛rt✐❝❧❡s ❝♦rr❡s♣♦♥❞s t♦ t❤❡ D95

♦❢ t❤❡ ♣❛t❝❤❡s✱ ✇❤✐❝❤ ❣✐✈❡s ♠❛①✐♠✉♠ s✐③❡s ♦❢ tr❛♥s♣♦rt❡❞ ♣❛rt✐❝❧❡s r❛♥❣✐♥❣ ❢r♦♠ ✼ t♦ 10cm✳ ❋♦r
♣❛rt✐❛❧❧② ❡r♦❞❡❞ ♣❛t❝❤❡s✱ t❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♣❛t❝❤❡s D95 ❛♥❞ t❤❡ ♠♦❜✐❧❡ ♣❛rt✐❝❧❡s D95

s❤♦✇s t❤❛t tr❛♥s♣♦rt❡❞ ♣❛rt✐❝❧❡s ✭❋✐❣✉r❡ ✸✳✸✮ ✇❡r❡ s♠❛❧❧❡r t❤❛♥ t❤❡ ❜❡❞ s✉r❢❛❝❡ Dmax✳ ❚❤✐s
♦❜s❡r✈❛t✐♦♥ ✐♥❞✐❝❛t❡s t❤❛t ❝♦❛rs❡r ♣❛rt✐❝❧❡s ✇❡r❡ ❛✈❛✐❧❛❜❧❡ ❢♦r tr❛♥s♣♦rt ♦♥ ❡❛❝❤ ♣❛t❝❤❡s✱ ✇❤✐❝❤
✈❛❧✐❞s t❤❡ ✉s❡ ♦❢ t❤❡s❡ r❡s✉❧ts t♦ ❡st✐♠❛t❡ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡✳

❋✐rst ✜❡❧❞ s✉r✈❡② ♦❢ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❡✈♦❧✉t✐♦♥ ✭E1✮
◆❛♠❡ ❊✈♦❧✉t✐♦♥ P❛t❝❤ D95 ▼♦❜✐❧✐③❡❞ D95 ▼♦❞❡❧ ●❙❙ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r
PP✶ ❡r♦s✐♦♥ 10cm 10cm 33.5N/m2 ✵✳✵✷✶
PP✷ ❡r♦s✐♦♥ 7cm 7cm 32.5N/m2 ✵✳✵✷✾
PP✸ ❞❡♣♦s✐ts ❳ ❳ 18.6N/m2 ❳
PP✹ ♣❛rt✐❛❧ ❳ 4.9cm 19.8N/m2 ✵✳✵✷✺
PP✺ ❞❡♣♦s✐ts ❳ ❳ 54.4N/m2 ❳
PP✻ ♣❛rt✐❛❧ ❳ 5.5cm 22.3N/m2 ✵✳✵✷✺

❙❡❝♦♥❞ ✜❡❧❞ s✉r✈❡② ♦❢ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❡✈♦❧✉t✐♦♥ ✭E2✮
◆❛♠❡ ❊✈♦❧✉t✐♦♥ P❛t❝❤ D95 ▼♦❜✐❧✐③❡❞ D95 ▼♦❞❡❧ ●❙❙ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r
PP✶ ❡r♦s✐♦♥ 9.8cm 9.8cm 35.2N/m2 ✵✳✵✷✷
PP✷ ❳ ❳ ❳ ❳ N/m2 ❳
PP✸ ❞❡♣♦s✐ts ❳ ❳ ❳ N/m2 ❳
PP✹ ♥♦♥❡ 7.2cm 0cm 2.5N/m2 ✵✳✵✵✷
PP✺ ❞❡♣♦s✐ts ❳ ❳ ❳ ❳
PP✻ ♥♦♥❡ 7.4cm 0cm 14.9N/m2 ✵✳✵✶✷

❚❛❜❧❡ ✸✳✶✿ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s PPn ❛t ❡❛❝❤ s✉r✈❡② ✭En✮✳ ❊r♦s✐♦♥ ✐♥❞✐❝❛t❡s
t❤❛t t❤❡ ♣❛t❝❤ ✇❛s t♦t❛❧❧② ❡r♦❞❡❞✱ P❛rt✐❛❧ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♣❛t❝❤ ✇❛s ♣❛rt✐❛❧❧② ❡r♦❞❡❞✱ ❉❡♣♦s✐ts
✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♣❛t❝❤ ✇❛s ❝♦✈❡r❡❞ ❜② s❡❞✐♠❡♥ts ❞❡♣♦s✐ts ❛♥❞ ♥♦♥❡ ✐♥❞✐❝❛t❡ t❤❛t ♥♦ ❡✈♦❧✉t✐♦♥
✇❛s ♦❜s❡r✈❡❞✳ ❚❤❡ ♣❛t❝❤ D95 ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛✈❡r❛❣❡❞ ❞✐❛♠❡t❡r ♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡s
♠❡❛s✉r❡❞ ✐♥ ♣✐❝t✉r❡s t❛❦❡♥ ❛t t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ ♣❛t❝❤✳ ❚❤❡ D95 ♠♦❜✐❧✐③❡❞ ❝♦rr❡s♣♦♥❞s t♦
✭✐✮ ✵ ✇❤❡♥ ♥♦ ❡✈♦❧✉t✐♦♥ ✇❛s ♦❜s❡r✈❡❞✱ ✭✐✐✮ t❤❡ ♣❛t❝❤ D95 ✇❤❡♥ ✐t ✇❛s t♦t❛❧❧② ❡r♦❞❡❞ ♦r t♦ ✭✐✐✐✮
t❤❡ ❛✈❡r❛❣❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡s ♠❡❛s✉r❡❞ ♦✉t ♦❢ t❤❡ ♣❛t❝❤ ✇❤❡♥ ✐t ✇❛s ♣❛rt✐❛❧❧②
❡r♦❞❡❞✳ ❚❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✐s ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✸✳✶✮ ❛❝❝♦r❞✐♥❣ t♦ ✭✐✮ t❤❡ ♠❛①✐♠✉♠ ❣r❛✐♥
s❤❡❛r str❡ss ✭●❙❙✮ ♠♦❞❡❧❧❡❞ ❛t ❡❛❝❤ ♣❛t❝❤ ❞✉r✐♥❣ Fn ❛♥❞ t♦ ✭✐✐✮ ❡✐t❤❡r t❤❡ ♣❛t❝❤ D95 ✇❤❡♥ ♥♦
❡✈♦❧✉t✐♦♥ ✇❛s ♦❜s❡r✈❡❞ ♦r t♦ t❤❡ ♠♦❜✐❧✐③❡❞ D95 ✇❤❡♥ t❤❡ ♣❛t❝❤ ✇❛s t♦t❛❧❧② ♦r ♣❛rt✐❛❧❧② ❡r♦❞❡❞✳

❋♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ♠♦♥✐t♦r✐♥❣✱ ♥❡✇ ♣❛t❝❤❡s ✇❡r❡ ♣❛✐♥t❡❞ ✇❡r❡ ❛❞❞❡❞ ♥❡①t t♦ t❤❡ ❡①✐st✐♥❣ ♦♥❡s
✇✐t❤ ❛♥♦t❤❡r ❝♦❧♦r✱ ❡①❝❡♣t ♣❛t❝❤ PP2✱ ✇❤✐❝❤ ✇❛s ❧♦❝❛t❡❞ ♦♥ ❛ ❣r❛✈❡❧ ❜❛r t❤❛t ✇❛s t♦t❛❧❧② ❡r♦❞❡❞
❞✉r✐♥❣ F1 ❛♥❞ ✐s ♥♦✇ s✉❜♠❡r❣❡❞✳ ❚❤❡ s❡❝♦♥❞ s✉r✈❡② ✭E2✮ ✇❛s ❝♦♥❞✉❝t❡❞ ✐♥ ▼❛② ✷✵✶✾✱ ❛❢t❡r
❛ ✢♦♦❞ ♣❡❛❦ ❧♦✇❡r t❤❛♥ ❞✉r✐♥❣ t❤❡ ✜rst ✜❡❧❞ ♠♦♥✐t♦r✐♥❣ ✭❋✐❣✉r❡ ✸✳✷✮✱ ✇❤✐❝❤ ✇❛s ❡st✐♠❛t❡❞ ❛t
214m3/s ❛♥❞ ♦❝❝✉rr❡❞ ♦♥ t❤❡ ✶✻ ▼❛r❝❤ ✷✵✶✾ ✭F2✮✳ ❉✉r✐♥❣ t❤✐s s❡❝♦♥❞ s✉r✈❡② ✭E2✮✱ ✇❡ ♦❜s❡r✈❡❞
♦♥❡ ♠✐ss✐♥❣ ♣❛t❝❤ ✭t♦t❛❧✮✱ t✇♦ ♣❛t❝❤❡s ✇✐t❤♦✉t s❡❞✐♠❡♥t tr❛♥s♣♦rt ✭♥♦♥❡✮ ❛♥❞ t✇♦ ♣❛t❝❤❡s ❝♦✈✲
❡r❡❞ ❜② s❡❞✐♠❡♥ts ✭❞❡♣♦s✐ts✮✳

✼✼



❋♦r ❛ s❛♠❡ ♣❛rt✐❝❧❡ s✐③❡✱ t❤❡ ♣❛t❝❤ PP1 ✇❛s t♦t❛❧❧② ❡r♦❞❡❞ ❞✉r✐♥❣ ❜♦t❤ ♠♦♥✐t♦r❡❞ ✢♦♦❞s
F1 ❛♥❞ F2✱ ❡✈❡♥ ✐❢ t❤❡ s❡❝♦♥❞ ✢♦♦❞ ♣❡❛❦ ✭F2✮ ✇❛s ❧❡ss ✐♠♣♦rt❛♥t t❤❛♥ t❤❡ ✜rst ♦♥❡ ✭F1✮✳ ❚❤✐s
❝♦♥✜r♠s t❤❛t t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r ♣❛rt✐❝❧❡s ♠♦t✐♦♥ ✇❛s ❧❛r❣❡❧② ❡①❝❡❡❞❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ✢♦♦❞
✭F1✮✳ ❆s ✇❡❧❧✱ ♣❛t❝❤❡s PP4 ❛♥❞ PP6 ✱ ✇❤❡r❡ ♣❛rt✐❛❧ tr❛♥s♣♦rt ♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ✢♦♦❞
✭F1✮✱ r❡♠❛✐♥❡❞ ✐♥t❛❝t ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ✢♦♦❞ ✭F2✮✳ ❚❤✐s ❣✐✈❡s ✉s ❝♦♥✜❞❡♥❝❡ ✐♥ t❤❡ ♠❡t❤♦❞ ❛♥❞
❝♦♥✜r♠s t❤❛t ♠♦❜✐❧❡ ♣❛rt✐❝❧❡s r❡❝♦✈❡r❡❞ ❞✉r✐♥❣ t❤❡ ✜rst s✉r✈❡② ✭E1✮ ♣r♦✈✐❞❡ ❛ ❣♦♦❞ ❡st✐♠❛t✐♦♥
♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡✳ ❚❤❡s❡ r❡s✉❧ts ❛❧s♦ ❞❡♠♦♥str❛t❡ t❤❛t ♣❛rt✐❛❧ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♦❝❝✉rr❡❞
❞✉r✐♥❣ ❜♦t❤ st✉❞✐❡❞ ✢♦♦❞s✳

❋✐❣✉r❡ ✸✳✸✿ ❊①❛♠♣❧❡ ♦❢ ✭❆✮ ❛♥ ♦rt❤♦♣❤♦t♦ ♠♦s❛✐❝ ❜✉✐❧t ❢r♦♠ ♣✐❝t✉r❡s t❛❦❡♥ ❛t PP6 ❞✉r✐♥❣ s✉r✈❡②
E1✱ ✇❤❡♥ ♣❛rt✐❛❧ tr❛♥s♣♦rt ✇❛s ♦❜s❡r✈❡❞✳ ❖r❛♥❣❡ ❝✐r❝❧❡s ✐♥❞✐❝❛t❡ t❤❡ ❞✐❛♠❡t❡rs✱ ♠❡❛s✉r❡❞ ♦♥
t❤❡ ♦rt❤♦♣❤♦t♦✱ ♦❢ ♣❛rt✐❝❧❡s r❡❝♦✈❡r❡❞ ♦✉t ♦❢ t❤❡ ♣❛t❝❤✱ ✭❇✮ ❛ ❝✉♠✉❧❛t✐✈❡ ❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥
♦❢ ♠♦❜✐❧❡ ♣❛rt✐❝❧❡s s✐③❡ ♠❡❛s✉r❡❞ ♦♥ t❤❡ ♦rt❤♦♣❤♦t♦ ❛♥❞ ♦❢ ♣❛rt✐❝❧❡s ♠❡❛s✉r❡❞ ✐♥ t❤❡ ✜❡❧❞ ❛t
r✐✈❡r❜❡❞ s✉r❢❛❝❡✱ ✭❈✮ ♣✐❝t✉r❡ s❤♦✇✐♥❣ ❛ ❞✐❣✐t❛❧✐③❛t✐♦♥ ♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡ ♦❜s❡r✈❡❞ ♦♥ t❤❡
♣❛t❝❤ PP1 s❡t ❛t PI✳

✼✽



✸✳✹✳✶✳✷ ❘❋■❉ tr❛❝❡rs

❚❤❡ ✐♥✐t✐❛❧ ♣♦s✐t✐♦♥ ✭S0✮ ♦❢ tr❛❝❡rs ✇❛s r❡❝♦r❞❡❞ ✐♥ ❆✉❣✉st ✷✵✶✽✱ ❛❧♦♥❣ ❛ ✹✵✲♠✲❧♦♥❣ r❡❛❝❤ ♦❢
0.2ha ✭❋✐❣✉r❡ ✸✳✷✮✱ ✇❤❡r❡ ✷✽✽ ♦❢ t❤❡ ✹✺✵ ✐♥❥❡❝t❡❞ tr❛❝❡rs ✇❡r❡ r❡❝♦✈❡r❡❞✳ ●✐✈❡♥ t❤❡ r❡❧❛t✐✈❡❧②
❧♦✇ r❡❝♦✈❡r② r❛t❡ ♦❢ ✻✹✪ ❛❝❤✐❡✈❡❞ ✉s✐♥❣ t❤❡ ✶✳✷♠✲❧♦♥❣ ❛♥t❡♥♥❛✱ t❤❡ s✉r✈❡② ✇❛s ❝♦♠♣❧❡t❡❞ ✉s✲
✐♥❣ ❛ ✵✳✹✻♠✲❞✐❛♠❡t❡r ❧♦♦♣ ❛♥t❡♥♥❛✱ t♦ r❡❞✉❝❡ ♠❛s❦✐♥❣ ❡✛❡❝ts ❞✉r✐♥❣ ❞❡t❡❝t✐♦♥✱ r❡s✉❧t✐♥❣ ✐♥ ❛♥
✐♠♣r♦✈❡❞ r❡❝♦✈❡r② r❛t❡ ♦❢ 83%✳ ❚❤❡ tr❛❝❡rs r❡❝♦✈❡r❡❞ ✉s✐♥❣ t❤❡ ❧♦♦♣ ❛♥t❡♥♥❛ ✇❡r❡✱ ❤♦✇❡✈❡r✱
❡①❝❧✉❞❡❞ ❢r♦♠ t❤✐s st✉❞② ❞✉❡ t♦ t❤❡ ❧♦✇❡r ♣♦s✐t✐♦♥✐♥❣ ❛❝❝✉r❛❝② ❝♦♠♣❛r❡❞ t♦ t❤❡ ✇✐❞❡ ❛♥t❡♥♥❛✱
✇❤❡r❡ t❤❡ ●P❙ ❛♥t❡♥♥❛ ❝♦✉❧❞ ❜❡ ♣♦s✐t✐♦♥❡❞ ❞✐r❡❝t❧② ❛❜♦✈❡ t❤❡ ❞❡t❡❝t❡❞ ❛r❡❛✳ ❚❤❡ ✜rst s✉r✈❡②
✭S1✮ ♦❢ t❤❡ tr❛❝❡r ❧♦❝❛t✐♦♥s ✇❛s ❛❝❤✐❡✈❡❞ ✐♥ ❆✉❣✉st ✷✵✶✾✱ ❛❧♦♥❣ ❛ ✼✺✵✲♠✲❧♦♥❣✲r❡❛❝❤ ♦❢ 2.5ha ✭❋✐❣✲
✉r❡ ✸✳✷✮✱ ✇❤❡r❡ ✸✽✽ tr❛❝❡rs ✇❡r❡ ❢♦✉♥❞✳ ❚❤❡ ♦❜t❛✐♥❡❞ r❡❝♦✈❡r② r❛t❡ ♦❢ 86% ✇❛s ❤✐❣❤❡r t❤❛♥ ❛t
S0✱ ❛s tr❛❝❡r ✇❡r❡ ♠♦r❡ ✇✐❞❡❧② ❞✐str✐❜✉t❡❞ ✐♥ t❤❡ ❞♦✇♥str❡❛♠ ❞✐r❡❝t✐♦♥✱ r❡❞✉❝✐♥❣ ♠❛s❦✐♥❣ ❡✛❡❝ts
❞✉r✐♥❣ ❞❡t❡❝t✐♦♥✳ ❚❤❡ r❡❝♦✈❡r② r❛t❡ ♦❢ s♠❛❧❧❡r tr❛❝❡rs ✇❛s r❡❧❛t✐✈❡❧② ❧♦✇❡r t❤❛♥ ❢♦r ♦t❤❡r tr❛❝❡rs
❛t S0 ❛♥❞ S1✱ ♣r♦❜❛❜❧② ❜❡❝❛✉s❡ t❤❡② ✇❡r❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ✷✸ ♠♠✲❧♦♥❣ t❛❣s✱ ✇❤♦s❡ ❞✐st❛♥❝❡ ♦❢
❞❡t❡❝t✐♦♥ ✐s s❤♦rt❡r✳

❙✐③❡ ❝❧❛ss ✭♠♠✮ NS S0 S1 S∗
0 ❛♥❞ S∗

1 Mobile∗ Immobile∗

16− 22.6 ✽✼ ✹✻ ✻✼ ✸✼ ✸✹ ✸
22.6− 32 ✽✼ ✺✶ ✼✷ ✹✸ ✹✶ ✷
32− 45.3 ✽✻ ✺✹ ✼✽ ✹✽ ✹✸ ✺
45.3− 64 ✽✻ ✺✻ ✼✻ ✹✽ ✹✹ ✹
64− 90.5 ✽✻ ✻✺ ✼✾ ✻✶ ✹✸ ✶✽
90.5− 128 ✶✽ ✶✺ ✶✻ ✶✹ ✻ ✽

❚♦t❛❧ ♥✉♠❜❡r ✹✺✵ ✷✽✼ ✸✽✽ ✷✺✶ ✷✶✶ ✹✵
❘❡❝♦✈❡r② r❛t❡ 100% 64% 86%

❚❛❜❧❡ ✸✳✷✿ ❙t❛t✐st✐❝❛❧ ♣❛r❛♠❡t❡rs ❢♦r ❡❛❝❤ ♣❛rt✐❝❧❡ tr❛❝❦✐♥❣ s✉r✈❡②✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ t♦t❛❧ ♥✉♠❜❡r
Ns ♦❢ tr❛❝❡rs ✐♥❥❡❝t❡❞ ❛♥❞ r❡❝♦✈❡r❡❞ ❛t s✉r✈❡② Sn ♦r Sn ❛♥❞ Sn+1 ✭∗❞❡♥♦t✐♥❣ t❤❛t tr❛❝❡rs ❧♦❝❛t❡❞
❛t ❧❡ss t❤❛♥ ✼♠ ❢r♦♠ t❤❡ ❧❡❢t ❜❛♥❦ ✇❡r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ ❞❛t❛✮✱ ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ♠♦❜✐❧❡ ❛♥❞
✐♠♠♦❜✐❧❡ tr❛❝❡rs ❛♠♦♥❣ r❡❝♦✈❡r❡❞ ♦♥❡s✳

❈♦♥s✐❞❡r✐♥❣ ♦♥❧② tr❛❝❡rs ✐♥❥❡❝t❡❞ ❛t ❞✐st❛♥❝❡ ❣r❡❛t❡r t❤❛♥ 7m ❢r♦♠ t❤❡ ❧❡❢t ❜❛♥❦ ❛♥❞ r❡❝♦✈✲
❡r❡❞ ❛t S0 ❛♥❞ S1✱ t❤❡ ♥✉♠❜❡r ♦❢ st✉❞✐❡❞ tr❛❝❡rs ✐s r❡❞✉❝❡❞ t♦ ✷✺✶ ✭❚❛❜❧❡ ✸✳✷✮✳ ❆♠♦♥❣ t❤❡s❡
tr❛❝❡rs✱ ✷✶✶ ✇❡r❡ ♠♦❜✐❧❡ ✭tr❛✈❡❧❡❞ ❞✐st❛♥❝❡ > 5m✮ ❛♥❞ ✹✵ ✐♠♠♦❜✐❧❡✳ ❈♦❛rs❡r tr❛❝❡rs ❡①❤✐❜✐t❡❞
❧♦✇❡r ♠♦❜✐❧✐t② ✭42%✮ ❝♦♠♣❛r❡❞ t♦ ✜♥❡r tr❛❝❡rs ✭91%✮✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ ♦❜s❡r✈❛t✐♦♥s ♠❛❞❡
✉s✐♥❣ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s✱ s✉❣❣❡st✐♥❣ t❤❛t t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❛s s✐③❡✲s❡❧❡❝t✐✈❡✳ ❚❤✐s ♠♦❞❡
♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❛s ❛❧s♦ ❝♦rr♦❜♦r❛t❡❞ ❜② P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❛✮✱ ✇❤♦ ❞❡♠♦♥str❛t❡❞ t❤❛t
✜♥❡r ♣❛rt✐❝❧❡s tr❛✈❡❧❡❞ ❢✉rt❤❡r ✭350m✮ t❤❛♥ ❝♦❛rs❡r ✭27m✮ ♣❛rt✐❝❧❡s✳ ❈♦❛rs❡ ✐♠♠♦❜✐❧❡ tr❛❝❡rs
✇❡r❡ ❞✐str✐❜✉t❡❞ t❤r♦✉❣❤♦✉t t❤❡ ❡♥t✐r❡ r✐✈❡r s❡❝t✐♦♥✱ ✇❤❡r❡❛s ✜♥❡r ✐♠♠♦❜✐❧❡ tr❛❝❡rs ✇❡r❡ ♣r❡✲
❞♦♠✐♥❛♥t❧② ❧♦❝❛t❡❞ ♥❡❛r r✐✈❡r ❜❛♥❦s ✭❋✐❣✉r❡ ✸✳✹✮✳ ❚❤✐s ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥ ❡♥❛❜❧❡❞ t♦ ❡st✐♠❛t❡
✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✉♥❞❡r ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ✢♦✇ ❝♦♥❞✐t✐♦♥s✳

❋✐❣✉r❡ ✸✳✹✿ ●r❛✐♥ s❤❡❛r str❡ss τ ′ ♠♦❞❡❧❧❡❞ ❛t t❤❡ ♣❡❛❦ ♦❢ t❤❡ ✢♦♦❞ F1 ✭Q = 303m3/s✮ ♦✈❡r tr❛❝❡rs
✐♥❥❡❝t✐♦♥ s✐t❡✳ P♦✐♥ts ✐♥❞✐❝❛t❡ ♠♦❜✐❧❡ ✭✇❤✐t❡✮✱ ✐♠♠♦❜✐❧❡ ✭❜❧❛❝❦✮✱ ❛♥❞ ❡①❝❧✉❞❡❞ ✭r❡❞✮ tr❛❝❡rs✳

✼✾



✸✳✹✳✷ ❈r✐t✐❝❛❧ ❜❡❞ s❤❡❛r str❡ss ❡st✐♠❛t✐♦♥

❚❤❡ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ❢r✐❝t✐♦♥ ♣❛r❛♠❡t❡r ♦❢ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ✇❛s ❝❛❧✐❜r❛t❡❞ ❢♦r t❤❡ ✢♦♦❞
F1 ✭❋✐❣✉r❡ ✸✳✷✮✱ ❢r♦♠ ✇❤✐❝❤ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✇❛s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❜♦t❤ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s
❛♥❞ tr❛❝❡rs✳ ❚❤✐s ✢♦♦❞ ❧❛st❡❞ ❛♣♣r♦①✐♠❛t❡❧② ✶✼✵ ❤♦✉rs ❛♥❞ ❝♦♥s✐st❡❞ ♦❢ t✇♦ ❞✐st✐♥❝t ♣❡❛❦s✱
r❡❛❝❤✐♥❣ ✷✶✶ ❛♥❞ 303m3/s✱ r❡s♣❡❝t✐✈❡❧②✱ ✇❤✐❝❤ ❛❧❧♦✇❡❞ ✉s t♦ st✉❞② t❤❡ ❞②♥❛♠✐❝s ♦❢ ❜♦t❤ ✜❧❧✐♥❣
❛s ✇❡❧❧ ❛s ❡♠♣t②✐♥❣ ♦❢ t❤❡ ❞♦♠❛✐♥✳ ❆s ♣❛rt ♦❢ t❤✐s st✉❞②✱ t❤❡ ♣r✐♠❛r② ❢♦❝✉s ✇❛s ♦♥ ❛❝❝✉r❛t❡❧②
♠♦❞❡❧✐♥❣ ♦❢ ✢♦♦❞ ♣❡❛❦s✳ ❍♦✇❡✈❡r✱ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❡①t❡♥❞❡❞ t♦ ❝♦✈❡r t❤❡ ❡♥t✐r❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡
❡✈❡♥t t♦ ❛ss❡ss t❤❡ ✐♠♣❛❝t ♦❢ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❝❤❛♥❣❡s ♦♥ ♠♦❞❡❧ ❝❛❧✐❜r❛t✐♦♥✳ ❚❤❡ ✈❛❧✐❞✐t② ♦❢ t❤✐s
❝❛❧✐❜r❛t✐♦♥ ❢♦r t❤❡ ✢♦♦❞ F2 ✭❋✐❣✉r❡ ✸✳✷✮✱ r❡❛❝❤✐♥❣ ❛ ♠❛①✐♠✉♠ ❞✐s❝❤❛r❣❡ ♦❢ 214m3/s✱ ✇❛s ✈❡r✐✜❡❞
❜② ❝♦♠♣❛r✐♥❣ ♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❧❡❞ ❲❙❊ ❢r♦♠ s✐♠✉❧❛t✐♦♥s ❜❛s❡❞ ♦♥ t❤❡ ❉❊▼ ♦❢ s✉♠♠❡r
✷✵✶✾✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ❝♦♠♣❛r❛t✐✈❡ ❛♥❛❧②s✐s ❜❡✐♥❣ ❛s ❣♦♦❞ ❛s r❡s✉❧ts ♦❢ ❝❛❧✐❜r❛t✐♦♥ ✐♥ t❡r♠s
♦❢ ❲❙❊ r❡♣r♦❞✉❝t✐♦♥✱ ♦♥❧② t❤❡ ❧❛tt❡r ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✐♥t♦ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥✳ ❚❤❡r❡❛❢t❡r✱ ✇❡
✇✐❧❧ ❝♦♥s✐❞❡r t❤❛t ♦✉r ❝❛❧✐❜r❛t❡❞ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ✐s ✈❛❧✐❞ ❢♦r ❜♦t❤ ✢♦♦❞s✳ ❚❤❡ ♠❛①✐♠✉♠ ❜❡❞
s❤❡❛r str❡ss ✇❛s ❡①tr❛❝t❡❞ ❢r♦♠ t❤✐s ♠♦❞❡❧✱ ✇❤❡r❡ t❤❡ st✉❞✐❡❞ ♣❛rt✐❝❧❡s ❛r❡ ❧♦❝❛t❡❞✱ ✐♥ ♦r❞❡r t♦
❝♦♠♣❛r❡ t❤❡ ❝♦♠♣✉t❡❞ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡rs t♦ t❤❡ ♦❜s❡r✈❡❞ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❛♥❞ ❞❡t❡r♠✐♥❡ t❤❡
❝r✐t✐❝❛❧ ✈❛❧✉❡s✳

✸✳✹✳✷✳✶ ❍②❞r❛✉❧✐❝ ♠♦❞❡❧ ❝❛❧✐❜r❛t✐♦♥

❚❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ♠❛✐♥ ❛♥❞ ❜②♣❛ss ❝❤❛♥♥❡❧ r✐✈❡r❜❡❞s ✇❛s ❝❛❧✐❜r❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣
♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❧❡❞ ❤②❞r❛✉❧✐❝ ✈❛r✐❛❜❧❡s ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ▲✐❉❆❘ s✉r✈❡② ✭A1✮ ❝❛rr✐❡❞
♦✉t ❛t ❛ ❞✐s❝❤❛r❣❡ ♦❢ 40m3/s✳ ❙t❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ❛t t❤✐s ❞✐s❝❤❛r❣❡ ✐♥❞✐❝❛t❡❞ t❤❛t
t❤❡ s✉♠ ♦❢ ❛❜s♦❧✉t❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❧❡❞ ❲❙❊ ♦❢ ❛❧❧ ❧✐♠♥✐♠❡t❡rs ✭❡①❝❡♣t
▲✹✱ ▲✺ ❛♥❞ ▲✶✷✮ ✇❛s t❤❡ ❧♦✇❡st ✭4cm✮ ✇❤❡♥ ✉s✐♥❣ ❛ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♦❢ 47m1/3/s✳ ❯s✐♥❣
t❤✐s ❝♦❡✣❝✐❡♥t✱ t❤❡ ❞✐s❝❤❛r❣❡ ♠♦❞❡❧❧❡❞ ✇✐t❤✐♥ t❤❡ ❞❛♠ ❜②♣❛ss ❝❤❛♥♥❡❧ ✭5.3m3/s✮ ✇❛s✱ ❤♦✇❡✈❡r✱
s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ t❤❛t ♠❡❛s✉r❡❞ ✐♥ t❤❡ ✜❡❧❞ ✭5m3/s✮✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ ✇❛s r❡❞✉❝❡❞ t♦ ❛ ❢❡✇
❧✐t❡rs ♣❡r s❡❝♦♥❞ ❜② s❡tt✐♥❣ ❛ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♦❢ 33m1/3/s ✐♥ t❤❡ ✉♣str❡❛♠ ♣❛rt ♦❢ t❤❡ ❞❛♠
❜②♣❛ss ❝❤❛♥♥❡❧ t♦ ♠♦❞✐❢② t❤❡ ✢♦✇ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧✳ ❚❤✐s ❤✐❣❤❡r ❝♦❡✣❝✐❡♥t ♦❢
❢r✐❝t✐♦♥ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❧♦❣✲❥❛♠s ❧♦❝❛t❡❞ ✐♥ t❤✐s ♣❛rt ♦❢ t❤❡ ❜②♣❛ss ❝❤❛♥♥❡❧✱ ✇❤✐❝❤ r❡❞✉❝❡
t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛r❡❛ ✭▲✬❍♦♠♠❡❞✐❡✉ ❡t ❛❧✳✱ ✷✵✷✵✮ ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ ❝❤❛♥♥❡❧ r♦✉❣❤♥❡ss ✭❍②❣❡❧✉♥❞
❛♥❞ ▼❛♥❣❛✱ ✷✵✵✸✮✳ ❆❢t❡r ❝❛❧✐❜r❛t✐♥❣ t❤❡ ✢♦✇ ❞✐str✐❜✉t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❞❛♠ ❜②♣❛ss ❝❤❛♥♥❡❧ ❛♥❞
t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✱ r❡s✉❧ts ✐♥❞✐❝❛t❡❞ t❤❛t t❤❡ ❲❙❊ ♠♦❞❡❧❡❞ ❛t ▲✺ ✇❛s 20cm ❧♦✇❡r t❤❛♥ ♦❜s❡r✈❡❞✳
❚❤✐s ❞✐✛❡r❡♥❝❡ ✇❛s r❡❞✉❝❡❞ t♦ ♦♥❡ ❝❡♥t✐♠❡t❡r ❜② s❡tt✐♥❣ ❛ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♦❢ 8m1/3/s ♦✈❡r
t❤❡ ❞♦✇♥str❡❛♠ ❢❛❝❡ ♦❢ t❤❡ ❞❛♠✳ ❋✉rt❤❡r♠♦r❡✱ ❛ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s s❤♦✇s t❤❛t ❛❧❧ ❝❛❧✐❜r❛t❡❞
❢r✐❝t✐♦♥ ✈❛❧✉❡s ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♠❡s❤ s✐③❡✳

❚❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ✢♦♦❞♣❧❛✐♥ ✇❛s ❝❛❧✐❜r❛t❡❞✱ ❜② ❝♦♠♣❛r✐♥❣ ♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❧❡❞
❲❙❊✱ ❞✉r✐♥❣ t❤❡ ✢♦♦❞ F1✳ ❚❤✐s ✢♦♦❞ ♦❝❝✉rr❡❞ ✻ ♠♦♥t❤s ❛❢t❡r t❤❡ ▲✐❉❆❘ s✉r✈❡② A1✱ ❞✉r✐♥❣
✇❤✐❝❤ t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ r✐✈❡r❜❡❞ ✇❛s ❝❛❧✐❜r❛t❡❞✱ ✇✐t❤ ❛♥ ✐♥✐t✐❛❧ ❞✐s❝❤❛r❣❡ ❝❧♦s❡ t♦
t❤❡ ✈❛❧✉❡ ♦❢ ❝❛❧✐❜r❛t✐♦♥ ✭❋✐❣✉r❡ ✸✳✷✮✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ✭❋✐❣✉r❡ ✸✳✺✮✱ s❤♦✇ t❤❛t t❤❡ ♠♦❞❡❧ ✐s
st✐❧❧ ✇❡❧❧ ❝❛❧✐❜r❛t❡❞ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤✐s ✢♦♦❞ ❢♦r ❛❧❧ ❧✐♠♥✐♠❡t❡rs✱ ❡①♣❡❝t ❢♦r ▲✶✵✱ ✇❤❡r❡ t❤❡
♠♦❞❡❧❧❡❞ ❲❙❊ ✇❛s 10cm ❜❡❧♦✇ t❤❡ ♦❜s❡r✈❡❞ ✈❛❧✉❡✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ ♠❛② ❛r✐s❡ ❢r♦♠ ❛♥ ✐♥❝r❡❛s❡
♦❢ t❤❡ r✐✈❡r❜❡❞ ❡❧❡✈❛t✐♦♥ ✭∼ 50cm✮✱ ✇❤✐❝❤ ✇❛s ♦❜s❡r✈❡❞ ❛❧♦♥❣ t❤❡ r❡❛❝❤ ❧♦❝❛t❡❞ ❞♦✇♥str❡❛♠ ♦❢
t❤❡ ❧✐♠♥✐♠❡t❡r✱ ✇❤❡♥ ❝♦♠♣❛r✐♥❣ t❤❡ ✷✵✶✽ ❛♥❞ ✷✵✶✾ ❉❊▼s✳ ❆s tr❛❝❡rs ✐♥❥❡❝t❡❞ ❛❝r♦ss t❤✐s r❡❛❝❤
r❡♠❛✐♥❡❞ ✐♥ ♣❧❛❝❡ ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞✱ ✐t t❡♥❞s t♦ ✐♥❞✐❝❛t❡ t❤❛t t❤❡② ✇❡r❡ ❧✐❦❡❧② ❜✉r✐❡❞ ❜❡❢♦r❡
t❤❡ ❡✈❡♥t✳ ❚❤✐s ✜❡❧❞ ♦❜s❡r✈❛t✐♦♥ t❤❡r❡❢♦r❡ ❝♦♥✜r♠s ♦✉r ❛ss✉♠♣t✐♦♥ ♦❢ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ r✐✈❡r❜❡❞
❡❧❡✈❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ▲✐❉❆❘ s✉r✈❡② A1 ❛♥❞ t❤❡ ✢♦♦❞ F1✱ r❡s✉❧t✐♥❣ ✐♥ ❛♥ ✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ t❤❡
♠♦❞❡❧❡❞ ❲❙❊✳ ❇② ♠♦❞❡❧✐♥❣ t❤❡ ✢♦♦❞ ✉s✐♥❣ t❤❡ ❉❊▼ ♦❢ ✷✵✶✾✱ ✇❤✐❝❤ t❛❦❡s ✐♥t♦ ❛❝❝♦✉♥t t❤❡s❡
♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s✱ t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ ❲❙❊ ✇❛s s✉♣♣r❡ss❡❞ ❛t t❤❡ st❛rt ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥✳
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❋✐❣✉r❡ ✸✳✺✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❧❡❞ ❲❙❊ ❞✉r✐♥❣ t❤❡ ✢♦♦❞ ❡✈❡♥t F1 ✭❞✐s✲
❝❤❛r❣❡s r❛♥❣✐♥❣ ❢r♦♠ ✹✵ t♦ 303m3/s✮✳ ❇❧✉❡ s♦❧✐❞ ❧✐♥❡ ✐♥❞✐❝❛t❡ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡✲
t❡r Ln ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✭❋✐❣✉r❡ ✸✳✶ ❉✮✳ ❘❡❞ ❛♥❞ ❣r❡❡♥ s♦❧✐❞ ❧✐♥❡ ✐♥❞✐❝❛t❡s t❤❡
❲❙❊ ♠♦❞❡❧❧❡❞ ✉s✐♥❣ t❤❡ ❉❊▼ ♦❢ ✷✵✶✽✱ ✇✐t❤ ❛ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ♦❢ 47m1/3/s
❛♥❞ 8m1/3/s✱ r❡s♣❡❝t✐✈❡❧②✳ ❉❛s❤❡❞ ❜❧❛❝❦ ❧✐♥❡ ✐♥❞✐❝❛t❡s✱ ❛t ▲✼ ❛♥❞ ▲✶✵✱ t❤❡ ❲❙❊ ♠♦❞❡❧❧❡❞ ✉s✐♥❣
t❤❡ ❉❊▼ ♦❢ ✷✵✶✾ ✇✐t❤ ❛ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ♦❢ 8m1/3/s✳

❆t t❤❡ ✢♦♦❞ ♣❡❛❦s ✭❋✐❣✉r❡ ✸✳✺✮✱ t❤❡ ♠♦❞❡❧ s✐❣♥✐✜❝❛♥t❧② ✉♥❞❡r❡st✐♠❛t❡❞ ❲❙❊ ❛t ❛❧❧ ❧✐♠♥✐♠❡✲
t❡rs✱ ❡①❝❡♣t ❛t ▲✷ ❛♥❞ ▲✶✵✱ ✇❤❡r❡ ♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❧❡❞ ❲❙❊ ✜t ✈❡r② ✇❡❧❧✳ ❚❤❡ ❝♦rr❡s♣♦♥❞❡♥❝❡
♦❢ st❛❣❡ ❣r❛♣❤s r❡❝♦r❞❡❞ ❛t t❤❡ ✉♣str❡❛♠ ♣❛rt ♦❢ t❤❡ r❡❛❝❤ ✐♥❞✐❝❛t❡s t❤❛t t❤✐s ✉♥❞❡r❡st✐♠❛t✐♦♥
✐s ♥♦t r❡❧❛t❡❞ t♦ ♠♦❞❡❧ ✐♥✢♦✇s✱ t❤✉s ❝♦♥✜r♠✐♥❣ t❤❡ s✉✐t❛❜✐❧✐t② ♦❢ t❤❡ ✉♣str❡❛♠ ❣❛✉❣❡ st❛t✐♦♥✬s
❤②❞r♦❣r❛♣❤✳ ❚❤❡ ❢❛❝t t❤❛t t❤❡s❡ ❧✐♠♥✐♠❡t❡rs ❛r❡ t❤❡ ♦♥❧② t✇♦ ❧♦❝❛t❡❞ ✇✐t❤✐♥ ♥♦♥✲♦✈❡r✢♦✇✐♥❣
r❡❛❝❤ st❛t❡s t❤❛t t❤❡ ✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ ❲❙❊ ♦❜s❡r✈❡❞ ❛t t❤❡ ♦t❤❡r ❧✐♠♥✐♠❡t❡r ✐s ❛ss♦❝✐❛t❡❞ t♦
t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t s❡t ✐♥t♦ t❤❡ ✢♦♦❞♣❧❛✐♥✳ ■♥❞❡❡❞✱ t❤❡ st❛❧❧ ❜❡t✇❡❡♥ ❝✉r✈❡s ❣❡♥❡r❛❧❧② ♦❝❝✉rs
❛❢t❡r ✶✹❤ ♦❢ s✐♠✉❧❛t✐♦♥✱ ❛t 142m3/s✱ ✇❤❡♥ ✇❛t❡r ❧❡✈❡❧s ❡①❝❡❡❞ t❤❡ ❜❛♥❦❢✉❧❧ ❧❡✈❡❧ ❛t t❤❡ ❞✐✤✉❡♥❝❡s
✇✐t❤ t❤❡ ❞❛♠ ❜②♣❛ss ❝❤❛♥♥❡❧ ❛♥❞ t❤❡ ♠❡❛♥❞❡r ❝✉t♦✛✳ ❇❛s❡❞ ♦♥ t❤✐s ❞✐s❝❤❛r❣❡✱ ❛ st❡❛❞② st❛t❡
s✐♠✉❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❧✐♠✐t ❜❡t✇❡❡♥ s✉❜♠❡r❣❡❞ ❛r❡❛s✱ ✇❤❡r❡ t❤❡ ❢r✐❝t✐♦♥ ❝♦✲
❡✣❝✐❡♥t ✐s ✇❡❧❧ ❝❛❧✐❜r❛t❡❞ ❛♥❞ ❡♠❡r❣❡❞ ❛r❡❛s✱ ✇❤❡r❡ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♥❡❡❞s t♦ ❜❡ ❝❛❧✐❜r❛t❡❞✳
❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ✐♥ t❤❡s❡ ❡♠❡r❣❡❞ ❛r❡❛s✱ ✇❤✐❝❤ r♦✉❣❤❧② ❝♦rr❡s♣♦♥❞s t♦
t❤❡ ✢♦♦❞♣❧❛✐♥✱ ✇❛s ♣❡r❢♦r♠❡❞ ❜② t❡st✐♥❣ ❞✐✛❡r❡♥t ✉♥✐❢♦r♠ ✈❛❧✉❡s✱ ✇❤✐❧❡ r❡t❛✐♥✐♥❣ t❤❡ ♣r❡✈✐♦✉s❧②
s❡t ❝♦❡✣❝✐❡♥ts ✐♥ t❤❡ ❡♠❡r❣❡❞ ❛r❡❛s✱ ✐♥ ♦r❞❡r t♦ ✜♥❞ t❤❡ ❜❡st✲✜tt✐♥❣ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t✳ ❘❡s✉❧ts
s❤♦✇ t❤❛t ❜❡st ❝♦rr❡s♣♦♥❞❡♥❝❡s ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❡❞ ❲❙❊ ✇❡r❡ ♦❜t❛✐♥❡❞ ❛t t❤❡ ✢♦♦❞
♣❡❛❦✱ ✇✐t❤ ❛ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ♦❢ 8m1/3/s ✭❋✐❣✉r❡ ✸✳✺✮✳

❇② ❛♣♣❧②✐♥❣ t❤✐s ❝♦❡✣❝✐❡♥t ♦♥ ❛ ✈❡❣❡t❛t❡❞ s❡❝♦♥❞❛r② ❝❤❛♥♥❡❧ ❧♦❝❛t❡❞ ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥✱ ❜❡✲
t✇❡❡♥ ▲✽ ❛♥❞ ▲✾ ✭❋✐❣✉r❡ ✸✳✶✮✱ ✐t s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡❞ ✢♦✇s ✐♥ t❤✐s ❝❤❛♥♥❡❧ ❞✉r✐♥❣ t❤❡ ✢♦♦❞✳ ❆s
✢♦✇s ✇❡r❡ ❝♦♥❝❡♥tr❛t❡❞ ✐♥t♦ t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧✱ t❤❡ ❞✐st❛♥❝❡ tr❛✈❡❧❡❞ ❜② t❤❡ ✇❛t❡r ❜❡t✇❡❡♥ t❤❡s❡
t✇♦ ❧✐♠♥✐♠❡t❡rs ✇❛s ❞♦✉❜❧❡❞✱ ✇❤✐❝❤ s❤✐❢t❡❞ ✐♥ t✐♠❡ t❤❡ ♣❡❛❦s ♦❢ ❲❙❊ ♠♦❞❡❧❧❡❞ ❛t ▲✾✳ ❚❤❡
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♠❛❣♥✐t✉❞❡ ♦❢ t❤❡s❡ ♣❡❛❦s ♦❢ ❲❙❊ ♠♦❞❡❧❧❡❞ ❛t ▲✾ ✇❡r❡✱ ❤♦✇❡✈❡r✱ ❤✐❣❤❡r t❤❛♥ ♦❜s❡r✈❡❞✳ ❚❤✐s
♠❛② ❜❡ ❝❛✉s❡❞ ❜② ❛ r❡❞✉❝t✐♦♥ ♦❢ ✢♦✇s ✐♥ t❤❡ s❡❝♦♥❞❛r② ❝❤❛♥♥❡❧s ❜②♣❛ss✐♥❣ t❤❡ ♠❡❛♥❞❡r ❛❧♦♥❣
t❤❡ ❤✐❧❧s❧♦♣❡✱ ✇❤❡♥ ❛♣♣❧②✐♥❣ ❛ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♦❢ 8m1/3/s ✐♥t♦ t❤❡ ✢♦♦❞♣❧❛✐♥✳ ❇② ❛♣♣❧②✐♥❣
t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ r✐✈❡r❜❡❞ ♦✈❡r t❤❡ ✢♦♦❞♣❧❛✐♥ ❧♦❝❛t❡❞ ❛❧♦♥❣ t❤❡ ❤✐❧❧s❧♦♣❡ ✭❋✐❣✉r❡
✸✳✶✮✱ ✐t ❢❛❝✐❧✐t❛t❡s ✢♦✇ ✐♥ t❤❡ s❡❝♦♥❞❛r② ❝❤❛♥♥❡❧s✱ r❡s✉❧t✐♥❣ ✐♥ ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❲❙❊ ♠♦❞❡❧❡❞
❛t ▲✾✳ ❲❙❊ ♠♦❞❡❧❡❞ ❛t t❤❡ ✢♦♦❞ ♣❡❛❦✱ ✇❛s ❛❧s♦ ❤✐❣❤❡r t❤❛♥ ♦❜s❡r✈❡❞ ❛t ▲✹✱ ✇❤❡♥ ❛♣♣❧②✐♥❣
❛ ❝♦❡✣❝✐❡♥t ♦❢ 8m1/3/s ✐♥t♦ t❤❡ ✢♦♦❞♣❧❛✐♥✳ ❇② ❛♣♣❧②✐♥❣ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ r✐✈❡r❜❡❞
t♦ ❛ ♣♦rt✐♦♥ ♦❢ t❤❡ ✢♦♦❞♣❧❛✐♥ ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ t❤❡ ✉♣str❡❛♠ ❛♥❞ ❞♦✇♥str❡❛♠ ♠❡❛♥❞❡rs ♦❢ t❤❡
❞✐✤✉❡♥❝❡ ✭❋✐❣✉r❡ ✸✳✶✮✱ ✐t ❢❛❝✐❧✐t❛t❡s ✢♦✇ ♦✈❡r t❤✐s ❛r❡❛✱ r❡s✉❧t✐♥❣ ✐♥ ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❲❙❊
♠♦❞❡❧❡❞ ❛t ▲✹✳ ❚❤r♦✉❣❤♦✉t t❤✐s ❝❛❧✐❜r❛t✐♦♥ ♣r♦❝❡ss✱ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❜❡t✇❡❡♥ t❤❡
r✐✈❡r❜❡❞ ❛♥❞ ✢♦♦❞♣❧❛✐♥ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥ts ✇❛s ❛❧s♦ ❧❛t❡r❛❧❧② ❛❞❥✉st❡❞ ❛❧♦♥❣ s♦♠❡ s❡❝t✐♦♥s ♦❢
t❤❡ r✐✈❡r ✭✈❡❣❡t❛t❡❞ ❜❛♥❦✱ ❜❛❝❦✇❛t❡r✱ ❡t❝✳✮ t♦ ✜♥❡✲t✉♥❡ t❤❡ ❛❧✐❣♥♠❡♥t ✇✐t❤ ♦❜s❡r✈❡❞ ❲❙❊✳

❆❧t❤♦✉❣❤ t❤✐s ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥ts str♦♥❣❧② ✐♠♣r♦✈❡❞ t❤❡ ❤②❞r♦❞②♥❛♠✐❝
♠♦❞❡❧❧✐♥❣ ♦❢ ✢♦♦❞ ♣❡❛❦s✱ r❡s✉❧ts s❤♦✇ t❤❛t ❲❙❊ ✇❡r❡ ❧❛r❣❡❧② ♦✈❡r❡st✐♠❛t❡❞ ❛t ▲✼ ❛❢t❡r ✶✻✵ ❤
♦❢ s✐♠✉❧❛t✐♦♥✳ ❚❤✐s ♦✈❡r❡st✐♠❛t✐♦♥ ✐s ❞✉❡ t♦ ❛♥ ✐♥❝✐s✐♦♥ ❛♥❞ ❡♥❧❛r❣❡♠❡♥t ♦❢ t❤❡ ❝✉t♦✛ ❝❤❛♥♥❡❧
❧♦❝❛t❡❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ❧✐♠♥✐♠❡t❡r✱ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡ ✢♦♦❞✱ ❜✉t t❤❛t ✇❛s ♥♦ t❛❦❡♥
✐♥t♦ ❛❝❝♦✉♥t ✐♥ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ♠♦❞❡❧✳ ❚❤❡r❡❢♦r❡✱ ❜② ✉s✐♥❣ t❤❡ ❉❊▼ ♦❢ ✷✵✶✽ ✇✐t❤♦✉t ♠♦❞❡❧❧✐♥❣
t❤✐s ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥✱ t❤❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ ♦❜s❡r✈❡❞ ❲❙❊ st❛rts ❢♦❧❧♦✇✐♥❣ t❤❡ ✜rst ♣❡❛❦
❛♥❞ ♣r♦❣r❡ss✐✈❡❧② ✐♥❝r❡❛s❡s ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞✳ ❇② ✉s✐♥❣ t❤❡ ❉❊▼ ♦❢ ✷✵✶✾✱ ❛s ❡①♣❡❝t❡❞✱
♠♦❞❡❧❧❡❞ ❲❙❊ ✇❡r❡ ✉♥❞❡r❡st✐♠❛t❡❞ ❛t t❤❡ st❛rt ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥✱ ❜✉t ❛❧s♦ ❛t t❤❡ ❡♥❞✱ ❛s ✢♦♦❞s ♦❢
▼❛r❝❤ ✷✵✶✾ ❛❧s♦ ❝♦♥tr✐❜✉t❡ t♦ t❤❡ r✐✈❡r❜❡❞ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥✳ ❆t t❤❡ ✢♦♦❞ ♣❡❛❦✱ ♦❜s❡r✈❡❞
❲❙❊ ❧✐❡s ❜❡t✇❡❡♥ ❜♦t❤ ❝✉r✈❡s✱ t❤❡♥ ❛s ♣❛rt ♦❢ t❤✐s st✉❞② t❤❡ ♠❛①✐♠✉♠ ❜❡❞ s❤❡❛r str❡ss ✇❛s
❞❡t❡r♠✐♥❡❞ ❛t t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s P✹ ❜② ❝♦♠♣✉t✐♥❣ t❤❡ ♠❡❛♥ ✈❛❧✉❡✳

✸✳✹✳✷✳✷ ❇❡❞ s❤❡❛r str❡ss ❛♥❞ ✢♦✇ ❝♦♠♣❡t❡♥❝❡

❊①♣❡❝t ❢♦r P✹✱ t❤❡ ♠❛①✐♠✉♠ ❣r❛✐♥ s❤❡❛r str❡ss ✇❛s ❝♦♠♣✉t❡❞ ❛t ❡❛❝❤ ♣❛✐♥t❡❞ ♣❛t❝❤ ✉s✐♥❣ t❤❡
❉❊▼ ♦❢ ✷✵✶✽ ❢♦r t❤❡ ✢♦♦❞ ♦❢ ❉❡❝❡♠❜❡r ✷✵✶✽ ❛♥❞ t❤❡ ❉❊▼ ♦❢ ✷✵✶✾ ❢♦r t❤❡ ✢♦♦❞ ♦❢ ❋❡❜r✉❛r②
✷✵✶✾✳ ❚❛❜❧❡ ✸✳✶ s❤♦✇s t❤❛t t❤❡ ♠♦❞❡❧❧❡❞ ❣r❛✐♥ s❤❡❛r str❡ss r❛♥❣❡s ❜❡t✇❡❡♥ ✷✳✺ ❛♥❞ 33.5N/m2✱
t❤❡ ❤✐❣❤❡st ✈❛❧✉❡ ♦❢ 54.4N/m2 ❜❡✐♥❣ ♠♦❞❡❧❧❡❞ ❛t t❤❡ ♣❛✐♥t❡❞ ♣❛t❝❤ P✺✱ ❧♦❝❛t❡❞ ❛t t❤❡ ❝♦♥✈❡①
❜❛♥❦ ♦❢ ❛ ♠❡❛♥❞❡r✳ ❚❤❡ ✈❡❧♦❝✐t✐❡s ♠♦❞❡❧❧❡❞ ❛t t❤✐s ❝♦♥✈❡① ❜❛♥❦ ♠❛② ❜❡ ♦✈❡r❡st✐♠❛t❡❞ ❛s ❞❡♣t❤✲
❛✈❡r❛❣❡❞ ♠♦❞❡❧ ❛r❡ ✉♥❛❜❧❡ t♦ ♣r❡❞✐❝t t❤❡ ♠✐❣r❛t✐♦♥ ♦❢ ❤✐❣❤ ✈❡❧♦❝✐t② t♦✇❛r❞ t❤❡ ❝♦♥❝❛✈❡ ❜❛♥❦ ♦❢
❛ ♠❡❛♥❞❡r ❜❡♥❞✱ ✇✐t❤♦✉t ❛❞❞✐♥❣ s♦♠❡ ❝♦rr❡❝t✐♦♥ ❢♦r ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ ❧❛t❡r❛❧ ❝✉r✈❛t✉r❡ ❛♥❞
✈❡rt✐❝❛❧ ♥♦♥✉♥✐❢♦r♠ ✈❡❧♦❝✐t② ✭❇❡r♥❛r❞ ❛♥❞ ❙❝❤♥❡✐❞❡r✱ ✶✾✾✷✮✳ ❚❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❡st✐♠❛t❡s ❛t
t❤❡ ♣❛t❝❤❡s P✺ ✇❛s t❤❡r❡❢♦r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡ ❞❛t❛s❡t✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss
♠♦❞❡❧❧❡❞ ❛t ❡❛❝❤ ♣❛t❝❤ ❞❡❝r❡❛s❡❞ ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ✢♦♦❞ F2 ♦❢ ❧♦✇❡r ♠❛❣♥✐t✉❞❡✱ ❛♣❛rt ❛t ♣❛t❝❤
P✶✱ ✇❤❡r❡ ♠♦❞❡❧❧❡❞ ❣r❛✐♥ s❤❡❛r str❡ss ✇❛s r❡❧❛t✐✈❡❧② ❝♦♥st❛♥t✳ ❆ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ s❡❞✐♠❡♥t
❞❡♣♦s✐ts ✭∼ 30cm✮ ✇❛s ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ ❉❊▼ ♦❢ ✷✵✶✽ ❛♥❞ ✷✵✶✾✱ ♦✈❡r t❤❡ ❣r❛✈❡❧ ❜❛r ✇❤❡r❡
t❤❡ ♣❛t❝❤ P✶ ✇❛s s❡t✱ ❧♦❝❛❧❧② r❡❞✉❝✐♥❣ t❤❡ r✐✈❡r s❡❝t✐♦♥ ❛♥❞ t❤✉s ✐♥❝r❡❛s✐♥❣ t❤❡ ✢♦✇ ✈❡❧♦❝✐t②✳
❚❤✐s ❧♦❝❛❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r✐✈❡r s❡❝t✐♦♥ ❡①♣❧❛✐♥s ✇❤② t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss ♠♦❞❡❧❧❡❞ ❛t P✶ ✉s✐♥❣
t❤❡ ❉❊▼ ♦❢ ✷✵✶✾ ❞✐❞ ♥♦t ❞❡❝r❡❛s❡ ❛t ❛ ❧♦✇❡r ✢♦♦❞ ♣❡❛❦✳ ❘❡s✉❧ts s❤♦✇s t❤❛t ♣❛rt✐❝❧❡s ✇❡r❡
♥♦t tr❛♥s♣♦rt❡❞ ❢♦r ❛ ❣r❛✐♥ s❤❡❛r str❡ss ❧♦✇❡r t❤❛♥ 15N/m2✱ ♣❛rt✐❛❧ tr❛♥s♣♦rt ♦❝❝✉rr❡❞ ❜❡t✇❡❡♥
✶✾✳✽ ❛♥❞ 22.3N/m2✱ ✇❤✐❧❡ t♦t❛❧ tr❛♥s♣♦rt ❤❛♣♣❡♥❡❞ ❛❜♦✈❡ 32.5N/m2✳ ❚❤❡s❡ ♦❜s❡r✈❛t✐♦♥s ❜❡✐♥❣
❝♦❤❡r❡♥t✱ ✐t ❣✐✈❡s ✉s ❝♦♥✜❞❡♥❝❡ ✐♥ t❤❡ ♠❡t❤♦❞ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡✳ ❚❤❡ ❣r❛✐♥
s❤❡❛r str❡ss τ ′ ♠♦❞❡❧❧❡❞ ❛t ❡❛❝❤ ♣❛t❝❤ ✇❛s ❛❞✐♠❡♥t✐♦♥❛❧✐③❡❞✱ t♦ ❡①♣r❡ss t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θ
✭❡q✉❛t✐♦♥ ✸✳✶✮✱ ❜❛s❡❞ ♦♥ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡s ✭∼ D95✮ ♠❡❛s✉r❡❞ ❡✐t❤❡r ✇✐t❤✐♥
✭♥♦ ❡r♦s✐♦♥ ❛♥❞ t♦t❛❧ ❡r♦s✐♦♥✮ ♦r ♦✉t ✭♣❛rt✐❛❧ ❡r♦s✐♦♥✮ ♦❢ t❤❡ ♣❛t❝❤❡s✳ ❚❤❡ ❡st✐♠❛t❡❞ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r ✈❛❧✉❡s r❛♥❣❡❞ ❢r♦♠ ✵✳✵✵✷ t♦ ✵✳✵✷✾✳

✽✷



❋✐❣✉r❡ ✸✳✻✿ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✸✳✶✮ ❜❛s❡❞ ♦♥ ✭✐✮ t❤❡ ♠❛①✐♠✉♠ ❣r❛✐♥ s❤❡❛r
str❡ss ♠♦❞❡❧❧❡❞ ❛t ❡❛❝❤ ♣❛✐♥t❡❞ ♣❛t❝❤ ✭❞❡♥♦t❡❞ PP✮ ♦r tr❛❝❡r ❧♦❝❛t✐♦♥ ❛♥❞ t♦ ✭✐✐✮ t❤❡ s✐③❡ ♦❢
t❤❡ st✉❞✐❡❞ ♣❛rt✐❝❧❡s✱ ✇❤❡t❤❡r t❤❡② ❛r❡ ♠♦❜✐❧❡ ♦r ✐♠♠♦❜✐❧❡✳ ❚❤❡ ❣r❡❡♥ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts
❛♥ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ❢r♦♠ ♣❛rt✐❛❧❧② ❡r♦❞❡❞ ♣❛t❝❤❡s✱ ❛s✲
s✉♠✐♥❣ ❡q✉❛❧ ♠♦❜✐❧✐t② ✭b = 1✮✳ ❚❤❡ ❜❧❛❝❦ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts ❛♥ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ❢r♦♠ ✉♥❡r♦❞❡❞ ♣❛t❝❤❡s✱ ❛ss✉♠✐♥❣ ❡q✉❛❧ ♠♦❜✐❧✐t② ✭b = 1✮✳ ❚❤❡ r❡❞ ❞❛s❤❡❞
❧✐♥❡ r❡♣r❡s❡♥ts ❛♥ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ❢r♦♠ ♣❛rt✐❛❧❧② ❡r♦❞❡❞
♣❛t❝❤❡s✱ ❛ss✉♠✐♥❣ s✐③❡✲s❡❧❡❝t✐✈❡ tr❛♥s♣♦rt ✭b = 0.6✮

❚❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ❛t t❤❡ t✇♦ ♣❛✐♥t❡❞ ♣❛t❝❤❡s ✇❤❡r❡ ♣❛rt✐❛❧ tr❛♥s♣♦rt ♦❝❝✉rr❡❞✱
❝♦♥s✐❞❡r❡❞ ❛s ❝r✐t✐❝❛❧✱ ✇❡r❡ ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ D95 ♦❢ t❤❡ ♣❛rt✐❝❧❡s tr❛♥s♣♦rt❡❞ ♦✉t ♦❢ t❤❡
♣❛t❝❤ ✭❋✐❣✉r❡ ✸✳✻✮✳ ❘❡s✉❧ts s❤♦✇ ❛ ✈❛❧✉❡ ♦❢ θcr = 0.025 ❢♦r ❣r❛✐♥ s✐③❡s D ♦❢ ✹✳✾ ❛♥❞ 5.5cm✳ ❈♦♥✲
s✐❞❡r✐♥❣ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ ❣r❛✐♥ s❤❡❛r str❡ss ♠♦❞❡❧❧✐♥❣ ❛♥❞ ❣r❛✐♥ s✐③❡ ♠❡❛s✉r❡♠❡♥ts✱ ✐t s✉❣❣❡sts
t❤❛t ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❝♦✉❧❞ ❜❡ ❛s ❝♦♥st❛♥t ✭b = 0✮ ❛s ✈❛r✐❛❜❧❡ ✭b > 0✮✳ P❧♦tt✐♥❣ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡rs ❡st✐♠❛t❡❞ ❢r♦♠ ♣❛✐♥t❡❞ ♣❛t❝❤❡s✱ ✇❤❡r❡ t♦t❛❧ tr❛♥s♣♦rt ♦❝❝✉rr❡❞✱ r❡s✉❧ts ✐♥❞✐❝❛t❡s
t❤❛t ❝♦❛rs❡r ♣❛rt✐❝❧❡s ✇❡r❡ ♠♦❜✐❧✐③❡❞ ❢♦r ✈❛❧✉❡s ❧♦✇❡r t❤❛♥ ✵✳✵✷✺✱ ✇❤✐❝❤ ❞✐s♣r♦✈❡s t❤❡ ❤②♣♦t❤❡s✐s
♦❢ ❛ ❝♦♥st❛♥t ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r✳ ❚♦ ♠❛t❝❤ ✇✐t❤ ♦✉r r❡s✉❧ts✱ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r
s❤♦✉❧❞ ✈❛r② ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣❛rt✐❝❧❡s r❡❧❛t✐✈❡ s✐③❡✱ ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✸✳✻✮ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ ❛
r❡❢❡r❡♥❝❡ s✐③❡ ♦❢ 30mm✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❜❡❞ s✉r❢❛❝❡ D50✳ ❚❤❡ r❡s✉❧t✐♥❣ ❝✉r✈❡ ♠✉st ♣❛ss
✭✐✮ ❜❡t✇❡❡♥ ✈❛❧✉❡s ♦❢ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ♣❛rt✐❛❧ tr❛♥s♣♦rt✱ ✭✐✐✮ ❜❡❧♦✇
✈❛❧✉❡s ❞❡t❡r♠✐♥❡❞ ❢r♦♠ t♦t❛❧ tr❛♥s♣♦rt tr❛♥s♣♦rt✱ ✇❤❡r❡ t❤❡ t❤r❡s❤♦❧❞ ✇❛s ❧❛r❣❡❧② ❡①❝❡❡❞❡❞ ❛♥❞
✭✐✐✐✮ ❛❜♦✈❡ ✈❛❧✉❡s ✇❤❡r❡ ♥♦ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❡r❡ ♦❜s❡r✈❡❞✳ ■♥ t❤❡ ❧❛tt❡r ❝❛s❡✱ ❛s ♥♦♥❡ ♦❢ t❤❡
❞✐✛❡r❡♥t ♣❛rt✐❝❧❡ s✐③❡s ✇❡r❡ tr❛♥s♣♦rt❡❞ ❛t ❛ ❣r❛✐♥ s❤❡❛r str❡ss ♦❢ 14.3N/m2✱ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡
❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✉♥❞❡r ✇❤✐❝❤ ♥♦ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♦❝❝✉rr❡❞ ✇❛s ❝♦♠♣✉t❡❞ ❢♦r ❛❧❧ ♣❛rt✐❝❧❡
s✐③❡s✳ ❚❤❡ ❝✉r✈❡ ♦❢ ❡q✉❛❧ ♠♦❜✐❧✐t② ❜❡✐♥❣ ❧♦❝❛t❡❞ ❛❜♦✈❡ t❤✐s ❝✉r✈❡✱ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❤✐❞✐♥❣ ❢❛❝t♦r
❜ ❝♦✉❧❞ r❡❛❝❤ ✶✱ ❡✈❡♥ ✐❢ ✐t ✐s ✉♥❧✐❦❡❧②✱ s✐♥❝❡ ♣❛rt✐❛❧ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❛s ♦❜s❡r✈❡❞✳
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❚❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✇❛s ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✸✳✶✮ ❛t ❡❛❝❤ tr❛❝❡rs ❧♦❝❛t✐♦♥✱ ❛❝❝♦r❞✐♥❣ t♦
t❤❡✐r s✐③❡ ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ❜❡❞ s❤❡❛r str❡ss ♠♦❞❡❧❧❡❞ ✇❤❡r❡ t❤❡② ✇❡r❡ r❡❝♦✈❡r❡❞ ✭❛t S0 ❢♦r
♠♦❜✐❧❡ ❛♥❞ ❛t S1 ❢♦r ✐♠♠♦❜✐❧❡✮✳ ❇② ❛❞❞✐♥❣ t♦ ✜❣✉r❡ ✸✳✻ t❤❡ ✈❛❧✉❡s ❡st✐♠❛t❡❞ ❢♦r ✐♠♠♦❜✐❧❡
tr❛❝❡rs✱ t❤❡ r❡s✉❧ts s❤♦✇ t✇♦ ❞✐✛❡r❡♥t t❡♥❞❡♥❝✐❡s ✈❛r②✐♥❣ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛❝❡r s✐③❡s✳ ▼♦st
✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢♦r ✐♠♠♦❜✐❧❡ tr❛❝❡rs ✜♥❡r t❤❛♥ ✼✵ ♠♠ ✇❡r❡ ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❝✉r✈❡ ✉♥❞❡r ✇❤✐❝❤
♥♦ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♦❝❝✉rr❡❞✱ t❤❡r❡❜② ✈❛❧✐❞❛t✐♥❣ t❤❡ ♣r❡✈✐♦✉s r❡s✉❧t✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ❧❛r❣❡
♥✉♠❜❡r ♦❢ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢♦r ❝♦❛rs❡r ✐♠♠♦❜✐❧❡ tr❛❝❡rs ✇❡r❡ ❛❜♦✈❡ t❤❡ ❝✉r✈❡ ♦❢ ❜ ❡q✉❛❧ ✶✱ ✇❤✐❝❤
❝♦♥✜r♠s t❤❛t ❡♥tr❛✐♥♠❡♥t ♦❢ ♣❛rt✐❝❧❡s ♦❝❝✉rs ✐♥ ❛ s✐③❡✲s❡❧❡❝t✐✈❡ ✇❛② ✭b < 1✮ r❛t❤❡r t❤❛♥ ❜② ❡q✉❛❧
♠♦❜✐❧✐t② ✭b = 1✮✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝✉r✈❡ ♦❢ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r s❤♦✉❧❞ ♣❛ss ❛❜♦✈❡ ✈❛❧✉❡s
♦❜t❛✐♥❡❞ ❢♦r ❜♦t❤ ✜♥❡r ❛♥❞ ❝♦❛rs❡r ✐♠♠♦❜✐❧❡ tr❛❝❡rs✱ ✇❤✐❧❡ r❡s♣❡❝t✐♥❣ r❡❝♦♠♠❡♥❞❛t✐♦♥s ♠❛❞❡
❡❛r❧✐❡r✳ ❚♦ ♠❡❡t ❛❧❧ t❤❡s❡ ❝r✐t❡r✐❛✱ ❛♥ ❛❣r❡❡♠❡♥t ❤❛s ❜❡❡♥ r❡❛❝❤❡❞ ❜② s❡tt✐♥❣ ❛ ❤✐❞✐♥❣ ❢❛❝t♦r
♦❢ ✵✳✻✱ ✇❤✐❝❤ ❛❧❧♦✇❡❞ t♦ r♦t❛t❡ t❤❡ ❝✉r✈❡ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❛r♦✉♥❞ t❤❡ r❡❢❡r❡♥❝❡
♣❛rt✐❝❧❡ s✐③❡ ♦❢ 30mm✳ ❚❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr,D50 ❡st✐♠❛t❡❞ ❢♦r t❤✐s ♣❛rt✐❝❧❡ s✐③❡ ♦❢
30mm✱ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❜❡❞ s✉r❢❛❝❡ D50 ✇❛s ✵✳✵✸✺✱ ✇❤✐❝❤ ❛❧❧♦✇❡❞ t♦ ❡①♣r❡ss t❤❡ ❢♦❧❧♦✇✐♥❣
❧❛✇✿

θcr,i = 0.035

(

Di

0.03

)−0.6

✭✸✳✶✻✮

■♥ ♦r❞❡r t♦ ❝♦♥✜r♠ t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤✐s ❧❛✇✱ t❤❡ ✈❛❧✉❡ ♦❢ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ❢♦r
♠♦❜✐❧❡ tr❛❝❡rs ✇❡r❡ ❛❞❞❡❞ t♦ t❤❡ ✜❣✉r❡ ✸✳✻✳ ❆s ✇❡ ❝❛♥ s❡❡✱ ❛❧♠♦st ❛❧❧ ♦❢ t❤❡♠ ✇❡r❡ ❛❜♦✈❡ t❤❡
❝✉r✈❡ ❢r♦♠ ❡q✉❛t✐♦♥ ✸✳✶✻✱ ❡①❝❡♣t s♦♠❡ tr❛❝❡rs ❜❡t✇❡❡♥ 70 − 90mm t❤❛t ✇❡r❡ tr❛♥s♣♦rt❡❞ ❢♦r ❛
❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❧♦✇❡r t❤❛♥ t❤❡ ❡st✐♠❛t❡❞ ❝r✐t✐❝❛❧ ✈❛❧✉❡✳ ❆s s♦♠❡ ♦❢ t❤❡s❡ tr❛❝❡rs ✇❡r❡ ❛❧s♦
❜❡❧♦✇ t❤❡ ❝✉r✈❡ ♦❢ ❡q✉❛❧ ♠♦❜✐❧✐t②✱ ✇❡ s✉♣♣♦s❡❞ t❤❛t t❤❡s❡ ♣❛rt✐❝❧❡s ♠❛② ❤❛✈❡ ♣r♦tr✉❞❡❞ ❢r♦♠
r✐✈❡r❜❡❞ ❛❢t❡r t❤❡✐r ✐♥❥❡❝t✐♦♥ ❛♥❞ t❤✉s ✇❡r❡ ♠♦r❡ ❡❛s✐❧② ❡♥tr❛✐♥❡❞✳

❚❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr := 0.035 ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞② ✇✐t❤ ❛ ♠❡❞✐✉♠ ❣r❛✐♥ s✐③❡
♦❢ D50 = 30mm✱ ❢❛❧❧s ✇✐t❤✐♥ t❤❡ ❝❧❛ss✐❝❛❧ r❛♥❣❡ ♦❢ ✵✳✵✷ t♦ ✵✳✵✻✺ r❡♣♦rt❡❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ❢♦r
r♦✉❣❤ t✉r❜✉❧❡♥t ✢♦✇ ✭❇✉✣♥❣t♦♥ ❛♥❞ ▼♦♥t❣♦♠❡r②✱ ✶✾✾✼✮✳ ❚❤✐s ✈❛❧✉❡ ✐s ♠✉❝❤ ❧♦✇❡r t❤❛♥ t❤❡
✈❛❧✉❡ ♦❢ ✵✳✵✻ ♣r❡❞✐❝t❡❞ ❢♦r ❛ ♠❡❞✐❛♥ ❣r❛✐♥ s✐③❡ ♦❢ 30mm✱ ❜② t❤❡ ❝❧❛ss✐❝❛❧ ❙❤✐❡❧❞s✲❨❛❧✐♥ ❞✐❛❣r❛♠
✭❨❛❧✐♥✱ ✶✾✾✷✮✱ ❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ❙♦✉❧s❜② ❛♥❞ ❲❤✐t❡❤♦✉s❡ ✭✶✾✾✼✮ ❢♦r♠✉❧❛✳ ❚❤✐s ❤✐❣❤❡r ✈❛❧✉❡✱
❤♦✇❡✈❡r✱ ✐s ✉♥r❡❛❧✐st✐❝ ❢♦r ♦✉r ❝❛s❡ st✉❞② ❛s s❤♦✇♥ ❜② ♦✉r r❡s✉❧ts✱ s✐♥❝❡ t❤❡ tr❛❝❡rs ♠♦✈❡❞
❛❜♦✈❡ ❛ ✈❛❧✉❡ ♦❢ ✵✳✵✹✳ ❖✉r r❡s✉❧ts ❛r❡ ♠✉❝❤ ❝❧♦s❡r t♦ t❤❡ t❤r❡s❤♦❧❞ ♦❢ ✵✳✵✸ ♣r❡❞✐❝t❡❞ ❜② t❤❡
❙❤✐❡❧❞s✲P❛r❦❡r ❞✐❛❣r❛♠ ✭P❛r❦❡r ❡t ❛❧✳✱ ✷✵✵✸✮✳ ❈♦♥s✐❞❡r✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ r✐✈❡r s❧♦♣❡✱ ❛
✈❛❧✉❡ ♦❢ ✵✳✵✷✹ ✇❛s ♦❜t❛✐♥❡❞ ✉s✐♥❣ t❤❡ ❧❛✇ ♣r♦♣♦s❡❞ ❜② ✭❘❡❝❦✐♥❣✱ ✷✵✵✾✮✱ ❜❛s❡❞ ♦♥ ❛♥ ❛✈❡r❛❣❡
s❧♦♣❡ ♦❢ 1.2❻✳ ❚❤✐s ❧♦✇❡r ✈❛❧✉❡ ❝♦♠♣❛r❡❞ t♦ ♦✉r r❡s✉❧ts s❡❡♠s t♦ ❜❡ ❛♥ ✉♥❞❡r❡st✐♠❛t✐♦♥ s✐♥❝❡
♥♦ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❛s ♦❜s❡r✈❡❞ ❜❡❧♦✇ ❛ ✈❛❧✉❡ ♦❢ ✵✳✵✸✳ ❆s ♠♦st ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
❧❛✇s ✐♥✈♦❧✈❡ ❛ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ✭❝❢✳ ❡q✉❛t✐♦♥ ✸✳✷✮✱ ✉s✐♥❣ ❛ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞
❢r♦♠ ✢✉♠❡ ❡①♣❡r✐♠❡♥ts ✇♦✉❧❞ r❡s✉❧t t♦ ✉♥❞❡r❡st✐♠❛t❡❞ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt✱ ✇❤✐❧❡ ✉s✐♥❣ ❛
❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ r✐✈❡r s❧♦♣❡ ✇♦✉❧❞ r❡s✉❧t t♦ ♦✈❡r❡st✐♠❛t❡ t❤❡ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt✳ ❚❤❡ ❡①♣♦♥❡♥t ♦❢ ✵✳✻ ❢♦✉♥❞ ✐♥ t❤✐s st✉❞②✱ ❢♦r ❤✐❞✐♥❣✴❡①♣♦s✉r❡ ❡✛❡❝ts ✭❡q✉❛t✐♦♥ ✸✳✻✮✱
❢❛❧❧s ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ ✵✳✺ t♦ ✵✳✼ ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ❧❛r❣❡st ♣❛rt✐❝❧❡ s✐③❡ ♠♦✈✐♥❣ ✉♥❞❡r ❞✐✛❡r❡♥t
✢♦✇ ❝♦♥❞✐t✐♦♥s ✭❑♦♠❛r✱ ✶✾✽✼❀ ❆s❤✇♦rt❤ ❛♥❞ ❋❡r❣✉s♦♥✱ ✶✾✽✾✮✳ ❖✉r r❡s✉❧ts ❝❧♦s❡❧② ❛❧✐❣♥ ✇✐t❤ t❤❡
❡♠♣✐r✐❝❛❧ ❧❛✇ ♣r♦♣♦s❡❞ ❜② ❑♦♠❛r ✭✶✾✽✼✮✱ ✇❡r❡ b = 0.68 ✭❋✐❣✉r❡ ✸✳✼✮✱ ✇❤✐❝❤ ✇❛s ❛❧s♦ ❞❡t❡r♠✐♥❡❞
❢r♦♠ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❡st✐♠❛t✐♦♥✳ ❚❤❡ ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ✐♥ t❤✐s ❛rt✐❝❧❡✱ ❝♦♠❜✐♥✐♥❣ t❤❡ s✉r✈❡② ♦❢
❜♦t❤ ♣❛t❝❤❡s ❡r♦s✐♦♥ ❛♥❞ tr❛❝❡r ♠♦❜✐❧✐t②✱ ❛♣♣❡❛rs t♦ ❜❡ ❤✐❣❤❧② ❛❝❝✉r❛t❡ ❢♦r ❝❛❧✐❜r❛t✐♥❣ ❜♦t❤ t❤❡
❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❛♥❞ t❤❡ ❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡①♣♦♥❡♥t b ✐♥ ❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r②
♠♦❞❡❧✳
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❋✐❣✉r❡ ✸✳✼✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ❤✐❞✐♥❣ ❢✉♥❝t✐♦♥s ✿ ✐♥ ❛❧❧ st✉❞✐❡s θci = θcr

(

Di

Dr

)−b

✇✐t❤

b ∈ [0.33; 0.98] ❡①❝❡♣t ✐♥ ❊❣✐❛③❛r♦✛ ✭✶✾✻✺✮ ✇❤❡r❡ θci =
(

log(19)/ log(19Di

Dr
)
)2

✳

✸✳✹✳✸ ❆ss❡ss♠❡♥t ♦❢ t❤❡ ❝r✐t✐❝❛❧ s❤❡❛r str❡ss ❡st✐♠❛t✐♦♥

❚❤❡ ❛❜✐❧✐t② ♦❢ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ t♦ ♣r❡❞✐❝t t❤❡ s❡❞✐♠❡♥t ♠♦t✐♦♥✱ ✉s✐♥❣ t❤❡ t❤r❡s❤✲
♦❧❞ ✈❛❧✉❡ ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞②✱ ✇❛s ❛ss❡ss❡❞ ❛t t❤❡ s❝❛❧❡ ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡ ❘✐✈❡r✏✱ ❜② ❝♦♠✲
♣❛r✐♥❣ ✭✐✮ t❤❡ ♠❛①✐♠✉♠ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♠♦❞❡❧❡❞ ♦✈❡r ❡r♦❞❡❞ ❛r❡❛s t♦ ✭✐✐✮ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r θcr,D50 ❡st✐♠❛t❡❞ ❢♦r t❤❡ ❜❡❞ s✉r❢❛❝❡ D50✳ ❚❤❡ ❡r♦❞❡❞ ❛r❡❛s ✇❡r❡ ✐❞❡♥t✐✜❡❞ ❜② ❝❛❧❝✉✲
❧❛t✐♥❣ ❞✐✛❡r❡♥❝❡s ✐♥ ❡❧❡✈❛t✐♦♥ ❩ ❜❡t✇❡❡♥ ✷✵✶✽ ❛♥❞ ✷✵✶✾ ❉❊▼s✱ ♦✈❡r t❤❡ 88% ♦❢ r✐✈❡r❜❡❞ s✉r❢❛❝❡s✱
❜❡✐♥❣ ❝♦✈❡r❡❞ ❞✉r✐♥❣ ❜♦t❤ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ▲✐❉❆❘ s✉r✈❡②s A1 ❛♥❞ A2✳ ❖✈❡r t❤✐s 62ha st✉❞②
❛r❡❛✱ s❡❞✐♠❡♥t ❞❡♣♦s✐t ✭∆Z ≥ 10cm✮ ❛♥❞ ❜❡❞ ❡r♦s✐♦♥ ✭∆Z ≤ −10cm✮ ♦❝❝✉rr❡❞ ♦♥ 28% ❛♥❞ 7%
♦❢ t❤❡ r✐✈❡r❜❡❞✱ r❡s♣❡❝t✐✈❡❧②✱ ✇❤✐❧❡ r❡♠❛✐♥✐♥❣ s✉r❢❛❝❡s ✇❡r❡ ❝♦♥s✐❞❡r❡❞ st❛❜❧❡✳ ❚❤❡ ♣r♦♣♦rt✐♦♥ ♦❢
❡r♦❞❡❞ ❛r❡❛s ✐s s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❞❡♣♦s✐t✐♦♥ ❛r❡❛s✱ ❛s s✉r❢❛❝❡s ♦❢ ❡r♦❞❡❞
❜❛♥❦s ❛r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ❝♦♠♣✉t❛t✐♦♥✳ ❖✉t ♦❢ t❤❡ 4.4ha ✇❤❡r❡ ❜❡❞ ❡r♦s✐♦♥ ✇❛s ♦❜s❡r✈❡❞✱
♦♥❧② 3.6ha ✇❡r❡ st✉❞✐❡❞✱ ❡①❝❧✉❞✐♥❣ ✈❡r② ❧♦❝❛❧✐③❡❞ ❡r♦❞❡❞ ❛r❡❛s t❤❛t ❛r❡ s♣❛r❡❧② ❞✐str✐❜✉t❡❞ ❛❧♦♥❣
t❤❡ r✐✈❡r ❛♥❞ ❝♦♥s✐❞❡r❡❞ ❛s ❡♣✐♣❤❡♥♦♠❡♥❛✳ ❚❤✐s s✉r❢❛❝❡ ❣❛t❤❡rs ✶✹✸ s♣❛t✐❛❧ ❡♥t✐t✐❡s✱ r❛♥❣✐♥❣
❢r♦♠ ❛ ❢❡✇ sq✉❛r❡ ♠❡t❡r t♦ t❤♦✉s❛♥❞s ♦❢ sq✉❛r❡ ♠❡t❡rs ✇✐t❤ ❛ ♠❡❞✐❛♥ s✐③❡ ♦❢ 30m2✳ ❚❤❡s❡ ❛r❡❛s
❛r❡ ♠❛✐♥❧② ❞✐str✐❜✉t❡❞ ✐♥ t❤❡ ♠❡❛♥❞❡r✐♥❣ ♣❛rt ♦❢ t❤❡ r✐✈❡r ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ t❤❡ ❞❛♠ ♦❢ ❇❛✐♥✈✐❧❧❡
❛♥❞ ❇❛②♦♥ ✭❋✐❣✉r❡ ✸✳✶ ❜✮✳ ❚❤❡ t❤✐❝❦♥❡ss ♦❢ ♦❜s❡r✈❡❞ ❡r♦❞❡❞ ❜❡❞ r❛♥❣❡❞ ❢r♦♠ ✲✶✵ t♦ −50cm✳
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❋✐❣✉r❡ ✸✳✽✿ ❙t❛t✐st✐❝❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❝♦♠♣✉t❡❞ ♦✈❡r ❛❧❧ ❛r❡❛s ❡r♦❞❡❞
✭∆Z ≤ −10cm✮ ❜❡t✇❡❡♥ ▲✐❉❆❘ s✉r✈❡②s A1 ❛♥❞ A2✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r
❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞② θcr := 0.035 ✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♠❛①✐♠✉♠
❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♠♦❞❡❧❡❞ ♦✈❡r ❡r♦❞❡❞ ❛r❡❛s ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ ❛ r❡❛❝❤ ❧♦❝❛t❡❞ ❛t t❤❡ ❞♦✇♥str❡❛♠
♣❛rt ♦❢ t❤❡ st✉❞② s✐t❡✳

❚❤❡ ❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❝♦♠♣✉t❡❞ ♦✈❡r ❡r♦❞❡❞ ❛r❡❛s ✉s✐♥❣ ❛
✉♥✐q✉❡ ❣r❛✐♥ s✐③❡ ♦❢ 30mm ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ❣r❛✐♥ s❤❡❛r str❡ss ♠♦❞❡❧❧❡❞ ✇✐t❤ t❤❡ ❉❊▼ ♦❢ ✷✵✶✽
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✸✳✽✳ ❈♦♠♣✉t❡❞ ✈❛❧✉❡s ✈❛r② ❜❡t✇❡❡♥ ✵✳✵✵✺ ❛♥❞ ✵✳✷ ✇✐t❤✐♥ t❤r❡❡ ♠❛✐♥
❝❧❛ss❡s ✿ ✵✳✵✵✺ ✲ ✵ ✵✻✺✱ ✵✳✵✻✺ ✲ ✵✳✵✶✷ ❛♥❞ ❛❜♦✈❡ ✵✳✶✷✳ ❆♥ ❛♥❛❧②s✐s ♦❢ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢
t❤❡ ✈❛❧✉❡s s❤♦✇s t❤❛t ✉s✉❛❧❧② ❛ ♣❛t❝❤ ♦❢ ❡r♦s✐♦♥ ❣❛t❤❡r❡❞ ✈❛❧✉❡s ❢r♦♠ ❛ ✉♥✐q✉❡ ❣r♦✉♣✳ ❱❛❧✉❡s
❛❜♦✈❡ ✵✳✶✷ ❛r❡ ❛❧❧ ❧♦❝❛t❡❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ♣♦✐♥ts ✇❤❡r❡ t❤❡ r✐✈❡r ♠❡❡ts ❤✐❧❧s✐❞❡✱ ❛t ▲✶✵ ❛♥❞
✉♣str❡❛♠ t♦ ▲✶✶✱ ✇❤❡r❡ t❤❡ ❜❡❞r♦❝❦ ✐s ❧♦❝❛❧❧② ♦✉t❝r♦♣♣✐♥❣✳ ❱❛❧✉❡s ❜❡t✇❡❡♥ ✵✳✵✻✺ ❛♥❞ ✵✳✵✶✷ ❛r❡
♠❛✐♥❧② ❧♦❝❛t❡❞ ♦♥ t❤❡ ✉♣str❡❛♠ ♣❛rts ♦❢ t❤❡ ❝♦♥✈❡① ❜❛r✱ ✇❤❡r❡ ❣r❛✐♥ s✐③❡s ❛r❡ s✉♣♣♦s❡❞ t♦ ❜❡
❝♦❛rs❡r✱ ❛♥❞ ❛❧♦♥❣ r✉♥s ✇❤❡r❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts s❤♦✇ ✜♥❡r ❣r❛✐♥ s✐③❡s✳ ❱❛❧✉❡s ❜❡❧♦✇ ✵✳✵✻✺
✇❡r❡ ❧♦❝❛t❡❞ ♦♥ ♠❛♥② ♣❛t❝❤❡s✱ ❣❡♥❡r❛❧❧② ♦❢ ❛ s♠❛❧❧❡r s✐③❡ ❛♥❞ ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ r✐✈❡r ❝❧♦s❡
t♦ ❝✉r✈❡❞ s❡❝t✐♦♥s✱ ✇❤❡r❡ ❜❛♥❦ ❡r♦s✐♦♥ ♦r s❡❞✐♠❡♥t ❞❡♣♦s✐t ♦❝❝✉rr❡❞✳ ■♥ ♠♦st ♦❢ t❤❡s❡ ♣❛t❝❤❡s✱
t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ✈❛❧✉❡s ❜❡❧♦✇ ✵✳✵✸✺ ✈❛r✐❡s ❜❡t✇❡❡♥ ♦♥❡ q✉❛rt❡r ❛♥❞ ♦♥❡ t❤✐r❞ ♦❢ t❤❡ s✉r❢❛❝❡✱
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ♣❛t❝❤✳ ❚❤❡s❡ ✈❛❧✉❡s ♦❢ θ ❛r❡ ❧❛t❡r❛❧❧② ❞✐str✐❜✉t❡❞ ✇✐t❤✐♥ t❤❡
♣❛t❝❤❡s✱ ✈❛❧✉❡s ❤✐❣❤❡r t❤❛♥ θcr ✇❡r❡ ❝❧♦s❡r t♦ t❤❡ ❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ r✐✈❡r✱ ✇❤✐❧❡ ✈❛❧✉❡s ❧♦✇❡r
t❤❛♥ θcr ✇❡r❡ ❛❧✇❛②s ♥❡❛r t❤❡ ❝♦♥✈❡① ❜❛♥❦ ✭❋✐❣✉r❡ ✸✳✽✮✳ ❚❤✐s ✐♠♣❧✐❡s t❤❛t✱ ✉s✐♥❣ t❤✐s ❤②❞r❛✉❧✐❝
s✐♠✉❧❛t✐♦♥ ❛♥❞ t❤❡ ❡st✐♠❛t❡❞ ❝r✐t✐❝❛❧ ✈❛❧✉❡s✱ ✇❡ ✇♦✉❧❞ ♥♦t ❤❛✈❡ ❜❡❡♥ ❛❜❧❡ t♦ ♣r❡❞✐❝t t❤❡ s❡❞✐♠❡♥t
tr❛♥s♣♦rt t❤❛t ♦❝❝✉rr❡❞ ♥❡❛r t❤❡ r✐✈❡r❜❛♥❦ ✐♥ t❤❡s❡ ❝✉r✈❡❞ s❡❝t✐♦♥s✳

✽✻



❆ss✉♠✐♥❣ t❤❛t t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✇❛s ✇❡❧❧ ❡st✐♠❛t❡❞ ❛♥❞ t❤❛t ❣r❛✐♥ s✐③❡ ❛r❡
r❡❧❛t✐✈❡❧② ❝♦♥st❛♥t ❛❝r♦ss r✐✈❡r s❡❝t✐♦♥s✱ ♦♥❡ ❡①♣❧❛♥❛t✐♦♥ ❝♦✉❧❞ ❜❡ t❤❛t t❤❡ ❜❡❞ s❤❡❛r str❡ss
✐s ✉♥❞❡r❡st✐♠❛t❡❞ ❝❧♦s❡ t♦ ❝♦♥❝❛✈❡ ❜❛♥❦s✳ ❚❤✐s ♠❛② ❛r✐s❡ ❢r♦♠ t✇♦ ♠♦❞❡❧❧✐♥❣ ❝❤♦✐❝❡s t❤❛t
✐♥✢✉❡♥❝❡ t❤❡ ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ✈❡❧♦❝✐t✐❡s✿ ✭✐✮ t❤❡ ❛❜s❡♥❝❡ ♦❢ s❡❝♦♥❞❛r② ❝✉rr❡♥ts ✇❤✐❝❤ ❛r❡
❝❧❛ss✐❝❛❧❧② ✉s❡❞ t♦ r❡❞✐str✐❜✉t❡ t❤❡ ✢♦✇ ♠♦♠❡♥t✉♠ t♦✇❛r❞s ❝♦♥❝❛✈❡ ❜❛♥❦s ❛♥❞ ✭✐✐✮ t❤❡ ✜①❡❞
❜❡❞ ✇❤✐❝❤ ♣r❡✈❡♥ts ❢r♦♠ ♠♦❞✐✜❝❛t✐♦♥ ♦❢ t❤❡ r✐✈❡r s❡❝t✐♦♥ ♦r ❧❛t❡r❛❧ ♠✐❣r❛t✐♦♥ ❛❝t✐♥❣ ✐♥ t❤❡
✢♦✇ ❞✐str✐❜✉t✐♦♥✳ ❚❤❡ ✜rst ❤②♣♦t❤❡s✐s ♦❢ ♥❡❣❧❡❝t✐♥❣ s❡❝♦♥❞❛r② ❝✉rr❡♥ts st❡♠s ❢r♦♠ t❤❡ ❢❛❝t
t❤❛t ✐t ✐s ❛ ❝♦♠♣❧❡① ♣❛r❛♠❡t❡r✐③❛t✐♦♥✱ ❛♥❞ ❞❡❢❛✉❧t ♣❛r❛♠❡t❡rs ❇❡r♥❛r❞ ❛♥❞ ❙❝❤♥❡✐❞❡r ✭✶✾✾✷✮ ❢♦r
♣r♦❞✉❝t✐♦♥✴❞✐ss✐♣❛t✐♦♥ ♦❢ ✈♦rt✐❝✐t② s❡❡♠s ♥♦t ❛❞❛♣t❡❞ t♦ ♦✉r ❝❛s❡ ✲ t❤❡✐r ❡st✐♠❛t✐♦♥ r❡q✉✐r✐♥❣
✈❡r② ❞❡t❛✐❧❧❡❞ ✢♦✇ ✈❡❧♦❝✐t② ♣r♦✜❧❡s ❛s s❤♦✇♥ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✐♥ ♣r❡♣✳ ■♥ ♦r❞❡r t♦ ✈❡r✐❢② t❤❡ s❡❝♦♥❞
❤②♣♦t❤❡s✐s✱ ✇❡ r❛♥ ❤②❞r❛✉❧✐❝ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣ ❜♦t❤ ❉❊▼s ♦❢ ✷✵✶✽ ❛♥❞ ✷✵✶✾✳ ❋♦r ❡❛❝❤ ♦❢ t❤❡s❡
s✐♠✉❧❛t✐♦♥s✱ t❤❡ ❝✉♠✉❧❛t✐✈❡ ❢r❡q✉❡♥❝② ♦❢ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✈❛❧✉❡ ❝♦♠♣✉t❡❞ ♦✈❡r ❛r❡❛s ✇❤✐❝❤
✇❡r❡ ❡r♦❞❡❞ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✸✳✽✳ ❘❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✇❛s ♥♦t
❡①❝❡❡❞❡❞ ♦✈❡r 22% ❛♥❞ 25% ♦❢ ❡r♦❞❡❞ ❛r❡❛s✱ ✉s✐♥❣ ❉❊▼s ♦❢ ✷✵✶✽ ❛♥❞ ✷✵✶✾✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤✐s
♠❡❛♥s t❤❛t ✉♥❞❡r❡st✐♠❛t✐♦♥s ♦❢ t❤❡ ❜❡❞ s❤❡❛r str❡ss ♦❜s❡r✈❡❞ ❝❧♦s❡ t♦ ❜❛♥❦ ❛r❡ ♥♦t r❡❧❛t❡❞ t♦
❝❤❛♥❣❡s ✐♥ ✢♦✇ ❞✐str✐❜✉t✐♦♥ ❝❛✉s❡❞ ❜② ❜❡❞ ♠✐❣r❛t✐♦♥ ❞✉r✐♥❣ ✢♦♦❞s✳ ❚❤❡ ♠♦❞❡❧❧✐♥❣ ♦❢ s❡❝♦♥❞❛r②
❝✉rr❡♥ts ❝♦✉❧❞ t❤❡r❡❢♦r❡ ✐♠♣r♦✈❡ t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ s❡❞✐♠❡♥t ♠♦t✐♦♥ ✐♥ ❝✉r✈❡❞ s❡❝t✐♦♥✱ ❛s ✇❡❧❧
❛s t❤❡ ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ t❤❡ s❧♦♣❡ ❡✛❡❝ts ♦♥ s❡❞✐♠❡♥t ♠♦t✐♦♥ ❛♥❞ t❤❡ s♣❛t✐♦✲t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥
♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥✳ ❍♦✇❡✈❡r✱ ♦✉r ♠♦❞❡❧ ✐s st✐❧❧ ❛❜❧❡ t♦ ♣r❡❞✐❝t s❡❞✐♠❡♥t
♠♦❜✐❧✐③❛t✐♦♥ ✐♥ 78% ♦❢ t❤❡ ❛r❡❛s ✇❤❡r❡ ❡r♦s✐♦♥ ✇❛s ♦❜s❡r✈❡❞✳ ❆s s❡❞✐♠❡♥t ♠♦❜✐❧✐③❛t✐♦♥ ✐s ♥♦t
❛❧✇❛②s ✐♥❞✐❝❛t✐✈❡ ♦❢ ❜❡❞ ❡r♦s✐♦♥✱ ❛ ♠♦r❡ ✐♥✲❞❡♣t❤ st✉❞② ✇♦✉❧❞ r❡q✉✐r❡ ♠♦❞❡❧✐♥❣ t❤❡ ♠♦r♣❤♦❧♦❣✐❝❛❧
❡✈♦❧✉t✐♦♥ t❤❡ r✐✈❡r✳

✸✳✺ ❈♦♥❝❧✉s✐♦♥

❚❤❡ ♥❡✇ ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ✐♥ t❤✐s ❛rt✐❝❧❡ ❡♥❛❜❧❡s t♦ ❛❝❝✉r❛t❡❧② ❞❡t❡r♠✐♥❡ t❤❡ ❝r✐t✐❝❛❧ s❤✐❡❧❞s
♣❛r❛♠❡t❡r ❛♥❞ t❤❡ ❝♦❡✣❝✐❡♥t b ❢♦r ❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡✛❡❝ts✳ ❖♥ t❤❡ ♦♥❡ ❤❛♥❞✱ ✐t r❡❧✐❡s ♦♥
♣❛✐♥t❡❞ ♣❧❛❝❡s t❤❛t ❛❞✈❛♥t❛❣❡♦✉s❧② ❡♥❛❜❧❡ t♦ ❡st✐♠❛t❡ ✈❡r② ❧♦❝❛❧❧② ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✉♥❞❡r r❡❛❧
❝♦♥❞✐t✐♦♥s ✇❤✐❧❡ ❝♦♥s✐❞❡r✐♥❣ ♥❛t✉r❛❧ ✐♠❜r✐❝❛t✐♦♥ ♦❢ s❡❞✐♠❡♥ts✳ ❋r♦♠ t❤❡ ♠♦❜✐❧✐t② ♦❢ ♣❛rt✐❝❧❡s
❢r♦♠ ❡❛❝❤ ♦❢ t❤❡ ✻ ♣❛✐♥t❡❞ ♣❧❛❝❡s ♦✈❡r t❤❡ ✽ ❦♠ ♦❢ t❤❡ st✉❞✐❡❞ r❡❛❝❤✱ ✇❡ ❢♦✉♥❞ ♠❛s❦✐♥❣ ❛♥❞
s✉r❡①♣♦s✐t✐♦♥ ❡✛❡❝ts ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡ ❤✐❞✐♥❣ ❝♦❡✣❝✐❡♥t ♠✐❣❤t ❜❡ ❤✐❣❤❡r t❤❛♥ ✵✳

❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡ ♣r♦♣♦s❡❞ ♠❡t❤♦❞ ❛❧s♦ ✉s❡s ❘❋■❉ tr❛❝❡rs t❤❛t ❛❞✈❛♥t❛❣❡♦✉s❧② ♣r♦✲
✈✐❞❡ ❛ ❧❛r❣❡ ❛♠♦✉♥t ♦❢ ✐♥❢♦r♠❛t✐♦♥ ✇✐t❤ tr❛❝❡rs ❝♦✈❡r✐♥❣ ❛ ❧❛r❣❡ r❛♥❣❡ ♦❢ ♣❛rt✐❝❧❡ ❞✐❛♠❡t❡rs ❛♥❞
✢♦✇ ❝♦♥❞✐t✐♦♥s✱ ❞❡s♣✐t❡ ❧♦✇❡r ♣♦s✐t✐♦♥ ❛❝❝✉r❛❝②✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ✉s❡ ♦❢ ❛ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧✱
t❤❡ s♣❛t✐❛❧✐③❡❞ ❢r✐❝t✐♦♥ ♦❢ ✇❤✐❝❤ ✐s ✜♥❡❧② ❝❛❧✐❜r❛t❡❞ ♦♥ ✐♥ s✐t✉ ❞❛t❛✱ ❝r✉❝✐❛❧❧② ❣✐✈❡s ❛❝❝❡ss t♦ ❛♥
❛❝❝✉r❛t❡ ❜❡❞ s❤❡❛r str❡ss ❝❛rt♦❣r❛♣❤②✳ ❋r♦♠ t❤✐s s✐③❡ ❜❛s❡❞ ♠♦❜✐❧✐t②✱ t❤❡ ❤✐❞✐♥❣ ❝♦❡✣❝✐❡♥t ❤❛s
❜❡❡♥ ❞❡t❡r♠✐♥❡❞ ♣r❡❝✐s❡❧② ✭b = −0.6✮ ❛♥❞ ❝♦♥s❡q✉❡♥t❧② t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ✈❛❧✉❡ θc,D50 = 0.035
❢♦r ♠❡❞✐❛♥ ❣r❛✐♥ s✐③❡ D50 = 30mm✳

❚❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞② ❝♦✉❧❞ ♥♦t ❜❡ ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ❝❧❛ss✐❝❛❧
❛♣♣r♦❛❝❤❡s ❜❛s❡❞ ♦♥ t❤❡ ♣❛rt✐❝❧❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r✱ ♦r t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❞✐❛♠❡t❡r✱ ♦r ♦♥ t❤❡ r✐✈❡r
s❧♦♣❡✱ ❧❡❛❞✐♥❣ t♦ ❡✐t❤❡r ✉♥❞❡r ♦r ♦✈❡r ❡st✐♠❛t✐♦♥s✱ ✇❤✐❝❤ s❤♦✇s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ s♣❛t✐❛❧✐③❡❞ ✐♥

s✐t✉ ♠❡❛s✉r❡♠❡♥ts t♦ ❛❝❝✉r❛t❡❧② ❡st✐♠❛t❡ t❤✐s ♣❛r❛♠❡t❡r✳

❚❤❛♥❦s t♦ ♣r❡❝✐s❡ ▲✐❉❆❘ ❛❝q✉✐s✐t✐♦♥s ♣❡r❢♦r♠❡❞ ❜♦t❤ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r ✢♦♦❞s✱ ❡r♦❞❡❞ ❛r❡❛s
❤❛✈❡ ❜❡❡♥ ❛❝❝✉r❛t❡❧② ✐❞❡♥t✐✜❡❞✳ ❚❤❡ ✜♥❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ♣r♦✈✐❞❡s ❛ ♠❛♣ ♦❢ t❤❡ ♠❛①✐♠❛❧
s❤❡❛r str❡ss ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ ❡❛❝❤ ▲✐❉❆❘ s✉r✈❡②✱ ❤❡♥❝❡ ✐♥❞✐❝❛t✐♥❣ ❡①❝❡❡❞❛♥❝❡ ♦❢ ❡st✐♠❛t❡❞
❝r✐t✐❝❛❧ s❤✐❡❧❞s ♣❛r❛♠❡t❡r ✭θcr,D50 = 0.035 ❢♦r D50 = 30mm✮ ✐♥ ❡r♦❞❡❞ ③♦♥❡s✳

✽✼



❖✉r r❡s✉❧t s❤♦✇ t❤❛t ❢♦r ♠♦r❡ t❤❛♥ 80% ♦❢ ♦❜s❡r✈❡❞ ❡r♦❞❡❞ ③♦♥❡s t❤❡② ❛r❡ ❞❡t❡r♠✐♥❡❞ ❛s
tr❛♥s♣♦rt ③♦♥❡s✱ ✇❤✐❝❤ s❤♦✇ t❤❛t t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ❡st✐♠❛t❡❞ ✇✐t❤ t❤❡ ♣r♦♣♦s❡❞ ♠❡t❤♦❞ ✐s
♣❤②s✐❝❛❧❧② ♠❡❛♥✐♥❣❢✉❧✳ ◆♦t❡ t❤❛t t❤❡ r❡♠❛✐♥✐♥❣ 20% ✉♥♣r❡❞✐❝t❡❞ ❜✉t ♦❜s❡r✈❡❞ ❡r♦❞❡❞ ③♦♥❡s ❛r❡
❧♦❝❛t❡❞ ❝❧♦s❡ t♦ r✐✈❡r ❜❛♥❦s✱ ✇❤✐❝❤ ❝♦✉❧❞ ♣♦t❡♥t✐❛❧❧② ❜❡ r❡❧❛t❡❞ t♦ ❞✐✣❝✉❧t✐❡s ✐♥ ❡st✐♠❛t✐♥❣ ❧❛t❡r❛❧
✈❡❧♦❝✐t② ❞✐str✐❜✉t✐♦♥✳

❖✉r ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r✱ t❤❛t ✐s s✐t❡ s♣❡❝✐✜❝✱ ❡♥❛❜❧❡s t♦ ❝♦♠♣✉t❡
s❡❞✐♠❡♥t tr❛♥s♣♦rt ✢✉①✳ ■t ✐s ♦❢t❡♥ t❤❡ ♦♥❧② ❛♥❞ ♠♦st ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r ♦❢ ❝♦♠♠♦♥ ❡♠♣✐r✐❝❛❧
❢♦r♠✉❧❛s✱ ✐♥ ♠♦r❡ ♦r ❧❡ss ❝♦♠♣❧❡① ❤②❞r❛✉❧✐❝ ♠♦❞❡❧s ✭✵❉ t♦ ✷❉✮✳ ❚❤❡ ♣r♦♣♦s❡❞ r✐❣♦r♦✉s ♠❡t❤♦❞
❧❡❛❞s t♦ ♠❡❛♥✐♥❣❢✉❧ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ✈❛❧✉❡ ❛s s❤♦✇♥ ❜② ❛❝❝✉r❛t❡ s♦❧✐❞ ❞✐s❝❤❛r❣❡s
❢♦✉♥❞ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❝✮✳

❚❤❡ ♠❡t❤♦❞ ✐s tr❛♥s♣♦s❛❜❧❡ t♦ ♦t❤❡r r✐✈❡rs✱ ✐❞❡❛❧❧② ❜✉✐❧❞✐♥❣ t❤❡ ✷❉ ❤②❞r♦❞②♥❛♠✐❝ ♠♦❞❡❧ ✜rst
✐♥ ♦r❞❡r t♦ ♣♦t❡♥t✐❛❧❧② ❢♦r♠✉❧❛t❡ r❡❝♦♠♠❡♥❞❛t✐♦♥s ❢♦r t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✜❡❧❞ s✉r✈❡②s✳

✽✽



❈❤❛♣t❡r ✹

❋❧♦♦❞ s❝❛❧❡ ❞②♥❛♠✐❝ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt

❡st✐♠❛t✐♦♥ t❤r♦✉❣❤ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts

❝♦♠♣❛r❡❞ t♦ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r②

♠♦❞❡❧✐♥❣

❈❡ ❝❤❛♣✐tr❡ ♣♦rt❡ s✉r ❧✬❡st✐♠❛t✐♦♥ ❞✉ ✢✉① ❞❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ à ♣❛rt✐r ❞❡ ♠❡s✉r❡s ❞✐r❡❝t❡s
✭♣ré❧è✈❡♠❡♥ts✮✱ ✐♥❞✐r❡❝t❡s ✭❛❝♦✉st✐q✉❡s✮ ❡t ❞✬✉♥ ♠♦❞è❧❡ ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡ ✷❉ ❛✉ ❞r♦✐t ❞✉ ♣♦♥t
❞❡ ❇❛✐♥✈✐❧❧❡✳ ❈❡tt❡ ♠ét❤♦❞♦❧♦❣✐❡ ♦r✐❣✐♥❛❧❡ ❝♦♠❜✐♥❡ à ❧❛ ❢♦✐s ✭✐✮ ❧❡ ❝❛❧❛❣❡ ❞✉ ♠♦❞è❧❡ ♥✉♠ér✐q✉❡
❡t ❛❝♦✉st✐q✉❡ à ❧✬❛✐❞❡ ❞❡s ♠❡s✉r❡s ❞✐r❡❝t❡s ❞❡ tr❛♥s♣♦rt s♦❧✐❞❡✱ ❡t ✭✐✐✮ ❧❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞❡✉①
❡st✐♠❛t✐♦♥s ❞❡s ❞é❜✐ts ❞❡ ❝❤❛rr✐❛❣❡ ✈❛r✐❛❜❧❡s ❞❛♥s ❧❡ t❡♠♣s✱ ❡st✐♠és ❧♦rs ❞✬✉♥❡ ✐♥♦♥❞❛t✐♦♥ ♠♦❞✲
éré❡✳

✹✳✶ ■♥tr♦❞✉❝t✐♦♥

❚✇♦✲❞✐♠❡♥s✐♦♥❛❧ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝ ❤❛s ❜❡❡♥
✐♥❝r❡❛s✐♥❣❧② ✉s❡❞ ❢♦r r✐✈❡r ♠❛♥❛❣❡♠❡♥t✱ ❡♥❣✐♥❡❡r✐♥❣ ✇♦r❦s✱ r❡st♦r❛t✐♦♥ ♣r♦❥❡❝ts ♦r r❡s❡❛r❝❤ ♣✉r✲
♣♦s❡s ✭❇r♦✉ss❡ ❡t ❛❧✳✱ ✷✵✷✷❀ ❊❧ ❑❛❞✐ ❆❜❞❡rr❡③③❛❦ ❡t ❛❧✳✱ ✷✵✶✻❀ ❨✉ ❡t ❛❧✳✱ ✷✵✷✷❀ ■✇❛s❛❦✐ ❡t ❛❧✳✱
✷✵✶✻❀ ◆❡❧s♦♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡s❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❛r❡ ✉s✉❛❧❧② ❜❛s❡❞ ♦♥ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
❧❛✇s ❡①♣r❡ss❡❞ ❛s qs ∝ α (τ − τcr)

3/2✇❤❡r❡ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ qs ✐s ❛ ♣♦✇❡r✲❧❛✇ ❢✉♥❝✲
t✐♦♥ ♦❢ t❤❡ s❤❡❛r str❡ss τ ❛♥❞ t❤❡ ❝r✐t✐❝❛❧ s❤❡❛r str❡ss ❢♦r s❡❞✐♠❡♥t ♠♦t✐♦♥ τcr✱ ❛✛❡❝t❡❞ ❜② ❛♥
❡♠♣✐r✐❝❛❧ ❝♦❡✣❝✐❡♥t α ✭▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r✱ ✶✾✹✽❀ ❲♦♥❣ ❛♥❞ P❛r❦❡r✱ ✷✵✵✻✮✳ τcr ❛♥❞ α ❛r❡
❝♦♥st❛♥t ✈❛r✐❛❜❧❡s ❣❡♥❡r❛❧❧② ❡st❛❜❧✐s❤❡❞ ❢r♦♠ ✢✉♠❡ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ ✉♥❞❡r st❡❛❞② st❛t❡
❝♦♥❞✐t✐♦♥s ✇✐t❤ ❛ r❡❧❛t✐✈❡ ✉♥✐❢♦r♠ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥✱ ❜✉t t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ♥❛t✲
✉r❛❧ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs ✐s r❛r❡❧② ✉♥✐❢♦r♠ ❛♥❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♠♦st❧② ♦❝❝✉rs ✉♥❞❡r ✉♥st❡❛❞②
✢♦✇s✳

❋❧✉♠❡ ❡①♣❡r✐♠❡♥ts ❝♦♥❞✉❝t❡❞ ✉♥❞❡r ✉♥st❡❛❞② ✢♦✇s✱ ✉s✐♥❣ ❛ ♥❛rr♦✇ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞
❛ ♣r♦♣♦rt✐♦♥❛❧ ❢❡❡❞✐♥❣ s②st❡♠✱ ❞❡♠♦♥str❛t❡❞ t❤❛t ❢♦r ❛ ❣✐✈❡♥ s❤❡❛r str❡ss ❛❜♦✈❡ τcr ❛ ❝♦♥s✐❞❡r❛❜❧❡
✈❛r✐❛❜✐❧✐t② ✐♥ qs ✐s ♦❜s❡r✈❡❞✱ s✉❣❣❡st✐♥❣ ❛ ♥♦♥✲❧✐♥❡❛r r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ τ ❛♥❞ qs ❞✉r✐♥❣ ✢♦♦❞ ❡✈❡♥ts
✭P❤✐❧❧✐♣s ❡t ❛❧✳✱ ✷✵✶✽✮✳ ❲❤❡♥ ✢♦✇ ❝❤❛♥❣❡s r❛♣✐❞❧②✱ ❤✐❣❤❡r qs ✇❡r❡ ♦❜s❡r✈❡❞ ❞✉r✐♥❣ t❤❡ ❢❛❧❧✐♥❣
❧✐♠❜ t❤❛♥ ❞✉r✐♥❣ r✐s✐♥❣ ❧✐♠❜ ♦❢ ❛♥ ❤②❞r♦❣r❛♣❤✱ r❡s✉❧t✐♥❣ ✐♥ ❝♦✉♥t❡r❝❧♦❝❦✇✐s❡ ❤②st❡r❡s✐s ✐♥ t❤❡
❜❡❞❧♦❛❞ ✢✉①✳ ❖t❤❡r ✢✉♠❡ ❡①♣❡r✐♠❡♥ts ❝♦♥❞✉❝t❡❞ ✉♥❞❡r ✉♥st❡❛❞② ✢♦✇s ✉s✐♥❣ ❛ ❜✐♠♦❞❛❧ ❣r❛✐♥
s✐③❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❛ r❡❝✐r❝✉❧❛t✐♥❣ ❢❡❡❞✐♥❣ s②st❡♠✱ ❞❡♠♦♥str❛t❡❞ ❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ♦❢ τcr
❜❡t✇❡❡♥ t❤❡ r✐s✐♥❣ ❧✐♠❜ ❛♥❞ t❤❡ ❢❛❧❧✐♥❣ ❧✐♠❜ ♦❢ t❤❡ ❤②❞r♦❣r❛♣❤✱ r❡s✉❧t✐♥❣ ✐♥ ❝❧♦❝❦✇✐s❡ ❤②st❡r❡s✐s

✽✾



✐♥ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ✭▼❛♦✱ ✷✵✶✷✮✳ ❚❤✐s ✐♥❝r❡❛s❡ ♦❢ τcr ✐s ❛ttr✐❜✉t❡❞ t♦ t❡♠♣♦r❛❧ ❝❤❛♥❣❡s ✐♥ t❤❡
❞❡❣r❡❡ ♦❢ ♦r❣❛♥✐③❛t✐♦♥ ❛♥❞ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ✢♦✇
❤✐st♦r② ✐♥ s❡❞✐♠❡♥t ♠♦❜✐❧✐t② ❛s s❤♦✇♥ ❜② P❛♣❤✐t✐s ❛♥❞ ❈♦❧❧✐♥s ✭✷✵✵✺✮✳

■♥ ♥❛t✉r❛❧ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs✱ Pr❡t③❧❛✈ ❡t ❛❧✳ ✭✷✵✷✵✮ s❤♦✇ t❤❛t τcr ♣r♦❣r❡ss✐✈❡❧② ✐♥❝r❡❛s❡s ✇✐t❤
❝✉♠✉❧❛t✐✈❡ s❤❡❛r str❡ss ✉♥t✐❧ ❛ s✉✣❝✐❡♥t❧② ❧❛r❣❡ ✢♦♦❞ ❡✈❡♥t ♦❝❝✉rr❡❞ t♦ ❞✐sr✉♣t t❤❡ ❜❡❞ s✉r❢❛❝❡
❛♥❞ ✏r❡s❡t✑ t❤❡ ✢♦✇ ❤✐st♦r②✱ ❛s s✉❣❣❡st❡❞ ❜② ▼❛st❡❧❧❡r ❡t ❛❧✳ ✭✷✵✶✾✮✳ ❚❤❡ ❝✉♠✉❧❛t✐✈❡ str❡ss
t❡♥❞s t♦ ✐♥❝r❡❛s❡ t❤❡ ❜❡❞ st❛❜✐❧✐t② t❤♦✉❣❤ ✈❛r✐♦✉s ♠❡❝❤❛♥✐s♠s s✉❝❤ ❛s s✉r❢❛❝❡ ❛r♠♦r✐♥❣ ✭P❢❡✐✛❡r
❡t ❛❧✳✱ ✷✵✶✼✮✱ ❜❡❞ ❝♦♠♣❛❝t✐♦♥ ✭▼❛rq✉✐s ❛♥❞ ❘♦②✱ ✷✵✶✷✮✱ ❣r❛✐♥ s✐③❡ ❝❤❛♥❣❡s ✭s❡❧❡❝t✐✈❡ ❡r♦s✐♦♥✮
✭❍✉♠♣❤r✐❡s ❡t ❛❧✳✱ ✷✵✶✷✮✱ s❡❞✐♠❡♥t s✉♣♣❧② ✭❘❡❝❦✐♥❣✱ ✷✵✶✷❜✮✱ ❝❧✉st❡r✐♥❣ ✭❙tr♦♠ ❡t ❛❧✳✱ ✷✵✵✹✮ ❛♥❞
✐♥t❡r❧♦❝❦✐♥❣ ♦❢ ❣r❛✐♥s ✭❨❛❣❡r ❡t ❛❧✳✱ ✷✵✶✽✮✳ ❚❤❡s❡ ❜❡❞ ♦r❣❛♥✐③❛t✐♦♥s ✐♥❞✉❝❡s ❛ ✈❛r✐❡t② ♦❢ ❤②st❡r❡s✐s
❧♦♦♣s ❜❡t✇❡❡♥ ✢♦✇ ❛♥❞ s❡❞✐♠❡♥t ✢✉① ✭●✉♥s♦❧✉s ❛♥❞ ❇✐♥♥s✱ ✷✵✶✽✮ ♠❛❦✐♥❣ ✐t ❞✐✣❝✉❧t t♦ ♠♦❞❡❧ t❤❡
✐♥st❛♥t❛♥❡♦✉s ✢✉①❡s✱ ✉s✐♥❣ ❜❡❞❧♦❛❞ ❧❛✇s ❞❡✈❡❧♦♣❡❞ ✉♥❞❡r st❡❛❞② st❡❛❞② ❝♦♥❞✐t✐♦♥s ✇✐t❤ ✉♥✐❢♦r♠
❣r❛✐♥ s✐③❡ ❛♥❞ ❛ ❝♦♥st❛♥t ❝r✐t✐❝❛❧ s❤❡❛r str❡ss✳

●✐✈❡♥ t❤❡s❡ ❝♦♠♣❧❡① ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s ❛❝t✐♥❣ ✐♥ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✱ ✐ts ♠♦❞❡❧✐♥❣ r❡♠❛✐♥s
❝❤❛❧❧❡♥❣✐♥❣ ❛♥❞ ✐♥ s✐t✉ ♠❡❛s✉r❡♠❡♥t r❡♠❛✐♥ ❛ r❡❧✐❛❜❧❡ ♠❡❛♥ t♦ ❡st✐♠❛t❡ ❜❡❞❧♦❛❞ ✢✉①❡s✳ ❚♦
♠♦♥✐t♦r t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s✱ ❞✐r❡❝t ✐♥ s✐t✉ ♠❡❛s✉r❡♠❡♥t ✉s✐♥❣ ❜❡❞❧♦❛❞ s❛♠♣❧❡r ❛r❡ tr❛❞✐t✐♦♥✲
❛❧❧② ♣❡r❢♦r♠❡❞✱ ❜✉t s❛♠♣❧✐♥❣ ✇✐t❤ s✉❝❤ ❞❡✈✐❝❡s ✐s ❛♥ ❡①♣❡♥s✐✈❡ ❛♥❞ t✐♠❡✲❝♦♥s✉♠✐♥❣ ♦♣❡r❛t✐♦♥✳
❚❤✉s✱ ♥❡✇ ♠❡t❤♦❞s ✇❡r❡ ❞❡✈❡❧♦♣❡❞ t♦ ♠♦♥✐t♦r ✐♥❞✐r❡❝t❧② t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ✉s✐♥❣ ✈✐❜r❛t✐♦♥
s❡♥s♦rs ♦♥ ✐♠♣❛❝t❡❞ ♦❜❥❡❝ts✭▼✐③✉②❛♠❛ ❡t ❛❧✳✱ ✷✵✶✵❀ ❘✐❝❦❡♥♠❛♥♥ ❛♥❞ ❋r✐ts❝❤✐✱ ✷✵✶✼✮✱ t❤❡ r❡❝♦r❞
♦❢ ❜❡❞❧♦❛❞ s❡❧❢✲❣❡♥❡r❛t❡❞ ♥♦✐s❡s ✉s✐♥❣ ❤②❞r♦♣❤♦♥❡s ✭▼❛r✐♥❡❛✉ ❡t ❛❧✳✱ ✷✵✶✻❀ ●❡❛② ❡t ❛❧✳✱ ✷✵✷✵✮✱
s❡✐s♠✐❝ ♦❜s❡r✈❛t✐♦♥s ✭❚s❛✐ ❡t ❛❧✳✱ ✷✵✶✷❀ ❇❛❦❦❡r ❡t ❛❧✳✱ ✷✵✷✵✮ ♦r ❛♣♣❛r❡♥t ❜❡❞❧♦❛❞ ✈❡❧♦❝✐t② ♠❡❛✲
s✉r❡❞ ✇✐t❤ ❛❝♦✉st✐❝ ❉♦♣♣❧❡r ❝✉rr❡♥t ♣r♦✜❧❡rs ✭❛❉❝♣✮ ✭❘❡♥♥✐❡ ❡t ❛❧✳✱ ✷✵✶✼✮✳ ❘❡❝❡♥t❧②✱ ◆❛sr ✭✷✵✷✸✮
✉s❡❞ t❤❡ ❣❧♦❜❛❧ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ♣r♦♣♦s❡❞ ❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮ t♦ ❝♦♥✈❡rt ❝♦♥t✐♥✉♦✉s ❛❝♦✉st✐❝
♠❡❛s✉r❡♠❡♥t ♣❡r❢♦r♠❡❞ ❢r♦♠ ❛ ❜❛♥❦ ✐♥t♦ t✐♠❡ s❡r✐❡s ♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s ❛♥❞ ❢♦✉♥❞s ❡♥❝♦✉r❛❣✐♥❣
r❡s✉❧ts✳

❉❡s♣✐t❡ t❤❡ ❛❞✈❛♥❝❡s ✐♥ ❛❝♦✉st✐❝ ❜❡❞❧♦❛❞ ✢✉①❡s ♠♦♥✐t♦r✐♥❣✱ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥t ❛r❡ ❝✉r✲
r❡♥t❧② ♦♥❧② ♣❡r❢♦r♠❡❞ ❛t ❛ ❣✐✈❡♥ t✐♠❡ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ ❞✐r❡❝t ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥t ✭●❡❛② ❡t ❛❧✳✱
✷✵✷✵✮ ♦r ❛t ❧♦♥❣❡r t✐♠❡ s❝❛❧❡s ❜✉t ❝♦♠♣❛r❡❞ ✇✐t❤ ✐♥t❡❣r❛t✐✈❡ s❡❞✐♠❡♥t ❜✉❞❣❡ts ✭◆❛sr✱ ✷✵✷✸✮✳
❆♥❛❧②③✐♥❣ ❝♦♥t✐♥✉♦✉s ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t✐♦♥ ❛t ✢♦♦❞ t✐♠❡ s❝❛❧❡ ❢r♦♠ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts✱
✇♦✉❧❞ ❣✐✈❡ ❛❝❝❡ss t♦ t❤❡ ❞②♥❛♠✐❝s ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt✱ ❜✉t ❤❛s s❡❧❞♦♠ ❜❡❡♥ ✐♥✈❡st✐❣❛t❡❞✳
▼♦r❡♦✈❡r✱ ❝♦♠♣❛r✐♥❣ s✉❝❤ ❞②♥❛♠✐❝s ❡st✐♠❛t❡s ♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s ❛t ✢♦♦❞ t✐♠❡ s❝❛❧❡ t♦ ❜❡❞❧♦❛❞
✢✉①❡s ❡st✐♠❛t❡❞ ✇✐t❤ ❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ❞②♥❛♠✐❝ ♠♦❞❡❧ ❤❛s ♥❡✈❡r ❜❡❡♥ ❞♦♥❡✳ ❚❤✐s ②❡t ❡♥✲
❛❜❧❡s✱ ❛s st✉❞✐❡❞ ❤❡r❡✱ t♦ ✭✐✮ ❝♦♠♣❛r❡ t❤❡ t❡♠♣♦r❛❧ ✈❛r✐❛t✐♦♥s ♦❢ s✐♠✉❧❛t❡❞ ❛♥❞ ♠❡❛s✉r❡❞ ❜❡❞❧♦❛❞
✢✉①❡s✱ ✇❤✐❧❡ ✭✐✐✮ r❡❧❛t✐♥❣ t❤❡s❡ ✈❛r✐❛t✐♦♥s t♦ t❤❡ s✐♠✉❧❛t❡❞ ✢♦✇ ❞②♥❛♠✐❝s ✐♥ s♣❛❝❡ ❛♥ t✐♠❡✳

❚❤❡r❡❢♦r❡✱ t❤✐s ❛rt✐❝❧❡ ♣r♦♣♦s❡s ❛♥ ♦r✐❣✐♥❛❧ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❞✐r❡❝t ✐♥ s✐t✉ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡✲
♠❡♥ts✱ ♣❛ss✐✈❡ ❛♥❞ ❝♦♥t✐♥✉♦✉s ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts✱ ❛♥❞ ♦❢ ❛ ✜♥❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✱
❡♥❛❜❧✐♥❣ t♦ ✜♥❡❧② ❞❡♣✐❝t ❛♥❞ ❜❡tt❡r ❛♣♣r❡❤❡♥❞ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❞②♥❛♠✐❝s ❛t t❤❡ ✢♦♦❞ s❝❛❧❡
✐♥ ❛ ❣r❛✈❡❧✲❜❡❞ r✐✈❡r✳ ❚❤❡ st✉❞② ✐s ❜❛s❡❞ ♦♥ ❛♥ ✉♥♣r❡❝❡♥❞❡♥t❧② ✜♥❡ ❛♥❞ ❞✐✈❡rs❡ ❞❛t❛s❡t ♦♥ ✇❤✐❝❤
✐s ❛♣♣❧✐❡❞ ❛♥ ♦r✐❣✐♥❛❧ ♠❡t❤♦❞♦❧♦❣② ❝♦♠❜✐♥✐♥❣✿ ✭✐✮ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ ❜♦t❤ ♥✉♠❡r✐❝❛❧ ❛♥❞ ❛❝♦✉s✲
t✐❝ ♠❡t❤♦❞s ✉s✐♥❣ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ❛♥❞ ✭✐✐✮ t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ ❜♦t❤ ❡st✐♠❛t❡s ♦❢ t✐♠❡✲✈❛r②✐♥❣
❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡s ❡st✐♠❛t❡❞ ❞✉r✐♥❣ ❛ ♠♦❞❡r❛t❡ ✢♦♦❞ ❡✈❡♥t✳

❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s ❛rt✐❝❧❡ ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿ s❡❝t✐♦♥ ✷ ♣r❡s❡♥ts t❤❡ s✐t❡ ❛♥❞ t❤❡ ❣❡♥❡r❛❧
❝♦♥t❡①t ♦❢ t❤✐s st✉❞②✱ s❡❝t✐♦♥ ✸ ❞❡t❛✐❧s t❤❡ ♠❡t❤♦❞s ❡♠♣❧♦②❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s
✉s✐♥❣ ❜♦t❤ ❛♥ ❛❝♦✉st✐❝✲❜❛s❡❞ ❛♣♣r♦❛❝❤ ❛♥❞ ❛♥ ❤②❞r❛✉❧✐❝✲❜❛s❡❞ ❛♣♣r♦❛❝❤✱ s❡❝t✐♦♥ ✹ ❝♦♠♣❛r❡s t❤❡
❝✉♠✉❧❛t✐✈❡ ❛♥❞ ✐♥st❛♥t❛♥❡♦✉s ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❜♦t❤ ♠❡t❤♦❞s ❛♥❞ ❞✐s❝✉ss❡s t❤❡
❝♦♠♣❧❡♠❡♥t❛r② ♦❢ t❤❡s❡ ❞❛t❛ t♦ ❣❛✐♥ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❞②♥❛♠✐❝s
✐♥ ❛ ❣r❛✈❡❧✲❜❡❞ r✐✈❡r✳

✾✵



✹✳✷ ❙t✉❞② s✐t❡

❚❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✐s 560km ❧♦♥❣ ❢r♦♠ ✐ts s♦✉r❝❡ ❛t t❤❡ ♣❛ss ♦❢ ❇✉ss❛♥❣ ✐♥ t❤❡ ♥♦rt❤❡❛st ♦❢ ❋r❛♥❝❡
t♦ ✐ts ❝♦♥✢✉❡♥❝❡ ✇✐t❤ t❤❡ ❘❤✐♥❡ r✐✈❡r ❛t ❑♦❜❧❡♥③ ✐♥ ●❡r♠❛♥② ✭❋✐❣✉r❡ ✹✳✶ ❛✮✳ ❚❤❡ ✉♣♣❡r ♣❛rt ♦❢ t❤❡
▼♦s❡❧❧❡ r✐✈❡r ❞r❛✐♥s ❛ ❝❛t❝❤♠❡♥t ❛r❡❛ ♦❢ 1, 976 km2 ❢r♦♠ t❤❡ ✇❡st❡r♥ s✐❞❡ ♦❢ t❤❡ s♦✉t❤❡r♥ ❱♦s❣❡s
▼♦✉♥t❛✐♥s t♦ t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❚♦♥♥♦② ♦♥ t❤❡ ▲♦rr❛✐♥❡ ♣❧❛t❡❛✉✳ ❚❤❡ ❣❡♦❧♦❣② ♦❢ t❤❡ ❱♦s❣❡s
▼♦✉♥t❛✐♥s ❝♦♥s✐sts ♠❛✐♥❧② ✐♥ ❝r②st❛❧❧✐♥❡ ✭❣r❛♥✐t❡s✮ ❛♥❞ ♠❡t❛♠♦r♣❤✐❝ ✭❣♥❡✐ss✮ r♦❝❦s ♦r✐❣✐♥❛t✐♥❣
❢r♦♠ t❤❡ ❍❡r❝②♥✐❛♥ ❜❛s❡♠❡♥t✱ ✇❤✐❧❡ t❤❡ s✉❜str❛t✉♠ ♦❢ t❤❡ ▲♦rr❛✐♥❡ ♣❧❛t❡❛✉ ✐s ❝♦♠♣♦s❡❞ ❜②
❛ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❧✐♠❡st♦♥❡ ❛♥❞ ♠❛r❧ s❡❞✐♠❡♥t❛r② ❧❛②❡rs ✭▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ❚❤❡
❧♦♥❣✐t✉❞✐♥❛❧ ♣r♦✜❧❡ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ♠❛✐♥ s❧♦♣❡ ♦❢ 10% ❛t t❤❡ ✉♣str❡❛♠
❡①tr❡♠✐t②✱ ✇❤✐❝❤ ❞❡❝r❡❛s❡ r❛♣✐❞❧② t♦ 0.4% ❛t ❘❡♠✐r❡♠♦♥t ❛♥❞ ❛tt❛✐♥ ❛♥ ❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ 1.7❻
❢✉rt❤❡r ❞♦✇♥str❡❛♠✳ ❚❤❡ ♣r❡❞♦♠✐♥❛♥❝❡ ♦❢ ✐♠♣❡r♠❡❛❜❧❡ r♦❝❦s ❛♥❞ st❡❡♣ s❡❝t♦rs ❝♦♥tr✐❜✉t❡s t♦
♣r♦♣❛❣❛t❡ r❛♣✐❞❧② t❤❡ ✢♦✇s t♦ ❊♣✐♥❛❧✱ ✇❤✐❧❡ t❤❡ ♣❤②s✐♦❣r❛♣❤② ♦❢ t❤❡ ❝❛t❝❤♠❡♥t ❝♦♥tr✐❜✉t❡s t♦
t❤❡ ✢♦♦❞ ♣❡❛❦s ❝♦♥❝♦♠✐t❛♥❝❡✱ ✇❤✐❝❤ ❣❡♥❡r❛t❡s ♠❛❥♦r ❤②❞r♦❧♦❣✐❝❛❧ ❡✈❡♥ts ❞♦✇♥str❡❛♠✳

❋✐❣✉r❡ ✹✳✶✿ ✭❆✮ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡ r✐✈❡r✑ ✐♥ t❤❡ ▼♦s❡❧❧❡ ❇❛s✐♥✱ ✭❇✮ ❧♦♥❣✐t✉❞✐♥❛❧
❡①t❡♥s✐♦♥ ♦❢ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧Mf,h ✭r❡❞ ❞❛s❤❡❞ ❧✐♥❡✮ ❛♥❞ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧
Mf,s ✭r❡❞ s♦❧✐❞ ❧✐♥❡✮ ✐♥t♦ t❤❡ ♥❛t✉r❛❧ r❡❣✐♦♥❛❧ r❡s❡r✈❡ ✭❈✮ ❛r❡❛ ♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s ♠❡❛s✉r❡♠❡♥t
❛♥❞ ♠♦❞❡❧❧✐♥❣✱ ✈❡❧♦❝✐t② ❛♥❞ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts✱ ✭❉✮ ❤②❞r♦♣❤♦♥❡ ✜①❡❞ ❛t t❤❡ ❧❡❢t ❜❛♥❦✱ ✭❊✮
❛❝♦✉st✐❝ ♠❛♣♣✐♥❣✱ ✭❋✮ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣✳

❚❤❡ ♣r❡❝✐♣✐t❛t✐♦♥ ❛r❡ ✉♥❡✈❡♥❧② ❞✐str✐❜✉t❡❞ ✇✐t❤ ❛ ♠❡❛♥ ❛♥♥✉❛❧ ✈❛❧✉❡s ♦❢ 800mm ♦✈❡r t❤❡
▲♦rr❛✐♥❡ ♣❧❛t❡❛✉ ✈❡rs✉s 1100mm ♦✈❡r t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s✱ ✇❤❡r❡ ✐♠♣♦rt ✈❛r✐❛t✐♦♥s ❛r❡ ♦❜✲
s❡r✈❡❞ ✇✐t❤ ❧♦❝❛❧❧② ♠♦r❡ t❤❛♥ 2000mm ♦♥ t❤❡ ❝r❡st ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳ Pr❡❝✐♣✐t❛t✐♦♥s
♦❝❝✉rs ♠❛✐♥❧② ❞✉r✐♥❣ t❤❡ ✇✐♥t❡r ✭◆♦✈❡♠❜❡r✲❋❡❜r✉❛r②✮ ✇✐t❤ ♠♦♥t❤❧② ♠♦r❡ t❤❛♥ 200mm ♦✈❡r t❤❡
❱♦s❣❡s ▼♦✉♥t❛✐♥s✳ ❚❤❡ r✐✈❡r ❤②❞r♦❧♦❣✐❝❛❧ r❡❣✐♠❡ ✐s ♣❧✉✈✐❛❧ ✇✐t❤ ❤✐❣❤ ✢♦✇s ✐♥ ✇✐♥t❡r✲s♣r✐♥❣ ✭✷✲
❛♥❞ ✶✵✲②❡❛r ✢♦♦❞s ❛r❡ 405m3/s ❛♥❞ 651m3/s r❡s♣❡❝t✐✈❡❧②✮ ❛♥❞ ❧♦✇ ✢♦✇ ✐♥ s✉♠♠❡r✱ ✇❤✐❧❡ t❤❡
♠❡❛♥ ✐♥t❡r❛♥♥✉❛❧ ✢♦✇ ✐s ♦❢ 42m3/s ❛t t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡✳

✾✶



❚❤❡ s❡❞✐♠❡♥t s✉♣♣❧② ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛r✐s❡s ♠❛✐♥❧② ❢r♦♠ t❤❡ r❡♠♦❜✐❧✐③❛t✐♦♥ ♦❢ ❍♦❧♦❝❡♥❡
❛❧❧✉✈✐❛❧ ❞❡♣♦s✐ts ❝♦♠♣♦s❡❞ ♦❢ ❣r❛✈❡❧ ❛♥❞ s❛♥❞ ❝❛rr✐❡❞ ❜② t❤❡ r✐✈❡r ❢r♦♠ t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s
✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❚❤✐s s❡❞✐♠❡♥t r❡❞✐str✐❜✉t✐♦♥ ♦❝❝✉rs ♣r✐♠❛r✐❧② t❤♦✉❣❤ ❜❡❞ ❛♥❞✴♦r
❜❛♥❦ ❡r♦s✐♦♥✱ ✇❤❡r❡ t❤❡ ❧❛t❡r❛❧ ♠♦❜✐❧✐t② ✐s str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ✈❛❧❧❡② ✇✐❞t❤ t❤❛t ✈❛r✐❡s
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❡r♦❞❡❞ s✉❜str❛t✉♠✳ ❚❤❡ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝ ✇❛s ❛❧t❡r❡❞ ❜② ✭✐✮
t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ❛ ❝❛♥❛❧ ✇❤✐❝❤ r❡❞✉❝❡❞ ❧❛t❡r❛❧❧② t❤❡ ✢♦♦❞ ❡①♣❛♥s✐♦♥ ❛r❡❛ ❛♥❞ ❝♦♥❝❡♥tr❛t❡s t❤❡
✢♦✇ ✐♥t♦ t❤❡ r✐✈❡r ❜❡❞✱ ✭✐✐✮ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ❞❛♠s ✇❤✐❝❤ ❧♦❝❛❧❧② ♠♦❞✐❢② t❤❡ r✐✈❡r ❝♦♠♣❡t❡♥❝❡
❛♥❞ ✐♥t❡rr✉♣t t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ ✭✐✐✐✮ t❤❡ ♠❛ss✐✈❡ s❡❞✐♠❡♥t ❡①tr❛❝t✐♦♥ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ✐♥
t❤❡ r✐✈❡r ❜❡❞ ✭1950−1980✮ ❛♥❞ t❤❡r❡❛❢t❡r ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ✭❋✐❣✉r❡ ✹✳✶ ❛✮✳ ❚❤❡ ❞❡st❛❜✐❧✐③❛t✐♦♥ ♦❢
t❤❡ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✉❝t❡❞ t♦ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❞❥✉st♠❡♥ts t❤❛t r❡s✉❧t ✐♥t♦
r✐✈❡r ❜❡❞ ✐♥❝✐s✐♦♥ ✇❤✐❝❤ ✐♥❞✉❝❡❞ ❧♦❝❛❧❧② ❛♥ ❡♠♣t②✐♥❣ ♦❢ t❤❡ r✐✈❡r ❜❡❞ s❡❞✐♠❡♥t st♦❝❦ ✭❇❡❝❦ ❛♥❞
❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳

❚❤❡ st✉❞② ③♦♥❡ ✐s ❛ 12km ❧♦♥❣ ♠❡❛♥❞❡r✐♥❣ r❡❛❝❤ ♦❢ t❤❡ ▼♦s❡❧❧❡ ❘✐✈❡r ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ ●r✐♣✲
♣♦rt ❛♥❞ ❇❛②♦♥ ❛t t❤❡ ✇❡st❡r♥ ❢♦♦t❤✐❧❧s ♦❢ t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s ❛♥❞ ②❡t ✇❛s r❡❧❛t✐✈❡❧② ✉♥❛✛❡❝t❡❞
❜② ❤✉♠❛♥ ❛❝t✐✈✐t✐❡s ✭❋✐❣✉r❡ ✹✳✶ ❛✮✳ ❚❤✐s s❡❝t✐♦♥ ✇❛s ❝❧❛ss✐✜❡❞ ✐♥ ✷✵✵✻ ❛s r❡❣✐♦♥❛❧ ♥❛t✉r❛❧ r❡s❡r✈❡
✭t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑✮ ✐♥ ♦r❞❡r t♦ ♣r♦t❡❝t t❤❡ ✇❛t❡r r❡s♦✉r❝❡s ❛s ✇❡❧❧ ❛s t❤❡ ❜✐♦❞✐✈❡rs✐t② ✭❋✐❣✉r❡ ✹✳✶
❜✮✳ ❚❤✐s r❡❛❝❤ ♦❢ ♠♦❞❡r❛t❡ ❡♥❡r❣②✱ ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ s♣❡❝✐✜❝ str❡❛♠ ♣♦✇❡r ♦❢ 50W/m2✱ r❡♣r❡s❡♥ts
♦♥❡ ♦❢ t❤❡ ♠♦st ❞②♥❛♠✐❝ s❡❝t✐♦♥ ♦❢ ❧❛r❣❡ r✐✈❡rs ✐♥ t❤❡ ♥♦rt❤❡❛st ♦❢ ❋r❛♥❝❡✳ ■t ✐s ❝❤❛r❛❝t❡r✐③❡❞
❜② ❛ ❝❛t❝❤♠❡♥t ❛r❡❛ ♦❢ 1, 758 km2✱ ❛ s✐♥✉♦s✐t② ♦❢ ✶✳✹✱ ❛♥ ❛✈❡r❛❣❡ s❧♦♣❡ ♦❢ ✶✳✷✱ ❛ ❜❛♥❦❢✉❧❧ ✇✐❞t❤
✭r❡s♣✳ ❞✐s❝❤❛r❣❡✮ ♦❢ ❛❜♦✉t 60m ✭r❡s♣✳ 250m3/s✮ ❛♥❞ ❛ s✉r❢❛❝❡ ✭r❡s♣✳ s✉❜s✉r❢❛❝❡✮ D50 ♦❢ 30mm
✭r❡s♣✳ 13mm✮✳

❆❧t❤♦✉❣❤ t❤✐s s❡❝t♦r ✇❛s ♣r♦t❡❝t❡❞✱ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ♠♦r♣❤♦❞②♥❛♠✐❝ ❛❞❥✉st♠❡♥ts ✭r❡❣r❡s✲
s✐✈❡ ❛♥❞ ♣r♦❣r❡ss✐✈❡ ❡r♦s✐♦♥✮ ✐♥✐t✐❛t❡❞ ❜② ❛❝t✐♦♥s ❝❛rr✐❡❞ ♦✉t ❛t t❤❡ ❡❞❣❡ ♦❢ t❤❡ ♥❛t✉r❛❧ r❡s❡r✈❡
❝♦♥✈❡r❣❡s t♦✇❛r❞s t❤❡ ❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ r❡❛❝❤✳ ❚❤✐s tr❛❥❡❝t♦r②✱ t♦✇❛r❞s ❛ ♥❡✇ ❞②♥❛♠✐❝ ❡q✉✐✲
❧✐❜r✐✉♠✱ ❝♦✉❧❞ ✐♥❞✉❝❡ ❛ r✐✈❡r ❛✈✉❧s✐♦♥ ✇❤✐❝❤ ♠❛② ❞❡st❛❜✐❧✐③❡ ✐♥❢r❛str✉❝t✉r❡s✳ ❆ ❝❛♣t✉r❡ ♦❢ t❤❡
r✐✈❡r ❜② t✇♦ ✢♦♦❞♣❧❛✐♥ ❣r❛✈❡❧ ♣✐ts ✐s ❛❧s♦ ♣♦ss✐❜❧❡✳ ❚❤❡ ♣r❡s❡♥t r❡s❡❛r❝❤ ✇♦r❦ ✐s ♣❡r❢♦r♠❡❞ ✐♥ t❤❡
❝♦♥t❡①t ♦❢ ❛ ♣r♦❥❡❝t ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ ❘✐✈❡r r❡❛❝❤✱ ❧❡❛❞ ❜② t❤❡ ❘❤✐♥✲▼❡✉s❡ ❲❛t❡r ❆❣❡♥❝②
❛♥❞ ❙tr❛s❜♦✉r❣ ❯♥✐✈❡rs✐t②✱ ✐♥ ✈✐❡✇ t♦ ♣r♦t❡❝t ❛♥❞✴♦r r❡st♦r❡ t❤❡ ❧❛t❡r❛❧ ♠♦❜✐❧✐t② ♦❢ t❤❡ ✏❲✐❧❞
▼♦s❡❧❧❡✑ r✐✈❡r✳ ■♥ ❛❞❞✐t✐♦♥ t♦ ❞♦❝✉♠❡♥t ❛❝❝✉r❛t❡❧② ❤②❞r♦♠♦r♣❤♦s❡❞✐♠❡♥t❛r② ♣r♦❝❡ss❡s✱ t❤❡ ❡st✐✲
♠❛t✐♦♥ ♦❢ ❛ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❧❛✇ ✐s ❛❧s♦ ❛ ❝r✉❝✐❛❧ ✐ss✉❡ t♦ ❝♦♥str❛✐♥ ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧s
t❤❛t ✇✐❧❧ ❜❡ ✉s❡❞ t♦ ✐♥✈❡st✐❣❛t❡ ♠❛♥❛❣❡♠❡♥t✴r❡st♦r❛t✐♦♥ s❝❡♥❛r✐♦s✳

✹✳✸ ▼❡t❤♦❞s

❚❤❡ ♠❡t❤♦❞♦❧♦❣② ♣r♦♣♦s❡❞ ❛✐♠s t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s t❡♠♣♦r❛❧ ✈❛r✐❛t✐♦♥s ❛t ✢♦♦❞
s❝❛❧❡✱ ❜② ❝♦♠❜✐♥✐♥❣ ❛♥ ❛❝♦✉st✐❝✲❜❛s❡❞ ❛♣♣r♦❛❝❤ ❛♥❞ ❛ ✷❉ ❤②❞r❛✉❧✐❝✲♠♦r♣❤♦❞②♥❛♠✐❝ ♠♦❞❡❧✲❜❛s❡❞
❛♣♣r♦❛❝❤✱ ✉s✐♥❣ ❛ ✉♥♣r❡❝❡❞❡♥t❡❞ ❞❛t❛s❡t✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ❢r♦♠
❛❝♦✉st✐❝ ❛♥❞ ♥✉♠❡r✐❝❛❧ ♠❡t❤♦❞s ✐s ❝❛rr✐❡❞ ♦✉t ♦✈❡r t❤❡ r✐✈❡r s❡❝t✐♦♥ ❧♦❝❛t❡❞ ❛t t❤❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲
▼✐r♦✐rs ❜r✐❞❣❡ ✭❋✐❣✉r❡ ✹✳✶ ❜✮ ❢♦r ❛ ♦♥❡ ②❡❛r r❡t✉r♥ ♣❡r✐♦❞ ✢♦♦❞ t❤❛t ♦❝❝✉rr❡❞ ✐♥ ❡❛r❧② ▼❛r❝❤ ✷✵✷✵
✭❋✐❣✉r❡ ✹✳✷✮✳ ❚❤✐s ✢♦♦❞ ❧❛st❡❞ ❛r♦✉♥❞ ✽✼ ❤♦✉rs ❛♥❞ ❞✐s❝❤❛r❣❡s r❛♥❣❡❞ ❜❡t✇❡❡♥ 75 ❛♥❞ 279m3/s
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❣❛✉❣❡ st❛t✐♦♥✳ ▼❛♥② ✜❡❧❞ ♠♦♥✐t♦r✐♥❣ ✭❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣✱
♣❛ss✐✈❡ ❛❝♦✉st✐❝ ♠♦♥✐t♦r✐♥❣ ❛♥❞ ❧❛t❡r❛❧ ♣r♦✜❧❡ ♦❢ ✢♦✇ ✈❡❧♦❝✐t②✮ ✇❡r❡ ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ ❛♥❞ ❜❡❢♦r❡
t❤✐s ✢♦♦❞ ✭❋✐❣✉r❡ ✹✳✷✮ ✐♥ ♦r❞❡r t♦ ❝♦♥str✉❝t ❛♥❞ ❝❛❧✐❜r❛t❡ ❜♦t❤ ❛❝♦✉st✐❝ ❛♥❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧s✳
❆❧❧ t❤❡s❡ st❡♣s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥s✳

✾✷



✷✵✶✽ ✷✵✶✾ ✷✵✷✵

❋✐❣✉r❡ ✹✳✷✿ ▼♦♥✐t♦r✐♥❣ ❢r❛♠❡✇♦r❦ r❡❧❛t❡❞ t♦ t❤❡ ✢♦✇ ❤②❞r♦❣r❛♣❤ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛t t❤❡
❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ✇✐t❤ ❛ ❢♦❝✉s ♦♥ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ✳ BSn ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s
♦❢ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ✇✐t❤ gs s✐❣♥✐❢②✐♥❣ t❤❛t ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✇❡r❡ s✐❡✈❡❞✱ AS ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡
♦❢ t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ ❛❝♦✉st✐❝ ♠♦♥✐t♦r✐♥❣ st❛t✐♦♥ ❛t t❤❡ ❜r✐❞❣❡✱ Ln ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ t❤❡
▲✐❉❆❘ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛❝q✉✐s✐t✐♦♥✱ Mn ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡ ♦❢ ❛❝♦✉st✐❝ ♠❛♣s✳

✹✳✸✳✶ ❆❝♦✉st✐❝✲❜❛s❡❞ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt

❚❤❡ ❛❝♦✉st✐❝✲❜❛s❡❞ ♠❡t❤♦❞ ✉s❡s t❤❡ ♣♦✇❡r ♦❢ ❛❝♦✉st✐❝ s✐❣♥❛❧ r❡s✉❧t✐♥❣ ❢r♦♠ t❤❡ ❜❡❞❧♦❛❞ ❙❡❧❢✲
●❡♥❡r❛t❡❞ ◆♦✐s❡ ✭❙●◆✮ ❝♦♥t✐♥✉♦✉s❧② r❡❝♦r❞❡❞ ❜② t✇♦ ❤②❞r♦♣❤♦♥❡s ✜①❡❞ ❛t t❤❡ ❜r✐❞❣❡ ♣✐❡rs✳
❇❡❞❧♦❛❞ ✢✉① ❧❛✇ ✐s ❡st✐♠❛t❡❞ ❢r♦♠ ❛❝♦✉st✐❝ ♣♦✇❡r ✇✐t❤ ❛ ♣♦✇❡r ❧❛✇ ♠♦❞❡❧ ❝❛❧✐❜r❛t❡❞ ♦♥ ✐♥ s✐t✉

❞❛t❛ ❛s ♣r♦♣♦s❡❞ ❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮✳ ❚❤✐s ♣♦✇❡r ❧❛✇ r❡❧❛t❡s ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ❜❡❞❧♦❛❞
✢✉①❡s t♦ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡rs ♠❡❛s✉r❡❞ ❞✉r✐♥❣ s❡✈❡r❛❧ ✜❡❧❞ ❝❛♠♣❛✐❣♥s ❝❛rr✐❡❞
♦✉t ✐♥ ✈❛r✐♦✉s ❋r❡♥❝❤ r✐✈❡rs✱ ❛♥❞ ❤❛s ❜❡❡♥ r❡❝❛❧✐❜r❛t❡❞ ✐♥ t❤✐s st✉❞② ✐♥❝❧✉❞✐♥❣ t❤❡ t❤r❡❡ ✜❡❧❞
❝❛♠♣❛✐❣♥s ♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳ ❚❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ❛♥❞ ❛❝♦✉st✐❝ ♣♦✇❡rs ✇❡r❡ ♠❡❛s✉r❡❞ ❢r♦♠
t❤❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲▼✐r♦✐rs ❜r✐❞❣❡ ❢♦r ❞✐✛❡r❡♥t r✐✈❡r ❞✐s❝❤❛r❣❡s✱ ✇✐t❤ ❞✐r❡❝t ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❛♥❞
♣❛ss✐✈❡ ❛❝♦✉st✐❝ ♠♦♥✐t♦r✐♥❣✱ ❢♦❧❧♦✇✐♥❣ t❤❡ ♠❡t❤♦❞ ♦❢ ●❡❛② ❡t ❛❧✳ ✭✷✵✶✽✮✳ ❚❤❡ ❛❝q✉✐s✐t✐♦♥ ❛♥❞
✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡s❡ ❞❛t❛ ❢♦r t❤❡ ♣♦✇❡r ❧❛✇ ❝❛❧✐❜r❛t✐♦♥ ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥s ❛s
✇❡❧❧ ❛s t❤❡ ✉s❡ ♦❢ t❤✐s ❧❛✇ t♦ ❝♦♥✈❡rt r❡❝♦r❞❡❞ ❛❝♦✉st✐❝ ❝❤r♦♥✐❝❧❡ ✐♥t♦ ❜❡❞❧♦❛❞ ✢✉①❡s✳

✹✳✸✳✶✳✶ ❆❝q✉✐s✐t✐♦♥ ❛♥❞ ✐♥t❡❣r❛t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ ♠♦♥✐t♦r✐♥❣ ✐♥t♦ t❤❡ ❛❝♦✉st✐❝ ♠♦❞❡❧

❚❤r❡❡ ❝❛♠♣❛✐❣♥s ♦❢ s②♥❝❤r♦♥✐③❡❞ ❜❡❞❧♦❛❞ ♠♦♥✐t♦r✐♥❣ ✇✐t❤ ❜♦t❤ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ♠❡t❤♦❞s
✇❡r❡ ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✭❋✐❣✉r❡ ✹✳✷✮✳ ❚❤❡ ✜rst ❝❛♠♣❛✐❣♥ BS1 ♦❝❝✉rr❡❞ ♦♥ ❏❛♥✉❛r②
✷✸✱ ❛t 360m3/s✱ ❞✉r✐♥❣ t❤❡ ❢❛❧❧✐♥❣ ❧✐♠❜ ♦❢ ❛ ✢♦♦❞ ❡✈❡♥t t❤❛t ♣❡❛❦❡❞ ❛t 375m3/s✳ ❚❤❡ s❡❝♦♥❞
BS2 ❛♥❞ t❤✐r❞ BS3 ❝❛♠♣❛✐❣♥s ✇❡r❡ ❝♦♥❞✉❝t❡❞ ♦♥ ▼❛r❝❤ ✻ ❛♥❞ ✼✱ ❛t 268m3/s ❛♥❞ 233m3/s
r❡s♣❡❝t✐✈❡❧②✱ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡ ♣❡❛❦ ♦❢ ❛ ✢♦♦❞ t❤❛t r❡❛❝❤❡❞ 279m3/s✳ ❙❛♠♣❧❡❞ ❞✐s❝❤❛r❣❡
r❛♥❣❡s ❜❡t✇❡❡♥ ✻✺ ❛♥❞ 102% ♦❢ t❤❡ ❜❛♥❦❢✉❧❧ ❞✐s❝❤❛r❣❡ ❡st✐♠❛t❡❞ ❛t t❤❡ ❜r✐❞❣❡ ✭350m3/s✮✱ ❛s
r❡❝♦♠♠❡♥❞❡❞ ❜② ❇❛❦❦❡ ❡t ❛❧✳ ✭✶✾✾✾✮ t♦ ❝❤❛r❛❝t❡r✐③❡ r✐✈❡rs ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts
✇❡r❡ ♣r❡❢❡r❡♥t✐❛❧❧② ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ ❢❛❧❧✐♥❣ ❧✐♠❜ ♦❢ ❤②❞r♦❣r❛♣❤s ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ ♣r♦❜❛❜✐❧✐t②
♦❢ ❝♦❧❧✐s✐♦♥ ✇✐t❤ ❧♦❣ ❥❛♠s ❝❛rr✐❡❞ ❜② t❤❡ r✐✈❡r ❞✉r✐♥❣ t❤❡ r✐s✐♥❣ ❧✐♠❜ ♦❢ ✢♦♦❞s✳ ❚❤❡ ✢♦✇ ✈❡❧♦❝✐t✐❡s
❛♥❞ ✇❛t❡r ❞❡♣t❤s ✇❡r❡ ♠❡❛s✉r❡❞ ✉s✐♥❣ ❛ ❙✉r❢❛❝❡ ❱❡❧♦❝✐t② ❘❛❞❛r ✭❙❱❘✮ ❛♥❞ ❛♥ ❡❝❤♦ s♦✉♥❞❡r
❞✉r✐♥❣ t❤❡ ✜rst ❝❛♠♣❛✐❣♥ BS1 ❛♥❞ ❛ ❛❝♦✉st✐❝ ❉♦♣♣❧❡r ❝✉rr❡♥t ♣r♦✜❧❡r ✭❆❉❈P✮ ❞✉r✐♥❣ t❤❡ ♦t❤❡r
❝❛♠♣❛✐❣♥s BS2 ❛♥❞ BS3✳

✾✸



❇❡❞❧♦❛❞ s❛♠♣❧✐♥❣

❚❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡ ✇❡r❡ ❝♦❧❧❡❝t❡❞ ✉s✐♥❣ ❛ ❝❛❜❧❡ s✉s♣❡♥❞❡❞ ❍❡❧❧❡②✲❙♠✐t❤ ♣r❡ss✉r❡✲❞✐✛❡r❡♥❝❡
s❛♠♣❧❡r ✇✐t❤ ❛♥ ✐♥t❛❦❡ s✐③❡ ♦❢ 152 − mm ❛♥❞ ❛ ❝♦❧❧❡❝t✐♦♥ ❜❛❣ ✇✐t❤ ❛ ♠❡s❤ s✐③❡ ♦❢ 0.5mm✱
✇❤✐❝❤ ❡♥❛❜❧❡ t♦ ❛✈♦✐❞ s❛♠♣❧✐♥❣ ♣❛rt✐❝❧❡s ✐♥ s✉s♣❡♥s✐♦♥ ✭❋✐❣✉r❡ ✹✳✶ ❢✮✳ ❚❤✐s ♣♦rt❛❜❧❡ ❞❡✈✐❝❡
♦❢ ❛♣♣r♦①✐♠❛t❡❧② 75kg ✇❛s ❞❡♣❧♦②❡❞ ❛❧♦♥❣ t❤❡ ❜r✐❞❣❡ ✉s✐♥❣ ❛ ♠♦❜✐❧❡ ❝r❛♥❡✱ ❜✉t s❛♠♣❧❡s ✇❡r❡
♦♥❧② ❛❜❧❡ t♦ ❜❡ ❝♦❧❧❡❝t❡❞ ❛t t❤❡ r✐❣❤t ❤❛❧❢ ♦❢ t❤❡ ❝❤❛♥♥❡❧ ❜♦tt♦♠✱ ❜❡❝❛✉s❡ s✉r❢❛❝❡ ✢♦✇ ✈❡❧♦❝✐t✐❡s
✭> 2.5m/s✮ ❛♥❞ ✇❛t❡r ❞❡♣t❤s ✭> 3.5m✮ ✇❡r❡ t♦♦ ❤✐❣❤ ❛t t❤❡ ❧❡❢t s✐❞❡✳ ❚❤❡ s❛♠♣❧❡s ✇❡r❡
❝♦❧❧❡❝t❡❞ ❛t ✼ ✈❡rt✐❝❛❧s ❞✐str✐❜✉t❡❞ ✇✐t❤ ❛♥ ❡q✉❛❧✲✇✐❞t❤✲✐♥❝r❡♠❡♥t ✭❊❞✇❛r❞s ❛♥❞ ●❧②ss♦♥✱ ✶✾✾✾✮
♦❢ 2m ❜❡t✇❡❡♥ t❤❡ ❝❡♥tr❛❧ ♣✐❡r ✭x = 24m✮ ❛♥❞ t❤❡ r✐❣❤t ❜❛♥❦ ✭x = 40m✮✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts
✇❡r❡ r❡♣❡❛t❡❞ ❛t ❧❡❛st ✸ t✐♠❡s ♣❡r ✈❡rt✐❝❛❧ ♣r♦✜❧❡ ✇✐t❤ s❛♠♣❧✐♥❣ ❞✉r❛t✐♦♥s ✈❛r②✐♥❣ ❜❡t✇❡❡♥ ✸✵
s❡❝♦♥❞s ❛♥❞ ✺ ♠✐♥✉t❡s✱ ❞❡t❡r♠✐♥❡❞ ✐♥ ♦r❞❡r t❤❛t t❤❡ s❛♠♣❧❡❞ ✈♦❧✉♠❡ ❞♦❡s ♥♦t ❡①❝❡❡❞ 40% ♦❢
t❤❡ s❛♠♣❧❡r ❝❛♣❛❝✐t② ✭❊❞✇❛r❞s ❛♥❞ ●❧②ss♦♥✱ ✶✾✾✾✮✳ ❆s ❍❡❧❧❡② ❛♥❞ ❙♠✐t❤ ✭✶✾✼✶✮ ♦❜s❡r✈❡❞ t❤❛t
t❤❡ s❛♠♣❧❡r t❡♥❞s t♦ s❝♦♦♣ ❛❞❞✐t✐♦♥❛❧ ♠❛t❡r✐❛❧ ✇❤❡♥ ✐t ✐s ♣❧❛❝❡❞ ♦r ❧✐❢t❡❞ ❢r♦♠ t❤❡ r✐✈❡r❜❡❞✱
❛ s❛♠♣❧✐♥❣ ♦❢ ❛ ❢❡✇ s❡❝♦♥❞s ✇❛s ❛❧s♦ ❝❛rr✐❡❞ ♦✉t t♦ ✈❡r✐❢② ❛♥❞✱ ✐❢ s♦✱ q✉❛♥t✐❢② t❤✐s ❛♠♦✉♥t ♦❢
s❡❞✐♠❡♥t✳

❆❧❧ s❛♠♣❧❡s ✇❡r❡ ❞r✐❡❞ ❛♥❞ ✇❡✐❣❤❡❞ ♦♥ t❤❡ ✜❡❧❞ t♦ ❡st✐♠❛t❡ t❤❡ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① qs
✭g.m−1.s−1✮ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ✉♥✐t ❜❡❞❧♦❛❞ r❛t❡s✳ ❚❤❡ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞
✢✉① ♦❢ ❛ s❛♠♣❧❡ i ✇r✐t❡s ❛s✿

qs,i = k
Mi

diWsampler
✭✹✳✶✮

✇❤❡r❡ k ✐s t❤❡ s❛♠♣❧❡r ❡✣❝✐❡♥❝②✱ Wsampler ✐s t❤❡ s❛♠♣❧❡r ✐♥t❛❦❡ ✇✐❞t❤ ✭♠✮✱Mi ❛♥❞ di ❛r❡
r❡s♣❡❝t✐✈❡❧② t❤❡ ♠❛ss ✭❣✮ ❛♥❞ ❞✉r❛t✐♦♥ ✭s✮ ♦❢ t❤❡ s❛♠♣❧❡ i. ❚❤❡ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① qs,i ✇❛s
❛✈❡r❛❣❡❞ ❛t ❡❛❝❤ ✈❡rt✐❝❛❧ ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ❜r✐❞❣❡ ❛t ❧♦❝❛t✐♦♥ xj

qs (xj) =
1

N

∑

i

qs,i ✭✹✳✷✮

✇❤❡r❡ qs ✐s t❤❡ ❛✈❡r❛❣❡ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① ✭g.m−1.s−1✮ ❝♦♠♣✉t❡❞ ❛t ❧♦❝❛t✐♦♥ xj ✭♠✮ ✉s✐♥❣
N t❤❡ ♥✉♠❜❡r ♦❢ s❛♠♣❧❡s i ❝♦❧❧❡❝t❡❞ ❛t t❤✐s ✈❡rt✐❝❛❧✳ ❚❤❡ ❛✈❡r❛❣❡✲s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① ✇❛s
❝♦♠♣✉t❡❞ ❜② ❛✈❡r❛❣✐♥❣ qs ❜❡t✇❡❡♥ t❤❡ ❝❡♥tr❛❧ ♣✐❡r ❛♥❞ t❤❡ r✐❣❤t ❜❛♥❦ ♦❢ t❤❡ ❜r✐❞❣❡✳

qs =

∑

qs(xj)

M
✭✹✳✸✮

✇❤❡r❡ ▼ ✐s t❤❡ ♥✉♠❜❡r ♦❢ ✈❡rt✐❝❛❧s ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ❜r✐❞❣❡✳
❆s s✐❡✈✐♥❣ ♠✉❧t✐♣❧❡ s❡❞✐♠❡♥t s❛♠♣❧❡s ❛t t❤❡ ✜❡❧❞ ✐s ❧❛❜♦r✲✐♥t❡♥s✐✈❡✱ t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥

✭●❙❉✮ ♦❢ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✇❛s ♦♥❧② ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ❝❛♠♣❛✐❣♥ BS1✳ ❚❤❡ s❛♠♣❧❡s
✇❡r❡ s✐❡✈❡❞ ✉s✐♥❣ r♦✉♥❞✲❤♦❧❡s s✐❡✈❡s✱ r❛♥❣✐♥❣ ❢r♦♠ ✲✷ϕ ✭4mm✮ t♦ ✲✼ϕ ✭128mm✮ ✇✐t❤ ❛ st❛♥❞❛r❞
✐♥❝r❡♠❡♥t ♦❢ ✵✳✺ϕ ❛♥❞ ✇❡✐❣❤❡❞ ✉s✐♥❣ ❛♥ ❛❝❝✉r❛t❡ ❞✐❣✐t❛❧ s❝❛❧❡✳ ❚❤❡ r❡s✉❧ts ✇❡r❡ ❝♦♠♣❛r❡❞ t♦ ●❙❉
♦❢ s✉r❢❛❝❡ ❛♥❞ s✉❜s✉r❢❛❝❡ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ❛❢t❡r t❤❡ ✢♦♦❞ ♦❢ ✶✵✲②❡❛r r❡t✉r♥ ♣❡r✐♦❞ ✭❋✐❣✉r❡ ✹✳✷✮✱
♦♥ t❤❡ ❝❧♦s❡st ❡♠❡r❣❡❞ ❜❛r ❧♦❝❛t❡❞ ✉♣str❡❛♠ ♦❢ t❤❡ ❜r✐❞❣❡✱ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠❡t❤♦❞ ♣r❡s❡♥t❡❞ ✐♥
t❤❡ ❛♣♣❡♥❞✐① ❆✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ ❧❛r❣❡st ♣❛rt✐❝❧❡ ❝♦❧❧❡❝t❡❞ ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❛①✐♠✉♠ s✐③❡ ❛❜❧❡
t♦ ❜❡ tr❛♥s♣♦rt❡❞ ✐♥ ♦r❞❡r t♦ ❛ss❡s t❤❡ s❛♠♣❧❡r ❡✣❝✐❡♥❝② ✭❡q✉❛t✐♦♥ ✹✳✶✮✱ ✇❤✐❝❤ ♠❛② ❞❡❝r❡❛s❡ ❛s
❣r❛✐♥ s✐③❡ ❛♥❞ ❜❡❞❧♦❛❞ r❛t❡s ✐♥❝r❡❛s❡ ✭❱❡r✐❝❛t ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❲❛t❡r s❛♠♣❧❡s ✇❡r❡ ❛❧s♦ ❝♦❧❧❡❝t❡❞
❞✉r✐♥❣ t❤❡ ✜rst ❝❛♠♣❛✐❣♥ BS1 t♦ q✉❛♥t✐❢② t❤❡ s✉s♣❡♥❞❡❞ ❧♦❛❞ ❛♥❞ ❞❡t❡r♠✐♥❡ ✐ts ❝♦♠♣♦s✐t✐♦♥ ✐♥
❧❛❜♦r❛t♦r② ✉s✐♥❣ ❧❛s❡r ❞✐✛r❛❝t✐♦♥ s♣❡❝tr♦s❝♦♣②✳

✾✹



P❛ss✐✈❡ ❛❝♦✉st✐❝ ♠♦♥✐t♦r✐♥❣

❚❤❡ ❜❡❞❧♦❛❞ ❙❡❧❢✲●❡♥❡r❛t❡❞ ◆♦✐s❡s ✭❙●◆✮ ✇❛s r❡❝♦r❞❡❞ ✉s✐♥❣ ❛ ❍❚■✲✾✻ ❤②❞r♦♣❤♦♥❡ ✐♥st❛❧❧❡❞ ✉♥✲
❞❡r ❛ r✐✈❡r ❜♦❛r❞ ❛t 0.4m ❞❡♣t❤ ❛♥❞ ♣❧✉❣❣❡❞ ✐♥t♦ ❛ ❙♦♥❣ ▼❡t❡r ❙▼✸❇❆❚ ❞✐str✐❜✉t❡❞ ❜② ❲✐❧❞❧✐❢❡
❛❝♦✉st✐❝s ✭❋✐❣✉r❡ ✹✳✶ ❊✮✳ ❚❤❡ ❤②❞r♦♣❤♦♥❡ ✇❛s ❞❡♣❧♦②❡❞ ❢r♦♠ t❤❡ ❜r✐❞❣❡ ❜② ❛♥ ♦♣❡r❛t♦r ❛♥❞ ❧❡❢t
❞r✐❢t✐♥❣ ❛t ✢♦✇ ✈❡❧♦❝✐t② ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ ❤②❞r❛✉❧✐❝✲✐♥❞✉❝❡❞ ♥♦✐s❡ ❛♥❞ t❤❡r❡❢♦r❡ ♦♣t✐♠✐③❡ t❤❡ s✐❣✲
♥❛❧ t♦ ♥♦✐s❡ r❛t✐♦ ♦❢ ❜❡❞❧♦❛❞✳ ❚❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♣❡r❢♦r♠❡❞ ❛❧♦♥❣ t❤❡ ❜r✐❞❣❡ ❛t 2m
✐♥t❡r✈❛❧ ❛♥❞ r❡♣❡❛t❡❞ ❛t ❧❡❛st ✸ t✐♠❡s ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣✱ st❛rt✐♥❣ ❛t x = 6m ❜❡❝❛✉s❡
♦❢ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ r❡❝✐r❝✉❧❛t✐♦♥ ❛r❡❛ ❛t t❤❡ ❧❡❢t ❜❛♥❦✳ ❚❤❡ ❞r✐❢ts ❞✉r❛t✐♦♥ ✈❛r✐❡❞ ❜❡t✇❡❡♥ ✶✵
❛♥❞ ✷✵ s❡❝♦♥❞s✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ❛❝♦✉st✐❝ ❧♦♥❣✐t✉❞✐♥❛❧ ♣r♦✜❧❡s ♦❢ ❛♣♣r♦①✐♠❛t❡❧② ✹✵ t♦ 50m✱
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧♦❝❛❧ ✢♦✇ ✈❡❧♦❝✐t②✳ ❚❤❡ t♦t❛❧ ❞✉r❛t✐♦♥ ♦❢ ❡❛❝❤ ❛❝♦✉st✐❝ ♠❛♣s t❤❡r❡❢♦r❡ ✈❛r✐❡s
❜❡t✇❡❡♥ ✶❤ ❛♥❞ ✶❤✸✵✱ ✇❤✐❝❤ ✐s s❤♦rt❡r t❤❛♥ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❞✉r❛t✐♦♥ ❛♥❞ t❤✉s ❡♥❛❜❧❡s t♦
♣❡r❢♦r♠ s❡✈❡r❛❧ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❞✉r✐♥❣ ❡❛❝❤ ❝❛♠♣❛✐❣♥✳

❚❤❡ r❛✇ ❛❝♦✉st✐❝ s✐❣♥❛❧s ✇❡r❡ st♦r❡❞ ✐♥ ✇❛✈ ✜❧❡s ✇✐t❤ ❛ s❛♠♣❧✐♥❣ ❢r❡q✉❡♥❝② ♦❢ 192kHz ❛♥❞
❝♦♥✈❡rt❡❞ ✐♥t♦ ♣r❡ss✉r❡ ✢✉❝t✉❛t✐♦♥ ✭➭P❛✮ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t ❝❤❛✐♥
✭❞❡✈✐❝❡ s❡♥s✐❜✐❧✐t② ♦❢ −190.2V/µPa ❛♥❞ ❣❛✐♥ ❢❛❝t♦r ♦❢ ✶✮ ❛s ❞❡s❝r✐❜❡❞ ❜② ●❡❛② ✭✷✵✶✸✮✳ ❋♦r ❡❛❝❤
❛❝♦✉st✐❝ s✐❣♥❛❧✱ ❛ s❤♦rt✲t❡r♠ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ❛❧❣♦r✐t❤♠ ✐s ✜rst ❛♣♣❧✐❡❞✳ ❚❤❡♥✱ ❛ s♣❡❝tr❛❧ ♣r♦❜✲
❛❜✐❧✐t② ❞❡♥s✐t② ✭❙P❉✮✱ ✇❤✐❝❤ ✐s t❤❡ ❡♠♣✐r✐❝❛❧ ♣r♦❜❛❜✐❧✐t② ❞❡♥s✐t② ♦❢ t❤❡ P❙❉✱ ✇❛s ❝♦♠♣✉t❡❞ ✉s✐♥❣
t❤❡ ▼❡r❝❤❛♥t ❡t ❛❧✳ ✭✷✵✶✸✮ ❛❧❣♦r✐t❤♠✳ ❚❤✐s ❛❧❣♦r✐t❤♠ ❛❧❧♦✇s t♦ ❞❡t❡❝t ♣❡rs✐st❡♥t t♦♥❛❧ ❝♦♠♣♦✲
♥❡♥ts ❛♥❞ ✐♥s✉✣❝✐❡♥t ❞②♥❛♠✐❝✱ ✇❤✐❝❤ ♠❛② ❜❡ ✉♥❞❡t❡❝t❡❞ ❜② ❝♦♥✈❡♥t✐♦♥❛❧ t❡❝❤♥✐q✉❡s✳ ◆❡①t✱ t❤❡
♠❡❞✐❛♥ P♦✇❡r ❙♣❡❝tr❛❧ ❉❡♥s✐t② ✭P❙❉✮ ♦❢ ❡❛❝❤ ❛❝♦✉st✐❝ s✐❣♥❛❧ ✇❛s ❝♦♠♣✉t❡❞ ✉s✐♥❣ ✇✐♥❞♦✇s ♦❢
❛♣♣r♦①✐♠❛t❡❧② ✷✵ ♠✐❧❧✐s❡❝♦♥❞s ✇✐t❤ ❛ r❡❝♦✈❡r② r❛t❡ ♦❢ 50%✳ ❆s ♣r♦♣♦s❡❞ ❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✶✼✮✱
t❤❡ ♠❡❞✐❛♥ P❙❉ ✇❛s ♣r❡❢❡rr❡❞ t♦ t❤❡ ♠❡❛♥ P❙❉ ✭❲❡❧❝❤✱ ✶✾✻✼✮ s✐♥❝❡ ✐t ❛❧❧♦✇s t♦ ✜❧t❡r ♦✉t❧✐❡r
❛❝♦✉st✐❝ s✐❣♥❛❧s r❡s✉❧t✐♥❣ ❢♦r ❡①❛♠♣❧❡ ❢r♦♠ t❤❡ ❝♦❧❧✐s✐♦♥ ♦❢ t❤❡ ❤②❞r♦♣❤♦♥❡ ✇✐t❤ t❤❡ r✐✈❡r❜❡❞✳

❚❤❡ ♣♦✇❡r P ✭µPa2✮ ♦❢ ❛❝♦✉st✐❝ s✐❣♥❛❧ r❡❝♦r❞❡❞ ❞✉r✐♥❣ ❡❛❝❤ ❞r✐❢t i ✇❛s ❝♦♠♣✉t❡❞ ❜② ✐♥t❡✲
❣r❛t✐♥❣ t❤❡ ♠❡❞✐❛♥ P❙❉ ✭µPa2Hz−1✮ ♦❢ t❤❡ s❛♠♣❧❡❞ ❛❝♦✉st✐❝ s✐❣♥❛❧ ♦✈❡r ❛ r❛♥❣❡ ♦❢ ❢r❡q✉❡♥❝✐❡s
❝♦♠♣r✐s❡❞ ❜❡t✇❡❡♥ f1 = 2kHz ❛♥❞ f2 = 50kHz ✳ ❚❤❡ ♣♦✇❡r ♦❢ ❡❛❝❤ ❞r✐❢t s✐❣♥❛❧ i ✐s ♦❜t❛✐♥❡❞ ❜②
✐♥t❡❣r❛t✐♥❣ t❤❡ ♠❡❞✐❛♥ P❙❉ ♦✈❡r t❤❡ r❛♥❣❡ ♦❢ ❢r❡q✉❡♥❝✐❡s✿

Pi =

✂ f2

f1

PSDi(f)df ✭✹✳✹✮

❚❤✐s r❛♥❣❡ ♦❢ ❢r❡q✉❡♥❝✐❡s ✇❛s ❞❡t❡r♠✐♥❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❛ q✉❛♥t✐t❛t✐✈❡ ❛♥❛❧②s❡s ♦❢ P❙❉ ✐♥❞✐✲
❝❛t✐♥❣ t❤❛t ❜❡❧♦✇ 2kHz t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❝♦✉❧❞ ❜❡ ❛✛❡❝t❡❞ ❜② ❤②❞r❛✉❧✐❝ ♥♦✐s❡s✱ ✇❤✐❧❡
t❤❡ s✐❣♥❛❧ ✐s ❢✉❧❧② ❞♦♠✐♥❛t❡❞ ❜② ❜❡❞❧♦❛❞ ♥♦✐s❡ ✉♣ t♦ 50kHz✳ ❚❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r Pi ❝♦♠♣✉t❡❞
❛t ❝r♦ss✲s❡❝t✐♦♥❛❧ ❧♦❝❛t✐♦♥ xj ✇❛s ❛✈❡r❛❣❡❞✱ ❛s ❢♦r t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s✱ s✉❝❤ t❤❛t✿

Pi(xj) =
1

N

∑

i

Pi ✭✹✳✺✮

✇❤❡r❡ N ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❞r✐❢ts ❝❛rr✐❡❞ ♦✉t ❛t ❡❛❝❤ ❧♦❝❛t✐♦♥ xj ✳

✾✺



❚❤❡ ❛✈❡r❛❣❡✲s♣❡❝✐✜❝ ❛❝♦✉st✐❝ ♣♦✇❡r ✇❛s ❝♦♠♣✉t❡❞ ❜② ❛✈❡r❛❣✐♥❣ Pi ❡st✐♠❛t❡❞ ❛t ❜❡❞❧♦❛❞
s❛♠♣❧✐♥❣ ❧♦❝❛t✐♦♥s ✐♥ ♦r❞❡r t♦ ❜❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❛✈❡r❛❣❡✲s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉①✳

P =

∑

j P (xj)

M
✭✹✳✻✮

✇❤❡r❡ M ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❞r✐❢ts ❧♦❝❛t✐♦♥ ❞✐str✐❜✉t❡❞ ❜❡t✇❡❡♥ t❤❡ ❝❡♥tr❛❧ ♣✐❡r ❛♥❞ t❤❡ r✐❣❤t
❜❛♥❦ ♦❢ t❤❡ ❜r✐❞❣❡✳

❚❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ♣r♦✜❧❡s ♦❢ ❜❡❞❧♦❛❞ ✢✉① ❛♥❞ ❛❝♦✉st✐❝ ♣♦✇❡r ✇❡r❡ ❝♦♠♣❛r❡❞✱ ❜✉t t❤❡ r❡❧❛✲
t✐♦♥ ❜❡t✇❡❡♥ ♣❛✐r❡❞ ❞✐r❡❝t ❛♥❞ ✐♥❞✐r❡❝t ♠❡❛s✉r❡♠❡♥ts ❝❛rr✐❡❞ ♦✉t ❛t t❤❡ s❛♠❡ ❧♦❝❛t✐♦♥s ✇❛s ♥♦t
✐♥✈❡st✐❣❛t❡❞✳ ■♥❞❡❡❞✱ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❛r❡ ❧♦❝❛❧ ✇❤✐❧❡ ♣❛ss✐✈❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ✐♥t❡✲
❣r❛t✐✈❡ ❛♥❞ ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥ ♦♥ ❜❡❞❧♦❛❞ ✢✉① ♦✈❡r ❛ ❧❛r❣❡ ❛♥❞ ✉♥❦♥♦✇♥ ❛r❡❛ ♦❢ t❤❡ r✐✈❡r❜❡❞
✭●❡❛②✱ ✷✵✶✸✮✳ ❚♦ ♦✈❡r❝♦♠❡ t❤✐s ❞✐✛❡r❡♥❝❡ ✐♥ ♠❡❛s✉r❡♠❡♥t s♣❛t✐❛❧ r❡♣r❡s❡♥t❛t✐✈✐t②✱ ❛s ♣r♦♣♦s❡❞
❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✶✽✮ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ❜❡❞❧♦❛❞ ✢✉①❡s qs (g.m−1.s−1) ✇❡r❡ r❡❧❛t❡❞ t♦ t❤❡
❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r P (µPa2)✳ ❚❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢ ❛❝♦✉st✐❝
♣♦✇❡r ❛♥❞ ❜❡❞❧♦❛❞ ✢✉① ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ✜rst ✜❡❧❞ ❝❛♠♣❛✐❣♥ ✭BS1✮ ❝❛rr✐❡❞ ♦✉t ♦♥ t❤❡ ▼♦s❡❧❧❡
r✐✈❡r ✇❛s ❛❞❞❡❞ t♦ t❤❡ ✷✹ ✈❛❧✉❡ ♦❜t❛✐♥❡❞ ❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮✳ ❚❤✉s ✈❛❧✉❡ ✇❡r❡ ❡st✐♠❛t❡❞
❛♣♣❧②✐♥❣ t❤❡ s❛♠❡ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦t♦❝♦❧ ✉s✐♥❣ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❜❡❞❧♦❛❞ s❛♠♣❧❡rs ♦♥ ✶✹ r✐✈❡rs
❧♦❝❛t❡❞ ✐♥ ❋r❛♥❝❡ ✇✐t❤ ✈❛r✐♦✉s ❤②❞r❛✉❧✐❝ ❝♦♥❞✐t✐♦♥s ✭✢♦✇ ❞✐s❝❤❛r❣❡ ❛♥❞ ✇❛t❡r ❞❡♣t❤✮✱ ❜❡❞❧♦❛❞
✭r❛t❡ ❛♥❞ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥✮ ❛♥❞ s❧♦♣❡s✳ ❇② ♣❧♦tt✐♥❣ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢
❛❝♦✉st✐❝ ♣♦✇❡r ❛❣❛✐♥st ❜❡❞❧♦❛❞ ✢✉① ❛♥❞ ✜tt✐♥❣ ❛ ♣♦✇❡r ❧❛✇✱ t❤❡ ❛✉t❤♦rs ❢♦✉♥❞ t❤❡ ❢♦❧❧♦✇✐♥❣
r❡❧❛t✐♦♥s❤✐♣ ✇❡r❡ 60 ♦❢ ❜❡❞❧♦❛❞ ✢✉① ✇❛s ❡st✐♠❛t❡❞ ✇✐t❤✐♥ ❛ ❢❛❝t♦r ♦❢ ✷✳

P = aqs
b ✭✹✳✼✮

✇✐t❤ a = 9.08× 1010 ❛♥❞ b = 1.28✳
❆s ♣❛rt ♦❢ t❤❡ ♣r❡s❡♥t st✉❞②✱ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢ ❛❝♦✉st✐❝ ♣♦✇❡r ❛♥❞ ❜❡❞❧♦❛❞

✢✉① ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ s❡❝♦♥❞ ✭BS2✮ ❛♥❞ t❤✐r❞ ✭BS3✮ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥s ❛r❡ ❛❞❞❡❞ t♦ t❤✐s
❞❛t❛s❡t ♦❢ ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮ ❛♥❞ t❤❡ ❝♦❡✣❝✐❡♥t ❛♥❞ ❡①♣♦♥❡♥t ♦❢ ❡q✉❛t✐♦♥ ✹✳✼ ❤❛✈❡ ❜❡❡♥ r❡❛❞❥✉st❡❞
❝♦♥s✐❞❡r✐♥❣ t❤♦s❡ ❛❞❞✐t✐♦♥❛❧ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ♣♦s✐t✐♦♥ ♦❢ ♦✉r ✸ ✈❛❧✉❡s ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡
r❡❛❞❥✉st❡❞ ❣❧♦❜❛❧ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ♦❢ ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮ ✐♥ ♦r❞❡r t♦ ❛ss❡s t❤❡ ❛❜✐❧✐t② ♦❢ t❤✐s
r❡❧❛t✐♦♥s❤✐♣ t♦ ❡st✐♠❛t❡ ❜❡❞❧♦❛❞ ✢✉①❡s ♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✇✐t❤ ❛♥ ❤②❞r♦♣❤♦♥❡✳

✹✳✸✳✶✳✷ ❈❛❧✐❜r❛t✐♦♥ ❛♥❞ ❝♦♥✈❡rs✐♦♥ ♦❢ ❝♦♥t✐♥✉♦✉s ❛❝♦✉st✐❝ ♠♦♥✐t♦r✐♥❣ ✐♥ ❜❡❞❧♦❛❞
✢✉①❡s

❆ ❝♦♥t✐♥✉♦✉s ♠♦♥✐t♦r✐♥❣ ♦❢ ❜❡❞❧♦❛❞ ❙❡❧❢✲●❡♥❡r❛t❡❞ ◆♦✐s❡ ✭❙●◆✮ ✇❛s ♣❡r❢♦r♠❡❞ ❜❡t✇❡❡♥ ♠❛r❝❤
✷✵✶✽ ❛♥❞ ❛✉❣✉st ✷✵✷✵ ✉s✐♥❣ t✇♦ ❍❚■✲✾✻ ❤②❞r♦♣❤♦♥❡s ❞❡♣❧♦②❡❞ ✐♥ ✜①❡❞ ♣♦s✐t✐♦♥ ❛t t❤❡ ❜r✐❞❣❡
✭❋✐❣✉r❡ ✹✳✶ ❞✮✳ ❚❤❡ ✜rst ✇❛s ✐♥st❛❧❧❡❞ ❜❡t✇❡❡♥ s❤❡❡t ♣✐❧❡s ♦❢ t❤❡ ❧❡❢t ❛❜✉t♠❡♥t✱ ✇❤✐❧❡ t❤❡ s❡❝♦♥❞
✇❛s ✐♥st❛❧❧❡❞ ❜❡❤✐♥❞ ❛ ✢♦✇ ❞❡✢❡❝t♦r s♣❡❝✐❛❧❧② ❛❞❞❡❞ ♦♥ t❤❡ ❝❡♥tr❛❧ r♦✉♥❞ ♣✐❡r ✐♥ ♦r❞❡r t♦ ♣r♦t❡❝t
t❤❡ s❡♥s♦r ❢r♦♠ ❝♦❧❧✐s✐♦♥ ✇✐t❤ ✢♦✇✐♥❣ ♦❜❥❡❝ts✳ ❚❤❡ ❤②❞r♦♣❤♦♥❡s ♣r♦tr✉❞❡s ❢r♦♠ r✐❣✐❞ ♣❧❛st✐q✉❡
t✉❜❡s ✈❡rt✐❝❛❧❧② ♣♦s✐t✐♦♥❡❞ ❛❜♦✉t 0.2m ❛❜♦✈❡ t❤❡ r✐✈❡r❜❡❞ ✇❤✐❝❤ ♣r♦t❡❝t ❝❛❜❧❡s ✉♣ t♦ ❛ ❙♦♥❣
▼❡t❡r ❙▼✸❇❆❚ ✭❲✐❧❞❧✐❢❡ ❛❝♦✉st✐❝✮ ❧♦❝❛t❡❞ ❛t ❧❡❢t ❜❛♥❦✳ ❚❤✐s ❞❡✈✐❝❡ ✐s ♣♦✇❡r❡❞ ❜② ❛ s♦❧❛r ♣❛♥❡❧
❛♥❞ r❡❝♦r❞s s♦✉♥❞s ❞✉r✐♥❣ ✸✵ s❡❝♦♥❞s ❡✈❡r② ✶✵ ♠✐♥✉t❡s ✇✐t❤ ❛ s❛♠♣❧✐♥❣ ❢r❡q✉❡♥❝② ♦❢ 19.2kHz
❛♥❞ st♦r❡s r❛✇ ❛❝♦✉st✐❝ s✐❣♥❛❧ ✐♥ ✇❛✈ ✜❧❡s ♦♥ ❙❉ ♠❡♠♦r② ❝❛r❞s✳ ❆s ❢♦r ❞r✐❢t✐♥❣ ♠❡❛s✉r❡♠❡♥ts✱ t❤❡
❛❝♦✉st✐❝ ♣♦✇❡r (µPa2) ✇❛s ❝♦♠♣✉t❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ t❤❡ ♠❡❞✐❛♥ P❙❉ ♦❢ ❡❛❝❤ r❡❝♦r❞s ✭❡q✉❛t✐♦♥
✹✳✹✮✱ ❜✉t ♦✈❡r ❛ ♥❛rr♦✇❡r r❛♥❣❡ ♦❢ ❢r❡q✉❡♥❝② 2 − 19.2kHz ❞✉❡ t♦ ❛♥ ❡rr♦r ✐♥ ♣❛r❛♠❡tr✐③❛t✐♦♥
♦❢ s❛♠♣❧✐♥❣ ❢r❡q✉❡♥❝② ✇❤❡♥ t❤❡ st❛t✐♦♥ ✇❛s ✐♥st❛❧❧❡❞✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ❢♦r ❞✐s❝❤❛r❣❡s ❡①❝❡❡❞✐♥❣
❛♣♣r♦①✐♠❛t❡❧② 200m3/s t❤❡ ✢♦✇ ❞❡✢❡❝t♦r ✐♥st❛❧❧❡❞ ❛t t❤❡ ❜r✐❞❣❡ ✈✐❜r❛t❡s str♦♥❣❧② ❛❣❛✐♥st t❤❡
❝❡♥tr❛❧ ♣✐❡r ✇❤✐❝❤ ♠❛❦❡s r❡❝♦r❞s ❢r♦♠ t❤❡ s❡❝♦♥❞ ❤②❞r♦♣❤♦♥❡ ✉♥✉s❛❜❧❡✳

✾✻



❚❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r ♠♦♥✐t♦r❡❞ ❜② t❤❡ ❤②❞r♦♣❤♦♥❡ ❧♦❝❛t❡❞ ❛t t❤❡ ❧❡❢t ❛❜✉t♠❡♥t ✐s t❤❡ ✐♥t❡❣r❛❧
♦❢ t❤❡ ♣♦✇❡r ❣❡♥❡r❛t❡❞ ❜② ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♦✈❡r t❤❡ r✐✈❡r ❜❡❞ ❛♥❞ ♣r♦♣❛❣❛t❡❞ ❢r♦♠ t❤❡✐r ♣♦✐♥ts
♦❢ ❡♠✐ss✐♦♥ ✭●❡❛② ❡t ❛❧✳✱ ✷✵✷✵✮✿

Pfixed(Xh) =

✂
PSGN (XS)

⊗

G(Xh, Xs)dXs ✭✹✳✽✮

✇❤❡r❡
⊗

✐s t❤❡ ❝♦♥✈♦❧✉t✐♦♥ ♦♣❡r❛t♦r✱ Pfix(µPa2) ✐s t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r ♠♦♥✐t♦r❡❞ ❜② t❤❡
❤②❞r♦♣❤♦♥❡ ✜①❡❞ ❛t ♣♦s✐t✐♦♥ Xh ❛♥❞ G ✐s t❤❡ ●r❡❡♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❡♥✈✐r♦♥♠❡♥t ♣r♦♣❛❣❛t✐♥❣
t❤❡ ❛❝♦✉st✐❝ ✇❛✈❡s ❣❡♥❡r❛t❡❞ ❛t ♣♦s✐t✐♦♥Xs t♦Xh. ❚❤❡ ❧✐st✐♥❣ ❞✐st❛♥❝❡ ♦❢ ❜❡❞❧♦❛❞ ✐♠♣❛❝ts t♦✇❛r❞
t❤✐s ❤②❞r♦♣❤♦♥❡ ✐s ❤♦✇❡✈❡r ✉♥❦♥♦✇♥ ✭❡✳❣ 5 − 10m ✐♥ ●❡❛② ❡t ❛❧✳ ✭✷✵✶✼✮✮ ❜❡❝❛✉s❡ ♣r♦♣❛❣❛t✐♦♥
❧❛✇s ✈❛r② ✐♥ ❢✉♥❝t✐♦♥ ♦❢ r✐✈❡rs ✭●❡❛② ❡t ❛❧✳✱ ✷✵✶✾✮ ♦r ♦❢ ✇❛t❡r ❞❡♣t❤ ✭❘✐❣❜② ❡t ❛❧✳✱ ✷✵✶✻✮✳ ❚♦
❛ss❡ss t❤❡ s♣❛t✐♦✲t❡♠♣♦r❛❧ r❡♣r❡s❡♥t❛t✐✈✐t② ♦❢ s♦✉♥❞s r❡❝♦r❞❡❞ ❜② t❤✐s ❤②❞r♦♣❤♦♥❡ ✐♥ r❡❧❛t✐♦♥
t♦ ❜❡❞❧♦❛❞ s♦✉♥❞s ❣❡♥❡r❛t❡❞ ❛❝r♦ss t❤❡ s❡❝t✐♦♥✱ t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r ♠❡❛s✉r❡❞ ❛t t❤❡ ❜❛♥❦ ✇❛s
❝♦♠♣❛r❡❞ t♦ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛✈❡r❛❣❡ ❛❝♦✉st✐❝ ♣♦✇❡r✳ ❚❤❡ s♦✉♥❞ ✇❛s s♣❛t✐❛❧❧② ♠❛♣♣❡❞ ❛❝r♦ss
t❤❡ r✐✈❡r s❡❝t✐♦♥ ✇✐t❤ ♣❛ss✐✈❡ ❛❝♦✉st✐❝ ♣r♦✜❧❡s ✭●❡❛② ❡t ❛❧✳✱ ✷✵✷✵✮ ❝❛rr✐❡❞ ♦✉t ❛t t❤❡ s❛♠❡ s♣❛t✐❛❧
r❡s♦❧✉t✐♦♥ ❛♥❞ ✉s✐♥❣ t❤❡ s❛♠❡ ♠❛t❡r✐❛❧ t❤❛♥ ❢♦r ❜❡❞❧♦❛❞ ✢✉① q✉❛♥t✐✜❝❛t✐♦♥ ✭s❡❡ ✹✳✸✳✶✳✶✮✳ ❚❤❡s❡
❛❝♦✉st✐❝ ♠❛♣s Mn ✇❡r❡ ♣❡r❢♦r♠❡❞ ❛t ✻ ❞✐✛❡r❡♥t ❞✐s❝❤❛r❣❡s ❣✐✈❡♥ t❤❛t ♣r♦♣❛❣❛t✐♦♥ ❡✛❡❝ts ♠❛②
✈❛r② ✇✐t❤ ✇❛t❡r ❞❡♣t❤s ❛♥❞ t❤❛t ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♠❛② ✈❛r② ✐♥ s♣❛❝❡ ❛♥❞ t✐♠❡ ❞❡♣❡♥❞✐♥❣ ♦♥
✢♦✇ ❞✐str✐❜✉t✐♦♥ ♦r ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s✳ ❚❤❡ ♣❛ss✐✈❡ ❛❝♦✉st✐❝ ♠♦♥✐t♦r✐♥❣ ✇❛s ♣❡r❢♦r♠❡❞
❜❡t✇❡❡♥ ▼❛r❝❤ ✷✵✶✾ ❛♥❞ ❋❡❜r✉❛r② ✷✵✷✵ ✭❋✐❣✉r❡ ✹✳✷✮ ❛t ❞✐s❝❤❛r❣❡s r❛♥❣✐♥❣ ❜❡t✇❡❡♥ ✶✺✽ ❛♥❞
350m3/s✱ ✐♥ r✐s✐♥❣ ❛♥❞ ❢❛❧❧✐♥❣ ♣❤❛s❡s ❛s ✇❡❧❧ ❛s ❛t ✢♦♦❞ ♣❡❛❦ ✭❚❛❜❧❡ ✹✳✶✮✳ ❚❤❡ ✷ ❛❝♦✉st✐❝ ♠❛♣s
M5 ❛♥❞ M6 ❝❛rr✐❡❞ ♦✉t ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ♦❢ ▼❛r❝❤ ✷✵✷✵ ✇❡r❡ ❛❞❞❡❞ t♦ t❤✐s ❞❛t❛s❡t✱
❜✉t r❡s✉❧ts ❢r♦♠ t❤❡ ❝❛♠♣❛✐❣♥ M0 ♦❢ ❏❛♥✉❛r② ✷✵✶✾ ❝♦✉❧❞ ♥♦t ❜❡ ✉s❡❞ s✐♥❝❡ ❤②❞r♦♣❤♦♥❡s ✇❡r❡
♥♦t ②❡t ✐♥st❛❧❧❡❞ ❛t t❤❡ ❜r✐❞❣❡✳ ❚❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r ✇❛s ❝♦♠♣✉t❡❞ ❢♦r ❡❛❝❤ ❧♦♥❣✐t✉❞✐♥❛❧ ♣r♦✜❧❡
✭❡q✉❛t✐♦♥ ✹✳✹✮✱ ✈❛❧✉❡s ✇❡r❡ ❛✈❡r❛❣❡❞ ❛t ❡❛❝❤ ♠❡❛s✉r❡♠❡♥ts ❧♦❝❛t✐♦♥ ✭❡q✉❛t✐♦♥ ✹✳✺✮ ❛♥❞ ♠✐ss✐♥❣
❝r♦ss✲s❡❝t✐♦♥❛❧ ✈❛❧✉❡s ✇❡r❡ ❧✐♥❡❛r❧② ✐♥t❡r♣♦❧❛t❡❞ ❛t 1m ✐♥t❡r✈❛❧✳ ❚❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛✈❡r❛❣❡❞
♣♦✇❡r ✭PXS) ✇❛s ❝♦♠♣✉t❡❞ ❢♦r ❡❛❝❤ ❛❝♦✉st✐❝ ♠❛♣ ✭❡q✉❛t✐♦♥ ✹✳✻✮ ❛♥❞ ♣❧♦tt❡❞ ❛❣❛✐♥st t❤❡ ❛✈❡r❛❣❡❞
❛❝♦✉st✐❝ ♣♦✇❡r ✭PF ) r❡❝♦r❞❡❞ ❞✉r✐♥❣ t❤✐s ♠♦♥✐t♦r✐♥❣ ❜② t❤❡ ❤②❞r♦♣❤♦♥❡ ✐♥st❛❧❧❡❞ ❛t t❤❡ ❜r✐❞❣❡✳

PF =

∑

Phydrophone(ti)

N
✭✹✳✾✮

✇❤❡r❡ Phydrophone ✐s t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r ✭µPa2✮ r❡❝♦r❞❡❞ ❛t t❤❡ t✐♠❡ t ❜② t❤❡ ❤②❞r♦♣❤♦♥❡
✜①❡❞ ❛t t❤❡ ❜r✐❞❣❡ ❛♥❞ N ✐s t❤❡ ♥✉♠❜❡r ♦❢ r❡❝♦r❞s i ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ t❤❡ ❛❝q✉✐s✐t✐♦♥ ♦❢ ❛❝♦✉st✐❝
♠❛♣s✳ ❚❤❡ ♥✉♠❜❡r ♦❢ r❡❝♦r❞s ✉s❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r ♠❡❛s✉r❡❞ ❢r♦♠ t❤❡
❜❛♥❦ ✈❛r✐❡s ❢r♦♠ ✻ t♦ ✾ ✜❧❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞✉r❛t✐♦♥ ♦❢ ❡❛❝❤ ❛❝♦✉st✐❝ ♣r♦✜❧❡s✳ ❆ r❛t✐♥❣ ❝✉r✈❡
✇❛s ❡st❛❜❧✐s❤❡❞ ❜❡t✇❡❡♥ ❛❝♦✉st✐❝ ♣♦✇❡r ♠❡❛s✉r❡❞ ❢r♦♠ t❤❡ ❜❛♥❦ ✭PF ) ❛♥❞ ❢r♦♠ ❛❝♦✉st✐❝ ♠❛♣
✭PXS) ❜② ✜tt✐♥❣ ❛ ♣♦✇❡r ❧❛✇ t♦ t❤✐s ✻ ✜❡❧❞ ♠♦♥✐t♦r✐♥❣✳ ❚❤✐s r❛t✐♥❣ ❝✉r✈❡ ✇r✐t❡s✿

PF (Q) = αPXS
β
(Q) ✭✹✳✶✵✮

❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❝♦❡✣❝✐❡♥t ♦❢ ❝♦rr❡❧❛t✐♦♥ ✭R2 P❡❛rs♦♥ ♦❢ t❤❡ ❛❞❥✉st♠❡♥t ♦❢ ♣♦❧②♥♦♠✐❛❧ ✶✵ ♦♥
❞❛t❛✮ ❛s ✇❡❧❧ ❛s t❤❡ ❞✐s♣❡rs✐♦♥ ♦❢ ✈❛❧✉❡s ❛r♦✉♥❞ t❤✐s ❝✉r✈❡ ❛❧❧♦✇s t♦ ❛ss❡ss ✐❢ t❤❡ r❡♣r❡s❡♥t❛t✐✈✐t②
♦❢ t❤❡ ❜❛♥❦ ♠❡❛s✉r❡♠❡♥ts ✐♥ r❡❧❛t✐♦♥ t♦ ❛❝♦✉st✐❝ ♠❛♣s ✈❛r✐❡s ✇✐t❤ ❞✐s❝❤❛r❣❡ ♦r ♠♦r♣❤♦❧♦❣✐❝❛❧
❡✈♦❧✉t✐♦♥✳ ❚❤✐s r❛t✐♥❣ ❝✉r✈❡ ✐s ✉s❡❞ t♦ ❡①tr❛♣♦❧❛t❡ t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r ❝♦♥t✐♥✉♦✉s❧② ♠❡❛s✉r❡❞
❜② t❤❡ ❤②❞r♦♣❤♦♥❡ ✐♥st❛❧❧❡❞ ❛t t❤❡ ❜r✐❞❣❡ t❤♦✉❣❤ t❤❡ ❡♥t✐r❡ ❝r♦ss✲s❡❝t✐♦♥✳ ❚❤❡ t✐♠❡ s❡r✐❡s ♦❢
❝r♦ss✲s❡❝t✐♦♥❛❧ ❛✈❡r❛❣❡ ❛❝♦✉st✐❝ ♣♦✇❡r ❛r❡ ❝♦♥✈❡rt❡❞ ✐♥t♦ ❜❡❞❧♦❛❞ ✢✉① ✉s✐♥❣ ❡q✉❛t✐♦♥ ✹✳✼ ❛♥❞
❛♣♣❧✐❡❞ t♦ t❤❡ ❛❝t✐✈❡ ❝❤❛♥♥❡❧ ✇❤✐❝❤ ✇✐❞t❤ ♦❢ 40m ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❧❡❢t
❛❜✉t♠❡♥t ❛♥❞ t❤❡ r✐❣❤t ♣✐❡r ♦❢ t❤❡ ❜r✐❞❣❡✳ ❚❤❡ ❝♦♥t✐♥✉♦✉s ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ❛❝r♦ss t❤❡
r✐✈❡r s❡❝t✐♦♥ ❛r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ t✐♠❡ s❡r✐❡s ♦❢ ✢♦✇ ❞✐s❝❤❛r❣❡s ❛♥❞ ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞
✉s✐♥❣ ❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✳

✾✼



▼♦♥✐t♦r✐♥❣ ❉❛t❡ ❉✉r❛t✐♦♥ ❉✐s❝❤❛r❣❡ (m3/s) ❍②❞r♦❣r❛♣❤ ♣❤❛s❡
M1 ✶✺✴✵✸✴✷✵✶✾ ✶✸✿✹✺ ✶❤✹✺ ✶✻✼ ❘✐s✐♥❣ ❧✐♠❜
M2 ✷✾✴✶✶✴✷✵✶✾ ✶✺✿✶✺ ✶❤ ✶✺✽ ❘✐s✐♥❣ ❧✐♠❜
M3 ✶✻✴✶✷✴✷✵✶✾ ✶✺✿✵✵ ✷❤ ✷✸✺ P❡❛❦
M4 ✵✹✴✵✷✴✷✵✷✵ ✶✻✿✸✵ ✶❤✸✵ ✸✺✵ ❋❛❧❧✐♥❣ ❧✐♠❜
M5 ✵✻✴✵✸✴✷✵✷✵ ✶✺✿✵✵ ✷❤ ✷✻✽ P❧❛t❡❛✉
M6 ✵✼✴✵✸✴✷✵✷✵ ✽✿✵✵ ✶❤✸✵ ✷✸✸ ❋❛❧❧✐♥❣ ❧✐♠❜

❚❛❜❧❡ ✹✳✶✿ ❙✉♠♠❛r✐③❡ ♦❢ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❞✉r✐♥❣ ❛❝♦✉st✐❝ ♠❛♣s

✹✳✸✳✷ ❍②❞r❛✉❧✐❝ ♠♦❞❡❧✲❜❛s❡❞ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt

❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✐s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❛ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ❚❡❧❡♠❛❝✲✷❉✱ ✐♥t❡r♥❛❧❧② ❝♦✉♣❧❡❞
t♦ ❛ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ ❜❡❞ ❡✈♦❧✉t✐♦♥ ♠♦❞✉❧❡ ❙✐s②♣❤❡ ♦❢ t❤❡ ❚❊▲❊▼❆❈✲▼❆❙❈❆❘❊❚
♠♦❞❡❧✐♥❣ s②st❡♠✳ ❆♥ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ M ✇❛s ♣r❡✈✐♦✉s❧② ❜✉✐❧t ❛❧♦♥❣ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ r✐✈❡r
✭P✐❛s♥② ❡t ❛❧✳✱ ✷✵✷✸❜✮ ❜❛s❡❞ ♦♥ ❛♥ ❛❝❝✉r❛t❡ ❉❊▼ ❛♥❞ ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ✇❛t❡r s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥
r❡❝♦r❞s ❛♥❞ ✈❡❧♦❝✐t② ♠❡❛s✉r❡♠❡♥ts✳ ❚❤✐s ♠♦❞❡❧ ❛❧❧♦✇❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❝r✐t✐❝❛❧ ❜❡❞ s❤❡❛r str❡ss
❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥ ❜❛s❡❞ ♦♥ t❤❡ r✐✈❡r ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✇❤✐❝❤ ✇❛s ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ♣❛✐♥t❡❞ ❜❡❞
♣❛t❝❤❡s ❛♥❞ ♣✐t✲t❛❣s✳ ❆s ♣❛rt ♦❢ t❤✐s st✉❞②✱ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ❛r❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ s❡✈❡r❛❧ ❜❡❞❧♦❛❞
❧❛✇s✱ ❜❛s❡❞ ♦♥ t❤❡ ❜❡❞ s❤❡❛r str❡ss s✐♠✉❧❛t❡❞ ❛t t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❧♦❝❛t✐♦♥ ❛♥❞ t❤❡ ❝r✐t✐❝❛❧
❜❡❞ s❤❡❛r str❡ss ❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥ ❞❡t❡r♠✐♥❡❞ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮✳ ❚❤❡ ♣r❡❞✐❝t❡❞ ❜❡❞❧♦❛❞
✢✉①❡s ❛r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✐♥ s✐t✉ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ❢r♦♠ t❤❡ ❜r✐❞❣❡✱ ✐♥ ♦r❞❡r t♦ s❡❧❡❝t ❛♥❞
❝❛❧✐❜r❛t❡ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❧❛✇s ✉s❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞
F ✳ ❚❤✐s ❝♦♠♣✉t❛t✐♦♥ ✐s s✐♠♣❧② ❞♦♥❡ ✇✐t❤ s✉❝❝❡ss✐✈❡ s❤♦rt st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞
✉s✐♥❣ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s r✉♥ ✇✐t❤ ❛ ✉♥✐q✉❡ ❣r❛✐♥ s✐③❡ ❛♥❞ ✈❛r②✐♥❣ ❤②❞r♦❞②♥❛♠✐❝
❝♦♥❞✐t✐♦♥s✳ ❚❤✐s ✐s s♦♠❡ ❤♦✇ ❛ s✐♠♣❧❡ ♣r❡❞✐❝t✐♦♥ ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❝❛♣❛❝✐t②✱ ❛s ❝❧❛ss✐❝❛❧❧②
❞♦♥❡ ✐♥ s♣❛❝❡ ❛♥❞ t✐♠❡✱ ❜❛s❡❞ ✈✐❛ t❤❡ ❢✉♥❝t✐♦♥❛❧✐t② ♦❢ t❤❡ ✷❉ ♠♦❞❡❧✳ ❚❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ t❤✐s
s❤♦rt t✐♠❡ s✐♠✉❧❛t✐♦♥ ✐s t♦ ❛✈♦✐❞ ✉♥r❡❛❧✐st✐❝ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥ ❞❡r✐✈❡❞ ❢r♦♠ s✐♠♣❧✐✜❝❛t✐♦♥
♦❢ r✐✈❡r❜❡❞ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦r ✉♥❦♥♦✇♥ ✐♥✢♦✇ s❡❞✐♠❡♥t ❞✐s❝❤❛r❣❡ ✇❤✐❝❤ ♠❛② ♠♦❞✐❢② t❤❡
❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥ ♦r t❤❡ s❡❞✐♠❡♥t s✉♣♣❧② ❛t t❤❡ ❜r✐❞❣❡✳

✹✳✸✳✷✳✶ ◆✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❞❡s❝r✐♣t✐♦♥

❚❤❡ ❚❊▲❊▼❆❈✲▼❆❙❈❆❘❊❚ ♠♦❞❡❧✐♥❣ s②st❡♠ ✐s ❛♥ ♦♣❡♥✲s♦✉r❝❡ ✇❡❧❧✲t❡st❡❞ ❛♥❞ ✇✐❞❡❧②✲✉s❡❞
♣❛❝❦❛❣❡ ❡♠♣❧♦②❡❞ ✐♥ ♠❛♥② ✜❡❧❞s ♦❢ ❛♣♣❧✐❝❛t✐♦♥ ✇❤✐❝❤ ✇❛s ❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ❋r❡♥❝❤ ❊❧❡❝tr✐❝✐t②
❇♦❛r❞ ✭❊❉❋✮✳ ❆❧❧ ♠♦❞✉❧❡s ♦❢ t❤✐s s✉✐t❡s ♦❢ s♦❧✈❡rs ❛r❡ ❜❛s❡❞ ♦♥ ✉♥str✉❝t✉r❡❞ ♠❡s❤ ❛♥❞ ✜♥✐t❡✲
❡❧❡♠❡♥t ♦r ✜♥✐t❡ ✈♦❧✉♠❡ ❛❧❣♦r✐t❤♠s t❤❛t ❛❧❧♦✇ t♦ r✉♥ ♣❛r❛❧❧❡❧ ❝♦♠♣✉t❛t✐♦♥s ✭❍❡r✈♦✉❡t✱ ✷✵✵✼✮✳
❚❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ✭s❤❛❧❧♦✇ ✇❛t❡r ❡q✉❛t✐♦♥s✮ ❛♥❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✭❜❡❞
s❤❡❛r str❡ss ♣❛rt✐t✐♦♥✐♥❣ ❛♥❞ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❢♦r♠✉❧❛s✮ ♠♦❞✉❧❡ ✉s❡❞ ✐s t❤✐s st✉❞② ❛r❡ ❞❡s❝r✐❜❡❞
❜❡❧♦✇✳ ❚❤❡ ♠♦❞✉❧❡ ♦❢ ❜❡❞ ❡✈♦❧✉t✐♦♥ ✭❊①♥❡r ❡q✉❛t✐♦♥✮ ❛♥❞ ♦t❤❡r ❛❞❞✐t✐♦♥❛❧ s❡❞✐♠❡♥t tr❛♥s♣♦rt
♣r♦❝❡ss❡s ✭s❡❝♦♥❞❛r② ❝✉rr❡♥t✱ s❧♦♣❡ ❡✛❡❝t✳✳✳✮ ❛r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤✐s ❞❡s❝r✐♣t✐♦♥ s✐♥❝❡ ♦♥❧② t❤❡
s❡❞✐♠❡♥t tr❛♥s♣♦rt ❝❛♣❛❝✐t② ❛t t❤❡ s❝❛❧❡ ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✐s ♦❢ ✐♥t❡r❡st✳

❍②❞r♦❞②♥❛♠✐❝ ♠♦❞❡❧

❚❡❧❡♠❛❝✲✷❉ ♠♦❞❡❧ s♦❧✈❡s t❤❡ s❤❛❧❧♦✇ ✇❛t❡r ❡q✉❛t✐♦♥s ✭❙❲❊✮ ✐♥ t❤❡✐r ❝♦♥s❡r✈❛t✐✈❡ ❢♦r♠s ✭♠♦✲
♠❡♥t✉♠ ❛♥❞ ❝♦♥t✐♥✉✐t②✮ ✇❤✐❝❤ ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❢✉❧❧ ✸❉ ◆❛✈✐❡r✲❙t♦❦❡s ❡q✉❛t✐♦♥s ✭❱✐❧❧❛r❡t
❡t ❛❧✳✱ ✷✵✶✸❀ ❆♥❝❡②✱ ✷✵✶✻❀ ❉✐♥❣♠❛♥✱ ✶✾✽✹✮✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s ✇❡r❡ s✐♠♣❧✐✜❡❞ ✐♥ t❤❡ ✈❡rt✐❝❛❧ ❞✐✲
r❡❝t✐♦♥ ❛ss✉♠✐♥❣ ❤②❞r♦st❛t✐❝ ♣r❡ss✉r❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ♥❡❣❧✐❣✐❜❧❡ ✈❡rt✐❝❛❧ ❛❝❝❡❧❡r❛t✐♦♥ ✇❤❡r❡✐♥
t✉r❜✉❧❡♥❝❡ ❡✛❡❝ts ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✉s✐♥❣ ❛ ❝♦♥st❛♥t ✈✐s❝♦s✐t② ♠♦❞❡❧✳

✾✽



❚❤❡ ✜rst t❡r♠ ♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ♦❢ t❤❡ t✇♦ ❡q✉❛t✐♦♥s ♦❢ ♠♦♠❡♥t✉♠ ✐s t❤❡ ♣r❡ss✉r❡
❣r❛❞✐❡♥t✱ t❤❡ s❡❝♦♥❞ ✐s t❤❡ ❜♦tt♦♠ ❢r✐❝t✐♦♥ ❛♥❞ t❤❡ t❤✐r❞ ✐s t❤❡ ❤♦r✐③♦♥t❛❧ ❞✐✛✉s✐♦♥✳

∂H

∂t
+

∂✭UH)

∂x
+

∂✭V H)

∂y
= 0 ✭✹✳✶✶✮

∂U

∂t
+ U

∂U

∂x
+ V

∂U

∂y
= −g

∂Zs

∂x
+

τx
h

+
1

h
div(hν.grad(U)) ✭✹✳✶✷✮

∂V

∂t
+ U

∂V

∂x
+ V

∂V

∂y
= −g

∂Zs

∂y
+

τy
h

+
1

h
div(hν.grad(V )) ✭✹✳✶✸✮

✇❤❡r❡ ❤ ✐s t❤❡ ✇❛t❡r ❞❡♣t❤ ✭♠✮✱ ❯ ❛♥❞ ❱ ❛r❡ ❤♦r✐③♦♥t❛❧ ♠❡❛♥ ✈❡❧♦❝✐t② ❝♦♠♣♦♥❡♥ts ✭♠✴s✮✱ ❣
✐s t❤❡ ❣r❛✈✐t② ❛❝❝❡❧❡r❛t✐♦♥ ✭m/s2✮✱ Zs ✐s t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ✭♠✮✱ t ✐s t❤❡ t✐♠❡ ✭s✮✱ ① ❛♥❞
② ❛r❡ ❤♦r✐③♦♥t❛❧ s♣❛❝❡ ❝♦♦r❞✐♥❛t❡s ✭♠✮✱ ν ✐s t❤❡ ❞❡♣t❤✲❛✈❡r❛❣❡❞ ❡❞❞② ✈✐s❝♦s✐t② ✭m2/s✮ ❛♥❞ τx
✭r❡s♣✳ τy✮ ✐s t❤❡ ❜❡❞ s❤❡❛r str❡ss ✭N/m2✮ ❛❧♦♥❣ t❤❡ ❈❛rt❡s✐❛♥ x✲❛①✐s ✭r❡s♣✳ y✲❛①✐s✮ ❛s

τb =
√

τ2x + τ2y =

√

(

1

2
ρCfU2

)

+

(

1

2
ρCfV 2

)

✭✹✳✶✹✮

✇❤❡r❡ ρ ✐s t❤❡ ✇❛t❡r ❞❡♥s✐t② ✭kg/m3✮ ❛♥❞ Cf ✐s ❛ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛❞r❛t✐❝ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t
❝❛❧❝✉❧❛t❡❞ ❛s

Cf =
2g

K2
sh

1/3
✭✹✳✶✺✮

✇❤❡r❡ Ks (x, y) ✐s t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ✭m1/3/s✮ t❤❛t ❣❡♥❡r❛❧❧② ♥❡❡❞s t♦ ❜❡ ❝❛❧✐❜r❛t❡❞ t♦ ✜t
✢♦✇ ♦❜s❡r✈❛t✐♦♥s✳ ❚❤✐s ❤②❞r❛✉❧✐❝ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐s ❝♦♥s✐❞❡r❡❞ s♣❛t✐❛❧✐③❡❞ ✇❤✐❝❤ ✐s ❛✛♦r❞❛❜❧❡
✇✐t❤ ♦✉r ❞❡♥s❡ ❞❛t❛s❡t✱ ✐♥ ♦r❞❡r t♦ ✜♥❡❧② ❝♦♠♣❡♥s❛t❡ ❞❛t❛✲♠♦❞❡❧ ❡rr♦rs✳

❙❡❞✐♠❡♥t tr❛♥s♣♦rt ♠♦❞❡❧

❙✐s②♣❤❡ ♠♦❞❡❧ ❝♦rr❡❝ts t❤❡ t♦t❛❧ ❜❡❞ s❤❡❛r str❡ss τb ✭N/m2✮ ✐ss✉❡❞ ❢r♦♠ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ♠♦❞❡❧
✭❡q✉❛t✐♦♥ ✹✳✶✹✮ ✉s✐♥❣ ❛ ❢❛❝t♦r µ t♦ ❡①♣r❡ss t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss τ ′ ✭N/m2✮ ✇❤✐❝❤ ✐s t❤❡ ♦♥❧②
❝♦♠♣♦♥❡♥t ❛❝t✐♥❣ ♦♥ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✭▼❡♥❞♦③❛ ❡t ❛❧✳✱ ✷✵✶✼✮✳

τ ′ = µτb ✭✹✳✶✻✮

✇❤❡r❡ t❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r µ = C✬f/Cf ❝♦rr❡s♣♦♥❞s t♦ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t
Cf ✐ss✉❡❞ ❜② ❤②❞r♦❞②♥❛♠✐❝ ♠♦❞❡❧✱ ❛♥❞ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t C ′

f ♦♥❧② ❞✉❡ t♦ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ ❣✐✈❡♥
❜②✿

C ′
f = 2

(

κ

log(12h/h′

s)

)2

✭✹✳✶✼✮

✇❤❡r❡ κ ✐s t❤❡ ✈♦♥ ❑❛r♠❛♥ ❝♦❡✣❝✐❡♥t✱ ❤ t❤❡ ✇❛t❡r ❧❡✈❡❧ ✭♠✮ ❛♥❞ h
′

s t❤❡ r♦✉❣❤♥❡ss ❤❡✐❣❤t ✭♠✮
❞❡✜♥❡❞ ❛s

h
′

s = αh′

s
d50 ✭✹✳✶✽✮

✇❤❡r❡ αh′

s
✐s ❛ ❝❛❧✐❜r❛t✐♦♥ ♣❛r❛♠❡t❡r ✭✸ ❜② ❞❡❢❛✉❧t❀ ❚❛ss✐ ❛♥❞ ❱✐❧❧❛r❡t ✭✷✵✶✹✮✮ ❛♥❞ d50 ✭♠✮ ✐s t❤❡

s❡❞✐♠❡♥t ♠❡❛♥ ❞✐❛♠❡t❡r✳

✾✾



❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❢♦r♠✉❧❛s ❛r❡ ❝♦♠♣✉t❡❞ ❛s ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θ ✇❤✐❝❤
✐s t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss s❤❡❛r str❡ss ❣✐✈❡♥ ❜②

θ =
τ ′

(ρs − ρ)gd
✭✹✳✶✾✮

✇❤❡r❡ τ ′ ✐s t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss ✭N/m2✮✱ g ✐s t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥ ✭m/s2✮✱ d ✐s t❤❡
❣r❛✐♥ s✐③❡ ❞✐❛♠❡t❡r ✭♠✮ ❛♥❞ ρ ❛♥❞ρs ✭✷✻✺✵ kg/m3 ❜② ❞❡❢❛✉❧t✮ ✇❤✐❝❤ ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ ✢✉✐❞
❛♥❞ s❡❞✐♠❡♥t ❞❡♥s✐t✐❡s ✭kg/m3✮✳ ❚❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝✉rr❡♥t✲✐♥❞✉❝❡❞ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ Φb

❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ s❡✈❡r❛❧ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❢♦r♠✉❧❛s ❛✈❛✐❧❛❜❧❡ ✐♥ ❙✐s②♣❤❡ ♠♦❞❡❧ s✉❝❤ ❛s t❤❡
♠♦st ✇✐❞❡❧② ✉s❡❞ ▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r ✭▼P▼✮ ❡q✉❛t✐♦♥ ✭✶✾✹✽✮✳ ❚❤✐s ❢♦r♠✉❧❛ ✇❛s ❞❡✈❡❧♦♣❡❞
❢r♦♠ ✢✉♠❡ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ✉♥✐❢♦r♠ s❡❞✐♠❡♥ts✱ ✉♥❞❡r ♣❧❛♥❡ ❜❡❞ ❝♦♥❞✐t✐♦♥s ❛♥❞
✈❛❧✐❞❛t❡❞ ❢♦r ❣r❛✐♥ s✐③❡ ♦❢ 0.4 < d50 < 29mm ❛♥❞ s❧♦♣❡ ♦❢ 0.4 < S < 2.4❻✳ ■t ✐s ❛ s✐♠♣❧❡ ❡①❝❡ss
s❤❡❛r str❡ss r❡❧❛t✐♦♥s❤✐♣ ✇❤❡r❡ ♥♦ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐s ♣r❡❞✐❝t❡❞ ✉♥❞❡r ❛ ❣✐✈❡♥ t❤r❡s❤♦❧❞ ✈❛❧✉❡

Φb,MPM = αMPM (θ − θcr)
3/2 ✭✹✳✷✵✮

✇❤❡r❡ θ ✐s t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r✱ θcr ✐s t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❢♦r s❡❞✐♠❡♥t ♠♦t✐♦♥
❛♥❞ αMPM ✐s ❛♥ ❡♠♣✐r✐❝❛❧ ❝♦❡✣❝✐❡♥t✳ ▼P▼ ❢♦✉♥❞ ✈❛❧✉❡s ♦❢ θcr = 0.047 ❛♥❞ αMPM = 8✱ ❜✉t
❲♦♥❣ ❛♥❞ P❛r❦❡r ✭✷✵✵✻✱ ♥♦t❡❞ ❲P✮ r❡❛♥❛❧②③❡❞ t❤❡✐r ❞❛t❛ s❡t ❛♥❞ ♣r♦♣♦s❡❞ ✈❛❧✉❡s ♦❢ 0.0495 ❛♥❞
3.97 r❡s♣❡❝t✐✈❡❧②✱ ❛r❣✉✐♥❣ t❤❛t ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✇❛s ♦✈❡r✲♣r❡❞✐❝t❡❞ ❞✉❡ t♦ ❛♥ ✉♥♥❡❝❡ss❛r② ❜❡❞
r♦✉❣❤♥❡ss ❝♦rr❡❝t✐♦♥✳ ❆❞❞✐♥❣ t❤✐s ❞❛t❛ s❡t t♦ ♦t❤❡r ✢✉♠❡ ❡①♣❡r✐♠❡♥ts ❛♥❞ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✱
❈❛♠❡♥❡♥ ❛♥❞ ▲❛rs♦♥ ✭✷✵✵✺✱ ♥♦t❡❞ ❈▲✮ s❤♦✇s t❤❛t ▼P▼ ❢♦r♠✉❧❛ ❛❧s♦ s❧✐❣❤t❧② ♦✈❡r❡st✐♠❛t❡s Φb

✇❤❡♥ θ < θcr < 5θcr ❛♥❞ t❤❛t ❧♦✇ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐s ♦❢t❡♥ ♦❜s❡r✈❡❞ ❡✈❡♥ ✇❤❡♥ θ ≲ θcr✳ ❚♦
❛✈♦✐❞ s✉❝❤ ❡rr♦rs✱ ❈▲ ✐♥tr♦❞✉❝❡❞ ❛ ❝♦♥t✐♥✉♦✉s ❢✉♥❝t✐♦♥ ✇✐t❤♦✉t t❤r❡s❤♦❧❞ ❢♦r ✐♥❝❡♣t✐♦♥ ♦❢ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt ❢♦❧❧♦✇✐♥❣ t❤❡ ♣r♦❜❛❜✐❧✐st✐❝ ❛♣♣r♦❛❝❤ s✉❣❣❡st❡❞ ❜② ❊✐♥st❡✐♥ ✭✶✾✺✵✱ ♥♦t❡❞ ❊✲❇✮✱ ✇❤✐❝❤
❛❧❧♦✇s ❧♦✇ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❤❡♥ θ ≈ θcr✳ ❚❤✐s ❢♦r♠✉❧❛ ✇❛s ❞❡✈❡❧♦♣❡❞ ❢♦r ❝♦❛st❛❧ tr❛♥s♣♦rt✱
✇✐t❤ ❣r❛✐♥ s✐③❡s ♦❢ 0.1 < d50 < 200mm ✱ ❜✉t ✇❛s ❛❧s♦ ✈❛❧✐❞❛t❡❞ ❢♦r st❡❛❞②✱ ✉♥✐✲❞✐r❡❝t✐♦♥❛❧ ✢♦✇s✳
■ts s✐♠♣❧❡st ❢♦r♠ ✉s✐♥❣ ❛♥ ❡①♣♦♥❡♥t✐❛❧ r❡❧❛t✐♦♥s❤✐♣ ❢♦r t❤❡ ❡✛❡❝t ♦❢ θcr ✐s ❣✐✈❡♥ ❜②

Φb,CL = 12θ3/2exp

(

−4.5
θcr
θ

)

✭✹✳✷✶✮

✇❤❡r❡ θ ✐s t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r✱ θcr ✐s t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❢♦r s❡❞✐♠❡♥t ♠♦t✐♦♥✳
❆s s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐♥ ♥❛t✉r❛❧ r✐✈❡r ❣❡♥❡r❛❧❧② ♦❝❝✉rs ❝❧♦s❡ t♦ θcr ❛♥❞ t❤❛t t❤✐s ✈❛❧✉❡ ✐s ♠❛r❦❡❞
❜② ✉♥❝❡rt❛✐♥t✐❡s✱ t❤❡ ❈▲ ❢♦r♠✉❧❛ ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ ❙✐s②♣❤❡ ❛♥❞ t❡st❡❞ ❞✉r✐♥❣ t❤✐s st✉❞②✳
❚❤❡ ✈♦❧✉♠❡tr✐❝ ❜❡❞ ❧♦❛❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt r❛t❡ ♣❡r ✉♥✐t t✐♠❡ ❛♥❞ ✇✐❞t❤ qs ✭m2/s✮ ✐s ❝♦♠♣✉t❡❞
❛s

qs,� = Φb,�

√

(s− 1)gd350 ✭✹✳✷✷✮

✇❤❡r❡ s ✐s t❤❡ r❡❧❛t✐✈❡ ❞❡♥s✐t② ρs/ρ✱ g ✐s t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥ ✭m/s2✮✱ d50 ✐s t❤❡
♠❡❞✐❛♥ ❣r❛✐♥ s✐③❡ ✭♠✮ ❛♥❞ Φb ❞✐♠❡♥s✐♦♥❧❡ss ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ ❛♥❞ � ❝♦rr❡s♣♦♥❞ t♦ ▼P▼
♦r ❈▲ ❢♦r♠✉❧❛s✳

✹✳✸✳✷✳✷ ▼♦❞❡❧ ❝♦♥str✉❝t✐♦♥ ❛♥❞ ❝❛❧✐❜r❛t✐♦♥

❆ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧M ✇❛s ♣r❡✈✐♦✉s❧② ❜✉✐❧t ❛❧♦♥❣ t❤❡ ❡♥t✐r❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ r✐✈❡r ✭P✐❛s♥② ❡t ❛❧✳✱
✷✵✷✸❜✮ ❜❛s❡❞ ♦♥ ❛♥ ❛❝❝✉r❛t❡ ❉❊▼ ❛♥❞ ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ❛ ❧❛r❣❡ ❞❛t❛ s❡t ♦❢ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts✳
❋r♦♠ t❤✐s ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ♦❢ t❤❡ ✇❤♦❧❡ ③♦♥❡✱ ✇❡ ❜✉✐❧t t✇♦ s✉❜♠♦❞❡❧s✿ ❛♥ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧
✭Mf,h✮ ♦❢ t❤❡ ❧❛r❣❡ ❞♦♠❛✐♥ ❛♥❞ ❛♥ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ✭Mf,s✮ ♦♥ t❤❡ ❜r✐❞❣❡ ♠❡❛s✉r❡♠❡♥t ❛r❡❛✳

✶✵✵



❚❤❡ st✉❞✐❡❞ ✢♦♦❞ F ✇❛s s✐♠✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❡①✐st✐♥❣ ♠♦❞❡❧ M ❜✉t r❡s✉❧t✐♥❣ ✇❛t❡r s✉r❢❛❝❡
❡❧❡✈❛t✐♦♥s ✭❲❙❊✮ ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② ❤✐❣❤❡r t❤❛♥ ♦❜s❡r✈❡❞ ♦♥❡s ❛t t❤❡ ✉♣str❡❛♠ ♦❢ t❤❡ ♠❡❛♥❞❡r
❝✉t♦✛ ❛♥❞ ❛t t❤❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs ❜r✐❞❣❡ ✭❋✐❣✉r❡ ✹✳✶ ❜✮✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ ✐s ❞✉❡ t♦ t❤❡
❞❡❡♣❡♥✐♥❣ ✭> 1m✮ ❛♥❞ ❡♥❧❛r❣❡♠❡♥t ✭∼ 20m✮ ♦❢ t❤❡ ♠❡❛♥❞❡r ❝✉t♦✛ t❤❛t ♦❝❝✉rr❡❞ ❜❡t✇❡❡♥ t❤❡
❉❊▼ ❛❝q✉✐s✐t✐♦♥ ❛♥❞ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ✭❋✐❣✉r❡ ✹✳✷✮ ✇❤✐❝❤ ✇❛s ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥t♦ t❤❡ ♠♦❞❡❧
M✳ ■♥ ♦r❞❡r t♦ ❛✈♦✐❞ t❤✐s ❞♦✇♥str❡❛♠ ❜✐❛s✱ ❛ ♥❡✇ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ Mf,h ✇❛s ❜✉✐❧t ❛❧♦♥❣ t❤❡
▼♦s❡❧❧❡ r✐✈❡r ✉♣ t♦ t❤❡ ♠❡❛♥❞❡r ❝✉t♦✛ ❛♥❞ ❲❙❊ r❡❝♦r❞❡❞ ❜② ❛ ❧✐♠♥✐♠❡t❡r ❧♦❝❛t❡❞ t❤❡r❡ ✇❡r❡
✉s❡❞ ❛s ❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ Mf,h ✇❡r❡ ✉s❡❞
❛s ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❢♦r t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s ✇❤✐❝❤ ✇❛s s♣❛t✐❛❧❧② r❡❞✉❝❡❞ t♦
❡①❝❧✉❞❡ ❢r♦♠ ❝♦♠♣✉t❛t✐♦♥❛❧ ❞♦♠❛✐♥ t❤❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs ❞❛♠ ✇❤❡r❡ s✐♠✉❧❛t✐♦♥ ♦❢ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt ✐s ❝♦♠♣❧❡①✳ ❚❤❡ ❤②❞r❛✉❧✐❝ ❝♦♠♣♦♥❡♥t ♦❢ t❤✐s s✉❜♠♦❞❡❧Mf,s ✇❛s ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ❲❙❊
r❡❝♦r❞s ❛♥❞ ✈❡❧♦❝✐t② ♠❡❛s✉r❡♠❡♥ts ❝❛rr✐❡❞ ♦✉t ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ✱ ✇❤✐❧❡ t❤❡ s❡❞✐♠❡♥t❛r②
❝♦♠♣♦♥❡♥t ✇❛s ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ✐♥ s✐t✉ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ❝♦♥str✉❝t✐♦♥ ❛♥❞ ❝❛❧✐❜r❛t✐♦♥
♦❢ ❜♦t❤ ❧❛r❣❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ Mf,h ❛♥❞ r❡❞✉❝❡❞ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s ❛r❡ ❞❡s❝r✐❜❡❞
❜❡❧♦✇✳

❍②❞r❛✉❧✐❝ ♠♦❞❡❧ ♦❢ t❤❡ ❧❛r❣❡ ❞♦♠❛✐♥

❚❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❞♦♠❛✐♥ ♦❢ t❤❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ Mf,h ❡①t❡♥❞s ♦✈❡r ❛ ✻ ❦♠✲❧♦♥❣ s❡❝t✐♦♥ ♦❢ t❤❡
▼♦s❡❧❧❡ r✐✈❡r ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ ●r✐♣♣♦rt ❛♥❞ ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs ✭❋✐❣✉r❡ ✹✳✶ ❜✮✳ ❚❤❡ ❞♦♠❛✐♥
st❛rts ❢❛r ✉♣str❡❛♠ ❢r♦♠ t❤❡ ❜r✐❞❣❡ ✐♥ ♦r❞❡r t♦ s❡t t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ✐♥t♦ ❛ ❝❤❛♥♥❡❧✐③❡❞
r❡❛❝❤ ❧♦❝❛t❡❞ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ♥❛t✉r❛❧ r❡s❡r✈❡ ✇❤❡r❡ t❤❡ r✐✈❡r ❞✐❞ ♥♦t ♦✈❡r✢♦✇✳ ❚❤❡
❞♦✇♥str❡❛♠ ❧✐♠✐t ♦❢ t❤❡ ❞♦♠❛✐♥ ✇❛s s❡t r✐❣❤t ❛t t❤❡ ❞✐✤✉❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❤✐st♦r✐❝❛❧ ❝❤❛♥♥❡❧
❛♥❞ t❤❡ ♠❡❛♥❞❡r ❝✉t♦✛ ✐♥ ♦r❞❡r t♦ ❜❡ ❛s ❝❧♦s❡ ❛s ♣♦ss✐❜❧❡ ♦❢ t❤❡ ❧✐♠♥✐♠❡t❡r ✉s❡❞ ❛s ❜♦✉♥❞❛r②
❝♦♥❞✐t✐♦♥✳ ❚❤❡ ❧❛t❡r❛❧ ❜♦r❞❡r ♦❢ t❤❡ ❞♦♠❛✐♥ ✇❛s s❡t ♦✈❡r ❛ ❝❛♥❛❧ ❞✐❦❡ ❛t t❤❡ ❧❡❢t s✐❞❡ ❛♥❞ ♦✈❡r
❛ r♦❛❞ ❡♠❜❛♥❦♠❡♥t ❛t t❤❡ r✐❣❤t s✐❞❡ s✐♥❝❡ ❜♦t❤ ❝✐✈✐❧ ❡♥❣✐♥❡❡r✐♥❣ str✉❝t✉r❡s ✇❡r❡ ♥♦t s✉❜♠❡r❣❡❞
❢♦r ❛ ✶✵✲②❡❛rs ✢♦♦❞✳ ❚❤✐s ❞♦♠❛✐♥ ✇❛s ❞✐s❝r❡t✐③❡❞ ✐♥t♦ ❛ ❝♦♠♣✉t❛t✐♦♥❛❧ ❣r✐❞ ❝♦♠♣♦s❡❞ ♦❢ ✹✸✽✻✾✷
tr✐❛♥❣✉❧❛r ❡❧❡♠❡♥ts ❛♥❞ ✷✷✵✷✾✻ ♥♦❞❡s ❣❡♥❡r❛t❡❞ ✉s✐♥❣ ❇❧✉❡❦❡♥✉❡ s♦❢t✇❛r❡✳ ❚❤✐s ❣r✐❞ ✐s ❝♦♠♣♦s❡❞
♦❢ str✉❝t✉r❡❞ s✉❜♠❡s❤❡s ✐♥t♦ t❤❡ r✐✈❡r❜❡❞ ❛♥❞ ✉♥str✉❝t✉r❡❞ ♠❡s❤ ✐♥t♦ t❤❡ ✢♦♦❞♣❧❛✐♥ ✇✐t❤ ♠❡s❤
s✐③❡s ♦❢ ✸✳✺ ❛♥❞ 5m r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ ♠❡s❤ ✇❛s ❧♦❝❛❧❧② r❡✜♥❡❞ ❛t ❞✐✤✉❡♥❝❡s ❛♥❞ ❝♦♥✲
✢✉❡♥❝❡s ♦r ✐♥ ♥❛rr♦✇ r✐✈❡r s❡❝t✐♦♥s s✉❝❤ ❛s ✐♥ t❤❡ ❞❛♠ ❜②♣❛ss ❝❤❛♥♥❡❧ ✭2.7m✮ ♦r ✐♥ t❤❡ ❞✐✈❡rs✐♦♥
❝❛♥❛❧ ♦❢ t❤❡ ❞❛♠ ✭2m✮✳ ❚❤❡ ♠❡s❤ ♥♦❞❡s ❡❧❡✈❛t✐♦♥s ✇❡r❡ ✐♥t❡r♣♦❧❛t❡❞ ❢r♦♠ ❛♥ ❛❝❝✉r❛t❡ ❉❊▼ ♦❢
1m r❡s♦❧✉t✐♦♥ ❣❡♥❡r❛t❡❞ ❢r♦♠ ❛♥ ❛✐r❜♦r♥❡ ▲✐❉❆❘ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛❝q✉✐s✐t✐♦♥ ♣❡r❢♦r♠❡❞ ❛t ❧♦✇
✢♦✇ ❞✉r✐♥❣ t❤❡ s✉♠♠❡r ✷✵✶✾✳ ❚❤✐s ❛❡r✐❛❧ ❛❝q✉✐s✐t✐♦♥ ✇❛s ❝♦♠♣❧❡t❡❞ ❜② ❛ ❜❛t❤②♠❡tr✐❝ ❝❛♠♣❛✐❣♥
❝❛rr✐❡❞ ♦✉t ♦✈❡r ✉♥❝♦✈❡r❡❞ ❛r❡❛s ✭depth > 2.4m✮ ❛s ❢♦r ❡①❛♠♣❧❡ ❛t t❤❡ ✉♣str❡❛♠ ❛♥❞ ✉♥❞❡r t♦
t❤❡ ❜r✐❞❣❡ ♦❢ ❇❛✐♥✈✐❧❧❡✱ ♠♦r❡ ❞❡t❛✐❧s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❆♣♣❡♥❞✐① ❇✳

❚❤❡ ❧❛r❣❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ Mf,h ❤❛s ✸ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ▼♦s❡❧❧❡
r✐✈❡r✿ ♦♥❡ ✉♣str❡❛♠ ❛t ●r✐♣♣♦rt✱ ♦♥❡ ❧❛t❡r❛❧ ❛t t❤❡ ❞✐✈❡rs✐♦♥ ❝❛♥❛❧ ♦❢ t❤❡ ❞❛♠ ❛♥❞ ♦♥❡ ❞♦✇♥str❡❛♠
❛t t❤❡ ❜r✐❞❣❡ ♦❢ ❇❛✐♥✈✐❧❧❡✳

❼ ❆t t❤❡ ✉♣str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥✱ ✇❡ ✐♠♣♦s❡❞ ❛♥ ❤②❞r♦❣r❛♣❤ ❞❡r✐✈❡❞ ❢r♦♠ ❲❙❊
r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r ▲✷ ✇❤✐❝❤ ✇❡r❡ ❝♦♥✈❡rt❡❞ ✐♥t♦ ❞✐s❝❤❛r❣❡s ✉s✐♥❣ ❛ st❛❣❡✲❞✐s❝❤❛r❣❡
r❡❧❛t✐♦♥✳ ❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ✇❛s ❜✉✐❧t ❢r♦♠ r❡s✉❧ts ♦❢ s✉❝❝❡ss✐✈❡ st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s ♣❡r✲
❢♦r♠❡❞ ❜❡t✇❡❡♥ ✹✵ ❛♥❞ ✺✵✵ m3/s ❛t ✶✵ m3/s ✐♥t❡r✈❛❧ ✉s✐♥❣ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ M
❝❛❧✐❜r❛t❡❞ ♦✈❡r t❤❡ ❡♥t✐r❡ r❡s❡r✈❡✳ ❚❤✐s ❤②❞r♦❣r❛♣❤ ✇❛s s♠♦♦t❤❡❞ ✉s✐♥❣ ✇❛✈❡❧❡ts ✭▼❛t❧❛❜✮
❛♥❞ ❝♦♠♣❛r❡❞ ❢♦r ✈❛❧✐❞❛t✐♦♥ t♦ ❤♦✉r❧② ❞✐s❝❤❛r❣❡s r❡❝♦r❞❡❞ ❜② t❤❡ ❣❛✉❣❡ st❛t✐♦♥ ♦❢ ❈❤ât❡❧✲
s✉r✲▼♦s❡❧❧❡ ❧♦❝❛t❡❞ 12km ✉♣str❡❛♠ ♦❢ t❤❡ ❧✐♠♥✐♠❡t❡r✳ ❆s ❡①♣❡❝t❡❞✱ ❡st✐♠❛t❡❞ ❞✐s❝❤❛r❣❡s
❛r❡ s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ ♦❜s❡r✈❡❞ ♦♥❡s ✭≈ 5m3/s ♦✈❡rst✐♠❛t✐♦♥ ❛t t❤❡ ♣❡❛❦✮ ✇❤✐❝❤ ✐s ✐♥
❛❣r❡❡♠❡♥t ✇✐t❤ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮✳

✶✵✶



❼ ❆t t❤❡ ❧❛t❡r❛❧ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥✱ ✇❡ ✐♠♣♦s❡❞ ❛ ❝♦♥st❛♥t ♦✉t♣✉t ❞✐s❝❤❛r❣❡ ♦❢ 3.2m3/s
✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞✐✈❡rs✐♦♥ ❝❛♥❛❧ ❞✐s❝❤❛r❣❡ ♠❡❛s✉r❡❞ ✉s✐♥❣ ❛♥ ❆❉❈P ✭5m3/s✮
♠✐♥✉s t❤❡ ❡st✐♠❛t❡❞ ❧❛t❡r❛❧ ✐♥✢♦✇s ❢r♦♠ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ tr✐❜✉t❛r✐❡s ✭1.8m3/s✮✳

❼ ❆t t❤❡ ❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥✱ ✇❡ ✐♠♣♦s❡❞ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r
▲✻ ❛❞❞✐♥❣ ❛ ❝♦♥st❛♥t ✈❛❧✉❡ ♦❢ 5cm ✐♥ ♦r❞❡r t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ ❛❧t✐t✉❞❡
r❡❢❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❛♥❞ t❤❡ ❧✐♠♥✐♠❡t❡r✳ ❚❤✐s ❞✐✛❡r✲
❡♥❝❡ ✇❛s ❡st✐♠❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r ❛♥❞ ❲❙❊ s✐♠✉❧❛t❡❞ ❛t
t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ♦❢ Mf,h ✉s✐♥❣ t❤❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ M ♣r❡✈✐♦✉s❧② ❜✉✐❧t ❛❧♦♥❣ t❤❡
❡♥t✐r❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ r✐✈❡r✳

❚❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❝❛❧✐❜r❛t❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡ ♠❡s❤ s✐③❡✱ ❢♦r ♠♦❞❡❧ M✱ ✇❡r❡ ♠❛♣♣❡❞
♦♥t♦ t❤❡ s✉❜♠♦❞❡❧ Mf,h ❞♦♠❛✐♥ ✇✐t❤ ❢♦r ❞✐✛❡r❡♥t ❢r✐❝t✐♦♥ ③♦♥❡s✿ Ks := 47 m1/3/s ✐♥ t❤❡ ♠❛✐♥
❝❤❛♥♥❡❧ r✐✈❡r❜❡❞✱ Ks := 33 m1/3/s ❛t t❤❡ ✉♣str❡❛♠ ♣❛rt ♦❢ ❜②♣❛ss ❝❤❛♥♥❡❧✱ Ks := 8 m1/3/s ❛t t❤❡
❞♦✇♥str❡❛♠ ❢❛❝❡ ♦❢ t❤❡ ❞❛♠ ❛♥❞ Ks := 8 m1/3/s ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥✳ ❚❤❡ ✈❛❧✐❞✐t② ♦❢ t❤♦s❡ ❙tr✐❝❦❧❡r
❝♦❡✣❝✐❡♥t ✈❛❧✉❡s ✭❝❛❧✐❜r❛t❡❞ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮ ♦♥ t❤❡ ✢♦♦❞ ❡✈❡♥t ♦❢ ✷✵✶✽✮ ✐♥ Mf,h✱ ✇❛s
✈❡r✐✜❡❞ ❜② ❝♦♠♣❛r✐♥❣ s✐♠✉❧❛t✐♦♥s r❡s✉❧ts t♦ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ❜② t❤❡
❧✐♠♥✐♠❡t❡r ▲✸✱ ▲✹✱ ▲✺ ❛♥❞ ▲✶✷ ✭❋✐❣✉r❡ ✹✳✶ ❜✮✳ ❚❤✐s ❤②❞r❛✉❧✐❝ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣
t❤❡ ✜♥✐t❡✲❡❧❡♠❡♥t ♥✉♠❡r✐❝❛❧ s♦❧✈❡r ♦❢ ❚❡❧❡♠❛❝✲✷❉ ✭✈❡rs✐♦♥ ✽✳✶✮ r✉♥ ♦♥ ✹✷ ♣❛r❛❧❧❡❧ ♣r♦❝❡ss♦rs ✇✐t❤
❛ ❝♦♥st❛♥t t✐♠❡✲st❡♣ ♦❢ ✵✳✺ ✇❤✐❝❤ ❡♥❛❜❧❡s t♦ r❡s♣❡❝t ❛ ❈❋▲ ✈❛❧✉❡ ♦❢ ✶ ♦♥ t❤❡ st✉❞✐❡❞ ❝❛s❡s✳

❍②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ♦♥ t❤❡ ❜r✐❞❣❡ ♠❡❛s✉r❡♠❡♥t ❛r❡❛

❚❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s ✇❛s r❡❞✉❝❡❞ t♦ ❛ 1.5km ❧♦♥❣
r❡❛❝❤ ❝❡♥t❡r❡❞ ❛r♦✉♥❞ t❤❡ ❜r✐❞❣❡ ✐♥ ♦r❞❡r t♦ ❡①❝❧✉❞❡ t❤❡ ❞❛♠ ❢r♦♠ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❞♦♠❛✐♥
✭❋✐❣✉r❡ ✹✳✶ ❜✮✳ ❚❤❡ ❛❜✉t♠❡♥ts ❛♥❞ ♣✐❡rs ❧♦❝❛t❡❞ ❛t t❤❡ ❧❡❢t ✭✷ r♦✉♥❞ ♣✐❡rs ♦❢ 0.9m ❞✐❛♠❡t❡r✮ ❛♥❞
❛t t❤❡ r✐❣❤t s✐❞❡ ✭✶ ♦❜❧♦♥❣ ♣✐❡r ♦❢ 1m ❧❛r❣❡✮ ♦❢ t❤❡ ❜r✐❞❣❡ ✇❡r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡ ♠❡s❤❡❞ ❞♦♠❛✐♥
t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡✐r ✐♥✢✉❡♥❝❡s ✐♥ ✢♦✇ ❞✐str✐❜✉t✐♦♥✴❛❝❝❡❧❡r❛t✐♦♥✳ ❚❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❣r✐❞
❝♦♠♣♦s❡❞ ♦❢ ✶✽✽✽✸✺ tr✐❛♥❣✉❧❛r ❡❧❡♠❡♥ts ❛♥❞ ✾✺✵✵✶ ♥♦❞❡s ✇❛s r❡✜♥❡❞ ❛t ♣✐❡r ✇❛❧❧s ✭≈ 10cm)
✇❤✐❝❤ ❛❧❧♦✇s ❛ ♠❡s❤ s✐③❡ ♦❢ ❛♣♣r♦①✐♠❛t❡❧② 1m ❛t ❧♦❝❛t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ❤②✲
❞r❛✉❧✐❝ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧Mf,s ✇❡r❡ ❡①tr❛❝t❡❞
❛t ✺ ♠✐♥✉t❡s ✐♥t❡r✈❛❧ t✐♠❡ st❡♣✱ ❢r♦♠ ♦✉t♣✉ts ♦❢ t❤❡ ❤②❞r❛✉❧✐❝ s✐♠✉❧❛t✐♦♥ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡
❧❛r❣❡ ♠♦❞❡❧ Mf,h✳ ❆t t❤❡ t✇♦ ✉♣str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✇❡ ✐♠♣♦s❡❞ ✢♦✇ ❤②❞r♦❣r❛♣❤s ❝♦♠✲
♣✉t❡❞ ✉s✐♥❣ ❝♦♥tr♦❧ s❡❝t✐♦♥s✱ ✇❤✐❧❡ ❛t t❤❡ ❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ✇❡ ✐♠♣♦s❡❞ ❛ st❛❣❡
❤②❞r♦❣r❛♣❤ ❡①tr❛❝t❡❞ ❛t ❛ ♣♦✐♥t ❧♦❝❛t❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ r✐✈❡r✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤✐s ❞♦✇♥✲
str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ♦♥ ❲❙❊ s✐♠✉❧❛t❡❞ ❛t t❤❡ ❜r✐❞❣❡ ✇❛s ❛ss❡ss❡❞ ❜② ♠♦❞✐❢②✐♥❣ t❤❡ st❛❣❡
❤②❞r♦❣r❛♣❤ ❜② ±50cm✳ ❚❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❢r♦♠ t❤❡ ❧❛r❣❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ Mf,h ✭47m1/3/s
✐♥ t❤❡ r✐✈❡r❜❡❞ ❛♥❞ 8m1/3/s ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥✮ ✇❡r❡ ❛♣♣❧✐❡❞ ✐♥t♦ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧
Mf,s ❛♥❞ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤✐s s✉❜♠♦❞❡❧ ✇❛s ✈❡r✐✜❡❞ ❛t t❤❡ ❜r✐❞❣❡ ❜② ❝♦♠♣❛r✐♥❣ s✐♠✉❧❛t❡❞ ❛♥❞
♦❜s❡r✈❡❞ ❲❙❊✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ✇❛s ❧❛t❡r❛❧❧② ❛❞❥✉st❡❞ ✉♥❞❡r t❤❡ ❜r✐❞❣❡ ✐♥
♦r❞❡r t♦ ❝❛❧✐❜r❛t❡ t❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✢♦✇s ❜❡t✇❡❡♥ t❤❡ ❜r✐❞❣❡ ♣✐❡rs ✭❋✐❣✉r❡ ✹✳✶✮✳ ❚❤✐s ❝❛❧✐❜r❛t✐♦♥
✇❛s ❝❛rr✐❡❞ ♦✉t ❜② ❝♦♠♣❛r✐♥❣✱ ❛t st❡❛❞② st❛t❡✱ s✐♠✉❧❛t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ✈❡❧♦❝✐t② ♣r♦✜❧❡s ♠❡❛s✉r❡❞
❞✉r✐♥❣ ❜♦t❤ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥s BS2 ❛♥❞ BS3 ✭❋✐❣✉r❡ ✹✳✷✮✳ ❚❤❡s❡ ✈❡❧♦❝✐t② ♣r♦✜❧❡s ✇❡r❡
♠❡❛s✉r❡❞ ✉s✐♥❣ ❛♥ ❆❝♦✉st✐❝ ❞♦♣♣❧❡r ❈✉rr❡♥t Pr♦✜❧❡r ✭❆❉❈P✮ ❞❡♣❧♦②❡❞ ❢r♦♠ t❤❡ ❜r✐❞❣❡ ❛❧♦♥❣
tr❛♥s❡❝ts ❧♦❝❛t❡❞ ❢✉rt❤❡r ❞♦✇♥str❡❛♠ ❛✈♦✐❞✐♥❣ t✉r❜✉❧❡♥❝❡ ✐♥❞✉❝❡❞ ❜② ♣✐❡rs✳ ■♥ ♦r❞❡r t♦ ❜❡ ❛❜❧❡
t♦ ❝♦♠♣❛r❡ t❤❡s❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts t♦ s✐♠✉❧❛t❡❞ ❞❡♣t❤✲❛✈❡r❛❣❡ ✢♦✇ ✈❡❧♦❝✐t②✱ t❤❡ ❞❛t❛ ❤❛❞ t♦
❜❡ ♣♦st✲♣r♦❝❡ss❡❞ ✭❜❡❛♠ ✜❧t❡r✐♥❣✱ ♣r♦❥❡❝t✐♦♥ ♦❢ ✈❡❧♦❝✐t② ✈❡❝t♦rs✱ ✈❡rt✐❝❛❧ ✈❡❧♦❝✐t② ♣r♦✜❧❡ ❡①tr❛♣✲
♦❧❛t✐♦♥✳✳✳✮✱ ❛❧❧ t❤❡s❡ st❡♣s ❛r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❆♣♣❡♥❞✐① ❈✳ ❆ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ✇❛s ❝❛rr✐❡❞ ♦✉t ✐♥
♦r❞❡r t♦ ❡♥s✉r❡ t❤❛t ✢♦✇ ❞✐str✐❜✉t✐♦♥ ❜❡t✇❡❡♥ ❜r✐❞❣❡ ♣✐❡rs ✐s ♠❡s❤ ✐♥❞❡♣❡♥❞❡♥t✳
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❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ❝❛❧✐❜r❛t✐♦♥ ✇❡r❡ ✉s❡❞ t♦ r✉♥ ❛t st❡❛❞② st❛t❡ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧
Mf,s ✇✐t❤♦✉t ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✐♥ ♦r❞❡r t♦ ❝♦♠♣✉t❡ ❞✉r✐♥❣ ❜♦t❤ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥ ✭✐✮ τb t❤❡
t♦t❛❧ ❜❡❞ s❤❡❛r str❡ss ❛♥❞ ✭✐✐✮ µ t❤❡ r❛t✐♦ ♦❢ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ t♦ t❤❡ t♦t❛❧ ❢r✐❝t✐♦♥✳ ❆s ♣❛rt ♦❢
t❤❡s❡ s✐♠✉❧❛t✐♦♥s✱ t❤❡ r♦✉❣❤♥❡ss ❤❡✐❣❤t ✭❡q✉❛t✐♦♥ ✹✳✶✽✮ ✐♥✈♦❧✈❡❞ ✐♥t♦ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ s❦✐♥
❢r✐❝t✐♦♥ ✇❛s ❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ✭D50 = 30mm) ❡st✐♠❛t❡❞
❛❧♦♥❣ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ r❡❛❝❤✳ ❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣❛r❛♠❡t❡r αhs′ ✇❤✐❝❤ ❞❡t❡r♠✐♥❡s t❤❡ r❛t✐♦
❜❡t✇❡❡♥ t❤❡ s❦✐♥ ❢r✐❝t✐♦♥ ❛♥❞ t❤❡ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r ✇❛s s❡t t♦ ✸ ✭❞❡❢❛✉❧t ✈❛❧✉❡✮ ❝♦♥s✐❞❡r✐♥❣ ✢❛t
❜❡❞ ❝♦♥❞✐t✐♦♥s ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ ✭❱✐❧❧❛r❡t ❡t ❛❧✳✱ ✷✵✶✸✮✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ t♦t❛❧ ❜❡❞ s❤❡❛r
str❡ss τb ❛♥❞ t❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r µ ✇❡r❡ ❡①tr❛❝t❡❞ ❢r♦♠ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❛t ❡❛❝❤ ✈❡rt✐❝❛❧s
✇❤❡r❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❞✉r✐♥❣ ❡❛❝❤ ❝❛♠♣❛✐❣♥ ✭❋✐❣✉r❡ ✹✳✶✮✳ ❚❤✐s ✈❛❧✉❡s ✇❡r❡ ✉s❡❞
t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss τ ′ ✭❡q✉❛t✐♦♥ ✹✳✶✻✮ ✇❤✐❝❤ ✐s t❤❡ ♦♥❧② ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ t♦t❛❧
❜❡❞ s❤❡❛r str❡ss ❛❝t✐♥❣ ♦♥ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✳ ❚❤❡ r❡s✉❧ts ✇❡r❡ ❛❞✐♠❡♥t✐♦♥❛❧✐③❡❞ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ D50 ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ✐♥ ♦r❞❡r t♦ ❡①♣r❡ss❡❞ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θ ✭❡q✉❛t✐♦♥ ✹✳✶✾✮ ✉s❡❞
t♦ ❝♦♠♣✉t❡ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ Φb ✐♥ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❧❛✇s✳ ❚❤❡
❛✈❡r❛❣❡❞ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① qs ✭✐♥ m3.s−1.m−1) ❝♦♠♣✉t❡❞ ❛t ❡❛❝❤ ✈❡rt✐❝❛❧s ✭❡q✉❛t✐♦♥ ✹✳✷✮ ✇❡r❡
♣❧♦tt❡❞ ❛❣❛✐♥st ✈❛❧✉❡s ♦❢ θ ✐♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ s✐♠✉❧❛t❡❞ s❤❡❛r str❡ss❡s
❛♥❞ ♦❜s❡r✈❡❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt✳

❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s qs,� ✭❡q✉❛t✐♦♥ ✹✳✷✷✮ ♣r❡❞✐❝t❡❞ ❢r♦♠ t❤❡ ❧❛✇s ❛✈❛✐❧❛❜❧❡ ✐♥ ❙✐s②♣❤❡
❛♥❞ ❛♣♣❧✐❝❛❜❧❡ t♦ ♦✉r st✉❞② s✐t❡ ✇❡r❡ ❛❞❞❡❞ t♦ t❤❡ ♣❧♦t ✐♥ ♦r❞❡r t♦ ✐❞❡♥t✐❢② ✇❤✐❝❤ ❧❛✇s ❛r❡ ♠♦st
s✉✐t❛❜❧❡ t♦ ♦✉r r❡s✉❧ts✳ ❚❤❡s❡ ❧❛✇s ✭▼❡②❡r✲P❡t❡r ❛♥❞ ▼✉❧❧❡r✱ ❈❛♠❡♥❡♥ ❛♥❞ ▲❛rs♦♥ ❛♥❞ ❊✐♥st❡✐♥✲
❇r♦✇♥✮ ✇❡r❡ s❡❧❡❝t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ✜❡❧❞ ♦❢ ✈❛❧✐❞✐t② ✇❤✐❝❤ s❤♦✉❧❞ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ♣❤②s✐❝❛❧
♣r♦♣❡rt✐❡s ✭♠❡❞✐❛♥ ❣r❛✐♥ s✐③❡ ❛♥❞ s❧♦♣❡✮ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳ ❚✇♦ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ ❝r✐t✐❝❛❧
❙❤✐❡❧❞s ♣❛r❛♠❡t❡r✱ θcr = 0.047 ❛s ♣r♦♣♦s❡❞ ❜② ▼P▼ ✭✶✾✹✽✮ ❛♥❞ θcr = 0.035 ❛s ❢♦✉♥❞ ❜② P✐❛s♥②
❡t ❛❧✳ ✭✷✵✷✸❜✮ ❢♦r t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✱ ✇❡r❡ ✉s❡❞ ✐♥ ❜♦t❤ ▼P▼ ✭❡q✉❛t✐♦♥ ✹✳✷✵✮ ❛♥❞ ❈▲ ✭❡q✉❛t✐♦♥
✹✳✷✶✮ ❧❛✇s ✐♥ ♦r❞❡r t♦ st✉❞② t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤✐s ♣❛r❛♠❡t❡r✳ ❚❤❡ ❝♦❡✣❝✐❡♥t αMPM ✉s❡❞ ✐♥ t❤❡
▼P▼ ❧❛✇s ✭❡q✉❛t✐♦♥ ✹✳✷✵✮ ✇❛s ❝❛❧✐❜r❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣ s✐♠✉❧❛t❡❞ Qs,mod ❛♥❞ ♦❜s❡r✈❡❞ Qs,obs

❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✹✳✷✸✮ ❜❡t✇❡❡♥ t❤❡ ❝❡♥tr❛❧ ♣✐❡r ✭27m✮ ❛♥❞ t❤❡ r✐❣❤t ♣✐❡r
♦❢ t❤❡ ❜r✐❞❣❡ ✭39m✮✳

Qs,� =

✂
qs,�(x)d(x) ✭✹✳✷✸✮

✇❤❡r❡ qs ✐s t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ ❛t ❡❛❝❤ ✈❡rt✐❝❛❧ ❛♥❞ � st❛♥❞s ❢♦r s✐♠✉❧❛t❡❞ ♦r ♦❜s❡r✈❡❞
❞❛t❛✳ ❚❤❡ s✉♠ ♦❢ ❛❜s♦❧✉t❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ Qs,mod ❛♥❞ Qs,obs ✇❛s ❝♦♠♣✉t❡❞ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡
♦❢ αMPM ❛♥❞ t❤❡ ❜❡st ❝♦❡✣❝✐❡♥t ❢♦r t❤❡ ▼P▼ ❧❛✇ ✭❡q✉❛t✐♦♥ ✹✳✷✵✮ ✇❛s ❞❡t❡r♠✐♥❡❞ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ ❧♦✇❡st r❡s✉❧t✳ ❚❤✐s ✈❛❧✉❡ ✇❛s ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r ❡♠♣✐r✐❝❛❧ ✈❛❧✉❡s ♣r♦♣♦s❡❞ ❜② ▼P▼
✭✶✾✹✽✮ αMPM = 8 ♦r ❜② ❲♦♥❣ ❛♥❞ P❛r❦❡r ✭✷✵✵✻✮ αMPM = 3.97 ✐♥ ♦r❞❡r t♦ ❞✐s❝✉ss ❛❜♦✉t t❤❡
✈❛❧✐❞✐t② ♦❢ ♦✉r r❡s✉❧t✳ ❚❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ♣r♦✜❧❡s ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡
❞✐✛❡r❡♥t ❝❛❧✐❜r❛t❡❞ ❧❛✇s ✇❡r❡ s✉♣❡r✐♠♣♦s❡❞ t♦ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ♠❡❛s✉r❡❞ ❞✉r✐♥❣ ❡❛❝❤
s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥ ✐♥ ♦r❞❡r t♦ ❝♦♠♣❛r❡ r❡s✉❧ts ❜❡t✇❡❡♥ ❧❛✇s ❛♥❞ ❞❡t❡r♠✐♥❡ ✇❤✐❝❤ ❧❛✇s ❛r❡ t❤❡
♠♦st ❛❞❛♣t❡❞ t♦ ♦✉r st✉❞② s✐t❡✳

❚❤❡ s❡❧❡❝t❡❞ ❧❛✇s ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s t♦ ♣r❡❞✐❝t t❤❡
❜❡❞❧♦❛❞ ✢✉①❡s ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ ❛♥❞ t❤❡ ♦❜t❛✐♥❡❞ r❡s✉❧ts ✇❡r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✈❛❧✉❡s
❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ❤②❞r♦♣❤♦♥❡✳ ❚❤❡ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ✇❛s ♣r❡❞✐❝t❡❞ ❜② r✉♥♥✐♥❣ s✉❝❝❡ss✐✈❡
s❤♦rt st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s ❜❛s❡❞ ♦♥ ✭✐✮ ❛ ✉♥✐q✉❡ r✐✈❡r❜❡❞ ♠♦r♣❤♦❧♦❣② ♠❡❛s✉r❡❞ ❜❡❢♦r❡ t❤❡
✢♦♦❞✱ ✭✐✐✮ ❛ ✉♥✐q✉❡ ❣r❛✐♥ s✐③❡ ✭D = 30mm✮ ❝♦♥s✐❞❡r❡❞ ❛s r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ❛♥❞
✭✐✐✐✮ ✈❛r②✐♥❣ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❡①tr❛❝t❡❞ ❢r♦♠ r❡s✉❧ts ♦❢ t❤❡ ❝❛❧✐❜r❛t❡❞ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧
Mf,h✳

✶✵✸



❚❤❡ s❤♦rt ❞✉r❛t✐♦♥ ♦❢ ❡❛❝❤ ✐♥❞❡♣❡♥❞❡♥t s✐♠✉❧❛t✐♦♥s ❛✈♦✐❞❡❞ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ✉♥r❡❛❧✐st✐❝
♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s✱ ✇❤✐❝❤ ♠❛② ❝❤❛♥❣❡ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ♣r❡✈✐♦✉s❧② ❝❛❧✐❜r❛t❡❞
❛♥❞ t❤❡r❡❢♦r❡ ♠♦❞✐❢② t❤❡ ♣r❡❞✐❝t❡❞ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡s✳ ❚❤❡s❡ ✉♥r❡❛❧✐st✐❝ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉✲
t✐♦♥s ♠❛② st❡♠ ❢r♦♠ s✐♠♣❧✐✜❝❛t✐♦♥s ♦❢ t❤❡ ❤②❞r♦❞②♥❛♠✐❝s ✭♥❡❣❧❡❝t❡❞ ✈❡rt✐❝❛❧ ♣r♦❝❡ss❡s ❛t t❤❡
❜r✐❞❣❡ ♣✐❡rs✮ ❛♥❞ s❡❞✐♠❡♥t❛r② ✭❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ✉♥✐❢♦r♠ ❣r❛✐♥ s✐③❡✮ ❝♦♠♣♦♥❡♥ts ♦♥ ✇❤✐❝❤
r❡❧✐❡s t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✳ ❚❤❡s❡ s✉❝❝❡ss✐✈❡ s❤♦rt st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s ✇❡r❡
♣❡r❢♦r♠❡❞ ✭✐✮ ❛t ✶✵ ♠✐♥✉t❡s ✐♥t❡r✈❛❧ ✐♥ ♦r❞❡r t♦ ♠❛t❝❤ t❤❡ ♠❡❛s✉r❡♠❡♥t ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❤②✲
❞r♦♣❤♦♥❡ ❛♥❞ ✭✐✐✮ ❞✉r✐♥❣ ✸ s❡❝♦♥❞s ✐♥ ♦r❞❡r t♦ r❡❛❝❤ t❤❡ ❡q✉✐❧✐❜r✐✉♠ ❜❡t✇❡❡♥ ❤②❞r♦❞②♥❛♠✐❝
❝♦♥❞✐t✐♦♥s ❛♥❞ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✳

❚❤❡s❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ✇❤✐❝❤ ✈❛r② ❞✉r✐♥❣ t❤❡ ✢♦♦❞ ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ t❤❡ ❤②❞r♦✲
s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ✉s✐♥❣ ❛ ❞✐✛❡r❡♥t ❤♦t✲st❛rt ✜❧❡ ♣❡r st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥✳ ❚❤❡s❡ ✹✵✶ ❤♦t✲
st❛rt ✇❡r❡ ❛✉t♦♠❛t✐❝❛❧❧② ❜✉✐❧t ✉s✐♥❣ ❚❡❧❡♠❛❝ ❚♦♦❧s ❞❡✈❡❧♦♣❡❞ ✐♥ ▼❛t❧❛❜ t♦ ❡①tr❛❝t ❢r♦♠ ♣r❡✈✐♦✉s
❤②❞r❛✉❧✐❝ r❡s✉❧ts t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❛♣♣❧✐❡❞ ✐♥ ❡❛❝❤ s✐♠✉❧❛t✐♦♥✳ ❚❤❡s❡ s✐♠✉❧❛t✐♦♥s
✇❡r❡ r✉♥ ✉s✐♥❣ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s ♣❛r❛♠❡t❡r✐③❡❞ ✐♥ ♦r❞❡r t♦ ❝♦♠♣✉t❡❞ t❤❡
♠❛✐♥ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♣r♦❝❡ss❡s ✭tr❛♥s♣♦rt ♠❡❝❤❛♥✐s♠s✮ ✇✐t❤♦✉t ❛❞❞✐♥❣ ♦t❤❡r ✉♥❝❛❧✐❜r❛t❡❞
♣r♦❝❡ss❡s ✭s❡❝♦♥❞❛r② ❝✉rr❡♥ts✱ s❧♦♣❡ ❡✛❡❝t✱ s❡❞✐♠❡♥t s❧✐❞❡✳✳✳✮✳ ❚❤❡ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ❛❝r♦ss t❤❡
r✐✈❡r s❡❝t✐♦♥ ✇❛s ❝♦♠♣✉t❡❞ ✐♥t♦ ❙✐s②♣❤❡ ❞✉r✐♥❣ ❡❛❝❤ s✐♠✉❧❛t✐♦♥ ✉s✐♥❣ ❛ ❝♦♥tr♦❧ s❡❝t✐♦♥ ❧♦❝❛t❡❞
8m ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ❜r✐❞❣❡✳ ❚❤❡ t✐♠❡ s❡r✐❡s ♦❢ ♣r❡❞✐❝t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ✇❡r❡
❝♦♠♣❛r❡❞ ❛s ✇❡❧❧ ❛s t❤❡ t♦t❛❧ ♠❛ss ❝❛rr✐❡❞ ❞✉r✐♥❣ t❤❡ ✢♦♦❞✳

✹✳✹ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

❚❤✐s s❡❝t✐♦♥ ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ♦❢ ✭✐✮ t❤❡ ❧❛r❣❡ ❞❛t❛s❡t ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ♥✉♠❡r♦✉s ✜❡❧❞ ♠❡❛✲
s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ t❤✐s st✉❞②✱ ✭✐✐✮ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❛❝♦✉st✐❝ ❛♥❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧s
❢♦r ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❡st✐♠❛t✐♦♥✱ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤✐s ❞❛t❛s❡t ❛♥❞ ✭✐✐✐✮ t❤❡ t✐♠❡✲✈❛r②✐♥❣ ❜❡❞❧♦❛❞
❞✐s❝❤❛r❣❡s ❡st✐♠❛t❡❞ ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ✉s✐♥❣ ❜♦t❤ ♦❢ t❤❡s❡ ♠♦❞❡❧s✳ ❆❧❧ t❤❡s❡ r❡s✉❧ts ❛r❡
✜♥❡❧② ❛♥❛❧②③❡❞ ✐♥ t❤❡ ❧✐❣❤t ♦❢ ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥ts ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❛✈❛✐❧❛❜❧❡ ❛♥❞ ❝♦♠♣❛r❡❞
❜❡t✇❡❡♥ ❡❛❝❤ ♦t❤❡r ✐♥ ♦r❞❡r t♦ ❞✐s❝✉ss ❛❜♦✉t t❤❡ ❛❞✈❛♥t❛❣❡s✱ ❞✐s❛❞✈❛♥t❛❣❡s ❛♥❞ ❝♦♠♣❧❡♠❡♥t❛r②
♦❢ ❡❛❝❤ ♦❢ t❤❡s❡ ✐♥❞✐r❡❝t ♠❡t❤♦❞s t♦ ❡st✐♠❛t❡ t❤❡ s❡❞✐♠❡♥t ❞✐s❝❤❛r❣❡ ♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳ ❚❤✐s
s❡❝t✐♦♥ ✜rst ♣r❡s❡♥ts t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❛❝♦✉st✐❝ ♠♦❞❡❧✱ ♥❡①t t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ♥✉♠❡r✐❝❛❧
✷❉ ❤②❞r❛✉❧✐❝ Mf,h ❛♥❞ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s ❛♥❞ t❤❡♥ t❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt ❡st✐♠❛t❡❞ ✉s✐♥❣ ❜♦t❤ ❛❝♦✉st✐❝ ❛♥❞ ♥✉♠❡r✐❝❛❧ ❛♣♣r♦❛❝❤✳

✹✳✹✳✶ ❆❝♦✉st✐❝ ♠♦❞❡❧ ❝❛❧✐❜r❛t✐♦♥

■♥ t❤✐s ♣❛rt✱ ✇❡ ❝♦♠♣❛r❡ t❤❡ ❧❛r❣❡st ♣❛rt✐❝❧❡s s❛♠♣❧❡❞ ❞✉r✐♥❣ ♠❡❛s✉r❡♠❡♥ts t♦ t❤❡ ♠❛①✐♠✉♠
♣❛rt✐❝❧❡ s✐③❡ t❤❛t ❝❛♥ ❜❡ tr❛♥s♣♦rt❡❞ ❜② t❤❡ r✐✈❡r ✐♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ s❛♠♣❧❡r
✉s❡❞ t♦ ♠❡❛s✉r❡ t❤❡ ❜❡❞❧♦❛❞ ✢✉①✳ ❚❤❡♥✱ ✇❡ ❝♦♠♣❛r❡ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡rs
♠❡❛s✉r❡❞ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉①❡s t♦ t❤❡ ❣❧♦❜❛❧ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ♦❢ ●❡❛② ❡t ❛❧✳
✭✷✵✷✵✮ ✐♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡ s✉✐t❛❜✐❧✐t② ♦❢ t❤✐s ❝✉r✈❡ t♦ ♣r❡❞✐❝t t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ♦♥ t❤❡ ▼♦s❡❧❧❡
r✐✈❡r✳ ❋✐♥❛❧❧②✱ ✇❡ ❝♦♠♣❛r❡ t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡rs ♠❡❛s✉r❡❞ ❢r♦♠ t❤❡ ❜❛♥❦ t♦ t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡rs
♠❡❛s✉r❡❞ ❢r♦♠ ❛❝♦✉st✐❝ ♠❛♣s ✐♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡ s✉✐t❛❜✐❧✐t② ♦❢ ❜❛♥❦ ♠❡❛s✉r❡♠❡♥t t♦ ♣r❡❞✐❝t t❤❡
❛❝♦✉st✐❝ ♣♦✇❡r ♦✈❡r t❤❡ ❡♥t✐r❡ ❝r♦ss✲s❡❝t✐♦♥✳ ❆❝❝♦r❞✐♥❣ t♦ ❜♦t❤ r❡s✉❧ts✱ t❤❡ ❝♦♥t✐♥✉♦✉s ♠♦♥✐t♦r✐♥❣
♦❢ ❛❝♦✉st✐❝ ♣♦✇❡r r❡❝♦r❞❡❞ ❜② t❤❡ ❤②❞r♦♣❤♦♥❡ ✜①❡❞ ❛t t❤❡ ❜r✐❞❣❡ ✇♦✉❧❞ ❜❡ ❡①tr❛♣♦❧❛t❡❞ t♦ t❤❡
❡♥t✐r❡ ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ ❝♦♥✈❡rt❡❞ ✐♥t♦ ❜❡❞❧♦❛❞ ✢✉①❡s✳

✶✵✹



✹✳✹✳✶✳✶ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❛❝♦✉st✐❝ ♣♦✇❡r ❛♥❞ ❜❡❞❧♦❛❞ ✢✉①❡s

❚❤❡ r❡s✉❧ts ♦❢ t❤❡ s✐❡✈✐♥❣ ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ❜❡t✇❡❡♥ t❤❡ ❝❡♥tr❛❧ ✭23m✮ ❛♥❞ t❤❡
r✐❣❤t ♣✐❡rs ✭42m✮ ♦❢ t❤❡ ❜r✐❞❣❡ ❞✉r✐♥❣ t❤❡ ✜rst ❝❛♠♣❛✐❣♥ BS1 ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✹✳✸✳ ❚❤❡
❝r♦ss✲s❡❝t✐♦♥❛❧ ♣r♦✜❧❡ ♦❢ t❤❡ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r ✭D50✮ ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✭❋✐❣✉r❡ ✹✳✸ ❛✮ s❤♦✇s
t❤❛t t❤❡ ❜❡❞❧♦❛❞ ♠❡❞✐❛♥ ❣r❛✐♥✲s✐③❡ ✐♥❝r❡❛s❡s ❢r♦♠ t❤❡ ❜r✐❞❣❡ ♣✐❡rs ✭D50 ≃ 10mm✮ t♦ t❤❡ ♠✐❞❞❧❡
♦❢ t❤❡ s❡❝t✐♦♥ ✭D50 ≃ 30mm✮✳ ❚❤✐s ❝r♦ss✲s❡❝t✐♦♥❛❧ ❣r❛✐♥✲s✐③❡s s♦rt✐♥❣ ✐s ❝♦❤❡r❡♥t ✇✐t❤ t❤❡ ❧❛t❡r❛❧
❞✐str✐❜✉t✐♦♥ ♦❢ ✢♦✇ ✈❡❧♦❝✐t✐❡s ✭✶✳✺ t♦ 2.5m/s✮ ♠❡❛s✉r❡❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ❜r✐❞❣❡ ❞✉r✐♥❣ t❤❡
s❡❝♦♥❞ ✭BS2✮ ❛♥❞ t❤✐r❞ ✭BS3✮ ❝❛♠♣❛✐❣♥s ✭❋✐❣✉r❡ ✹✳✼✮✳ ❚❤❡ ❤✐❣❤❡r ✈❛r✐❛❜✐❧✐t② ♦❢ ❜❡❞❧♦❛❞ ♠❡❞✐❛♥
❣r❛✐♥✲s✐③❡s ✭✶✵ t♦ 37mm✮ ♠❡❛s✉r❡❞ ❜❡t✇❡❡♥ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ❝❧♦s❡ t♦ t❤❡ ❧❡❢t ♣✐❡r ✭✷✼ ❛♥❞ 29m✮
♠❛② ❜❡ ❞✉❡ t♦ t❤❡ ✢♦✇ ♣❡rt✉r❜❛t✐♦♥ ✐♥❞✉❝❡❞ ❜② t❤✐s ♣✐❡r ✇❤✐❝❤ ✐s ❧♦❝❛t❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡
r✐✈❡r❜❡❞✳

❋✐❣✉r❡ ✹✳✸✿ ❘❡s✉❧ts ♦❢ t❤❡ s✐❡✈✐♥❣ ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ❝❛♠♣❛✐❣♥
✭BS1✮ r❡♣r❡s❡♥t❡❞ ❛s ✭❆✮ ❈r♦ss✲s❡❝t✐♦♥❛❧ ♣r♦✜❧❡ ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s D50 ❛♥❞ t❤❡ ♠❡❛♥ D50

♣❡r ✈❡rt✐❝❛❧s✱ ❛❧♦♥❣ ✇✐t❤ ✐ts st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✭❇✮ ❈✉♠✉❧❛t✐✈❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❡❛❝❤
❜❡❞❧♦❛❞ s❛♠♣❧❡ ✭s♦❧✐❞ ❜r♦✇♥ ❧✐♥❡✱ ✇❤✐❝❤ ❜❡❝♦♠❡s ❞❛r❦❡r ❛s s❛♠♣❧❡ ✐s ❝♦❧❧❡❝t❡❞ ❝❧♦s❡ t♦ t❤❡ ❝❡♥t❡r
♦❢ t❤❡ s❡❝t✐♦♥ ❧♦❝❛t❡❞ ❛t 33m✮✳ ❚❤❡ ●❙❉ ♦❢ ❛❧❧ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ❝♦♠❜✐♥❡❞ ✭❞❛s❤❡❞ ❜❧❛❝❦ ❧✐♥❡✮ ✐s
❝♦♠♣❛r❡❞ t♦ t❤❡ ●❙❉ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ✭s♦❧✐❞ ❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ❜❡❞ s✉❜s✉r❢❛❝❡ ✭s♦❧✐❞ r❡❞ ❧✐♥❡✮✳

❚❤❡ ❝✉♠✉❧❛t✐✈❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✭●❙❉✮ ♦❢ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✭❋✐❣✉r❡ ✹✳✸ ❜✮ ✐s ✐♥ ❛✈❡r❛❣❡
♠✉❝❤ ❝❧♦s❡r t♦ t❤❡ s✉r❢❛❝❡ ♠❛t❡r✐❛❧ t❤❛♥ t♦ t❤❡ s✉❜s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ♦❢ t❤❡ r✐✈❡r✳ ❚❤❡ ❣r❛✈❡❧s
♠❛② ❜❡ ❞♦♠✐♥❛♥t ✐♥ ❜❡❞❧♦❛❞ ●❙❉ ❞✉❡ t♦ t❤❡ s✉s♣❡♥s✐♦♥ ♦❢ s❛♥❞ ✭❚♦r♦❦ ❡t ❛❧✳✱ ✷✵✶✾✮✱ ❜✉t
♠❡❛s✉r❡♠❡♥ts ✐♥ ✇❛t❡r s❛♠♣❧❡s s❤♦✇ t❤❛t t❤❡ s✉s♣❡♥❞❡❞ ❧♦❛❞ ✐s ✐♥s✐❣♥✐✜❝❛♥t ✭0.07g/L✮ ✇✐t❤ ❛
❧♦✇ ❢r❛❝t✐♦♥ ♦❢ s❛♥❞ ✭22%✮✳ ❚❤❡ ❣♦♦❞ ❝♦rr❡s♣♦♥❞❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ D50 ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s
❝♦❧❧❡❝t❡❞✱ ✇❤❡r❡ ✢♦✇ ✈❡❧♦❝✐t✐❡s ❛r❡ t❤❡ ❤✐❣❤❡st ❛♥❞ t❤❡D50 ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ t❡♥❞s t♦ ✐♥❞✐❝❛t❡ t❤❡
♣r❡s❡♥❝❡ ♦❢ ❛♥ ❛r♠♦r❡❞ ❧❛②❡r ❞✉r✐♥❣ ♠❡❛s✉r❡♠❡♥t✳ ■♥❞❡❡❞✱ ✇❤❡♥ t❤❡ ❛r♠♦r❡❞ ❧❛②❡r ✐s ❞✐sr✉♣t❡❞✱
✜♥❡r ♣❛rt✐❝❧❡s t❤❛t ❛r❡ ❧❛r❣❡❧② ♣r❡s❡♥t ✐♥ t❤❡ s✉❜s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ❛r❡ r❡❧❡❛s❡❞✱ t❤✉s t❤❡ D90 ♦❢
t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✐s ♦❢t❡♥ ❝❧♦s❡r t♦ t❤❡ D50 ♦❢ t❤❡ s✉❜s✉r❢❛❝❡ r✐✈❡r❜❡❞ ✭P❡t✐t ❡t ❛❧✳✱ ✷✵✶✺✮✳
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❚❤✐s ❛ss✉♠♣t✐♦♥ ✐s r❡✐♥❢♦r❝❡❞ ❜② t❤❡ ❢❛❝t t❤❛t t❤❡ D90 ♦❢ t❤❡s❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✭≃ 60mm✮ ✐s
s❧✐❣❤t❧② ❧♦✇❡r t❤❛♥ t❤❡ D90 ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ✭≃ 70mm✮✱ ✇❤✐❝❤ ✐♥❞✐❝❛t❡s t❤❛t ❝♦❛rs❡ s❡❞✐♠❡♥ts
♦❢ t❤❡ ❛r♠♦r❡❞ ❧❛②❡r ❛r❡ ❡✛❡❝t✐✈❡❧② ♦♥❧② ♣❛rt✐❛❧❧② tr❛♥s♣♦rt❡❞ ❜② t❤❡ r✐✈❡r✳ ❚❤❡ ♣r♦♣❡♥s✐t② ❢♦r
t❤❡s❡ ❝♦❛rs❡ s❡❞✐♠❡♥ts t♦ ❜❡ s❛♠♣❧❡❞ ❤♦✇❡✈❡r ❞❡❝r❡❛s❡s ❛s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ♣❛rt✐❝❧❡ s✐③❡
❛♥❞ t❤❡ s❛♠♣❧❡r ✐♥t❛❦❡ ✐♥❝r❡❛s❡s ✭❱❡r✐❝❛t ❡t ❛❧✳✱ ✷✵✵✻✮✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡
✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❛s ✇❡❧❧ ❛s t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ♠❛② ❜❡ ❛✛❡❝t❡❞✳ ❚❤❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ s❛♠♣❧❡r ✐s
❞✐✣❝✉❧t t♦ ❛ss❡ss✱ ❜✉t ❛s t❤r❡❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ♣❛rt✐❝❧❡s t❤❛t ❛r❡ ❛s ❝♦❛rs❡ t❤❛♥ t❤❡
Dmax ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡✱ ✇❡ ❛ss✉♠❡❞ t❤❛t t❤❡ s❛♠♣❧❡r ❡✣❝✐❡♥❝② ❛♣♣r♦①✐♠❛t❡❞ 100% ❢♦r t❤❡
t❤r❡❡ ❝❛♠♣❛✐❣♥s ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳

❋✐❣✉r❡ ✹✳✹✿ ✭❆✮ ❈r♦ss✲s❡❝t✐♦♥❛❧ ♣r♦✜❧❡s ♦❢ ❜❡❞❧♦❛❞ ✢✉① ✭s❛♠♣❧❡s✮ ❛♥❞ ❛❝♦✉st✐❝ ♣♦✇❡r ✭❞r✐❢ts✮
♠♦♥✐t♦r❡❞ ❛t ❡❛❝❤ ✜❡❧❞ ❝❛♠♣❛✐❣♥✳ ✭❇✮ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s ♦❢
❛❝♦✉st✐❝ ♣♦✇❡r ❛♥❞ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① ✐♥t❡❣r❛t❡❞ ✐♥t♦ t❤❡ ♠♦❞❡❧ ♣r♦♣♦s❡❞ ❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮

❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❞✐r❡❝t ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ❜❡t✇❡❡♥ t❤❡ ❝❡♥tr❛❧ ✭23m✮ ❛♥❞
t❤❡ r✐❣❤t ♣✐❡r ✭42m✮ ♦❢ t❤❡ ❜r✐❞❣❡ ❞✉r✐♥❣ t❤❡ t❤r❡❡ ❝❛♠♣❛✐❣♥s BS1✱ BS2 ❛♥❞ BS3✱ ❡①♣r❡ss❡❞ ✐♥
s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① ✭❡q✉❛t✐♦♥ ✹✳✶✮ ✉s✐♥❣ ❛ s❛♠♣❧❡r ❡✣❝✐❡♥❝② ♦❢ ✶✱ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✹✳✹ ❛✳
❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ❞✉r✐♥❣ ❡❛❝❤ ❝❛♠♣❛✐❣♥ ✈❛r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠❡❛s✉r❡✲
♠❡♥t ❞✉r❛t✐♦♥✿ ✜rst ❝❛♠♣❛✐❣♥ BS1✱ ✷✷ s❛♠♣❧❡s ✭✹ ❤♦✉rs✮❀ s❡❝♦♥❞ ❝❛♠♣❛✐❣♥ BS2✱ ✶✼ s❛♠♣❧❡s
✭✷ ❤♦✉rs✮❀ ❛♥❞ t❤✐r❞ ❝❛♠♣❛✐❣♥ BS3✱ ✶✾ s❛♠♣❧❡s ✭✸ ❤♦✉rs✮✳ ❚❤❡ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① r❛♥❣❡s
❜❡t✇❡❡♥ ✵ ❛♥❞ 1.382kg/s/m❀ ❛ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢ 6.352kg/s/m ✇❛s ❛❧s♦ ❢♦✉♥❞ ❛t 33m ❞✉r✐♥❣ t❤❡
❧❛st ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ s❡❝♦♥❞ ❝❛♠♣❛✐❣♥ BS2✱ ❜✉t t❤✐s r❡s✉❧t ✇❛s ❝♦♥s✐❞❡r❡❞ ❛s ✉♥r❡❛❧✐st✐❝ ❛♥❞
✇❛s t❤❡r❡❢♦r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡ ❞❛t❛s❡t✳ ❚❤❡ ✈❛❧✉❡ ♣r♦❣r❡ss✐✈❡❧② ✐♥❝r❡❛s❡s ❢r♦♠ t❤❡ ❜r✐❞❣❡ ♣✐❡rs
t♦ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ s❡❝t✐♦♥✱ ❡①❝❡♣t ✭✐✮ ❞✉r✐♥❣ t❤❡ ✜rst ❝❛♠♣❛✐❣♥ BS1 ✇❤❡r❡ t❤❡ ❤✐❣❤❡st ✈❛❧✉❡
✇❛s ❢♦✉♥❞ ❛t 39m ❛♥❞ ✭✐✐✮ ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ❝❛♠♣❛✐❣♥ BS2 ✇❤❡r❡ t❤❡ ❧♦✇❡st ✈❛❧✉❡ ✇❛s ❛t 31m✳
❇♦t❤ ✈❛❧✉❡s ✇❡r❡ ❛❧s♦ ❝♦♥s✐❞❡r❡❞ ❛s ♦✉t❧✐❡rs ❛♥❞ ❡①❝❧✉❞❡❞ ❢r♦♠ ❝♦♠♣✉t❛t✐♦♥ ♦❢ ❛✈❡r❛❣❡❞ s♣❡❝✐✜❝
❜❡❞❧♦❛❞ ✢✉① ✭❡q✉❛t✐♦♥ ✹✳✷✮ ♣❡r❢♦r♠❡❞ ❛t ❡❛❝❤ ✈❡rt✐❝❛❧ ❛♥❞ ✐♥t❡r♣♦❧❛t❡❞ ❛❧♦♥❣ ❝r♦ss✲s❡❝t✐♦♥✳
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❚❤❡s❡ r❡s✉❧ts s❤♦✇ t❤❛t ❛✈❡r❛❣❡ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① r❡❛❝❤ ❛ ♣❧❛t❡❛✉ ✐♥ t❤❡ ❝❡♥tr❛❧ ♣❛rt
♦❢ t❤❡ s❡❝t✐♦♥ ✭31m − 35m✮✱ ✇❤✐❝❤ ❣r❛❞✉❛❧❧② ❞❡❝r❡❛s❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞✐s❝❤❛r❣❡ ✭0.6kg/s/m
❛t 360m3/s✱ ✵✳✹ ❦❣✴s✴♠ ❛t 268m3/s ❛♥❞ ✵✳✷ ❦❣✴s✴♠ ❛t 233m3/s✮✱ ❡①❝❡♣t ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞
❝❛♠♣❛✐❣♥ BS2 ✇❤❡r❡ ❛ ♣❡❛❦ ❤✐❣❤❡r t❤❛♥ 1kg/s/m ✇❛s ♦❜s❡r✈❡❞ ❛t 33m✳ ❚❤✐s tr❡♥❞ ♦❢ ❣r❛❞✉❛❧
❞❡❝r❡❛s❡ ♦❢ ❛✈❡r❛❣❡❞ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❞✐s❝❤❛r❣❡ ✇❛s ❧❡ss ♦❜s❡r✈❡❞ ❛t t❤❡ ❡①✲
tr❡♠✐t② ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✭27m✱ 37m ❛♥❞ 39m✮ ✇❤❡r❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✇❛s r❛t❤❡r ♠❡❛s✉r❡❞
✭BS1 ❛♥❞ BS2✮ ♦r ♥♦t ✭BS3✮✳ ❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❜❡t✇❡❡♥ ❜❡❞❧♦❛❞ ✢✉① ♠❡❛s✉r❡❞ ❛t t❤❡
s❛♠❡ ✈❡rt✐❝❛❧ ✇❛s ❣❡♥❡r❛❧❧② ❤✐❣❤❡r ✐♥ t❤❡ ❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ s❡❝t✐♦♥ ✭31m− 35m✮✱ ❡s♣❡❝✐❛❧❧② ❛t
t❤❡ ❧♦✇❡st ❞✐s❝❤❛r❣❡ ✇❤❡r❡ ✈❛❧✉❡s r❛♥❣❡ ❢r♦♠ 0.015kg/s/m t♦ 0.347kg/s/m ✐♥ ✶✵ ♠✐♥✉t❡s✳

❚❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡s❡ s❡❞✐♠❡♥t ♣✉❧s❡s ❤✐❣❤❧✐❣❤ts t❤❡ s♣❛t✐❛❧ ❛♥❞ t❡♠♣♦r❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡
❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❛♥❞ ❞❡♠♦♥str❛t❡s t❤❡ ✐♠♣♦rt❛♥❝❡ t♦ ❝♦❧❧❡❝t s❡✈❡r❛❧ s❛♠♣❧❡s ✐♥ ♦r❞❡r t♦ ❞❡✜♥❡
❛❝❝✉r❛t❡ ♠❡❛♥ ❜❡❞❧♦❛❞ ✢✉①✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥s ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥s
♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s ♠❡❛s✉r❡❞ ❞✉r✐♥❣ ❡❛❝❤ ❝❛♠♣❛✐❣♥ ✐♥❞✐❝❛t❡s t❤❛t r❡s✉❧ts ❢r♦♠ t❤❡ s❡❝♦♥❞ ❝❛♠✲
♣❛✐❣♥ BS2 ✇❡r❡ ❞✐✛❡r❡♥t ✭♣r❡s❡♥❝❡ ♦❢ ❛ ♣❡❛❦ ♦❢ tr❛♥s♣♦rt ✐♥ t❤❡ ❝❡♥t❡r✱ ❧❛t❡r❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡
♣❧❛t❡❛✉ ❛♥❞ ❧♦✇❡r ✈❛r✐❛❜✐❧✐t② ❜❡t✇❡❡♥ ♣❛✐r❡❞ s❛♠♣❧❡s✮ ❢r♦♠ t❤❡ ♦t❤❡rs✳ ❚❤✐s ❞✐✛❡r❡♥❝❡s ♠❛② ❜❡
❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ s❡❝♦♥❞ ❝❛♠♣❛✐❣♥ BS2 ✇❛s ♣❡r❢♦r♠❡❞ ❛t ❛❧♠♦st st❡❛❞② st❛t❡ ❝♦♥❞✐t✐♦♥s
❞✉r✐♥❣ ❛ s❤♦rt❡r ♣❡r✐♦❞✱ ❜❡t✇❡❡♥ t✇♦ ♣❤❛s❡s ♦❢ r✐s✐♥❣ ❧✐♠❜✱ ✇❤✐❧❡ t❤❡ ♦t❤❡r ❝❛♠♣❛✐❣♥s ✇❡r❡ ♣❡r✲
❢♦r♠❡❞ ❞✉r✐♥❣ ❛ ♣❤❛s❡ ♦❢ ❢❛❧❧✐♥❣ ❧✐♠❜✳ ❚❤✐s r❡❛s♦♥ ♠❛② ❛❧s♦ ❡①♣❧❛✐♥ ✇❤② t❤❡ ❛✈❡r❛❣❡❞✲s♣❡❝✐✜❝
❜❡❞❧♦❛❞ ❛t t❤❡ s❡❝♦♥❞ ❝❛♠♣❛✐❣♥ BS2 ✭583g/m/s✮ ✇❛s 35 ❤✐❣❤❡r t❤❛♥ ❛t t❤❡ ✜rst ❝❛♠♣❛✐❣♥ BS1

✭379g/m/s✮✱ ✇❤✐❧❡ ❞✉r✐♥❣ t❤❡ ✢♦♦❞ ❞✐s❝❤❛r❣❡ ✇❛s 10 ❧♦✇❡r✳

❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ♣❛ss✐✈❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❜❡❞❧♦❛❞ s❡❧❢✲❣❡♥❡r❛t❡❞ ♥♦✐s❡ ♣❡r❢♦r♠❡❞
❞✉r✐♥❣ ❡❛❝❤ ✜❡❧❞ ❝❛♠♣❛✐❣♥ BSn✱ ❡①♣r❡ss❡❞ ✐♥ ❛❝♦✉st✐❝ ♣♦✇❡r ✭❡q✉❛t✐♦♥ ✹✳✹✮ r❡❝♦r❞❡❞ ❛❜♦✈❡
2kHz✱ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✹✳✹ ❛✳ ❚❤❡ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r ✭❡q✉❛t✐♦♥ ✹✳✻✮ ✈❛r✐❡s ❢r♦♠
4.1013 t♦ 4.1014➭Pa2 ✱ ❛♥❞ ✈❛❧✉❡s ❛r❡ ❤✐❣❤❡r ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ r✐✈❡r s❡❝t✐♦♥ t❤❛♥ ❝❧♦s❡ t♦
t❤❡ ❜r✐❞❣❡ ♣✐❡rs✱ ✇❤✐❝❤ ✐s ❝♦❤❡r❡♥t t♦ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡ ♠❛①✐♠✉♠ ♦❢
❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r ✭4.1014➭Pa2✮ ❛♥❞ ❜❡❞❧♦❛❞ ✢✉① ✭1kg/s/m✮ ❛r❡ s✐♠✐❧❛r❧② ❧♦❝❛t❡❞ ❞✉r✐♥❣
t❤❡ s❡❝♦♥❞ ❝❛♠♣❛✐❣♥ BS2 ✭32m✮✱ ❜✉t t❤❡ ♣❡❛❦s ❛r❡ ♠♦r❡ ❞✐✛✉s❡ ✐♥ t❤❡ ❛❝♦✉st✐❝ t❤❛♥ ✐♥ t❤❡ s❛♠✲
♣❧✐♥❣ ♣r♦✜❧❡s✳ ❚❤✐s ✈❛r✐❛t✐♦♥ ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ❧♦❝❛❧✱
✇❤✐❧❡ ❤②❞r♦♣❤♦♥❡ ♠❡❛s✉r❡♠❡♥ts ❛r❡ ✐♥t❡❣r❛t✐✈❡ ♦❢ ❛ ❧❛r❣❡r ❛♥❞ ✉♥❦♥♦✇♥ ❛r❡❛✱ ✇❤✐❝❤ ❞❡♣❡♥❞s ♦♥
t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ t❤❡ ❛❝♦✉st✐❝ s✐❣♥❛❧✳ ❚❤❡ ❜❡❞❧♦❛❞ ❙●◆ ❝❛♥ ♣r♦♣❛❣❛t❡ ❢✉rt❤❡r t❤❛♥ 5m ❢r♦♠
t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✭●❡❛② ❡t ❛❧✳✱ ✷✵✶✼✮✱ ✇❤✐❝❤ ❡①♣❧❛✐♥s ✇❤② t❤❡ ❤②❞r♦♣❤♦♥❡
r❡❝♦r❞❡❞ ❛♥ ❛❝♦✉st✐❝ ❛❝t✐✈✐t② ❞✉r✐♥❣ t❤❡ t❤✐r❞ ❝❛♠♣❛✐❣♥ BS3✱ ✇❤❡r❡ ♥♦ ❜❡❞❧♦❛❞ tr❛♥s♣♦rts ✇❡r❡
♠❡❛s✉r❡❞ ✭✷✼✱ ✸✼ ❛♥❞ 39m✮✳ ❚❤✐s ✐♥❝♦♥s✐st❡♥❝② ✐♥ t❤❡ s♣❛t✐❛❧ r❡♣r❡s❡♥t❛t✐✈✐t② ♦❢ ❜♦t❤ ♠❡t❤♦❞s
♦❢ ♠❡❛s✉r❡♠❡♥t ❥✉st✐✜❡❞ t❤❡ ✉s❡ ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r ❛s ❛ ♣r♦①② ❢♦r
q✉❛♥t✐❢②✐♥❣ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ❜❡❞❧♦❛❞ ✢✉①✳

❚❤❡ ❛✈❡r❛❣❡✲s♣❡❝✐✜❝ ❛❝♦✉st✐❝ ♣♦✇❡r P̄ ✭❡q✉❛t✐♦♥ ✹✳✻✮ r❡❝♦r❞❡❞ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ ❛✈❡r❛❣❡❞✲s♣❡❝✐✜❝
❜❡❞❧♦❛❞ ✢✉① q̄ ✭❡q✉❛t✐♦♥ ✹✳✸✮ ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ✭BS2✮ ❛♥❞ t❤✐r❞ ✭BS3✮ ❝❛♠♣❛✐❣♥s ✇❡r❡
❛❞❞❡❞ t♦ t❤❡ ♣❧♦t ♦❢ ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮✳ ❚❤❡ r❡s✉❧ts ✭❋✐❣✉r❡ ✹✳✹ ❜✮ s❤♦✇s t❤❛t ❛❝♦✉st✐❝ ♣♦✇❡r
r❡❝♦r❞❡❞ ♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❞✉r✐♥❣ t❤❡ t❤r❡❡ ❝❛♠♣❛✐❣♥s ✭1.4×1014, 3.3×1014 ❛♥❞ 1.6×1014➭Pa2

r❡s♣❡❝t✐✈❡❧②✮ ❛r❡ ❛♠♦♥❣ t❤❡ ❤✐❣❤❡st ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❛♣♣❧②✐♥❣ t❤✐s ♣r♦t♦❝♦❧ ♦♥ ❞✐✛❡r❡♥t ❣r❛✈❡❧✲❜❡❞
r✐✈❡rs✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♣♦✇❡r ❧❛✇ ❡st❛❜❧✐s❤❡❞ ❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮ ❜❡t✇❡❡♥ ❛✈❡r❛❣❡ ❛❝♦✉st✐❝ ♣♦✇❡r
❛♥❞ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① ✇❛s r❡❛❞❥✉st❡❞ ❝♦♥s✐❞❡r✐♥❣ t❤❡s❡ ❛❞❞✐t✐♦♥❛❧ ♠❡❛s✉r❡♠❡♥ts ✇❤❡♥ ✜tt✐♥❣
t❤❡ ♣♦✇❡r ❧❛✇ ✭❡q✉❛t✐♦♥ ✹✳✼✮ t♦ t❤❡ ❧♦❣ ✈❛❧✉❡s ♦❢ P̄ ❛♥❞ q̄✳ ❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❝♦❡✣❝✐❡♥t
✭✼✳✾✼✮ ❛♥❞ ❡①♣♦♥❡♥t ✭✶✳✸✸✮ ♦❢ t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❛r❡ s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ ✈❛❧✉❡s ♣r♦♣♦s❡❞ ❜② ●❡❛②
❡t ❛❧✳ ✭✷✵✷✵✮✱ ✇❤✐❝❤ ❛❧❧♦✇s t♦ s❧✐❣❤t❧② ✐♠♣r♦✈❡ t❤❡ P❡❛rs♦♥ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ❢r♦♠ ✵✳✺✼ t♦ ✵✳✻✷✳

✶✵✼



❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ❡♥❛❜❧❡s ❛ ❣♦♦❞ ❡st✐♠❛t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ ✢✉① ♠❡❛s✉r❡❞ ♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✱
t❤❡ r❡s✉❧t ♦❢ t❤❡ ✜rst ✭BS1 = 379g/m/s✮ ❛♥❞ t❤❡ s❡❝♦♥❞ ✭BS2 = 583g/m/s✮ ❝❛♠♣❛✐❣♥ ❛r❡ ✇✐t❤✐♥
❛ ❢❛❝t♦r ✶✱ ❜✉t t❤❡ r❡s✉❧t ♦❢ t❤❡ t❤✐r❞ ✭BS3 = 92g/m/s✮ ❝❛♠♣❛✐❣♥ ✐s ❝❧♦s❡ t♦ ❛ ❢❛❝t♦r ✸✳ ❚❤❡
s♣❡❝✐✜❝✲❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r ♦❢ t❤✐s ❧❛st ♠❡❛s✉r❡♠❡♥ts ♠❛② ❜❡ ♦✈❡r❡st✐♠❛t❡❞✱ ❜❡❝❛✉s❡ t❤❡
✈❛❧✉❡ ♦❜t❛✐♥❡❞ ❞✉r✐♥❣ t❤✐s ❝❛♠♣❛✐❣♥ ✭BS3 = 3.3× 1014➭Pa2✮ ✐s s❧✐❣❤t❧② ❤✐❣❤❡r t❤❛♥ ❞✉r✐♥❣ t❤❡
✜rst ❝❛♠♣❛✐❣♥ ✭BS1 = 1.4× 1014➭Pa2✮✱ ✇❤✐❧❡ s♦❧✐❞ ❛♥❞ ❧✐q✉✐❞ ❞✐s❝❤❛r❣❡s ✇❡r❡ ♠✉❝❤ ❧♦✇❡r✳ ❚❤✐s
♦✈❡r❡st✐♠❛t✐♦♥ ♠❛② ❜❡ r❡❧❛t❡❞ t♦ t❤❡ ✉s❡ ♦❢ ❛❝♦✉st✐❝ r❡❝♦r❞s ♣❡r❢♦r♠❡❞ ❜❡❢♦r❡ ❛♥❞ ❛❢t❡r t❤❡
❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ r❛t❤❡r t❤❛♥ ❞✉r✐♥❣ ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥t ✭❧❛❝❦ ♦❢ ❛✈❛✐❧❛❜❧❡ ♦♣❡r❛t♦r ❞✉r✐♥❣ t❤✐r❞
❝❛♠♣❛✐❣♥ BS3✮ ❢♦r t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ ❛✈❡r❛❣❡❞ ✈❛❧✉❡s✳ ❇② ✉s✐♥❣ ♦♥❧② t❤❡ ❞❛t❛ r❡❝♦r❞❡❞ ❛❢t❡r
t❤❡ ❝❛♠♣❛✐❣♥ ✭t✇♦ ❧♦✇❡st ✈❛❧✉❡s ♣❡r ✈❡rt✐❝❛❧s✮ t❤❡ ✈❛❧✉❡ ♦❢ P̄ ❞❡❝r❡❛s❡❞ t♦ 6.2×1013➭Pa2✱ ✇❤✐❝❤
❛❧❧♦✇s ❛♥ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ✢✉① ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤✐s ❝❛♠♣❛✐❣♥ ✉s✐♥❣ t❤❡ ❝❛❧✐❜r❛t✐♦♥
❝✉r✈❡✱ ✇✐t❤✐♥ ❛ ❢❛❝t♦r ✶✳ ❚❤✐s r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❞❛t❛ r❡❝♦r❞❡❞ ❛❢t❡r t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣
♠❛② ❜❡ ♠♦r❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r ❞✉r✐♥❣ t❤❡ ✢♦♦❞ t❤❛♥ t❤❡ ❞❛t❛ r❡❝♦r❞❡❞ ❜❡❢♦r❡✱
✇❤✐❝❤ ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❢❛❧❧✐♥❣ ❧✐♠❜ ❞✉r✐♥❣ t❤✐s ♣❡r✐♦❞ ✭❋✐❣✉r❡ ✹✳✷✮✳ ❚❤❡
❣♦♦❞ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤✐s ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ❛♥❞ ♦✉r r❡s✉❧ts ✐♥❞✐❝❛t❡s t❤❛t ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✉s❡
t❤❡ ❡q✉❛t✐♦♥ ✹✳✼ t♦ ❡st✐♠❛t❡ ❜❡❞❧♦❛❞ s♣❡❝✐✜❝ ✢✉① ❢r♦♠ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r ♠❡❛s✉r❡♠❡♥ts
♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳

✹✳✹✳✶✳✷ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❜❛♥❦ ❛♥❞ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛❝♦✉st✐❝ ♣♦✇❡r

❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ✻ ❛❝♦✉st✐❝ ♠❛♣s Mn ♣❡r❢♦r♠❡❞ ❜❡t✇❡❡♥ ▼❛r❝❤ ✷✵✶✾ ❛♥❞ ❋❡❜r✉❛r② ✷✵✷✵ ❢♦r
✢♦✇ ❞✐s❝❤❛r❣❡s ✈❛r②✐♥❣ ❢r♦♠ ✶✺✽ t♦ 350m3/s✱ ❡①♣r❡ss❡❞ ✐♥ ❛❝♦✉st✐❝ ♣♦✇❡r ✭❡q✉❛t✐♦♥ ✹✳✹✮ r❡❝♦r❞❡❞
❛❜♦✈❡ 2kHz✱ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ✜❣✉r❡ ✹✳✺ ❛✳ ❚❤❡ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡rs ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥
✹✳✺✮ ❛t ❡❛❝❤ ♠❡❛s✉r❡♠❡♥t ❧♦❝❛t✐♦♥ ❛♥❞ ❧✐♥❡❛r❧② ✐♥t❡r♣♦❧❛t❡❞ ❛t 1m ✐♥t❡r✈❛❧✱ ✐♥❝r❡❛s❡ ❢r♦♠ t❤❡
❜r✐❞❣❡ ♣✐❡rs ✭✵✱ ✷✷✳✺ ❛♥❞ 40m✮ t♦ t❤❡ ♠✐❞❞❧❡ ♦❢ ❜♦t❤ s❡❝t✐♦♥s ♦❢ t❤❡ ❜r✐❞❣❡ ✭✶✷ ❛♥❞ 32m✮✳ ❚❤❡
❛❝♦✉st✐❝ ♣r♦✜❧❡s ❛r❡ ❣❧♦❜❛❧❧② s②♠♠❡tr✐❝ ❛t t❤❡ r✐❣❤t s✐❞❡ ✭0 − 23m✮✱ ❜✉t ❛s②♠♠❡tr✐❝ ❛t t❤❡ ❧❡❢t
s✐❞❡ ✭23− 40m✮ ✇✐t❤ t❤❡ ♠❛①✐♠✉♠ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡rs ✭16− 18m✮ t❤❛t ❛r❡ ❝❧♦s❡r t♦ t❤❡
❝❡♥tr❛❧ ♣✐❡r t❤❛♥ t♦ t❤❡ ❧❡❢t ❛❜✉t♠❡♥t✳ ❚❤✐s ❛s②♠♠❡tr② ✐s ❞✉❡ t♦ ❡♥r♦❝❦♠❡♥ts ❧♦❝❛t❡❞ ❛❧♦♥❣ t❤❡
❧❡❢t ❜❛♥❦ ✭❋✐❣✉r❡ ✹✳✶✮✱ ✇❤✐❝❤ ❞✐r❡❝ts ✢♦✇s ❛♥❞ s❡❞✐♠❡♥ts t♦ t❤❡ r✐❣❤t s✐❞❡ ♦❢ t❤❡ ❝❤❛♥♥❡❧✱ ❝r❡❛t✐♥❣
❛ r❡❝✐r❝✉❧❛t✐♦♥ ③♦♥❡ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ❜r✐❞❣❡ ✭0 − 7m✮✳ ❚❤❡ ❛❝♦✉st✐❝ ♣r♦✜❧❡s ❛r❡ ♠♦r❡ ❞✐✛✉s❡
❛t ❤✐❣❤❡r ✢♦✇ ❞✐s❝❤❛r❣❡s✱ ❜❡❝❛✉s❡ ❜❡❞❧♦❛❞ s❡❧❢ ❣❡♥❡r❛t❡❞ ♥♦✐s❡s ❛r❡ ❧❡ss ❛tt❡♥✉❛t❡❞ ❛❝r♦ss t❤❡
s❡❝t✐♦♥✱ ✇❤❡♥ ✇❛t❡r ❧❡✈❡❧ ✐♥❝r❡❛s❡s ✭●❡❛② ❡t ❛❧✳✱ ✷✵✶✼✮✳ ❚❤❡ ❤✐❣❤❡st ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡rs
❛r❡ ❛❧✇❛②s r❡❝♦r❞❡❞ ❛t t❤❡ r✐❣❤t s✐❞❡ ♦❢ t❤❡ ♣r♦✜❧❡ ✭32m✮✱ ❡①❝❡♣t ❞✉r✐♥❣ t❤❡ ❛❝♦✉st✐❝ ♠❛♣ ♠❡❛✲
s✉r❡♠❡♥t ♣❡r❢♦r♠❡❞ ❛t t❤❡ ❧♦✇❡st ✇❛t❡r ❧❡✈❡❧s ✭18m✮✱ ✐♥❝♦♠♣❧❡t❡ ❞✉❡ t♦ ❛ t❡❝❤♥✐❝❛❧ ✐ss✉❡✳ ❚❤❡
❜❡❞❧♦❛❞ tr❛♥s♣♦rt t❤❡r❡❢♦r❡ ❜❡❣✐♥s ✭Q < 180m3/s✮ ✐♥ t❤❡ s❝♦✉r ❧♦❝❛t❡❞ ❛❧♦♥❣ t❤❡ ❧❡❢t ❝♦♥❝❛✈❡
❜❛♥❦ ❛♥❞ t❤❡r❡❛❢t❡r ✭Q ≥ 200m3/s✮ ♠♦st❧② ♦❝❝✉rs ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ❝♦♥✈❡① ❜❛♥❦✱ ✇❤❡r❡ t❤❡
r✐✈❡r❜❡❞ ✐s r❡❧❛t✐✈❡❧② ✢❛t ✭❋✐❣✉r❡ ✹✳✶✮✳

❚❤❡ r❡s✉❧ts ♦❢ t❤❡ s♣❡❝✐✜❝✲❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡rs PXS ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✹✳✻✮ ❜❡t✇❡❡♥
✼ ❛♥❞ 40m✱ s❤♦✇ t❤❛t ✈❛❧✉❡ ✐♥❝r❡❛s❡s ✇✐t❤ ✢♦✇ ❞✐s❝❤❛r❣❡ ❢r♦♠ 158m3/s ✭9.0 × 1011➭Pa2✮ t♦
167m3/s ✭3.2×1012➭Pa2✮✳ ❚✇♦ ✈❡r② ❞✐✛❡r❡♥t ✈❛❧✉❡s ✭1.4×1014 ❛♥❞ 2.6×1013➭Pa2✮ ❛r❡ ❤♦✇❡✈❡r
r❡❝♦r❞❡❞ ❛r♦✉♥❞ 235m3/s✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ ❝♦♠❡s ❢r♦♠ ❝❧♦❝❦✇✐s❡ ❤②st❡r❡s✐s ✐♥ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
♦❜s❡r✈❡❞ ❛t t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✭s❡❡ ♣❛rt ✹✳✹✳✸✮✱ ✇❤❡r❡ ❢♦r ❛ ❣✐✈❡♥ ✢♦✇ ❞✐s❝❤❛r❣❡ t❤❡ s♣❡❝✐✜❝✲
❛❝♦✉st✐❝ ♣♦✇❡r ✐s ❤✐❣❤❡r ❛t r✐s✐♥❣ ❧✐♠❜ t❤❛♥ ❛t ❢❛❧❧✐♥❣ ❧✐♠❜✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✈❛❧✉❡ ♦❢ PXS ✐s ♠✉❝❤
❤✐❣❤❡r ❞✉r✐♥❣ t❤❡ ❝❛♠♣❛✐❣♥ M3 ✭1.4 × 1014➭Pa2✮ ♣❡r❢♦r♠❡❞ ❛t t❤❡ ✢♦♦❞ ♣❡❛❦✱ t❤❛♥ ❞✉r✐♥❣
t❤❡ ❝❛♠♣❛✐❣♥ M6 ✭2.6 × 1013➭Pa2✮ ♣❡r❢♦r♠❡❞ ❛t ❢❛❧❧✐♥❣ ❧✐♠❜ ✭❚❛❜❧❡ ✹✳✶✮✳ ❚❤❡ ✈❛❧✉❡ r❡❝♦r❞❡❞
❞✉r✐♥❣ ❝❛♠♣❛✐❣♥ M3 ✭1.4 × 1014➭Pa2✮ ✐s ❛❧s♦ ❤✐❣❤❡r t❤❛♥ t❤❛t r❡❝♦r❞❡❞ ❞✉r✐♥❣ t❤❡ ❝❛♠♣❛✐❣♥
M4 ✭9.7 × 1013➭Pa2✮✱ ✇❤✐❝❤ ✇❛s ❝♦♥❞✉❝t❡❞ ❛t ❛ ✢♦✇ ❞✐s❝❤❛r❣❡ ♦❢ 350m3/s ❞✉r✐♥❣ t❤❡ ❢❛❧❧✐♥❣
❧✐♠❜ ♦❢ ❛ ✢♦♦❞ ❡✈❡♥t ❡①❝❡❡❞✐♥❣ ❛ t✇♦✲②❡❛r r❡t✉r♥ ♣❡r✐♦❞✳ ❚❤✐s ❤✐❣❤❡r PXS ✐s ❞✉❡ t♦ ❤✐❣❤❡r

✶✵✽



❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡rs r❡❝♦r❞❡❞ ❛t t❤❡ ❧❡❢t s❡❝t✐♦♥ ♦❢ t❤❡ ❜r✐❞❣❡ ✭2 × 1014➭Pa2✮✱ ✇❤✐❝❤ ❛r❡
❛❧♠♦st ❛s ❤✐❣❤ t❤❛♥ ❛t t❤❡ r✐❣❤t s❡❝t✐♦♥ ✭3 × 1014➭Pa2✮✳ ❚❤❡ ❤✐❣❤❡st ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r
✭4.1014➭Pa2✮ ♠♦♥✐t♦r❡❞ ❞✉r✐♥❣ t❤✐s st✉❞② ✐s ❤♦✇❡✈❡r r❡❝♦r❞❡❞ ❞✉r✐♥❣ ❝❛♠♣❛✐❣♥ M5 ❛t ❛ ✢♦✇
❞✐s❝❤❛r❣❡ ♦❢ 268m3/s✱ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❛r❡❛ ✭❋✐❣✉r❡ ✹✳✺ ❛✮✱ ✇❤❡♥ t❤❡ ✢♦♦❞
❤②❞r♦❣r❛♣❤ r❡❛❝❤❡❞ ❛ ♣❧❛t❡❛✉ ✭❋✐❣✉r❡ ✹✳✷✮✳

❋✐❣✉r❡ ✹✳✺✿ ✭❆✮ ❘❡s✉❧ts ♦❢ ❛❝♦✉st✐❝s ♠❛♣s ♣❡r❢♦r♠❡❞ ❛t ❞✐✛❡r❡♥t ❞✐s❝❤❛r❣❡ ❛♥❞ ✭❇✮ r❡❧❛t✐♦♥s❤✐♣
❜❡t✇❡❡♥ ❜❛♥❦ ❛♥❞ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ♠❡❛s✉r❡♠❡♥ts

❚❤❡ s♣❡❝✐✜❝✲❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡rs PXS ❛r❡ ♣❧♦tt❡❞ ✭❋✐❣✉r❡ ✹✳✺ ❜✮ ❛❣❛✐♥st t❤❡ ❛✈❡r❛❣❡❞
❛❝♦✉st✐❝ ♣♦✇❡r PF ✭❡q✉❛t✐♦♥ ✹✳✾✮ r❡❝♦r❞❡❞ ❞✉r✐♥❣ ❡❛❝❤ ❛❝♦✉st✐❝ ♣r♦✜❧❡ ❜② t❤❡ ❤②❞r♦♣❤♦♥❡ ✜①❡❞ ❛t
t❤❡ ❜r✐❞❣❡✳ ❚❤❡ r❡s✉❧ts s❤♦✇ ❛♥ ❡①❝❡❧❧❡♥t ❧✐♥❡❛r r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❛❝♦✉st✐❝ ♣♦✇❡rs ♠❡❛s✉r❡❞
❢r♦♠ t❤❡ ❜❛♥❦ ❛♥❞ ❢r♦♠ ❛❝♦✉st✐❝ ♠❛♣s✱ ✇✐t❤ ❛ P❡❛rs♦♥ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ❝♦♠♣✉t❡❞ t♦ ❧♦❣
✈❛❧✉❡s ♦❢ ✵✳✾✾✳ ❚❤❡ ♣♦✇❡r ♦❢ t❤❡ s✐❣♥❛❧ r❡❝♦r❞❡❞ ❛t t❤❡ ❜❛♥❦ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✶✵ t✐♠❡s ❧♦✇❡r t❤❛♥
t❤❛t r❡❝♦r❞❡❞ ❛❝r♦ss t❤❡ r✐✈❡r s❡❝t✐♦♥ ✭α = 0.88✮✱ ❛ ❞✐✛❡r❡♥❝❡ t❤❛t r❡♠❛✐♥s r❡❧❛t✐✈❡❧② ❝♦♥st❛♥t
t❤r♦✉❣❤♦✉t t❤❡ ✈❛r✐♦✉s ❝❛♠♣❛✐❣♥ ✭β = 1.09✮✳ ❚❤❡ ❛❝♦✉st✐❝ ♣♦✇❡rs r❡❝♦r❞❡❞ ❛t t❤❡ ❜❛♥❦ ❛r❡
t❤❡r❡❢♦r❡ ♣r♦♣♦rt✐♦♥❛❧ ✭❡q✉❛t✐♦♥ ✹✳✶✵✮ t♦ ❜❡❞❧♦❛❞ s♦✉♥❞s ❣❡♥❡r❛t❡❞ ❛❝r♦ss t❤❡ s❡❝t✐♦♥ r❡❣❛r❞❧❡ss
t♦ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡s ♦r ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s✳ ❚❤❡ ❝♦♥t✐♥✉♦✉s ❜❛♥❦ ♠❡❛s✉r❡♠❡♥t ❝❛♥ t❤✉s
❜❡ ❡①tr❛♣♦❧❛t❡❞ t♦ t❤❡ ❡♥t✐r❡ ❝r♦ss✲s❡❝t✐♦♥ ✉s✐♥❣ t❤✐s r❛t✐♥❣ ❝✉r✈❡ ✭❡q✉❛t✐♦♥ ✹✳✶✵✮ ❛♥❞ ❝♦♥✈❡rt❡❞
✐♥t♦ ❜❡❞❧♦❛❞ ✢✉① ✉s✐♥❣ t❤❡ ❛❞❥✉st❡❞ ✭❡q✉❛t✐♦♥ ✹✳✼✮ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ♦❢ ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮✳ ❇②
❝♦♠❜✐♥✐♥❣ ❡q✉❛t✐♦♥ ✹✳✶✵ ❛♥❞ ❡q✉❛t✐♦♥ ✹✳✼✱ t❤❡ t♦t❛❧ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ qs ❛❝r♦ss t❤❡ ▼♦s❡❧❧❡
❘✐✈❡r ❝❛♥ t❤❡♥ ❜❡ ❝♦♠♣✉t❡❞ ❛t t❤❡ ❜r✐❞❣❡ ❢r♦♠ t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r PF ♠❡❛s✉r❡❞ ❛t t❤❡ ❜❛♥❦
✉s✐♥❣✿

qs = 10
log

(

0.87PF
1.09

7.97❊✰✶✵

)

× 1

1.33
×W ✭✹✳✷✹✮

✇❤❡r❡ W ✐s t❤❡ r✐✈❡r ✇✐❞t❤ ❛t t❤❡ ❜r✐❞❣❡✳ ❚❤❡ t✐♠❡ s❡r✐❡s ♦❢ ❛❝♦✉st✐❝ ♣♦✇❡r ♠♦♥✐t♦r❡❞ ❢r♦♠
t❤❡ ❜❛♥❦ ✇✐❧❧ ❜❡ ❝♦♥✈❡rt❡❞ t♦ ❜❡❞❧♦❛❞ ✢✉① ✉s✐♥❣ ❡q✉❛t✐♦♥ ✹✳✷✹ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ ❜❡❞❧♦❛❞ ✢✉①❡s
❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✳

✶✵✾



✹✳✹✳✷ ◆✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❝❛❧✐❜r❛t✐♦♥

❚❤✐s ♣❛rt ♣r❡s❡♥ts t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s ✭❋✐❣✉r❡
✹✳✶✮ ✉s❡❞ t♦ ♣r❡❞✐❝t t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❛t t❤❡ ❜r✐❞❣❡✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢
t❤❡ ❧❛r❣❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ Mf,h✱ ❢r♦♠ ✇❤✐❝❤ ✇❡r❡ ❞❡t❡r♠✐♥❡❞ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❢♦r t❤❡
❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s✱ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❛♣♣❡♥❞✐① ❉✳ ❋✐rst✱ ✇❡ s❤♦✇ t❤❡ r❡s✉❧ts ♦❢ t❤❡
❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ♠♦❞✉❧❡✱ ✐♥ ♦r❞❡r t♦ ❛ss❡ss t❤❡ ❛❜✐❧✐t② ♦❢
t❤❡ ♠♦❞❡❧ t♦ ♣r❡❞✐❝t t❤❡ ❜❡❞ s❤❡❛r str❡ss ♦♥ t❤❡ s❛♠♣❧✐♥❣ ❛r❡❛ ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts✳
❚❤❡♥✱ ✇❡ r❡♣r❡s❡♥t✱ ✐♥ ❢✉♥❝t✐♦♥ ♦❢ t❤❡s❡ ❜❡❞ s❤❡❛r str❡ss❡s✱ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ♠❡❛s✉r❡❞ ♦♥ t❤❡
✜❡❧❞ ❛♥❞ ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❡q✉❛t✐♦♥s✱ ✐♥ ♦r❞❡r t♦ ❞❡t❡r♠✐♥❡ ✇❤✐❝❤ ❧❛✇s ❛r❡ t❤❡
♠♦st s✉✐t❛❜❧❡✳ ❋✐♥❛❧❧②✱ ✇❡ s❤♦✇ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ s❡❧❡❝t❡❞ ❧❛✇s ❛♥❞ t❤❡ ❛❜✐❧✐t②
♦❢ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s t♦ ♣r❡❞✐❝t t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✳

✹✳✹✳✷✳✶ ❍②❞r♦❞②♥❛♠✐❝ ♠♦❞❡❧

❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ♠♦❞✉❧❡ ♦❢ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r②
♠♦❞❡❧ Mf,s ✐s ❜❛s❡❞ ♦♥ ✿ ✭✐✮ ❛ t✐♠❡ s❡r✐❡s ♦❢ ❲❙❊ ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ ✢♦♦❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r
❧♦❝❛t❡❞ ✉♣str❡❛♠ ♦❢ t❤❡ ❜r✐❞❣❡ ❛♥❞ ✭✐✐✮ ❛ ✈❡❧♦❝✐t② ♣r♦✜❧❡ ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ ❡❛❝❤ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣
❝❛♠♣❛✐❣♥ ✭BS2 ❛♥❞ BS3✮ ✉s✐♥❣ ❛♥ ❆❉❈P ❞❡♣❧♦②❡❞ ❢r♦♠ t❤❡ ❜r✐❞❣❡✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ❝❛❧✐❜r❛✲
t✐♦♥ ♣r❡s❡♥t❡❞ ❜❡❧♦✇ ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♠❡s❤ s✐③❡ ✭1m r❡s♦❧✉t✐♦♥ ❛t t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣
❛r❡❛✮ ❛❝❝♦r❞✐♥❣ t♦ ❛ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ♣❡r❢♦r♠❡❞ ❜② r❡✜♥✐♥❣ t❤❡ ♠❡s❤ ❢r♦♠ 2m t♦ 0.5m ❛r♦✉♥❞
❜r✐❞❣❡ ♣✐❡rs✱ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❞♦♠❛✐♥✳

❋✐❣✉r❡ ✹✳✻✿ ✭❆✮ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r ❧♦❝❛t❡❞ ✉♣str❡❛♠ ♦❢
t❤❡ ❜r✐❞❣❡ ✭②❡❧❧♦✇ ♣♦✐♥t ✐♥ ❇✮ ❛♥❞ t❤❡ ❲❙❊ ♠♦❞❡❧❡❞ ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ❢r♦♠ ✉♥st❡❛❞②
s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ s✉❜♠♦❞❡❧ Mf,s ✭❇✮ ▼❛♣ ♦❢ t❤❡ ✇❛t❡r ❞❡♣t❤ ♣r❡❞✐❝t❡❞ ❛t st❡❛❞②
st❛t❡ ✭Q = 268m3/s✮ ❜② t❤❡ s✉❜♠♦❞❡❧ Mf,s ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥ BS2✳

❈❛❧✐❜r❛t✐♦♥ ♦❢ ✇❛t❡r s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥

❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ s✐♠✉❧❛t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❲❙❊ ✭❋✐❣✉r❡ ✹✳✻✮✱ s❤♦✇s t❤❛t t❤❡ ❤②❞r♦✲
s❡❞✐♠❡♥t❛r② s✉❜♠♦❞❡❧ Mf,s ✐s ✇❡❧❧ ❝❛❧✐❜r❛t❡❞ ❛t t❤❡ ❜r✐❞❣❡✱ ❡s♣❡❝✐❛❧❧② ❞✉r✐♥❣ t❤❡ t✇♦ ❜❡❞❧♦❛❞
s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥s ✭BS2 ❛♥❞ BS3✮✱ ❢♦r ✇❤✐❝❤ ❜♦t❤ ❲❙❊ ❝✉r✈❡s ❛r❡ s✉♣❡r✐♠♣♦s❡❞✳ ❚❤❡ s✐♠✲
✉❧❛t❡❞ ❲❙❊ ❛r❡ s❧✐❣❤t❧② ✉♥❞❡r❡st✐♠❛t❡❞ ❝♦♠♣❛r❡❞ t♦ ♦❜s❡r✈❡❞ ♦♥❡s ❞✉r✐♥❣ t❤❡ r✐s✐♥❣ ❧✐♠❜ ♦❢
t❤❡ ✢♦♦❞✱ ❜✉t t❤✐s ❞✐✛❡r❡♥❝❡ ✐s ❛❧s♦ ♦❜s❡r✈❡❞ ✐♥ ❝❛❧✐❜r❛t✐♦♥ r❡s✉❧ts ❢♦r t❤❡ ❧❛r❣❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧
Mf,h✳ ❚❤❡ ❲❙❊ ❛r❡ t❤❡r❡❢♦r❡ ✇❡❧❧ ♣r❡❞✐❝t❡❞ ♦♥ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❛r❡❛ ✉s✐♥❣ ❛ ❙tr✐❝❦❧❡r
❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ 47m1/3/s ✐♥ t❤❡ r✐✈❡r❜❡❞ ❛♥❞ ♦❢ 8m1/3/s ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ✭❋✐❣✉r❡ ✹✳✶✮✳

✶✶✵



❈❛❧✐❜r❛t✐♦♥ ♦❢ ✢♦✇ ❞✐str✐❜✉t✐♦♥

❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ s✐♠✉❧❛t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ✈❡❧♦❝✐t✐❡s ✭❋✐❣✉r❡ ✹✳✼ ❛✮✱ s❤♦✇s t❤❛t t❤❡ ♠♦❞❡❧
♦✈❡r❡st✐♠❛t❡❞ ✢♦✇s ❛t t❤❡ ❧❡❢t s❡❝t✐♦♥ ♦❢ t❤❡ ❜r✐❞❣❡ ❛♥❞ ✉♥❞❡r❡st✐♠❛t❡❞ t❤❡♠ ❛t t❤❡ r✐❣❤t s❡❝t✐♦♥✳
❚❤❡ ✈❡❧♦❝✐t✐❡s ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ s❡❝♦♥❞ ❝❛♠♣❛✐❣♥ BS2 ❛r❡ ❡q✉❛❧ ✭2m/s✮ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡
❧❡❢t ❛♥❞ r✐❣❤t s❡❝t✐♦♥s✱ ✇❤✐❧❡ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❛r❡ ♠✉❝❤ ❤✐❣❤❡r ✐♥ t❤❡ ❧❡❢t ✭2.7m/s✮ t❤❛♥ ✐♥
t❤❡ r✐❣❤t s❡❝t✐♦♥ ✭1.4m/s✮✳ ❉✉r✐♥❣ t❤❡ ✜rst ❝❛♠♣❛✐❣♥ BS1✱ t❤❡ ✈❡❧♦❝✐t② ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❧❡❢t
s❡❝t✐♦♥ ❛r❡ ✉♥❦♥♦✇♥ ❜❡❝❛✉s❡ ♦❢ t♦♦ t✉r❜✉❧❡♥t ✢♦✇s✱ ❜✉t s✐♠✉❧❛t❡❞ r❡s✉❧ts ❛r❡ ❛❧s♦ ❧♦✇❡r ✭1.5m/s✮
t❤❛♥ ♦❜s❡r✈❡❞ ✭2.2m/s✮ ❛t t❤❡ r✐❣❤t s❡❝t✐♦♥✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ✐♥t❡rs❡❝t t❤❡ ✜❡❧❞ ♠❡❛s✉r❡✲
♠❡♥ts ❞♦✇♥str❡❛♠ ✈❡❧♦❝✐t✐❡s ♦❢ t❤❡ ❝❡♥tr❛❧ ♣✐❡rs ♦❢ t❤❡ ❜r✐❞❣❡✱ ✇❤❡r❡ ✈❡❧♦❝✐t✐❡s ❞❡❝r❡❛s❡ ✭1.8m/s✮✳

❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✢♦✇s ❜❡t✇❡❡♥ ❡❛❝❤ s❡❝t✐♦♥ ✐s ❝❛❧✐❜r❛t❡❞ ❜② ❛♣♣❧②✐♥❣ ❛ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t
♦❢ 15m1/3/s ✉♥❞❡r t❤❡ ❧❡❢t s❡❝t✐♦♥ ♦❢ t❤❡ ❜r✐❞❣❡ ❛♥❞ ♦❢ 10m1/3/s ❛r♦✉♥❞ t❤❡ ❝❡♥tr❛❧ ♣✐❡rs ✭❋✐❣✉r❡
✹✳✼ ❜✮✳ ❚❤✐s ❤✐❣❤❡r ❢r✐❝t✐♦♥ ❛t t❤❡ ❧❡❢t s❡❝t✐♦♥ ♠❛② ❜❡ ❞✉❡ t♦ t❤❡ ❡♥r♦❝❦♠❡♥ts ❧♦❝❛t❡❞ ❛t t❤❡
❛❜✉t♠❡♥t ✭❛♥❞ ♣r♦❜❛❜❧② ♦♥ t❤❡ ❜♦tt♦♠ ♦❢ ❛ ♣❛rt ♦❢ t❤❡ ❧❡❢t s❡❝t✐♦♥✮✱ ❜✉t t❤❡ ✇r♦♥❣ ❞✐str✐❜✉t✐♦♥
♦❢ ✢♦✇s ♠❛② ❛❧s♦ ❜❡ r❡❧❛t❡❞ t♦ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r✐✈❡r s❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ▲✐❉❆❘ s✉r✈❡② L2

✭❆✉❣✉st ✷✵✶✾✮ ❛♥❞ t❤❡ ❜❡❞❧♦❛❞ ♠♦♥✐t♦r✐♥❣ BS2 ❛♥❞ BS3 ✭▼❛r❝❤ ✷✵✷✵✮✳ ■♥❞❡❡❞✱ t❤❡ ❡r♦s✐♦♥ ♦❢
t❤❡ ❝♦♥✈❡① ❜❛♥❦ ♦❜s❡r✈❡❞ ❞✉r✐♥❣ t❤✐s ♣❡r✐♦❞ ❛s ✇❡❧❧ ❛s t❤❡ ❡r♦s✐♦♥ ♦❢ t❤❡ r✐✈❡r ❜❡❞ ♠❡❛s✉r❡❞
❞✉r✐♥❣ t❤❡ ✢♦♦❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ r✐❣❤t s❡❝t✐♦♥ ♠❛② ❢❛✈♦r ✢♦✇s ✐♥ t❤✐s s❡❝t✐♦♥✳ ❚❤✐s ❝❛❧✐❜r❛✲
t✐♦♥ ❡♥❛❜❧❡s ❤♦✇❡✈❡r t♦ ❜❛❧❛♥❝❡ ✈❡❧♦❝✐t✐❡s ❜❡t✇❡❡♥ ❡❛❝❤ s❡❝t✐♦♥ ♦❢ t❤❡ ❜r✐❞❣❡ ❞✉r✐♥❣ ❜♦t❤ st✉❞✐❡❞
❝❛♠♣❛✐❣♥s✱ ✇❤✐❝❤ ❛❧❧♦✇s t♦ ♣r❡❞✐❝t ❛❝❝✉r❛t❡❧② t❤❡ ✢♦✇ ✈❡❧♦❝✐t✐❡s ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ❣r❛✐♥ s❤❡❛r
str❡ss τ ′ ❛t t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❛r❡❛s✳

❋✐❣✉r❡ ✹✳✼✿ ✭❆✮ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ✭r❡❞ ♣♦✐♥ts✮ ❛♥❞ ♠♦❞❡❧❡❞ ❞❡♣t❤✲❛✈❡r❛❣❡❞ ✢♦✇
✈❡❧♦❝✐t✐❡s✱ ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ BS2 ✭Q = 268m3/s✮ ❛♥❞ BS3 ✭Q = 233m3/s✮✱ ❜❡❢♦r❡
✭s♦❧✐❞ ❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ❛❢t❡r ✭❞❛s❤❡❞ ❜❧✉❡ ❧✐♥❡✮ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t✳ ✭❇✮ ▼❛♣ ♦❢
t❤❡ ❞❡♣t❤✲❛✈❡r❛❣❡❞ ✢♦✇ ✈❡❧♦❝✐t✐❡s ♣r❡❞✐❝t❡❞ ❛t st❡❛❞② st❛t❡ ✭Q = 268m3/s✮ ❜② t❤❡ ♠♦❞❡❧ Mf,s

❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥ BS2✳

✶✶✶



✹✳✹✳✷✳✷ ❍②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧

❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❧❛✇s ✉s❡❞ ✐♥ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s ✇❡r❡ s❡❧❡❝t❡❞ ❜❛s❡❞
♦♥ ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♣r❡❞✐❝t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ r❡❧❛t✐♦♥s❤✐♣s ❜❡t✇❡❡♥ t❤❡ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞
✢✉①❡s q ❛♥❞ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θ✳ ❚❤❡s❡ r❡❧❛t✐♦♥s❤✐♣s ✇❡r❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ❝r✐t✐❝❛❧
❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr s✉❣❣❡st❡❞ ❜② t❤❡ ❛✉t❤♦rs ♦❢ ❡❛❝❤ ❧❛✇ ❛♥❞ ❡st✐♠❛t❡❞ ❢♦r t❤❡ ▼♦s❡❧❧❡ r✐✈❡r
❜② P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮ t♦ ❡st❛❜❧✐s❤ t❤❡ ♦♣t✐♠❛❧ t❤r❡s❤♦❧❞ ✈❛❧✉❡✳ ❚❤❡ s❡❧❡❝t❡❞ ❧❛✇s ✇✐t❤ ❡♠♣✐r✐❝❛❧
❝♦❡✣❝✐❡♥ts ✇❡r❡ ❝❛❧✐❜r❛t❡❞ ❜❛s❡❞ ♦♥ ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♣r❡❞✐❝t❡❞ qs ❛♥❞ ♦❜s❡r✈❡❞ ❜❡❞❧♦❛❞
✢✉①❡s q̄✱ ✐♥t❡❣r❛t❡❞ ❛❝r♦ss t❤❡ s❛♠♣❧❡❞ s❡❝t✐♦♥ ♦❢ t❤❡ r✐✈❡r✳

❙❡❧❡❝t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❧❛✇s

❚❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θ ✇❛s ❡①tr❛❝t❡❞ ❛t ❡❛❝❤ ✈❡rt✐❝❛❧ x ✭❋✐❣✉r❡ ✹✳✽ ❜✮ ✇❤❡r❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s
✇❡r❡ ❝♦❧❧❡❝t❡❞ ❛♥❞ t❤❡♥ ♣❧♦tt❡❞ ❛❣❛✐♥st ❛✈❡r❛❣❡❞ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉①❡s q ♠❡❛s✉r❡❞ ❛t t❤♦s❡
❧♦❝❛t✐♦♥s ❞✉r✐♥❣ ❜♦t❤ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥s✳ ❚❤❡ r❡s✉❧ts ✭❋✐❣✉r❡ ✹✳✽ ❛✮ ❡①❤✐❜✐t ❛ str♦♥❣ ♣♦s✐t✐✈❡
❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ q ❛♥❞ θ✱ ✇❤❡♥ θ ❡①❝❡❡❞s t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr ♦❢ ✵✳✵✸✺✱ ✇✐t❤
✈❛❧✉❡s ♦❢ q r❛♥❣✐♥❣ ❢r♦♠ 5.8E − 5m3/s/m ❛t ✵✳✵✹ t♦ 1.4E − 4m3/s/m ❛t ✵✳✵✻✳ ❚❤❡ ❞❛t❛ ❡①❤✐❜✐t
❛ ✇✐❞❡r s❝❛tt❡r ✇❤❡♥ θ ≲ θcr✱ ❛s ✭✐✮ q ♠❡❛s✉r❡❞ ❞✉r✐♥❣ BS3 ❛r❡ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ ❞✉r✐♥❣
BS2 ❛♥❞ ✭✐✐✮ q ❞r♦♣s s❤❛r♣❧② ❜❡❧♦✇ θcr ❞✉r✐♥❣ BS3✱ ✇❤✐❧❡ q ❣r❛❞✉❛❧❧② ❞❡❝r❡❛s❡s ❞✉r✐♥❣ BS2✳
❚❤✐s s❝❛tt❡r ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ✐♥❝r❡❛s✐♥❣ ✐♥✢✉❡♥❝❡ ♦❢ ❧♦❝❛❧ ❜❡❞❧♦❛❞ ✢✉❝t✉❛t✐♦♥s ❛♥❞
✉♥❝❡rt❛✐♥t✐❡s ✐♥ ❡st✐♠❛t✐♥❣ q ❛♥❞ θ✱ ❛s ❜❡❞❧♦❛❞ t❡♥❞s t♦ ③❡r♦✳ ❚❤❡ ❧♦❝❛❧ ❜❡❞❧♦❛❞ ✢✉❝t✉❛t✐♦♥s
❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ❝❤❛♦t✐❝ ♥❛t✉r❡ ♦❢ t❤❡ ✢♦✇ t✉r❜✉❧❡♥❝❡ ✭❆♥❝❡②✱ ✷✵✶✻✮ ❛♥❞ ♦❢ t❤❡ s❡❞✐♠❡♥t
tr❛♥s♣♦rt ♠♦t✐♦♥ ✭❊✐♥st❡✐♥✱ ✶✾✺✵✮✳ ❚❤❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ ❡st✐♠❛t✐♥❣ q ❛r✐s❡ ❢r♦♠ t❤❡ s❛♠♣❧❡r✬s
♠❡❛s✉r❡♠❡♥t ❛❝❝✉r❛❝②✱ ✇❤✐❧❡ t❤❡ ✉♥❝❡rt❛✐♥t✐❡s ✐♥ ❡st✐♠❛t✐♥❣ θ st❡♠ ❢r♦♠ t❤❡ s❛♠♣❧❡r✬s ❳❨
♣♦s✐t✐♦♥ ❛❝❝✉r❛❝②✳ ❚❤❡s❡ r❡s✉❧ts t❤❡r❡❢♦r❡ ❞♦ ♥♦t ❝❧❡❛r❧② ✐♥❞✐❝❛t❡ ✇❤❡t❤❡r s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐s
✐♥✐t✐❛t❡❞ ❛t ❛ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ♦r ♥♦t✱ ✇❤✐❝❤ ♠❡❛♥s t❤❛t ❧❛✇s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t t❤r❡s❤♦❧❞ ✈❛❧✉❡s
❝❛♥ ♣♦t❡♥t✐❛❧❧② ❜❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt✳

❋✐❣✉r❡ ✹✳✽✿ ✭❆✮ ▲♦❝❛❧ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♠❡❛s✉r❡❞ ❞✉r✐♥❣ s❛♠♣❧✐♥❣ BS2 ❛♥❞ BS3 ❛s ❛ ❢✉♥❝t✐♦♥
♦❢ t❤❡ ❧♦❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♠♦❞❡❧❧❡❞ ❛t st❡❛❞② st❛t❡ ❢♦r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❞✐s❝❤❛r❣❡ ✉s✐♥❣
Mf,s ✭▼P▼ ✿ ▼❡②❡r✲P❡t❡r ✫ ▼ü❧❧❡r ❧❛✇s✱ ❈▲ ✿ ❈❛♠❡♥❡♥ ✫ ▲❛rs♦♥ ❧❛✇s✱ ❊✲❇ ✿ ❊✐♥st❡✐♥✲❇r♦✇♥
❧❛✇s✮ ✭❇✮ ▼❛♣ ♦❢ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♣r❡❞✐❝t❡❞ ❛t st❡❛❞② st❛t❡ ✭Q = 268m3/s✮ ❜② t❤❡ ♠♦❞❡❧
Mf,s ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥ BS2✳

✶✶✷



❚❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s q✱ ♠❡❛s✉r❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ θ✱ ✇❡r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s qs ♣r❡✲
❞✐❝t❡❞ ✉s✐♥❣ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❧❛✇s ✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ ❙✐s②♣❤❡ ❛♥❞ ❛♣♣❧✐❝❛❜❧❡ t♦ ♦✉r st✉❞②
s✐t❡✿ ▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r ✭✶✾✹✼✱ ♥♦t❡❞ ▼P▼✮✱ ❈❛♠❡♥❡♥ ❛♥❞ ▲❛rs♦♥ ✭✷✵✵✺✱ ♥♦t❡❞ ❈▲✮ ❛♥❞
❊✐♥st❡✐♥✲❇r♦✇♥ ✭✶✾✺✵✱ ♥♦t❡❞ ❊❇✮✳ ❚❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s qs ✇❡r❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❛ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r θcr ♦❢ ✵✳✵✹✼✱ ❛s s✉❣❣❡st❡❞ ❜② t❤❡ ❛✉t❤♦rs ♦❢ t❤❡ ❧❛✇s ❛♥❞ ♦❢ ✵✳✵✸✺ ❛s ❞❡t❡r♠✐♥❡❞ ❜②
P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮ ❢♦r t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ✭❋✐❣✉r❡ ✹✳✽ ❛✮ ✐♥❞✐❝❛t❡s t❤❛t ✭✐✮ t❤❡
❊❇ ❧❛✇ ❝♦♥s✐st❡♥t❧② ✉♥❞❡r❡st✐♠❛t❡❞ qs✱ ✭✐✐✮ t❤❡ ▼P▼ ❧❛✇ ✉♥❞❡r❡st✐♠❛t❡❞ t❤❡ t❤r❡s❤♦❧❞ ❢♦r t❤❡
✐♥❝❡♣t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✉s✐♥❣ θcr = 0.047✱ ❜✉t ♦✈❡r❡st✐♠❛t❡❞ qs ✉s✐♥❣ θcr = 0.035 ❛♥❞
✭✐✐✐✮ t❤❡ ❈▲ ❧❛✇ ✉♥❞❡r❡st✐♠❛t❡❞ qs ✉s✐♥❣ θcr = 0.047, ❜✉t ✐s ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥ts ✇✐t❤ t❤❡ ✜❡❧❞
♠❡❛s✉r❡♠❡♥ts ✭θ > 0.04✮ ✉s✐♥❣ θcr = 0.035✳ ❇❛s❡❞ ♦♥ t❤❡s❡ r❡s✉❧ts✱ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ θcr = 0.035
✇❛s ✈❛❧✐❞❛t❡❞ ❛♥❞ ❜♦t❤ ❈▲ ❛♥❞ ▼P▼ ❧❛✇s ✇❡r❡ s❡❧❡❝t❡❞ t♦ ♣r❡❞✐❝t t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♦❢ t❤❡
▼♦s❡❧❧❡ r✐✈❡r✱ ❛s s❝❛tt❡r ✐♥ q ♠❡❛s✉r❡♠❡♥ts ❞♦ ♥♦t ❝❧❡❛r❧② ✐♥❞✐❝❛t❡ ✇❤❡t❤❡r s❡❞✐♠❡♥t tr❛♥s♣♦rt
✐♥✐t✐❛t❡s ❛t ❛ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ♦r ♥♦t✳ ❚❤❡ ❡♠♣✐r✐❝❛❧ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ▼P▼ ❧❛✇s ❤❛❞ ❤♦✇❡✈❡r t♦
❜❡ ❝❛❧✐❜r❛t❡❞✱ ❝♦♥tr❛r✐❧② t♦ ❈▲ ❧❛✇✱ ✐♥ ♦r❞❡r t♦ ❛❝❝✉r❛t❡❧② ♣r❡❞✐❝t t❤❡ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡s✳

❈❛❧✐❜r❛t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❧❛✇s

❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ ▼P▼ ❧❛✇ ❝♦♥s✐sts ✐♥ ❞❡t❡r♠✐♥✐♥❣ αMPM ❛s ❢♦❧❧♦✇s✳ ❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ▼P▼ ❧❛✇ ❛♥❞ ❛ ❝♦❡✣❝✐❡♥t αMPM ✈❛r②✐♥❣ ❢r♦♠ ✷ t♦ ✻ ❜② st❡♣s ♦❢ ✵✳✶✱
✇❛s ✐♥t❡❣r❛t❡❞ ❜❡t✇❡❡♥ t❤❡ ❝❡♥tr❛❧ ✭27m✮ ❛♥❞ r✐❣❤t ✭39m✮ ♣✐❡rs ♦❢ t❤❡ ❜r✐❞❣❡ ❛♥❞ ❝♦♠♣❛r❡❞
t♦ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ♠❡❛s✉r❡❞ ❞✉r✐♥❣ t❤❡ BS2 ✭5.1kg/s✮ ❛♥❞ BS3 ✭1.4kg/s✮
❝❛♠♣❛✐❣♥s✳ ❚❤❡ s✉♠ ♦❢ ❛❜s♦❧✉t❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ♣r❡❞✐❝t❡❞ Qs,mod ❛♥❞ ♦❜s❡r✈❡❞ Qs,obs ❝r♦ss✲
s❡❝t✐♦♥❛❧ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡s ✭❋✐❣✉r❡ ✹✳✾ ❛✮ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ❜❡st αMPM ❝♦❡✣❝✐❡♥t ✐s ✸✳✹✵✳
❚❤❡ ✈❛❧✉❡ ♦❢ t❤✐s ❝♦❡✣❝✐❡♥t ✐s ♠✉❝❤ ❧♦✇❡r t❤❛t t❤❡ ✈❛❧✉❡ ♣r♦♣♦s❡❞ ❜② ▼P▼ ♦❢ ✽✱ ❛s ❜❡❞❧♦❛❞
tr❛♥s♣♦rt ❝♦♠♣✉t❡❞ ✉s✐♥❣ ▼P▼ ❝♦❡✣❝✐❡♥t ✇❡r❡ s✐❣♥✐✜❝❛♥t❧② ♦✈❡r❡st✐♠❛t❡❞ ❝♦♠♣❛r❡❞ t♦ ✜❡❧❞
♠❡❛s✉r❡♠❡♥ts ✭❋✐❣✉r❡ ✹✳✽ ❛✮✳ ❚❤✐s ♦✈❡r❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✱ ✉s✐♥❣ ▼P▼ ❝♦❡✣✲
❝✐❡♥t✱ ✇❛s ❛❧s♦ ♦❜s❡r✈❡❞ ❜② ❲♦♥❣ ❛♥❞ P❛r❦❡r ✭✷✵✵✻✮ ✇❤♦ r❡❛♥❛❧②③❡❞ ▼P▼ ❞❛t❛ ❛♥❞ ♣r♦♣♦s❡❞ ❛
❝♦❡✣❝✐❡♥t ♦❢ ✸✳✾✼✱ ❝♦♠♣✉t❡❞ ✇✐t❤♦✉t ❛♥ ✉♥♥❡❝❡ss❛r② ❜❡❞ r♦✉❣❤♥❡ss ❝♦rr❡❝t✐♦♥✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts
❞❡t❡r♠✐♥❡❞ ✐♥ t❤❡ ♣r❡s❡♥t st✉❞②✱ ❜❡✐♥❣ ❝❧♦s❡ t♦ t❤❡ ✈❛❧✉❡s ♣r♦♣♦s❡❞ ❜② ❲♦♥❣ ❛♥❞ P❛r❦❡r✱ ✐t ❣✐✈❡s
✉s ❝♦♥✜❞❡♥❝❡ ✐♥ t❤❡ r❡s✉❧ts ♦❢ ♦✉r ❝❛❧✐❜r❛t✐♦♥✱ ❞❡s♣✐t❡ r❡❞✉❝❡❞ ♥✉♠❜❡r ♦❢ ❞❛t❛ ❛♥❞ ♠❡❛s✉r❡♠❡♥t
✉♥❝❡rt❛✐♥t✐❡s✳

❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ❝♦♠♣✉t❡❞ ❛❝r♦ss t❤❡ s❛♠♣❧✐♥❣ s❡❝t✐♦♥✱ ✉s✐♥❣ t❤❡ ❈▲ ❛♥❞ ▼P▼
❧❛✇s✱ ✇❡r❡ s✉♣❡r✐♠♣♦s❡❞ t♦ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ♠❡❛s✉r❡❞ ❞✉r✐♥❣ ❜♦t❤ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣
❝❛♠♣❛✐❣♥s BS2 ❛♥❞ BS3✳ ❚❤❡ r❡s✉❧ts ✭❋✐❣✉r❡ ✹✳✾ ❜✮ ❤✐❣❤❧✐❣❤t t❤❛t ❡❛❝❤ ❧❛✇ ✉♥❞❡r❡st✐♠❛t❡❞ t❤❡
s❡❞✐♠❡♥t tr❛♥s♣♦rt ❝❧♦s❡ t♦ t❤❡ ❜r✐❞❣❡ ♣✐❡rs ✭0.15kg/s/m ❜❡t✇❡❡♥ 27m−29m ❛♥❞ 37m−39m✮ ❛♥❞
✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ s❡❝t✐♦♥ ✭0.32kg/s/m ❜❡t✇❡❡♥ 32m−34m✮ ❞✉r✐♥❣ BS2✳ ❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
✇❛s ✉♥❞❡r❡st✐♠❛t❡❞ ❛t t❤❡ s❡❝t✐♦♥ ❡①tr❡♠✐t✐❡s✱ ❜❡❝❛✉s❡ t❤❡ tr❛♥s♣♦rt ♦❢ ✜♥❡ s❡❞✐♠❡♥ts ♠❡❛s✉r❡❞
✐♥ t❤❡ ✜❡❧❞ ❛t t❤♦s❡ ❧♦❝❛t✐♦♥s ✭❋✐❣✉r❡ ✹✳✸✮✱ ❝♦✉❧❞ ♥♦t ❜❡ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧✱ ✉s✐♥❣ ❛ ✉♥✐q✉❡
❣r❛✐♥ s✐③❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ❜❡❞ s✉r❢❛❝❡ D50✳ ❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✇❛s ✉♥❞❡r❡st✐♠❛t❡❞
✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ s❡❝t✐♦♥✱ ❞✉❡ t♦ ❛ ♣❡❛❦ ♦❢ q ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts
BS2 ✭❋✐❣✉r❡ ✹✳✶✵✮✱ ✇❤❡r❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❛s ♥♦ ❧♦♥❣❡r ❝♦rr❡❧❛t❡❞ t♦ ✢♦✇ ❞✐s❝❤❛r❣❡ ✭s❡❡
❛❧s♦ ♣❛rt ✹✳✹✳✸✮✱ t❤❛t ❝♦✉❧❞ t❤❡r❡❢♦r❡ ♥♦t ❜❡ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧✳ ❘❡s✉❧ts ✭❋✐❣✉r❡ ✹✳✾ ❜✮
✐♥❞✐❝❛t❡ t❤❛t ❡❛❝❤ ❧❛✇ r❡❧❛t✐✈❡❧② ✇❡❧❧ ♣r❡❞✐❝t❡❞ q✱ ❛❧♦♥❣ t❤❡ ❡♥t✐r❡ ❝r♦ss✲s❡❝t✐♦♥ ❞✉r✐♥❣ BS3✱ ✇✐t❤
r❡s♣❡❝t t♦ ♠❡❛s✉r❡♠❡♥t ✈❛r✐❛❜✐❧✐t②✱ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❛①✐♠✉♠ ❜❡❞❧♦❛❞ ✢✉①❡s ♠❡❛s✉r❡❞
❛t ❡❛❝❤ ✈❡rt✐❝❛❧✳ ❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✇❛s ❤♦✇❡✈❡r✱ ♦✈❡r❡st✐♠❛t❡❞ ✇❤❡♥ ❝♦♠♣❛r❡❞ t♦ t❤❡
❛✈❡r❛❣❡❞ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉①❡s ❝♦♠♣✉t❡❞ ❛t ❡❛❝❤ ✈❡rt✐❝❛❧✱ ❛s t❤❡ ✷❉ ♠♦❞❡❧ ✐s ♥♦t ❛❜❧❡ t♦ ♣r❡❞✐❝t
t❤❡ s❡❞✐♠❡♥t ♣✉❧s❡s✱ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣s✱ ✇❤❡♥ ❝♦♠♣✉t✐♥❣ s✉❝❝❡ss✐✈❡
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st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s✳ ❚❤❡ ♠♦❞❡❧ ♠❛② t❤❡r❡❢♦r❡ s❧✐❣❤t❧② ♦✈❡r❡st✐♠❛t❡ q ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ❛♥❞
❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✇❤❡♥ s❡❞✐♠❡♥t ♣✉❧s❡s ❤✐❣❤❧② ✐♥✢✉❡♥❝❡ t❤❡ tr❛♥s♣♦rt✱ ❜✉t
t❤✐s ❛♠♦✉♥t ♦❢ s❡❞✐♠❡♥t ✐s ✐♥s✐❣♥✐✜❝❛♥t ❛t t❤❡ s❝❛❧❡ ♦❢ ❛♥ ❡♥t✐r❡ ✢♦♦❞ ❡✈❡♥t✳ ●❧♦❜❛❧❧② ♦✉r r❡s✉❧t
s❤♦✇s t❤❛t✱ ✇❤❡♥ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✐s ✇❡❧❧ ❝❛❧✐❜r❛t❡❞✱ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❝❛♥ ❜❡
❛❝❝✉r❛t❡❧② ♣r❡❞✐❝t❡❞ ❡✐t❤❡r ❜② t❤❡ ❈▲ ❧❛✇ ✭✇✐t❤♦✉t r❡q✉✐r✐♥❣ ❛❞❞✐t✐♦♥❛❧ ❝❛❧✐❜r❛t✐♦♥✮ ♦r ❜② t❤❡
▼P▼ ❧❛✇ ✉s✐♥❣ t❤❡ ❝♦❡✣❝✐❡♥t ♣r♦♣♦s❡❞ ❜② ❲♦♥❣ ❛♥❞ P❛r❦❡r ✭✐♥ ❝❛s❡ ✇❤❡r❡ ❝❛❧✐❜r❛t✐♦♥ ❞❛t❛ ❛r❡
✉♥❛✈❛✐❧❛❜❧❡✮✳ ❚❤❡ ❈▲ ❧❛✇ ❜❡tt❡r ♣r❡❞✐❝ts t❤❡ ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❝♦♠♣❛r❡❞
t♦ t❤❡ ▼P▼ ❧❛✇✳

❋✐❣✉r❡ ✹✳✾✿ ✭❆✮ ❈❛❧✐❜r❛t✐♦♥ ♦❢ αMPM ❛♥❞ ✭❇✮ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ❛♥❞ ♣r❡❞✐❝t❡❞
❝r♦ss✲s❡❝t✐♦♥❛❧ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ❞✉r✐♥❣ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥s BS2 ❛♥❞ BS3✳

✹✳✹✳✸ ❈♦♠♣❛r✐s♦♥ ♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❛❝♦✉st✐❝ ❛♥❞ ♥✉♠❡r✐❝❛❧

♠♦❞❡❧s

❚❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ✐♥st❛♥t❛♥❡♦✉s ❛♥❞ ❝✉♠✉❧❛t✐✈❡ ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ❞✉r✐♥❣ t❤❡ ✢♦♦❞✱
✉s✐♥❣ t❤❡ ❛❝♦✉st✐❝ ❛♥❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧s✱ ✇❡r❡ ❝♦♠♣❛r❡❞ ✐♥ ♦r❞❡r t♦ ❤✐❣❤❧✐❣❤t t❤❡ s✐♠✐❧❛r✐t✐❡s✱
❞✐✛❡r❡♥❝❡s ❛♥❞ ♣♦t❡♥t✐❛❧ ❝♦♠♣❧❡♠❡♥t❛r② ❜❡t✇❡❡♥ ❜♦t❤ ♠❡t❤♦❞s✳

✹✳✹✳✸✳✶ ❈♦♠♣❛r✐s♦♥ ♦❢ ❞②♥❛♠✐❝ ❜❡❞❧♦❛❞ ✢✉①❡s

❚❤❡ t✐♠❡ s❡r✐❡s ♦❢ ❛❝♦✉st✐❝ ♣♦✇❡r r❡❝♦r❞❡❞ ❢r♦♠ t❤❡ ❧❡❢t ❜❛♥❦ ✇❛s ❡①tr❛♣♦❧❛t❡❞ ✭❡q✉❛t✐♦♥ ✹✳✶✵✮ t♦
t❤❡ ❛❝t✐✈❡ ✇✐❞t❤ ♦❢ t❤❡ ❝❤❛♥♥❡❧ ✭40m✮ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✢♦✇ ❤②❞r♦❣r❛♣❤ ❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡
✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,s✳ ❚❤❡ r❡s✉❧ts ✭❋✐❣✉r❡ ✹✳✶✵✮ ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧
❛✈❡r❛❣❡ ❛❝♦✉st✐❝ ♣♦✇❡r ✈❛r✐❡s ❜② ❛ ❢❛❝t♦r ♦❢ ✷✱ r❛♥❣✐♥❣ ❢r♦♠ 1012➭Pa2 ❛t75m3/s t♦ 1014➭Pa2 ❛t
275m3/s✳ ❚❤❡ s❤❛♣❡s ♦❢ ❜♦t❤ ❝✉r✈❡s ❛r❡ ❝♦♠♣❛r❛❜❧❡✱ ❡①❝❡♣t ✇❤❡♥ t❤❡ ✢♦✇ ❞✐s❝❤❛r❣❡ r❡❛❝❤❡❞
❛ ♣❧❛t❡❛✉ ❛t 260m3/s✱ ✇❤❡r❡ t❤❡ ❛❝♦✉st✐❝ ♣♦✇❡r ❝♦♥t✐♥✉❡❞ t♦ ✐♥❝r❡❛s❡ ✉♥t✐❧ r❡❛❝❤✐♥❣ ❛ ♣❡❛❦ ♦❢
1.5 × 1014➭Pa2 ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ♣❧❛t❡❛✉ ❛♥❞ t❤❡♥ ❞❡❝r❡❛s❡❞ ✇❤❡♥ t❤❡ ✢♦✇ ❞✐s❝❤❛r❣❡ r❛✐s❡❞
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❛❣❛✐♥✳ ❚❤❡ t✐♠❡ s❡r✐❡s ♦❢ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛✈❡r❛❣❡❞ ❛❝♦✉st✐❝ ♣♦✇❡r ✇❛s ❝♦♥✈❡rt❡❞ ✭❡q✉❛t✐♦♥ ✹✳✼✮
✐♥t♦ ❜❡❞❧♦❛❞ ✢✉①❡s ❛♥❞ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ♣r❡❞✐❝t❡❞ ✉s✐♥❣ t❤❡ s❡❧❡❝t❡❞ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt ❧❛✇s ✭❋✐❣✉r❡ ✹✳✶✵✮✳ ❚❤✐s ❛♥❛❧②s✐s ✐s ♣❡r❢♦r♠❡❞ ❢♦❧❧♦✇✐♥❣ ❢♦✉r ♣❤❛s❡s ✐♥ t❤❡ ❤②❞r♦❣r❛♣❤✿
❛t t❤❡ ❜❡❣✐♥♥✐♥❣✱ ❞✉r✐♥❣ t❤❡ r✐s✐♥❣ ❧✐♠❜✱ ❞✉r✐♥❣ t❤❡ ❢❛❧❧✐♥❣ ❧✐♠❜ ❛♥❞ t❤❡ ❡♥❞ ♦❢ t❤❡ ✢♦♦❞ ❡✈❡♥t✳

❋✐❣✉r❡ ✹✳✶✵✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❝❤r♦♥✐❝❧❡s ♦❢ ✭❆✮ ❛❝♦✉st✐❝ ♣♦✇❡r ❛♥❞ ✢♦✇ ❞✐s❝❤❛r❣❡ ❛♥❞ ✭❇✮
❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❞✉r✐♥❣ t❤❡
st✉❞✐❡❞ ✢♦♦❞ F ♦❢ ▼❛r❝❤ ✷✵✷✵✳

❆t t❤❡ ❜❡❣❣✐♥❣ ♦❢ t❤❡ ✢♦♦❞✱ t❤❡ r❡s✉❧ts ♦❢ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ✭❋✐❣✉r❡ ✹✳✶✶✮ s❤♦✇ ❛ ❜❛s❡❧✐♥❡
s❡❞✐♠❡♥t ❞✐s❝❤❛r❣❡ ♦❢ 0.3kg/s✱ ✇❤❡♥ ✢♦✇ ❞✐s❝❤❛r❣❡s r❛♥❣❡❞ ❜❡t✇❡❡♥ 75−90m3/s✳ ❚❤❡ s❡❞✐♠❡♥t
❞✐s❝❤❛r❣❡ s❧✐❣❤t❧② ✐♥❝r❡❛s❡❞ t♦ 0.6kg/s ✇❤❡♥ t❤❡ ✢♦✇ ❞✐s❝❤❛r❣❡ r❡❛❝❤❡❞ 110m3/s ❛t ✶✸❤ ❛♥❞ t❤❡♥
✐♥❝r❡❛s❡❞ r❛♣✐❞❧② ✇❤❡♥ t❤❡ ✢♦✇ ❞✐s❝❤❛r❣❡ ❡①❝❡❡❞❡❞ 160m3/s ❛❢t❡r ✶✼❤✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ♥✉♠❡r✲
✐❝❛❧ s✐♠✉❧❛t✐♦♥s ♣r❡❞✐❝t t❤❛t t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❜❡❣❛♥ ❛t ✶✸❤✱ ✉s✐♥❣ t❤❡ ❈▲ ❧❛✇s ❛♥❞ ❛t ✶✼❤
✉s✐♥❣ t❤❡ ▼P▼ ❧❛✇✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❛❝♦✉st✐❝ ❛♥❞ ♥✉♠❡r✐❝❛❧ r❡s✉❧ts ♠❛② ✐♥❞✐❝❛t❡ t❤❛t
tr❛♥s♣♦rt ♦❢ ♣❛rt✐❝❧❡s ✜♥❡r t❤❛♥ t❤❡ ❜❡❞ s✉r❢❛❝❡ D50 ✐s r❡❝♦r❞❡❞ ❛❜♦✈❡ 1.7× 1012➭Pa2✱ ✇❤✐❧❡ t❤❡
tr❛♥s♣♦rt ♦❢ ♣❛rt✐❝❧❡s ♦❢ t❤✐s s✐③❡ ✐s r❡❝♦r❞❡❞ ❛❜♦✈❡ 5.2×1012➭Pa2✳ ❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✢♦♦❞✱
t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ❡❛❝❤ ❧❛✇ ✐s✱ ❤♦✇❡✈❡r✱ ❝♦♥s✐st❡♥t❧② ❧♦✇❡r ✭0.6 kg/s✮ t❤❛♥
t❤❛t ❡st✐♠❛t❡❞ ✉s✐♥❣ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❞✉❡ t♦ t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❛ ❜❛s❡❧✐♥❡ s❡❞✐♠❡♥t ❞✐s❝❤❛r❣❡✳

❉✉r✐♥❣ t❤❡ ✜rst r✐s✐♥❣ ❧✐♠❜ ♦❢ t❤❡ ✢♦♦❞✱ t❤❡ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉✲
❧❛t✐♦♥s ✐s ❧♦✇❡r ✭2kg/s✮ t❤❛♥ t❤❛t ❡st✐♠❛t❡❞ ❜② t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡
t❤r❡s❤♦❧❞ ♦❢ ♠♦t✐♦♥ θcr ✉s❡❞ ✐♥ t❤❡ ♠♦❞❡❧ ♠❛② ❜❡ ♦✈❡r❡st✐♠❛t❡❞✳ ❚❤✐s ♦✈❡r❡st✐♠❛t✐♦♥ ♠❛② ❜❡
❛ttr✐❜✉t❡❞ t♦ t❤❡ t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ θcr ✐♥ r❡s♣♦♥s❡ t♦ ✢♦✇ ❤✐st♦r② ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❜❡t✇❡❡♥
✐ts ❝❛❧✐❜r❛t✐♦♥ ✐♥ ❉❡❝❡♠❜❡r ✷✵✶✽ ❛♥❞ t❤❡ ✢♦♦❞ ❡✈❡♥t F st✉❞✐❡❞ ✐♥ ▼❛r❝❤ ✷✵✷✵✳ ■♥❞❡❡❞✱ ▼❛st❡❧❧❡r
❡t ❛❧✳ ✭✷✵✶✾✮ ❞❡♠♦♥str❛t❡❞ t❤❛t θcr t❡♥❞s t♦ ♣r♦❣r❡ss✐✈❡❧② ✐♥❝r❡❛s❡ ♦✈❡r s❡❛s♦♥❛❧ t✐♠❡s❝❛❧❡s ✐♥
r❡s♣♦♥s❡ t♦ s♠❛❧❧ t♦ ✐♥t❡r♠❡❞✐❛t❡ ❤✐❣❤✲✢♦✇ ❡✈❡♥ts ❛♥❞ t❤❡♥ ❞❡❝r❡❛s❡ ❛❢t❡r ♠❛❥♦r ✢♦♦❞ ❡✈❡♥ts✳
●✐✈❡♥ t❤❛t✱ θcr ✇❛s ❝❛❧✐❜r❛t❡❞ ✭P✐❛s♥② ❡t ❛❧✳✱ ✷✵✷✸❜✮ ❞✉r✐♥❣ ❛♥ ✐♥t❡r♠❡❞✐❛t❡ ✢♦♦❞ ♦❢ 303m3/s
✭✷✺✴✶✷✴✷✵✶✽✮✱ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❛❢t❡r ♥❡❛r❧② ❛ ②❡❛r ♦❢ s✉❝❝❡ss✐✈❡ s♠❛❧❧ ✢♦♦❞ ❡✈❡♥ts ✭❋✐❣✉r❡ ✹✳✷✮✱
✇❤✐❧❡ t❤❡ st✉❞✐❡❞ ✢♦♦❞ ♦❝❝✉rr❡❞ ❛ ❢❡✇ ✇❡❡❦s ❛❢t❡r ❛ ❤✐❣❤✲✢♦✇ ❡✈❡♥t ♦❢ 470m3/s ✭✵✹✴✵✷✴✷✵✷✵✮✳
❚❤✉s✱ ❛❝❝♦r❞✐♥❣ t♦ ▼❛st❡❧❧❡r ❡t ❛❧✳ ✭✷✵✶✾✮✱ t❤❡ t❤r❡s❤♦❧❞ ✈❛❧✉❡ ♠❛② ❤❛✈❡ ❜❡❡♥ ♦✈❡r❡st✐♠❛t❡❞✳

✶✶✺



❆t t❤❡ ♣❧❛t❡❛✉ ♦❢ t❤❡ ❤②❞r♦❣r❛♣❤ ✭✸✵❤✮✱ t❤❡ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ❡st✐♠❛t❡❞ ❜② t❤❡ ❛❝♦✉st✐❝ ♠❡❛✲
s✉r❡♠❡♥ts r❡❛❝❤❡❞ ❛ ♠❛①✐♠✉♠ ♣❡❛❦ ♦❢ 12kg/s✱ ✇❤❡r❡❛s t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♣r❡❞✐❝t❡❞ ❜② t❤❡
♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s r❡❛❝❤❡❞ ❛ ♣❧❛t❡❛✉ ♦❢ 7.5kg/s✳ ❆❧t❤♦✉❣❤✱ ✐♥ s✐t✉ ♠❡❛s✉r❡♠❡♥ts ♦❢ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt ♣❡r❢♦r♠❡❞ ❛t t❤❡ ♣❧❛t❡❛✉ ♦❢ t❤❡ ❤②❞r♦❣r❛♣❤ ✭❋✐❣✉r❡ ✹✳✷ ❜✮ ✇❡r❡ ♦♥❧② ❝♦♥❞✉❝t❡❞ ❛t t❤❡
❧❡❢t ❤❛❧❢ ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥✳ ❚❤❡ r❡s✉❧t ♦❢ 5kg/s ♠❡❛s✉r❡❞ ❜❡t✇❡❡♥ 26− 40m ✭❋✐❣✉r❡ ✹✳✾✮✱ ✇✐t❤
❛ ♠❛①✐♠✉♠ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ♦❢ 1.1kg/s/m ❛t 33m ❛♥❞ ❛♥ ❡①❝❧✉❞❡❞ ✈❛❧✉❡ ♦❢ 6.3kg/s/m
✭s❡❡ s❡❝t✐♦♥ ✹✳✹✳✶✳✶✮✱ t❡♥❞s t♦ ❝♦♥✜r♠ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ t❤✐s ❤✐❣❤ ♣❡❛❦ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✳
❉✉r✐♥❣ t❤❡ s❡❝♦♥❞ r✐s✐♥❣ ❧✐♠❜ ♦❢ t❤❡ ❞✐s❝❤❛r❣❡✱ t❤❡ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ❡st✐♠❛t❡❞ ❜② t❤❡ ❛❝♦✉st✐❝
♠❡❛s✉r❡♠❡♥ts ✜rst ❞❡❝r❡❛s❡❞ t♦ 7kg/s ✭✸✹❤✮ ❛♥❞ t❤❡♥ ✐♥❝r❡❛s❡❞ ❛❣❛✐♥ t♦ ❛ ❧♦✇❡r ♣❡❛❦ ♦❢ 9kg/s
❛t t❤❡ ♠❛①✐♠✉♠ ✢♦✇ ❞✐s❝❤❛r❣❡ ✭✸✺❤✮✱ ✇❤✐❧❡ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♥✉♠❡r✐✲
❝❛❧ s✐♠✉❧❛t✐♦♥s ♦♥❧② ✐♥❝r❡❛s❡❞ ❢r♦♠ 7.5kg/s ✭✸✵❤✮ t♦ 10kg/s ✭✸✺❤✮✳ ❚❤❡s❡ t✇♦ ❞✐st✐♥❝t ♣❡❛❦s
♦❢ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡✱ ♦♥❡ ❜❡❢♦r❡ ❛♥❞ ♦♥❡ ❛t t❤❡ ♠❛①✐♠✉♠ ❞✐s❝❤❛r❣❡✱ ✇❛s ❛❧s♦ ❡①♣❡r✐♠❡♥t❛❧❧②
♦❜s❡r✈❡❞ ❜② P❤✐❧❧✐♣s ❡t ❛❧✳ ✭✷✵✶✽✮ ✇❤❡♥ t❤❡② st✉❞✐❡❞ t❤❡ ❡✛❡❝ts ♦❢ ✢♦♦❞ ❤②❞r♦❣r❛♣❤ ❞✉r❛t✐♦♥✱
♠❛❣♥✐t✉❞❡ ❛♥❞ s❧♦♣❡ ♦♥ ❜❡❞❧♦❛❞ s❡❞✐♠❡♥t ✢✉①❡s✳ ❚❤✐s ❡①♣❡r✐♠❡♥t ✇❛s ❝♦♥❞✉❝t❡❞ ✐♥ ❛ ✸✵♠ ❜②
✵✳✺♠ s❡❞✐♠❡♥t ❛♥❞ ✇❛t❡r ❢❡❡❞ ✢✉♠❡✱ ✉s✐♥❣ ❛ tr❛♣❡③♦✐❞❛❧ ❤②❞r♦❣r❛♣❤ ♦❢ ❛ s❤❛♣❡ s✐♠✐❧❛r t♦ t❤❡
♦♥❡ ♦❜s❡r✈❡❞ ✐♥ t❤✐s st✉❞②✱ ✇✐t❤ ❛❞❥✉st❡❞ s❡❞✐♠❡♥t ❢❡❡❞ r❛t❡s t♦ ❦❡❡♣ ❛ ❝♦♥st❛♥t s❧♦♣❡ ♦❢ t❤❡ ❜❡❞✳
❚♦ ✐s♦❧❛t❡ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❤②❞r♦❣r❛♣❤ ♦♥ t❤❡ s❡❞✐♠❡♥t ❞②♥❛♠✐❝s✱ t❤❡ ❡①♣❡r✐♠❡♥t ✇❛s ♣❡r✲
❢♦r♠❡❞ ✉s✐♥❣ ❛ ♥❛rr♦✇ ✉♥✐♠♦❞❛❧ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ❞✉r✐♥❣ s❤♦rt ❞✉r❛t✐♦♥s ♦❢ ❝♦♠♣❡t❡♥t
✢♦✇s✳ ❚❤✐s s❡t✉♣ r❡❞✉❝❡❞ t❤❡ t❡①t✉r❛❧✱ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛♥❞ ❣r❛♥✉❧❛r ❛❞❥✉st♠❡♥ts ❛♥❞ ♣r❡✈❡♥t❡❞
t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❧♦♥❣❡r✲t❡r♠ ♠♦r♣❤♦❧♦❣✐❝❛❧ str✉❝t✉r❡s t❤❛t ❝♦✉❧❞ ❛✛❡❝t t❤❡ s❡❞✐♠❡♥t ❞②♥❛♠✐❝s
✭❲✐❧❝♦❝❦ ❛♥❞ ▼❝❆r❞❡❧❧✱ ✶✾✾✼❀ ❋❡rr❡r✲❇♦✐① ❛♥❞ ❍❛ss❛♥✱ ✷✵✶✹✮✳ ❆❝❝♦r❞✐♥❣ t❤❡ r❡s✉❧ts ♦❢ P❤✐❧❧✐♣s
❡t ❛❧✳ ✭✷✵✶✽✮✱ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❝✉r✈❡ ♦❢ s❡❞✐♠❡♥t ✢✉①❡s ❡st✐♠❛t❡❞ ❜② t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts
✭❋✐❣✉r❡ ✹✳✶✵✮✱ ✇✐t❤ t✇♦ ❞✐st✐♥❝t ♣❡❛❦s ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt✱ ✇❡r❡ ♣r✐♠❛r✐❧② ❝♦♥tr♦❧❧❡❞ ❜② t❤❡
tr❛♣❡③♦✐❞❛❧ s❤❛♣❡ ♦❢ t❤❡ ♦❜s❡r✈❡❞ ✢♦♦❞ ❤②❞r♦❣r❛♣❤✳ ❆s P❤✐❧❧✐♣s ❡t ❛❧✳ ✭✷✵✶✽✮ ❢♦✉♥❞ ✇✐t❤✐♥ t❤❡
✢♦♦❞ ❡✈❡♥t ❛ ❝♦♥s✐❞❡r❛❜❧❡ ✈❛r✐❛❜✐❧✐t② ❜❡t✇❡❡♥ ❜❡❞❧♦❛❞ ✢✉①❡s ❛♥❞ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡rs✱ ✐t ♠❛② ❛❧s♦
❡①♣❧❛✐♥ ✇❤② t❤❡ ♠♦❞❡❧ ✉s❡❞ ✐♥ t❤✐s st✉❞②✱ ❜❛s❡❞ ♦♥ ❛ ✉♥✐q✉❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❜❡❞❧♦❛❞ ✢✉①
❛♥❞ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✭❡q✉❛t✐♦♥ ✹✳✷✵ ❛♥❞ ✹✳✷✶✮ ✇❛s ✉♥❛❜❧❡ t♦ r❡♣r♦❞✉❝❡ t❤❡ s❤❛♣❡ ♦❢ ♦❜s❡r✈❡❞
s❡❞✐♠❡♥t ✢✉①❡s✳

❆t t❤❡ ♣❡❛❦ ❛♥❞ ❞✉r✐♥❣ t❤❡ ❢❛❧❧✐♥❣ ❧✐♠❜ ♦❢ t❤❡ ✢♦♦❞ ✭❁ ✹✺❤✮✱ t❤❡ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡s ♣r❡❞✐❝t❡❞ ❜②
t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❤✐❣❤❡r ✭∼ 2kg/s✮ t❤❛♥ t❤♦s❡ ❡st✐♠❛t❡❞ ❜② t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡✲
♠❡♥ts✱ ✇❤✐❝❤ ❝♦♥tr❛sts ✇✐t❤ t❤❡ r❡s✉❧ts ♦❜s❡r✈❡❞ ❞✉r✐♥❣ t❤❡ r✐s✐♥❣ ❧✐♠❜✳ ❚❤✐s ❝♦♥tr❛st ✐s ❞✉❡ t♦
t❤❡ ❧♦✇❡r ✭2kg/s✮ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡s ❡st✐♠❛t❡❞ ❜② t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❞✉r✐♥❣ t❤❡ ❢❛❧❧✐♥❣
❧✐♠❜ t❤❛♥ ❞✉r✐♥❣ t❤❡ r✐s✐♥❣ ❧✐♠❜ ♦❢ t❤❡ ✢♦♦❞ ❡✈❡♥t ✭❋✐❣✉r❡ ✹✳✶✶✮✱ ✐♥❞✐❝❛t✐♥❣ ❛ ❜❡❞❧♦❛❞ ❝❧♦❝❦✇✐s❡
❤②st❡r❡s✐s✳ ❚❤✐s ♣❤❡♥♦♠❡♥❛ ✐s ❣❡♥❡r❛❧❧② ❛ttr✐❜✉t❡❞ t♦ ❛ ❣r❛❞✉❛❧ ❞❡❝r❡❛s❡ ✐♥ ✉♣str❡❛♠ s❡❞✐♠❡♥t
s✉♣♣❧② ✭❘❡❝❦✐♥❣✱ ✷✵✶✷❜❀ ❙✐♥❣❡r✱ ✷✵✶✵✮ ♦r t♦ ❛ ♣r♦❣r❡ss✐✈❡ ❞❡❝r❡❛s❡ ✐♥ t❤❡ s❡❞✐♠❡♥t ♠♦❜✐❧✐t②✱
t❤r♦✉❣❤ ❛ str✉❝t✉r❛❧ ❛rr❛♥❣❡♠❡♥t ♦❢ t❤❡ r✐✈❡r ❜❡❞ ✭❈❤✉r❝❤ ❡t ❛❧✳✱ ✶✾✾✽❀ ❍♦✉ss❛✐s ❡t ❛❧✳✱ ✷✵✶✺❀
❙tr♦♠ ❡t ❛❧✳✱ ✷✵✵✹✮✳ ■♥ ♦✉r ❝❛s❡✱ t❤❡ s❡❞✐♠❡♥t s✉♣♣❧② ♠❛② ❜❡ ❝♦♥tr♦❧❧❡❞ ❜② ❛ ✇❡✐r ❧♦❝❛t❡❞ 1.2km
✉♣str❡❛♠✱ ❜✉t ❣✐✈❡♥ t❤❡ ❜❡❞❧♦❛❞ ✈❡❧♦❝✐t② ✭< 10m/h❀ P✐❛s♥② ❡t ❛❧✳✱ ✷✵✷✸❛✮✱ ✐ts ✐♥✢✉❡♥❝❡ ❝♦✉❧❞ ♥♦t
❜❡ ♣r♦♣❛❣❛t❡❞ ✉♣ t♦ t❤❡ st✉❞② ❛r❡❛ ✇✐t❤✐♥ t❤❡ ✻✵✲❤♦✉r ❞✉r❛t✐♦♥ ♦❢ t❤❡ st✉❞✐❡❞ ✢♦♦❞✳ ❚❤❡ r✐✈❡r
❜❛♥❦s ❛❧s♦ s✉♣♣❧② s❡❞✐♠❡♥ts✱ ❜✉t r✐✈❡r❜❛♥❦ ❢❛✐❧✉r❡s ♠♦st ❢r❡q✉❡♥t❧② ♦❝❝✉r ❞✉r✐♥❣ t❤❡ ❢❛❧❧✐♥❣ ❧✐♠❜
t❤❛♥ t❤❡ r✐s✐♥❣ ❧✐♠❜ ♦❢ t❤❡ ❤②❞r♦❣r❛♣❤ ✭❘✐♥❛❧❞✐ ❡t ❛❧✳✱ ✷✵✵✹❀ P❡r✐❦❡t✐ ❡t ❛❧✳✱ ✷✵✵✼✮✱ ✇❤✐❝❤ ✇♦✉❧❞
❤❛✈❡ r❡s✉❧t❡❞ ✐♥ ❛ ❝♦✉♥t❡r❝❧♦❝❦✇✐s❡ ❤②st❡r❡s✐s✳ ❇❛s❡❞ ♦♥ t❤♦s❡ ❝♦♥s✐❞❡r❛t✐♦♥s✱ t❤❡ ♦❜s❡r✈❡❞ ❜❡❞✲
❧♦❛❞ ❝❧♦❝❦✇✐s❡ ❤②st❡r❡s✐s ✐s ❛ttr✐❜✉t❡❞ t♦ ❛ ♣r♦❣r❡ss✐✈❡ ❞❡❝r❡❛s❡ ♦❢ t❤❡ s❡❞✐♠❡♥t ♠♦❜✐❧✐t② t❤♦✉❣❤
✐♥❝r❡❛s❡ ♦❢ t❤❡ ❜❡❞ st❛❜✐❧✐t②✳ ❚❤✐s ✐♥❝r❡❛s❡ ❝♦✉❧❞ ♦❝❝✉r t❤r♦✉❣❤ ❞✐✛❡r❡♥t ♠❡❝❤❛♥✐s♠s s✉❝❤ ❛s
❜❡❞ ❝♦♠♣❛❝t✐♦♥ ✭▼❛rq✉✐s ❛♥❞ ❘♦②✱ ✷✵✶✷✮✱ s✉r❢❛❝❡ s♦rt✐♥❣✴❣r❛✐♥ s✐③❡ ❝❤❛♥❣❡s ✭❍✉♠♣❤r✐❡s ❡t ❛❧✳✱
✷✵✶✷✮✱ ❝❤❛♥❣❡s ✐♥ ❜❡❞ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ✭❱❡♥❞✐tt✐ ❡t ❛❧✳✱ ✷✵✶✵❀ ❲✐❧❝♦❝❦ ❛♥❞ ❈r♦✇❡✱ ✷✵✵✸✮✱ ❡✈♦✲
❧✉t✐♦♥ ♦❢ ❣r❛✐♥ ✐♥t❡r❧♦❝❦✐♥❣ ✭❨❛❣❡r ❡t ❛❧✳✱ ✷✵✶✽✮✱ ❝♦❛rs❡ ❣r❛✐♥ ❝❧✉st❡r✐♥❣ ✭❍❛ss❛♥ ❡t ❛❧✳✱ ✷✵✷✵✮ ♦r
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❞❡❣r❡❡ ♦❢ ❛r♠♦r✐♥❣ ✭▼❛♦✱ ✷✵✶✷✮✳ ■♥ ♦✉r ❝❛s❡✱ ✇❡ ❛ss✉♠❡❞ t❤❛t ❜❡❞ st❛❜✐❧✐t② ✐♥❝r❡❛s❡❞ ♣r♦❣r❡s✲
s✐✈❡❧② ❞✉r✐♥❣ t❤❡ r✐s✐♥❣ ❧✐♠❜ ♦❢ t❤❡ ✢♦♦❞✱ ♣♦ss✐❜❧② ❞✉❡ t♦ ♦♥❡ ♦r ♠♦r❡ ♦❢ t❤❡s❡ ♠❡❝❤❛♥✐s♠s✱ ❛❢t❡r
❤❛✈✐♥❣ ❜❡❡♥ ❞✐sr✉♣t❡❞ ❜② t❤❡ ♣r❡✈✐♦✉s ✢♦♦❞ ❡✈❡♥t ❡①❝❡❡❞✐♥❣ ❛ t✇♦✲②❡❛rs r❡t✉r♥s ♣❡r✐♦❞ ✭❋✐❣✉r❡
✹✳✷✮✳ ❚❤✐s ♣r♦❣r❡ss✐✈❡ st❛❜✐❧✐③❛t✐♦♥ ♦❢ t❤❡ ❜❡❞ ❜♦tt♦♠ ❣r❛❞✉❛❧❧② ✐♥❝r❡❛s❡❞ t❤❡ t❤r❡s❤♦❧❞ ♦❢ ♠♦✲
t✐♦♥ θcr ✉♣ t♦ t❤❡ ♣❡❛❦ ♦❢ s♦❧✐❞ ❞✐s❝❤❛r❣❡ ✭Pr❡t③❧❛✈ ❡t ❛❧✳✱ ✷✵✷✵✮✱ ❧❡❛❞✐♥❣ t♦ t❤❡ ❜❡❞❧♦❛❞ ❝❧♦❝❦✇✐s❡
❤②st❡r❡s✐s✳ ❚❤❡ ✐♥❝r❡❛s❡ ♦❢ θcr ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ ❜② t❤❡ ❝♦♥✈❡r❣❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♦❜s❡r✈❡❞ ❛♥❞
♣r❡❞✐❝t❡❞ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❝✉r✈❡s ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ✜rst r✐s✐♥❣ ❧✐♠❜ ✭✸✵❤✮✳ ❚❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧
✇❛s ✉♥❛❜❧❡ t♦ r❡♣r♦❞✉❝❡ t❤✐s ❝❧♦❝❦✇✐s❡ ❤②st❡r❡s✐s ✇✐t❤♦✉t ♠♦❞❡❧❧✐♥❣ t❤❡ ❣r❛✐♥ s✐③❡ s♦rt✐♥❣ ❛♥❞
✇✐t❤ ❛ ❝♦♥st❛♥t ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ✭❋✐❣✉r❡ ✹✳✶✶✮✳ ◆♦t❡ t❤❛t t❤❡ ✷❉ ♠♦❞❡❧ s✐♠✉❧❛t❡❞ ❛♥
❤②st❡r❡s✐s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❞✉❡ t♦ ❝❧❛ss✐❝❛❧ ❤②❞r❛✉❧✐❝ ❤②st❡r❡s✐s ❛s ♣r❡❞✐❝t❡❞ ❜② ❝❧❛ss✐❝❛❧ s❤❛❧❧♦✇
✇❛t❡r ❡q✉❛t✐♦♥s ✭s✉❜♠❡rs✐♦♥ ❛♥❞ r❛r❡❢❛❝t✐♦♥ ✇❛✈❡s ❞♦ ♥♦t ❤❛✈❡ t❤❡ s❛♠❡ s♣❡❡❞s✮ ❛♥❞ t♦ t❤❡
❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✐♠♣♦s❡❞ ❝♦♥s✐st✐♥❣ ✐♥ ✇❛t❡r ❞❡♣t❤ t✐♠❡ s❡r✐❡s✳ ❚❤❡ ❧❛tt❡s✱ ♠❛②
❝♦♥t❛✐♥ ❧♦❝❛❧ t♦t❛❧ ❤②st❡r❡s✐s✱ ❤②❞r❛✉❧✐❝ ♣❧✉s ♠♦r♣❤♦❧♦❣✐❝❛❧ ♦♥❡✳ Pr❡t③❧❛✈ ❡t ❛❧✳ ✭✷✵✷✵✮ ♣r♦♣♦s❡❞
t♦ ✐♠♣r♦✈❡ t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❛s ❛ ❢✉♥❝t✐♦♥ t♦
t❤❡ ❝✉♠✉❧❛t✐✈❡ s❤❡❛r str❡ss✱ ✐♥ ♦r❞❡r t♦ ❝♦♥s✐❞❡r t❤❡ ♣r♦❣r❡ss✐✈❡ st❛❜✐❧✐③❛t✐♦♥ ♦❢ t❤❡ r✐✈❡r ❜❡❞✳

❋✐❣✉r❡ ✹✳✶✶✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ✭❝♦❧♦r❡❞ ♣♦✐♥ts✮ ❛♥❞ ♠♦❞❡❧❡❞ ✭❜❧❛❝❦ ♣♦✐♥ts ✉s✐♥❣
▼P▼ ❧❛✇✮ ❜❡❞❧♦❛❞ ❤②st❡r❡s✐s ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ♦❢ ▼❛r❝❤ ✷✵✷✵✳

❆t t❤❡ ❡♥❞ ♦❢ t❤❡ ✢♦♦❞✱ t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ s❧✐❣❤t❧② ❤✐❣❤❡r ✭∼ 0.4kg/s ❛t
167m3/s✮ t❤❛♥ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✢♦♦❞ ❡✈❡♥t ✭❋✐❣✉r❡ ✹✳✶✶✮✳ ❚❤✐s s❧✐❣❤t ❞✐✛❡r❡♥❝❡ ♠❛②
❜❡ r❡❧❛t❡❞ t♦ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s ♦❢ t❤❡ r✐✈❡r ❜❡❞ t❤❛t ❝♦✉❧❞ ❤❛✈❡ ♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡
✢♦♦❞✱ ❧♦❝❛❧❧② ❝❤❛♥❣✐♥❣ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s✱ ❛♥❞ t❤❡r❡❢♦r❡ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s✳ ❚❤❡ r✐✈❡r
♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥ ❜❡✐♥❣ ♥♦t ❝♦♥s✐❞❡r❡❞ ✐♥t♦ t❤❡ ♠♦❞❡❧✱ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♣r❡❞✐❝t❡❞ ❛t
t❤❡ ❡♥❞ ♦❢ t❤❡ ❡✈❡♥t ✇❛s t❤❡♥ ❧♦✇❡r ✭∼ 0.4 kg/s ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❜❛s❡❧✐♥❡ s❡❞✐♠❡♥t ❞✐s❝❤❛r❣❡ ♦❢
t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥t✮ ❛♥❞ s❤♦rt❡r t❤❛♥ ♦❜s❡r✈❡❞✳
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✹✳✹✳✸✳✷ ❈♦♠♣❛r✐s♦♥ ♦❢ ❝✉♠✉❧❛t✐✈❡ ❜❡❞❧♦❛❞ ✢✉①❡s

❚❤❡ ♣r❡❞✐❝t❡❞ ❛♥❞ ❡st✐♠❛t❡❞ ❜❡❞❧♦❛❞ ✢✉①❡s ✇❡r❡ ❝✉♠✉❧❛t❡❞ ❛♥❞ ❝♦♠♣❛r❡❞✳ ❚❤❡ r❡s✉❧ts s❤♦✇
t❤❛t ❡✈❡♥ ✐❢ ♣r❡❞✐❝t❡❞ ❛♥❞ ❡st✐♠❛t❡❞ ✐♥st❛♥t❛♥❡♦✉s❧②✱ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ✈❛r✐❡s t❤♦✉❣❤ t✐♠❡✱ t❤❡
❝✉♠✉❧❛t✐✈❡ ✈❛❧✉❡s ❛t t❤❡ ✢♦♦❞ s❝❛❧❡ ❛r❡ ❝♦♠♣❛r❛❜❧❡✿ 743 t♦♥s ✇✐t❤ ❛❝♦✉st✐❝✱ 661 t♦♥s ✇✐t❤ ❈▲
❧❛✇ ❛♥❞ 640 t♦♥s ▼P▼ ❧❛✇✳ ▼♦❞❡❧ ❞❡r✐✈❡❞ ❡st✐♠❛t❡s ❝♦♠♣❛r❡❞ t♦ ❛❝♦✉st✐❝ ❡st✐♠❛t❡s✱ ❜♦t❤ ✇✐t❤
❝❛❧✐❜r❛t❡❞ ❜❡❞❧♦❛❞ ❧❛✇s✱ ❛r❡ ✐♥ r❛t❤❡r ❣♦♦❞ r❡❧❛t✐✈❡ ❛❣r❡❡♠❡♥t ♦❢ ♠♦r❡ t❤❛♥ 85%✳

✹✳✺ ❈♦♥❝❧✉s✐♦♥

❚❤✐s st✉❞② ✐s ❜❛s❡❞ ♦♥ ❛♥ ✉♥♣r❡❝❡❞❡♥t❡❞ ❞❛t❛s❡t ♦❢ ❞✐r❡❝t ✭s❛♠♣❧✐♥❣✮ ❛♥❞ ✐♥❞✐r❡❝t ✭❛❝♦✉st✐❝✮
♠❡❛s✉r❡♠❡♥t ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❝♦✉♣❧❡❞ ✇✐t❤ ❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✳ ■t s❤♦✇s t❤❛t
t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❛t t❤❡ s❝❛❧❡ ♦❢ ❛ ✢♦♦❞ ❡✈❡♥t ✉s✐♥❣ ✭✐✮ ❝♦♥t✐♥✉♦✉s ❛❝♦✉st✐❝
♠❡❛s✉r❡♠❡♥t r❡❝♦r❞❡❞ ❢r♦♠ t❤❡ r✐✈❡r ❜❛♥❦✱ ❝❛❧✐❜r❛t❡❞ ❜② ❛❝♦✉st✐❝ ♠❛♣s ♣❡r❢♦r♠❡❞ ❛t ❞✐✛❡r❡♥t
❞✐s❝❤❛r❣❡s✱ ❛♥❞ ❝♦♥✈❡rt❡❞ ✉s✐♥❣ t❤❡ ❣❧♦❜❛❧ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ♣r♦♣♦s❡❞ ❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮ ❛♥❞
✭✐✐✮ ❛ ✜♥❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s✱ ❡s♣❡❝✐❛❧❧② ❜❡❞ s❤❡❛r str❡ss ✐♥ s♣❛❝❡ ❛♥❞ t✐♠❡✱
t❤❛♥❦s t♦ ❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✱ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❈▲ ❛♥❞ ▼P▼ ❧❛✇s✱ ❜♦t❤ ❝❛❧✐❜r❛t❡❞
✉s✐♥❣ ❛ ✈❡r② r✐❝❤ ✐♥ s✐t✉ ❞❛t❛s❡t✳ ❚❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ❜② t❤❡ ❝♦♥t✐♥✉♦✉s ❛❝♦✉st✐❝ ♠❡❛✲
s✉r❡♠❡♥ts ✇❡r❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ♣r❡❞✐❝t❡❞ ❜② ❡❛❝❤ ❧❛✇ t❤r♦✉❣❤♦✉t t❤❡ ❡♥t✐r❡
❞✉r❛t✐♦♥ ♦❢ ❛ ♠♦❞❡r❛t❡ ✢♦♦❞ ❡✈❡♥t✳

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

❼ ❚❤❡ s❤❛♣❡ ♦❢ ❜♦t❤ ❝❤r♦♥✐❝❧❡s ♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s ✈❛r✐❡s s✐❣♥✐✜❝❛♥t❧②✱ ✇✐t❤ t✇♦ ❞✐st✐♥❝t ♣❡❛❦s
♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❡st✐♠❛t❡❞ ❜② t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ♦♥❧② ♦♥❡ ♣r❡❞✐❝t❡❞ ❜②
t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s✳ ❚❤❡ ♦r✐❣✐♥ ♦❢ t❤❡s❡ t✇♦ ❞✐st✐♥❝t ♣❡❛❦s ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
✇❛s ❛ttr✐❜✉t❡❞ t♦ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ✢♦♦❞ ❤②❞r♦❣r❛♣❤✱ ❢♦❧❧♦✇✐♥❣ t❤❡ r❡s✉❧ts ♦❢ ❧❛❜♦r❛t♦r②
❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ ❜② P❤✐❧❧✐♣s ❡t ❛❧✳ ✭✷✵✶✽✮✳

❼ ❚❤❡ t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢ t❤❡ s❡❞✐♠❡♥t ✢✉①❡s ✐♥ r❡❧❛t✐♦♥ t♦ ❞✐s❝❤❛r❣❡ ✈❛r✐❡s s✐❣♥✐✜❝❛♥t❧②✱
t❤❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts s❤♦✇s ❛ ❤✐❣❤❡r ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❞✉r✐♥❣ t❤❡ r✐s✐♥❣ ❧✐♠❜ t❤❛♥
❞✉r✐♥❣ t❤❡ ❢❛❧❧✐♥❣ ❧✐♠❜ ♦❢ t❤❡ ❤②❞r♦❣r❛♣❤✱ ✐♥❞✐❝❛t✐♥❣ ❛ ❝❧♦❝❦✇✐s❡ ❤②st❡r❡s✐s ♦❢ ❜❡❞❧♦❛❞ tr❛♥s✲
♣♦rt✱ ✇❤✐❧❡ t❤❡ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s s❤♦✇s ❛ ❞✐s❝❤❛r❣❡✲❞❡♣❡♥❞❡♥t ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✳ ❚❤❡
♦r✐❣✐♥ ♦❢ t❤✐s ❤②st❡r❡s✐s ✇❛s ❛ttr✐❜✉t❡❞ t♦ ❛ ♣r♦❣r❡ss✐✈❡ ❞❡❝r❡❛s❡ ♦❢ t❤❡ s❡❞✐♠❡♥t ♠♦❜✐❧✐t②
❞✉❡ t♦ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ❜❡❞ st❛❜✐❧✐t② t❤♦✉❣❤ t❤❡ r❡❛rr❛♥❣❡♠❡♥t ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ♣❛rt✐✲
❝❧❡s ❞✉r✐♥❣ t❤❡ ✢♦♦❞✳ ❚❤✐s ❣r❛❞✉❛❧ st❛❜✐❧✐③❛t✐♦♥ ♦❢ t❤❡ r✐✈❡r ❜❡❞ ✐♥❝r❡❛s❡❞ t❤❡ t❤r❡s❤♦❧❞ ♦❢
♠♦t✐♦♥ θcr✱ ✇❤❡r❡❛s t❤❡ ♠♦❞❡❧ ❛ss✉♠❡❞ ✐t t♦ ❜❡ ❝♦♥st❛♥t✱ ✇❤✐❝❤ ❡①♣❧❛✐♥❡❞ t❤❡ ❞✐✛❡r❡♥❝❡
❜❡t✇❡❡♥ ✜❡❧❞ ❛♥❞ ♥✉♠❡r✐❝❛❧ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s✳

❼ ❚❤❡ ❝✉♠✉❧❛t✐✈❡ ❜❡❞❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ❞✉r✐♥❣ t❤❡ ❡♥t✐r❡ ✢♦♦❞ ❡✈❡♥ts ✇❡r❡ s✐♠✐❧❛r ✉s✐♥❣
❡❛❝❤ ♠❡t❤♦❞✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t ❞❡s♣✐t❡ t❤❡ ♠♦❞❡❧✬s ❧✐♠✐t❛t✐♦♥s ✐♥ ❝♦♠♣✉t✐♥❣ ✐♥st❛♥t❛♥❡♦✉s
tr❛♥s♣♦rt✱ ✐t ❝❛♥ ♣r♦✈✐❞❡ r❡❛s♦♥❛❜❧❡ ♣r❡❞✐❝t✐♦♥s ♦❢ t❤❡ t♦t❛❧ ✢✉①❡s ❞✉r✐♥❣ ✇❤♦❧❡ ✢♦♦❞s✳

❚❤✐s ❝♦♠♣❛r✐s♦♥ ❞❡♠♦♥str❛t❡s t❤❛t ❜♦t❤ ♠❡t❤♦❞s ❢♦r ❡st✐♠❛t✐♥❣ t❤❡ ❜❡❞❧♦❛❞ ✢✉①❡s ❛r❡ ❝♦♠✲
♣❧❡♠❡♥t❛r② ❛♥❞ ❛❧❧♦✇ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ❞②♥❛♠✐❝s ✐♥ ❛ ❣r❛✈❡❧✲❜❡❞ r✐✈❡r✳
❚❤❡ ❝♦♥t✐♥✉♦✉s ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❝♦✉❧❞ ❜❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥ ♦❢
t❤❡ t❤r❡s❤♦❧❞ ❢♦r ♠♦t✐♦♥✱ ✇❤✐❝❤✱ ✐♥ t✉r♥✱ ❝♦✉❧❞ ❜❡ ✐♥❝♦r♣♦r❛t❡❞ ✐♥t♦ t❤❡ ♠♦❞❡❧ t♦ ❡♥❤❛♥❝❡ t❤❡
♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ ✐♥st❛♥t❛♥❡♦✉s ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✳

✶✶✽
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❚❤❡ s✉❜s✉r❢❛❝❡ ●❙❉ ✇❛s ❞❡t❡r♠✐♥❡❞ ❜② s✐❡✈✐♥❣ ❛ ✈♦❧✉♠❡tr✐❝ s❛♠♣❧❡ ♦❢ s❡❞✐♠❡♥ts ❞❡♣♦s✐t❡❞
❞✉r✐♥❣ ❛ ✶✵✲②❡❛r ✢♦♦❞ ♦♥ t❤❡ ❝❧♦s❡st ❡♠❡r❣❡❞ ❜❛r ❧♦❝❛t❡❞ ✉♣str❡❛♠ t♦ t❤❡ ❜r✐❞❣❡ ✭❋✐❣✉r❡ ✹✳✷✮✳
❚❤❡ s❛♠♣❧❡❞ ✈♦❧✉♠❡ ♦❢ ✸✹✻ ❦❣ ✇❛s s✉✣❝✐❡♥t❧② ❧❛r❣❡ t♦ ❡①❝❡❡❞ t❤❡ ♠✐♥✐♠✉♠ s❛♠♣❧❡✲♠❛ss ❝r✐t❡r✐❛
♣r♦♣♦s❡❞ ❜② ❈❤✉r❝❤ ❡t ❛❧✳ ✭✶✾✽✼✮ ❛♥❞ ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❜❡❞ s✉r❢❛❝❡ Dmax✳ ❚❤❡ s✉r❢❛❝❡
●❙❉ ✇❛s ❞❡t❡r♠✐♥❡❞ ❜② ❛ ❣r✐❞✲❜②✲♥✉♠❜❡r ♣❡❜❜❧❡ ❝♦✉♥ts ♦❢ ✶✷✵✵ ♣❛rt✐❝❧❡s ❝♦❧❧❡❝t❡❞ ✐♥ t❤❡ r✐✈❡r❜❡❞
♦♥ ✻ ❤♦♠♦❣❡♥❡♦✉s ♣❛t❝❤❡s ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ✉♣str❡❛♠ r❡❛❝❤ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳ ❚❤❡
s❛♠♣❧✐♥❣ ♣r♦❝❡❞✉r❡ ✇❛s ❛ ✈❛r✐❛♥t ♦❢ t❤❡ ♠❡t❤♦❞ ♦❢ ❲♦❧♠❛♥ ✭✶✾✺✹✮ ♣r♦♣♦s❡❞ ❜② ❇✉♥t❡ ❛♥❞ ❆❜t
✭✷✵✵✶✮ ✉s✐♥❣ ❛ ❢r❛♠❡ ❛♥❞ ❛ t❡♠♣❧❛t❡✱ ♠♦r❡ ❞❡t❛✐❧s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮✳
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❚❤❡ ❛❝q✉✐s✐t✐♦♥ ♦❢ t❤❡ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ▲✐❉❆❘ ✇❛s ❛❝❤✐❡✈❡❞ ✇✐t❤ ❛♥ ❖♣t❡❝❤ ❚✐t❛♥ s❡♥s♦r ✉s✲
✐♥❣ ❜♦t❤ ♥❡❛r✲✐♥❢r❛r❡❞ ❛♥❞ ❣r❡❡♥ ❧❛s❡rs t♦ ♠❡❛s✉r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ t♦♣♦❣r❛♣❤② ❛♥❞ t❤❡ s❤❛❧❧♦✇
❜❛t❤②♠❡tr② ✭▲❛❣✉❡ ❛♥❞ ❋❡❧❞♠❛♥♥✱ ✷✵✷✵✮✳ ❚❤❡ ✢✐❣❤ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ❛t ❛♥ ❡❧❡✈❛t✐♦♥ ♦❢ 450m
✇❤✐❝❤ ❛❧❧♦✇s ❛ ❣r♦✉♥❞ r❡s♦❧✉t✐♦♥ ♦❢ 38pts/m2 ❛♥❞ 7pts/m2 ❢♦r ❡♠❡r❣❡❞ ❛♥❞ s✉❜♠❡r❣❡❞ ❛r❡❛s r❡✲
❝❡♣t✐✈❡❧②✳ ❚❤❡ r❡❧❛t✐✈❡ ❧♦✇ ❞❡♥s✐t② ♦❢ ✉♥❞❡r✇❛t❡r ♠❡❛s✉r❡♠❡♥ts ✐s ❞✉❡ t♦ ❛ s❡♥s♦r ♠❛❧❢✉♥❝t✐♦♥✐♥❣✱
❛❧❧ ❞✐s❝r❡t❡ r❡t✉r♥s ✇❡r❡ ♥♦t r❡❝♦r❞❡❞✱ ✇❤✐❝❤ ❝♦♥❞✉❝t t♦ ✉s❡ ❢✉❧❧✲✇❛✈❡❢♦r♠ ❞❛t❛ ✇❤♦s❡ r❡❝♦r❞✐♥❣
❢r❡q✉❡♥❝② ✐s ❞✐✈✐❞❡❞ ❜② t✇♦✳ ❚❤❡ ♣♦✐♥t ❝❧♦✉❞ ❞❡♥s✐t② ✇❡r❡ ❤♦✇❡✈❡r s✉✣❝✐❡♥t t♦ ❜✉✐❧❞ ❞✐❣✐t❛❧
❡❧❡✈❛t✐♦♥ ♠♦❞❡❧s ✭❉❊▼✮ ♦❢ 1m r❡s♦❧✉t✐♦♥ ✇❡r❡ 95% ♦❢ t❤❡ r✐✈❡r s✉❜♠❡r❣❡❞ ❛r❡❛s ✭❞❡♣t❤> 2.4m✮
✇❡r❡ ❝♦✈❡r❡❞✳ ❚♦ ❝♦♠♣❧❡t❡ t❤❡ ❉❊▼ ♦♥ s✉❜♠❡r❣❡❞ ✉♥❝♦✈❡r❡❞ ❛r❡❛s ❛ ❜❛t❤②♠❡tr✐❝ ❝❛♠♣❛✐❣♥ ✇❛s
❞♦♥❡ ❢r♦♠ ❛ ❜♦❛t ✉s✐♥❣ ❛♥ ❆❉❈P ❝♦✉♣❧❡❞ ✇✐t❤ ❛ ❝❡♥t✐♠❡tr✐❝✲❛❝❝✉r❛❝② ❉●P❙✳ ❚❤❡ ✇❛t❡r ❞❡♣t❤s
✇❡r❡ r❡❝♦r❞❡❞ ❡❛❝❤ s❡❝♦♥❞s ❛♥❞ ❛ss♦❝✐❛t❡❞ t♦ ❉●P❙ ❝♦♦r❞✐♥❛t❡s ❞✉r✐♥❣ t❤❡ ♣♦st✲♣r♦❝❡ss✐♥❣ ❜②
s②♥❝❤r♦♥✐③✐♥❣ ❜♦t❤ ❞❡✈✐❝❡s✳ ❚❤❡ ❜♦❛t tr❛❥❡❝t♦r② ❢♦❧❧♦✇❡❞ ❛ ③✐❣③❛❣ ♣❛t❤ ❢r♦♠ ♦♥❡ r✐✈❡r s✐❞❡ t♦ t❤❡
♦t❤❡r ✐♥ ♦r❞❡r t♦ ♦♣t✐♠✐③❡ t❤❡ r✐✈❡r❜❡❞ ♠❛♣♣✐♥❣ ❛♥❞ s✐♠♣❧✐❢② ❜❛t❤②♠❡tr✐❝ tr❛♥s❡❝ts ✐♥t❡r♣♦❧❛✲
t✐♦♥✳ ❚❤❡ ❆❉❈P ✈❡rt✐❝❛❧ ❜❡❛♠s ✇❡r❡ ✐♥t❡r♣♦❧❛t❡❞ ✉s✐♥❣ t❤❡ ❚r✐❛♥❣✉❧❛r ■rr❡❣✉❧❛r ◆❡t✇♦r❦s t♦♦❧s
✭❚■◆✮ ♦❢ ❆r❝●■❙ s♦❢t✇❛r❡ ❛♥❞ ❡❞❣❡s ✇❡r❡ ♠❛♥✉❛❧❧② ❛❞❥✉st❡❞ t♦ ♠❛♣ t❤❡ r✐✈❡r❜❡❞ ❛s ♦❜s❡r✈❡❞ ✐♥
t❤❡ ✜❡❧❞✳ ❚❤❡ ❚■◆ ✇❤✐❝❤ ❡❧❡✈❛t✐♦♥ ❛❝❝✉r❛❝② ✇❛s ❡st✐♠❛t❡❞ ❛t ±5cm ✇❡r❡ r❛st❡r✐③❡❞ ✐♥t♦ 1m ❝❡❧❧s
❛♥❞ ✈❡rt✐❝❛❧❧② s❤✐❢t❡❞ ✐♥ ♦r❞❡r t♦ ♦✈❡r❧❛♣ ✇✐t❤ t❤❡ ▲✐❉❆❘ ❉❊▼ t❤r♦✉❣❤♦✉t ♠❡r❣✐♥❣ ♣r♦❝❡ss✳

❆♣♣❡♥❞✐① ❈

❚❤❡ ✢♦✇ ✈❡❧♦❝✐t② ♣r♦✜❧❡s ✇❡r❡ ✉♣❧♦❛❞ ❢r♦♠ ❆❉❈P ❛♥❞ ✐♠♣♦rt❡❞ ✐♥ ◗r❡✈ ✹✱ ❛ ❝♦♠♣✉t❡r ♣r♦❣r❛♠
❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ❯❙●❙ ♣r♦✈✐❞✐♥❣ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ♠❡❛s✉r❡♠❡♥ts q✉❛❧✐t②✳ ❚❤❡ ❙✐❣♥❛❧✲t♦✲◆♦✐s❡
✭❙◆❘✮ ✜❧t❡r ❡♥❛❜❧❡❞ ✉s t♦ ✐❞❡♥t✐❢② ✐♥✈❛❧✐❞ ❜❡❛♠s✱ ❜✉t ✜❧t❡r❡❞ ❞❛t❛ ❜❡✐♥❣ ♥♦t ❡①♣♦rt❛❜❧❡ ❢r♦♠
◗r❡✈✱ ✐❞❡♥t✐✜❡❞ ♣♦✐♥ts ✇❡r❡ ♠❛♥✉❛❧❧② ❞❡❧❡t❡❞ t❤❛♥❦s t♦ ▼❛t❧❛❜✳ ❈❧❡❛♥❡❞ ♣r♦✜❧❡s ✇❡r❡ ✐♠♣♦rt❡❞
✐♥ t❤❡ ❱❡❧♦❝✐t② ▼❛♣♣✐♥❣ ❚♦♦❧❜♦① ✭❱▼❚✮ ❞❡✈❡❧♦♣❡❞ ❜② P❛rs♦♥s ❡t ❛❧✳ ✭✷✵✶✸✮ ✐♥ ♦r❞❡r t♦ ♣r♦❥❡❝t
❞❛t❛ ♦❢ r❡♣❡❛t❡❞ tr❛♥s❡❝ts ✐♥t♦ ❛ s✐♥❣❧❡ ❝r♦ss✲s❡❝t✐♦♥ ♣❧❛♥❡ ❛♥❞ t❤❡♥ ❝❛❧❝✉❧❛t❡ ❞❡♣t❤✲❛✈❡r❛❣❡ ✢♦✇
✈❡❧♦❝✐t② ♦❢ ❡❛❝❤ ✈❡rt✐❝❛❧ ❜❡❛♠s✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ ❱▼❚ s♦✉r❝❡ ❝♦❞❡ ❤❛❞ t♦ ❜❡ ♠♦❞✐✜❡❞ t♦ ✭✐✮ st♦♣
t❤❡ ❱▼❚ tr❛♥s❡❝t✲❛✈❡r❛❣✐♥❣ ♣r♦❝❡❞✉r❡ ❛❢t❡r t❤❡ st❡♣s ♦❢ tr❛♥s❡❝ts ❞❛t❛ ♣r♦❥❡❝t✐♦♥ ✭✐✐✮ ✐♥t❡❣r❛t❡
✢♦✇ ❞✐r❡❝t✐♦♥ ✐♥ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❞❡♣t❤✲❛✈❡r❛❣❡ ✈❡❧♦❝✐t② ❛♥❞ ✭✐✐✐✮ ❡①tr❛♣♦❧❛t❡ ✉♥♠❡❛s✉r❡❞ t♦♣ ❛♥❞
❜♦tt♦♠ ♣❛rts ♦❢ t❤❡ ❆❉❈P ♣r♦✜❧❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♠❡t❤♦❞s ♣r♦♣♦s❡❞ ❜② ▼✉❡❧❧❡r ✭✷✵✶✻✮✳ ❍❡♥❝❡✱
❡❛❝❤ ✈❡rt✐❝❛❧ ❜❡❛♠ ✇❛s ♣r♦❥❡❝t❡❞ t♦ ❛ ♣r❡❞❡✜♥❡❞ ❝r♦ss s❡❝t✐♦♥ ✉s✐♥❣ ❛♥ ♦rt❤♦❣♦♥❛❧ tr❛♥s❧❛t✐♦♥✱
✈❡❧♦❝✐t② ✈❡❝t♦r ♦❢ ❡❛❝❤ ❝❡❧❧ ✇❛s ♣r♦❥❡❝t❡❞ ♦♥t♦ ❛ ❧✐♥❡ ♦rt❤♦❣♦♥❛❧ t♦ t❤✐s ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ ❛ ♣♦✇❡r
❧❛✇ ✇❛s ✜tt❡❞ t♦ t❤❡ ♠❡❛s✉r❡❞ ✈❡rt✐❝❛❧ ✈❡❧♦❝✐t② ♣r♦✜❧❡s✳ ■❢ t❤❡ R2 ❝♦❡✣❝✐❡♥t ✐s ❤✐❣❤❡r t❤❛♥
✵✳✽✱ t❤❡ ♣♦✇❡r ❧❛✇ ✐s ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❞❡♣t❤✲❛✈❡r❛❣❡ ✢♦✇ ✈❡❧♦❝✐t②✱ ✐❢ ♥♦t t❤❡ ✈❡❧♦❝✐t② ♦❢ t♦♣
❝❡❧❧s ❛r❡ ❡①tr❛♣♦❧❛t❡❞ t♦ t❤❡ s✉r❢❛❝❡ ❛♥❞ ❛ ♣♦✇❡r ❧❛✇ ✐s ✜tt❡❞ t♦ t❤❡ ❧❛st ♦♥❡ t❤✐r❞ ❝❡❧❧s ♦❢ t❤❡
✈❡❧♦❝✐t② ♣r♦✜❧❡ ❛♥❞ ❡①tr❛♣♦❧❛t❡❞ t♦ t❤❡ ❜♦tt♦♠ ✭♠♦st ❝❛s❡s✮✳ ❋✐♥❛❧❧② t❤❡ ❞❡♣t❤✲❛✈❡r❛❣❡ ✈❡❧♦❝✐t②
❛r❡ ❝❛❧❝✉❧❛t❡❞ ❜② ❞✐✈✐❞✐♥❣ t❤❡ ❛r❡❛ ♦❢ t❤❡ ✈❡❧♦❝✐t② ♣r♦✜❧❡ ❜② t❤❡ ✇❛t❡r ❞❡♣t❤✳

✶✶✾
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❋✐❣✉r❡ ✹✳✶✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② ❧✐♠♥✐♠❡t❡r Ln ❛♥❞ t❤❡ ❲❙❊ ♠♦❞❡❧❡❞
❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ❢r♦♠ ✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ s✉❜♠♦❞❡❧ Mf,h✳

✶✷✵



❈❤❛♣t❡r ✺

❈❛❧✐❜r❛t✐♦♥ ♦❢ ♥♦♥✲✉♥✐❢♦r♠ ❜❡❞❧♦❛❞

tr❛♥s♣♦rt ✷❉ ♠♦❞❡❧ ✉s✐♥❣ ♣❛rt✐❝❧❡ tr❛❝✐♥❣

❈❡ ❝❤❛♣✐tr❡ ✈✐s❡ à ❛♠é❧✐♦r❡r ❧❛ ♣ré❞✐❝t✐♦♥ ❞❡ ❧❛ ❝♦♠♣♦s✐t✐♦♥ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ♠♦❞é❧✐sé❡ ❞❛♥s
❧❡ ❝❛❞r❡ ❞✬✉♥❡ ❣r❛♥✉❧♦♠étr✐❡ ♥♦♥ ✉♥✐❢♦r♠❡✳ ❯♥❡ ♠ét❤♦❞❡ ❡st ♣r♦♣♦sé❡ ♣♦✉r ❝❛❧❡r s✉❝❝❡ss✐✈❡✲
♠❡♥t✱ ♣♦✉r ❝❤❛q✉❡ t❛✐❧❧❡ ❞❡ ♣❛rt✐❝✉❧❡ à ❧✬❛✐❞❡ ❞❡ ❞♦♥♥é❡s ✐♥❞é♣❡♥❞❛♥t❡s✱ ✉♥ ❝♦❡✣❝✐❡♥t ❧✐é à ❧❛
♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡s sé❞✐♠❡♥ts ❛✐♥s✐ q✉✬✉♥ s❡❝♦♥❞ ❝♦❡✣❝✐❡♥t ❧✐é à ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ tr❛♥s✲
♣♦rt✳ ▲✬❡♥tr❛î♥❡♠❡♥t ❞❡s ♣❛rt✐❝✉❧❡s ❡st ❡st✐♠é à ♣❛rt✐r ❞❡ ❧❛ ♠♦❜✐❧✐té ❞❡s tr❛❝❡✉rs✱ t❛♥❞✐s q✉❡
❧❡ tr❛♥s♣♦rt ❞❡s ♣❛rt✐❝✉❧❡s ❡st ❡st✐♠é à ❧✬❛✐❞❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✈✐rt✉❡❧❧❡ ❞❡s tr❛❝❡✉rs✳ ❯♥ ♠♦❞è❧❡
❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡ ✷❉ ❡st ✉t✐❧✐sé ♣♦✉r s✐♠✉❧❡r ✜♥❡♠❡♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❤②❞r♦❞②♥❛♠✐q✉❡s ❡t✱ ❡♥
♣❛rt✐❝✉❧✐❡r✱ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❞✉ ❧✐t ❛✐♥s✐ q✉❡ ❧❡ tr❛♥s♣♦rt ♠✉❧t✐✲❝❧❛ss❡s✳

✺✳✶ ■♥tr♦❞✉❝t✐♦♥

❚✇♦✲❞✐♠❡♥s✐♦♥❛❧ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧❧✐♥❣ ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝s ❤❛s ❜❡❡♥
✐♥❝r❡❛s✐♥❣❧② ✉s❡❞ ❢♦r r✐✈❡r ♠❛♥❛❣❡♠❡♥t✱ ❡♥❣✐♥❡❡r✐♥❣ ✇♦r❦s✱ r❡st♦r❛t✐♦♥ ♣r♦❥❡❝ts ♦r r❡s❡❛r❝❤ ♣✉r✲
♣♦s❡s ✭❇r♦✉ss❡ ❡t ❛❧✳✱ ✷✵✷✷❀ ❊❧ ❑❛❞✐ ❆❜❞❡rr❡③③❛❦ ❡t ❛❧✳✱ ✷✵✶✻❀ ❨✉ ❡t ❛❧✳✱ ✷✵✷✷❀ ■✇❛s❛❦✐ ❡t ❛❧✳✱ ✷✵✶✻❀
◆❡❧s♦♥ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚❤❡ ❞✐s❝r❡t✐③❛t✐♦♥ ♦❢ r✐✈❡r❜❡❞s ✐♥t♦ s❡✈❡r❛❧ ❧❛②❡rs ❝♦♠♣♦s❡❞ ♦❢ ♠✉❧t✐♣❧❡ s❡❞✲
✐♠❡♥t ❝❧❛ss❡s ✐♥ ❛ ✷❉ ♠♦r♣❤♦❞②♥❛♠✐❝ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ✭❈♦r❞✐❡r ❡t ❛❧✳✱ ✷✵✶✾✮ ❡♥❛❜❧❡s t♦ ❜❡tt❡r
r❡♣r❡s❡♥t s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐♥ ♣♦♦r❧② s♦rt❡❞ ❣r❛✈❡❞✲❜❡❞ r✐✈❡rs✳ ❙✉❝❤ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞✲
❡❧s ❣❡♥❡r❛❧❧② ✉s❡ s❡♠✐✲❡♠♣✐r✐❝❛❧ ❧❛✇s ✭▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r✱ ✶✾✹✽❀ ❊✐♥st❡✐♥✱ ✶✾✺✵❀ ❊♥❣❡❧✉♥❞
❛♥❞ ❍❛♥s❡♥✱ ✶✾✻✼❀ ✈❛♥ ❘✐❥♥✱ ✶✾✽✹✮ t♦ ❝♦♠♣✉t❡ s❡♣❛r❛t❡❧② t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ♦❢ ❡❛❝❤
❝❧❛ss ♦❢ s❡❞✐♠❡♥ts ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ✉♣♣❡r♠♦st ❜❡❞ ❧❛②❡r✱ t♦ ❞❡t❡r♠✐♥❡ t❤❡ t♦t❛❧ ❜❡❞❧♦❛❞✳ ❚❤❡s❡
s❡♠✐✲❡♠♣✐r✐❝❛❧ ❧❛✇s ❛r❡ ❤♦✇❡✈❡r ✉s✉❛❧❧② ✈❛❧✐❞ ❢♦r ✉♥✐❢♦r♠ ❣r❛✐♥ s✐③❡ ❛♥❞ ❤❛s t♦ ❜❡ ❝❛❧✐❜r❛t❡❞ ❢♦r
♥♦♥✲✉♥✐❢♦r♠ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐♥ ♦r❞❡r t♦ ❝♦♥s✐❞❡r ✐♥t❡r❛❝t✐♦♥s ❜❡t✇❡❡♥ ♣❛rt✐❝❧❡s ♦❢ ❞✐✛❡r❡♥t
s✐③❡s ✭❲✉✱ ✷✵✵✼❀ ❊✐♥st❡✐♥✱ ✶✾✺✵✮✳

❙❡✈❡r❛❧ ❛✉t❤♦rs ♣r♦♣♦s❡❞ ✈❛r✐♦✉s ❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦rs ❜❛s❡❞ ♦♥ ✢✉♠❡ ❡①♣❡r✐♠❡♥ts✱ t♦ ♠♦❞✐❢②
t❤❡ ❝r✐t✐❝❛❧ s❡❞✐♠❡♥t ♠♦t✐♦♥ t❤r❡s❤♦❧❞ ✭❊✐♥st❡✐♥✱ ✶✾✺✵❀ ❊❣✐❛③❛r♦✛✱ ✶✾✻✺❀ ❉❛②✱ ✶✾✽✵✮ ♦r t❤❡ s❡❞✐✲
♠❡♥t tr❛♥s♣♦rt r❛t❡s ✭❊✐♥st❡✐♥✱ ✶✾✺✵❀ ❑❛r✐♠ ❛♥❞ ❑❡♥♥❡❞②✱ ✶✾✽✷❀ ❙❤❡♥ ❛♥❞ ▲✉✱ ✶✾✽✸✮ ♦❢ ❡❛❝❤ s✐③❡
❝❧❛ss✳ ◆❡✈❡rt❤❡❧❡ss✱ ♣r❡❞✐❝t✐♥❣ ❛♥ ❛❝❝✉r❛t❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✐♥ ♣♦♦r❧② s♦rt❡❞
❣r❛✈❡❧✲❜❡❞ r✐✈❡rs r❡♠❛✐♥s ❝❤❛❧❧❡♥❣✐♥❣ ❞✉❡ t♦ ✭✐✮ t❤❡ s♣❛t✐♦✲t❡♠♣♦r❛❧ ❝♦♠♣❧❡①✐t② ♦❢ ✢♦✇ ♣❤②s✐❝s
✭✐✐✮ ❛♥❞ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ s✉rr♦✉♥❞✐♥❣ s❡❞✐♠❡♥ts ♦♥ t❤❡ ✐♥✐t✐❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ❛♥❞ t❤❡ ❞②♥❛♠✐❝s
♦❢ ♠♦t✐♦♥✳ ❲❤✐❧❡ t❤♦s❡ t✇♦ ♣❤❡♥♦♠❡♥❛ ♠✐❣❤t ❜❡ ✐♥❞✐s❝❡r♥✐❜❧❡ ✐♥ ❛ ❝❧❛ss✐❝❛❧ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
♠❡❛s✉r❡♠❡♥t ✭❈❤✉r❝❤ ❛♥❞ ❍❛ss❛♥✱ ✶✾✾✷✮✱ ♦♥❡ ❝❛♥ ✉s❡ ❝♦♠♣❧❡♠❡♥t❛r② ♠❡❛s✉r❡♠❡♥ts t♦ ❡st✐♠❛t❡
t❤❡ ❡✛❡❝t ♦❢ s✉rr♦✉♥❞✐♥❣ ♣❛rt✐❝❧❡s ♦♥ ✭✐✮ t❤❡ ✐♥✐t✐❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ✇✐t❤ ♣❛✐♥t❡❞ ♣❧❛❝❡s✱ ❛♥❞ ✭✐✐✮

✶✷✶



t❤❡ ♣❛rt✐❝❧❡ ♠♦t✐♦♥ ❞②♥❛♠✐❝s ✇✐t❤ ❜❡❞❧♦❛❞ tr❛❝❡rs s✉r✈❡②✳ ▼♦r❡♦✈❡r✱ t❤❡ ✐♥❝r❡❛s✐♥❣ ❛✈❛✐❧❛❜✐❧✐t②
♦❢ ✜♥❡ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❉❊▼ ♦❢ r✐✈❡r ❜❡❞ ♠♦r♣❤♦❧♦❣② ✭▲❛❣✉❡ ❛♥❞ ❋❡❧❞♠❛♥♥✱ ✷✵✷✵✮ ❛♥❞ ✢♦✇
♠❡❛s✉r❡♠❡♥ts ❡♥❛❜❧❡s t♦ ❝♦♥str❛✐♥ ❛❝❝✉r❛t❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧s✱ ❤❡♥❝❡ ✜♥❡ s♣❛t✐♦✲t❡♠♣♦r❛❧
❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❜❡❞ s❤❡❛r str❡ss✱ ✇❤✐❝❤ ✐s ❛ ❝r✉❝✐❛❧ ❤②❞r♦❞②♥❛♠✐❝ ♣❛r❛♠❡t❡r ❢♦r s❡❞✐♠❡♥t
tr❛♥s♣♦rt ✭❈❤✐❡♥ ❛♥❞ ❲❛♥✱ ✶✾✾✾✮✳ ❯s✐♥❣ t❤❡ ❛❜♦✈❡✲♠❡♥t✐♦♥❡❞ ❝♦♠♣❧❡♠❡♥t❛r② ♠❡❛s✉r❡♠❡♥ts
❝♦♠❜✐♥❡❞ ✇✐t❤ ❛ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧✱ ✇❤✐❝❤ ❡♥❛❜❧❡s t♦ s❡♣❛r❛t❡❧② ❛❝❝♦✉♥t ❢♦r ❤✐❞✐♥❣ ❡①♣♦s✉r❡
❡✛❡❝ts ❛♥❞ tr❛♣♣✐♥❣ ❡✛❡❝ts ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❝♦♠♣♦s✐t✐♦♥✱ ❤❛s ♥♦t ②❡t ❜❡❡♥
❛❞❞r❡ss❡❞✳

❙♦✱ t❤✐s ❝♦♥tr✐❜✉t✐♦♥ ♣r❡s❡♥ts ❛ ♥❡✇ ♠❡t❤♦❞ ❢♦r ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ♦❢
❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ✇✐t❤ ♥♦♥✲✉♥✐❢♦r♠ s❡❞✐♠❡♥ts✱ ❜❛s❡❞ ♦♥ t❤❡ ❞✐♠❡♥t✐♦♥❧❡ss ✈✐rt✉❛❧
✈❡❧♦❝✐t② ♦❢ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ tr❛❝❡rs ♦❢ ❞✐✛❡r❡♥t s✐③❡s✳

❚❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ♥❛t✉r❛❧ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs ✐s r❛r❡❧② ✉♥✐❢♦r♠ ✭❈✉❞❞❡♥ ❛♥❞ ❍♦❡②✱
✷✵✵✸❀ ▼♦ss❡❧♠❛♥✱ ✷✵✶✷❀ P❛r❦❡r ❛♥❞ ❑❧✐♥❣❡♠❛♥✱ ✶✾✽✷✮✳ ■♥❞❡❡❞✱ t❤❡ ❣❡♦♠❡tr✐❝ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥
♦❢ t❤❡ ❜❡❞ ♠❛t❡r✐❛❧ t❡♥❞s t♦ ✐♥❝r❡❛s❡ ✭σ > 5✮ ✇✐t❤ t❤❡ ♠❡❞✐❛♥ ❣r❛✐♥ s✐③❡ ✭d50 > 1cm ❀ ❇❛s✐❧❡✱
✷✵✵✶✮✳ ❚❤❡ s♣❛t✐♦✲t❡♠♣♦r❛❧ ✈❛r✐❛t✐♦♥ ♦❢ ❤②❞r♦❞②♥❛♠✐❝ ❢♦r❝✐♥❣ ✐♥❞✉❝❡s ❛♥ ❤♦r✐③♦♥t❛❧ ✭◆❡❧s♦♥
❡t ❛❧✳✱ ✷✵✵✾✮ ❛♥❞ ✈❡rt✐❝❛❧ ✭❇❛❝❝❤✐ ❡t ❛❧✳✱ ✷✵✶✹✮ s♦rt✐♥❣ ♦❢ ❣r❛✐♥ s✐③❡s✱ ✐♥✢✉❡♥❝✐♥❣ ❜❡❞ r♦✉❣❤♥❡ss
✭✈❛♥ ❘✐❥♥✱ ✶✾✽✹✮ ❛♥❞ ❜❡❞ ❡r♦❞❛❜✐❧✐t②✱ ❢♦r ❡①❛♠♣❧❡ ✇❤❡♥ ❛r♠♦r✐♥❣ ✇✐t❤ ❝♦❛rs❡r s❡❞✐♠❡♥ts ♦❝❝✉rs
✭❲❛♥❣ ❡t ❛❧✳✱ ✷✵✷✵✮✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ♦❢ ♣❛r❛♠♦✉♥t ✐♠♣♦rt❛♥❝❡ t♦ ❛❝❝♦✉♥t ❢♦r ❤♦r✐③♦♥t❛❧ ❛♥❞
✈❡rt✐❝❛❧ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❢♦r ♣r❡❞✐❝t✐♥❣ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❛♥❞ ❛ss♦❝✐❛t❡❞ ♠♦r♣❤♦❧♦❣✐❝❛❧
❡✈♦❧✉t✐♦♥s✳

❚❤❡ ♠♦st ❝♦♠♠♦♥ ♠❡t❤♦❞ ✉s❡❞ t♦ ❝♦♥s✐❞❡r t❤❡ ❡✛❡❝t ♦❢ ♥♦♥✲✉♥✐❢♦r♠ s❡❞✐♠❡♥ts s✐③❡s ✐♥t♦
s✉❝❤ ♠♦❞❡❧s ✐s t♦ ❞✐s❝r❡t✐③❡ ✿

❼ t❤❡ ❜❡❞✲♠❛t❡r✐❛❧ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❝✉r✈❡ ✐♥t♦ K s❡❞✐♠❡♥t s✐③❡ ❝❧❛ss❡s ✇✐t❤ ❜♦✉♥❞❛r✐❡s
[D′

k, D
′
k+1]✳ ❚❤✐s ♥✉♠❜❡r ♦❢ s✐③❡ ❝❧❛ss❡s K✱ ♥❡❡❞❡❞ t♦ ♣r❡❞✐❝t ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♦❢ ♥♦♥✲

✉♥✐❢♦r♠ s❡❞✐♠❡♥t ♠✐①t✉r❡s✱ ✈❛r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ❛♥❞ t❤❡ ❛s②♠♠❡tr②
♦❢ t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❝✉r✈❡✳ ❖♣t✐♠✉♠ ♥✉♠❜❡r ♦❢ s✐③❡ ❝❧❛ss❡s r❛♥❣❡s ❜❡t✇❡❡♥ ✺ ❛♥❞
✶✵ ❢♦r ♥❛t✉r❛❧ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs ✭❇❛s✐❧❡✱ ✷✵✵✶✮✱ ✇✐t❤ ✐♥t❡r✈❛❧s ❜❡t✇❡❡♥ ❝❧❛ss❡s ❢♦❧❧♦✇✐♥❣ ❛
❢❛❝t♦r ✷ ❛ss✉♠✐♥❣ ❛ ❧♦❣✲♥♦r♠❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ❣r❛✐♥ s✐③❡s✳ ❊❛❝❤ s✐③❡ ❝❧❛ss❡ k ∈ 1..K ✐s
❝❛r❛❝t❡r✐③❡❞ ❜② ❛ r❡♣r❡s❡♥t❛t✐✈❡ ❞✐❛♠❡t❡r Dk ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❝❧❛ss ❝❡♥t❡r ❛♥❞ ❛
♣❡r❝❡♥t❛❣❡ pk ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✈♦❧✉♠❡ ♦❢ t❤❡ ❝❧❛ss ❞✐✈✐❞❡❞ ❜② t❤❡ t♦t❛❧ ✈♦❧✉♠❡ ♦❢
t❤❡ ❜❡❞✲♠❛t❡r✐❛❧❀

❼ t❤❡ r✐✈❡r ❜❡❞ ✐♥t♦ ❛♥ ❛❝t✐✈❡ ✭♦r ♠✐①✐♥❣✮ ❧❛②❡r ✐♥ ❝♦♥t❛❝t ✇✐t❤ t❤❡ ✢♦✇ ❛♥❞ s✉❜str❛t❡ ❧❛②❡r✳
❚❤❡ ❛❝t✐✈❡ ❧❛②❡r ❛❝ts ❛s ❛♥ ✐♥t❡r❢❛❝❡ ❜❡t✇❡❡♥ t❤❡ ✢♦✇ ❛♥❞ t❤❡ r✐✈❡r ❜❡❞✳ ■t s✉♣♣❧✐❡s s❡❞✐✲
♠❡♥ts t❤❛t ❝❛♥ ❜❡ tr❛♥s♣♦rt❡❞ ♦r r❡❝❡✐✈❡ ❞❡♣♦s✐t❡❞ s❡❞✐♠❡♥ts ❛♥❞ t❤❡♥ ❡①❝❤❛♥❣❡ ♠❛t❡r✐❛❧s
✇✐t❤ t❤❡ s✉❜str❛t❡ ❧❛②❡r ✐♥ ♦r❞❡r t♦ ❦❡❡♣ ❛ ❣✐✈❡♥ t❤✐❝❦♥❡ss ✭❍✐r❛♥♦✱ ✶✾✼✶✮✳ ❚❤❡ ❝♦♠♣♦s✐✲
t✐♦♥ ❛♥❞ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡ ❛❝t✐✈❡ ❧❛②❡r t❤✉s ✐♥✢✉❡♥❝❡ t❤❡ tr❛♥s♣♦rt r❛t❡ ❛s ✇❡❧❧ ❛s t❤❡
❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞✳ ❚❤❡ t❤✐❝❦♥❡ss ♦❢ t❤✐s ❧❛②❡r ❞❡♣❡♥❞s ♦♥ t❤❡ ✢♦✇ ❛♥❞
s❡❞✐♠❡♥t ❝❤❛r❛❝t❡r✐st✐❝s✳ ❙♦ ✐t ❝❛♥ ❜❡ ♣r♦♣♦rt✐♦♥❛❧ t♦ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥ ✭❡r♦❞❛❜❧❡
❞❡♣t❤ ♦r ❞❡♣♦s✐t t❤✐❝❦♥❡ss❀ ❇❡♥❡tt ❛♥❞ ◆♦r❞✐♥✱ ✶✾✼✼❀ ❇♦r❛❤ ❡t ❛❧✳✱ ✶✾✽✷✮✱ ❜❡❞ ❢♦r♠s ❤❡✐❣❤t
✭0.2 ❞✉♥❡❀ ❑❛r✐♠ ❛♥❞ ❑❡♥♥❡❞②✱ ✶✾✽✷✮ ♦r t♦ t❤❡ ❧❛②❡r ❝♦♠♣♦s✐t✐♦♥ ✭D90 ♦r 3D50❀ ●❛r❝✐❛✱
✷✵✵✽✮✳

■♥ ❝❧❛ss✐❝❛❧ ❢♦r♠✉❧❛s✱ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✐s ❣❡♥❡r❛❧❧② ❝❛❧❝✉❧❛t❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss
❜❡❞ s❤❡❛r str❡ss ♣❛r❛♠❡t❡r θ ♣r♦♣♦s❡❞ ❜② ❙❤✐❡❧❞s ✭✶✾✸✻✮✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥
t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❢♦r❝❡s t♦ t❤❡ s❡❞✐♠❡♥t r❡❧❛t✐✈❡ ✇❡✐❣❤t✳

✶✷✷



■t ✐s ✇r✐tt❡♥ ❤❡r❡ ❢♦r ❛ s❡❞✐♠❡♥t ❝❧❛ss k ∈ 1..K✿

θk =
τ ′

(ρs − ρ)gDk
✭✺✳✶✮

✇❤❡r❡ τ ′ ✐s t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss ✭s❡❡ t♦t❛❧ ❜❡❞ s❤❡❛r str❡ss ❞❡✜♥✐t✐♦♥ ✐♥ s❡❝t✐♦♥ ✺✳✸✳✷✳✶✮✱ t❤❡ ♦♥❧②
❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ❜❡❞ s❤❡❛r str❡ss ❛❝t✐♥❣ ♦♥ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✭▼❡♥❞♦③❛ ❡t ❛❧✳✱ ✷✵✶✼✮✱ g ✐s t❤❡
❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥✱ Dk ✐s t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❝❧❛ss k ❛♥❞ ρ ❛♥❞ ρs ❛r❡ t❤❡
✢✉✐❞ ❛♥❞ s❡❞✐♠❡♥t ✈♦❧✉♠❡ ✇❡✐❣❤t✱ r❡s♣❡❝t✐✈❡❧②✳

❚❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ Φk✱ ✐s ✉s✉❛❧❧② ❝♦♠♣✉t❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r θk r❡❧❛t✐✈❡ t♦ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr ✇❤✐❝❤ ✐s t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝r✐t✐❝❛❧ s❤❡❛r
str❡ss ❢♦r ✐♥❝✐♣✐❡♥t ♠♦t✐♦♥ ♦❢ ♣❛rt✐❝❧❡s✳

Φk = α (θk − θcr)
β ✭✺✳✷✮

✇❤❡r❡ α ❛♥❞ β ❛r❡ ❡♠♣✐r✐❝❛❧ ❝♦❡✣❝✐❡♥ts ✉s✉❛❧❧② ❞❡t❡r♠✐♥❡❞✱ ❛s ✇❡❧❧ ❛s t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛✲
r❛♠❡t❡r θcr✱ ❢r♦♠ t❛❜❧❡s ♦❢ t❤❡ ❧✐t❡r❛t✉r❡ ✭▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r✱ ✶✾✹✽❀ ❲❛♥❣ ❡t ❛❧✳✱ ✷✵✷✵✮✳
❙❡♠✐✲❡♠♣✐r✐❝❛❧ ❧❛✇s ✭▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r✱ ✶✾✹✽❀ ❊✐♥st❡✐♥✱ ✶✾✺✵❀ ✈❛♥ ❘✐❥♥✱ ✶✾✽✹❀ ❲♦♥❣ ❛♥❞
P❛r❦❡r✱ ✷✵✵✻✮ ✉s❡❞ ✐♥ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧s ❛r❡ ❣❡♥❡r❛❧❧② ❞❡t❡r♠✐♥❡❞ ❛♥❞ ✈❛❧✐❞❛t❡❞ ❢r♦♠
✢✉♠❡ ❡①♣❡r✐♠❡♥ts✱ ✉s✐♥❣ r❡❧❛t✐✈❡❧② ✉♥✐❢♦r♠ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥s ✭σ < 1.3 ✇❤❡r❡ σ ✐s t❤❡ ❣❡♦✲
♠❡tr✐❝ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥✮✳ ■♥ ❛ s❡❞✐♠❡♥t ♠✐①t✉r❡✱ ✜♥❡r ♣❛rt✐❝❧❡s
❝❛♥ ❤♦✇❡✈❡r ❜❡ ❤✐❞❞❡♥ ❜❡t✇❡❡♥ ♦r ❜❡❤✐♥❞ ❝♦❛rs❡r ♣❛rt✐❝❧❡s✱ ✇❤✐❧❡ ❝♦❛rs❡r ♣❛rt✐❝❧❡s ❝❛♥ ♣r♦tr✉❞❡
❢r♦♠ t❤❡ ❜❡❞ s✉r❢❛❝❡✳ ❋✐♥❡r ✭r❡s♣✳ ❝♦❛rs❡r✮ ♣❛rt✐❝❧❡s ♠❛② t❤❡r❡❢♦r❡ ❜❡ ♠♦r❡ ♣r♦t❡❝t❡❞ ✭r❡s♣✳ ❡①✲
♣♦s❡❞✮ ❢r♦♠ ✢♦✇s ❛♥❞ ❜❡❝♦♠❡ ❧❡ss ✭r❡♣s✳ ♠♦r❡✮ ♠♦❜✐❧❡ t❤❛♥ ✐♥ ❛ ✉♥✐❢♦r♠ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥
✭❊✐♥st❡✐♥✱ ✶✾✺✵✮✳ ❚♦ ❝♦♥s✐❞❡r t❤❡s❡ ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❡✛❡❝ts✱ ♦♥ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ ♦❢ ❡❛❝❤
s✐③❡ ❝❧❛ss k✱ t❤❡ s❡♠✐✲❡♠♣✐r✐❝❛❧ ❧❛✇s ✭✺✳✷✮ ❝❛♥ ❜❡ ❝♦rr❡❝t❡❞ ✉s✐♥❣ ❤✐❞✐♥❣✴❡①♣♦s✉r❡ ❢❛❝t♦rs ζk ✭❲✉✱
✷✵✵✼✮✳

❚❤✐s ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ✐s ✉s✉❛❧❧② ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ r❡❧❛t✐✈❡ s✐③❡ ♦❢ t❤❡ ♣❛rt✐❝❧❡ Dk

r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ ❝❧❛ss k ✭❧♦❣❛r✐t❤♠✐❝ ♠❡❛♥ ♦❢ t❤❡ ❝❧❛ss ❧✐♠✐ts s✐③❡s ❤❡r❡✮ ❝♦♠♣❛r❡❞ t♦ ❛
r❡❢❡r❡♥❝❡ ♣❛rt✐❝❧❡ s✐③❡ Dr✳

ζk =

(

Dk

Dr

)b

✭✺✳✸✮

✇❤❡r❡ b ✐s ❛♥ ❡♠♣✐r✐❝❛❧ ❝♦❡✣❝✐❡♥t ❛♥❞ Dr ✐s t❤❡ ♣❛rt✐❝❧❡ s✐③❡ t❤❛t ✐s ♥♦t ❛✛❡❝t❡❞ ❜② t❤❡ ❤✐❞✲
✐♥❣✴❡①♣♦s✉r❡ ❡✛❡❝ts✱ ✇❤✐❝❤ ✐s ♦❢t❡♥ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ t❤❡ ♠❡❞✐❛♥ ❣r❛✐♥ s✐③❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡
✭❑♦♠❛r✱ ✶✾✽✼✮✳ ❚❤✐s ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ❝❛♥ ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝r✐t✐❝❛❧ t❤r❡s❤♦❧❞ ❢♦r
♣❛rt✐❝❧❡ ♠♦t✐♦♥ θcr ♦r t♦ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ Φk ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss k❀

❼ ❝♦rr❡❝t✐♦♥ ❛♣♣❧✐❡❞ t♦ t❤❡ ❝r✐t✐❝❛❧ t❤r❡s❤♦❧❞ ❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥✳ ❚❤✐s ❝♦rr❡❝t✐♦♥ ❛❧❧♦✇s t♦
r❡❞✉❝❡ ✭r❡s♣✳ ✐♥❝r❡❛s❡✮ t❤❡ ❝r✐t✐❝❛❧ t❤r❡s❤♦❧❞ ❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥ θcr✱ ❢♦r s✐③❡ ❝❧❛ss❡s k
❝♦❛rs❡r ✭r❡s♣✳ ✜♥❡r✮ t❤❛♥ t❤❡ r❡❢❡r❡♥❝❡ ♣❛rt✐❝❧❡ s✐③❡s Dr✱ ✇❤✐❝❤ t❡♥❞s t♦ st❛♥❞❛r❞✐③❡ t❤❡
❜❡❤❛✈✐♦r ♦❢ ❡❛❝❤ ♣❛rt✐❝❧❡ s✐③❡✳ ❚❤❡ ❝♦rr❡❝t❡❞ ❞✐♠❡♥s✐♦♥❧❡ss ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ Φ∗,θ

k ♦❢
t❤❡ s✐③❡ ❝❧❛ss k ✐s ❡①♣r❡ss❡❞ ❛s ❜❡❧♦✇ ✇✐t❤ t❤❡ t✉♥✐♥❣ ♣❛r❛♠❡t❡r ❞❡♥♦t❡❞ ζk,θ✿

Φ∗,θ
k := pkα (θk − ζk,θθcr)

β ✭✺✳✹✮

✇❤❡r❡ α ❛♥❞ β ❛r❡ t✉♥❛❜❧❡ ❝♦❡✣❝✐❡♥ts✱ ❛♥❞ pk t❤❡ ❢r❛❝t✐♦♥ ♦❢ s✐③❡ ❝❧❛ss k ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡
❛❝t✐✈❡ ❧❛②❡r✳ ❚❤❡ ❤✐❞✐♥❣ ❢❛❝t♦r ❡①♣♦♥❡♥t ✉s❡❞ t♦ ❝♦♠♣✉t❡ ζk,θ ✭❡q✉❛t✐♦♥ ✺✳✸✮ ✐s ❞❡♥♦t❡❞
bθ ✈❛r✐❡s ❢r♦♠ ✵ ✭♣❛rt✐❝❧❡s ❤❛✈❡ ♥♦ ✐♥✢✉❡♥❝❡ ♦♥ ❡❛❝❤ ♦t❤❡r s♦ t❤❡ ✈❛❧✉❡ ♦❢ τcr ✐s ❛❧♠♦st

✶✷✸



♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ♣❛rt✐❝❧❡ ✇❡✐❣❤t✮ t♦ ✲✶ ✭❞✐✛❡r❡♥❝❡ ✐♥ ♣❛rt✐❝❧❡ ❡①♣♦s✉r❡ ❛♥❞ ❢r✐❝t✐♦♥ ❛♥❣❧❡
❝♦♠♣❧❡t❡❧② ❝♦♠♣❡♥s❛t❡s ❞✐✛❡r❡♥❝❡s ✐♥ ♣❛rt✐❝❧❡ ✇❡✐❣❤t s♦ t❤❡ ✈❛❧✉❡ ♦❢ τcr ✐s t❤❡ s❛♠❡ ❢♦r ❛❧❧
♣❛rt✐❝❧❡ s✐③❡s✮✳ ❚❤❡ ✈❛❧✉❡ ♦❢ bθ ✐♥❞✐❝❛t❡s ✐❢ t❤❡ ❡♥tr❛✐♥♠❡♥t ♦❢ ♣❛rt✐❝❧❡s ♦❢ ❞✐✛❡r❡♥t s✐③❡s
♦❝❝✉rs ✐♥ ❛ s✐③❡✲s❡❧❡❝t✐✈❡ ✇❛② ✭bθ > −1✮ r❛t❤❡r t❤❛♥ ✐♥ ❡q✉❛❧ ♠♦❜✐❧✐t② ✭bθ ≈ ✲✶✮ ✭P❛r❦❡r ❛♥❞
❑❧✐♥❣❡♠❛♥✱ ✶✾✽✷❀ ❆♥❞r❡✇s✱ ✶✾✽✸✮✳ ❋❧✉♠❡ ❛♥❞ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts s✉❣❣❡st t❤❛t t❤❡ ✈❛❧✉❡
♦❢ bθ r❛♥❣❡s ❜❡t✇❡❡♥ ✲✵✳✻ ❛♥❞ ✲✶✱ ❜✉t t❤✐s ❡st✐♠❛t✐♦♥s ❞❡♣❡♥❞s ♦♥ t❤❡ ♠❡t❤♦❞ ❡♠♣❧♦②❡❞
t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♠♦t✐♦♥ ♦❢ ❛ ♣❛rt✐❝❧❡ ❛♥❞ ♦♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ✢♦♦❞ ✭❆s❤✇♦rt❤ ❛♥❞
❋❡r❣✉s♦♥✱ ✶✾✽✾✮❀

❼ ❝♦rr❡❝t✐♦♥ ❞✐r❡❝t❧② ❛♣♣❧✐❡❞ t♦ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡✳ ❚❤✐s ❝♦rr❡❝t✐♦♥ ❛❧❧♦✇s t♦ ✐♥❝r❡❛s❡
✭r❡s♣✳ r❡❞✉❝❡✮ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ Φk ❝♦♠♣✉t❡❞ ✉s✐♥❣ s❡♠✐✲❡♠♣✐r✐❝❛❧ ❧❛✇s ✭✺✳✷✮✱
❢♦r s✐③❡ ❝❧❛ss❡s k ❝♦❛rs❡r ✭r❡s♣✳ ✜♥❡r✮ t❤❛♥ t❤❡ r❡❢❡r❡♥❝❡ ♣❛rt✐❝❧❡ s✐③❡s Dr✱ ✇❤✐❝❤ t❡♥❞s t♦
❝♦❛rs❡♥✐♥❣ t❤❡ ❜❡❞❧♦❛❞ ❝♦♠♣♦s✐t✐♦♥✳ ❚❤❡ ❝♦rr❡❝t❡❞ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ Φ∗,Φ

k ♦❢ t❤❡ s✐③❡
❝❧❛ss k ✐s ❡①♣r❡ss❡❞ ❛s ❜❡❧♦✇ ✇❤❡♥ t❤❡ t✉♥✐♥❣ ♣❛r❛♠❡t❡r ✐s ζk,φ ✿

Φ∗,Φ
k := pkζk,φΦk ✭✺✳✺✮

✇❤❡r❡ pk ✐s t❤❡ ❢r❛❝t✐♦♥ ♦❢ s✐③❡ ❝❧❛ss k ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❛❝t✐✈❡ ❧❛②❡r✳
❚❤❡ ❤✐❞✐♥❣ ❢❛❝t♦r ❡①♣♦♥❡♥t ✉s❡❞ t♦ ❝♦♠♣✉t❡ ζk,φ ✭❡q✉❛t✐♦♥ ✺✳✸✮ ✐s ❞❡♥♦t❡❞ bΦ✳ ❑❛r✐♠
❛♥❞ ❑❡♥♥❡❞② ✭✶✾✽✷✮ ❢♦✉♥❞ ❛ ✈❛❧✉❡ ♦❢ bΦ = 0.85✱ t❤❡r❡❢♦r❡ ❝♦♥tr❛r✐❧② t♦ t❤❡ ❝♦❡✣❝✐❡♥t ♦❢
❝♦rr❡❝t✐♦♥ ❛♣♣❧✐❡❞ t♦ t❤❡ ❝r✐t✐❝❛❧ t❤r❡s❤♦❧❞ ❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥✱ t❤✐s ❝♦❡✣❝✐❡♥t ♦❢ ❝♦rr❡❝t✐♦♥
✐s ❛♥ ✐♥❝r❡❛s✐♥❣ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ r❡❧❛t✐✈❡ ♣❛rt✐❝❧❡ s✐③❡ Dk/Dr✳

❚❤❡ ✈♦❧✉♠❡tr✐❝ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ ♣❡r ✉♥✐ts ♦❢ t✐♠❡ ❛♥❞ ♦❢ ✇✐❞t❤ qs,k ❢♦r ❛ ❝❧❛ss k ∈ 1..K✱
✐s t❤❡♥ ❝♦♠♣✉t❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s❡❞✐♠❡♥t ♣r♦♣❡rt✐❡s✿

qs,k = Φ�

k

√

(s− 1)gD3
k ✭✺✳✻✮

✇❤❡r❡ Φ�

k st❡♠s ❢♦r ❞✐♠❡♥s✐♦♥❧❡ss ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✇✐t❤ ✭❡q✉❛t✐♦♥ ✺✳✹ ♦r ✺✳✺✮ ♦r ✇✐t❤♦✉t ❝♦r✲
r❡❝t✐♦♥ ✭❡q✉❛t✐♦♥ ✺✳✷✮✱ s = ρs/ρ ✐s t❤❡ r❡❧❛t✐✈❡ ❞❡♥s✐t② ✇✐t❤ ρs ❛♥❞ ρ ❛r❡ r❡s♣❡❝t✐✈❡ ✈♦❧✉♠❡tr✐❝
✇❡✐❣❤t ♦❢ s❡❞✐♠❡♥t ❛♥❞ ✇❛t❡r✱ g ✐s t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥✱ Dk ✐s t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ❞✐❛♠❡✲
t❡r ♦❢ s❡❞✐♠❡♥t s✐③❡ ❝❧❛ss k✳ ❚❤❡ t♦t❛❧ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ qs,t ✐s ❝♦♠♣✉t❡❞ ❜② ❛❞❞✐♥❣ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt r❛t❡s qs,k ❝♦♠♣✉t❡❞ s❡♣❛r❛t❡❧② ❢♦r ❡❛❝❤ ❝❧❛ss k ✭❡q✉❛t✐♦♥ ✺✳✻✮✱ ❛✛❡❝t❡❞ ❜② ❛ ❝♦❡✣❝✐❡♥t
pk r❡♣r❡s❡♥t✐♥❣ t❤❡ ❢r❛❝t✐♦♥ ♦❢ s✐③❡ ❝❧❛ss k ❛✈❛✐❧❛❜❧❡ ✐♥ t❤❡ ❛❝t✐✈❡ ❧❛②❡r✳

qs,t =
∑

k

pkqs,k ✭✺✳✼✮

❚❤❡ ✐❞❡❛ ♦❢ t❤❡ ♥❡✇ ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ✐♥ t❤✐s ❛rt✐❝❧❡ ✐s t♦ ✉s❡ s✉❝❝❡ss✐✈❡❧② ❝❛❧✐❜r❛t❡❞✱ ✇✐t❤
✐♥❞❡♣❡♥❞❡♥t ❞❛t❛ ζk,θ ❛♥❞ ζk,φ✱ ❛♣♣❧✐❡❞ t♦ ❝r✐t✐❝❛❧ t❤r❡s❤♦❧❞ ♦❢ ♠♦t✐♦♥ ✭✐♥ ❡q✉❛t✐♦♥ ✺✳✹✮ ❛♥❞ t♦
t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ✭✐♥ ❡q✉❛t✐♦♥ ✺✳✺✮✱ r❡s♣❡❝t✐✈❡❧②✱ ✐♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡ ♣r❡❞✐❝t✐♦♥
♦❢ t❤❡ ❜❡❞❧♦❛❞ ❝♦♠♣♦s✐t✐♦♥ ✐♥ ❛ ♣♦♦r❧② s♦rt❡❞ ❣r❛✈❡❧✲❜❡❞ r✐✈❡r✳ ❚❤❡s❡ s✉❝❝❡ss✐✈❡ ❝❛❧✐❜r❛t✐♦♥s
❛❧❧♦✇ t♦ ❝♦♥s✐❞❡r t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s✉rr♦✉♥❞✐♥❣ ♣❛rt✐❝❧❡s s✐③❡s ♦♥ ❜♦t❤ ❡♥tr❛✐♥♠❡♥t t❤r♦✉❣❤
ζk,θ ✭❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❡✛❡❝ts✮ ❛♥❞ tr❛♥s♣♦rt t❤r♦✉❣❤ ζk,φ ✭tr❛♣♣✐♥❣ ❡✛❡❝ts✮ ♦❢ ❡❛❝❤ ♣❛rt✐❝❧❡ s✐③❡✱
✇❤❡♥ ❝♦♠♣✉t✐♥❣ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ♦❢ ♥♦♥✲✉♥✐❢♦r♠ s❡❞✐♠❡♥t✳ ❚♦ ❞✐st✐♥❣✉✐s❤ ❡❛❝❤ ❡❢✲
❢❡❝t✱ ✐♥❞❡♣❡♥❞❡♥t ❞❛t❛s❡ts ❛r❡ ✉t✐❧✐③❡❞✳ ❚❤❡ ♣❛rt✐❝❧❡ ❡♥tr❛✐♥♠❡♥t ✐s ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ tr❛❝❡rs
♠♦❜✐❧✐t②✱ ✇❤✐❧❡ t❤❡ ♣❛rt✐❝❧❡ tr❛♥s♣♦rt ✐s ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ tr❛❝❡r ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s✳ ❆s tr❛❝❡rs
♠♦❜✐❧✐t② ❛❧❧♦✇s t♦ ❞❡t❡r♠✐♥❡ s✐③❡✲❜❛s❡❞ ✢♦✇ ❝♦♠♣❡t❡♥❝❡✱ ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s ❛r❡ r❛r❡❧② st✉❞✐❡❞
✉s✐♥❣ s✐③❡✲❜❛s❡❞ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥✱ ❡①♣❡❝t ✐♥ t❤❡ st✉❞② ♦❢ ▼✐❧❛♥ ✭✷✵✶✸✮ ✇✐t❤ ❛ ✈❡r② s✐♠♣❧❡
✇❛t❡r s✉r❢❛❝❡ s❧♦♣❡ t♦ ❞✐s❝❤❛r❣❡ r❡❧❛t✐♦♥ ❛s ♠♦❞❡❧❧✐♥❣ ❛♣♣r♦❛❝❤✳

✶✷✹



■♥ t❤❡ ♣r❡s❡♥t st✉❞②✱ ❛ ♥♦✈❡❧ ♠❡t❤♦❞ ✐s ♣r♦♣♦s❡❞✱ ✐♥tr♦❞✉❝✐♥❣ t✇♦ ❢❛❝t♦rs ♦❢ ❝♦rr❡❝t✐♦♥ ♦❢
❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❛♥❞ tr❛♣♣✐♥❣ ❡✛❡❝ts ❢♦r ♠♦r❡ r❡❛❧✐st✐❝ ♠✉❧t✐✲❝❧❛ss ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♠♦❞❡❧❧✐♥❣✱
t❛❦✐♥❣ ❛❞✈❛♥t❛❣❡ ♦❢ ✭✐✮ ✐♥❞❡♣❡♥❞❡♥t ♠❡❛s✉r❡♠❡♥ts ♦❢ tr❛❝❡rs ♠♦❜✐❧✐t② ❛♥❞ ✈✐rt✉❛❧ ✈❡❧♦❝✐t② t♦
❝❛❧✐❜r❛t❡ t❤❡♠✱ ✭✐✐✮ ♦❢ ❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ t♦ ✜♥❡❧② s✐♠✉❧❛t❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s
❛♥❞ ❡s♣❡❝✐❛❧❧② ❜❡❞ s❤❡❛r str❡ss ❛s ✇❡❧❧ ❛s ♠✉❧t✐✲❝❧❛ss tr❛♥s♣♦rt✳ ❚❤❡ r❡♠❛✐♥❞❡r ♦❢ t❤✐s ❛rt✐❝❧❡ ✐s
♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✿ s❡❝t✐♦♥ ✷ ♣r❡s❡♥ts t❤❡ s✐t❡ ❛♥❞ t❤❡ ❝♦♥t❡①t ♦❢ t❤✐s st✉❞②✱ s❡❝t✐♦♥ ✸ ❞❡t❛✐❧s
t❤❡ ♠❡t❤♦❞ ❡♠♣❧♦②❡❞ t♦ ❡st✐♠❛t❡ t❤❡ tr❛❝❡rs ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ❛♥❞ ❡①♣❧❛✐♥s ❤♦✇
t❤✐s ✐♥❢♦r♠❛t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝❛❧✐❜r❛t❡ ♥♦♥✲✉♥✐❢♦r♠ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✱ s❡❝t✐♦♥ ✹ ❞❡s❝r✐❜❡s
t❤❡ r❡s✉❧ts ❛♥❞ ❞✐s❝✉ss❡s ❛❜♦✉t t❤❡ ✐♠♣r♦✈❡♠❡♥ts ✐♥ t❤❡ ❜❡❞❧♦❛❞ ❣❛✐♥ s✐③❡ ♣r❡❞✐❝t✐♦♥ ❛❝❤✐❡✈❡❞
t❤r♦✉❣❤ t❤❡ ❞❡✈❡❧♦♣❡❞ ❝❛❧✐❜r❛t✐♦♥ ❢❛❝t♦r✳

✺✳✷ ❙t✉❞② s✐t❡

❚❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✐s 560km ❧♦♥❣ ❢r♦♠ ✐ts s♦✉r❝❡ ❛t t❤❡ ♣❛ss ♦❢ ❇✉ss❛♥❣ ✐♥ t❤❡ ♥♦rt❤❡❛st ♦❢
❋r❛♥❝❡ t♦ ✐ts ❝♦♥✢✉❡♥❝❡ ✇✐t❤ t❤❡ ❘❤✐♥❡ r✐✈❡r ❛t ❑♦❜❧❡♥③ ✐♥ ●❡r♠❛♥② ✭❋✐❣✉r❡ ✺✳✶ ❛✮✳ ❚❤❡
✉♣♣❡r ♣❛rt ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❞r❛✐♥s ❛ ❝❛t❝❤♠❡♥t ❛r❡❛ ♦❢ 1, 976 km2 ❢r♦♠ t❤❡ ✇❡st❡r♥ s✐❞❡
♦❢ t❤❡ s♦✉t❤❡r♥ ❱♦s❣❡s ▼♦✉♥t❛✐♥s t♦ t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❚♦♥♥♦② ♦♥ t❤❡ ▲♦rr❛✐♥❡ ♣❧❛t❡❛✉✳
❚❤❡ ❣❡♦❧♦❣② ♦❢ t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s ❝♦♥s✐sts ♠❛✐♥❧② ✐♥ ❝r②st❛❧❧✐♥❡ ✭❣r❛♥✐t❡s✮ ❛♥❞ ♠❡t❛♠♦r♣❤✐❝
✭❣♥❡✐ss✮ r♦❝❦s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❍❡r❝②♥✐❛♥ ❜❛s❡♠❡♥t✱ ✇❤✐❧❡ t❤❡ s✉❜str❛t✉♠ ♦❢ t❤❡ ▲♦rr❛✐♥❡
♣❧❛t❡❛✉ ✐s ❝♦♠♣♦s❡❞ ❜② ❛ s✉♣❡r♣♦s✐t✐♦♥ ♦❢ ❧✐♠❡st♦♥❡ ❛♥❞ ♠❛r❧ s❡❞✐♠❡♥t❛r② ❧❛②❡rs ✭▼❛✐r❡ ❛♥❞
❈♦r❜♦♥♥♦✐s✱ ✷✵✵✵✮✳ ❚❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ♣r♦✜❧❡ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ s❧♦♣❡
♦❢ 10% ❛t ✐ts ✉♣str❡❛♠ ❡①tr❡♠✐t②✱ r❛♣✐❞❧② ❞❡❝r❡❛s✐♥❣ t♦ 0.4% ❛t ❘❡♠✐r❡♠♦♥t ❛♥❞ r❡❛❝❤✐♥❣ ❛♥
❛✈❡r❛❣❡ ✈❛❧✉❡ ♦❢ 1.7❻ ❢✉rt❤❡r ❞♦✇♥str❡❛♠✳ ❚❤❡ ♣r❡❞♦♠✐♥❛♥❝❡ ♦❢ ✐♠♣❡r♠❡❛❜❧❡ r♦❝❦s ❛♥❞ st❡❡♣
s❡❝t♦rs ❝♦♥tr✐❜✉t❡s t♦ ♣r♦♣❛❣❛t❡ r❛♣✐❞❧② t❤❡ ✢♦✇s t♦ ❊♣✐♥❛❧✱ ✇❤✐❧❡ t❤❡ ♣❤②s✐♦❣r❛♣❤② ♦❢ t❤❡
❝❛t❝❤♠❡♥t ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ✢♦♦❞ ♣❡❛❦s ❝♦♥❝♦♠✐t❛♥❝❡✱ ✇❤✐❝❤ ❣❡♥❡r❛t❡s ♠❛❥♦r ❤②❞r♦❧♦❣✐❝❛❧
❡✈❡♥ts ❞♦✇♥str❡❛♠ ✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳

❋✐❣✉r❡ ✺✳✶✿ ❙t✉❞② s✐t❡ ✭❆✮ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡ r✐✈❡r✑ ✐♥ t❤❡ ▼♦s❡❧❧❡ ❇❛s✐♥✱ ✭❇✮ ❧♦♥❣✐✲
t✉❞✐♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,p ✭❈✮ ♣♦s✐t✐♦♥ ♦❢ tr❛❝❡rs ♦✈❡r t✐♠❡✳

✶✷✺



❚❤❡ ♣r❡❝✐♣✐t❛t✐♦♥ ❛r❡ ✉♥❡✈❡♥❧② ❞✐str✐❜✉t❡❞ ✇✐t❤ ❛ ♠❡❛♥ ❛♥♥✉❛❧ ✈❛❧✉❡s ♦❢ 800mm ♦✈❡r t❤❡
▲♦rr❛✐♥❡ ♣❧❛t❡❛✉ ✈❡rs✉s 1100mm ♦✈❡r t❤❡ ❱♦s❣❡s ♠♦✉♥t❛✐♥s✱ ✇❤❡r❡ ✐♠♣♦rt❛♥t ✈❛r✐❛t✐♦♥s ❛r❡ ♦❜✲
s❡r✈❡❞ ✇✐t❤ ❧♦❝❛❧❧② ♠♦r❡ t❤❛♥ 2000mm ♦♥ t❤❡ ❝r❡st ✭❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳ Pr❡❝✐♣✐t❛t✐♦♥s
♦❝❝✉rs ♠❛✐♥❧② ❞✉r✐♥❣ t❤❡ ✇✐♥t❡r ✭◆♦✈❡♠❜❡r✲❋❡❜r✉❛r②✮ ✇✐t❤ ♠♦♥t❤❧② ♠♦r❡ t❤❛♥ 200mm ♦✈❡r t❤❡
❱♦s❣❡s ▼♦✉♥t❛✐♥s✳ ❚❤❡ r✐✈❡r ❤②❞r♦❧♦❣✐❝❛❧ r❡❣✐♠❡ ✐s ♣❧✉✈✐❛❧ ✇✐t❤ ❤✐❣❤ ✢♦✇s ✐♥ t❤❡ ✇✐♥t❡r✲s♣r✐♥❣
✭✷✲ ❛♥❞ ✶✵✲②❡❛r ✢♦♦❞s ❛r❡ 405m3/s ❛♥❞ 651m3/s r❡s♣❡❝t✐✈❡❧②✮ ❛♥❞ ❧♦✇ ✢♦✇ ✐♥ t❤❡ s✉♠♠❡r✱ ✇❤✐❧❡
t❤❡ ♠❡❛♥ ✐♥t❡r❛♥♥✉❛❧ ✢♦✇ ✐s ♦❢ 42m3/s ❛t t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡✳

❚❤❡ s❡❞✐♠❡♥t s✉♣♣❧② ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛r✐s❡s ♠❛✐♥❧② ❢r♦♠ t❤❡ r❡♠♦❜✐❧✐③❛t✐♦♥ ♦❢ ❍♦❧♦❝❡♥❡
❛❧❧✉✈✐❛❧ ❞❡♣♦s✐ts ❝♦♠♣♦s❡❞ ♦❢ ❣r❛✈❡❧ ❛♥❞ s❛♥❞ ❝❛rr✐❡❞ ❜② t❤❡ r✐✈❡r ❢r♦♠ t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s
✭▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡✱ ✶✾✾✶✮✳ ❚❤✐s s❡❞✐♠❡♥t r❡❞✐str✐❜✉t✐♦♥ ♦❝❝✉rs ♣r✐♠❛r✐❧② t❤♦✉❣❤ ❜❡❞ ❛♥❞✴♦r
❜❛♥❦ ❡r♦s✐♦♥✱ ✇❤❡r❡ t❤❡ ❧❛t❡r❛❧ ♠♦❜✐❧✐t② ✐s str♦♥❣❧② ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ✈❛❧❧❡② ✇✐❞t❤ t❤❛t ✈❛r✐❡s
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♥❛t✉r❡ ♦❢ t❤❡ ❡r♦❞❡❞ s✉❜str❛t✉♠✳ ❚❤❡ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝ ✇❛s ❛❧t❡r❡❞ ❜② ✭✐✮
t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ❛ ❝❛♥❛❧ ✇❤✐❝❤ r❡❞✉❝❡❞ ❧❛t❡r❛❧❧② t❤❡ ✢♦♦❞ ❡①♣❛♥s✐♦♥ ❛r❡❛ ❛♥❞ ❝♦♥❝❡♥tr❛t❡s t❤❡
✢♦✇ ✐♥t♦ t❤❡ r✐✈❡r ❜❡❞✱ ✭✐✐✮ t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ ❞❛♠s ✇❤✐❝❤ ❧♦❝❛❧❧② ♠♦❞✐❢② t❤❡ r✐✈❡r ❝♦♠♣❡t❡♥❝❡
❛♥❞ ✐♥t❡rr✉♣t t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ ✭✐✐✐✮ t❤❡ ♠❛ss✐✈❡ s❡❞✐♠❡♥t ❡①tr❛❝t✐♦♥ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ✐♥
t❤❡ r✐✈❡r ❜❡❞ ✭1950−1980✮ ❛♥❞ t❤❡r❡❛❢t❡r ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ✭❋✐❣✉r❡ ✺✳✶ ❛✮✳ ❚❤❡ ❞❡st❛❜✐❧✐③❛t✐♦♥ ♦❢
t❤❡ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝ ❡q✉✐❧✐❜r✐✉♠ ❝♦♥❞✉❝t❡❞ t♦ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❛❞❥✉st♠❡♥ts t❤❛t r❡s✉❧t ✐♥t♦
t❤❡ r✐✈❡r ❜❡❞ ✐♥❝✐s✐♦♥ ✇❤✐❝❤ ✐♥❞✉❝❡❞ ❧♦❝❛❧❧② ❛♥ ❡♠♣t②✐♥❣ ♦❢ t❤❡ r✐✈❡r ❜❡❞ s❡❞✐♠❡♥t st♦❝❦ ✭❇❡❝❦
❛♥❞ ❈♦r❜♦♥♥♦✐s✱ ✷✵✵✸✮✳

❆ ♠❡❛♥❞❡r✐♥❣ r❡❛❝❤ ♦❢ 12km ❧❡♥❣t❤✱ ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ ●r✐♣♣♦rt ❛♥❞ ❇❛②♦♥ ❛t t❤❡ ✇❡st❡r♥
❢♦♦t❤✐❧❧s ♦❢ t❤❡ ❱♦s❣❡s ▼♦✉♥t❛✐♥s✱ ✇❛s ❤♦✇❡✈❡r r❡❧❛t✐✈❡❧② ❧❡ss ❛✛❡❝t❡❞ ❜② ❤✉♠❛♥ ❛❝t✐✈✐t✐❡s ✭❋✐❣✲
✉r❡ ✺✳✶ ❛✮✳ ❚❤✐s s❡❝t✐♦♥ ✇❛s ❝❧❛ss✐✜❡❞ ✐♥ ✷✵✵✻ ❛s r❡❣✐♦♥❛❧ ♥❛t✉r❛❧ r❡s❡r✈❡ ✭t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑✮
✐♥ ♦r❞❡r t♦ ♣r♦t❡❝t t❤❡ ✇❛t❡r r❡s♦✉r❝❡s ❛s ✇❡❧❧ ❛s t❤❡ ❜✐♦❞✐✈❡rs✐t② ✭❋✐❣✉r❡ ✺✳✶ ❜✮✳ ❚❤✐s r❡❛❝❤ ♦❢
♠♦❞❡r❛t❡ ❡♥❡r❣②✱ ✇✐t❤ ❛♥ ❛✈❡r❛❣❡ s♣❡❝✐✜❝ str❡❛♠ ♣♦✇❡r ♦❢ 50W/m2✱ r❡♣r❡s❡♥ts ♦♥❡ ♦❢ t❤❡ ♠♦st
❞②♥❛♠✐❝ s❡❝t✐♦♥ ♦❢ ❧❛r❣❡ r✐✈❡rs ✐♥ t❤❡ ♥♦rt❤❡❛st ♦❢ ❋r❛♥❝❡✳ ■t ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❝❛t❝❤♠❡♥t
❛r❡❛ ♦❢ 1, 758 km2✱ ❛ s✐♥✉♦s✐t② ♦❢ ✶✳✹✱ ❛♥ ❛✈❡r❛❣❡ s❧♦♣❡ ♦❢ ✶✳✷✱ ❛ ❜❛♥❦❢✉❧❧ ✇✐❞t❤ ✭r❡s♣✳ ❞✐s❝❤❛r❣❡✮
♦❢ ❛❜♦✉t 60m ✭r❡s♣✳ 250m3/s✮ ❛♥❞ ❛ s✉r❢❛❝❡ ✭r❡s♣✳ s✉❜s✉r❢❛❝❡✮ D50 ♦❢ 30mm ✭r❡s♣✳ 13mm✮✳

❆❧t❤♦✉❣❤ t❤✐s s❡❝t♦r ✇❛s ♣r♦t❡❝t❡❞✱ t❤❡ ♣r♦♣❛❣❛t✐♦♥ ♦❢ ♠♦r♣❤♦❞②♥❛♠✐❝ ❛❞❥✉st♠❡♥ts ✭r❡✲
❣r❡ss✐✈❡ ❛♥❞ ♣r♦❣r❡ss✐✈❡ ❡r♦s✐♦♥✮ ✐♥✐t✐❛t❡❞ ❜② ❛❝t✐♦♥s ❝❛rr✐❡❞ ♦✉t ❛t t❤❡ ❡❞❣❡ ♦❢ t❤❡ ♥❛t✉r❛❧
r❡s❡r✈❡ ❝♦♥✈❡r❣❡ t♦✇❛r❞s t❤❡ ❝❡♥tr❛❧ ♣❛rt ♦❢ t❤❡ r❡❛❝❤✳ ❚❤✐s tr❛❥❡❝t♦r②✱ t♦✇❛r❞s ❛ ♥❡✇ ❞②♥❛♠✐❝
❡q✉✐❧✐❜r✐✉♠✱ ❝♦✉❧❞ ✐♥❞✉❝❡ ❛ r✐✈❡r ❛✈✉❧s✐♦♥ ✇❤✐❝❤ ♠❛② ❞❡st❛❜✐❧✐③❡ ✐♥❢r❛str✉❝t✉r❡s✳ ❚❤❡ ♣r❡s❡♥t
r❡s❡❛r❝❤ ✐s ♣❛rt ♦❢ ❛ ♣r♦❥❡❝t ❛✐♠✐♥❣ t♦ st✉❞② ❞✐✛❡r❡♥t s❝❡♥❛r✐♦s ♦❢ ♠❛♥❛❣❡♠❡♥t✴r❡st♦r❛t✐♦♥ ♦❢
t❤❡ ❧❛t❡r❛❧ ♠♦❜✐❧✐t② ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡✑ r✐✈❡r✱ ❜❛s❡❞ ♦♥ ✷❉ ♠♦r♣❤♦✲s❡❞✐♠❡♥t❛r② s✐♠✉❧❛t✐♦♥s✳
❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ ♥♦♥✲✉♥✐❢♦r♠ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❛rt✐❝❧❡ ✐s t❤❡r❡❢♦r❡ ❝r✉❝✐❛❧✱
s✐♥❝❡ s♣❛t✐♦✲t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥s ♦❢ t❤❡ r✐✈❡r❜❡❞ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ r❡s✉❧t✐♥❣ ❢r♦♠ s❡❞✐♠❡♥t
tr❛♥s♣♦rt✱ ♠❛② str♦♥❣❧② ✐♥✢✉❡♥❝❡s t❤❡ r✐✈❡r ♠♦r♣❤♦❞②♥❛♠✐❝✳

✺✳✸ ▼❡t❤♦❞s

❚❤❡ ❛✐♠ ♦❢ t❤✐s ♥❡✇ ♠❡t❤♦❞ ✐s t♦ ❝❛❧✐❜r❛t❡ t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✭●❙❉✮ ♦❢ t❤❡ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt ♣r❡❞✐❝t❡❞ ❜② ❛♥ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✳ ❚❤✐s ❝❛❧✐❜r❛t✐♦♥ ✇❛s st❛rt❡❞ ❜② P✐❛s♥② ❡t ❛❧✳
✭✷✵✷✸❜✮✱ ❜② ❡st✐♠❛t✐♥❣ ❛ ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❢❛❝t♦r ζk,θ✱ ✇❤✐❝❤ ✇❛s ❛♣♣❧✐❡❞ t♦ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r θcr✳ ❚❤❡ ●❙❉ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧✱ ✇❤❡♥ ❛♣♣❧②✐♥❣ ζk,θ✱
✇❛s ❤♦✇❡✈❡r ✜♥❡r t❤❛♥ ♦❜s❡r✈❡❞ ✇❤✐❝❤ ❧❡❛❞ ✉s t♦ ❛♣♣❧② ❛❧s♦✱ ❛ ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❢❛❝t♦r ζk,Φ ✭❝❛❧❧❡❞
✏tr❛♣♣✐♥❣ ❢❛❝t♦r✑✮ t♦ ❝♦rr❡❝t t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡ Φ∗,θ✳

✶✷✻





❚❤✐s ❞✐st❛♥❝❡ ✐s ❡st✐♠❛t❡❞ ❜② s✉❜tr❛❝t✐♥❣ t❤❡ tr❛❝❡r ✜♥❛❧ ❧♦♥❣✐t✉❞✐♥❛❧ ♣♦s✐t✐♦♥ Xi,s+n ❢r♦♠ t❤❡
tr❛❝❡r ✐♥✐t✐❛❧ ❧♦♥❣✐t✉❞✐♥❛❧ ♣♦s✐t✐♦♥ Xi,s✳ ❚❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt t❤❡
tr❛❝❡r ✐s ❝♦♠♣✉t❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ t❤❡ t✐♠❡ t>Qc,i ✱ ❞✉r✐♥❣ ✇❤✐❝❤ t❤❡ r✐✈❡r ❞✐s❝❤❛r❣❡ Q ✐s ❣r❡❛t❡r ♦r
❡q✉❛❧ t♦ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ Qc,i ❢♦r t❤❡ tr❛❝❡r ♠♦t✐♦♥✳ ❚❤❡ r✐✈❡r ❞✐s❝❤❛r❣❡ ✐s ❡st✐♠❛t❡❞ ❜② ❝♦♥✲
✈❡rt✐♥❣ ❛ t✐♠❡✲s❡r✐❡s ♦❢ ✇❛t❡r s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ✭❲❙❊✮ ♠❡❛s✉r❡♠❡♥t ✐♥t♦ ❛ ❞✐s❝❤❛r❣❡ ❤②❞r♦❣r❛♣❤✱
✉s✐♥❣ ❛ r❛t✐♥❣ ❝✉r✈❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ♦✉t♣✉ts ♦❢ ❛ ❝❛❧✐❜r❛t❡❞ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧✳ ❚❤❡ ❝r✐t✐❝❛❧
❞✐s❝❤❛r❣❡ ❢♦r t❤❡ tr❛❝❡r ♠♦t✐♦♥ Qc,i ✐s ❡st✐♠❛t❡❞ ❜② ❞❡t❡r♠✐♥✐♥❣ t❤❡ ❞✐s❝❤❛r❣❡ ❛t ✇❤✐❝❤ t❤❡ ❣r❛✐♥
s❤❡❛r str❡ss τ ′ ❝♦♠♣✉t❡❞ ✇✐t❤ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ❛t t❤❡ tr❛❝❡r ❧♦❝❛t✐♦♥ Xi, Yi✱ ❡q✉❛❧s t❤❡
❝r✐t✐❝❛❧ ❣r❛✐♥ s❤❡❛r str❡ss ❢♦r t❤❡ tr❛❝❡r ♠♦t✐♦♥ τ ′cr,i ❡st❛❜❧✐s❤❡❞ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮✳ ❆❧❧ t❤❡s❡
st❡♣s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ t❤❡ ✢♦✇❝❤❛rt ♣r❡s❡♥t❡❞ ❜❡❧♦✇ ✭❋✐❣✉r❡ ✺✳✷✮ ❛♥❞ ❞❡t❛✐❧❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣
s✉❜s❡❝t✐♦♥s✳

✺✳✸✳✶ ❚r❛❝❡r tr❛✈❡❧ ❞✐st❛♥❝❡ ❡st✐♠❛t✐♦♥

❚❤❡ ❞✐st❛♥❝❡ Li tr❛✈❡❧❡❞ ❜② ❡❛❝❤ tr❛❝❡r i✱ ✇❤✐❝❤ ✇❛s ✉s❡❞ t♦ ❝♦♠♣✉t❡ t❤❡✐r ✈✐rt✉❛❧ ✈❡❧♦❝✐t②
✭❡q✉❛t✐♦♥ ✺✳✾✮✱ ✇❛s ❡st✐♠❛t❡❞ ❢r♦♠ ❛ ✜❡❧❞ ♠♦♥✐t♦r✐♥❣ ♦❢ t❤❡ tr❛❝❡r✬s ♣♦s✐t✐♦♥s✱ ♣❡r❢♦r♠❡❞ ♦♥❝❡
❛ ②❡❛r ❞✉r✐♥❣ t❤r❡❡ ②❡❛rs✳ ❚❤❡ ♠❡t❤♦❞ ❡♠♣❧♦②❡❞ t♦ ✭✐✮ ❡q✉✐♣ ❛♥❞ ✐♥❥❡❝t t❤❡s❡ tr❛❝❡rs✱ ✭✐✐✮
❞❡t❡❝t t❤❡✐r ♣♦s✐t✐♦♥s ❛♥❞ ✭✐✐✐✮ ❝♦♠♣✉t❡ t❤❡✐r tr❛✈❡❧ ❞✐st❛♥❝❡ ❛♥❞ ❝❤❛r❛❝t❡r✐③❡ t❤❡✐r ♠♦❜✐❧✐t②✱ ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❢♦❧❧♦✇✐♥❣ s✉❜s❡❝t✐♦♥s✳

✺✳✸✳✶✳✶ ❚r❛❝❡r ❡q✉✐♣♠❡♥t ❛♥❞ ✐♥❥❡❝t✐♦♥

❚❤❡ st✉❞② ✇❛s ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ❛ ❧❛r❣❡ ♥✉♠❜❡r ♦❢ tr❛❝❡rs ✭n = 450✮ ♦❢ ❞✐✛❡r❡♥t s✐③❡s✱ ✐♥ ♦r❞❡r
t♦ ♦✈❡r❝♦♠❡ t❤❡ ✉♥❝❡rt❛✐♥ r❡❝♦✈❡r② r❛t❡s ✭❈❤❛r❞♦♥ ❡t ❛❧✳✱ ✷✵✷✶❜✮✳ P❛rt✐❝❧❡s ✇❡r❡ ❡q✉✐♣♣❡❞ ✇✐t❤
❧♦✇✲❢r❡q✉❡♥❝② P❛ss✐✈❡ ■♥t❡❣r❛t❡❞ ❚r❛♥s♣♦♥❞❡rs ✭P■❚✲ t❛❣s✱ ▲❛♠❛rr❡ ❡t ❛❧✳✱ ✷✵✵✺✮ ❞✐str✐❜✉t❡❞ ❜②
❚❡①❛s ■♥str✉♠❡♥ts ✭✷✵✵✶✮✳ ❚r❛♥s♣♦♥❞❡rs ♦❢ ✸✷ ♠♠✲❧♦♥❣ ✇❡r❡ ✉s❡❞ r❛t❤❡r t❤❛♥ ✷✸ ♠♠✲❧♦♥❣✱
✇✐t❤✐♥ t❤❡ ❧✐♠✐t ♦❢ ♣❛rt✐❝❧❡ s✐③❡✱ ❛♥❞ ♣r❡❢❡r❡♥t✐❛❧❧② ✐♥s❡rt❡❞ ✐♥ t❤❡ s❤♦rt❡st ♣❛rt✐❝❧❡ ❛①✐s t♦ ✐♠✲
♣r♦✈❡ ❞❡t❡❝t✐♦♥ ✭❆r♥❛✉❞ ❡t ❛❧✳✱ ✷✵✶✺✮✳ ❚r❛❝❡rs ❞✐❛♠❡t❡r ❛r❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t❤❡ r✐✈❡r❜❡❞ ❣r❛✐♥
s✐③❡ ✭16− 128mm✮✱ ♠❡❛s✉r❡❞ ❛❧♦♥❣ t❤❡ r❡❛❝❤ ♦❢ ✐♥❥❡❝t✐♦♥ ✭❋✐❣✉r❡ ✺✳✹ ❛♥❞ ✺✳✸✮✱ ✉s✐♥❣ ❛ ❣r✐❞✲❜②✲
♥✉♠❜❡r ♣❡❜❜❧❡ ❝♦✉♥ts ✭ntot = 1200). ❙❛♠♣❧❡s ✇❡r❡ ❝♦❧❧❡❝t❡❞ ❞✉r✐♥❣ s✉♠♠❡r ✷✵✶✽✱ ❢♦❧❧♦✇✐♥❣ ❛
✈❛r✐❛♥t ♦❢ t❤❡ ❲♦❧♠❛♥ ♠❡t❤♦❞ ✭✶✾✺✹✮ ♣r♦♣♦s❡❞ ❜② ❇✉♥t❡ ❛♥❞ ❆❜t ✭✷✵✵✶✮✱ ✇✐t❤ ❛ ❢r❛♠❡ ❛♥❞ ❛
r♦✉♥❞✲❤♦❧❡ t❡♠♣❧❛t❡ t♦ r❡❞✉❝❡ t❤❡ ❜✐❛s ✐♥ ♣❛rt✐❝❧❡ s❡❧❡❝t✐♦♥ ♦♥ s✉❜♠❡r❣❡❞ ❛r❡❛s✳ ❚r❛❝❡r ❣r❛✐♥ s✐③❡
❞✐str✐❜✉t✐♦♥ ✇❛s s❧✐❣❤t❧② ❞✐✛❡r❡♥t ❢r♦♠ ❜❡❞ s✉r❢❛❝❡ ✭❋✐❣✉r❡ ✺✳✸✮✱ ❜❡❝❛✉s❡ ♣❛rt✐❝❧❡s ✇❡r❡ ❡q✉❛❧❧②
❞✐str✐❜✉t❡❞ ✐♥t♦ ✺ ❝❧❛ss❡s✱ ✐♥ ♦r❞❡r t❤❛t ❡❛❝❤ ❣r❛✐♥ s✐③❡ ❤❛s t❤❡ s❛♠❡ ♣r♦❜❛❜✐❧✐t② t♦ ❜❡ r❡❝♦✈❡r❡❞
✭❆r♥❛✉❞ ❡t ❛❧✳✱ ✷✵✶✼✮✳

❚r❛❝❡rs ✇❡r❡ ✐♥❥❡❝t❡❞ ❛❧♦♥❣ ❛ ❧❛r❣❡ str❛✐❣❤t r❡❛❝❤ ❧♦❝❛t❡❞ ❛t t❤❡ ✉♣str❡❛♠ ♣❛rt ♦❢ t❤❡ st✉❞②
s✐t❡ ✭❋✐❣✉r❡ ✺✳✶✮✱ ✇✐t❤ ❤✐❣❤ ❜❛♥❦s✱ ❛ ✢❛t ❜❡❞✱ tr❛♣❡③♦✐❞❛❧ ❝r♦ss✲s❡❝t✐♦♥s ❛♥❞ ✇❤❡r❡ ♥♦ s✐❣♥✐✜❝❛♥t
♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s ✇❡r❡ ♦❜s❡r✈❡❞ ♦✈❡r t✐♠❡✳ ❚❤✐s r❡❛❝❤ ✇❛s s❡❧❡❝t❡❞ ✐♥ ♦r❞❡r t♦ ❡♥s✉r❡
✭✐✮ t❤❛t t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ✇❡r❡ r❡❧❛t✐✈❡❧② ❝♦♥st❛♥t ❛❧♦♥❣ t❤❡ ♣❛t❤s ♦❢ t❤❡ tr❛❝❡rs ✭♥♦
s♣❛t✐♦✲t❡♠♣♦r❛❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ r✐✈❡r ❧♦♥❣✐t✉❞✐♥❛❧ ♣r♦✜❧❡ ♦r ♦❢ t❤❡ r✐✈❡r ❝r♦ss✲s❡❝t✐♦♥s s❤❛♣❡✮ ❛♥❞
✭✐✐✮ t❤❛t t❤❡ tr❛❝❡rs ♠♦✈❡ ♦♥❧② ✐♥ t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞✐r❡❝t✐♦♥ ✭♥♦ s❡❝♦♥❞❛r② ✢♦✇s✮✳ ❚r❛❝❡rs ✇❡r❡
✐♥❥❡❝t❡❞ ✭I✮ ❛❝r♦ss t❤❡ r✐✈❡r s❡❝t✐♦♥ ✐♥ s♣r✐♥❣ ✷✵✶✽✱ ✇❤❡♥ t❤❡ r✐✈❡r❜❡❞ ✇❛s ✇❛❞❡❛❜❧❡ ✭❋✐❣✉r❡ ✺✳✹✮✳
❚❤❡② ✇❡r❡ s❡❡❞❡❞ ❛r♦✉♥❞ ✶✽ ✐♥❥❡❝t✐♦♥ ♣♦✐♥ts ✭✷✺ tr❛❝❡rs✴♣♦✐♥t ✇✐t❤ ✺ tr❛❝❡rs✴❝❧❛ss✮ ❧❛t❡r❛❧❧②
❞✐str✐❜✉t❡❞ ❛t 5m ✐♥t❡r✈❛❧s ❛❧♦♥❣ ✷ tr❛♥s❡❝ts s❡♣❛r❛t❡❞ ❜② 10m✱ ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐③❡ ♣❛rt✐❝❧❡
❤✐❞✐♥❣ ❡✛❡❝ts ❞✉r✐♥❣ ❞❡t❡❝t✐♦♥✳

✶✷✽



❋✐❣✉r❡ ✺✳✸✿ ❈✉♠✉❧❛t✐✈❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✭✐✮ t❤❡ ❜❡❞ s✉r❢❛❝❡ ♠❛t❡r✐❛❧✱ ❡st✐♠❛t❡❞ ❢r♦♠ ✻
s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ❛❧♦♥❣ t❤❡ r❡❛❝❤ ♦❢ ✐♥❥❡❝t✐♦♥ ❜② ❣r✐❞✲❜②✲♥✉♠❜❡r ♣❡❜❜❧❡ ❝♦✉♥ts ✭ntot = 1200✮✱
✭✐✐✮ t❤❡ ❜❡❞ s✉❜s✉r❢❛❝❡ ♠❛t❡r✐❛❧✱ ❡st✐♠❛t❡❞ ❢r♦♠ ❛ ✈♦❧✉♠❡tr✐❝ s❛♠♣❧❡ ❝♦❧❧❡❝t❡❞ ♦♥ ❛ ❜❛r ❧♦❝❛t❡❞
✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ st✉❞② ❛r❡❛ ✭mtot = 346kg✮✱ ✭✐✐✐✮ t❤❡ ❜❡❞❧♦❛❞ ♠❛t❡r✐❛❧✱ ❡st✐♠❛t❡❞ ❢r♦♠
❜❡❞❧♦❛❞ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ st✉❞② ❛r❡❛ ❞✉r✐♥❣ ❛ ✢♦♦❞ ♦❢ ❜❛♥❦❢✉❧❧ ❞✐s❝❤❛r❣❡
✉s✐♥❣ ❛ ❍❡❧❧❡②✲❙♠✐t❤ s❛♠♣❧❡r ✭mtot = 245kg/s✮ ❛♥❞ ✭✐✈✮ t❤❡ ✐♥❥❡❝t❡❞ ♣✐t✲t❛❣s ✭n = 450✮ ✇✐t❤
❝♦rr❡s♣♦♥❞✐♥❣ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ✭D50✮✱ t❤❡ ❜❡❞ s✉❜s✉r❢❛❝❡ ✭D50s✮✱ t❤❡ ❜❡❞❧♦❛❞
✭D50b ✮✱ t❤❡ ♣✐t✲t❛❣s ✭D50p✮✳

✺✳✸✳✶✳✷ ❚r❛❝❡r ❞❡t❡❝t✐♦♥

❚❤❡ ❘❛❞✐♦ ❋r❡q✉❡♥❝② ■❞❡♥t✐✜❝❛t✐♦♥ ✭❘❋■❉✮ t❡❝❤♥♦❧♦❣② ❡♥❛❜❧❡s t♦ ❞❡t❡❝t tr❛❝❡rs✱ ✉s✐♥❣ ❛ ❛♥t❡♥♥❛
♦❢ 1.2m ❧♦♥❣ ❛♥❞ 0.5m ✇✐❞t❤ ❝♦♥♥❡❝t❡❞ t♦ ❛ ❘❋■❉ r❡❛❞❡r✱ ❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ❈■P❆▼ ❈♦r♣♦r❛✲
t✐♦♥✳ ❚❤❡ r❡❛❞✐♥❣ ❞✐st❛♥❝❡ ♦❢ t❤✐s r❡❝t❛♥❣✉❧❛r ❛♥t❡♥♥❛ ❛❧❧♦✇❡❞ t♦ ❞❡t❡❝t tr❛❝❡rs ♦✈❡r ❛ s❡❝t✐♦♥
♦❢ 1.5m ✇✐❞t❤ ❛♥❞ ❛♥ ❛✐r t❤✐❝❦♥❡ss ♦❢ 0.9m✳ ❚❤❡ ❝♦♥tr♦❧ ❜♦① ♦❢ t❤❡ ❘❋■❉ r❡❛❞❡r ✇❛s ❝♦♥♥❡❝t❡❞
t♦ ❛ ❝♦♠♣✉t❡r r❡❝♦r❞✐♥❣ t❤❡ tr❛❝❡rs ■❉s ✇✐t❤ t❤❡ ❞❛t❡ ❛♥❞ t✐♠❡ ♦❢ t❤❡✐r ❞❡t❡❝t✐♦♥✱ ✉s✐♥❣ t❤❡
❈♦♠❚♦♦❧s s♦❢t✇❛r❡ ✭❱✷✳✹✳✹✳✵✮✳ ❚❤❡ ❡❧❡❝tr♦♥✐❝ ❞❡✈✐❝❡s ✇❡r❡ ♣❧❛❝❡❞ ♦♥ ❛ ❜♦❛r❞ tr❛✈❡rs❡❞ ❜② ❛
st❡❡❧ ♣✐♥ ✜①❡❞ t♦ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ ❛♥t❡♥♥❛ ✐♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ ❜♦❛r❞ ✈❡rt✐❝❛❧ t♦ t❤❡ ❛♥t❡♥♥❛
r❡❣❛r❞❧❡ss t♦ t❤❡ ❞❡♣t❤s✳ ❚❤❡ ❛♥t❡♥♥❛ ♦❢ ❛ ❝❡♥t✐♠❡t❡r ❛❝❝✉r❛❝② ❞✐✛❡r❡♥t✐❛❧ ●P❙ ✭❉●P❙✮ s❡t
✐♥ tr❛❝❦✐♥❣ ♠♦❞❡ ✇❛s ✜①❡❞ ❛t t❤❡ t♦♣ ♦❢ t❤❡ st❡❡❧ ♣✐♥ t♦ r❡❝♦r❞ ❡✈❡r② s❡❝♦♥❞ t❤❡ ♣♦s✐t✐♦♥ ♦❢
t❤❡ ❞❡t❡❝t✐♦♥ ❛♥t❡♥♥❛✳ ❚❤❡ tr❛❝❡r ❝♦♦r❞✐♥❛t❡s ❛r❡ ❞❡t❡r♠✐♥❡❞ ❞✉r✐♥❣ ♣♦st✲♣r♦❝❡ss✐♥❣ ❜② t✐♠❡
s②♥❝❤r♦♥✐③✐♥❣ t❤❡ ❝♦♠♣✉t❡r r❡❝♦r❞s ❛♥❞ ●P❙ tr❛❝❦s ✇✐t❤ ♦♥❡ s❡❝♦♥❞ ❛❝❝✉r❛❝②✱ ✉s✐♥❣ t❤❡ ▼❛t❧❛❜
s♦❢t✇❛r❡ ✭❘✷✵✶✽❛✮✳ ❚❤❡ ❝♦♦r❞✐♥❛t❡s ♦❢ tr❛❝❡rs r❡❝♦✈❡r❡❞ ♠✉❧t✐♣❧❡ t✐♠❡s ❞✉r✐♥❣ ❛ s✉r✈❡②✱ ✇❡r❡
❛✉t♦♠❛t✐❝❛❧❧② ❛✈❡r❛❣❡❞✱ ✐♥ ♦r❞❡r t♦ ✐♠♣r♦✈❡ t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ tr❛❝❡rs ❧♦❝❛❧✐③❛t✐♦♥✳ ❚❤✐s ♦r✐❣✲
✐♥❛❧ s❡t✉♣ ✭❋✐❣✉r❡ ✺✳✶✮ ❛❧❧♦✇❡❞ t♦ ✭✐✮ r❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ♦♣❡r❛t♦rs ✭♥♦ ♥❡❡❞ t♦ ❤❛♥❞ ✇r✐t❡
tr❛❝❡rs ■❉ ❛♥❞ ●P❙ ♣♦s✐t✐♦♥s✮✱ r❡❞✉❝❡ ♣❤②s✐❝❛❧ ❡✛♦rt ✭♥♦ ♥❡❡❞ t♦ ❝❛rr② ❤❡❛✈② ❡q✉✐♣♠❡♥t✮✱ ✭✐✐✐✮
r❡❞✉❝❡ t❤❡ t✐♠❡ ♦❢ ♣♦st✲♣r♦❝❡ss✐♥❣ ✭♥♦ tr❛♥s❝r✐♣t✐♦♥ ♦❢ ✜❡❧❞ ❞❛t❛✮ ❛♥❞ ✭✐✈✮ ✐♥❝r❡❛s❡ t❤❡ ❤♦r✐③♦♥t❛❧
♣r❡❝✐s✐♦♥ ♦❢ t❤❡ tr❛❝❡r ❧♦❝❛❧✐③❛t✐♦♥ ✭♥♦ ❞✐s❝r❡♣❛♥❝② ❜❡t✇❡❡♥ ❛♥t❡♥♥❛ ❛♥❞ ●P❙ ♣♦s✐t✐♦♥✮✱ ✇❤✐❝❤
✐s ❡st✐♠❛t❡❞ ❛t 3m ✐♥ ❳❨✳
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❚❤❡ tr❛❝❡rs ♠✐ss✐♥❣ ❛t S0 ❜✉t r❡❝♦✈❡r❡❞ ❛t S1 ✇❡r❡ s❡t ❜② ❞❡❢❛✉❧t ❛t ✐♥❥❡❝t✐♦♥ ♣♦s✐t✐♦♥✱ ❝♦♥s✐❞✲
❡r✐♥❣ t❤❛t t❤❡② r❡♠❛✐♥❡❞ ✐♠♠♦❜✐❧❡ ❛❢t❡r ✐♥❥❡❝t✐♦♥ ❛♥❞ ✇❡r❡ ♥♦t ❢♦✉♥❞ ❜❡❝❛✉s❡ ♦❢ ❤✐❞✐♥❣ ❡✛❡❝ts✳
❚❤❡ tr❛❝❡rs ❤❛✈✐♥❣ tr❛✈❡❧ ❞✐st❛♥❝❡s ♦❢ ❧❡ss t❤❛♥ 5m ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ❛s ✐♠♠♦❜✐❧❡✱ ❛❝❝♦r❞✐♥❣ t♦
❣❡♦❧♦❝❛t✐♦♥ ❛❝❝✉r❛❝②✱ ❛s ✇❡❧❧ ❛s tr❛❝❡rs r❡❝♦✈❡r❡❞ ❛t ❧❡ss t❤❛♥ 15m ❢r♦♠ tr❛♥s❡❝t ♦❢ ✐♥❥❡❝t✐♦♥✳
❚❤❡ ♠❡❛♥ ❞✐st❛♥❝❡ Lk,Pn tr❛✈❡❧❡❞ ❜② ❡❛❝❤ s✐③❡ ❝❧❛ss k ✇❛s ❝♦♠♣✉t❡❞ ✐♥ ♦r❞❡r t♦ ✐❞❡♥t✐❢② ✐❢ t❤❡
♠♦❞❡ ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❛s r❛t❤❡r ♣❛rt✐❛❧ ♦r ❢✉❧❧ ❞✉r✐♥❣ Pn✳

Lk,Pn
=

∑

Li,Pn

ni
✭✺✳✶✷✮

✇❡r❡ Li,Pn ✐s t❤❡ ❞✐st❛♥❝❡ tr❛✈❡❧❧❡❞ ❜② ❛ ♠♦❜✐❧❡ tr❛❝❡r i ❢r♦♠ s✐③❡ ❝❧❛ss k ❞✉r✐♥❣ Pn ❛♥❞ ni ✐s
t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ♠♦❜✐❧❡ tr❛❝❡rs ❢r♦♠ t❤✐s s✐③❡ ❝❧❛ss ❢♦✉♥❞❡❞ ✐♥ ❜♦t❤ Sn−1 ❛♥❞ Sn✳ ❚❤❡ tr❛✈❡❧
❞✐st❛♥❝❡ Li,Pn

❛♥❞ s✐③❡ Di ♦❢ ❡❛❝❤ ♠♦❜✐❧❡ tr❛❝❡rs i ✇❡r❡ s❝❛❧❡❞ ✭❡q✉❛t✐♦♥ ✺✳✶✸ ❛♥❞ ✺✳✶✹✮✱ ✐♥ ♦r❞❡r
t♦ ❝♦♠♣❛r❡ t❤❡ r❡❧❛t✐✈❡ tr❛✈❡❧ ❞✐st❛♥❝❡ ♦❢ tr❛❝❡rs ❢r♦♠ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r t♦ tr❛❝❡rs ❢r♦♠ ♦t❤❡r
st✉❞✐❡s ❈❤✉r❝❤ ❛♥❞ ❍❛ss❛♥ ✭✶✾✾✷✮✳

L∗
i,Pn

=
Li,Pn

LkD50,Pn

✭✺✳✶✸✮

D∗
i =

Di

D50s
✭✺✳✶✹✮

✇❡r❡ L∗
i,Pn ✐s t❤❡ s❝❛❧❡❞ tr❛✈❡❧❡❞ ❞✐st❛♥❝❡✱ D∗

i ✐s t❤❡ s❝❛❧❡❞ tr❛❝❡r s✐③❡✱ LkD50,Pn ✐s t❤❡ ♠❡❛♥
❞✐st❛♥❝❡ tr❛✈❡❧❡❞ ❜② t❤❡ s✐③❡ ❝❧❛ss k ❝♦♥t❛✐♥✐♥❣ t❤❡ ♠❡❞✐❛♥ s✉r❢❛❝❡ ❣r❛✐♥ s✐③❡ D50 ❛♥❞ D50s ✐s t❤❡
♠❡❞✐❛♥ s✉❜s✉r❢❛❝❡ ❣r❛✐♥ s✐③❡✳ ❚❤❡ D50s ✇❛s ❡st✐♠❛t❡❞ ❢r♦♠ ❛ ✈♦❧✉♠❡tr✐❝ s❛♠♣❧❡ ✭❋✐❣✉r❡ ✺✳✸✮
❝♦❧❧❡❝t❡❞ ❞✉r✐♥❣ s✉♠♠❡r ✷✵✶✽ ✭❋✐❣✉r❡ ✺✳✹✮ ♦♥ ❛ ❡♠❡r❣❡❞ ❛ ❜❛r ❧♦❝❛t❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ st✉❞②
s✐t❡✳ ❚❤❡ ♠❛ss ♦❢ t❤❡ s❛♠♣❧❡ ✭m = 346kg✮ ✇❛s s✉✣❝✐❡♥t❧② ✐♠♣♦rt❛♥t t♦ ❡①❝❡❡❞ t❤❡ ♠✐♥✐♠✉♠
s❛♠♣❧❡✲♠❛ss ✭mmw✮ s✉❣❣❡st❡❞ ❜② ❈❤✉r❝❤ ❡t ❛❧✳ ✭✶✾✽✼✮ ❛♥❞ ❝♦♠♣✉t❡❞ ❛s ❢♦❧❧♦✇✿

mmw = 2.882Dmax − 47.6 ✭✺✳✶✺✮

✇❤❡r❡ Dmax ✐s ♠❛①✐♠✉♠ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡✱ ✇❤✐❝❤ ✇❛s ❡st✐♠❛t❡❞ ❜② ❛✈❡r❛❣✐♥❣ t❤❡
❞✐❛♠❡t❡r ♦❢ t❤❡ ✸✵ ❝♦❛rs❡st ♣❛rt✐❝❧❡s ♦❜s❡r✈❡❞ ♦♥ t❤❡ s✉r❢❛❝❡ ♦❢ t❤❡ ❜❛r✳

✺✳✸✳✷ ❉✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇

❚❤❡ ❞✉r❛t✐♦♥ Ti ♦❢ t❤❡ ✢♦✇s ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt ❡❛❝❤ tr❛❝❡r i✱ ✉s❡❞ t♦ ❝♦♠♣✉t❡ t❤❡✐r ✈✐rt✉❛❧
✈❡❧♦❝✐t② ✭❡q✉❛t✐♦♥ ✺✳✾✮✱ ✇❛s ❡st✐♠❛t❡❞ ❢r♦♠ r❡s✉❧ts ♦❢ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s✱ ♣❡r❢♦r♠❡❞ ✉♥❞❡r
st❡❛❞② st❛t❡ ❝♦♥❞✐t✐♦♥s ✭◗ r❛♥❣✐♥❣ ❢r♦♠ 50 t♦ 500m3/s ❛t 10m3/s ✐♥t❡r✈❛❧s✮ ✇✐t❤♦✉t ❜❡❞❧♦❛❞
tr❛♥s♣♦rt✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ ✉s✐♥❣ ✷❉ ❤②❞r❛✉❧✐❝ st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s t♦ ♣r♦❞✉❝❡ ❜❡❞ s❤❡❛r str❡ss
♠❛♣s r❡❧❛t❡❞ t♦ ❛♥ ✐♥✢♦✇ ❞✐s❝❤❛r❣❡ ✈❛❧✉❡ st❡♠s ❢r♦♠ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❛s♦♥s✿ ✭✐✮ ✐t ✐s ❛ r❡❛s♦♥❛❜❧❡
❤②♣♦t❤❡s✐s ❣✐✈❡♥ t❤❡ ❧♦✇ t❡♠♣♦r❛❧ ✈❛r✐❛❜✐❧✐t② ♦❢ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ q✉❛♥t✐t✐❡s ♦❢ ✐♥t❡r❡st✱ ♦✈❡r
❛ s❤♦rt r✐✈❡r r❡❛❝❤❀ ✭✐✐✮ t♦ s❛✈❡ ❝♦♠♣✉t❛t✐♦♥❛❧ t✐♠❡ ❛♥❞ st♦r❛❣❡ s✐♥❝❡ ✇r✐t✐♥❣ s✉❝❤ ♦✉t♣✉t ❝♦✉❧❞
❜❡ ❤❡❛✈② ❛♥❞ r❡q✉✐r❡ s♦❢t✇❛r❡ ♠♦❞✐✜❝❛t✐♦♥s❀ ✭✐✐✐✮ ♦✈❡r❛❧❧✱ ✇❡ ❜❡❧✐❡✈❡ ✐t ♠❛❦❡s ♦✉r ♠❡t❤♦❞ ♠♦r❡
❡❛s✐❧② tr❛♥s♣♦s❛❜❧❡ t♦ ♦t❤❡r ③♦♥❡s ✇✐t❤ ❛ ❧✐♠✐t❡❞ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧✐♥❣ ❡✛♦rt✳

❚❤❡ ❢♦❧❧♦✇✐♥❣ s✉❜s❡❝t✐♦♥s ❞❡s❝r✐❜❡ ✭✐✮ t❤❡ ❡♠♣❧♦②❡❞ ♠♦❞❡❧✐♥❣ s②st❡♠✱ ✭✐✐✮ t❤❡ ❝♦♥str✉❝t✐♦♥
❛♥❞ ♣❛r❛♠❡tr✐③❛t✐♦♥ ♦❢ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ✉s❡❞ t♦ ❡st✐♠❛t❡ ❤②❞r♦❞②♥❛♠✐❝s ❝♦♥❞✐t✐♦♥
❛❧♦♥❣ t❤❡ st✉❞② r❡❛❝❤ ❛♥❞ ✭✐✐✐✮ t❤❡ ♠❡t❤♦❞♦❧♦❣② ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣❡t❡♥t
✢♦✇✳

✶✸✶



✺✳✸✳✷✳✶ ◆✉♠❡r✐❝❛❧ ♠♦❞❡❧ ❞❡s❝r✐♣t✐♦♥

◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ❤②❞r❛✉❧✐❝ s♦❧✈❡r ❚❡❧❡♠❛❝✲✷❉✱ ✐♥t❡r♥❛❧❧② ❝♦✉♣❧❡❞
t♦ t❤❡ ♠♦r♣❤♦❞②♥❛♠✐❝ ♠♦❞✉❧❡ ❙✐s②♣❤❡ ♦❢ t❤❡ ❚❊▲❊▼❆❈✲▼❆❙❈❆❘❊❚ ♠♦❞❡❧✐♥❣ s②st❡♠✳ ❚❤✐s
♠♦❞❡❧✐♥❣ s②st❡♠ ✐s ❛♥ ♦♣❡♥✲s♦✉r❝❡ ✇❡❧❧✲t❡st❡❞ ❛♥❞ ✇✐❞❡❧②✲✉s❡❞ s♦❢t✇❛r❡ ❡♠♣❧♦②❡❞ ✐♥ ♠❛♥② ✜❡❧❞s
♦❢ ❛♣♣❧✐❝❛t✐♦♥✱ t❤❛t ✐s ❞❡✈❡❧♦♣❡❞ ❜② t❤❡ ❋r❡♥❝❤ ❊❧❡❝tr✐❝✐t② ❇♦❛r❞ ✭❊❉❋✮✳ ❆❧❧ ♠♦❞✉❧❡s ♦❢ t❤✐s
s✉✐t❡ ♦❢ s♦❧✈❡rs ❡♥❛❜❧❡ ♣❛r❛❧❧❡❧ ❝♦♠♣✉t❛t✐♦♥s ♦♥ ✉♥str✉❝t✉r❡❞ ♠❡s❤❡s ✇✐t❤ ✜♥✐t❡✲❡❧❡♠❡♥t ♦r ✜♥✐t❡
✈♦❧✉♠❡ ❛❧❣♦r✐t❤♠s ✭❍❡r✈♦✉❡t✱ ✷✵✵✼✮✳ ❚❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ✭✷❉ s❤❛❧❧♦✇ ✇❛t❡r
❡q✉❛t✐♦♥s✮ ❛♥❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✭❜❡❞ s❤❡❛r str❡ss ♣❛rt✐t✐♦♥✐♥❣✮ ♠♦❞✉❧❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ t❤❡
❞✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇s ❛r❡ ❞❡s❝r✐❜❡❞ ❜❡❧♦✇✳

❍②❞r♦❞②♥❛♠✐❝ ♠♦❞✉❧❡

❚❡❧❡♠❛❝✲✷❉ ♠♦❞❡❧ s♦❧✈❡s t❤❡ s❤❛❧❧♦✇ ✇❛t❡r ❡q✉❛t✐♦♥s ✭❙❲❊✮ ✐♥ t❤❡✐r ❝♦♥s❡r✈❛t✐✈❡ ❢♦r♠s ✭♠♦✲
♠❡♥t✉♠ ❛♥❞ ❝♦♥t✐♥✉✐t②✮ ✇❤✐❝❤ ❛r❡ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ ❢✉❧❧ ✸❉ ◆❛✈✐❡r✲❙t♦❦❡s ❡q✉❛t✐♦♥s ✭❱✐❧❧❛r❡t
❡t ❛❧✳✱ ✷✵✶✸❀ ❆♥❝❡②✱ ✷✵✶✻❀ ❉✐♥❣♠❛♥✱ ✶✾✽✹✮✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s ✇❡r❡ s✐♠♣❧✐✜❡❞ ✐♥ t❤❡ ✈❡rt✐❝❛❧ ❞✐✲
r❡❝t✐♦♥ ❛ss✉♠✐♥❣ ❤②❞r♦st❛t✐❝ ♣r❡ss✉r❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ ♥❡❣❧✐❣✐❜❧❡ ✈❡rt✐❝❛❧ ❛❝❝❡❧❡r❛t✐♦♥ ✇❤❡r❡✐♥
t✉r❜✉❧❡♥❝❡ ❡✛❡❝ts ❛r❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ✉s✐♥❣ ❛ ❝♦♥st❛♥t ✈✐s❝♦s✐t② ♠♦❞❡❧✳ ❚❤❡ ✜rst t❡r♠ ♦♥ t❤❡
r✐❣❤t ❤❛♥❞✲s✐❞❡ ♦❢ t❤❡ t✇♦ ❡q✉❛t✐♦♥s ♦❢ ♠♦♠❡♥t✉♠ ✐s t❤❡ ♣r❡ss✉r❡ ❣r❛❞✐❡♥t✱ t❤❡ s❡❝♦♥❞ ✐s t❤❡
❜♦tt♦♠ ❢r✐❝t✐♦♥✱ ❛♥❞ t❤❡ t❤✐r❞ ✐s t❤❡ ❤♦r✐③♦♥t❛❧ ❞✐✛✉s✐♦♥✳

∂H

∂t
+

∂✭UH)

∂x
+

∂✭V H)

∂y
= 0 ✭✺✳✶✻✮

∂U

∂t
+ U

∂U

∂x
+ V

∂U

∂y
= −g

∂Zs

∂x
+

τx
h

+
1

h
div(hν.grad(U)) ✭✺✳✶✼✮

∂V

∂t
+ U

∂V

∂x
+ V

∂V

∂y
= −g

∂Zs

∂y
+

τy
h

+
1

h
div(hν.grad(V )) ✭✺✳✶✽✮

✇❤❡r❡ ❤ ✐s t❤❡ ✇❛t❡r ❞❡♣t❤ ✭♠✮✱ ❯ ❛♥❞ ❱ ❛r❡ ❤♦r✐③♦♥t❛❧ ❞❡♣t❤ ❛✈❡r❛❣❡❞ ✈❡❧♦❝✐t② ❝♦♠♣♦♥❡♥ts
✭m/s✮✱ ❣ ✐s t❤❡ ❣r❛✈✐t② ❛❝❝❡❧❡r❛t✐♦♥ ✭m/s2✮✱ Zs ✐s t❤❡ ❢r❡❡ s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ✭♠✮✱ t ✐s t❤❡ t✐♠❡ ✭s✮✱
① ❛♥❞ ② ❛r❡ ❤♦r✐③♦♥t❛❧ s♣❛❝❡ ❝♦♦r❞✐♥❛t❡s ✭♠✮✱ ν ✐s t❤❡ ❞❡♣t❤✲❛✈❡r❛❣❡❞ ❡❞❞② ✈✐s❝♦s✐t② ✭m2/s✮ ❛♥❞
τx ✭r❡s♣✳ τy✮ ✐s t❤❡ ❜❡❞ s❤❡❛r str❡ss ✭N/m2✮ ❛❧♦♥❣ t❤❡ ❈❛rt❡s✐❛♥ x✲❛①✐s ✭r❡s♣✳ y✲❛①✐s✮ ❛s✿

τb =
√

τ2x + τ2y =

√

(

1

2
ρCfU2

)

+

(

1

2
ρCfV 2

)

✭✺✳✶✾✮

✇❤❡r❡ ρ ✐s t❤❡ ✇❛t❡r ❞❡♥s✐t② ✭kg/m3✮ ❛♥❞ Cf ✐s ❛ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛❞r❛t✐❝ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t
❝❛❧❝✉❧❛t❡❞ ❛s

Cf =
2g

K2
sh

1/3
✭✺✳✷✵✮

✇❤❡r❡ Ks (x, y) ✐s t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥t ✭m1/3/s✮ t❤❛t ❣❡♥❡r❛❧❧② ♥❡❡❞s t♦ ❜❡ ❝❛❧✐❜r❛t❡❞ t♦ ✜t
✢♦✇ ♦❜s❡r✈❛t✐♦♥s✳ ❚❤✐s ❤②❞r❛✉❧✐❝ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐s ❝♦♥s✐❞❡r❡❞✱ s♣❛t✐❛❧✐③❡❞ ✇❤✐❝❤ ✐s ❛✛♦r❞❛❜❧❡
✇✐t❤ ♦✉r ❞❡♥s❡ ❞❛t❛s❡t✱ ✐♥ ♦r❞❡r t♦ ✜♥❡❧② ❝♦♠♣❡♥s❛t❡ ❞❛t❛✲♠♦❞❡❧ ❡rr♦rs✳

✶✸✷



▼♦r♣❤♦❞②♥❛♠✐❝ ♠♦❞✉❧❡

❙✐s②♣❤❡ ♠♦❞❡❧ ❝♦rr❡❝ts t❤❡ t♦t❛❧ ❜❡❞ s❤❡❛r str❡ss τb ✭N/m2✮ ✐ss✉❡❞ ❢r♦♠ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ♠♦❞❡❧
✭❡q✉❛t✐♦♥ ✺✳✶✾✮ ✉s✐♥❣ ❛ ❢❛❝t♦r µ t♦ ❡①♣r❡ss t❤❡ ❣r❛✐♥ s❤❡❛r str❡ss τ ′ ✭N/m2✮✱ ✇❤✐❝❤ ✐s t❤❡ ♦♥❧②
❝♦♠♣♦♥❡♥t ❛❝t✐♥❣ ♦♥ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✭▼❡♥❞♦③❛ ❡t ❛❧✳✱ ✷✵✶✼✮✿

τ ′ = µτb ✭✺✳✷✶✮

✇❤❡r❡ t❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r µ = C✬f/Cf ❝♦rr❡s♣♦♥❞s t♦ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t Cf

✐ss✉❡ ❢r♦♠ ❤②❞r♦❞②♥❛♠✐❝ ♠♦❞❡❧ ❛♥❞ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t C ′
f ♦♥❧② ❞✉❡ t♦ t❤❡ ❣r❛✐♥ ❢r✐❝t✐♦♥ ❛s✿

C ′
f = 2

(

κ

log(12h/h′

s)

)2

✭✺✳✷✷✮

✇❤❡r❡ κ ✐s t❤❡ ✈♦♥ ❑❛r♠❛♥ ❝♦❡✣❝✐❡♥t✱ h t❤❡ ✇❛t❡r ❧❡✈❡❧ ✭♠✮ ❛♥❞ h
′

s t❤❡ r♦✉❣❤♥❡ss ❤❡✐❣❤t ✭♠✮
❞❡✜♥❡❞ ❛s✿

h
′

s = αh′

s
d50 ✭✺✳✷✸✮

✇❤❡r❡ αh′

s
✐s ❛ ❝❛❧✐❜r❛t✐♦♥ ♣❛r❛♠❡t❡r ✭✸ ❜② ❞❡❢❛✉❧t❀ ❚❛ss✐ ❛♥❞ ❱✐❧❧❛r❡t ✷✵✶✹✮ ❛♥❞ d50 ✭♠✮ ✐s t❤❡

s❡❞✐♠❡♥t ♠❡❛♥ ❞✐❛♠❡t❡r✳ ❚❤✐s ♣❛r❛♠❡t❡r ♦❢ ❝❛❧✐❜r❛t✐♦♥ ✈❛r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢
❜❡❞❢♦r♠s✱ ▼❡♥❞♦③❛ ❡t ❛❧✳ ✭✷✵✶✼✮ ❢♦✉♥❞ αh′

s
= 37 ❢♦r ❞✉♥❡s ❛♥❞ αh′

s
= 3.6 ❢♦r ❜❛rs✳

✺✳✸✳✷✳✷ ◆✉♠❡r✐❝❛❧ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ❝♦♥str✉❝t✐♦♥ ❛♥❞ ❝❛❧✐❜r❛t✐♦♥

❚❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ Mf,p ✉s❡❞ ✐♥ t❤✐s st✉❞② ✐s ❛ s✉❜♠♦❞❡❧ ✭❋✐❣✉r❡ ✺✳✶✮ ♦❢ ❛ ✷❉ ❤②❞r♦✲
s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ♦❢ t❤❡ st✉❞② s✐t❡ M✱ ❜✉✐❧t ❜② P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮ ❢r♦♠ ❛♥ ❛❝❝✉r❛t❡ ❞✐❣✐t❛❧
❡❧❡✈❛t✐♦♥ ♠♦❞❡❧ ✭▲✐❞❛r ❉❊▼ ❢r♦♠ ✷✵✶✽✮ ❛♥❞ ❝❛❧✐❜r❛t❡❞ ♦✈❡r t❤❡ ❤✐❣❤❡st ✢♦♦❞ ❡✈❡♥ts ♦❜s❡r✈❡❞
✐♥ ✷✵✶✽ ✭Q = 300m3/s✮✱ ✉s✐♥❣ ❛ ❧❛r❣❡ ✜❡❧❞ ❞❛t❛s❡t✳ ❚❤✐s s✉❜♠♦❞❡❧ Mf,p✱ ✇❤✐❧❡ ❤❛✈✐♥❣ ❛ s✐♠✐❧❛r
r❡s♦❧✉t✐♦♥ ✐♥ t❡r♠s ♦❢ ♠❡s❤ ❝❡❧❧s s✐③❡ t❤❛♥ t❤❡ ❧❛r❣❡ ❡①t❡♥t ♠♦❞❡❧ M✱ ❡♥❛❜❧❡s t♦ s❛✈❡ ❝♦♠♣✉t❛✲
t✐♦♥❛❧ r❡s♦✉r❝❡s✳

❚❤❡ s♣❛t✐❛❧❧② ❞✐str✐❜✉t❡❞ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ♦❢M ✇❡r❡ ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ r❡❧❛t✐✈❡❧② ❞❡♥s❡ ✇❛t❡r
s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ t✐♠❡ s❡r✐❡s r❡❝♦r❞❡❞ ❜② ✶✷ ❧✐♠♥✐♠❡t❡rs ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ 12km ❧♦♥❣ r✐✈❡r
r❡❛❝❤✱ ❛♥❞ ❞✐s❝❤❛r❣❡ ❣❛✉❣✐♥❣ ❝❛rr✐❡❞ ♦✉t ✐♥ t❤❡ ❜②♣❛ss ❝❤❛♥♥❡❧✳ ❚❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝r✐t✐❝❛❧ ❜❡❞
s❤❡❛r str❡ss ❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥ ✇❛s ❝❛❧✐❜r❛t❡❞ ❜② P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮ ❢r♦♠ ✢♦✇ ❝♦♠♣❡t❡♥❝❡✱
❡st✐♠❛t❡❞ ❞✉r✐♥❣ t❤❡ ❤✐❣❤❡st ✢♦♦❞ ❡✈❡♥t ♦❜s❡r✈❡❞ ✐♥ ✷✵✶✽✱ ✉s✐♥❣ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❛♥❞ ♣✐t✲
t❛❣s✳ ❚❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❡q✉❛t✐♦♥s ✇❡r❡ s❡❧❡❝t❡❞ ❛♥❞ ❝❛❧✐❜r❛t❡❞ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮
✉s✐♥❣ ✐♥ s✐t✉ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ ❛ ♠♦❞❡r❛t❡ ✢♦♦❞ ❡✈❡♥t✱ t❤❛t ♦❝❝✉rr❡❞ ✐♥
▼❛r❝❤ ✷✵✷✵✳

▼♦❞❡❧ ❝♦♥str✉❝t✐♦♥

❚❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧ M ♣r❡✈✐♦✉s❧② ❜✉✐❧t ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮ ❛❧♦♥❣ t❤❡
❡♥t✐r❡ st✉❞② s✐t❡ ✇❛s r❡❞✉❝❡❞ ❢♦r Mf,p s✉❜♠♦❞❡❧ t♦ t❤❡ ✉♣str❡❛♠ ♣❛rt ♦❢ t❤❡ r❡s❡r✈❡✱ ❜❡t✇❡❡♥
❈❤❛r♠❡s ❛♥❞ ▼❛♥❣♦♥✈✐❧❧❡✱ ❛❣❛✐♥✱ t♦ r❡❞✉❝❡ ❝♦♠♣✉t❛t✐♦♥❛❧ t✐♠❡s ✭❋✐❣✉r❡ ✺✳✶✮✳ ❚❤❡ s✉❜♠♦❞❡❧
❞♦✇♥str❡❛♠ ❧✐♠✐t ✇❛s ♣❧❛❝❡❞ ❜❡t✇❡❡♥ t❤❡ ❜r✐❞❣❡ ❛♥❞ t❤❡ ♠❡❛♥❞❡r ❝✉t♦✛✱ ✇❤❡r❡ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r
✐s ♥♦t ❜②♣❛ss❡❞ ❜② s❡❝♦♥❞❛r② ❝❤❛♥♥❡❧s✱ t♦ ❛✈♦✐❞ s❡tt✐♥❣ ♠✉❧t✐♣❧❡ ❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐✲
t✐♦♥s✳ ❚❤❡ ❧❛t❡r❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤✐s s✉❜♠♦❞❡❧ ❢♦❧❧♦✇s t❤❡ ❧✐♠✐ts ♦❢ t❤❡ ♣r❡✈✐♦✉s ♠♦❞❡❧✱ ❢r♦♠ t❤❡
❤✐❧❧ s✉♠♠✐ts t♦ t❤❡ ❝❛♥❛❧ ❞✐❦❡s✱ s✐♥❝❡ s✐♠✉❧❛t❡❞ ✐♥✉♥❞❛t✐♦♥ ❡①t❡♥t ✐s ❝♦♥t❛✐♥❡❞ ✇✐t❤✐♥ t❤✐s ❛r❡❛✳
❚❤❡ s✉❜♠♦❞❡❧ ❞♦♠❛✐♥✱ ❝♦✈❡r✐♥❣ ❛ ✶✶ ❦♠✲❧♦♥❣ s❡❝t✐♦♥ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✱ ✇❛s ❞✐s❝r❡t✐③❡❞ ✐♥t♦ ❛
❝♦♠♣✉t❛t✐♦♥❛❧ ❣r✐❞ ❝♦♠♣♦s❡❞ ♦❢ ✻✺✸✼✻✼ tr✐❛♥❣✉❧❛r ❡❧❡♠❡♥ts ❛♥❞ ✸✷✽✷✼✽ ♥♦❞❡s ❣❡♥❡r❛t❡❞ ✉s✐♥❣

✶✸✸



❇❧✉❡❦❡♥✉❡ s♦❢t✇❛r❡✳ ❚❤✐s ❣r✐❞ ✐s ❝♦♠♣♦s❡❞ ♦❢ str✉❝t✉r❡❞ s✉❜♠❡s❤❡s ❧♦❝❛t❡❞ ✐♥t♦ t❤❡ r✐✈❡r❜❡❞ ❛♥❞
✉♥str✉❝t✉r❡❞ ♠❡s❤ ❧♦❝❛t❡❞ ✐♥t♦ t❤❡ ✢♦♦❞♣❧❛✐♥ ✇✐t❤ ♠❡s❤ s✐③❡s ♦❢ 3.5m ❛♥❞ 5m✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡
s✐③❡ ♦❢ t❤❡ ♠❡s❤ ✇❛s ❧♦❝❛❧❧② r❡✜♥❡❞ ❛t ❞✐✤✉❡♥❝❡s ❛♥❞ ❝♦♥✢✉❡♥❝❡s ♦r ✐♥ ♥❛rr♦✇ r✐✈❡r s❡❝t✐♦♥s s✉❝❤
❛s ✐♥ t❤❡ ❞❛♠ ❜②♣❛ss ❝❤❛♥♥❡❧ ✭2.7m✮ ♦r ✐♥ t❤❡ ❞✐✈❡rs✐♦♥ ❝❛♥❛❧ ♦❢ t❤❡ ❞❛♠ ✭2m✮✳ ❚❤❡ ♠❡s❤ ♥♦❞❡
❡❧❡✈❛t✐♦♥ ✇❡r❡ ✐♥t❡r♣♦❧❛t❡❞ ❢r♦♠ ❛❝❝✉r❛t❡ ❞✐❣✐t❛❧ ❡❧❡✈❛t✐♦♥ ♠♦❞❡❧s ✭❉❊▼s✮ ♦❢ 1m r❡s♦❧✉t✐♦♥ ❣❡♥✲
❡r❛t❡❞ ❢r♦♠ ❛✐r❜♦r♥❡ ▲✐❉❆❘ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛❝q✉✐s✐t✐♦♥✱ ❝♦♠♣❧❡t❡❞ ❜② ❜❛t❤②♠❡tr✐❝ ❝❛♠♣❛✐❣♥s
❝❛rr✐❡❞ ♦✉t ♦✈❡r ✉♥♦❜s❡r✈❛❜❧❡ ❞❡❡♣❡st ✢♦✇ ❛r❡❛s ✭❞❡♣t❤ > 2.4m✮✳ ❚❤❡ ❉❊▼ ❢r♦♠ ❙❡♣t❡♠❜❡r
✷✵✶✽ ✭A1✮ ✇❛s ✉s❡❞ t♦ ♠♦❞❡❧ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ♦❢ ♣❡r✐♦❞ P1✱ ✇❤✐❧❡ t❤❡ ❉❊▼ ❢r♦♠
❆✉❣✉st ✷✵✶✾ ✭A2✮ ✇❛s ✉s❡❞ t♦ ♠♦❞❡❧ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ♦❢ ♣❡r✐♦❞ P2✳ ❚❤✐s s✉❜♠♦❞❡❧ ❤❛s
✸ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✿ ♦♥❡ ✉♣str❡❛♠ ❛t ❈❤❛r♠❡s✱ ♦♥❡ ❧❛t❡r❛❧
❛t t❤❡ ❞✐✈❡rs✐♦♥ ❝❛♥❛❧ ♦❢ t❤❡ ❞❛♠ ❛♥❞ ♦♥❡ ❞♦✇♥str❡❛♠ ❛t ▼❛♥❣♦♥✈✐❧❧❡✳

▼♦❞❡❧ ♣❛r❛♠❡tr✐③❛t✐♦♥ ❛♥❞ ❝❛❧✐❜r❛t✐♦♥

❆t t❤❡ ✉♣str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ♦❢ s✉❜♠♦❞❡❧ Mf,p✱ ✇❡ ✐♠♣♦s❡❞ ❝♦♥st❛♥t ✐♥✢♦✇s ❞✐s❝❤❛r❣❡s
Q✱ ❢r♦♠ ✹✵ t♦ 500m3/s ❛t 10m3/s ✐♥t❡r✈❛❧s✱ ✐♥ ♦r❞❡r t♦ ❜✉✐❧❞ ❛ ❝❛t❛❧♦❣ ♦❢ ❛❧❧ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐✲
t✐♦♥s ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ♣❡r✐♦❞s ✭❋✐❣✉r❡ ✺✳✹✮✳ ❆t t❤❡ ❧❛t❡r❛❧ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥✱
✇❡ ✐♠♣♦s❡❞ ❛ ❝♦♥st❛♥t ♦✉t♣✉t ❞✐s❝❤❛r❣❡ ♦❢ 3.2m3/s ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❞✐s❝❤❛r❣❡ ♠❡❛s✉r❡❞
✐♥t♦ t❤❡ ❞✐✈❡rs✐♦♥ ❝❛♥❛❧ ♠✐♥✉s t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ ❧❛t❡r❛❧ ✐♥✢♦✇s ❢r♦♠ t❤❡ tr✐❜✉t❛r✐❡s ♦❢ t❤❡ st✉❞②
r❡❛❝❤✳ ❆t t❤❡ ❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ♦❢ s✉❜♠♦❞❡❧ Mf,p✱ ✇❡ ✐♠♣♦s❡❞ ❛ ♠♦❞❡❧ ❞❡r✐✈❡❞
r❛t✐♥❣ ❝✉r✈❡ ❜✉✐❧t ❢r♦♠ r❡s✉❧ts ♦❢ s✉❝❝❡ss✐✈❡ st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s✱ ✇❤✐❝❤ ✇❛s ♣❡r❢♦r♠❡❞ ✉s✐♥❣
t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ M ♦❢ t❤❡ ✇❤♦❧❡ st✉❞② ③♦♥❡ ❝❛❧✐❜r❛t❡❞ ❜② P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮✳
❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤✐s ❞♦✇♥str❡❛♠ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ♦♥ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ♠♦❞❡❧❧❡❞ ❛t
t❤❡ tr❛❝❡rs ❧♦❝❛t✐♦♥s ✇❛s ❛ss❡ss❡❞ ❜② ♠♦❞✐❢②✐♥❣ t❤❡ r❛t✐♥❣ ❝✉r✈❡ ❜② ±1m✳

❚❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❝❛❧✐❜r❛t❡❞ ✐♥❞❡♣❡♥❞❡♥t❧② ♦❢ t❤❡ ♠❡s❤ s✐③❡✱ ❢♦r ♠♦❞❡❧ M ✐♥ ♣r❡✈✐♦✉s
st✉❞✐❡s✱ ✇❡r❡ ♠❛♣♣❡❞ ♦♥t♦ t❤❡ s✉❜♠♦❞❡❧ Mf,p ❞♦♠❛✐♥ ✇✐t❤ ❢♦r ❞✐✛❡r❡♥t ❢r✐❝t✐♦♥ ③♦♥❡s✿ Ks := 47
m1/3/s ✐♥ t❤❡ ♠❛✐♥ ❝❤❛♥♥❡❧ r✐✈❡r❜❡❞✱ Ks := 30 m1/3/s ❛t t❤❡ ✉♣str❡❛♠ ♣❛rt ♦❢ ❜②♣❛ss ❝❤❛♥♥❡❧✱
Ks := 8 m1/3/s ❛t t❤❡ ❞♦✇♥str❡❛♠ ❢❛❝❡ ♦❢ t❤❡ ❞❛♠ ❛♥❞ Ks := 8 m1/3/s ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥✳
❚❤❡ ✈❛❧✐❞✐t② ♦❢ t❤♦s❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥ts ✭❝❛❧✐❜r❛t❡❞ ✐♥ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮ ♦♥ t❤❡ ✢♦♦❞ ❡✈❡♥t
♦❢ ✷✵✶✽✮ ✐♥ Mf,p✱ ✇❛s ✈❡r✐✜❡❞ ❢♦r ❡❛❝❤ st✉❞✐❡❞ ♣❡r✐♦❞ ✭✇✐t❤ ❞✐✛❡r❡♥t ❉❊▼ ❛♥❞ ❢r✐❝t✐♦♥ ③♦♥❡s
❞❡❧✐♠✐t❛t✐♦♥ t❤❛♥ ✐♥ ❝❛❧✐❜r❛t✐♦♥✮✳ ❇② ❝♦♠♣❛r✐♥❣ t❤❡ ❲❙❊ s✐♠✉❧❛t❡❞ ❞✉r✐♥❣ t❤❡ ❤✐❣❤❡st ✢♦♦❞
❡✈❡♥t ♦❢ ❡❛❝❤ ♣❡r✐♦❞ ✭300m3/s ❛♥❞ 470m3/s✮ t♦ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r ▲✶ ❛♥❞
▲✷ ❧♦❝❛t❡❞ ♦♥ ❡✐t❤❡r s✐❞❡s ♦❢ t❤❡ tr❛❝❡r ❧♦❝❛t✐♦♥s ✭❋✐❣✉r❡ ✺✳✶ ❜✮✳ ❚❤❡s❡ ✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥s
✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ✜♥✐t❡✲❡❧❡♠❡♥t ♥✉♠❡r✐❝❛❧ s♦❧✈❡r ♦❢ ❚❡❧❡♠❛❝✲✷❉ ✭✈❡rs✐♦♥ ✽✳✶✮ r✉♥ ♦♥ ✹✷
♣❛r❛❧❧❡❧ ♣r♦❝❡ss♦rs ✇✐t❤ ❛ ❝♦♥st❛♥t t✐♠❡✲st❡♣ ♦❢ ✵✳✺✱ ✇❤✐❝❤ ❡♥❛❜❧❡s t♦ r❡s♣❡❝t ❛ ❈❋▲ ✈❛❧✉❡ ♦❢ ✶ ✐♥
st✉❞✐❡❞ ❝❛s❡s✳ ❚❤❡ t♦t❛❧ ❜❡❞ s❤❡❛r str❡ss τ ❛♥❞ t❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r µ ✇❡r❡ ❝♦♠♣✉t❡❞ ❢♦r ❡❛❝❤
❞✐s❝❤❛r❣❡✱ ✉s✐♥❣ ❙✐s②♣❤❡ ✭✈❡rs✐♦♥ ✽♣✶✮ r✉♥ ✇✐t❤♦✉t ❜❡❞❧♦❛❞ tr❛♥s♣♦rt✱ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ s✐♠✉❧❛t✐♥❣
✉♥r❡❛❧✐st✐❝ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s✳ ❚❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ✇❛s ❞❡r✐✈❡❞ ❢r♦♠ ❛ r♦✉❣❤♥❡ss ❤❡✐❣❤t
❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✺✳✷✸✮✱ ✉s✐♥❣ t❤❡ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r D50 ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ♦❢ 30mm ✭❋✐❣✉r❡
✺✳✸✮ ❝♦♥s✐❞❡r❡❞ ❝♦♥st❛♥t ❛❧♦♥❣ t❤❡ r✐✈❡r r❡❛❝❤✱ ❛♥❞ ✇✐t❤ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♣❛r❛♠❡t❡r αh′

s
s❡t t♦ ✸

❝♦♥s✐❞❡r✐♥❣ ✢❛t ❜❡❞ ❝♦♥❞✐t✐♦♥s ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ ✭❱✐❧❧❛r❡t ❡t ❛❧✳✱ ✷✵✶✸✮✳

✺✳✸✳✷✳✸ ❉✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇

❚❤❡ ❞✉r❛t✐♦♥ Ti ♦❢ ✢♦✇ ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt ❡❛❝❤ tr❛❝❡r i ✇❛s ❝♦♠♣✉t❡❞ ❜② ✐♥t❡❣r❛t✐♥❣ t❤❡
t✐♠❡ t>Qc,i❞✉r✐♥❣ ✇❤✐❝❤ t❤❡ r✐✈❡r ❞✐s❝❤❛r❣❡ Q ✇❛s ❣r❡❛t❡r ♦r ❡q✉❛❧ t♦ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ Qc,i

❢♦r t❤❡ tr❛❝❡r i ♠♦t✐♦♥✳ ❆s ❡①♣❧❛✐♥❡❞ ❜❡❧♦✇✱ ❜♦t❤ Q ❛♥❞ Qc,i ✇❡r❡ ❡st✐♠❛t❡❞ ❢r♦♠ r❡s✉❧ts ♦❢
♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ❜✉✐❧t ❛❧♦♥❣ t❤❡ st✉❞② r❡❛❝❤✳

✶✸✹





❈r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r tr❛❝❡rs ♠♦t✐♦♥

❋♦r ❡❛❝❤ tr❛❝❡r i✱ ❛t ✐ts Xi,Sn, Yi,Sn ✭❋✐❣✉r❡ ✺✳✺✮ ♣♦s✐t✐♦♥ ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ❡❛❝❤ st✉❞② ♣❡r✐♦❞
❞❡✜♥❡❞ ❛❜♦✈❡✱ t❤❡ ❝❛t❛❧♦❣ ♦❢ ♠♦❞❡❧ ♦✉t♣✉ts ❢♦r ❞✐✛❡r❡♥t ✐♥✢♦✇ ❞✐s❝❤❛r❣❡ Qi ❞❡✜♥❡❞ ✐♥ s❡❝t✐♦♥
✺✳✸✳✷✳✷✱ ❡♥❛❜❧❡s t♦ ❡st✐♠❛t❡ ❛♥ ❛rr❛② ♦❢ ❝♦rr❡s♣♦♥❞✐♥❣ ❧♦❝❛❧ ❣r❛✐♥ s❤❡❛r str❡ss τ ′(Xi,Sn, Yi,Sn, Qi) =
µτb(Xi,Sn, Yi,Sn, Qi) = f (U, V, h;Xi,Sn, Yi,Sn, Qi)✳ ❍❡♥❝❡✱ ❛ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ τ ′i ❛♥❞ Qi ❝❛♥ ❜❡
❜✉✐❧t✱ ❜② ❡①tr❛❝t✐♥❣ τ ′i ❢r♦♠ ❡❛❝❤ r❡s✉❧ts ♦❢ st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s✳ ❚❤❡s❡ r❡❧❛t✐♦♥s ✇❡r❡ ❜✉✐❧t
❢r♦♠ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❜❛s❡❞ ♦♥ t❤❡ ❉❊▼ ♦❢ ✷✵✶✽ ✭A1✮ ❢♦r tr❛❝❡rs ❧♦❝❛t❡❞ ❛t S0 ❛♥❞ ❢r♦♠ s✐♠✲
✉❧❛t✐♦♥ r❡s✉❧ts ❜❛s❡❞ ♦♥ t❤❡ ❉❊▼ ♦❢ ✷✵✶✾ ✭A2✮ ❢♦r tr❛❝❡rs ❧♦❝❛t❡❞ ❛t S1 ❛♥❞ S2✱ ✐♥ ♦r❞❡r t♦
t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ r✐✈❡r ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s✳ ❋r♦♠ ❡❛❝❤ τ ′i − Q r❡❧❛t✐♦♥ ❛ss♦❝✐❛t❡❞ t♦
❡❛❝❤ tr❛❝❡r i✱ ❛ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ Qc,i ✇❛s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❛ ❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥ t♦ ❞❡t❡r♠✐♥❡
t❤❡ ❞✐s❝❤❛r❣❡ Q ❛t ✇❤✐❝❤✱ t❤❡ ❝r✐t✐❝❛❧ ❣r❛✐♥ s❤❡❛r str❡ss τ ′cr,i ❢♦r t❤❡ tr❛❝❡r i ♠♦t✐♦♥ ✐s r❡❛❝❤❡❞✳
❚❤✐s ❝r✐t✐❝❛❧ t❤r❡s❤♦❧❞ ✇❛s ❝♦♠♣✉t❡❞ ❛s ❢♦❧❧♦✇s✿

τ ′cr,i = θcr,ig (ρs − ρ)Di ✭✺✳✷✹✮

✇❤❡r❡ τ ′cr,i ✐s t❤❡ ❝r✐t✐❝❛❧ ❣r❛✐♥ s❤❡❛r str❡ss ❢♦r tr❛❝❡r ♠♦t✐♦♥✱ g ✐s t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❛❝❝❡❧❡r❛t✐♦♥✱
Di ✐s t❤❡ s✐③❡ ♦❢ t❤❡ tr❛❝❡r✱ ρ ❛♥❞ ρs ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ ✢✉✐❞ ❛♥❞ s❡❞✐♠❡♥t ✈♦❧✉♠❡ ✇❡✐❣❤t ❛♥❞
θcr,i ✐s t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r✱ ❝♦♠♣✉t❡❞ ❛s ❢♦❧❧♦✇✱ ❛❝❝♦r❞✐♥❣ t♦ P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮✳
❚❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❢♦r tr❛❝❡r i ✇r✐t❡s✱ ❜② ✐♥❥❡❝t✐♥❣ D50 = 0.03 ❛♥❞ θcr,D50 = 0.035
✐♥t♦ ❡q✉❛t✐♦♥ ✺✳✷✺✿

θcr,i = 0.035

(

Di

0.03

)−0.6

✭✺✳✷✺✮

❚❤❡ ❞✐s❝❤❛r❣❡s ❢♦r ✇❤✐❝❤ ❡❛❝❤ tr❛❝❡r ✐s tr❛♥s♣♦rt❡❞ ✇❡r❡ ❝♦♠♣❛r❡❞ ❜❡t✇❡❡♥ s✉r✈❡②s Sn=0..2✱ ❜②
♣❧♦tt✐♥❣ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ Qc,i ❡st✐♠❛t❡❞ ❛t Sn ❛❣❛✐♥st t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ Qc,i ❡st✐♠❛t❡❞
❛t Sn+1✱ ✐♥ ♦r❞❡r t♦ st✉❞② ✐❢ t❤❡s❡ r❡s✉❧ts ✈❛r② ♦✈❡r t✐♠❡✱ ❛s tr❛❝❡rs ♣r♦♣❛❣❛t❡ t♦✇❛r❞s t❤❡
❞♦✇♥str❡❛♠ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥ ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ st✉❞✐❡❞ ♣❡r✐♦❞ Pn✱
❜② ❝✉♠✉❧❛t✐♥❣ t✐♠❡ t≥Qc

✱ ❜❡t✇❡❡♥ ❡❛❝❤ s✉r✈❡② Sn✱ ❞✉r✐♥❣ ✇❤✐❝❤ t❤❡ r✐✈❡r ❞✐s❝❤❛r❣❡ Q✱ ❡st✐♠❛t❡❞
❛t ✺ ♠✐♥✉t❡s ✐♥t❡r✈❛❧✱ ✇❛s ❣r❡❛t❡r t❤❛♥ ♦r ❡q✉❛❧ t♦ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ Qc ❢♦r tr❛❝❡r ♠♦t✐♦♥✳
❚❤❡s❡ ❞✉r❛t✐♦♥s ✇❡r❡ ❝♦♠♣❛r❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛❝❡rs s✐③❡ ❛♥❞ ♦❢ t❤❡ tr❛❝❡rs ❧❛t❡r❛❧ ♣♦s✐t✐♦♥
✐♥t♦ t❤❡ ❝❤❛♥♥❡❧✳ ❚❤❡s❡ ❛♥❛❧②s❡s ✇❡r❡ ♦♥❧② ♣❡r❢♦r♠❡❞ ✉s✐♥❣ ♠♦❜✐❧❡ tr❛❝❡rs t❤❛t ✇❡r❡ r❡❝♦✈❡r❡❞
❞✉r✐♥❣ ❛❧❧ t❤❡ s✉r✈❡②s✱ ✐♥ ♦r❞❡r t♦ st✉❞② t❤❡ s♣❛t✐♦✲t❡♠♣♦r❛❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡
♦❢ t❤❡ s❛♠❡ tr❛❝❡r✳

✺✳✸✳✸ ❈❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ♥♦♥✲✉♥✐❢♦r♠ s❡❞✐♠❡♥t tr❛♥s♣♦rt

❚❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ♣r❡❞✐❝t❡❞ ❜② ❛ ♠♦❞❡❧ ❞❡♣❡♥❞s ♦♥ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss
tr❛♥s♣♦rt❡❞✱ ✇❤✐❝❤ ✈❛r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❝❛♣❛❝✐t② ♦❢ t❤❡ ✢♦✇ t♦ tr❛♥s♣♦rt ❡❛❝❤ s✐③❡ ❝❧❛ss ❛♥❞
t♦ t❤❡ ❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss✳ ❚❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❝❛♣❛❝✐t② ✐s ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt ❧❛✇s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❝♦rr❡❝t❡❞ t♦ ❝♦♥s✐❞❡r ❡✛❡❝ts ♦❢ ♥♦♥✲✉♥✐❢♦r♠ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥✱
♦♥ ♣❛rt✐❝❧❡s ♠♦t✐♦♥ ✭❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❡✛❡❝t✮ ❛♥❞ ♦♥ ♣❛rt✐❝❧❡s tr❛♥s♣♦rt ✭t❤❡ ♣r♦♣♦s❡❞ tr❛♣♣✐♥❣
❡✛❡❝t✮✳ ❚❤❡ ✈♦❧✉♠❡ ♦❢ ❛✈❛✐❧❛❜❧❡ s❡❞✐♠❡♥ts ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss
✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ t❤❡ ❛❝t✐✈❡ ❧❛②❡r ❛♥❞ t♦ t❤❡ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ s✉❜s❡❝t✐♦♥s
♣r❡s❡♥ts ✭✐✮ t❤❡ ❞✐s❝r❡t✐③❛t✐♦♥ ✐♥t♦ t❤❡ ♠♦❞❡❧ ♦❢ t❤❡ ❜❡❞ str✉❝t✉r❡ ❛♥❞ ❜❡❞ ♠❛t❡r✐❛❧ ❛♥❞ ✭✐✐✮ t❤❡
❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ♣r❡❞✐❝t❡❞ ❜❡❞❧♦❛❞ ❣r❛✐♥ ❞✐str✐❜✉t✐♦♥ ✉s✐♥❣ ❛ s♣❡❝✐✜❝ ❝♦❡✣❝✐❡♥t ♦❢ ❝♦rr❡❝t✐♦♥
❢♦r t❤❡ ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❛♥❞ tr❛♣♣✐♥❣ ❡✛❡❝ts✳

✶✸✻



✺✳✸✳✸✳✶ ❉✐s❝r❡t✐③❛t✐♦♥ ♦❢ t❤❡ ❜❡❞ ♠❛t❡r✐❛❧ ❛♥❞ ❜❡❞ str✉❝t✉r❡

❚❤❡ r✐✈❡r ❜❡❞ ✇❛s ❞✐s❝r❡t✐③❡❞ ✐♥t♦ ❛♥ ❛❝t✐✈❡ ❛♥❞ ❛ s✉❜str❛t❡ ❧❛②❡r✳ ❚❤❡ ❛❝t✐✈❡ ❧❛②❡r t❤✐❝❦♥❡ss
✇❛s ❡st✐♠❛t❡❞ ❢r♦♠ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ t♦t❛❧ s❝♦✉r ❛♥❞ ✜❧❧ ♦❝❝✉rr✐♥❣ ❞✉r✐♥❣ ✢♦✇ ❡✈❡♥ts✳ ❚❤❡s❡
♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✉s✐♥❣ ✷✵ s❝♦✉r ❝❤❛✐♥s ✭▲❛r♦♥♥❡ ❡t ❛❧✳✱ ✶✾✾✹✮ ✐♥st❛❧❧❡❞ ❛❝r♦ss t❤❡
r✐✈❡r ❛t ✻ ❡❛s✐❧② ❛❝❝❡ss✐❜❧❡ ❡♠❡r❣❡❞ ❣r❛✈❡❧ ❜❛rs ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✳ ❚❤❡ s❝♦✉r
❝❤❛✐♥s ♦❢ 50cm ❧♦♥❣✱ ❝♦♠♣♦s❡❞ ♦❢ ❧✐♥❦s ♦❢ 7cm ❧♦♥❣ t♦ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❜❡❞ s✉r❢❛❝❡ D90✱ ✇❡r❡
✜①❡❞ t♦ ❛ s♥❛♣ ❤♦♦❦✱ ✇❤✐❝❤ ❝♦✉❧❞ ✈❡rt✐❝❛❧❧② s❧✐❞❡ ❛❧♦♥❣ ❛ ❝♦♥❝r❡t❡ ❜❛r ❞r✐✈❡♥ ✐♥t♦ t❤❡ r✐✈❡r❜❡❞✳
❚❤✐s ❜❛r ♦❢ 1cm ❞✐❛♠❡t❡r ❛♥❞ 1m ❧♦♥❣ ♣r♦tr✉❞❡s s❧✐❣❤t❧② ❢r♦♠ t❤❡ ❜❡❞ s✉r❢❛❝❡✱ ✇✐t❤ ❛♥ ♦r❛♥❣❡
st❡❡❧ ❝❛♣ ✇❡❧❞❡❞ ♦♥ t❤❡ t♦♣✱ ✐♥ ♦r❞❡r t♦ ♠❛❦❡ t❤❡♠ ❡❛s✐❡r t♦ ✜♥❞✳ ❚❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ❛❧❧♦✇❡❞ t♦
♠❡❛s✉r❡ t❤❡ ❜❡❞ ❡r♦s✐♦♥ ✭✈❛r✐❛t✐♦♥ ✐♥ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝❤❛✐♥ t♦♣ ❛♥❞ t❤❡ st❡❡❧ ❝❛♣ ❜♦tt♦♠✮
❛♥❞ t❤❡ s❡❞✐♠❡♥t ❞❡♣♦s✐ts ✭t❤✐❝❦♥❡ss ♦❢ t❤❡ s❡❞✐♠❡♥t ❞❡♣♦s✐t❡❞ ♦✈❡r t❤❡ ❝❤❛✐♥✮ ❜② ♣❧❛❝✐♥❣ ❛ ♠❡t❛❧
sq✉❛r❡ ♦♥ t❤❡ t♦♣ ♦❢ t❤❡ ❝❤❛✐♥✳ ❚❤❡ t♦t❛❧ s❝♦✉r ❛♥❞ ✜❧❧ ✇❡r❡ ♠♦♥✐t♦r❡❞ ❛❢t❡r ✸ ♠♦r♣❤♦❧♦❣✐❝❛❧
✢♦♦❞s ✭Qmax = 303m3/s❀ 214m3/s ❛♥❞ 254m3/s✮ ❛♥❞ t❤❡ ♠♦st ❢r❡q✉❡♥t❧② ♠❡❛s✉r❡❞ s❡❞✐♠❡♥t
t❤✐❝❦♥❡ss ✭✸ t✐♠❡s✮ ✇❛s ♦❢ 7cm ✭❋✐❣✉r❡ ✺✳✻✮✳ ❚❤✐s t❤✐❝❦♥❡ss ❛♣♣r♦①✐♠❛t❡❧② ❝♦rr❡s♣♦♥❞s t♦ t❤❡
D90 ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡✱ ❛s ❡st✐♠❛t❡❞ ❜② P❛r❦❡r ✭✶✾✾✷✮✳ ❚❤❡ ❛❝t✐✈❡ ❧❛②❡r ✇❛s t❤❡♥ s❡t t♦ ❝♦♥st❛♥t
t❤✐❝❦♥❡ss ♦❢ ✼❝♠✳

❋✐❣✉r❡ ✺✳✻✿ ❉✐str✐❜✉t✐♦♥ ♦❢ t♦t❛❧ s❝♦✉r ❛♥❞ ✜❧❧ ♠❡❛s✉r❡❞ ❞✉r✐♥❣ ✸ ✢♦✇ ❡✈❡♥ts ✭Qmax = 303m3/s❀
214m3/s ❛♥❞ 254m3/s✮ ❜② ✷✵ ❝❤❛✐♥s ✭ntot = 60✮ ✐♥st❛❧❧❡❞ ❛❝r♦ss t❤❡ r✐✈❡r ❛t ✻ ❡❛s✐❧② ❛❝❝❡ss✐❜❧❡
❡♠❡r❣❡❞ ❣r❛✈❡❧ ❜❛rs ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✭❧❡❢t✮✳ ❘❡s✉❧ts ❡①❝❧✉❞❡s ❝❛s❡s ♦❢ ✭✐✮ ♥♦ ♠♦r♣❤♦❧♦❣✐❝❛❧
❡✈♦❧✉t✐♦♥s ✭n = 29✮✱ ✭✐✐✮ r✐✈❡r ✐♥❝✐s✐♦♥ ✭n = 3✮✱ ✭✐✐✐✮ ❧♦st ❝❤❛✐♥s ✭n = 4✮ ❛♥❞ ✭✐✈✮ st♦❧❡♥ ❝❤❛✐♥s
✭n = 14✮✳ ▼❡❛s✉r❡♠❡♥t ♦❢ t♦t❛❧ s❝♦✉r ❛♥❞ ✜❧❧ ✉s✐♥❣ ❛ s❝♦✉r ❝❤❛✐♥ ✭r✐❣❤t✮✳

❚❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ✇❛s s❡t ✐♥t♦ t❤❡ ❛❝t✐✈❡ ❧❛②❡r✱ ✇❤✐❧❡ t❤❡
❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ s✉❜s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ✇❛s s❡t ✐♥t♦ t❤❡ s✉❜str❛t❡ ❧❛②❡r ✭❋✐❣✉r❡ ✺✳✸✮✳
❚❤❡ ❣r❛♥✉❧♦♠❡tr✐❝ ❝✉r✈❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ✇❛s ❞✐s❝r❡t✐③❡❞ ✐♥t♦ ✶ t♦ ✻ s✐③❡ ❝❧❛ss❡s ♦❢
✈❛r②✐♥❣ s✐③❡s ✭❋✐❣✉r❡ ✺✳✼✮✱ ❛♥❞ s❤♦rt st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ ♦r❞❡r t♦ ✐❞❡♥t✐❢②
✇❤❡♥ t❤❡ ♣r❡❞✐❝t❡❞ ❜❡❞❧♦❛❞ ❜❡❝♦♠❡s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❝❧❛ss❡s ✉s❡❞ ✐♥ t❤❡ ♠♦❞❡❧✳

✶✸✼



❚❤❡ s✐③❡ ❝❧❛ss❡s ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ ♠♦❞❡❧ ❜❛s❡❞ ♦♥ ❛ r❡♣r❡s❡♥t❛t✐✈❡ ❞✐❛♠❡t❡r Dk ✭❧♦❣❛✲
r✐t❤♠✐❝ ♠❡❛♥ ♦❢ t❤❡ ❝❧❛ss ❧✐♠✐ts✮ ❛♥❞ ❛ ♣❡r❝❡♥t❛❣❡ pk ✭✈♦❧✉♠❡ ♦❢ t❤❡ ❝❧❛ss k ❞✐✈✐❞❡❞ ❜② t❤❡ t♦t❛❧
✈♦❧✉♠❡ ♦❢ s❡❞✐♠❡♥ts✮✳ ❚❤❡ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❝❛rr✐❡❞ ♦✉t ✉s✐♥❣ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧
❜✉✐❧t t♦ ❡st✐♠❛t❡ t❤❡ ❞✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇ ✭s❡❡ s❡❝t✐♦♥ ✺✳✸✳✷✳✷✮✱ r❡✲♣❛r❛♠❡t❡r✐③❡❞ ✐♥ ♦r❞❡r
t♦ ❝♦♠♣✉t❡ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt✳ ❚❤❡ r♦✉❣❤♥❡ss ❤❡✐❣❤t ✇❛s s❡t ❛s ❝♦♥st❛♥t ✭h

′

s = 90mm) ✐♥
♦r❞❡r t♦ ❛✈♦✐❞ t❤❛t t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ r✐✈❡r❜❡❞ ❝♦♠♣♦s✐t✐♦♥ ✭❋✐❣✉r❡ ✺✳✼✮ ❝❤❛♥❣❡s t❤❡ ❤②❞r♦❞②♥❛♠✐❝
❝♦♥❞✐t✐♦♥s ✭❡q✉❛t✐♦♥ ✺✳✷✷✮ ❛♥❞ t❤✉s t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❜❡t✇❡❡♥ s✐♠✉❧❛t✐♦♥s✳

❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✇❛s ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❡q✉❛t✐♦♥ ✺✳✷ ✇✐t❤ ❛ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr
♦❢ ✵✳✵✸✺ ❡st✐♠❛t❡❞ ❢♦r t❤❡ D50 ❜② P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮✱ ❛ ❝♦❡✣❝✐❡♥t α ♦❢ ✸✳✹ ❡st✐♠❛t❡❞ ❜②
P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❝✮ ❛♥❞ t❤❡ ❝♦❡✣❝✐❡♥t β ♦❢ 3/2 ♣r♦♣♦s❡❞ ❜② ▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r ✭✶✾✹✽✮✳
❚❤❡ s✐♠✉❧❛t✐♦♥s ✇❡r❡ r✉♥ ❛t ❛ ❝♦♥st❛♥t ❞✐s❝❤❛r❣❡ ♦❢ 300m3/s ✭Qmax,P1) ❛s t❤❡ ❤②❞r♦❞②♥❛♠✐❝
❝♦♥❞✐t✐♦♥s ❛t t❤✐s ❞✐s❝❤❛r❣❡ ✭θd50 ≈ 0.05✮ ✇❡r❡ ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❝♦♥❞✐t✐♦♥s ♦❜s❡r✈❡❞ ❞✉r✐♥❣ ✐♥

s✐t✉ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡s❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ❝♦♥❞✉❝t❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ st✉❞② ❛r❡❛
✭❋✐❣✉r❡ ✺✳✶✮✱ ✉s✐♥❣ ❛ ❍❡❧❧❡②✲❙♠✐t❤ s❛♠♣❧❡r ❞❡♣❧♦②❡❞ ❢r♦♠ ❛ ❜r✐❞❣❡ ✭P✐❛s♥② ❡t ❛❧✳✱ ✷✵✷✸❝✮✳ ❚❤❡
●❙❉ ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✭❋✐❣✉r❡ ✺✳✸✮✱ ✇❡r❡ t❤❡♥ ✉s❡❞ ❛s r❡❢❡r❡♥❝❡ t♦ ❝❛❧✐❜r❛t❡ t❤❡ ❜❡❞❧♦❛❞
❝♦♠♣♦s✐t✐♦♥ ✐♥ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✳ ❚❤❡ r✉♥s ✇❡r❡ ♣❡r❢♦r♠❡❞ ❞✉r✐♥❣ ✸ s❡❝♦♥❞s✱ ✐♥
♦r❞❡r t♦ r❡❛❝❤ ❛♥ ❡q✉✐❧✐❜r✐✉♠ ❜❡t✇❡❡♥ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❛♥❞ s❡❞✐♠❡♥t tr❛♥s♣♦rt✱ ❛♥❞
t❤❡ ❜❡❞❧♦❛❞ ✇❛s ❡①tr❛❝t❡❞ ❛t t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❧♦❝❛t❡❞ ❛t t❤❡ s✐t❡ ♦❢ tr❛❝❡rs ✐♥❥❡❝t✐♦♥✳ ❚❤❡ r❡s✉❧ts
✇❡r❡ ❝♦♠♣❛r❡❞ t♦ ❞❡t❡r♠✐♥❡ ✇❤❡♥ t❤❡ ♣r❡❞✐❝t❡❞ ❜❡❞❧♦❛❞ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ s✐③❡
❝❧❛ss❡s ✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ t❤❡ ♠♦❞❡❧ ❛♥❞ t❤✐s s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ✇❛s ❝♦♠♣❧❡t❡❞ ❜② ❛ s✐♠✉❧❛t✐♦♥
r✉♥ ✇✐t❤ ✶✵ s✐③❡ ❝❧❛ss❡s✳

❋✐❣✉r❡ ✺✳✼✿ ❉✐s❝r❡t✐③❛t✐♦♥ ♦❢ t❤❡ ❣r❛♥✉❧♦♠❡tr✐❝ ❝✉r✈❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ✐♥t♦ ❞✐✛❡r❡♥t
♥✉♠❜❡rs ♦❢ s✐③❡ ❝❧❛ss❡s ✇✐t❤ ❝♦rr❡s♣♦♥❞✐♥❣ r❡♣r❡s❡♥t❛t✐✈❡ ❞✐❛♠❡t❡rs✳ ❚❤✐s ❝✉r✈❡ ✇❛s ❞❡t❡r♠✐♥❡❞
❢r♦♠ ❲♦❧♠❛♥ ♣❡❜❜❧❡ ❝♦✉♥ts ♣❡r❢♦r♠❡❞ ❛❧♦♥❣ t❤❡ ✐♥❥❡❝t✐♦♥ r❡❛❝❤✳
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✺✳✸✳✸✳✷ ❈❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥

❚❤❡ ❜❡❞❧♦❛❞ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇❛s ♣r❡❞✐❝t❡❞ ✭✐✮ ✉s✐♥❣ ✜rst ❛ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ζθ,k ❢♦r ❤✐❞✐♥❣✲
❡①♣♦s✉r❡ ❡✛❡❝ts✱ ❛♣♣❧✐❡❞ t♦ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r θcr ✭❡q✉❛t✐♦♥ ✺✳✹✮ ❛♥❞ t❤❡♥ ✭✐✐✮ ❛❞❞✐♥❣
❛ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ζΦ,k ❢♦r tr❛♣♣✐♥❣ ❡✛❡❝ts✱ ❛♣♣❧✐❡❞ t♦ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s Φ∗

k ✭❡q✉❛t✐♦♥
✺✳✺✮✳ ❇♦t❤ r❡s✉❧ts✱ ❛s ✇❡❧❧ ❛s r❡s✉❧ts ♦❜t❛✐♥❡❞ ✇✐t❤♦✉t ❝♦❡✣❝✐❡♥t ♦❢ ❝♦rr❡❝t✐♦♥s✱ ✇❡r❡ ❝♦♠♣❛r❡❞
t♦ t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ s❛♠♣❧❡s✱ ❝♦❧❧❡❝t❡❞ ✉♥❞❡r s✐♠✐❧❛r ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐✲
t✐♦♥s ✭❋✐❣✉r❡ ✺✳✸✮✳ ❚❤✐s ♠❛❞❡ ♣♦ss✐❜❧❡ t♦ ❛ss❡ss ✐♠♣r♦✈❡♠❡♥ts ♦♥ ♣r❡❞✐❝t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ ❣r❛✐♥
s✐③❡ ❞✐str✐❜✉t✐♦♥✳ ❊❛❝❤ s✐♠✉❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ♣❛r❛♠❡tr✐③❛t✐♦♥ ♣r❡s❡♥t❡❞ ✐♥ ✺✳✸✳✸✳✶✱
✉s✐♥❣ t❤❡ ♦♣t✐♠✉♠ ♥✉♠❜❡r ♦❢ s✐③❡ ❝❧❛ss❡s ❞❡t❡r♠✐♥❡❞ ✐♥ t❤❛t s❡❝t✐♦♥✳

❚❤❡ ❢❛❝t♦r ♦❢ ❝♦rr❡❝t✐♦♥ ζθ,k ❢♦r ❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡✛❡❝ts ✇❛s ❡st✐♠❛t❡❞ ❜② P✐❛s♥② ❡t ❛❧✳
✭✷✵✷✸❜✮ ❛s ❢♦❧❧♦✇s✿

ζθ,k =

(

Dk

D50

)bθ

≈
θcr,Dk

θcr,D50

✭✺✳✷✻✮

r❡❝❛❧❧✐♥❣ t❤❛t θcr,Dk ✐s t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♦❢ t❤❡ r❡♣r❡s❡♥t❛t✐✈❡ ❞✐❛♠❡t❡r Dk ♦❢ t❤❡ s✐③❡
❝❧❛ss k✱ θcr,D50 ✐s t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♦❢ t❤❡ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r D50 ♦❢ ❜❡❞ s✉r❢❛❝❡ ❛♥❞ bθ
✐s t❤❡ ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❡①♣♦♥❡♥t✳ ❇♦t❤ θcr,Dk ❛♥❞ θcr,D50 ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ✢♦✇ ❝♦♠♣❡t❡♥❝❡
❡st✐♠❛t❡❞ ✉s✐♥❣ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ❛♥❞ ♣✐t✲t❛❣s✳ ❚❤❡ r❡s✉❧t✐♥❣ ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❢❛❝t♦r bθ ✱ ✇❛s
❢♦✉♥❞ t♦ ❜❡ ✲✵✳✻✳

❚❤❡ ❢❛❝t♦r ♦❢ ❝♦rr❡❝t✐♦♥ ζΦ,k ❢♦r tr❛♣♣✐♥❣ ❡✛❡❝ts ✇❛s ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞② s✉❝❤ ❛s ❢♦❧❧♦✇s✱
❤❛✈✐♥❣ r❡♠❛r❦❡❞ ♦♥ ♦✉r ❞❛t❛ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡❧❛t✐♦♥ t♦ ✈✐rt✉❛❧ ✈❡❧♦❝✐t②✿

ζΦ,k =

(

Dk

D50

)bΦ

≈
V ∗
Dk

V ∗
D50

✭✺✳✷✼✮

✇❡r❡ V ∗
Dk ✐s t❤❡ ♠❡❞✐❛♥ ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ s❡❧❡❝t❡❞ tr❛❝❡rs i ✭r❡❝♦✈❡r❡❞ ❛t ❛❧❧

Sn,Li,Pn ≥ 5m ❛♥❞ ti,Pn > 0✮ ❝♦♥t❛✐♥❡❞ ✐♥ t❤✐s ❝❧❛ss ❛♥❞ V ∗
D50 ✐s t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧

✈❡❧♦❝✐t② ♦❢ t❤❡ s✐③❡ ❝❧❛ss ❝♦♥t❛✐♥✐♥❣ t❤❡ D50 ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡✳ ❚❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t②
V ∗
i ♦❢ ❡❛❝❤ tr❛❝❡r i ✇❛s ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❡q✉❛t✐♦♥ ✺✳✶✵✳ ❲❤❡r❡ t❤❡ tr❛❝❡rs ✈✐rt✉❛❧ ✈❡❧♦❝✐t② Vi

✇❛s ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✺✳✾✮✱ ❜② ❞✐✈✐❞✐♥❣ t❤❡ tr❛❝❡rs tr❛✈❡❧❡❞ ❞✐st❛♥❝❡ Li ♠❡❛s✉r❡❞ ❢r♦♠ ✜❡❧❞
s✉r✈❡②s ✭s❡❡ s❡❝t✐♦♥ ✺✳✸✳✶✳✸✮✱ ❜② t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt t❤❡ tr❛❝❡rs
t>Qc,i ❡st✐♠❛t❡❞ ❢r♦♠ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ✭s❡❡ s❡❝t✐♦♥ ✺✳✸✳✷✳✸✮✳ ❚❤❡ ♠❡❞✐❛♥ ❞✐♠❡♥s✐♦♥❧❡ss
✈✐rt✉❛❧ ✈❡❧♦❝✐t② V ∗

Dk ♦❢ tr❛❝❡rs i ❝♦♥t❛✐♥❡❞ ✐♥ ❡❛❝❤ s✐③❡ ❝❧❛ss k ✇❛s ♣❧♦tt❡❞ ✐♥ ❛ ❧♦❣✲❧♦❣ ♣❧❛♥❡
❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ r❡❧❛t✐✈❡ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r D∗

k = Dk/D50 ♦❢ tr❛❝❡rs i ❝♦♥t❛✐♥❡❞ ✐♥ ❡❛❝❤ ♦❢
t❤❡ s✐③❡ ❝❧❛ss✳ ❆ s✐♠♣❧❡ s✐♠♣❧❡ ♣♦❧②♥♦♠✐❛❧ ✜t ❡♥❛❜❧❡s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡①♣♦♥❡♥t bΦ ✐♥ ❡q✉❛t✐♦♥
✺✳✷✼ ❤❡♥❝❡ ζΦ,k✳ ❚❤✐s ❡①♣♦♥❡♥t bΦ ✇❛s ❡st✐♠❛t❡❞ ❢♦r ❡❛❝❤ ♣❡r✐♦❞ Pn ✐♥ ♦r❞❡r t♦ ✐♥✈❡st✐❣❛t❡ t❤❡
✐♥✢✉❡♥❝❡s ♦❢ t❤❡ ❢r❡q✉❡♥❝② ❛♥❞ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ✢♦♦❞ ❡✈❡♥ts✱ ❛s ✇❡❧❧ ❛s t❤❡ tr❛❝❡rs ❞✐s♣❡rs✐♦♥ ♦r
❜✉r✐❛❧✱ ♦♥ tr❛❝❡rs ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s✱ ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ♦♥ t❤❡ tr❛♣♣✐♥❣ ❢❛❝t♦r ζΦ,k✳
❚❤❡ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ D∗

k ❛♥❞ V ∗
Dk ✇❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝✉r✈❡ ❢♦✉♥❞ ❜② ▼✐❧❛♥ ✭✷✵✶✸✮✱ ✇❤♦ ❛❧s♦

✐♥✈❡st✐❣❛t❡❞ t❤❡ ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ tr❛❝❡rs ✉s✐♥❣ ❛ s✐③❡✲❜❛s❡❞ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥✳

✶✸✾



✺✳✹ ❘❡s✉❧ts ❛♥❞ ❞✐s❝✉ss✐♦♥

✺✳✹✳✶ ❚r❛❝❡r tr❛✈❡❧ ❞✐st❛♥❝❡ ❡st✐♠❛t✐♦♥

✺✳✹✳✶✳✶ ❚r❛❝❡r r❡❝♦✈❡r② r❛t❡s

❚❤❡ tr❛❝❡r r❡❝♦✈❡r② r❛t❡s ❡①❝❡❡❞s 80% ❢♦r ❛❧❧ ♦❢ t❤❡ t❤r❡❡ ♠♦♥✐t♦r✐♥❣ ✭❚❛❜❧❡ ✺✳✶✮✱ ✇✐t❤ ♠♦r❡ t❤❛♥
n = 360 tr❛❝❡rs r❡❝♦✈❡r❡❞ ❞✉r✐♥❣ ❡❛❝❤ s✉r✈❡②✱ ✇❤✐❝❤ ✐s ❛ ✈❡r② ❤✐❣❤ r❛t❡ ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r st✉❞✐❡s
❝♦♥❞✉❝t❡❞ ✐♥ ❧❛r❣❡ r✐✈❡rs✱ ❡✳❣✳✱ ▲❛♠❛rr❡ ❡t ❛❧✳ ✭✷✵✵✺❀ n = 177 t♦ ✶✾✻✮✱ ▲✐é❜❛✉❧t ❡t ❛❧✳ ✭✷✵✶✷❀
n = 203 t♦ ✹✵✶✮✱ ●❛❡✉♠❛♥ ✭✷✵✶✸❀ n = 90 t♦ ✷✼✼✮✱ P❤✐❧❧✐♣s ❡t ❛❧✳ ✭✷✵✶✸❀ n = 93 t♦ ✶✺✵✮✱ ❈❤❛♣✉✐s
❡t ❛❧✳ ✭✷✵✶✺❀ n = 95✮✱ ❙tä❤❧② ❡t ❛❧✳ ✭✷✵✶✾❀ n = 277✮ ♦r ❈❤❛r❞♦♥ ❡t ❛❧✳ ✭✷✵✷✶❀ n = 157 t♦ ✻✹✹✮✳
❚❤❡ r❡❝♦✈❡r② r❛t❡ ♦❢ s♠❛❧❧❡r tr❛❝❡rs ✭16 − 32mm✮ ✇❛s r❡❧❛t✐✈❡❧② ❧♦✇❡r (≈ 10%✮ t❤❛♥ ❢♦r ♦t❤❡r
tr❛❝❡rs✱ ♣r♦❜❛❜❧② ❜❡❝❛✉s❡ t❤❡② ✇❡r❡ ❡q✉✐♣♣❡❞ ✇✐t❤ ✷✸ ♠♠✲❧♦♥❣ t❛❣s✱ ✇❤♦s❡ ❞❡t❡❝t✐♦♥ ❞✐st❛♥❝❡s
✐s s❤♦rt❡r✳ ❚❤❡ r❡❝♦✈❡r② r❛t❡s ✇❛s r❡❧❛t✐✈❡❧② ❝♦♥st❛♥t ♦✈❡r t✐♠❡✱ ❜✉t r❡❝♦✈❡r② r❛t❡ ♦❢ ❡❛❝❤ s✐③❡
❝❧❛ss ✈❛r✐❡❞ ❜❡t✇❡❡♥ t❤❡ s✉r✈❡②s ✭❚❛❜❧❡ ✺✳✶✮✳ ❚❤❡ ♥✉♠❜❡r ♦❢ ❧❛r❣❡ tr❛❝❡rs r❡❝♦✈❡r❡❞ ✐♥❝r❡❛s❡❞
❢r♦♠ S0 t♦ S2✱ ✇❤✐❧❡ t❤❡ ♥✉♠❜❡r ♦❢ s♠❛❧❧ tr❛❝❡rs r❡❝♦✈❡r❡❞ ✐♥❝r❡❛s❡❞ ❜❡t✇❡❡♥ S0 ❛♥❞ S1 ❛♥❞
t❤❡♥ ❞❡❝r❡❛s❡❞ ❛t S2✳ ❚❤✐s ✈❛r✐❛t✐♦♥ ✐s ❞✉❡ t♦ t❤❡ tr❛❝❡rs ❞✐s♣❡rs✐♦♥ ✭❋✐❣✉r❡ ✺✳✽✮✳ ■♥❞❡❡❞✱ ✇❤❡♥
❛❧❧ tr❛❝❡rs ✇❡r❡ ❣r♦✉♣❡❞ ❛r♦✉♥❞ t❤❡ ✐♥❥❡❝t✐♦♥ ♣♦✐♥ts✱ ❝♦❧❧✐s✐♦♥s ♦❢ tr❛❝❡r s✐❣♥❛❧s r❡❞✉❝❡❞ r❡❝♦✈❡r②
r❛t❡s ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss ✭S0)✳ ❲❤❡♥ tr❛❝❡rs ✇❡r❡ tr❛♥s♣♦rt❡❞ ✐♥ t❤❡ ❞♦✇♥str❡❛♠ ❞✐r❡❝t✐♦♥ t❤✐s
❡✛❡❝ts ❜❡❝❛♠❡ ♥❡❣❧✐❣✐❜❧❡ ❛♥❞ r❡❝♦✈❡r② r❛t❡s ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss ✐♥❝r❡❛s❡❞ ✭S1 ✲ S2✮✱ ❡①❝❡♣t ❢♦r s♠❛❧❧
tr❛❝❡rs ✇❤✐❝❤ ♠❛② ❤❛✈❡ tr❛✈❡❧❡❞ t♦♦ ❢❛r t♦ ❜❡ ❢♦✉♥❞ ✭S2)✳ ❚❤✐s s♠❛❧❧ ✉♥r❡❝♦✈❡r❡❞ tr❛❝❡rs ✇❡r❡
✉♥❧✐❦❡❧② ❜✉r✐❡❞✱ ❛s t♦♣♦✲❜❛t❤②♠❡tr✐❝ s✉r✈❡②s s❤♦✇ t❤❛t ❢❡✇ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s ♦❝❝✉rr❡❞
❛❧♦♥❣ t❤❡ r❡❛❝❤ ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ♣❡r✐♦❞s✱ ❛♥❞ t❤❛t t❤✐❝❦♥❡ss ♦❢ s❡❞✐♠❡♥t ❞❡♣♦s✐ts ✭< 60cm✮
❞✐❞ ♥♦t ❡①❝❡❡❞ t❤❡ ❛♥t❡♥♥❛ ❞✐st❛♥❝❡ ♦❢ ❞❡t❡❝t✐♦♥ ✭≈ 90cm✮✳

❈❧❛ss ✭♠♠✮ Ns S0 S1 S2 S0 ❛♥❞ S1 S0 ❛♥❞ S2 S0 t♦ S2 LS0−S1 LS0−S2

❬✶❪ 16− 22.6 ✽✼ ✻✸ ✻✼ ✺✷ ✺✺ ✭✺✸✮ ✹✵ ✭✹✵✮ ✸✻ ✭✸✹✮ ✸✺✵±✷✶✽ ✼✺✸±✷✾✹

❬✷❪ 22.6− 32 ✽✼ ✻✾ ✼✷ ✻✺ ✻✶ ✭✺✼✮ ✺✶ ✭✺✵✮ ✹✺ ✭✹✷✮ ✸✺✼±✶✾✵ ✼✹✽±✸✹✺

❬✸❪ 32− 45.3 ✽✻ ✼✺ ✼✽ ✼✺ ✻✼ ✭✻✵✮ ✻✹ ✭✻✷✮ ✺✽ ✭✺✶✮ ✸✶✵±✶✼✽ ✻✽✻±✸✸✺

❬✹❪ 45.3− 64 ✽✻ ✼✺ ✼✻ ✼✽ ✻✽ ✭✻✵✮ ✻✾ ✭✻✾✮ ✻✷ ✭✺✻✮ ✷✷✹±✶✻✷ ✺✼✻±✸✸✶

❬✺❪ 64− 90.5 ✽✻ ✼✺ ✼✾ ✽✶ ✻✾ ✭✹✺✮ ✼✵ ✭✻✺✮ ✻✹ ✭✹✷✮ ✶✵✹±✾✻ ✸✼✽±✷✹✵

❬✻❪ 90.5− 128 ✶✽ ✶✺ ✶✻ ✶✼ ✶✺ ✭✻✮ ✶✺ ✭✶✸✮ ✶✺ ✭✻✮ ✷✼±✷✶ ✷✷✼±✶✽✹

❚♦t❛❧ ♥✉♠❜❡r ✹✺✵ ✸✼✷ ✸✽✽ ✸✻✽ ✸✸✺ ✭✷✽✶✮ ✸✵✾ ✭✷✾✾✮ ✷✽✵ ✭✷✸✶✮

❘❡❝♦✈❡r② r❛t❡ ✶✵✵✪ ✽✸✪ ✽✻✪ ✽✷✪ ✼✹✪ ✭✻✷✪✮ ✻✾✪ ✭✻✻✪✮ ✻✷✪ ✭✺✶✪✮

❚❛❜❧❡ ✺✳✶✿ ❙t❛t✐st✐❝❛❧ ♣❛r❛♠❡t❡rs ❢♦r ❡❛❝❤ ♣❛rt✐❝❧❡ tr❛❝❦✐♥❣ s✉r✈❡②✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ t♦t❛❧ ♥✉♠❜❡r
NS ♦❢ tr❛❝❡rs ✐♥❥❡❝t❡❞ ❛♥❞ r❡❝♦✈❡r❡❞ ❛t s✉r✈❡② Sn ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ♠♦❜✐❧❡ tr❛❝❡rs ❛♠♦♥❣
r❡❝♦✈❡r❡❞ ♦♥❡s ❛s ✇❡❧❧ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡❝♦✈❡r② r❛t❡s ♠❡♥t✐♦♥❡❞ ✐♥ ❜r❛❝❦❡ts

❚❤❡ r❡❝♦✈❡r② r❛t❡ ❜❡t✇❡❡♥ s✉r✈❡② S0 ❛♥❞ Sn ♦❢ s❛♠❡ tr❛❝❡rs ❛♣♣r♦①✐♠❛t❡s 70% ❢♦r ❜♦t❤ s✉r✲
✈❡②s ✭❚❛❜❧❡ ✺✳✶✮✱ ✇❤✐❝❤ ✐s ❛r♦✉♥❞ 10% ❧♦✇❡r t❤❛♥ r❡s♣❡❝t✐✈❡ r❡❝♦✈❡r② r❛t❡s Sn✳ ❚❤✐s ❧♦✇❡r✐♥❣ ✐s
r❡❧❛t✐✈❡❧② ❡✈❡♥❧② ❞✐str✐❜✉t❡❞ ❜❡t✇❡❡♥ s✐③❡ ❝❧❛ss❡s✱ t❤❡r❡❢♦r❡ ❛s ❢♦r ✐♥❞✐✈✐❞✉❛❧ s✉r✈❡②s✱ ❧❡ss s♠❛❧❧
tr❛❝❡rs ✭❈▲✶ 63% ❛t S1 ❛♥❞ 46% ❛t S2✮ ✇❡r❡ ❢♦✉♥❞ ❜❡t✇❡❡♥ s✉r✈❡②s t❤❛♥ ❧❛r❣❡ ♣✐t✲t❛❣s ✭❈▲✺
80% ❛t S1 ❛♥❞ 81% ❛t S2✮✳ ❚❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ♠♦❜✐❧❡ tr❛❝❡rs ❛♠♦♥❣ r❡❝♦✈❡r❡❞ ♦♥❡s ❞❡❝r❡❛s❡s ❛s
❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛❝❡rs s✐③❡s✱ ❢r♦♠ 96% ✭❈▲✶✮ t♦ 65% ✭❈▲✺✮ ❛t S1 ❛♥❞ ❢r♦♠ 100% ✭❈▲✶✮ t♦ 93%
✭❈▲✺✮ ❛t S2✱ ❜❡❝❛✉s❡ ♦❢ s✐③❡✲s❡❧❡❝t✐✈❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt✳ ❚❤❡ s♠❛❧❧ ✐♠♠♦❜✐❧❡ tr❛❝❡rs ✇❡r❡ ♣r❡❢✲
❡r❡♥t✐❛❧❧② ❧♦❝❛t❡❞ ❝❧♦s❡ t♦ t❤❡ r✐✈❡r ❜❛♥❦s ✭< 7m✮✱ ✇❤✐❧❡ ❧❛r❣❡ ✐♠♠♦❜✐❧❡ tr❛❝❡rs ✇❡r❡ ❞✐str✐❜✉t❡❞
❛❝r♦ss t❤❡ ✇❤♦❧❡ r✐✈❡r s❡❝t✐♦♥✱ ✇❤✐❝❤ ✐s ❝♦❤❡r❡♥t ✇✐t❤ t❤❡ ✢♦✇ ✈❡❧♦❝✐t✐❡s ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥✳

✶✹✵



❚❤❡ ✈❛r✐❛t✐♦♥ ❜❡t✇❡❡♥ s✉r✈❡②s ♦❢ tr❛❝❡rs ♠♦❜✐❧✐t②✱ 84% ❛t S1 ❛♥❞ 97% ❛t S2✱ ✐s ❞✉❡ t♦ t❤❡
✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✭❋✐❣✉r❡ ✺✳✹✮✱ ✇❤✐❝❤ ✇❛s ❤✐❣❤❡r ❞✉r✐♥❣ P2 ✭Qmax = 470m3/s✮ t❤❛♥ ❞✉r✐♥❣ P1

✭Qmax = 303m3/s✮✳ ❚❤❡ r❡❝♦✈❡r② r❛t❡ ♦❢ ♠♦❜✐❧❡ tr❛❝❡rs ❢♦✉♥❞ ❜❡t✇❡❡♥ s✉r✈❡②s S0 ❛♥❞ Sn

t❤❡r❡❢♦r❡ ✐♥❝r❡❛s❡❞ ❢r♦♠ ❈▲✶ ✭60% ❛t S1 ❛♥❞ 45% ❛t S2✮ t♦ ❈▲✹ ✭70% ❛t S1 ❛♥❞ 80% ❛t S2✮✱
❛♥❞ t❤❡♥ ❞❡❝r❡❛s❡❞ ❛t ❈▲✺ ✭52% ❛t S1 ❛♥❞ 75% ❛t S2✮✳ ❚❤❡ r❡❝♦✈❡r② r❛t❡ ♦❢ ♠♦❜✐❧❡ tr❛❝❡rs
❢♦✉♥❞ ❛t S0✱ S1 ❛♥❞ S2 ❢♦❧❧♦✇❡❞ t❤✐s tr❡♥❞ ✭❚❛❜❧❡ ✺✳✶✮✱ ✇✐t❤ ❛ ❧♦✇❡r r❛t✐♦ ♦❢ ♠♦❜✐❧❡ tr❛❝❡rs
❛♠♦♥❣ r❡❝♦✈❡r❡❞ ✭❈▲✶ 39% ❛♥❞ ❈▲✹ 65%✮✱ ❜✉t t❤❡r❡ ❛r❡ ❛t ❧❡❛st ✸✵ ♣✐t✲t❛❣s ♣❡r ❝❧❛ss ✭❡①❝❡♣t
❈▲✻ ❡①❝❧✉❞❡❞ ❢r♦♠ ❢✉rt❤❡r ❛♥❛❧②③❡s ✇✐t❤ ♦♥❧② ✻ tr❛❝❡rs✮✳ ❉❡s♣✐t❡ t❤❡ r❡❞✉❝❡❞ ♥✉♠❜❡r ♦❢ tr❛❝❡rs
r❡❝♦✈❡r❡❞ ❞✉r✐♥❣ t❤❡ t❤r❡❡ s✉r✈❡②s✱ ♦✉r tr❛❝❡r s❛♠♣❧❡ s✐③❡ ✭n = 231✮ ✇❛s ♠✉❝❤ ❤✐❣❤❡r t❤❛♥ t❤❛t
♦❢ ▼✐❧❛♥ ✭✷✵✶✸✮ (n = 23)✱ ✇❤♦ ❛❧s♦ ✐♥✈❡st✐❣❛t❡❞ t❤❡ ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ tr❛❝❡rs ✉s✐♥❣ t❤❡ s✐③❡✲❜❛s❡❞
❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥✳

✺✳✹✳✶✳✷ ❚r❛❝❡r ❧♦♥❣✐t✉❞✐♥❛❧ tr❛✈❡❧ ❛♥❞ ❞✐s♣❡rs✐♦♥

❚❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞✐st❛♥❝❡ tr❛✈❡❧❡❞ ❜② tr❛❝❡rs ✭LS0−S1 = 270m ❛♥❞ LS0−S2 = 593m✮ ❛♥❞ t❤❡✐r
❞✐s♣❡rs✐♦♥ ✭σS0−S1 = 197m ❛♥❞ σS0−S2 = 343m✮ ✐♥❝r❡❛s❡❞ ♦✈❡r t✐♠❡ ✭❋✐❣✉r❡ ✺✳✽ ❛✮✱ ✐♥❞✐❝❛t✲
✐♥❣ t❤❛t tr❛❝❡rs tr❛✈❡❧❡❞ t❤r♦✉❣❤ ❛ ❝❧❡❛r tr❛♥s❧❛t✐♦♥✲❞✐s♣❡rs✐♦♥ ♠♦❞❡ ✭❈❤❛r❞♦♥ ❡t ❛❧✳✱ ✷✵✷✶❜✮✳
❚❤❡ tr❛❝❡rs ❧♦❝❛t❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ ❝❤❛♥♥❡❧ ✭❋✐❣✉r❡ ✺✳✶✮ tr❛✈❡❧❡❞ ❢✉rt❤❡r ❞♦✇♥str❡❛♠
✭Lmax,S1 = 732m ❛♥❞ Lmax,S2❂ 1296m✮ t❤❛♥ tr❛❝❡rs ♣❧❛❝❡❞ ❝❧♦s❡ t♦ t❤❡ ❜❛♥❦s ✭< 75m ❛t
S2✮✱ ❝❛✉s✐♥❣ ❛ ❤❡❛✈②✲t❛✐❧❡❞ ❞✐str✐❜✉t✐♦♥✳ ❚❤❡s❡ tr❛❝❡rs tr❛✈❡❧❡❞ ❧❡ss ❢❛r t❤❛♥ t❤❡ ♦t❤❡rs ♦r ✇❡r❡
✐♠♠♦❜✐❧❡✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧❛t❡r❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ✢♦✇ ✈❡❧♦❝✐t✐❡s✱ ❜✉t ❛❧s♦ ❜❡❝❛✉s❡ s♦♠❡ ♦❢ t❤❡♠
✇❡r❡ tr❛♣♣❡❞ ❜❡t✇❡❡♥ ❜❧♦❝❦s ❧♦❝❛t❡❞ ❛t t❤❡ ❜❛♥❦ t♦❡ ✭❧❡❢t ❜❛♥❦✮ ♦r ✇✐t❤✐♥ ❛ s❝♦✉r ❝r❡❛t❡❞ ❛r♦✉♥❞
❛ ❧♦❣✲❥❛♠ ✭r✐❣❤t ❜❛♥❦✮✳ ❚❤✐s ❤❡❛✈②✲t❛✐❧❡❞ ❞✐str✐❜✉t✐♦♥ ✐s ❛❧s♦ ❞✉❡ t♦ t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ s♦rt✐♥❣ ♦❢
tr❛❝❡rs✱ r❡s✉❧t✐♥❣ ❢r♦♠ s✐③❡✲s❡❧❡❝t✐✈❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt✱ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❞✉r✐♥❣ ❜♦t❤ ♠♦♥✐t♦r❡❞
♣❡r✐♦❞s ✭❋✐❣✉r❡ ✺✳✽ ❜ ❛♥❞ ❝✮✳ ❚❤❡ ♠❡❛♥ tr❛✈❡❧ ❞✐st❛♥❝❡ ❞❡❝r❡❛s❡❞ ❛s ❢✉♥❝t✐♦♥ ♦❢ t❤❡ s✐③❡ ❝❧❛ss
✭❚❛❜❧❡ ✺✳✶✮✱ ❢r♦♠ 357m ✭❈▲✷✮ t♦ 104m ✭❈▲✺✮ ❛t S1 ❛♥❞ ❢r♦♠ 753m ✭❈▲✶✮ t♦ 378m ✭❈▲✺✮ ❛t S2✱
❡①❝❡♣t ❢♦r s✐③❡ ❝❧❛ss ❈▲✶✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ tr❛✈❡❧ ❞✐st❛♥❝❡ ✭350m✮ ♦❢ ❈▲✶ ✇❛s ♦♥❧② 7m ❧♦✇❡r
t❤❛♥ ❈▲✷ ❛t S1✳

❚❤✐s ❞✐s❝r❡♣❛♥❝② ♠❛② ❜❡ ❞✉❡ t♦ ❛♥ ✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ♠❡❛♥ ❞✐st❛♥❝❡ tr❛✈❡❧❡❞ ❜② t❤✐s
❝❧❛ss✱ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ ❛ r❡❞✉❝❡❞ ♥✉♠❜❡r ♦❢ tr❛❝❡rs ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦t❤❡rs s✐③❡ ❝❧❛ss❡s ✭❚❛❜❧❡
✺✳✶✮✳ ❚❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ s♦rt✐♥❣ ♦❢ tr❛❝❡rs ✐♥❝r❡❛s❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ s✐③❡ ❝❧❛ss✱ ❛♥❞ ♦✈❡r t✐♠❡✱
r❡s✉❧t✐♥❣ ♦❢ t❤❡ ❛❞❞✐t✐✈❡ ❡✛❡❝t ♦❢ ♠✉❧t✐♣❧❡ s✐③❡ s❡❧❡❝t✐✈❡ ✢♦✇ ❡✈❡♥ts✳ ❚❤❡ ✢♦♦❞ t❤❛t ❡①❝❡❡❞s ❛
t✇♦✲②❡❛rs r❡t✉r♥ ♣❡r✐♦❞ ✭470m3/s✮✱ ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❞✉r✐♥❣ ♣❡r✐♦❞ P2✱ ❞✐❞ t❤❡r❡❢♦r❡ ♥♦t ❞✐st✉r❜
t❤❡ s♦rt✐♥❣ tr❡♥❞ ♦❜s❡r✈❡❞ ❞✉r✐♥❣ ♣❡r✐♦❞ P1✱ ❡✈❡♥ ✐❢ ❛❧♠♦st ❛❧❧ s✐③❡ ❝❧❛ss❡s ✇❡r❡ tr❛♥s♣♦rt❡❞
❞✉r✐♥❣ t❤✐s ❡✈❡♥t✳ ❚❤❡ ✐♥❝r❡❛s❡❞ ♠❡❛♥ ❞✐st❛♥❝❡ tr❛✈❡❧❡❞ ❜② ❡❛❝❤ s✐③❡ ❝❧❛ss ❜❡t✇❡❡♥ S1 ❛♥❞ S2

❛❧s♦ s✉❣❣❡sts t❤❛t ✢♦✇ ✇❡r❡ ♠♦r❡ ❧♦♥❣❡r ❝♦♠♣❡t❡♥t ❞✉r✐♥❣ P1 t❤❛♥ P2✱ ❜✉t t❤❡s❡ ♠❡tr✐❝s ♠❛②
❜❡ ❛✛❡❝t❡❞ ❜② t❤❡ tr❛❝❡rs ❞✐s♣❡rs✐♦♥ ✭σ✮✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛✈❡❧ ❞✐st❛♥❝❡ ✭L)
✭σ = 2.03L− 62.62 ✇✐t❤ R2 = 0.96✮✳ ❚❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ tr❛❝❡rs ✭❋✐❣✉r❡ ✺✳✽✮ s❤♦✇s
t❤❛t ❞✉r✐♥❣ s✉r✈❡② S1✱ ❛ ❤✐❣❤ ♣r♦♣♦rt✐♦♥ ✭29%✮ ♦❢ tr❛❝❡rs ✇❡r❡ r❡❝♦✈❡r❡❞ ❜❡t✇❡❡♥ 285m ❛♥❞ 485m✱
❛❧♦♥❣ t❤❡ ♦♥❧② r✐✤❡✲♣♦♦❧ s❡q✉❡♥❝❡ ♦❢ t❤❡ r❡❛❝❤✳ ❚❤❡s❡ tr❛❝❡rs ✇❡r❡ r❡❧❛t✐✈❡❧② ❡✈❡♥❧② ❞✐str✐❜✉t❡❞
❜❡t✇❡❡♥ t❤❡ t✇♦ ❣❡♦♠♦r♣❤♦❧♦❣✐❝❛❧ ✉♥✐ts✱ ✇✐t❤ ❛ ❝❧✉st❡r ♦❢ ✽ tr❛❝❡rs ♦❜s❡r✈❡❞ ✐♥ t❤❡ r✐✤❡ ✭305m✮✱
✐♥ t❤❡ r✉♥ ✭435m✮ ❛♥❞ ✐♥ t❤❡ ♣♦♦❧ ✭515m✮✳ ❚❤❡ tr❛❝❡rs ✇❡r❡ t❤❡r❡❢♦r❡ ♥♦t ♣r❡❢❡r❡♥t✐❛❧❧② st♦r❡❞
♦♥ t❤❡ r✐✤❡✱ ✇❤❡r❡ t❤❡ ❜❡❞ s❤❡❛r str❡ss ✐s ❧♦✇❡r t❤❛♥ ✐♥ ♣♦♦❧s ❞✉r✐♥❣ ✢♦♦❞s ✭▲✐s❧❡✱ ✶✾✼✾❀ P❡t✐t✱
✶✾✽✼✮✱ ❛s ♦❜s❡r✈❡❞ ✐♥ ♦t❤❡r st✉❞✐❡s ✭❙❡❛r✱ ✶✾✾✻✮✳ ❚❤❡ r✐✈❡r ❜❡❞ ♠♦r♣❤♦❧♦❣② t❤✉s ❤❛s ❛ r❡❧❛t✐✈❡
✐♥✢✉❡♥❝❡ ♦♥ t❤❡ tr❛❝❡rs ❧♦❝❛t✐♦♥s✳ ❆s ♦❜s❡r✈❡❞ ❞✉r✐♥❣ s✉r✈❡② S2✱ ✇❤❡r❡ ❛ ❝❧✉st❡r ♦❢ ✶✵ tr❛❝❡rs
✇❛s ❢♦✉♥❞ ✐♥ s❤❛❧❧♦✇ ✭695m✮ ❛♥❞ ❞❡❡♣ ✭765m✮ ♣❛rts ♦❢ t❤❡ r✐✈❡r✳ ❚❤✐s ❝♦♥❝❧✉s✐♦♥ ❛❧❧♦✇s t♦
❝♦♥s✐❞❡r ♦♥❧② ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ✇❤❡♥ st✉❞②✐♥❣ t❤❡ tr❛❝❡rs ❞✐s♣❧❛❝❡♠❡♥t✳
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❋✐❣✉r❡ ✺✳✾✿ ❘❡❧❛t✐✈❡ tr❛✈❡❧ ❞✐st❛♥❝❡s ♦❢ ❛❧❧ tr❛❝❡rs r❡❝♦✈❡r❡❞ ❞✉r✐♥❣ Sn − Sn+1 ❛s ❛ ❢✉♥❝t✐♦♥ t♦
t❤❡✐r r❡❧❛t✐✈❡ s✐③❡ ❛♥❞ ♠❡❞✐❛♥ r❡❧❛t✐✈❡ tr❛✈❡❧ ❞✐st❛♥❝❡s ♦❢ tr❛❝❡rs ❝♦♥t❛✐♥❡❞ ✐♥ ❡❛❝❤ s✐③❡ ❝❧❛ss ❛s
❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠❡❞✐❛♥ r❡❧❛t✐✈❡ s✐③❡ ♦❢ t❤♦s❡ tr❛❝❡rs ❝♦♥t❛✐♥❡❞ ✐♥ ❡❛❝❤ s✐③❡ ❝❧❛ss✳ P♦❧②♥♦♠✐♥❛❧
❝✉r✈❡ ✜tt❡❞ t♦ ♦✉r ♠❡❞✐❛♥ ✈❛❧✉❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝✉r✈❡ ❢♦✉♥❞ ❜② ❈❤✉r❝❤ ❛♥❞ ❍❛ss❛♥ ✭✶✾✾✷✮
✭♥♦t❡❞ ❈✲❍✮ ❛♥❞ ▼✐❧❛♥ ✭✷✵✶✸✮✳

✺✳✹✳✷ ❉✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇

✺✳✹✳✷✳✶ ❍②❞r❛✉❧✐❝ ♠♦❞❡❧ ❝❛❧✐❜r❛t✐♦♥ ❛♥❞ r✐✈❡r ❞✐s❝❤❛r❣❡ ❡st✐♠❛t✐♦♥

❚❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ✉s❡❞ ✐♥ t❤✐s st✉❞② ✐s ❛ s✉❜♠♦❞❡❧ ♦❢ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ♦❢
t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✱ ❜✉✐❧t ❢r♦♠ ❛ ❤✐❣❤ r❡s♦❧✉t✐♦♥ ❉❊▼ ❧❡✈❡❧❡❞ ✐♥ s✉♠♠❡r ✷✵✶✽ ✭A1✮ ❛♥❞ ❝❛❧✐❜r❛t❡❞
✉s✐♥❣ t✐♠❡ s❡r✐❡s ♦❢ ❲❙❊ r❡❝♦r❞❡❞ ❞✉r✐♥❣ t❤❡ ❧❛r❣❡st ✢♦♦❞ ❡✈❡♥t ✭Qmax = 303m3/s✮✱ ♦❝❝✉rr❡❞
❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ P1✳ ❚❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤✐s s✉❜♠♦❞❡❧✱ ♦✈❡r t❤❡ ❡♥t✐r❡ st✉❞✐❡❞
♣❡r✐♦❞s ✭❋✐❣✉r❡ ✺✳✹✮✱ ✇❛s ❛ss❡ss❡❞ ✭✐✮ ❜② ♠♦❞❡❧❧✐♥❣ t❤❡ ❧❛r❣❡st ✢♦♦❞ ❡✈❡♥t ✭Qmax = 470m3/s✮
♦❝❝✉rr❡❞ ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ P2✱ ✉s✐♥❣ t❤❡ ❉❊▼ ❧❡✈❡❧❡❞ ✐♥ s✉♠♠❡r ✷✵✶✾ ✭A2✮ ❛♥❞ ✭✐✐✮ ❜② ❝♦♠♣❛r✲
✐♥❣ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts t♦ t✐♠❡ s❡r✐❡s ♦❢ ❲❙❊ r❡❝♦r❞❡❞ ❜② t✇♦ ❧✐♠♥✐♠❡t❡rs ✭▲✶ ❛♥❞ ▲✷✮ ❧♦❝❛t❡❞
♦♥ ❡✐t❤❡r s✐❞❡ ♦❢ t❤❡ tr❛❝❡rs ✐♥❥❡❝t✐♦♥ s✐t❡✳ ❚❤✐s s✐♠✉❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ❜② ✐♥❥❡❝t✐♥❣ ✐♥t♦ t❤❡
♠♦❞❡❧ t❤❡ ❤♦✉r❧② ❞✐s❝❤❛r❣❡ ❞❛t❛ r❡❝♦r❞❡❞ ❜② t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ✭❋✐❣✉r❡
✺✳✶✮✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ r❡s✉❧ts ✭❋✐❣✉r❡ ✺✳✶✵✮ s❤♦✇s t❤❛t t❤❡ ♠♦❞❡❧ ✐s ✇❡❧❧ ❝❛❧✐❜r❛t❡❞ ❛t ▲✶
❛♥❞ ▲✷✱ ❡✈❡♥ ✐❢ ♠♦❞❡❧❧❡❞ ❲❙❊ ❛r❡ s❧✐❣❤t❧② ✉♥❞❡r❡st✐♠❛t❡❞ ✭∼ 10cm✮ ❛t r✐s✐♥❣ ❧✐♠❜ ✭∼ 20h)✱
✇❤✐❧❡ s❧✐❣❤t❧② ♦✈❡r❡st✐♠❛t❡❞ ✭∼ 5cm✮ ❛t ❢❛❧❧✐♥❣ ❧✐♠❜ ✭∼ 100h−120h✮ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦❜s❡r✈❡❞
❲❙❊✳ ❚❤❡ ❣♦♦❞ ❝♦rr❡s♣♦♥❞❡♥❝❡ ♦❢ ♠♦❞❡❧❧❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❲❙❊ ❛t t❤❡ ✢♦♦❞ ♣❡❛❦ ✭∼ 40h) ❛♥❞
♣❧❛t❡❛✉ ✭∼ 50h)✱ ✇❤❡r❡ ❞✐s❝❤❛r❣❡s ❛r❡ r❡❧❛t✐✈❡❧② ❝♦♥st❛♥t ♦✈❡r t✐♠❡✱ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ✷❉ ♠♦❞❡❧
❡♥❛❜❧❡s ❛ ❣♦♦❞ ♠♦❞❡❧❧✐♥❣ ♦❢ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ s✉❝❝❡ss✐✈❡ st❡❛❞② st❛t❡ s✐♠✉❧❛t✐♦♥s
♣❡r❢♦r♠❡❞ ✇✐t❤ t❤✐s ♠♦❞❡❧ t♦ ❜✉✐❧❞ ❛ ❝❛t❛❧♦❣ ♦❢ ♠♦❞❡❧ ♦✉t♣✉ts ❢♦r ❞✐✛❡r❡♥t ✐♥✢♦✇ ❞✐s❝❤❛r❣❡s Q
❝❛♥ t❤❡r❡❢♦r❡ ❜❡ ✉s❡❞ t♦ ✭✐✮ ❜✉✐❧❞ st❛❣❡✲❞✐s❝❤❛r❣❡ r❡❧❛t✐♦♥s ❛t ▲✷ ❛♥❞ ✭✐✐✮ ❡st✐♠❛t❡ t❤❡ ❜❡❞ s❤❡❛r
str❡ss ❛t ❡❛❝❤ tr❛❝❡r ❧♦❝❛t✐♦♥✱ ❛ss✉♠✐♥❣ t❤❛t ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❛r❡ ❛❧s♦ ✇❡❧❧ ♣r❡❞✐❝t❡❞
❛❧♦♥❣ t❤❡ str❛✐❣❤t r❡❛❝❤ ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ ❜♦t❤ ❧✐♠♥✐♠❡t❡rs✳
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❋✐❣✉r❡ ✺✳✶✵✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r ▲✶ ❛♥❞ ▲✷✱ ❧♦❝❛t❡❞
♦♥ ❡✐t❤❡r s✐❞❡ ♦❢ t❤❡ ✐♥❥❡❝t✐♦♥ s✐t❡✱ ❛♥❞ t❤❡ ❲❙❊ ♠♦❞❡❧❡❞ ❞✉r✐♥❣ t❤❡ ♣❡❛❦ ✢♦♦❞ ♦❢ ♣❡r✐♦❞ P1

✭Q = 303m3/s✮✱ ♦❜t❛✐♥❡❞ ❢r♦♠ ✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ s✉❜♠♦❞❡❧ Mf,p✳

❚❤❡ t✇♦ st❛❣❡✲❞✐s❝❤❛r❣❡ r❡❧❛t✐♦♥s✱ ❜✉✐❧t ✉s✐♥❣ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❜❛s❡❞ ♦♥ ❉❊▼s ♦❢ ✷✵✶✽ ❛♥❞
♦❢ ✷✵✶✾✱ ✇❡r❡ ✉s❡❞ t♦ ❝♦♥✈❡rt t✐♠❡ s❡r✐❡s ♦❢ ❲❙❊ r❡❝♦r❞❡❞ ❛t ✺ ♠✐♥✉t❡s ✐♥t❡r✈❛❧ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r
▲✷✱ ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ P1 ❛♥❞ P2✱ ✐♥t♦ ✢♦✇ ❤②❞r♦❣r❛♣❤s✳ ❚❤❡ s✉♠ ♦❢ t❤❡ ❞✐s❝❤❛r❣❡ ❡st✐♠❛t❡❞
✉s✐♥❣ t❤✐s ❧✐♠♥✐♠❡t❡r✱ ❧♦❝❛t❡❞ ❛t ●r✐♣♣♦rt ✭❋✐❣✉r❡ ✺✳✶✮✱ ✇❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ s✉♠ ♦❢ t❤❡ ❞✐s✲
❝❤❛r❣❡ ♠❡❛s✉r❡❞ ❜② t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❧♦❝❛t❡❞ 12km ✉♣str❡❛♠ ❛♥❞ ❜②
t❤❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ♦❢ ❱❡❧❧❡✲s✉r✲▼♦s❡❧❧❡ ❧♦❝❛t❡❞ 21km ❞♦✇♥str❡❛♠✳ ❈♦♠♣❛r✐s♦♥ ✭❆♣♣❡♥❞✐① ❆✮
s❤♦✇s t❤❛t t❤❡ ❝✉♠✉❧❛t✐✈❡ ❞✐s❝❤❛r❣❡ ❡st✐♠❛t❡❞ ❛t ●r✐♣♣♦rt ✭▲✷✮✱ ❧✐❡s ❜❡t✇❡❡♥ t❤❡ ❝✉♠✉❧❛t✐✈❡
❞✐s❝❤❛r❣❡ ♠❡❛s✉r❡❞ ❜② t❤❡ ✉♣str❡❛♠ ❛♥❞ ❞♦✇♥str❡❛♠ ❣❛✉❣✐♥❣ st❛t✐♦♥s ❞✉r✐♥❣ ❜♦t❤ ♣❡r✐♦❞s P1

❛♥❞ P2✳ ❚❤❡ ❝✉♠✉❧❛t✐✈❡ ❞✐s❝❤❛r❣❡ ❡st✐♠❛t❡❞ ❛t ●r✐♣♣♦rt ❛r❡ ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❝✉♠✉❧❛t✐✈❡ ❞✐s✲
❝❤❛r❣❡ ❡st✐♠❛t❡❞ ❛t ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡✱ ✇❤✐❝❤ ✈❛❧✐❞❛t❡s ♣r❡✈✐♦✉s ❛ss✉♠♣t✐♦♥ t❤❛t ❝♦♥tr✐❜✉t✐♦♥s
♦❢ ✉♣str❡❛♠ tr✐❜✉t❛r✐❡s ❛r❡ ✐♥s✐❣♥✐✜❝❛♥t✳ ❚❤❡ ✢♦✇ ❤②❞r♦❣r❛♣❤s ❝♦♠♣✉t❡❞ ❞✉r✐♥❣ t❤✐s st✉❞② ❝❛♥
t❤❡r❡❢♦r❡ ❜❡ ✉s❡❞ t♦ ❡st✐♠❛t❡ ❛❝❝✉r❛t❡❧② t❤❡ r✐✈❡r ❞✐s❝❤❛r❣❡ ❞✉r✐♥❣ ❜♦t❤ ♣❡r✐♦❞s✳

✺✳✹✳✷✳✷ ❊st✐♠❛t✐♦♥ ♦❢ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r tr❛❝❡r ♠♦t✐♦♥

❚❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ Qc,i ✇❛s ❡st✐♠❛t❡❞ ❢♦r ❛❧❧ tr❛❝❡rs i✱ ♠♦❜✐❧✐③❡❞ ❞✉r✐♥❣ P1 ❛♥❞ P2 ❛♥❞ r❡✲
❝♦✈❡r❡❞ ❢r♦♠ S0 t♦ S2✱ ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ♣♦s✐t✐♦♥ ❛t ❡❛❝❤ s✉r✈❡②✱ ✐♥ ♦r❞❡r t♦ st✉❞② t❤❡ ✈❛r✐❛t✐♦♥
♦❢ Qc,i ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❧❛t❡r❛❧ ♣♦s✐t✐♦♥ ♦❢ t❤❡ tr❛❝❡rs i✳ ❚❤❡ r❡s✉❧ts ✭❋✐❣✉r❡ ✺✳✶✶✮ s❤♦✇ t❤❛t
t❤❡ ✈❛❧✉❡s ♦❢ Qc,i ✐♥❝r❡❛s❡❞ ✭✐✮ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛❝❡rs s✐③❡✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ s✐③❡✲
s❡❧❡❝t✐✈❡ tr❛♥s♣♦rt✱ ♦❜s❡r✈❡❞ ♣r❡✈✐♦✉s❧②✱ ❛♥❞ ✭✐✐✮ ❛s ❛ ❢✉♥❝t✐♦♥ t❤❛t tr❛❝❡rs ❧❛t❡r❛❧ ♣♦s✐t✐♦♥s ❢r♦♠
t❤❡ ❝❤❛♥♥❡❧ ❝❡♥t❡r❧✐♥❡✱ ✇❤✐❝❤ ✐s ❝♦♥s✐st❡♥t ✇✐t❤ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ✢♦✇ ✈❡❧♦❝✐t✐❡s
✭❋✐❣✉r❡ ✺✳✺✮✳ ❋❡✇ ♠♦❜✐❧❡ tr❛❝❡rs ✇❡r❡ r❡❝♦✈❡r❡❞ ❛❜♦✈❡ 20m ❢r♦♠ t❤❡ ❝❡♥t❡r❧✐♥❡✱ ❜❡❝❛✉s❡ ✢♦✇ ✈❡✲
❧♦❝✐t✐❡s ❞r♦♣ r❛♣✐❞❧② ✇❤❡♥ ❣❡tt✐♥❣ ❝❧♦s❡ ♦❢ t❤❡ ❜❛♥❦s ✭∼ 25m✮ ❛♥❞ t❤✉s tr❛❝❡rs r❡♠❛✐♥❡❞ ✐♠♠♦❜✐❧❡
❛t t❤❡ ❧❛t❡r❛❧ ❡①tr❡♠✐t✐❡s ♦❢ t❤❡ ✐♥❥❡❝t✐♦♥ tr❛♥s❡❝ts✳ ❚❤✐s ❞✐st❛♥❝❡ ❞❡❝r❡❛s❡❞ t♦ 17m ❢♦r ❝♦❛rs❡r
tr❛❝❡rs✱ ❜❡❝❛✉s❡ t❤❡ ❝r✐t✐❝❛❧ t❤r❡s❤♦❧❞ ❢♦r tr❛❝❡rs ♠♦t✐♦♥ ✐♥❝r❡❛s❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ tr❛❝❡r s✐③❡
❛♥❞ t❤❡r❡❢♦r❡ ❝♦❛rs❡r tr❛❝❡rs r❡♠❛✐♥❡❞ ✐♠♠♦❜✐❧❡ ♦✈❡r ❛ ✇✐❞❡r ♣♦rt✐♦♥ ♦❢ t❤❡ ✐♥❥❡❝t✐♦♥ tr❛♥s❡❝t✳
❚❤❡s❡ ❞✐s❝r❡♣❛♥❝✐❡s ❜❡t✇❡❡♥ r❡s✉❧ts ❛r❡ ❛❧s♦ ❞✉❡ t♦ t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ✈❛r✐❛t✐♦♥ ♦❢ Qc,i ✭❋✐❣✉r❡ ✺✳✺✮✳

✶✹✹



❋✐❣✉r❡ ✺✳✶✶✿ ❈r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r tr❛❝❡rs ♠♦t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ tr❛❝❡rs s✐③❡ ❛♥❞ ❧❛t❡r❛❧
♣♦s✐t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ r✐✈❡r ❝❡♥t❡r❧✐♥❡✳

❚❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ Qc,i ❢♦r tr❛❝❡r ♠♦t✐♦♥✱ ❡st✐♠❛t❡❞ ❛t s✉r✈❡②s Sn ❛♥❞ Sn+1✱ ✇❡r❡ ❝♦♠✲
♣❛r❡❞ ✐♥ ♦r❞❡r t♦ st✉❞② t❤❡ t❡♠♣♦r❛❧ ❛♥❞ t❤✉s t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ✈❛r✐❛t✐♦♥s ♦❢ Qc,i ❛❧♦♥❣ t❤❡ r✐✈❡r
r❡❛❝❤✳ ❘❡s✉❧ts s❤♦✇ ✭❋✐❣✉r❡ ✺✳✶✷✮ t❤❛t t❤❡ ✈❛❧✉❡s ♦❢ Qc,i ✇❡r❡ r❡❧❛t✐✈❡❧② ❝♦♥st❛♥t ❜❡t✇❡❡♥ s✉r✈❡②
S0 ❛♥❞ S1✱ ❛s ✐♥❞✐❝❛t❡❞ ❜② t❤❡ tr❡♥❞❧✐♥❡ ❝♦♥♥❡❝t✐♥❣ ❜♦t❤ ❞❛t❛s❡ts ✭QS1 = 1.03QS0+2.89✮✱ ✇❤✐❝❤
✐s ❝❧♦s❡❧② ❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ ✶✿✶ ❧✐♥❡✱ ❡①❤✐❜✐t✐♥❣ ❛ ❤✐❣❤ ❝♦❡✣❝✐❡♥t ♦❢ ❞❡t❡r♠✐♥❛t✐♦♥ ✭R2 = 0.71✮✳
❚❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❜❡✐♥❣ ❝♦♠♣❛r❛❜❧❡ ❜❡❢♦r❡ ✭S0✮ ❛♥❞ ❛❢t❡r ✭S1✮ ♠♦❜✐❧✐s❛t✐♦♥✱ t❤❡
❞✉r❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt ❡❛❝❤ tr❛❝❡r✱ ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ P1✱ ❝❛♥ t❤❡r❡❢♦r❡ ❜❡
❝♦♠♣✉t❡❞ s✐♠✐❧❛r❧② ✉s✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ Qc,i ❡st✐♠❛t❡❞ ❡✐t❤❡r ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦r ❛t t❤❡ ❡♥❞ ♦❢
t❤✐s ♠♦♥✐t♦r✐♥❣✳ ❚❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❡st✐♠❛t❡❞ ❛t S1 ❛♥❞ S2 ✭❋✐❣✉r❡
✺✳✶✷✮ r❡✈❡❛❧s s✐❣♥✐✜❝❛♥t ❞✐✛❡r❡♥❝❡s✱ s♦ t❤❡r❡ ✐s ♥♦ ❧♦♥❣❡r ❛ ❞✐s❝❡r♥✐❜❧❡ ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡
t✇♦ ❞❛t❛s❡ts ✭R2 = 0.14✮✳ ❚❤✐s ✈❛r✐❛t✐♦♥ ✐s ♦❜s❡r✈❡❞ ❜❡❝❛✉s❡ t❤❡ ✈❛❧✉❡s ♦❢ Qc,i s✐❣♥✐✜❝❛♥t❧②
✐♥❝r❡❛s❡❞ ✭> 50%✮ ❢♦r r♦✉❣❤❧② ❛ t❤✐r❞ ♦❢ t❤❡ s♠❛❧❧ tr❛❝❡rs ✭16− 45mm✮✱ ✇❤✐❧❡ t❤❡ ✈❛❧✉❡s ♦❢ Qc,i

❡①♣❡r✐❡♥❝❡❞ ❛ s❧✐❣❤t ❞❡❝r❡❛s❡ ✭< 25%✮ ❢♦r ❛♣♣r♦①✐♠❛t❡❧② ❛ ❤❛❧❢ ♦❢ t❤❡ ❧❛r❣❡ tr❛❝❡rs ✭> 70mm✮✳
❚❤❡s❡ ❝❤❛♥❣❡s ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ❜❡❞ s❤❡❛r str❡ss θ ✭❋✐❣✉r❡
✺✳✽✮✱ s♠❛❧❧ tr❛❝❡rs t❤❛t tr❛✈❡❧❡❞ ❢❛r ❞♦✇♥str❡❛♠ ✭> 700m✮ ❛r❡ ♥♦✇ ❧♦❝❛t❡❞ ✇❤❡r❡ t❤❡ ✈❛❧✉❡s ♦❢ θ
❛r❡ ❧♦✇❡r t❤❛♥ ❛t t❤❡ ✐♥❥❡❝t✐♦♥ tr❛♥s❡❝t✱ ✇❤✐❧❡ s♦♠❡ ❝♦❛rs❡ tr❛❝❡rs ❛r❡ ♥♦✇ ❧♦❝❛t❡❞ ♦✈❡r t❤❡ r✐✤❡
✭∼ 300m✮ ✇❤❡r❡ t❤❡ ✈❛❧✉❡s ♦❢ θ ❛r❡ ❤✐❣❤❡r t❤❛♥ ❛t t❤❡ tr❛♥s❡❝t ♦❢ ✐♥❥❡❝t✐♦♥✳ ❚❤❡ ❤②❞r♦❞②♥❛♠✐❝
❝♦♥❞✐t✐♦♥s ✈❛r②✐♥❣ ❜❡t✇❡❡♥ t❤❡ tr❛❝❡rs ♠♦t✐♦♥s ✭S1✮ ❛♥❞ ❞❡♣♦s✐ts ✭S2✮✱ t❤❡ ❞✉r❛t✐♦♥ Ti ♦❢ t❤❡
✢♦✇ ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt ❡❛❝❤ tr❛❝❡r✱ ❞✉r✐♥❣ t❤❡ ♣❡r✐♦❞ P2✱ ❝❛♥ t❤❡r❡❢♦r❡ ❝❤❛♥❣❡ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ ✈❛❧✉❡s ♦❢ Qc,i ✭S1 ♦r S2✮ s❡❧❡❝t❡❞✳ ❆s ♣❛rt ♦❢ t❤✐s st✉❞②✱ ✇❡ ✇✐❧❧ ✉s❡ t❤❡ ✈❛❧✉❡s ♦❢ Qc,i

❡st✐♠❛t❡❞ ❛t S1 t♦ ❝♦♠♣✉t❡ Ti✱ ❜❡❝❛✉s❡ t❤❡ ♠❛❥♦r✐t② ♦❢ t❤❡ tr❛❝❡rs ❛r❡ ❝❧♦s❡ t♦ t❤❡ ✶✿✶ ❧✐♥❡✱
❜✉t r❡♠❡♠❜❡r✐♥❣ t❤❛t t❤❡ ✈❛❧✉❡ ♦❢ t>Qc ❝❛♥ ❜❡ ♦✈❡r❡st✐♠❛t❡❞ ❢♦r s♦♠❡ ♦❢ t❤❡ s♠❛❧❧ tr❛❝❡rs ❛♥❞
✉♥❞❡r❡st✐♠❛t❡❞ ❢♦r s♦♠❡ ♦❢ ❝♦❛rs❡ tr❛❝❡rs✳

✶✹✺



❋✐❣✉r❡ ✺✳✶✷✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r tr❛❝❡rs ♠♦t✐♦♥ ❜❡t✇❡❡♥ S0 − S1 ✭❧❡❢t ♣❧♦t✮
❛♥❞ S1 − S2 ✭r✐❣❤t ♣❧♦t✮✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✶✿✶ r❡❧❛t✐♦♥s❤✐♣ ❛♥❞ t❤❡ ❞♦tt❡❞ ❧✐♥❡
r❡♣r❡s❡♥t t❤❡ tr❡♥❞❧✐♥❡ ❜❛s❡❞ ♦♥ ♦✉r ❞❛t❛✳

✺✳✹✳✷✳✸ ❉✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇

❚❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥ Ti ✇❛s ❝♦♠♣✉t❡❞ ❢♦r ❡❛❝❤ tr❛❝❡rs i✱ ❞✉r✐♥❣ ♣❡r✐♦❞s P1 ❛♥❞ P2✱
❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❡st✐♠❛t❡❞ ❛t ❡❛❝❤ tr❛❝❡rs ❧♦❝❛t✐♦♥ ❛t S0 ❛♥❞ S1✱ r❡✲
s♣❡❝t✐✈❡❧②✳ ❚❤❡ r❡s✉❧ts ✭❋✐❣✉r❡ ✺✳✶✸ ❛✮ s❤♦✇ t❤❛t t❤✐s ❞✉r❛t✐♦♥ ✭✐✮ ❞❡❝r❡❛s❡s ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡
tr❛❝❡rs s✐③❡ ✭Ti := 10days ❛♥❞ Ti := 2days ❢♦r r❡s♣❡❝t✐✈❡❧② tr❛❝❡rs ✷✵ ❛♥❞ 50mm ❧♦❝❛t❡❞ ✐♥ t❤❡
♠✐❞❞❧❡ ♦❢ t❤❡ r✐✈❡r✮✱ ❞✉❡ t♦ t❤❡ s✐③❡✲s❡❧❡❝t✐✈❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ ✭✐✐✮ ❛s tr❛❝❡rs ❧♦❝❛t✐♦♥ ✐s
❞✐st❛♥t ❢r♦♠ t❤❡ r✐✈❡r ❝❡♥t❡r❧✐♥❡ ✭Ti := 3days ❛♥❞ T := 0.5days ❢♦r r❡s♣❡❝t✐✈❡❧② tr❛❝❡rs ✷✵ ❛♥❞
50mm ❧♦❝❛t❡❞ ❛t 16m ❢r♦♠ t❤❡ ❝❡♥t❡r❧✐♥❡✮✱ ❞✉❡ t♦ ❧❛t❡r❛❧ ✈❛r✐❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ✈❡❧♦❝✐t✐❡s✳ ❚❤❡
❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✈❛❧✉❡s ♦❢ Ti ❡st✐♠❛t❡❞ ❛t P1 ❛♥❞ P2 ✭❋✐❣✉r❡ ✺✳✶✸ ❜✮ ✐♥❞✐❝❛t❡s✱ t❤❛t ❛❧♠♦st
❛❧❧ tr❛❝❡rs ✇❡r❡ tr❛♥s♣♦rt❡❞ ♦✈❡r ❛ ❧♦♥❣❡r ♣❡r✐♦❞ ✐♥ ✇✐♥t❡r ✷✵✷✵ t❤❛♥ ✐♥ ✇✐♥t❡r ✷✵✶✾✱ ❡s♣❡❝✐❛❧❧②
tr❛❝❡rs ♦❢ ♠❡❞✐✉♠ s✐③❡✱ ✇❤♦s❡ ❞✉r❛t✐♦♥ ♦❢ tr❛♥s♣♦rt ✐♥❝r❡❛s❡❞ s✐❣♥✐✜❝❛♥t❧② ✭TP1 = 1day ❛♥❞
TP2 = 3.5days ❢♦r tr❛❝❡rs ♦❢ 55mm✮✳

❚❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥ ✇❛s ❡q✉❛❧ t♦ ✵ ❢♦r ✷✼ tr❛❝❡rs ✭✷✷ ❞✉r✐♥❣ P1❛♥❞ ✺ ❞✉r✐♥❣ P2✮
♦❢ r❡❧❛t✐✈❡❧② ❝♦❛rs❡ s✐③❡ ✭45 − 90mm✮✱ ♠♦st❧② ❧♦❝❛t❡❞ ❛t t❤❡ ❧❛t❡r❛❧ ❡①tr❡♠✐t✐❡s ♦❢ t❤❡ r✐✈❡r❜❡❞
✭❞✐st❛♥❝❡ ❢r♦♠ ❝❡♥t❡r❧✐♥❡ > 10m✮✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ✭❋✐❣✉r❡ ✺✳✶✶✮✱ t❤❡ ❝r✐t✐✲
❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r t❤❡✐r ♠♦t✐♦♥ ✇❛s ♥♦t r❡❛❝❤❡❞ ❞✉r✐♥❣ t❤❡ r❡s♣❡❝t✐✈❡ ♣❡r✐♦❞s✱ ❜✉t ✜❡❧❞ s✉r✈❡②s
s❤♦✇❡❞ t❤❛t t❤❡s❡ tr❛❝❡rs ♠♦✈❡❞ ♦✈❡r r❡❧❛t✐✈❡❧② s❤♦rt ❞✐st❛♥❝❡s ✭10− 30m✮✳ ❚❤✐s ❞✐✛❡r❡♥❝❡ ❜❡✲
t✇❡❡♥ ♣r❡❞✐❝t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ tr❛❝❡rs ♠♦❜✐❧✐t② ♠❛② ❜❡ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t ✭✐✮ tr❛❝❡rs ♣r♦tr✉❞❡❞
❢r♦♠ t❤❡ r✐✈❡r ❜❡❞ ❛♥❞ ✇❡r❡ t❤✉s tr❛♥s♣♦rt❡❞ ❛t ❛ ❧♦✇❡r ❞✐s❝❤❛r❣❡ t❤❛♥ ♣r❡❞✐❝t❡❞✱ ✭✐✐✮ t❤❡ ✢♦✇
✈❡❧♦❝✐t✐❡s ✇❡r❡ ❧♦❝❛❧❧② ❤✐❣❤❡r t❤❛♥ ♣r❡❞✐❝t❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛ ❧♦❣✲❥❛♠✱ ✭✐✐✐✮ t❤❡ tr❛❝❡r
❧❛t❡r❛❧ ♣♦s✐t✐♦♥s ✇❡r❡ ✐♥❛❝❝✉r❛t❡ ❞✉❡ t❤❡ ❣❡♦❧♦❝❛t✐♦♥ ❛❝❝✉r❛❝② ✭±3m✮ ✇❤✐❝❤ ♠❛② ❤❛✈❡ ❧❡❞ t♦
✉♥❞❡r❡st✐♠❛t❡ t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❛♥❞ ✭✐✈✮ t❤❡ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ ✉♥❞❡r❡st✐♠❛t❡s t❤❡
❜❡❞ s❤❡❛r str❡ss ❛❧♦♥❣ t❤❡ r✐✈❡r ❜❛♥❦s✳ ❚❤✐s ❧❛st ❛ss✉♠♣t✐♦♥ ✇❛s ♣r✐✈✐❧❡❣❡❞✱ ❛s t❤❡ r❡s✉❧ts ♦❢
t❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♣r❡❞✐❝t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ❜❡❞ ❡r♦s✐♦♥ ♣❡r❢♦r♠❡❞ ❜② P✐❛s♥② ❡t ❛❧✳ ✭✷✵✷✸❜✮
s❤♦✇ t❤❛t ♠♦❞❡❧❧❡❞ ❜❡❞ s❤❡❛r str❡ss t❡♥❞s t♦ ❜❡ ✉♥❞❡r❡st✐♠❛t❡❞ ♥❡❛r t❤❡ r✐✈❡r ❜❛♥❦s✳ ❚❤❡s❡
✷✼ ♣✐t✲t❛❣s ✇❡r❡ t❤❡r❡❢♦r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ t❤❡ ❞❛t❛s❡t ❢♦r t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ tr❛❝❡rs ✈✐rt✉❛❧
✈❡❧♦❝✐t②✳

✶✹✻



❋✐❣✉r❡ ✺✳✶✸✿ ❉✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ tr❛❝❡r ❧❛t❡r❛❧ ♣♦s✐t✐♦♥ ❛♥❞ s✐③❡
❢♦r ❡❛❝❤ ♣❡r✐♦❞ Pn ✭❧❡❢t ♣❧♦t✮ ❛♥❞ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥ ❜❡t✇❡❡♥ ♣❡r✐♦❞s
P1 − P2 ✭r✐❣❤t ♣❧♦t✮✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✶✿✶ r❡❧❛t✐♦♥s❤✐♣ ❛♥❞ t❤❡ ❞♦tt❡❞ ❧✐♥❡
r❡♣r❡s❡♥ts t❤❡ tr❡♥❞❧✐♥❡ ❜❛s❡❞ ♦♥ ♦✉r ❞❛t❛✳

✺✳✹✳✸ ❈❛❧✐❜r❛t✐♦♥ ♦❢ ♥♦♥✲✉♥✐❢♦r♠ s❡❞✐♠❡♥t tr❛♥s♣♦rt

✺✳✹✳✸✳✶ ❚r❛❝❡rs ✈✐rt✉❛❧ ✈❡❧♦❝✐t②

❚❤❡ ♠❡❞✐❛♥ ✈✐rt✉❛❧ ✈❡❧♦❝✐t② Vk ♦❢ tr❛❝❡rs i ✇✐t❤✐♥ s✐③❡ ❝❧❛ss k ✇❛s ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ♣❧♦tt❡❞ ❛s ❛
❢✉♥❝t✐♦♥ t♦ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r Dk ♦❢ tr❛❝❡rs i ✇✐t❤✐♥ s✐③❡ ❝❧❛ss k✱ ✐♥ ♦r❞❡r t♦ st✉❞② t❤❡ ✈❛r✐❛t✐♦♥ ♦❢
✈✐rt✉❛❧ ✈❡❧♦❝✐t② ❛❝❝♦r❞✐♥❣ t♦ t❤❡ tr❛❝❡r s✐③❡✳ ❉❡s♣✐t❡ t❤❡ s❝❛tt❡r❡❞ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❞❛t❛ ✇✐t❤✐♥
❡❛❝❤ s✐③❡ ❝❧❛ss✱ t❤❡ r❡s✉❧ts ✭❋✐❣✉r❡ ✺✳✶✹✮ s❤♦✇ ❛ str♦♥❣ ♣♦s✐t✐✈❡ ❧♦❣✲❧♦❣ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ Vk

❛♥❞ Dk✱ ✇✐t❤ ❛ ❝♦❡✣❝✐❡♥t ♦❢ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ✵✳✾✽ ❢♦r P1 ❛♥❞ P2✳ ❚❤❡ tr❛❝❡rs ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s Vk

s❧✐❣❤t❧② ❞❡❝r❡❛s❡❞ ♦✈❡r t✐♠❡ ✭a := −3.13 ♦✈❡r P1 ❛♥❞ a := −3.20 ♦✈❡r P2✮✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞
❜② ✭✐✮ ❛♥ ♦✈❡r❡st✐♠❛t✐♦♥ ♦❢ Vk ❞✉r✐♥❣ P1 ❛s tr❛❝❡r ♠✐❣❤t st✐❧❧ ♣r♦tr✉❞❡ ❢r♦♠ t❤❡ r✐✈❡r❜❡❞ ❛❢t❡r
t❤❡ ♠✐♥♦r ✢♦♦❞s ✇❤✐❝❤ ♦❝❝✉rr❡❞ ❜❡t✇❡❡♥ t❤❡ tr❛❝❡rs ✐♥❥❡❝t✐♦♥ ❛♥❞ t❤❡ ✜rst s✉r✈❡② ✭❋✐❣✉r❡ ✺✳✹✮
❛♥❞✴♦r ✭✐✐✮ ❛♥ ✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ Vk ❞✉r✐♥❣ P2 ❛s tr❛❝❡rs ❝♦✉❧❞ ❜❡ ♣r♦❣r❡ss✐✈❡❧② ❜✉r✐❡❞ ❛❢t❡r
s✉❝❝❡ss✐✈❡ ✢♦♦❞ ❡✈❡♥ts ✭❋❡r❣✉s♦♥ ❡t ❛❧✳✱ ✷✵✵✷❀ ❈❤❛r❞♦♥ ❡t ❛❧✳✱ ✷✵✷✶❜❀ ❍♦✉❜r❡❝❤ts ❡t ❛❧✳✱ ✷✵✶✺✮✳
❚❤❡ r❛t❡ ❛t ✇❤✐❝❤ t❤❡ tr❛❝❡r✬s ✈✐rt✉❛❧ ✈❡❧♦❝✐t② Vk ✐♥❝r❡❛s❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r s✐③❡ Dk✱ ❤♦✇❡✈❡r✱
r❡♠❛✐♥s ❝♦♥st❛♥t ♦✈❡r t✐♠❡ ✭b := 1.32 ♦✈❡r P1 ❛♥❞ b := 1.29 ♦✈❡r P2✮✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤✐s r❛t❡
✐s ✐♥❞❡♣❡♥❞❡♥t t♦ t❤❡ ♥✉♠❜❡r ❛♥❞ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ✢♦♦❞ ❡✈❡♥ts ✭❋✐❣✉r❡ ✺✳✹ ❜✮ ✇❤✐❝❤ ♦❝❝✉rr❡❞
❛s ✇❡❧❧ ❛s t♦ t❤❡ ❞♦✇♥str❡❛♠ ❞✐s♣❡rs✐♦♥ ♦❢ t❤❡ tr❛❝❡rs ✭❋✐❣✉r❡ ✺✳✶✮✳ ❆ ♣♦✇❡r ❧❛✇ ✇❛s ✜tt❡❞ t♦
❛❧❧ t❤❡ ♠❡❞✐❛♥ ✈❛❧✉❡s ♦❢ Vk ❛♥❞ Dk ❡st✐♠❛t❡❞ ❞✉r✐♥❣ ❡❛❝❤ ♣❡r✐♦❞ Pn✱ ✇❤✐❝❤ ❣✐✈❡s t❤❡ ❢♦❧❧♦✇✐♥❣
❡q✉❛t✐♦♥✱ ✇❤❡r❡ Vi ✐s t❤❡ ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ❡①♣r❡ss❡❞ ✐♥ m/h ❛♥❞ Di ✐s t❤❡ ♣❛rt✐❝❧❡ s✐③❡ ❡①♣r❡ss❡❞
✐♥ ♠✐❧❧✐♠❡t❡r✳

Vi = exp(−3.07)D1.27
i ✭✺✳✷✽✮

❚❤✐s ❧❛✇ ❤❛s ❜❡❡♥ ✜tt❡❞ ♦♥ n = 428 ❞❛t❛ ♣❛✐rs ✇✐t❤ ❛ ♣❡❛rs♦♥ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢
R2 = 0.99 ❛♥❞ ❛♥ RMSE = 0.04✳
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❚❤✐s r❡❧❛t✐♦♥s❤✐♣ ❞❡♠♦♥str❛t❡s t❤❛t t❤❡ tr❛❝❡r ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ✐♥❝r❡❛s❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛❝✲
❡rs s✐③❡✱ ❢r♦♠ 2m/h ❢♦r t❤❡ s♠❛❧❧❡st ♣❛rt✐❝❧❡ s✐③❡ ✭Di = 20mm✮ t♦ 11.7m/h ❢♦r t❤❡ ❧❛r❣❡st ♣❛rt✐❝❧❡
s✐③❡ ✭Di = 75mm✮✳ ❚❤✐s r❡s✉❧t ❝♦♥tr❛sts ✇✐t❤ ♦❜s❡r✈❛t✐♦♥s ❢r♦♠ ♣r❡✈✐♦✉s st✉❞✐❡s ✭❋❡r❣✉s♦♥ ❛♥❞
❲❛t❤❡♥✱ ✶✾✾✽✮✱ ✇❤♦ ✐♥❞✐❝❛t❡ t❤❛t tr❛❝❡rs ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s ❞❡❝r❡❛s❡✱ ✇❤❡♥ t❤❡ ❣r❛✐♥ s✐③❡ ✐♥❝r❡❛s❡✳
❚❤♦s❡ st✉❞✐❡s ✜♥❞ ❛s ✇❡❧❧ t❤❛t ✜♥❡r tr❛❝❡rs tr❛✈❡❧ ❢✉rt❤❡r ❞♦✇♥str❡❛♠ t❤❛♥ ❝♦❛rs❡r tr❛❝❡rs✱ ❜✉t
t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥ ✇❛s ❝♦♥s✐❞❡r❡❞ ❛s ✐♥✈❛r✐❛♥t ❢♦r ❛❧❧ ♣❛rt✐❝❧❡ s✐③❡s✱ t❤❡r❡❢♦r❡ ✈✐rt✉❛❧
✈❡❧♦❝✐t✐❡s ✭❡q✉❛t✐♦♥ ✺✳✾✮ ✐♥✈❡rs❡❧② ✐♥❝r❡❛s❡❞ ✇✐t❤ t❤❡ tr❛❝❡r s✐③❡✳ ❚❤✐s ❧❛tt❡r ❛ss✉♠♣t✐♦♥ ✇❛s
♠❛❞❡ ❢r♦♠ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts ✭❆s❤✇♦rt❤ ❛♥❞ ❋❡r❣✉s♦♥✱ ✶✾✽✾❀ ❲❛t❤❡♥ ❡t ❛❧✳✱ ✶✾✾✺✮✱ s❤♦✇✐♥❣
t❤❛t ❛❧❧ ❣r❛✐♥ s✐③❡s ✇❡r❡ tr❛♥s♣♦rt❡❞ ♦✈❡r ❛ s✐♠✐❧❛r t❤r❡s❤♦❧❞ s❤❡❛r str❡ss ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ❢♦r ❛♥
❡q✉❛❧ ❞✉r❛t✐♦♥✳ ❚❤❡ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ♣❡r❢♦r♠❡❞ ♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r✱ t♦ ❡st✐♠❛t❡ t❤❡ ❝r✐t✐❝❛❧
t❤r❡s❤♦❧❞ ❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥ θcr ✭P✐❛s♥② ❡t ❛❧✳✱ ✷✵✷✸❜✮ ❤♦✇❡✈❡r s❤♦✇ t❤❛t t❤❡ ✈❛❧✉❡ ♦❢ θcr ♣r♦✲
❣r❡ss✐✈❡❧② ✐♥❝r❡❛s❡s r❡❧❛t✐✈❡❧② t♦ t❤❡ ♠❡❞✐❛♥ ❣r❛✐♥ s✐③❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ✭❡q✉❛t✐♦♥ ✺✳✷✺✮✳ ❆s t❤❡
❛ss✉♠♣t✐♦♥ ♦❢ ❛ ✉♥✐q✉❡ t❤r❡s❤♦❧❞ s❤❡❛r str❡ss ❢♦r ❛❧❧ ❣r❛✐♥ s✐③❡s ✐s ♥♦t ✈❛❧✐❞ ❢♦r ♦✉r st✉❞② s✐t❡✱
t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ✐s ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt ❡❛❝❤ tr❛❝❡r ✐s t❤❡♥ ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡
tr❛❝❡rs s✐③❡✳ ❚❤✐s ❞✉r❛t✐♦♥ ❞❡❝r❡❛s❡s r❛♣✐❞❧② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ tr❛❝❡rs s✐③❡ ✭❋✐❣✉r❡ ✺✳✶✸✮✱ s✐♥❝❡
❝♦❛rs❡r tr❛❝❡rs r❡q✉✐r❡ ❛ ❤✐❣❤❡r ❞✐s❝❤❛r❣❡ t♦ ❜❡ tr❛♥s♣♦rt❡❞ ✭❋✐❣✉r❡ ✺✳✶✶✮✱ ✇❤✐❝❤ ✇❛s ❡①❝❡❡❞❡❞
♦✈❡r s✐❣♥✐✜❝❛♥t❧② s❤♦rt❡r ♣❡r✐♦❞s ✭❋✐❣✉r❡ ✺✳✹✮✳ ❇② ❝♦♥s✐❞❡r✐♥❣ ❛ s✐③❡✲❜❛s❡❞ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉✲
r❛t✐♦♥✱ s♠❛❧❧ tr❛❝❡rs ❤❛s t❤❡♥ ❧♦✇❡r ✈✐rt✉❛❧ ✈❡❧♦❝✐t② t❤❛♥ ❝♦❛rs❡ tr❛❝❡rs ✭❡q✉❛t✐♦♥ ✺✳✷✽✮✱ ❜❡❝❛✉s❡
♦❢ t❤❡ ♠✉❝❤ ❧♦♥❣❡r ❞✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇ r❡❧❛t✐✈❡ t♦ t❤❡ tr❛✈❡❧❡❞ ❞✐st❛♥❝❡ ✭❋✐❣✉r❡ ✺✳✷✽✮✳

❋✐❣✉r❡ ✺✳✶✹✿ ❱✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ tr❛❝❡rs ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡✐r s✐③❡ ❞✉r✐♥❣ ❡❛❝❤ ♣❡r✐♦❞ Pn ✭❧❡❢t ♣❧♦t✮
❛♥❞ ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ tr❛❝❡rs ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡✐r r❡❧❛t✐✈❡ s✐③❡ ❞✉r✐♥❣ ❡❛❝❤ ♣❡r✐♦❞
Pn ✭r✐❣❤t ♣❧♦t✮✳ ▲❛r❣❡ sq✉❛r❡s ✐♥❞✐❝❛t❡s t❤❡ ♠❡❞✐❛♥ ✈❡❧♦❝✐t② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠❡❞✐❛♥ s✐③❡ ♦❢
tr❛❝❡rs ✇✐t❤✐♥ ❡❛❝❤ s✐③❡ ❝❧❛ss ❛♥❞ ❣r❡❡♥ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❜② ▼✐❧❛♥ ✭✷✵✶✸✮✳

❖✉r ❞❛t❛ ✇❡r❡ ❛❞✐♠❡♥t✐♦♥❛❧✐③❡❞ ✭❡q✉❛t✐♦♥ ✺✳✶✵✮ ❛♥❞ t❤❡ ♠❡❞✐❛♥ ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t②
V ∗
k ♦❢ tr❛❝❡rs i ✇✐t❤✐♥ s✐③❡ ❝❧❛ss k ✇❛s ❝❛❧❝✉❧❛t❡❞ ❛♥❞ ♣❧♦tt❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ ♠❡❞✐❛♥ r❡❧❛t✐✈❡

❞✐❛♠❡t❡r D∗
k ♦❢ tr❛❝❡rs i ✇✐t❤✐♥ t❤❡ s✐③❡ ❝❧❛ss k✳ ❆s ❢♦r t❤❡ tr❛❝❡r ✈✐rt✉❛❧ ✈❡❧♦❝✐t②✱ t❤❡ r❡s✉❧ts

✭❋✐❣✉r❡ ✺✳✶✹✮ s❤♦✇ ❛ str♦♥❣ ♣♦s✐t✐✈❡ ❧♦❣✲❧♦❣ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ V ∗
k ❛♥❞ D∗

k✱ ✇✐t❤ ❛ ❝♦❡✣❝✐❡♥t ♦❢
❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ ✵✳✾✸ ❢♦r P1 ❛♥❞ ✵✳✾✻ ❢♦r P2✳ ❚❤❡ tr❛❝❡rs ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s V ∗

k ❛❧s♦
s❧✐❣❤t❧② ❞❡❝r❡❛s❡❞ ♦✈❡r t✐♠❡ ✭a := 1.97 ♦✈❡r P1 ❛♥❞ a := 1.78 ♦✈❡r P2✮✱ ✇❤✐❧❡ t❤❡ r❛t❡ ❛t ✇❤✐❝❤
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V ∗
k ✐♥❝r❡❛s❡ ❛❝❝♦r❞✐♥❣ t♦ D∗

k r❡♠❛✐♥s ❛❧♠♦st ❝♦♥st❛♥t ❜❡t✇❡❡♥ P1 ✭b := 0.82✮ ❛♥❞ P2 ✭b := 0.80✮✳
❆ ♣♦✇❡r ❧❛✇ ✇❛s ✜tt❡❞ t♦ ❛❧❧ t❤❡ ♠❡❞✐❛♥s ✈❛❧✉❡s ♦❢ V ∗

k ❛♥❞ D∗
k ❡st✐♠❛t❡❞ ❞✉r✐♥❣ ❡❛❝❤ ♣❡r✐♦❞ Pn✱

✇❤✐❝❤ ❣✐✈❡s t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥✱ ✇❤❡r❡ V ∗
i ✐s t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ❛♥❞ D∗

i ✐s t❤❡
r❡❧❛t✐✈❡ s✐③❡ ♦❢ ♣❛rt✐❝❧❡ i✳

V ∗
D∗

i
= exp(1.87)D∗0.78

i ✭✺✳✷✾✮

❚❤✐s ❧❛✇ ❤❛s ❜❡❡♥ ✜tt❡❞ ♦♥ n = 428 ❞❛t❛ ♣❛✐rs ✇✐t❤ ❛ ♣❡❛rs♦♥ ❝♦rr❡❧❛t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ R2 = 0.99
❛♥❞ ❛♥ RMSE = 0.02✳

❚❤✐s r❡❧❛t✐♦♥ ✇❛s ❝♦♠♣❛r❡❞ t♦ t❤❡ r❡❧❛t✐♦♥ ❢♦✉♥❞ ❜② ▼✐❧❛♥ ✭✷✵✶✸✮✱ ✇❤♦ ❛❧s♦ ✐♥✈❡st✐❣❛t❡❞ t❤❡
✈✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ ♣❛✐♥t❡❞ tr❛❝❡rs ✐♥ t❤❡ ❘❡❞❡ ❘✐✈❡r ✉s✐♥❣ ❛s ✇❡❧❧ ❛ s✐③❡✲❜❛s❡❞ ✢♦✇ ❝♦♠♣❡t❡♥❝❡
❞✉r❛t✐♦♥✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤✐s ❝♦♠♣❛r✐s♦♥ ✭❋✐❣✉r❡ ✺✳✶✹✮ s❤♦✇ t❤❛t tr❛❝❡rs s♠❛❧❧❡r t❤❛♥ ✶✳✺ t✐♠❡s
t❤❡ ❜❡❞ s✉r❢❛❝❡ D50 tr❛✈❡❧❡❞ ❛t ❛ ❤✐❣❤❡r V ∗♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✭V ∗

0.5 = 4m/h✮ t❤❛♥ ♦♥ t❤❡
❘✐✈❡r ❘❡❞❡ ✭V ∗

0.5 = 1m/h✮✱ ✇❤✐❧❡ ❝♦❛rs❡r tr❛❝❡rs tr❛✈❡❧❡❞ ❛t ❛ ❧♦✇❡r V ∗♦♥ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r
✭V ∗

3 = 15m/h✮ t❤❛♥ ♦♥ t❤❡ ❘❡❞❡ ❘✐✈❡r ✭V ∗
3 = 40m/h✮✳ ❚❤✐s ❞✐s❝r❡♣❛♥❝② ♠❛② ❜❡ ❡①♣❧❛✐♥❡❞

❜② t❤❡ ❝♦♥s✐❞❡r❛t✐♦♥ ♦r ♥♦t ♦❢ ❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡✛❡❝ts ✐♥ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ s✐③❡✲❜❛s❡❞
✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥✳ ■♥ ❢❛❝t✱ ✐♥ ♣♦♦r❧② s♦rt❡❞ ❣r❛✈❡❧✲❜❡❞s✱ t❤❡ r❡❧❛t✐✈❡ s♠❛❧❧❡r ♣❛rt✐❝❧❡s
❛r❡ ♠♦r❡ ❧✐❦❡❧② ❤✐❞❞❡♥ ❢r♦♠ ✢♦✇ ❜② t❤❡✐r ❧❛r❣❡r ♥❡✐❣❤❜♦rs ❛♥❞ t❤❡♥ ❤❛✈❡ ❛ ❤✐❣❤❡r θcr✱ ✇❤❡r❡❛s
r❡❧❛t✐✈❡❧② ❧❛r❣❡r ♣❛rt✐❝❧❡s ❤❛✈❡ ♠♦r❡ ❝❤❛♥❝❡s t♦ ❜❡ ❡①♣♦s❡❞ t♦ ✢♦✇ ❛♥❞ t❤❡♥ ❤❛✈❡ ❛ ❧♦✇❡r θcr
✭❆♥❞r❡✇s✱ ✶✾✽✸✮✳ ❇② ❝♦♥s✐❞❡r✐♥❣ t❤❡s❡ ❡✛❡❝ts ♦♥ ♣❛rt✐❝❧❡ ❡♥tr❛✐♥♠❡♥t✱ t❤❡ ❞✐s❝❤❛r❣❡ ❛t ✇❤✐❝❤
s♠❛❧❧ ♣❛rt✐❝❧❡s ❛r❡ ♠♦❜✐❧✐③❡❞ ✐♥❝r❡❛s❡s✱ ✇❤✐❧❡ t❤❡ ❞✐s❝❤❛r❣❡ ❛t ✇❤✐❝❤ ❧❛r❣❡ ♣❛rt✐❝❧❡s ❛r❡ ♠♦❜✐❧✐③❡❞
❞❡❝r❡❛s❡s✳ ❙♦✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡✛❡❝ts t❡♥❞s t♦ ❞❡❝r❡❛s❡ t❤❡ ❞✉r❛t✐♦♥ ❞✉r✐♥❣
✇❤✐❝❤ s♠❛❧❧ ♣❛rt✐❝❧❡s ❛r❡ tr❛♥s♣♦rt❡❞ ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ ❞✉r❛t✐♦♥ ❞✉r✐♥❣ ✇❤✐❝❤ ❧❛r❣❡ ♣❛rt✐❝❧❡s ❛r❡
tr❛♥s♣♦rt❡❞✳ ❚❤❡s❡ ❡✛❡❝ts ✇❡r❡ ❤♦✇❡✈❡r ♥♦t ❝♦♥s✐❞❡r❡❞ ❜② ▼✐❧❛♥ ✭✷✵✶✸✮ ✇❤✐❝❤ ♠❛② ❡①♣❧❛✐♥ ❛♥
✉♥❞❡r❡st✐♠❛t✐♦♥ ♦❢ ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ❢♦r r❡❧❛t✐✈❡ s♠❛❧❧ tr❛❝❡rs ❛♥❞ ✐♥✈❡rs❡❧② ❢♦r r❡❧❛t✐✈❡❧② ❝♦❛rs❡
tr❛❝❡rs✳

■♥ ♦✉r st✉❞②✱ t❤❡s❡ ❡✛❡❝ts ✇❡r❡ ❝♦♥s✐❞❡r❡❞✱ ❜✉t ❛s t❤❡ tr❛❝❡rs ❢r♦♠ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❡①♣❡r✐✲
❡♥❝❡❞ ❧❡ss s❡❧❡❝t✐✈❡ ♠♦❜✐❧✐t② t❤❛♥ t❤❡ tr❛❝❡rs ❢r♦♠ t❤❡ ❘✐✈❡r ❘❡❞❡ ✭❋✐❣✉r❡ ✺✳✾✮✱ t❤❡s❡ ❡✛❡❝ts ✇❡r❡
❛❧s♦ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞✱ ✇❤✐❝❤ ♠❛② ❡♥❤❛♥❝❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ r❡s✉❧ts ♦❢ t❤❡ t✇♦ st✉❞✐❡s✳ ❆s t❤❡
❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡✛❡❝ts ❛❝t✐♥❣ ♦♥ ♣❛rt✐❝❧❡s ❡♥tr❛✐♥♠❡♥t ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ❝♦♠♣✉t❛t✐♦♥
♦❢ t❤❡ s✐③❡✲❜❛s❡❞ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥✱ t❤❡ ♦t❤❡r ❢❛❝t♦r ✇❤✐❝❤ ♠❛② ❡①♣❧❛✐♥ t❤❛t ❞✐♠❡♥s✐♦♥✲
❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s ✐♥❝r❡❛s❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♣❛rt✐❝❧❡ s✐③❡✱ ✐s t❤❛t s♠❛❧❧ tr❛❝❡rs ❡①♣❡r✐❡♥❝❡❞
❧♦♥❣❡r ♣❡r✐♦❞s ♦❢ r❡st ❞✉r✐♥❣ t❤❡✐r tr❛♥s♣♦rt t❤❛♥ ❝♦❛rs❡r tr❛❝❡rs ✭❙❝❤♠✐❞t ❛♥❞ ❊r❣❡♥③✐♥❣❡r✱
✶✾✾✷✮✳ ❚❤❡ s♠❛❧❧❡r tr❛❝❡rs ♠❛② ❤❛✈❡ ❡①♣❡r✐❡♥❝❡❞ ❧♦♥❣❡r ♣❡r✐♦❞s ♦❢ r❡st ❞✉r✐♥❣ t❤❡✐r tr❛♥s♣♦rt
t❤❛♥ ❝♦❛rs❡r tr❛❝❡rs✱ ❞✉❡ t♦ ❛ ❤✐❣❤❡r ♣r♦❜❛❜✐❧✐t② ♦❢ ❜❡✐♥❣ tr❛♣♣❡❞ ❛♠♦♥❣ ♦t❤❡r ♣❛rt✐❝❧❡s ❞✉r✐♥❣
t❤❡✐r ♠♦t✐♦♥ ✭❈❤✉r❝❤ ❛♥❞ ❍❛ss❛♥✱ ✶✾✾✷✮✳ ❚❤✐s s✐③❡✲❜❛s❡❞ r❡st✐♥❣ ❞✉r❛t✐♦♥ ❛r❡ ❝♦♥s✐❞❡r❡❞ ✐♥
t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ✭❡q✉❛t✐♦♥ ✺✳✹✮✱ ✭✐✮ ✇❤❡♥ ζk,θ ✐s ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣
❜❡❞❧♦❛❞ s❛♠♣❧❡r ♦r s❡❞✐♠❡♥t tr❛♣s✱ s✐♥❝❡ ❜♦t❤ ❤✐❞✐♥❣✴❡①♣♦s✉r❡ ❛♥❞ tr❛♣♣✐♥❣ ❡✛❡❝ts ❛❝t ❞✉r✐♥❣
❜❡❞❧♦❛❞ tr❛♥s♣♦rt✱ ❜✉t ♥♦t ✭✐✐✮ ✇❤❡♥ ζk,θ ✐s ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s ♦r tr❛❝❡rs ♠♦✲
❜✐❧✐③❛t✐♦♥✱ ❛s ♦♥❧② ❤✐❞✐♥❣✴❡①♣♦s✉r❡ ❡✛❡❝ts ❛❝t ❞✉r✐♥❣ ♣❛rt✐❝❧❡ ❡♥tr❛✐♥♠❡♥t✳ ❆ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r
s❤♦✉❧❞ t❤❡r❡❢♦r❡ ❜❡ ❛♣♣❧✐❡❞ t♦ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ✭❡q✉❛t✐♦♥ ✺✳✺✮✱ ❝♦♠♣✉t❡❞ ❜❛s❡❞ ♦♥ t❤❡
r❡❧❛t✐✈❡ ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ✭V ∗

Dk/V
∗
D50)✱ t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t ♦❢ t❤❡ ❞❡❝r❡❛s✐♥❣ ♣r♦❜❛✲

❜✐❧✐t② ♦❢ ♣❛rt✐❝❧❡s t♦ ❜❡ tr❛♣♣❡❞ ❞✉r✐♥❣ t❤❡✐r tr❛♥s♣♦rt✱ ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r r❡❧❛t✐✈❡ s✐③❡ ✭Dk/D50✮✳
❙✐♥❝❡ ✐t ✇❛s ❢♦✉♥❞ t❤❛t V ∗

Dk/V
∗
D50 ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞ ✭❡q✉❛t✐♦♥ ✺✳✷✼✮ ❜② (Dk/D50)

bΦ ✇❡r❡
bΦ ❝♦rr❡s♣♦♥❞ t♦ t❤❡ ❡①♣♦♥❡♥t b ♦❢ t❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ V ∗

Dk ❛♥❞ D∗
k ✭❡q✉❛t✐♦♥ ✺✳✷✾✮✱ t❤❡

tr❛♣♣✐♥❣ ❢❛❝t♦r ζk,Φ ✐s ❝♦♠♣✉t❡❞ ❛s (Dk/D50)
0.78✳

✶✹✾



✺✳✹✳✸✳✷ ■♠♣r♦✈❡♠❡♥t ♦❢ t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ❝♦♠♣♦s✐t✐♦♥

❚❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✇❛s ♠♦❞❡❧❡❞ ✭s❡❡ s❡❝t✐♦♥ ✺✳✸✳✸✳✶✮ ❛❧♦♥❣ t❤❡ st✉❞✐❡❞ r❡❛❝❤ ✭Q = 303m3/s✮
❛♥❞ ❡①tr❛❝t❡❞ ❛t t❤❡ tr❛♥s❡❝t ♦❢ tr❛❝❡rs ✐♥❥❡❝t✐♦♥ ✭❋✐❣✉r❡ ✺✳✶✮✱ ✐♥ ♦r❞❡r t♦ ❝♦♠♣❛r❡ ✐ts ❝♦♠♣♦s✐t✐♦♥
t♦ ✜❡❧❞ ♠❡❛s✉r❡♠❡♥ts ✭❋✐❣✉r❡ ✺✳✸✮✱ ❛❝❝♦r❞✐♥❣ t♦ ✭✐✮ t❤❡ ♥✉♠❜❡r ♦❢ s✐③❡ ❝❧❛ss❡s ✉s❡❞ ✐♥ t❤❡ ♠♦❞❡❧
✭❋✐❣✉r❡ ✺✳✼✮ ❛♥❞ ✭✐✐✮ t♦ t❤❡ ❝♦❡✣❝✐❡♥t ♦❢ ❝♦rr❡❝t✐♦♥ ζθ,k ❛♣♣❧✐❡❞ t♦ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝r✐t✐❝❛❧
s❤❡❛r str❡ss ❢♦r ♣❛rt✐❝❧❡ ♠♦t✐♦♥ θcr ✭❡q✉❛t✐♦♥ ✺✳✹✮ ❛♥❞ ✭✐✐✐✮ t♦ t❤❡ ❝♦❡✣❝✐❡♥t ♦❢ ❝♦rr❡❝t✐♦♥ ζΦ,k

❛♣♣❧✐❡❞ t♦ t❤❡ ❝♦rr❡❝t❡❞ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s Φ∗,θ
k ✭❡q✉❛t✐♦♥ ✺✳✺✮✳ ❚❤❡ r❡s✉❧t ✭❚❛❜❧❡ ✺✳✷✮

s❤♦✇s t❤❛t ✉s✐♥❣ ❛ ❝♦♥st❛♥t θcr ♦❢ ✵✳✵✸✺ ❢♦r ❛❧❧ s✐③❡ ❝❧❛ss❡s✱ t❤❡ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ Qs ❛❝r♦ss t❤❡
r✐✈❡r s❡❝t✐♦♥ s✐❣♥✐✜❝❛♥t❧② ✈❛r✐❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♥✉♠❜❡r ♦❢ ❝❧❛ss❡s✱ ✉♣ t♦ ✹ ❝❧❛ss❡s✱ ❛♥❞ t❤❡♥
st❛❜✐❧✐③❡s ❛t 0.0083m2/s ✉s✐♥❣ ✻ ❝❧❛ss❡s ❛♥❞ ♠♦r❡✳ ❚❤❡ ❣r❛♥✉❧♦♠❡tr✐❝ ❝✉r✈❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡
♠❛t❡r✐❛❧ ✭❋✐❣✉r❡ ✺✳✸✮ ✇❛s t❤❡♥ ❞✐s❝r❡t✐③❡❞ ✐♥ t❤❡ ♠♦❞❡❧✱ ✐♥t♦ ✻ ❝❧❛ss❡s ✭❋✐❣✉r❡ ✺✳✼✮✱ s♦ t❤❛t t❤❡
❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧ ✐s ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ ❝❧❛ss❡s ✉s❡❞✳ ❚❤✐s
♥✉♠❜❡r ♦❢ ❝❧❛ss❡s ❢❛❧❧s ✇✐t❤✐♥ t❤❡ r❛♥❣❡ ♦❢ ✺ t♦ ✶✵ ❝❧❛ss❡s ♣r♦♣♦s❡❞ ❜② ❇❛s✐❧❡ ✭✷✵✵✶✮ ❢♦r ♥❛t✉r❛❧
❣r❛✈❡❧✲❜❡❞ r✐✈❡rs✳

◆✉♠❜❡r ♦❢ s✐③❡ ❝❧❛ss❡s ❇❡❞❧♦❛❞ tr❛♥s♣♦rt ✭m3/s✮
✶ ✵✳✵✵✺✹
✷ ✵✳✵✵✻✶
✸ ✵✳✵✶✹✵
✹ ✵✳✵✵✽✺
✺ ✵✳✵✵✾✸
✻ ✵✳✵✵✽✸
✶✵ ✵✳✵✵✽✸

❚❛❜❧❡ ✺✳✷✿ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♥✉♠❜❡r ♦❢ s✐③❡
❝❧❛ss❡s ✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,p✳

❚❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ♣r❡❞✐❝t❡❞ ✉s✐♥❣ ❛ ❝♦♥st❛♥t θcr ♦❢ ✵✳✵✸✺ ❢♦r ❛❧❧ s✐③❡ ❝❧❛ss❡s ✇❛s
❝♦♠♣❛r❡❞ t♦ t❤❡ ●❙❉ ♦❢ ❛ ❜❡❞❧♦❛❞ s❛♠♣❧❡ ❝♦❧❧❡❝t❡❞ ✉♥❞❡r s✐♠✐❧❛r ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s✳
❯♥❧✐❦❡ r❡s✉❧ts ❢r♦♠ ♦t❤❡r st✉❞✐❡s ✭P❛r❦❡r ❛♥❞ ❑❧✐♥❣❡♠❛♥✱ ✶✾✽✷✮✱ t❤❡ ●❙❉ ♦❢ t❤✐s s❛♠♣❧❡ ✇❛s ♠✉❝❤
❝❧♦s❡r t♦ t❤❡ ●❙❉ ♦❢ t❤❡ s✉r❢❛❝❡ ♠❛t❡r✐❛❧ t❤❛♥ t❤❡ s✉❜s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ✭❋✐❣✉r❡ ✺✳✸✮✳ ❚❤❡ r❡s✉❧ts ♦❢
t❤✐s ❝♦♠♣❛r✐s♦♥ ✭❋✐❣✉r❡ ✺✳✶✺✮ s❤♦✇s t❤❛t ❜❡❞❧♦❛❞ ●❙❉ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧ ✭D50m = 13.2mm✮
✐s ♠✉❝❤ ✜♥❡r t❤❛♥ ♦❜s❡r✈❡❞ ✭D50b = 26mm✮ ❛♥❞ ❝♦rr❡s♣♦♥❞s ♠♦r❡ ❝❧♦s❡❧② t♦ t❤❡ ●❙❉ ♦❢ t❤❡
s✉❜s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ✭D50s = 12.8mm✮✳ ❚❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ✜♥❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt❡❞ ✐s t❤❡r❡❢♦r❡
♦✈❡r❡st✐♠❛t❡❞✱ ✇❤✐❧❡ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ ❝♦❛rs❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt❡❞ ✐s ✉♥❞❡r❡st✐♠❛t❡❞✱ ✇❤✐❝❤
❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡✛❡❝ts ❛❝t✐♥❣ ♦♥ ♣❛rt✐❝❧❡ ❡♥tr❛✐♥♠❡♥t✱ t❤❛t ❛r❡ ♥♦t
❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ♠♦❞❡❧ ✉s✐♥❣ ❛ ❝♦♥st❛♥t θcr,k✳ ❚♦ ❝♦♥s✐❞❡r t❤❡s❡ ❡✛❡❝ts ❛ ❢❛❝t♦r ♦❢ ❝♦rr❡❝t✐♦♥
ζθ,k ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✺✳✸✮ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ r❡❧❛t✐✈❡ ♣❛rt✐❝❧❡ s✐③❡ ✭Di/D50✮ ❛♥❞ ❛ ❤✐❞✐♥❣ ❢❛❝t♦r
❡①♣♦♥❡♥t b ♦❢ ✲✵✳✻✱ ✇❛s ❛♣♣❧✐❡❞ t♦ θcr ✭❡q✉❛t✐♦♥ ✺✳✹✮✱ ✐♥ ♦r❞❡r t♦ ✐♥❝r❡❛s❡ θcr,k ♦❢ s♠❛❧❧ ♣❛rt✐❝❧❡s
❛♥❞ ❞❡❝r❡❛s❡ θcr,k ♦❢ ❝♦❛rs❡ ♣❛rt✐❝❧❡s✳ ❇② ❛♣♣❧②✐♥❣ t❤❡s❡ ❢❛❝t♦rs ♦❢ ❝♦rr❡❝t✐♦♥✱ t❤❡ D25m ✐♥❝r❡❛s❡❞
❢r♦♠ 6mm t♦ 8mm✱ ✇❤✐❧❡ t❤❡ D85m ✐♥❝r❡❛s❡❞ ❢r♦♠ 26mm t♦ 38mm ❛♥❞ s❡❞✐♠❡♥ts ♦❢ t❤❡ ❝♦❛rs❡r
s✐③❡ ❝❧❛ss❡s ✇❡r❡ t❤✐s t✐♠❡ tr❛♥s♣♦rt❡❞✳ ❚❤❡ ❝❤❛♥❣❡s ✐♥ ♣r♦♣♦rt✐♦♥s ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss ❝♦♥tr✐❜✉t❡❞
t♦ t❤❡ ❝♦❛rs❡♥✐♥❣ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ●❙❉ ✭❋✐❣✉r❡ ✺✳✸✮✱ ❜✉t t❤❡ D50 ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧ (17.2mm✮
r❡♠❛✐♥❡❞ s✐❣♥✐✜❝❛♥t❧② ❧♦✇❡r t❤❛♥ ♦❜s❡r✈❡❞ ✭26mm✮✳ ❆❧t❤♦✉❣❤✱ ❤✐❞✐♥❣ ❛♥❞ ❡①♣♦s✉r❡ ❡✛❡❝ts
❛❝t✐♥❣ ❛t ♣❛rt✐❝❧❡ ❡♥tr❛✐♥♠❡♥t ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
r❛t❡s ✭❡q✉❛t✐♦♥ ✺✳✹✮✱ tr❛♣♣✐♥❣ ❡✛❡❝ts ♦❜s❡r✈❡❞ ✐♥ t❤❡ ✜❡❧❞ ❛♥❞ ❛❝t✐♥❣ ❞✉r✐♥❣ ♣❛rt✐❝❧❡ ♠♦t✐♦♥✱
✇❡r❡ ♥♦t ❛❝❝♦✉♥t❡❞ ❢♦r✳

✶✺✵



❋✐❣✉r❡ ✺✳✶✺✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♦❜s❡r✈❡❞ ❜❡❞❧♦❛❞ ❛♥❞ ♠♦❞❡❧❧❡❞
❜❡❞❧♦❛❞ ✉s✐♥❣ ✻ s✐③❡ ❝❧❛ss❡s✱ ✇✐t❤♦✉t ❛ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ✭Qs,k✮✱ ✇✐t❤ ❛ ❝♦rr❡❝t♦r ❢❛❝t♦r ζθ ❢♦r
❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❡✛❡❝ts ✭Q∗,θ

s,k✮ ❛♥❞ ✇✐t❤ ❛ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ❢♦r ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❡✛❡❝ts ζθ ❛♥❞ ❛

❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ζΦ ❢♦r tr❛♣♣✐♥❣ ❡✛❡❝ts ✭Q∗,θ,Φ
s,k ✮✳

❚♦ ❝♦♥s✐❞❡r t❤❡s❡ tr❛♣♣✐♥❣ ❡✛❡❝ts✱ ❛ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ζΦ,k ✇❛s ❛♣♣❧✐❡❞ t♦ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s✲
♣♦rt r❛t❡s Φ∗,θ

k ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss k ✭❡q✉❛t✐♦♥ ✺✳✺✮✱ ✇❤✐❝❤ ✇❛s ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✺✳✷✼✮ ❛❝❝♦r❞✐♥❣
t♦ t❤❡✐r r❡❧❛t✐✈❡ s✐③❡ ✭Di/D50✮ ❛♥❞ ❛ tr❛♣♣✐♥❣ ❢❛❝t♦r ❡①♣♦♥❡♥t b✳ ❚❤✐s ❡①♣♦♥❡♥t b ♦❢ ✵✳✼✽ ❝♦r✲
r❡s♣♦♥❞s t♦ t❤❡ r❛t❡ ❛t ✇❤✐❝❤ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss tr❛❝❡r✬s ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ✐♥❝r❡❛s❡ ❛❝❝♦r❞✐♥❣ t♦
t❤❡✐r r❡❧❛t✐✈❡ s✐③❡ ✭❡q✉❛t✐♦♥ ✺✳✷✾✮✱ ❛s t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ tr❛❝❡r ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s ✇❛s
❛ss✉♠❡❞ t♦ ❞❡♣❡♥❞ ♦♥ t❤❡ tr❛♣♣✐♥❣ ❡✛❡❝ts✳ ❇② ❛♣♣❧②✐♥❣ t❤✐s ❢❛❝t♦r ♦❢ ❝♦rr❡❝t✐♦♥✱ t❤❡ D25m

✐♥❝r❡❛s❡❞ ❢r♦♠ 8mm t♦ 17mm✱ t❤❡ D50m ✐♥❝r❡❛s❡❞ ❢r♦♠ 17mm t♦ 27mm ❛♥❞ t❤❡ D85m ✐♥❝r❡❛s❡
❢r♦♠ 38mm t♦ 52mm✳ ❚❤❡s❡ ❝❤❛♥❣❡s ✐♥ ♣r♦♣♦rt✐♦♥s ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss ❧❡❞ t♦ t❤❡ ❝♦❛rs❡♥✐♥❣ ♦❢
t❤❡ ❜❡❞❧♦❛❞ ●❙❉ ✭❋✐❣✉r❡ ✺✳✸✮✱ s♦ t❤❛t t❤❡ D50 ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧ ✭27mm✮ ✐s s✐♠✐❧❛r t♦
t❤❡ D50 ♦❢ t❤❡ ❜❡❞❧♦❛❞ ♠❡❛s✉r❡♠❡♥ts ✭26mm✮✳ ❚❤❡ ❝♦❛rs❡ t❛✐❧ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ●❙❉ ♣r❡❞✐❝t❡❞
❜② t❤❡ ♠♦❞❡❧ ✭D85 = 52mm) ✜ts ❛❧s♦ ✈❡r② ✇❡❧❧ t♦ ♦❜s❡r✈❡❞ ✭D85 = 54mm)✱ ✇❤❡r❡❛s t❤❡ ✜♥❡
t❛✐❧ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ●❙❉ ♣r❡❞✐❝t❡❞ ❜② t❤❡ ♠♦❞❡❧ ✭D25 = 16mm✮ ✇❛s s❧✐❣❤t❧② ✜♥❡r t❤❛♥ ♦❜s❡r✈❡❞
✭D25 = 12mm✮✳ ❚❤❡ ❞✐s❝r❡♣❛♥❝② ❜❡t✇❡❡♥ ♣r❡❞✐❝t❡❞ ❛♥❞ ♦❜s❡r✈❡❞ ●❙❉ ✐♥❝r❡❛s❡❞ ❛s ♣❛rt✐❝❧❡s
❜❡❝♦♠❡ ✜♥❡r t❤❛♥ 22.6mm✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♠❡❞✐❛♥ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✜♥❡st s✐③❡ ❝❧❛ss
❡q✉✐♣♣❡❞ ✇✐t❤ t❛❣s ✭❚❛❜❧❡ ✺✳✶✮✳ ❚❤❡ ✜♥❡st ♣❛rt✐❝❧❡ s✐③❡s ♠❛② t❤❡r❡❢♦r❡ ❡①♣❡r✐❡♥❝❡ ❞✉r✐♥❣ t❤❡✐r
tr❛♥s♣♦rt ❛♥ ♦t❤❡r ❜❡❤❛✈✐♦r t❤❛♥ ♣r❡❞✐❝t❡❞✱ ✇❤✐❝❤ ❝♦✉❧❞ ♥♦t ❜❡ ❛ss❡ss❡❞ ✐♥ t❤✐s st✉❞②✱ ❞✉❡ t♦
t❤❡ r❡❧❛t✐✈❡❧② ❝♦❛rs❡r ❧♦✇❡st ❜♦✉♥❞ ♦❢ ●❙❉ ♦❢ tr❛❝❡rs✳

✶✺✶



❚❤✐s st✉❞② ❞❡♠♦♥str❛t❡s t❤❛t ❞❡s♣✐t❡ ✜♥❡ ♣❛rt✐❝❧❡s ❛r❡ tr❛♥s♣♦rt❡❞ ✉♥❞❡r ❛ ❧♦✇❡r ❜❡❞ s❤❡❛r
str❡ss ❛♥❞ t❤✉s ❢♦r ❛ ❧♦♥❣❡r ❞✉r❛t✐♦♥✱ t❤❡✐r tr❛♥s♣♦rt ✐s s❧♦✇❡r t❤❛♥ t❤❛t ♦❢ ❝♦❛rs❡ ♣❛rt✐❝❧❡s✱ ♠✐♥✲
✐♠✐③✐♥❣ t❤❡ s✐③❡✲s❡❧❡❝t✐✈❡ tr❛♥s♣♦rt✱ t♦✇❛r❞s ❝♦♥❞✐t✐♦♥s ✇❤❡r❡ ♣❛rt✐❝❧❡s ❤❛✈❡ ❛♥ ❡q✉❛❧ ♠♦❜✐❧✐t②
✭❆♥❞r❡✇s ❛♥❞ P❛r❦❡r✱ ✶✾✽✼✮✳ ❚❤✐s r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❛t t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❧❛✇s ❤❛✈❡ t♦ ❜❡
❝❛❧✐❜r❛t❡❞ t♦ ❝♦♥s✐❞❡r s✐③❡✲s❡❧❡❝t✐✈❡ ❡♥tr❛✐♥♠❡♥t✱ ❜✉t ❛❧s♦ s✐③❡✲s❡❧❡❝t✐✈❡ tr❛♥s♣♦rt✳ ❚♦ ❝♦♥s✐❞❡r
❜♦t❤ ♣❤❡♥♦♠❡♥❛✱ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ❧❛✇s ✇❡r❡ ❝❛❧✐❜r❛t❡❞ ✉s✐♥❣ ✭✐✮ ❛ ❤✐❞✐♥❣ ❢❛❝t♦r ζk,θ ❡st✐♠❛t❡❞
❢r♦♠ tr❛❝❡rs ♠♦❜✐❧✐t② ❛♥❞ ✭✐✐✮ ❛ tr❛♣♣✐♥❣ ❢❛❝t♦r ζk,Φ ❡st✐♠❛t❡❞ ❢r♦♠ tr❛❝❡rs ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s✳ ❇②
❛♣♣❧②✐♥❣ ❜♦t❤ ❢❛❝t♦rs✱ t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ D50 ❛♥❞ D85 ✇❛s ❣r❡❛t❧② ✐♠♣r♦✈❡❞✱ ❜✉t t❤❡
♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ D25 ✇❛s s❧✐❣❤t❧② ✉♥❞❡r❡st✐♠❛t❡❞✳ ❚❤✐s ✉♥❞❡r❡st✐♠❛t✐♦♥ s❤♦✇s t❤❡ ❧✐♠✐ts ♦❢ t❤❡
♠❡t❤♦❞ ♦❢ ❝❛❧✐❜r❛t✐♦♥ ζk,θ ❛♥❞ ζk,Φ ✉s✐♥❣ ❛ ❧✐♠✐t❡❞ r❛♥❣❡ ♦❢ ♣❛rt✐❝❧❡ s✐③❡ ✭> 0.5D∗✮ ❝♦♠♣❛r❡❞ t♦
t❤❡ ❜❡❞ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ❛♥❞ s✉❣❣❡sts✱ ❛s ♣r♦♣♦s❡❞ ❜② ❊❣✐❛③❛r♦✛ ✭✶✾✻✺✮✱ t♦ ❡st✐♠❛t❡ ❛♥
❡①♣♦♥❡♥t b ❞✐✛❡r❡♥t ❛❜♦✈❡ ❛♥❞ ❜❡❧♦✇ 0.4D∗✳

❚❤❡ tr❛♣♣✐♥❣ ❢❛❝t♦r ❡①♣♦♥❡♥t b ♦❢ ✵✳✼✽ ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞② ✐s ❤♦✇❡✈❡r r❡♠❛r❦❛❜❧② s✐♠✐❧❛r t♦
t❤❡ ❡①♣♦♥❡♥t ♦❢ ✵✳✽✺ ♣r♦♣♦s❡❞ ❜② ❑❛r✐♠ ❛♥❞ ❑❡♥♥❡❞② ✭✶✾✽✷✮ ❢♦r ❝♦rr❡❝t✐♥❣ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
r❛t❡ Φ∗

k t♦ ❛❝❝♦✉♥t✐♥❣ ❢♦r ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❡✛❡❝ts ✭❡q✉❛t✐♦♥ ✺✳✺✮✳ ❚❤✐s ❝❧♦s❡ ❝♦rr❡s♣♦♥❞❡♥❝❡ ❣✐✈❡s
✉s ❝♦♥✜❞❡♥❝❡ ✐♥ t❤❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤✐s ❡①♣♦♥❡♥t ✉s✐♥❣ tr❛❝❡r✬s ✈✐rt✉❛❧ ✈❡❧♦❝✐t②✳ ❆s ✇❡❧❧✱ t❤❡ ❢❛❝t
t❤❛t t❤❡ ❡①♣♦♥❡♥t b ❡st✐♠❛t❡❞ ❞✉r✐♥❣ ❜♦t❤ P1 ❛♥❞ P2 ✐s s✐♠✐❧❛r✱ ❞❡s♣✐t❡ t❤❡ s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t
❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ♦❜s❡r✈❡❞ ❞✉r✐♥❣ ❡❛❝❤ ♣❡r✐♦❞✱ ✐♥st✐❧❧s ❝♦♥✜❞❡♥❝❡ ✐♥ t❤❡ r♦❜✉st♥❡ss ♦❢ t❤✐s
❡①♣♦♥❡♥t✳ ❆ r♦❜✉st ❡st✐♠❛t✐♦♥ ♦❢ t❤✐s ❡①♣♦♥❡♥t✱ ❤♦✇❡✈❡r✱ ✐♥✈♦❧✈❡s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❜❡❞ s❤❡❛r
str❡ss ❛t t❤❡ tr❛❝❡rs Xi✱Yi ❧♦❝❛t✐♦♥ ✇❤❡♥ ❡st✐♠❛t✐♥❣ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r t❤❡ tr❛❝❡rs i ♠♦t✐♦♥✳
■♥❞❡❡❞✱ ✇❤❡♥ ❡st✐♠❛t✐♥❣ ❛ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r tr❛❝❡rs ♠♦t✐♦♥ i✱ ✉s✐♥❣ ❛ r❡❛❝❤ ❛✈❡r❛❣❡❞ ❜❡❞
s❤❡❛r str❡ss✱ ❛s ✐t ✐s ❝❧❛ss✐❝❛❧❧② ❞♦♥❡ ✐♥ ❣❡♦♠♦r♣❤♦❧♦❣✐❝❛❧ st✉❞✐❡s✱ ✇❡ ♦❜s❡r✈❡❞ t❤❛t t❤❡ ✈❛❧✉❡ ♦❢ b
❞❡❝r❡❛s❡❞ ❢r♦♠ ✶✳✹✹ ❛t P1 t♦ ✵✳✽✹ ❛t P2✳ ❚❤✐s ❧❛tt❡r r❡s✉❧t s❤♦✇s t❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❝♦♥s✐❞❡r✐♥❣
t❤❡ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❛t t❤❡ s❝❛❧❡ ♦❢ t❤❡ tr❛❝❡rs ✇❤❡♥ st✉❞②✐♥❣ t❤❡ t❡♠♣♦r❛❧ ❡✈♦❧✉t✐♦♥
♦❢ tr❛❝❡rs ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ❛♥❞ t❤✉s ❤✐❣❤❧✐❣❤ts t❤❡ ♥❡❡❞ ♦❢ ❝♦✉♣❧✐♥❣ s✉❝❤ st✉❞✐❡s ✇✐t❤ ❛♥ ❛❝❝✉r❛t❡
✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✳

✺✳✺ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ♠♦❞❡ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♦❢ ❛ ❧❛r❣❡ ❣r❛✈❡❧✲❜❡❞ r✐✈❡r✱ t❤❡ ▼♦s❡❧❧❡✱ ✇❛s st✉❞✐❡❞ ❞✉r✐♥❣ t✇♦
②❡❛rs✱ ✉s✐♥❣ tr❛❝❡rs ♦❢ ❞✐✛❡r❡♥t s✐③❡s✱ ✐♥❥❡❝t❡❞ ✐♥t♦ ❛ str❛✐❣❤t r❡❛❝❤ ♦❢ ❤✐❣❤ ❜❛♥❦s ❛♥❞ ❛ r❡❧❛t✐✈❡❧②
✢❛t ❜❡❞✳ ❉❡s♣✐t❡ t❤❡ ❧❛r❣❡ ❞✐s♣❡rs✐♦♥ ♦❢ tr❛❝❡rs✱ t❤❡ r❡❝♦✈❡r② r❛t❡s ♦❢ ❛♥♥✉❛❧ s✉r✈❡②s ✇❡r❡ ✈❡r②
❤✐❣❤✱ t❤❛♥❦s t♦ ❛♥ ♦r✐❣✐♥❛❧ s❡t✉♣✱ t❤❛t ❛❧❧♦✇❡❞ t♦ r❡❞✉❝❡ t❤❡ ♥✉♠❜❡r ♦❢ ♦♣❡r❛t♦rs✱ ♠✐♥✐♠✐③❡
♣❤②s✐❝❛❧ ❡✛♦rt✱ s❤♦rt❡♥ ♣♦st✲♣r♦❝❡ss✐♥❣ t✐♠❡ ❛♥❞ ✐♠♣r♦✈❡ t❤❡ ❛❝❝✉r❛❝② ♦❢ tr❛❝❡rs ❣❡♦❧♦❝❛t✐♦♥✳
❚❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ s♦rt✐♥❣ ♦❢ tr❛❝❡rs s❤♦✇✱ t❤❛t t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✇❛s s✐③❡✲s❡❧❡❝t✐✈❡✱ ❛♥❞ t❤❛t
✐♥✲❝❤❛♥♥❡❧ ❣❡♦♠♦r♣❤♦❧♦❣✐❝❛❧ ✉♥✐ts ❤❛✈❡ ❛ ❧✐♠✐t❡❞ ✐♥✢✉❡♥❝❡ ♦♥ tr❛❝❡rs ❞✐str✐❜✉t✐♦♥✳ ❚❤❡ ❞✉r❛t✐♦♥
♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt t❤❡ tr❛❝❡rs ✇❛s ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ tr❛❝❡rs s✐③❡ ❛♥❞
❧♦❝❛t✐♦♥✱ ✉s✐♥❣ r❡s✉❧ts ♦❢ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s t♦ ❞❡t❡r♠✐♥❡ ✇❤❡♥ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r ❡❛❝❤
tr❛❝❡rs ♠♦t✐♦♥ ✇❛s ❡①❝❡❡❞❡❞✳

❚❤✐s ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ✇❛s ❡st✐♠❛t❡❞ ❜② t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❤✐❞✐♥❣ ❛♥❞ ♣r♦tr✉s✐♦♥ ❡❢✲
❢❡❝ts✱ r❡❞✉❝✐♥❣ t❤❡ s✐③❡✲s❡❧❡❝t✐✈❡ ❡♥tr❛✐♥♠❡♥t ♦❢ tr❛❝❡rs ✇❤✐❝❤ ✇❛s ❞❡t❡r♠✐♥❡❞ ✐♥ ❛ ♣r❡✈✐♦✉s st✉❞②✳
❙✉r♣r✐s✐♥❣❧②✱ t❤❡ tr❛❝❡rs ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s ✐♥❝r❡❛s❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r s✐③❡✱ ❛t ❛ ❝♦♥s✐st❡♥t r❛t❡
❞✉r✐♥❣ ❜♦t❤ st✉❞✐❡❞ ♣❡r✐♦❞s✱ ✐♥❞✐❝❛t✐♥❣ t❤❛t t❤❡s❡ r❡s✉❧ts ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ ✢♦♦❞ ✐♥t❡♥s✐t②✳ ❚❤❡
r❡❧❛t✐✈❡❧② ❧♦✇❡r ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ ✜♥❡ tr❛❝❡rs ✇❛s ❛ttr✐❜✉t❡❞ t♦ t❤❡✐r ❤✐❣❤❡r ♣r♦❜❛❜✐❧✐t② ♦❢ ❜❡✐♥❣
tr❛♣♣❡❞✱ ❜❡t✇❡❡♥ ♦t❤❡r ❝♦❛rs❡r ♣❛rt✐❝❧❡s ❞✉r✐♥❣ tr❛♥s♣♦rt✳ ❚♦ ❝♦♥s✐❞❡r t❤❡s❡ tr❛♣♣✐♥❣ ❡✛❡❝ts
✐♥t♦ ❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✱ ✇❡ ✐♥tr♦❞✉❝❡❞ ❛ tr❛♣♣✐♥❣ ❢❛❝t♦r ζΦ,k ❝♦♠♣✉t❡❞ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ r❡❧❛t✐✈❡ ❣r❛✐♥ s✐③❡ Dk/D50 ❛♥❞ ❛♥ ❡①♣♦♥❡♥t b ♦❢ ✵✳✼✽✳ ❚❤✐s ❡①♣♦♥❡♥t ❝♦rr❡s♣♦♥❞s t♦ t❤❡

✶✺✷



r❛t❡ ❛t ✇❤✐❝❤ t❤❡ tr❛❝❡r ✈✐rt✉❛❧ ✈❡❧♦❝✐t✐❡s ✐♥❝r❡❛s❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r s✐③❡✳ ❚❤❡ tr❛♣♣✐♥❣ ❢❛❝t♦r
ζΦ,k✇❛s ❛♣♣❧✐❡❞ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s Φ∗,θ

k ♦❢ ❡❛❝❤ s✐③❡ ❝❧❛ss k✱ ❝♦♠♣✉t❡❞ ✐♥t♦ t❤❡ ♠♦❞❡❧✱
r❡s✉❧t✐♥❣ ✐♥ ❛ r❡❞✉❝t✐♦♥ ✭r❡s♣✳ ✐♥❝r❡❛s❡✮ ♦❢ t❤❡ ♣r♦♣♦rt✐♦♥ ♦❢ r❡❧❛t✐✈❡❧② ✜♥❡ ✭r❡s♣✳ ❝♦❛rs❡✮ s✐③❡
❝❧❛ss❡s tr❛♥s♣♦rt❡❞✳

❚❤✐s ❝♦rr❡❝t✐♦♥ ✐♠♣r♦✈❡❞ s✐❣♥✐✜❝❛♥t❧② t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ ❜❡❞❧♦❛❞ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥✱
✇❤✐❝❤ ❛❝❝✉r❛t❡❧② ♠❛t❝❤❡❞ t♦ ✐♥✲s✐t✉ ♠❡❛s✉r❡♠❡♥ts ❝♦♥❞✉❝t❡❞ ✉♥❞❡r s✐♠✐❧❛r ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥✲
❞✐t✐♦♥s✳ ❚❤❡ ♥♦♥✲✉♥✐❢♦r♠ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❝❛♥ t❤❡r❡❢♦r❡ ❜❡ ❛❝❝✉r❛t❡❧② ♣r❡❞✐❝t❡❞ ✐♥t♦ ❛ ✷❉
❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧✱ ✉s✐♥❣ ✭✐✮ t❤❡ tr❛❝❡rs s✐③❡✲s❡❧❡❝t✐✈❡ ❡♥tr❛✐♥♠❡♥t ✭✢♦✇ ❝♦♠♣❡t❡♥❝❡✮ t♦
❝❛❧✐❜r❛t❡ t❤❡ ❤✐❞✐♥❣ ❢❛❝t♦r ζθ ❛♥❞ ✭✐✐✮ t❤❡ tr❛❝❡rs s✐③❡✲s❡❧❡❝t✐✈❡ ♠♦t✐♦♥ ✭✈✐rt✉❛❧ ✈❡❧♦❝✐t②✮ t♦ ❝❛❧✐✲
❜r❛t❡ t❤❡ tr❛♣♣✐♥❣ ❢❛❝t♦r ζΦ✳ ❚❤❡ ♠❡t❤♦❞ ♣r♦♣♦s❡❞ ✐♥ t❤✐s ❛rt✐❝❧❡✱ t♦ ❡st✐♠❛t❡ ❜♦t❤ ❝❛❧✐❜r❛t✐♦♥
❢❛❝t♦rs ❝♦✉❧❞ ❜❡ ❡❛s✐❧② tr❛♥s♣♦s❡❞ t♦ ♦t❤❡r r✐✈❡rs✱ ✇❤❡r❡ ❛♥ ❛❝❝✉r❛t❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ✐s
❜✉✐❧t ❛♥❞ ✇❡❧❧ ❝❛❧✐❜r❛t❡❞ ❛♥❞ ❛❝❝✉r❛t❡ ❜❡❞❧♦❛❞ ❣r❛✐♥ s✐③❡ ❞❛t❛ ❛r❡ ❛✈❛✐❧❛❜❧❡ ♦r ❝❛♥ ❜❡ ❝♦❧❧❡❝t❡❞✳

❆♣♣❡♥❞✐① ❆

P❡r✐♦❞ Qtot ❈❤ât❡❧ Qtot ●r✐♣♣♦rt Qtot ❱❡❧❧❡
P✶ ✶✳✹✾ ✶✳✺✸ ✶✳✻✸
P✷ ✷✳✽✹ ✷✳✾✵ ✸✳✹✵

❚❛❜❧❡ ✺✳✸✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ t♦t❛❧ ❞✐s❝❤❛r❣❡ ✭Q > 40m3/s) ❡st✐♠❛t❡❞ ❞✉r✐♥❣ P1 ❛t ●r✐♣♣♦rt✱
❛t ❈❤ât❡❧ ✉♣str❡❛♠ ❛♥❞ ❛t ❱❡❧❧❡ ❞♦✇♥str❡❛♠ ❣❛✉❣✐♥❣ st❛t✐♦♥s✱ ❡①♣r❡ss❡❞ ✐♥ ♠✐❧❧✐♦♥s ♦❢ ❝✉❜✐❝
♠❡t❡rs✳

✶✺✸





❈❤❛♣✐tr❡ ✻

●❡♥❡r❛❧ ❝♦♥❝❧✉s✐♦♥s ❛♥❞ ♣❡rs♣❡❝t✐✈❡s

✻✳✶ ❈♦♥❝❧✉s✐♦♥ ●é♥ér❛❧❡

❈❡ tr❛✈❛✐❧ ❞❡ t❤ès❡ ❛ ♣♦rté s✉r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❡t ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞✉ tr❛♥s♣♦rt
sé❞✐♠❡♥t❛✐r❡ s✉r ✉♥ tr♦♥ç♦♥ s✐♥✉❡✉① ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥tr❡ ●r✐♣♣♦rt ❡t ❇❛②♦♥✱ ❧❡ tr♦♥ç♦♥ ❞❡ ❣r❛♥❞❡
r✐✈✐èr❡ ❧❡ ♣❧✉s ❞②♥❛♠✐q✉❡ ❞✉ ♥♦r❞✲❡st ❞❡ ❧❛ ❋r❛♥❝❡ ✭rés❡r✈❡ ♥❛t✉r❡❧❧❡ ré❣✐♦♥❛❧❡ ❞❡ ❧❛ ✓▼♦s❡❧❧❡
❙❛✉✈❛❣❡✔✮✳ ❇✐❡♥ q✉❡ ❝❡ s❡❝t❡✉r s♦✐t r❡❧❛t✐✈❡♠❡♥t é♣❛r❣♥é ❞✬❛❝t✐♦♥s ❛♥t❤r♦♣✐q✉❡s ♣❛ssé❡s ❞✐r❡❝t❡s
✭❡♥❞✐❣✉❡♠❡♥ts✱ ❡①tr❛❝t✐♦♥s ❞❡ ❣r❛♥✉❧❛ts ❡♥ ❧✐t ♠✐♥❡✉r✳ ✳ ✳✮✱ ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❞❡ ré❛❥✉st❡♠❡♥ts ♠♦r✲
♣❤♦❞②♥❛♠✐q✉❡s ✐♥✐t✐és ♣❛r ❞❡s ❛❝t✐♦♥s ❡✛❡❝t✉é❡s ❡♥ ❛♠♦♥t ❡t ❡♥ ❛✈❛❧ ❞❡ ❝❡ s❡❝t❡✉r ✐♠♣❛❝t❡ ❧❡
❢♦♥❝t✐♦♥♥❡♠❡♥t ❛❝t✉❡❧ ❞❡ ❧❛ rés❡r✈❡ ✿ ér♦s✐♦♥s ré❣r❡ss✐✈❡ ❡t ♣r♦❣r❡ss✐✈❡✱ ❝♦♥tr❛❝t✐♦♥ ❞✉ ❧✐t ♠✐✲
♥❡✉r✳✳✳ ▲❡s ❢r♦♥ts ❞✬ér♦s✐♦♥ ❝♦♥✈❡r❣❡♥t ❛✉❥♦✉r❞✬❤✉✐ ✈❡rs ❧❡ s❡❝t❡✉r ❝❡♥tr❛❧ ❞❡ ❧❛ rés❡r✈❡✱ ♠❛rq✉é❡
♣❛r ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ s❡✉✐❧✱ ❡t ♣♦✉rr❛✐❡♥t ❡♥tr❛î♥❡r ❞❛♥s ❧❡ ❢✉t✉r ✉♥❡ ❞é✢✉✈✐❛t✐♦♥ ❞✉ ❧✐t ♠✐♥❡✉r
❛✈❡❝ ❞❡s r✐sq✉❡s s✐❣♥✐✜❝❛t✐❢s ♣♦✉r ❞❡s ✐♥❢r❛str✉❝t✉r❡s✳

❊♥ ✈✉❡ ❞✬❛♣♣ré❝✐❡r ❡t ❞✬❛♥t✐❝✐♣❡r ❝❡s ✐♠♣❛❝ts ♣♦t❡♥t✐❡❧s✱ ✉♥❡ ét✉❞❡ ♠♦r♣❤♦❞②♥❛♠✐q✉❡ ❞é✲
t❛✐❧❧é❡ ❡t ❞❡s ♠♦❞é❧✐s❛t✐♦♥s ♥✉♠ér✐q✉❡s ✜♥❡s ♦♥t été ré❛❧✐sé❡s✳ ▲❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s ♦♥t été
❛❜♦r❞és à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s ❡♠❜♦✐té❡s✱ ❞❛♥s ❧❡✉rs ❞✐♠❡♥s✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s✱ ❧❛tér❛❧❡s✱ ❡t t❡♠✲
♣♦r❡❧❧❡s s✉r ❧❛ ❜❛s❡ ✭✐✮ ❞✬✉♥❡ ❛♥❛❧②s❡ ❤✐st♦r✐q✉❡✱ ✭✐✐✮ ❞✬✉♥❡ ✐♠♣♦rt❛♥t❡ ✐♥str✉♠❡♥t❛t✐♦♥ ✐♥ s✐t✉

❡t ❞✬✉♥ s✉✐✈✐ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ♠♦r♣❤♦❧♦❣✐q✉❡ ❞✉ s✐t❡ ✭✐✐✐✮ ❞❡ ♠♦❞é❧✐s❛t✐♦♥s ❞❡ ❝♦♠♣❧❡①✐té ❛❞❛♣té❡
❛✉① ❞♦♥♥é❡s ❝♦❧❧❡❝té❡s✳ ❈❡s r❡❝❤❡r❝❤❡s s✬✐♥s❝r✐✈❡♥t ❞❛♥s ✉♥❡ ✈♦❧♦♥té ❞❡ ❝♦♠♣ré❤❡♥s✐♦♥ ❞❡ ❧❛ ❞②✲
♥❛♠✐q✉❡ ❞✉ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ s✉r ❝❡ ❝♦✉rs ❞✬❡❛✉ s✐♥✉❡✉① ❣r❛✈❡❧❡✉① ❡t à s❛ ♠♦❞é❧✐s❛t✐♦♥✳
❯♥❡ ❞❡s ♦r✐❣✐♥❛❧✐tés ❞❡ ❝❡ tr❛✈❛✐❧ rés✐❞❡ ❞❛♥s ❧✬é❧❛❜♦r❛t✐♦♥ ❝♦♥❥♦✐♥t❡ ❡t ❧❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❞✬✉♥❡
❛♣♣r♦❝❤❡ ❝♦♠♣❧èt❡ ❝♦♠❜✐♥❛♥t s✉✐✈✐ ❞❡ t❡rr❛✐♥ ♠✉❧t✐✲s♦✉r❝❡s ❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❡t ♠♦❞é❧✐s❛t✐♦♥
❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡s ✷❉✳

▲❡ s✉✐✈✐ ❞❡ t❡rr❛✐♥ s✉r q✉❛tr❡ ❛♥s ❛ ♣❡r♠✐s ❞❡ s✉✐✈r❡ ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ♠♦r♣❤♦❧♦❣✐❡ ❞✉ ❝♦✉rs
❞✬❡❛✉ ✭✸ s✉r✈♦❧s ▲■❉❆❘ t♦♣♦✲❜❛t❤②♠étr✐q✉❡s✮✱ ❧✬❤②❞r♦❞②♥❛♠✐q✉❡ ✭✶✷ ❧✐♠♥✐♠ètr❡s✱ ♣r♦✜❧s ❞❡ ✈✐✲
t❡ss❡ ❆❉❈P✮✱ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐♦✲t❡♠♣♦r❡❧❧❡ ❞❡ ❧❛ ❣r❛♥✉❧♦♠étr✐❡ ❞❡s sé❞✐♠❡♥ts ❞❡ s✉r❢❛❝❡ ❡t
❞❡ s✉❜s✉r❢❛❝❡✱ ❧❛ ❞②♥❛♠✐q✉❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ✭✷✺✵✵ tr❛❝❡✉rs ❘❋■❉ ❛✈❡❝ ❛✉ ♠♦✐♥s 80% ❞❡ t❛✉① ❞❡
r❡t♦✉r✮ ❡t ✈❡rt✐❝❛❧❡ ✭✷✵ ❝❤❛î♥❡s ❞✬ér♦s✐♦♥✮ ❞✉ tr❛♥s♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ❡t ❧❡ ✢✉① ❝❤❛rr✐é
✭♠❡s✉r❡s ❞✐r❡❝t❡s ❍❡❧❧❡②✲❙♠✐t❤✱ ♠❡s✉r❡s ✐♥❞✐r❡❝t❡s ❛❝♦✉st✐q✉❡s✮✳ ❈❡s ♠❡s✉r❡s ❤étér♦❣è♥❡s ❡t ❝♦♠✲
♣❧é♠❡♥t❛✐r❡s✱ ❞♦❝✉♠❡♥t❛♥t ♣❧✉s✐❡✉rs é✈é♥❡♠❡♥ts ❞❡ ❝r✉❡s ♠♦r♣❤♦❣è♥❡s✱ ♦♥t ♣❡r♠✐s ❞❡ ❝♦♥st✐t✉❡r
✉♥ ❥❡✉ ❞❡ ❞♦♥♥é❡s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ✈❛r✐é ❡t ✈♦❧✉♠✐♥❡✉①✳

✶✺✺



❆ ♣❛rt✐r ❞❡ ❝❡s ❞♦♥♥é❡s✱ ✉♥❡ ♠ét❤♦❞♦❧♦❣✐❡ ❞❡ ❝♦♠♣❧❡①✐té ❛❞❛♣té❡ ❛ été ♠✐s❡ ❡♥ ♣❧❛❝❡ ♣♦✉r
❧❛ ❞ét❡r♠✐♥❛t✐♦♥ s✉❝❝❡ss✐✈❡ ❞❡ ♣❛r❛♠ètr❡s ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡s ❝❧és ♣♦✉r ❞❡s ♠♦❞é❧✐s❛t✐♦♥s ♠♦r✲
♣❤♦❞②♥❛♠✐q✉❡s✳ ▲❡s ❞✐✛ér❡♥t❡s ét❛♣❡s ♦♥t ♣♦rté s✉r ✭✐✮ ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❝r✐t✐q✉❡
❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡s sé❞✐♠❡♥ts✱ ✭✐✐✮ ❧✬❡st✐♠❛t✐♦♥ ❞②♥❛♠✐q✉❡ ❞✉ ✢✉① ❞❡ sé❞✐♠❡♥ts ❡t ❞✉
tr❛♥s♣♦rt ❝✉♠✉❧é ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ❡t ✭✐✐✐✮ ❧❡ ❝❛❧❛❣❡ ❞✬✉♥ ♠♦❞è❧❡ ❞❡ tr❛♥s♣♦rt ♠✉❧t✐✲❝❧❛ss❡s✳
P♦✉r ❝❤❛q✉❡ ♣❛rt✐❡✱ ❞❡s ♠ét❤♦❞❡s ♦r✐❣✐♥❛❧❡s ❡t ♥♦✈❛tr✐❝❡s ♦♥t été ♣r♦♣♦sé❡s s✉r ❧❛ ❜❛s❡ ❞❡ ❝♦♠✲
❜✐♥❛✐s♦♥s ❞✬✉♥ ♠♦❞è❧❡ ♥✉♠ér✐q✉❡ ✷❉ ❛✈❡❝ ❞❡s ❞♦♥♥é❡s ♠✉❧t✐✲s♦✉r❝❡s ♣❡rt✐♥❡♥t❡s ❛❞❛♣té❡s ❛✉①
♦❜❥❡❝t✐❢s✳ ❯♥❡ ❛tt❡♥t✐♦♥ ♣❛rt✐❝✉❧✐èr❡ ❛ été ♣♦rté❡ à ❧✬é❧❛❜♦r❛t✐♦♥ ❞✬✉♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❤②❞r❛✉❧✐q✉❡
✷❉ ✜♥❡✱ s✉r ❧❛ ❜❛s❡ ❞❡ ❜❛t❤②♠étr✐❡s ▲■❉❆❘ ❡t ✐♥ s✐t✉ très ❞ét❛✐❧❧é❡s ❡t ❞❡ ❞♦♥♥é❡s ❞❡ ❝❛❧❛❣❡
✐ss✉❡s ❞✬✉♥ rés❡❛✉ ❞❡ ♠❡s✉r❡s ❞é♣❧♦②é s♣é❝✐✜q✉❡♠❡♥t ♣♦✉r ❧❡ ♣r♦❥❡t✳ ▲❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♥❝❧✉s✐♦♥s
s♦♥t ❞ét❛✐❧❧é❡s ♣❛r ♣❛rt✐❡s✳

❚♦✉t ❞✬❛❜♦r❞✱ ❝♦♥❝❡r♥❛♥t ❧❛ ❞ét❡r♠✐♥❛t✐♦♥ ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❝r✐t✐q✉❡ ❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t
❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞✱ ✉♥❡ ♠ét❤♦❞❡ s✐♠♣❧❡ ❛ été ♣r♦♣♦sé❡ ❜❛sé❡ s✉r ❧✬❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❝♦♠♣é✲
t❡♥❝❡ ❞❡ tr❛♥s♣♦rt✱ à ♣❛rt✐r ❞❡ ♣❧❛❝❡tt❡s ♣❡✐♥t❡s ❡t ❞❡ tr❛❝❡✉rs ❘❋■❉✳ ▲❡s ♣❧❛❝❡tt❡s ❞♦♥♥❛♥t ✉♥❡
✐♥❢♦r♠❛t✐♦♥ ❧♦❝❛❧❡✱ ♣❡r♠❡tt❡♥t ✉♥❡ ❡st✐♠❛t✐♦♥ ♣ré❝✐s❡ ❞❡ ❧❛ ❝♦♠♣ét❡♥❝❡ ❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡
❧✬✐♠❜r✐❝❛t✐♦♥ ♥❛t✉r❡❧❧❡ ❞❡s sé❞✐♠❡♥ts✳ ▲❡s tr❛❝❡✉rs ❘❋■❉✱ q✉❛♥t à ❡✉①✱ ♣❡r♠❡tt❡♥t ✐❝✐ ❞❡ tr❛✲
✈❛✐❧❧❡r s✉r ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❣r❛♥✉❧♦♠étr✐q✉❡ ♣❧✉s ❣r♦ss✐èr❡✳ ▲✬✉t✐❧✐s❛t✐♦♥ ❞✉ ♠♦❞è❧❡ ❤②❞r❛✉❧✐q✉❡
✷❉ ❝❛❧é ♣❡r♠❡t ❞✬❛✈♦✐r ❛❝❝ès à ✉♥❡ ❡st✐♠❛t✐♦♥ s♣❛t✐❛❧✐sé❡ ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❜❛s❛❧❡
♣♦✉r ♥✬✐♠♣♦rt❡ q✉❡❧ ❞é❜✐t✳ ❈❡❧❛ ❛ ♣❡r♠✐s ❞✬❡st✐♠❡r ❧❛ ❝♦♥tr❛✐♥t❡ ❝r✐t✐q✉❡ à ♣❛rt✐r ❞❡ ❧❛ ❝♦♠♣é✲
t❡♥❝❡ ❞✉ ❝♦✉rs ❞✬❡❛✉✳ ❉❡s ❡✛❡ts ❞❡ ♠❛sq✉❛❣❡ ❡t ❞❡ s✉r❡①♣♦s✐t✐♦♥ ♣♦✉r ❧❛ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t ❞❡s
sé❞✐♠❡♥ts ♦♥t été ♠✐s ❡♥ é✈✐❞❡♥❝❡✱ ❞♦♥t ❧❛ ♣r✐s❡ ❡♥ ❝♦♠♣t❡ ❛ ♣❡r♠✐s ❞✬❛♠é❧✐♦r❡r ❧❛ ♠♦❞é❧✐s❛t✐♦♥
❞❡s ❝♦♥❞✐t✐♦♥s ❝r✐t✐q✉❡s ♣❛r ❧✬❛❥♦✉t ❞✬✉♥ ♥♦✉✈❡❛✉ ❝♦❡✣❝✐❡♥t✳

▲❛ ❝♦♥tr❛✐♥t❡ ❝r✐t✐q✉❡ ❛✐♥s✐ ❞ét❡r♠✐♥é❡ ❛ ♣❡r♠✐s ❞❡ t❡st❡r ♣❧✉s✐❡✉rs ♠♦❞è❧❡s ❡♠♣✐r✐q✉❡s ❞❡
tr❛♥s♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞✳ ▲❛ ❞②♥❛♠✐q✉❡ ❛✉ ❝♦✉rs ❞✬✉♥❡ ❝r✉❡ ❞✉ ✢✉① sé❞✐♠❡♥t❛✐r❡ ❛ été
ét✉❞✐é❡ à ♣❛rt✐r ❞❡ ♠❡s✉r❡s ❞✐r❡❝t❡s ❡t ✐♥❞✐r❡❝t❡s ❞✉ tr❛♥s♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞✳ ❉❡s ♠❡s✉r❡s
❛❝♦✉st✐q✉❡s ✏❝♦♥t✐♥✉❡s ❡♥ t❡♠♣s✑ ré❛❧✐sé❡s ❞❡♣✉✐s ❧❡ ♣✐❡❞ ❞❡ ❜❡r❣❡ ♦♥t ♣❡r♠✐s ❞✬❡st✐♠❡r ❧❡s ✢✉① sé✲
❞✐♠❡♥t❛✐r❡s s✉r ❧❛ s❡❝t✐♦♥✳ ▲❡s ✢✉① ❡st✐♠és ❡t ♠♦❞é❧✐sés ♣❛r ✉♥❡ ❛♣♣r♦❝❤❡ ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡ ✷❉
s♦♥t ❡♥ ❜♦♥ ❛❝❝♦r❞ ♣♦✉r ❧❡ tr❛♥s♣♦rt ❝✉♠✉❧é✳ ❉❡s ❞✐✛ér❡♥❝❡s ❞❡ ✢✉① ✐♥st❛♥t❛♥és ♦♥t été r❡❧❡✈é❡s✱
♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞✬✉♥ ❞♦✉❜❧❡✲♣✐❝s ❞❡ tr❛♥s♣♦rt s♦❧✐❞❡ ❧♦rs ❞❡s ❞é❜✐ts ❞❡ ❝r✉❡ ♠❛①✐♠❛✉①✳
❈❡❧❛ ♣♦✉rr❛✐t êtr❡ ❛ttr✐❜✉é à ❧❛ ❢♦r♠❡ ❞❡ ❧✬❤②❞r♦❣r❛♠♠❡✱ ❝♦♠♠❡ ❝❡❧❛ ❛ été ♠♦♥tré ré❝❡♠♠❡♥t
❞❛♥s ✉♥❡ ❡①♣ér✐♠❡♥t❛t✐♦♥ ❡♥ ❧❛❜♦r❛t♦✐r❡ s✉r ❧❡s ❡✛❡ts ✐♥st❛t✐♦♥♥❛✐r❡s ❞✉ tr❛♥s♣♦rt ❞❡ sé❞✐♠❡♥ts
❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ❢♦r♠❡ ❞❡ ❧✬❤②❞r♦❣r❛♠♠❡ ❞❡ ❝r✉❡ ✭P❤✐❧❧✐♣s ❡t ❛❧✳✱ ✷✵✶✽✮✳ ◆♦s rés✉❧t❛ts ♠♦♥tr❡♥t ✉♥❡
❢♦rt❡ ❤②stérés✐s ❤♦r❛✐r❡ ♣♦✉r ❧❛ r❡❧❛t✐♦♥ ❞é❜✐t s♦❧✐❞❡ ✲ ❞é❜✐t ❧✐q✉✐❞❡✱ q✉✐ ♣♦✉rr❛✐t êtr❡ ❛ttr✐❜✉é❡ à
✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞❡ ❧❛ ❞✐s♣♦♥✐❜✐❧✐té ❡♥ sé❞✐♠❡♥ts ❡t✴♦✉ à ✉♥❡ st❛❜✐❧✐s❛t✐♦♥ ❞✉ ❧✐t ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✳

❊♥✜♥✱ ❧✬✐♥❢♦r♠❛t✐♦♥ ❛♣♣♦rté❡ ♣❛r ❧❡s tr❛❝❡✉rs ❘❋■❉ ❛ ♣✉ êtr❡ ✉t✐❧✐sé❡ ♣♦✉r ❝❛❧❡r ✉♥ s❡❝♦♥❞
❝♦❡✣❝✐❡♥t ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❡s ❞✐✛ér❡♥❝❡s ❞❡ ✈✐t❡ss❡s ❞❡ tr❛♥s♣♦rt s❡❧♦♥ ❧❛ t❛✐❧❧❡ ❞❡s ♣❛rt✐✲
❝✉❧❡s✳ ▲❛ r❡❧❛t✐♦♥ ✐♥✈❡rs❡ ❡♥tr❡ ❧❛ ✈✐t❡ss❡ ✈✐rt✉❡❧❧❡ ❞❡ tr❛♥s♣♦rt ❡t ❧❛ t❛✐❧❧❡ ❞❡s tr❛❝❡✉rs✱ q✉✐ ❡st
❝♦♥tr❛✐r❡ ❛✉① rés✉❧t❛ts ❞❡ ❧❛ ♠❛❥♦r✐té ❞❡s ét✉❞❡s✱ ❡st ✐♥t❡r♣rété❡ ❝♦♠♠❡ ét❛♥t ❧❛ ❝♦♥séq✉❡♥❝❡ ❞✉
♣✐é❣❡❛❣❡ ❞❡s ♣❛rt✐❝✉❧❡s ❧❡s ♣❧✉s ✜♥❡s ❧♦rs ❞✉ tr❛♥s♣♦rt✳ ❈❡❧❛ ♥♦✉s ❛ ♣❡r♠✐s ❞✬❡st✐♠❡r ✉♥ s❡❝♦♥❞
❝♦❡✣❝✐❡♥t ❞✬❛❥✉st❡♠❡♥t ❞✉ ♠♦❞è❧❡ ❞❡ tr❛♥s♣♦rt✳ ❈❡ s❡❝♦♥❞ ❝♦❡✣❝✐❡♥t✱ ❝❛❧é à ♣❛rt✐r ❞❡ ♠❡s✉r❡s
❝♦♠♣❧é♠❡♥t❛✐r❡s ❡t ✐♥❞é♣❡♥❞❛♥t❡s ❞❡s ♣❧❛❝❡tt❡s ♣❡✐♥t❡s✱ ❛ ♣❡r♠✐s ❞✬❛♠é❧✐♦r❡r ❧❛ ♣ré❞✐❝t✐♦♥ ❞❡ ❧❛
❣r❛♥✉❧♦♠étr✐❡ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ♣❛r ❧❡ ♠♦❞è❧❡ ❞❡ tr❛♥s♣♦rt✳ ❉❛♥s ❝❡s tr❛✈❛✉①✱ ❧✬✉t✐❧✐s❛t✐♦♥
❝♦✉♣❧é❡ ❡t ❧❛ ♠✐s❡ ❡♥ ❝♦❤ér❡♥❝❡ ❞❡ ❞♦♥♥é❡s ✈❛r✐é❡s ❡t ❞❡ ♠♦❞é❧✐s❛t✐♦♥s ✜♥❡s ♦♥t ♣❡r♠✐s ❞✬❛♠é❧✐♦✲
r❡r ❧❛ ❝♦♥♥❛✐ss❛♥❝❡ ❞❡s ♣r♦❝❡ss✉s ♣❤②s✐q✉❡s✱ t❛♥t ❡♥ t❡r♠❡s ❞✬❤②❞r♦❞②♥❛♠✐q✉❡ q✉❡ ❞❡ tr❛♥s♣♦rt
sé❞✐♠❡♥t❛✐r❡ ❡t ❞✬é✈♦❧✉t✐♦♥s ❣é♦♠♦r♣❤♦❧♦❣✐q✉❡s✳

✶✺✻



▲❛ r✐❝❤❡ss❡ ❞✉ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞❡ t❡rr❛✐♥✱ s②sté♠❛t✐q✉❡♠❡♥t ♠✐s❡ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ❞é♠❛r❝❤❡
❞❡ ♠♦❞é❧✐s❛t✐♦♥✱ ❛ ♣❡r♠✐s ❞✬ét❛❜❧✐r ❞❡s ♠♦❞é❧✐s❛t✐♦♥s ❤②❞r❛✉❧✐q✉❡s ❡t ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡s ✜♥❡s
❞❡ ❧❛ ③♦♥❡ ❞✬ét✉❞❡ ❝♦♠♣❧èt❡✱ ♠❛✐s ❛✉ss✐ ❞❡ ❢❛✐r❡ ❞❡s ③♦♦♠s s✉r ❞❡s ♣♦rt✐♦♥s ❞✬✐♥térêt✳ P❛r♠✐ ❝❡s
❞❡r♥✐èr❡s✱ ✉♥ ♠é❛♥❞r❡ très ❛❝t✐❢ ❛ ❢❛✐t ❧✬♦❜❥❡t ❞✬✉♥ s✉✐✈✐ s♣é❝✐✜q✉❡ ❡♥ ✈✉❡ ❞✬✐♥té❣r❡r ❧❛ ❞✐♠❡♥s✐♦♥
❧❛tér❛❧❡ ❞❡ ❧✬é✈♦❧✉t✐♦♥ ❞✉ ❝♦✉rs ❞✬❡❛✉✳ ▲❡s rés✉❧t❛ts ❡♥❝♦✉r❛❣❡❛♥ts ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❞✉ tr❛♥s♣♦rt
sé❞✐♠❡♥t❛✐r❡ ♦❜t❡♥✉s s✉r ❞❡s ❜✐❡❢s r❡❝t✐❧✐❣♥❡s r❡♥❞❡♥t ❛✐♥s✐ ♣♦ss✐❜❧❡✱ ❡♥ ♣❡rs♣❡❝t✐✈❡✱ ❧✬ét✉❞❡ ❞❡ ❧❛
❞②♥❛♠✐q✉❡ ❧❛tér❛❧❡ ❞❡ ❧❛ r✐✈✐èr❡✳

✻✳✷ P❡rs♣❡❝t✐✈❡s ❞❡ tr❛✈❛✐❧

▲❛ ❝♦♠❜✐♥❛✐s♦♥ ✜♥❡ ❞❡s rés✉❧t❛ts ❞❡ s✉✐✈✐s ❤②❞r❛✉❧✐q✉❡s ❡t ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡s ❞❡ t❡rr❛✐♥ ❛✈❡❝
❞❡s ♠♦❞é❧✐s❛t✐♦♥s ❤②❞r❛✉❧✐q✉❡s ❡t ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡s ✷❉✱ s✉r ❞❡s q✉❡st✐♦♥♥❡♠❡♥ts s❝✐❡♥t✐✲
✜q✉❡s ✈❛r✐és ✭❝♦♥❞✐t✐♦♥s ❝r✐t✐q✉❡s ❞❡ ♠✐s❡ ❡♥ ♠♦✉✈❡♠❡♥t✱ ❡st✐♠❛t✐♦♥ ❞✉ ❞é❜✐t s♦❧✐❞❡ à ❧✬é❝❤❡❧❧❡
❞✬✉♥❡ ❝r✉❡✱ ♠♦❞é❧✐s❛t✐♦♥ ♠✉❧t✐✲❝❧❛ss❡s ❣r❛♥✉❧♦♠étr✐q✉❡s ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞✮✱ ❛ ♣❡r♠✐s ❞❡ ♣r♦✲
♣♦s❡r ❞❡ ♥♦✉✈❡❧❧❡s ❛♣♣r♦❝❤❡s✳ ■❧ s❡♠❜❧❡ ❡①trê♠❡♠❡♥t ♣♦rt❡✉r ❞❡ ♣♦✉rs✉✐✈r❡ ❡t ❛♣♣r♦❢♦♥❞✐r ❞❛♥s
❝❡tt❡ ✈♦✐❡✳ ❈♦♠♠❡ ❛♥♥♦♥❝é ❡♥ ✶✳✹✱ ❝❡❧❛ ♣♦✉rr❛ ❝♦♥❝❡r♥❡r ❧❛ ♠♦❜✐❧✐té ❧❛tér❛❧❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡t
♣♦✉rr❛ ♣❛r ❧❛ s✉✐t❡ êtr❡ tr❛♥s♣♦sé à ❞✬❛✉tr❡s r✐✈✐èr❡s à ❢♦rts ❡♥❥❡✉①✱ s✐ ♣♦ss✐❜❧❡ ❛②❛♥t ❞é❥à ❢❛✐t
❧✬♦❜❥❡t ❞✬❛❝q✉✐s✐t✐♦♥s ❞❡ ❞♦♥♥é❡s✱ ✈♦✐r❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥s✱ ❤②❞r♦❧♦❣✐q✉❡s✱ ❤②❞r❛✉❧✐q✉❡s✱ ♠♦r♣❤♦✲
❞②♥❛♠✐q✉❡s ❡t sé❞✐♠❡♥t❛✐r❡s✳

❉❡s ♣❡rs♣❡❝t✐✈❡s ❞❡ tr❛✈❛✐❧ s♦♥t ❞♦♥♥é❡s ✐❝✐ à ♣❛rt✐r ❞❡ tr❛✈❛✉① ❞é❥à ❞é❜✉tés ♣♦✉r ❧❛ ♣❧✉♣❛rt✳
❊♥ ♦✉tr❡ ✉♥ ❞❛t❛ ♣❛♣❡r ❡st ♣ré✈✉ ♣♦✉r ❢❛✈♦r✐s❡r ❧❛ ❞✐✛✉s✐♦♥ ❡t ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ ❥❡✉ ❞❡ ❞♦♥♥é❡s ❞❡
❧❛ t❤ès❡ ❡♥ ♠♦❞é❧✐s❛t✐♦♥✱ ✈♦✐r❡ ❡♥ ❛♣♣r❡♥t✐ss❛❣❡ ♠❛❝❤✐♥❡ ❛♣♣❧✐q✉é ❛✉ tr❛♥s♣♦rt s♦❧✐❞❡✳

❋✐❣✉r❡ ✻✳✶ ✿ ✭❆✮ ❧♦❝❛❧✐s❛t✐♦♥ ❞✉ tr♦♥ç♦♥ ❞❡ ❧❛ ✏▼♦s❡❧❧❡ s❛✉✈❛❣❡✑ ❛✉ s❡✐♥ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛
▼♦s❡❧❧❡✱ ✭❇✮ ❡①t❡♥s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♠♦❞è❧❡ ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡ ✷❉ ✏st♦✑✱ ✭❈✮ s✉✐✈✐ ❞✉ r❡❝✉❧
❞❡ ❧❛ ❜❡r❣❡ ❝♦♥❝❛✈❡ ❞✉ ♠é❛♥❞r❡ ❞❡ ✏❧❛ ✈❛❝❤❡ ♠♦rt❡✑✱ ✭❉✮ ♣r♦✜❧ ❡♥ tr❛✈❡rs ❞✉ r❡❝✉❧ ❞❡ ❜❡r❣❡✱ ✭❊✮
s✉✐✈✐ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞❡ tr❛❝❡✉rs ♣❧❛❝és ❞❛♥s ❧❛ ❜❡r❣❡✳

✶✺✼



✻✳✷✳✶ ▼♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠♦❜✐❧✐té ❧❛tér❛❧❡

●râ❝❡ ❛✉ ❝❛❧❛❣❡ ❞❡s ♣r✐♥❝✐♣❛✉① ♣❛r❛♠ètr❡s ❤②❞r♦❞②♥❛♠✐q✉❡s ❡t ❞❡ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ ❛✉
♥✐✈❡❛✉ ❞❡ tr♦♥ç♦♥s r❡❧❛t✐✈❡♠❡♥t r❡❝t✐❧✐❣♥❡s✳ ❈❡❧❛ ♣❡r♠❡tt❡♥t ❞és♦r♠❛✐s ❞❡ s✬✐♥tér❡ss❡r à ❧❛ ❞②✲
♥❛♠✐q✉❡ ❧❛tér❛❧❡ ❞✉ ❝♦✉rs ❞✬❡❛✉✱ ❞♦♥t ❧✬ét✉❞❡ ❛ été ❞é❜✉té❡ ❛✈❡❝ ❧❡ s✉✐✈✐ ❞✬✉♥ ♠é❛♥❞r❡ ✭❋✐❣✉r❡
✻✳✶ ❝✮ ❞♦♥t ❧✬é✈♦❧✉t✐♦♥ ❛ été ✜♥❡♠❡♥t ét✉❞✐é❡ ❛✉ ❝♦✉rs ❞❡ ❧❛ t❤ès❡ ✭✹ ❝❛♠♣❛❣♥❡s ❞❡ ♠❡s✉r❡s ❞❡ ❧❛
t♦♣♦❣r❛♣❤✐❡ ❞❡ ❧❛ ❜❡r❣❡ ♣❛r ♣❤♦t♦❣r❛♠♠étr✐❡ ❡✛❡❝t✉é❡ à ❧✬❛✐❞❡ ❞✬✉♥ ❞r♦♥❡✮✳ ❯♥ ♠♦❞è❧❡ ❤②❞r♦✲
❞②♥❛♠✐q✉❡ ✷❉ ❧♦❝❛❧ ♥♦♠♠é ✏st♦✑ ❛ é❣❛❧❡♠❡♥t été ♠✐s ❡♥ ♣❧❛❝❡ ✭❋✐❣✉r❡ ✻✳✷ ❜✮✱ ❛✈❡❝ à ♥♦✉✈❡❛✉
✉♥ ❝❛❧❛❣❡ ✜♥ ❞❡ ❧✬❤②❞r♦❞②♥❛♠✐q✉❡✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡ ❧❛ ré♣❛rt✐t✐♦♥ ❧❛tér❛❧❡ ❞❡s ✈✐t❡ss❡s à ♣❛rt✐r
❞✬✉♥❡ ❝♦rr❡❝t✐♦♥ ❞❡ ✈♦rt✐❝✐té✳ ❈❡ ❝❛❧❛❣❡ ❛ été ré❛❧✐sé à ♣❛rt✐r ❞❡s ♣r♦✜❧s ❡♥ tr❛✈❡rs ❞❡ ✈✐t❡ss❡
✭❆❉❈P✮ ré❛❧✐sés ❡♥ ❜❛t❡❛✉ ❧❡ ❧♦♥❣ ❞✉ ♠é❛♥❞r❡ ♣♦✉r ✉♥ ❞é❜✐t s✐❣♥✐✜❝❛t✐❢ ❞❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r
❞✬✉♥ ❛♥ ✭Q = 180m3/s✮✳ ▲❡s rés✉❧t❛ts ❞❡ ❝❛❧❛❣❡ s♦♥t très ❜♦♥s ❡♥ t❡r♠❡ ❞❡ r❡♣r♦❞✉❝t✐♦♥ ❞❡s
❤❛✉t❡✉rs ❞✬❡❛✉ ❛✉① ❡♥❞r♦✐ts ❞✬✐♥térêt✱ ♠❛✐s ❛✉ss✐ ❞❡ ♣r♦✜❧s ❞❡ ✈✐t❡ss❡s ✭❋✐❣✉r❡ ✻✳✷✮✳

❋✐❣✉r❡ ✻✳✷ ✿ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ Tn=1..6 ♠❡s✉rés ♣❛r ❆❉❈P ✭♣♦✐♥ts r♦✉❣❡✮ ❡t
♠♦❞é❧✐sés ❛✈❡❝ ✭❧✐❣♥❡s ✈❡rt❡s✮ ♦✉ s❛♥s ✭❧✐❣♥❡s ❜❧❡✉❡s✮ ❝♦rr❡❝t✐♦♥✱ ❧❡ ❧♦♥❣ ❞✉ ♠é❛♥❞r❡ ❞❡ ✏❧❛ ✈❛❝❤❡
♠♦rt❡✑✱ ❧♦rs ❞✬✉♥❡ ❝r✉❡ ❞❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r ❞✬✉♥ ❛♥ ✭Q = 180m3/s✮✳

❯♥❡ ♠♦❞é❧✐s❛t✐♦♥ ❤②❞r❛✉❧✐q✉❡✱ ❡♥ ré❣✐♠❡ ♣❡r♠❛♥❡♥t ✭❞é❜✐t ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♠❡s✉r❡s ❆❉❈P✮
❛ été ❝♦♥❢r♦♥té❡ ❛✉① rés✉❧t❛ts ❞❡ s✉✐✈✐s ❞❡ tr❛❝❡✉rs ❘❋■❉ ♠✐s ❡♥ ♣❧❛❝❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❜❡r❣❡ ér♦❞é❡✳
❯♥❡ ❛tt❡♥t✐♦♥ ♣❛rt✐❝✉❧✐èr❡ ❛ été ♣♦rté❡ à ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ ❞❛♥s ❧❛ ❝♦✉r❜✉r❡
♣❛r r❛♣♣♦rt à ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✭❋✐❣✉r❡ ✻✳✸✮✱ ♣❡r♠❡tt❛♥t ❞❡ ❝❛❧❡r ❧❡ ♣❛r❛♠ètr❡ ❛♥❣✉✲
❧❛✐r❡ ❡♥tr❡ ❧❛ ❞✐r❡❝t✐♦♥ ♣r✐♥❝✐♣❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡t ❝❡❧❧❡ ❞✉ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡✳

✶✺✽







❈❡s ❛♥❛❧②s❡s ♣♦rt❡r♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t s✉r ✿

❼ ❧✬é✈♦❧✉t✐♦♥ ✈❡rt✐❝❛❧❡ ❞✉ t❤❛❧✇❡❣ ❀

❼ ❧❛ ❞②♥❛♠✐q✉❡ ❧❛tér❛❧❡ ❞❡ ❧❛ ❜❛♥❞❡ ❛❝t✐✈❡ ❡t ❞✉ t❤❛❧✇❡❣ ✭s✉♣❡r✜❝✐❡✱ t❛✉① ❞❡ ♠✐❣r❛t✐♦♥ ❞❡s
♠é❛♥❞r❡s s❡❧♦♥ ❢♦rç❛❣❡s✮ ❀

❼ ❞❡s ❜✉❞❣❡ts sé❞✐♠❡♥t❛✐r❡s à ❞✐✈❡rs ♣❛s ❞❡ t❡♠♣s ❀

❼ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞s à ♣❛rt✐r ❞❡s tr❛❝❡✉rs ❘❋■❉ ❀

❼ ❡t❝✳

❈❡s ❛♥❛❧②s❡s s❡r♦♥t ♠❡♥é❡s ❞❡ ❢❛ç♦♥ à ré♣♦♥❞r❡ é❣❛❧❡♠❡♥t ❛✉① ❛tt❡♥t❡s ♦♣ér❛t✐♦♥♥❡❧❧❡s✳

✻✳✷✳✹ ❈♦✲❝♦♥str✉❝t✐♦♥ ❞❡ s❝é♥❛r✐♦s ❞❡ ❣❡st✐♦♥ ❞✉r❛❜❧❡ ❞❡ ❧❛ ♠♦❜✐❧✐té

❧❛tér❛❧❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ s❛✉✈❛❣❡

❙✉r ❧❛ ❜❛s❡ ❞❡s ❞✐✈❡rs❡s ♠♦❞é❧✐s❛t✐♦♥s ❤②❞r❛✉❧✐q✉❡s ❡t ♠♦r♣❤♦✲sé❞✐♠❡♥t❛✐r❡s✱ ❡t ❞❡s rés✉❧t❛ts
❞❡s s✉✐✈✐s ❞❡ t❡rr❛✐♥✱ ❞❡s s❝é♥❛r✐♦s ❞❡ ❣❡st✐♦♥ ❞✉r❛❜❧❡ ❞❡ ❧❛ ♠♦❜✐❧✐té ❧❛tér❛❧❡ ❡t ✈❡rt✐❝❛❧❡ ❞❡ ❧❛
▼♦s❡❧❧❡ s❛✉✈❛❣❡ ♣♦✉rr♦♥t êtr❡ ❝♦✲❝♦♥str✉✐ts ❛✈❡❝ ❧❡s ❣❡st✐♦♥♥❛✐r❡s✱ ♥♦t❛♠♠❡♥t ❧✬❆❣❡♥❝❡ ❞❡ ❧✬❡❛✉
❘❤✐♥✲▼❡✉s❡ ❡t ❧❡ ❈❊◆ ▲♦rr❛✐♥❡✳ ▲✬♦❜❥❡❝t✐❢ ❣é♥ér❛❧ ❡st ❞❡ ♣rés❡r✈❡r ✲ ✈♦✐r❡ s✐ ♣♦ss✐❜❧❡ r❡♥❢♦r❝❡r
✲ ❧❛ ♠♦❜✐❧✐té ❧❛tér❛❧❡ ❞❡ ❧❛ r✐✈✐èr❡ t♦✉t ❡♥ ♠❛îtr✐s❛♥t ❧❡s r✐sq✉❡s ❧✐és à ❝❡❧❧❡✲❝✐✳ ▲❡s ♠♦❞é❧✐s❛t✐♦♥s
s❡r♦♥t ❛ss♦rt✐❡s ❞✬❡st✐♠❛t✐♦♥s ❞❡s ✐♥❝❡rt✐t✉❞❡s✳

▲❡s t❡sts ❝♦♥❝❡r♥❡r♦♥t ✿

❼ ❞✐✈❡rs ❢♦rç❛❣❡s ❤②❞r♦❧♦❣✐q✉❡s ✿ ❝r✉❡s ❛♥♥✉❡❧❧❡✱ ❞é❝❡♥♥❛❧❡✱ ❝❡♥t❡♥♥❛❧❡ ❀

❼ ❞✐✈❡rs❡s ♦♣t✐♦♥s ♦♣ér❛t✐♦♥♥❡❧❧❡s ♦✉ ❧✐é❡s à ❧✬é✈♦❧✉t✐♦♥ ♣r♦♣r❡ ❞❡ ❧❛ r✐✈✐èr❡ ✿ ✭✐✮ ❛r❛s❡♠❡♥t
❞✉ s❡✉✐❧ ❞❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs ✭❡✛❡ts s✉r ❧❛ ❧✐❣♥❡ ❞✬❡❛✉ ❡t ❧❡s ❛❥✉st❡♠❡♥ts ✈❡rt✐❝❛✉① ❡t
❧❛tér❛✉①✮✱ ✭✐✐✮ ❞é✢✉✈✐❛t✐♦♥ ❞✉ ❧✐t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❝♦✉rt✲❝✐r❝✉✐t❛♥t ❧❡ s❡✉✐❧ ❡t ✭✐✐✐✮ ❞ér♦❝t❛❣❡s
❞❡ ❜❡r❣❡s ❧♦❝❛✉① ❀

❈❡s ♠♦❞é❧✐s❛t✐♦♥s ♣♦✉rr♦♥t ❛♣♣r♦❢♦♥❞✐r ❧❡s ♠♦❞é❧✐s❛t✐♦♥s ♣ré❧✐♠✐♥❛✐r❡s ❞✉ ❚❋❊ ❊◆●❊❊❙ ❞❡
❩❛❢r❛✲●♦♠❡③ ✭✷✵✷✶✮ q✉✐ ♦♥t ♣♦rté s✉r ✭✐✮ ❧✬ér♦s✐♦♥ ré❣r❡ss✐✈❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ❝❛s ❞❡ ❞é✢✉✈✐❛t✐♦♥
✭❣r❛♥❞ ❝♦✉rt✲❝✐r❝✉✐t ❞✉ ❜❛rr❛❣❡ ❞❡ ❇❛✐♥✈✐❧❧❡✲❛✉①✲♠✐r♦✐rs✮ ❡t ✭✐✐✮ s✉r ❧❡ r✐sq✉❡ ❞❡ ❝❛♣t✉r❡ ❞❡ ❧❛
▼♦s❡❧❧❡ ♣❛r ❧❡s ❣r❛✈✐èr❡s ❞❡ ●r✐♣♣♦rt✳

◆♦t♦♥s q✉❡ ❧✬✐♠♣♦rt❛♥t ❥❡✉ ❞❡ ❞♦♥♥é❡s ♣♦✉rr❛ é❣❛❧❡♠❡♥t êtr❡ ❡♥r✐❝❤✐✱ s❡❧♦♥ ❧❡s é✈♦❧✉t✐♦♥s
❢✉t✉r❡s ✭❢♦rt❡s ❝r✉❡s✱ ✐♠♣♦rt❛♥ts ❞é♣❧❛❝❡♠❡♥ts ❧❛tér❛✉①✱ ❡t❝✳✮✱ ❛✉ tr❛✈❡rs ❞❡ ♥♦✉✈❡❧❧❡s ❝❛♠♣❛❣♥❡s
❞✬❛❝q✉✐s✐t✐♦♥ ❞❡ ❞♦♥♥é❡s ✭▲■❉❆❘ t♦♣♦✲❜❛t❤②♠étr✐q✉❡s✱ s✉✐✈✐s ❞❡s tr❛❝❡✉rs ❘❋■❉✱ ❡t❝✳✮ ❡t ❞❡ ♥♦✉✲
✈❡❧❧❡s ♠♦❞é❧✐s❛t✐♦♥s✱ ♣♦✉r ré❛❝t✉❛❧✐s❡r ❧❡ ❞✐❛❣♥♦st✐❝ ❢♦♥❝t✐♦♥♥❡❧ ❡t ❧✬❛♣♣✉✐ ❛✉① ♣r✐s❡s ❞❡ ❞é❝✐s✐♦♥✳

✶✻✶



▲✐st ♦❢ ❚❛❜❧❡s

✷✳✶ P❧✉s ❢♦rt ❞é❜✐t ❥♦✉r♥❛❧✐❡r ✭◗❏❳✮ ❡t ♣❧✉s ❢♦rt ❞é❜✐t ✐♥st❛♥t❛♥é ✭◗■❳✮ ❛✈❡❝ ❧❡s ♣ér✐♦❞❡s
❞❡ r❡t♦✉r ❛ss♦❝✐é❡s ♣♦✉r ❧❛ ▼♦s❡❧❧❡ à ❊♣✐♥❛❧✱ ❝❛❧❝✉❧és s✉r ✺✽ ❛♥s ✭❇❛♥q✉❡ ❤②❞r♦✮✳ ✳ ✸✽

✷✳✷ P❧✉s ❢♦rt ❞é❜✐t ❥♦✉r♥❛❧✐❡r ✭◗❏❳✮ ❡t ♣❧✉s ❢♦rt ❞é❜✐t ✐♥st❛♥t❛♥é ✭◗■❳✮ ❛✈❡❝ ❧❡s ♣ér✐♦❞❡s
❞❡ r❡t♦✉r ❛ss♦❝✐é❡s ♣♦✉r ❧❛ ▼♦s❡❧❧❡ à ❚♦♥♥♦② ❝❛❧❝✉❧é❡s s✉r ✸✾ ❛♥s ✭❇❛♥q✉❡ ❤②❞r♦✮ ✳ ✸✾

✷✳✸ ❉é❜✐ts ❝❛r❛❝tér✐st✐q✉❡s ✐♥t❡r♣♦❧és ♣♦✉r ❧❛ st❛t✐♦♥ ❞❡ ❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✸✳✶ ❊✈♦❧✉t✐♦♥ ♦❢ t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s PPn ❛t ❡❛❝❤ s✉r✈❡② ✭En✮✳ ❊r♦s✐♦♥ ✐♥❞✐❝❛t❡s t❤❛t
t❤❡ ♣❛t❝❤ ✇❛s t♦t❛❧❧② ❡r♦❞❡❞✱ P❛rt✐❛❧ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♣❛t❝❤ ✇❛s ♣❛rt✐❛❧❧② ❡r♦❞❡❞✱
❉❡♣♦s✐ts ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ♣❛t❝❤ ✇❛s ❝♦✈❡r❡❞ ❜② s❡❞✐♠❡♥ts ❞❡♣♦s✐ts ❛♥❞ ♥♦♥❡ ✐♥❞✐❝❛t❡
t❤❛t ♥♦ ❡✈♦❧✉t✐♦♥ ✇❛s ♦❜s❡r✈❡❞✳ ❚❤❡ ♣❛t❝❤ D95 ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ❛✈❡r❛❣❡❞ ❞✐❛♠❡t❡r
♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡s ♠❡❛s✉r❡❞ ✐♥ ♣✐❝t✉r❡s t❛❦❡♥ ❛t t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ ♣❛t❝❤✳
❚❤❡ D95 ♠♦❜✐❧✐③❡❞ ❝♦rr❡s♣♦♥❞s t♦ ✭✐✮ ✵ ✇❤❡♥ ♥♦ ❡✈♦❧✉t✐♦♥ ✇❛s ♦❜s❡r✈❡❞✱ ✭✐✐✮ t❤❡
♣❛t❝❤ D95 ✇❤❡♥ ✐t ✇❛s t♦t❛❧❧② ❡r♦❞❡❞ ♦r t♦ ✭✐✐✐✮ t❤❡ ❛✈❡r❛❣❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ t❡♥
❧❛r❣❡st ♣❛rt✐❝❧❡s ♠❡❛s✉r❡❞ ♦✉t ♦❢ t❤❡ ♣❛t❝❤ ✇❤❡♥ ✐t ✇❛s ♣❛rt✐❛❧❧② ❡r♦❞❡❞✳ ❚❤❡ ❙❤✐❡❧❞s
♣❛r❛♠❡t❡r ✐s ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✸✳✶✮ ❛❝❝♦r❞✐♥❣ t♦ ✭✐✮ t❤❡ ♠❛①✐♠✉♠ ❣r❛✐♥ s❤❡❛r str❡ss
✭●❙❙✮ ♠♦❞❡❧❧❡❞ ❛t ❡❛❝❤ ♣❛t❝❤ ❞✉r✐♥❣ Fn ❛♥❞ t♦ ✭✐✐✮ ❡✐t❤❡r t❤❡ ♣❛t❝❤ D95 ✇❤❡♥ ♥♦
❡✈♦❧✉t✐♦♥ ✇❛s ♦❜s❡r✈❡❞ ♦r t♦ t❤❡ ♠♦❜✐❧✐③❡❞ D95 ✇❤❡♥ t❤❡ ♣❛t❝❤ ✇❛s t♦t❛❧❧② ♦r ♣❛rt✐❛❧❧②
❡r♦❞❡❞✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✸✳✷ ❙t❛t✐st✐❝❛❧ ♣❛r❛♠❡t❡rs ❢♦r ❡❛❝❤ ♣❛rt✐❝❧❡ tr❛❝❦✐♥❣ s✉r✈❡②✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ t♦t❛❧ ♥✉♠❜❡r
Ns ♦❢ tr❛❝❡rs ✐♥❥❡❝t❡❞ ❛♥❞ r❡❝♦✈❡r❡❞ ❛t s✉r✈❡② Sn ♦r Sn ❛♥❞ Sn+1 ✭∗❞❡♥♦t✐♥❣ t❤❛t
tr❛❝❡rs ❧♦❝❛t❡❞ ❛t ❧❡ss t❤❛♥ ✼♠ ❢r♦♠ t❤❡ ❧❡❢t ❜❛♥❦ ✇❡r❡ ❡①❝❧✉❞❡❞ ❢r♦♠ ❞❛t❛✮✱ ✇✐t❤ t❤❡
♥✉♠❜❡r ♦❢ ♠♦❜✐❧❡ ❛♥❞ ✐♠♠♦❜✐❧❡ tr❛❝❡rs ❛♠♦♥❣ r❡❝♦✈❡r❡❞ ♦♥❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✹✳✶ ❙✉♠♠❛r✐③❡ ♦❢ ❤②❞r♦❞②♥❛♠✐❝ ❝♦♥❞✐t✐♦♥s ❞✉r✐♥❣ ❛❝♦✉st✐❝ ♠❛♣s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✽

✺✳✶ ❙t❛t✐st✐❝❛❧ ♣❛r❛♠❡t❡rs ❢♦r ❡❛❝❤ ♣❛rt✐❝❧❡ tr❛❝❦✐♥❣ s✉r✈❡②✱ ✐♥❞✐❝❛t✐♥❣ t❤❡ t♦t❛❧ ♥✉♠❜❡r
NS ♦❢ tr❛❝❡rs ✐♥❥❡❝t❡❞ ❛♥❞ r❡❝♦✈❡r❡❞ ❛t s✉r✈❡② Sn ✇✐t❤ t❤❡ ♥✉♠❜❡r ♦❢ ♠♦❜✐❧❡ tr❛❝✲
❡rs ❛♠♦♥❣ r❡❝♦✈❡r❡❞ ♦♥❡s ❛s ✇❡❧❧ ❛s t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ r❡❝♦✈❡r② r❛t❡s ♠❡♥t✐♦♥❡❞ ✐♥
❜r❛❝❦❡ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✵

✺✳✷ ❱❛r✐❛t✐♦♥ ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❜❡❞❧♦❛❞ ❞✐s❝❤❛r❣❡ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ♥✉♠❜❡r ♦❢ s✐③❡
❝❧❛ss❡s ✐♠♣❧❡♠❡♥t❡❞ ✐♥t♦ t❤❡ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,p✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✵

✺✳✸ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ t♦t❛❧ ❞✐s❝❤❛r❣❡ ✭Q > 40m3/s) ❡st✐♠❛t❡❞ ❞✉r✐♥❣ P1 ❛t ●r✐♣♣♦rt✱
❛t ❈❤ât❡❧ ✉♣str❡❛♠ ❛♥❞ ❛t ❱❡❧❧❡ ❞♦✇♥str❡❛♠ ❣❛✉❣✐♥❣ st❛t✐♦♥s✱ ❡①♣r❡ss❡❞ ✐♥ ♠✐❧❧✐♦♥s
♦❢ ❝✉❜✐❝ ♠❡t❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✸

✶✻✷



▲✐st ♦❢ ❋✐❣✉r❡s

✶✳✶ ▲❡s q✉❛tr❡ ❞✐♠❡♥s✐♦♥s ❞❡ ❧✬❤②❞r♦s②stè♠❡ ✢✉✈✐❛❧ ❞✬❛♣rès ❆♠♦r♦s ❛♥❞ P❡tts ✭✶✾✾✸✮✳ ✳ ✾
✶✳✷ ▼♦❞è❧❡ ❝♦♥❝❡♣t✉❡❧ ❤✐ér❛r❝❤✐q✉❡ ❞❡s ❧✐❡♥s ❢♦♥❝t✐♦♥♥❡❧s ❡♥tr❡ ❧❡s ♣r✐♥❝✐♣❛❧❡s ❝♦♠♣♦✲

s❛♥t❡s ❞✉ s②stè♠❡ ✢✉✈✐❛❧❡✱ ❞✬❛♣rès ❙❝❤♠✐tt ✭✷✵✶✵✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶
✶✳✸ ❱✉❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡t ❡♥ ♣❧❛♥ ❞❡s ❢♦r♠❡s ❡t ♣r♦❝❡ss✉s ✢✉✈✐❛✉① ❡t ❞❡s ❢❛❝t❡✉rs ❞❡

❝♦♥trô❧❡ ❛ss♦❝✐és✱ ❞✬❛♣rès ❇r✐❡r❧❡② ❛♥❞ ❋r②✐rs ✭✷✵✶✸✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸
✶✳✹ ❊❝❤❡❧❧❡s t❡♠♣♦r❡❧❧❡s ❡t s♣❛t✐❛❧❡s ❞❡ ❧✬❛❥✉st❡♠❡♥t ❞❡s ❞✐✛ér❡♥t❡s ❝♦♠♣♦s❛♥t❡s ♠♦r✲

♣❤♦❧♦❣✐q✉❡s ❞✉ ❝❤❡♥❛❧✳ ▲❡s ❧♦♥❣✉❡✉rs✱ ✐♥❞✐❝❛t✐✈❡s✱ s♦♥t ❛♣♣❧✐q✉é❡s à ✉♥ ❝♦✉rs ❞✬❡❛✉
t❡♠♣érés✱ ❞✬❛♣rès ❑♥✐❣❤t♦♥ ✭✶✾✾✽✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✶✳✺ ❇✐❧❛♥ ❞❡s ❢♦r❝❡s s✬❡①❡rç❛♥t s✉r ✉♥ ✈♦❧✉♠❡ ❞✬❡❛✉ ❡♥ é❝♦✉❧❡♠❡♥t ✉♥✐❢♦r♠❡ ❡t ré♣❛rt✐t✐♦♥
✈❡rt✐❝❛❧❡ ❞❡s ✈✐t❡ss❡s ❞✬é❝♦✉❧❡♠❡♥t s✉r ❧❛ ❝♦❧♦♥♥❡ ❞✬❡❛✉✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✶✳✻ ❇✐❧❛♥ ❞❡s ❢♦r❝❡s s✬❡①❡rç❛♥t s✉r ✉♥❡ ♣❛rt✐❝✉❧❡ ❛✉ s❡✐♥ ❞✬✉♥ é❝♦✉❧❡♠❡♥t✱ ❞✬❛♣rès ▲❛♠❜
❡t ❛❧✳ ✭✷✵✵✽✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✶✳✼ ❉✐❛❣r❛♠♠❡ ❞❡ ❙❤✐❡❧❞s ❞❛♥s ●❛r❝✐❛ ❡t ❛❧✳ ✭✷✵✵✵✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✶✳✽ ❈♦♠♣✐❧❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ♠♦♥tr❛♥t ❧❛ ✈❛r✐❛t✐♦♥ ❞✉ ♣❛r❛♠ètr❡ ❝r✐t✐q✉❡ ❞❡ ❙❤✐❡❧❞s ❡♥

❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡ ♠♦②❡♥♥❡ ❞✉ ❢♦♥❞✱ ❞✬❛♣rès ▲❛♠❜ ❡t ❛❧✳ ✭✷✵✵✽✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽
✶✳✾ ❈♦♠♣✐❧❛t✐♦♥ ❞❡ ✽✼✵✵ ♠❡s✉r❡s ❝♦❧❧❡❝té❡s s✉r ♣❧✉s ❞❡ ✶✵✵ ❝♦✉rs ❞✬❡❛✉ ✭♣❡♥t❡ 0.0001 <

S < 0.1✮ ❡t ❞❡ ✶✸✶✼ ♠❡s✉r❡s ✐ss✉❡s ❞✉ ❧❛❜♦r❛t♦✐r❡ ✭♠❛tér✐❛✉① q✉❛s✐✲✉♥✐❢♦r♠❡s✮ ❛✈❡❝
❧❛ ❝♦✉r❜❡ r♦✉❣❡ r❡♣rés❡♥t❛♥t ❧❛ r❡❧❛t✐♦♥ ❞❡ ▼❡②❡r✲P❡t❡r ❛♥❞ ▼ü❧❧❡r ✭✶✾✹✽✮✱ ♠♦❞✐✜é
❞✬❛♣rès ❘❡❝❦✐♥❣ ✭✷✵✶✷❛✮ ❡t ❘❡❝❦✐♥❣ ✭✷✵✵✻✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✶✳✶✵ ❊①❡♠♣❧❡s ❞❡ ❢♦r♠✉❧❡s ❞❡ tr❛♥s♣♦rt ❞❡ ❧❛ ❝❤❛r❣❡ ❞❡ ❢♦♥❞ ❛♣♣❧✐❝❛❜❧❡s ❛✉① ❝♦✉rs ❞✬❡❛✉
❣r❛✈❡❧❡✉①✱ ❛✈❡❝ ❧❡✉r ♣❧❛❣❡ ❞❡ ✈❛❧✐❞✐té✱ ❞✬❛♣rès ❈❛rr✐❧❧♦ ❡t ❛❧✳ ✭✷✵✷✶✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✶✳✶✶ ❩♦♥❡ ❞✬ét✉❞❡ ❡t ❡♠♣r✐s❡s ❞❡s ❞✐✛ér❡♥ts ♠♦❞è❧❡s ❤②❞r❛✉❧✐q✉❡s ❡♠❜♦✐tés✱ ♠♦❞è❧❡s ❞❡
③♦♦♠s ❡♥ ❣r✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✷✳✶ ❚♦♣♦❣r❛♣❤✐❡ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ❛♠♦♥t ❞❡ ❚♦♥♥♦② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷
✷✳✷ ❈❛rt❡ ❣é♦❧♦❣✐q✉❡ s✐♠♣❧✐✜é❡ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ❛♠♦♥t ❞❡ ❚♦♥♥♦② ✳ ✳ ✸✸
✷✳✸ Pr♦✜❧ ❡♥ ❧♦♥❣ ❞❡ ❧❛ ▼♦s❡❧❧❡✱ ❞✬❛♣rès ❆❊❘▼ ✭✶✾✾✷✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹
✷✳✹ ▲✐♥é❛✐r❡ ❞✬ét✉❞❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥tr❡ ❈❤❛r♠❡s ❡t ❇❛②♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺
✷✳✺ Pré❝✐♣✐t❛t✐♦♥s ♠♦②❡♥♥❡s ❛♥♥✉❡❧❧❡s ✭❡♥ ♠♠✮ ❞❛♥s ❧❡ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛ ▼♦s❡❧❧❡ ✭♣é✲

r✐♦❞❡ ❞❡ ré❢ér❡♥❝❡ 1971− 1990✮✱ ❞✬❛♣rès ❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✸✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻
✷✳✻ ❊❝♦✉❧❡♠❡♥ts ♠❡♥s✉❡❧s à ❊♣✐♥❛❧ ❝❛❧❝✉❧és s✉r ✻✵ ❛♥s ✭❇❛♥q✉❡ ❤②❞r♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼
✷✳✼ ❊❝♦✉❧❡♠❡♥ts ♠❡♥s✉❡❧s à ❚♦♥♥♦② ❝❛❧❝✉❧és s✉r ✹✵ ❛♥s ✭❇❛♥q✉❡ ❤②❞r♦✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
✷✳✽ ❆♣♣♦rts ❞❡s ❛✤✉❡♥ts✱ ❞✬❛♣rès ❈❊●❯▼ ✭✷✵✵✻✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾
✷✳✾ ❍②❞r♦❣r❛♠♠❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❛✉ ❝♦✉rs ❞❡ ❧✬❤✐✈❡r ✷✵✶✼✲✷✵✶✽ ✭❇❛♥q✉❡ ❤②❞r♦✮ ✳ ✳ ✳ ✳ ✳ ✹✶
✷✳✶✵ ❆❧t❡r♥❛♥❝❡ ❞❡ tr♦♥ç♦♥s à ♠é❛♥❞r❛❣❡ ❡t à tr❡ss❛❣❡ ❞❛♥s ❧❡ s❡❝t❡✉r ❈❤❛r♠❡s✲❇❛✐♥✈✐❧❧❡

❛✉① ❳❱■■■❡ s✐è❝❧❡ ✭❡①tr❛✐t ❞❡ ❧❛ ❝❛rt❡ ◆❛✉❞✐♥s ❡♥✈✳ ✶✼✸✵✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷
✷✳✶✶ ❘és❡❛✉ ❞✬✐rr✐❣❛t✐♦♥ ❞❡s ♣r❛✐r✐❡s ❛✉① ❡♥✈✐r♦♥s ❞❡ ❇❛✐♥✈✐❧❧❡ ❡♥ ✶✽✼✽ ✭❆r❝❤✐✈❡s ✺✹✮ ✳ ✳ ✳ ✹✸
✷✳✶✷ ■♠♣❧❛♥t❛t✐♦♥ ❞✉ ❈❛♥❛❧ ❞❡ ❧✬❊st ❡t s♦♥ rô❧❡ ❞❛♥s ❧❛ ❞②♥❛♠✐q✉❡ ❧❛tér❛❧❡ ❞❡ ❧❛ ▼♦s❡❧❧❡✱

❞✬❛♣rès ▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡ ✭✶✾✾✶✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✶✻✸



✷✳✶✸ Pr♦✜❧ ❡♥ ❧♦♥❣ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ✶✾✸✷ ❡t ✶✾✼✾✱ ❞✬❛♣rès ▼❛✐r❡ ❛♥❞ ▲❛ss❡rr❡ ✭✶✾✾✶✮ ✳ ✳ ✳ ✹✺
✷✳✶✹ ❊①tr❛❝t✐♦♥ ❞❡ ❣r❛♥✉❧❛ts ❡♥ ❧✐t ♠✐♥❡✉r ❡t ♠♦❞✐✜❝❛t✐♦♥ ❞✉ ❝♦✉rs ❞✬❡❛✉✱ ❞✬❛♣rès ❇❡❝❦

❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✶✻✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼
✷✳✶✺ ❊✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ à ❧❛ s✉✐t❡ ❞❡ ❧✬❛rrêt ❞❡s ❡①tr❛❝t✐♦♥s ❡♥ ❧✐t

♠✐♥❡✉r✱ ❞✬❛♣rès ❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✶✻✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽
✷✳✶✻ ❊✈♦❧✉t✐♦♥ ❞❡s ❛✐r❡s ❞✬❡①tr❛❝t✐♦♥ ❞❡ ❣r❛♥✉❧❛ts ❡♥ ❧✐t ♠❛❥❡✉r ❡♥tr❡ ✶✾✼✺ ❡t ✷✵✵✷✱ ❞✬❛♣rès

❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✸✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✷✳✶✼ ▼♦❞é❧✐s❛t✐♦♥ ❞❡s s✉r❢❛❝❡s ✐♥♦♥❞é❡s ♣♦✉r ✉♥❡ ❝r✉❡ ❞é❝❡♥♥❛❧❡ ❞❛♥s ❧❡ s❡❝t❡✉r ❞❡ ●r✐♣✲

♣♦rt ✭❆t❧❛s ❙♦❣r❡❛❤✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵
✷✳✶✽ P❤♦t♦❣r❛♣❤✐❡ ❛ér✐❡♥♥❡ ❞❡ ❧❛ ❝❛♣t✉r❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ♣❛r ❧❡s ❣r❛✈✐èr❡s ❞❡ ●r✐♣♣♦rt ❡♥

✶✾✾✺ ✭❙♦✉r❝❡ ■●◆✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶
✷✳✶✾ ❙t❛t✐♦♥ ❞❡ ♣♦♠♣❛❣❡ ❞❡ ❱✐r❡❝♦✉rt ✭P❤♦t♦❣r❛♣❤✐❡ ▼✳ ❡t ▼♠❡ ❚❛❝❛✐❧✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷
✷✳✷✵ ❊✈♦❧✉t✐♦♥ ❞✉ ❧✐t ❡t ❞✉ ♠✐❧✐❡✉ r✐✈❡r❛✐♥ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥tr❡ ✶✾✺✵ ❡t ✷✵✵✵✱ ❞✬❛♣rès ▼❛✐r❡

❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✵✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✸
✷✳✷✶ ❊✈♦❧✉t✐♦♥ ❞✉ ❧✐t à ❈❤❛r♠❡s ✭❣❛✉❝❤❡✮ ❡t ❇❛✐♥✈✐❧❧❡ ✭❞r♦✐t❡✮ ✭❇❈❊❖▼✱ ✶✾✽✶✮ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹
✷✳✷✷ ❊✈♦❧✉t✐♦♥ ❞✉ ♣r♦✜❧ ❡♥ ❧♦♥❣ ❞❡ ❧❛ ▼♦s❡❧❧❡ s✉r ❧❡ s❡❝t❡✉r ●r✐♣♣♦rt✲❇❛②♦♥✱ ❞✬❛♣rès ❇❡❝❦

❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✶✻✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺
✷✳✷✸ ❊✈♦❧✉t✐♦♥ ❞❡s ✈♦❧✉♠❡s ❝❤❛rr✐és ❞❡ ✶✾✼✾ à ✷✵✶✷ ❞✬❛♣rès✱ ❇❡❝❦ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✶✻✮ ✺✻
✷✳✷✹ ➱✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❜❛♥❞❡ ❛❝t✐✈❡ ❞❡s ♠é❛♥❞r❡s ❞✉ ❣r❛♥❞ tr❛✈❡rs✱ ❞✬❛♣rès ❈♦r❜♦♥♥♦✐s ❡t ❛❧✳

✭✷✵✵✻✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼
✷✳✷✺ ▲✐t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❛✈❡❝ ❧❡s ♣r✐♥❝✐♣❛❧❡s str✉❝t✉r❡s ❞✉ ❢♦♥❞ ❞❡ ✈❛❧❧é❡ ❡♥tr❡ ❈❤❛r♠❡s ❡t

❇❛✐♥✈✐❧❧❡ ❡♥ ✷✵✵✵✱ ❞✬❛♣rès ▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✵✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽
✷✳✷✻ ▲✐t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❛✈❡❝ ❧❡s ♣r✐♥❝✐♣❛❧❡s str✉❝t✉r❡s ❞✉ ❢♦♥❞ ❞❡ ✈❛❧❧é❡ ❡♥tr❡ ❇❛✐♥✈✐❧❧❡ ❡t

❇❛②♦♥ ❡♥ ✷✵✵✵✱ ❞✬❛♣rès ▼❛✐r❡ ❛♥❞ ❈♦r❜♦♥♥♦✐s ✭✷✵✵✵✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✾
✷✳✷✼ P❤♦t♦❣r❛♣❤✐❡ ❛ér✐❡♥♥❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥ ❝r✉❡ ❞❛♥s ❧❡ s❡❝t❡✉r ❞❡ ▼❛♥❣♦♥✈✐❧❧❡ ✳ ✳ ✳ ✳ ✳ ✻✵

✸✳✶ ❙t✉❞② s✐t❡ ✭❆✮ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡ r✐✈❡r✑ ✐♥ t❤❡ ▼♦s❡❧❧❡ ❇❛s✐♥✱ ✭❇✮ ❧♦♥❣✐✲
t✉❞✐♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ♥❛t✉r❛❧ r❡❣✐♦♥❛❧ r❡s❡r✈❡ ✇✐t❤ ♦r❛♥❣❡ ♣♦✐♥ts ✐♥❞✐❝❛t✐♥❣ t❤❡
♣♦s✐t✐♦♥s ♦❢ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s PPn ❛♥❞ t❤❡ ❣r❡❡♥ ♣♦✐♥ts ✐♥❞✐❝❛t✐♥❣ t❤❡ ✐♥✐t✐❛❧ ♣♦✲
s✐t✐♦♥s ♦❢ t❤❡ tr❛❝❡rs✱ ✭❈✮ ❧♦♥❣✐t✉❞✐♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧
✭r❡❞ s♦❧✐❞ ❧✐♥❡✮✱ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❙tr✐❝❦❧❡r ❝♦❡✣❝✐❡♥ts✱ ✇✐t❤ ②❡❧❧♦✇ ♣♦✐♥ts
✐♥❞✐❝❛t✐♥❣ t❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ ❧✐♠♥✐♠❡t❡rs Ln✱ ✭❉✮ s♣❛t✐❛❧ ❡①t❡♥t ♦❢ ✢♦♦❞ ❛r❡❛s s✐♠✲
✉❧❛t❡❞ ❞✉r✐♥❣ t❤❡ ♣❡❛❦ ♦❢ t❤❡ ✢♦♦❞ ❡✈❡♥t F1 ✭Q = 300m3/s✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✸✳✷ ▼♦♥✐t♦r✐♥❣ ❢r❛♠❡✇♦r❦ r❡❧❛t❡❞ t♦ t❤❡ ✢♦✇ ❤②❞r♦❣r❛♣❤ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛t t❤❡
❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❣❛✉❣✐♥❣ st❛t✐♦♥✳ An ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ t❤❡ ❛❡r✐❛❧ t♦♣♦✲❜❛t❤②♠❡tr✐❝
❛❝q✉✐s✐t✐♦♥s✱ En ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ t❤❡ ♣❛✐♥t❡❞ ❜❡❞ ♣❛t❝❤❡s s✉r✈❡②s✱ PI ✐♥❞✐❝❛t❡s
t❤❡ ♣❛t❝❤❡s ✐♥st❛❧❧❛t✐♦♥ ❛♥❞ TI t❤❡ tr❛❝❡rs ✐♥❥❡❝t✐♦♥✱ Fn ✐♥❞✐❝❛t❡s t❤❡ ✢♦♦❞s ❢♦r ✇❤✐❝❤
t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ✐s ❡st✐♠❛t❡❞ ❛♥❞ Sn ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ t❤❡ tr❛❝❡r s✉r✈❡②s✳ ✳ ✼✵

✸✳✸ ❊①❛♠♣❧❡ ♦❢ ✭❆✮ ❛♥ ♦rt❤♦♣❤♦t♦ ♠♦s❛✐❝ ❜✉✐❧t ❢r♦♠ ♣✐❝t✉r❡s t❛❦❡♥ ❛t PP6 ❞✉r✐♥❣ s✉r✈❡②
E1✱ ✇❤❡♥ ♣❛rt✐❛❧ tr❛♥s♣♦rt ✇❛s ♦❜s❡r✈❡❞✳ ❖r❛♥❣❡ ❝✐r❝❧❡s ✐♥❞✐❝❛t❡ t❤❡ ❞✐❛♠❡t❡rs✱
♠❡❛s✉r❡❞ ♦♥ t❤❡ ♦rt❤♦♣❤♦t♦✱ ♦❢ ♣❛rt✐❝❧❡s r❡❝♦✈❡r❡❞ ♦✉t ♦❢ t❤❡ ♣❛t❝❤✱ ✭❇✮ ❛ ❝✉♠✉❧❛t✐✈❡
❢r❡q✉❡♥❝② ❞✐str✐❜✉t✐♦♥ ♦❢ ♠♦❜✐❧❡ ♣❛rt✐❝❧❡s s✐③❡ ♠❡❛s✉r❡❞ ♦♥ t❤❡ ♦rt❤♦♣❤♦t♦ ❛♥❞ ♦❢
♣❛rt✐❝❧❡s ♠❡❛s✉r❡❞ ✐♥ t❤❡ ✜❡❧❞ ❛t r✐✈❡r❜❡❞ s✉r❢❛❝❡✱ ✭❈✮ ♣✐❝t✉r❡ s❤♦✇✐♥❣ ❛ ❞✐❣✐t❛❧✐③❛t✐♦♥
♦❢ t❤❡ t❡♥ ❧❛r❣❡st ♣❛rt✐❝❧❡ ♦❜s❡r✈❡❞ ♦♥ t❤❡ ♣❛t❝❤ PP1 s❡t ❛t PI✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✸✳✹ ●r❛✐♥ s❤❡❛r str❡ss τ ′ ♠♦❞❡❧❧❡❞ ❛t t❤❡ ♣❡❛❦ ♦❢ t❤❡ ✢♦♦❞ F1 ✭Q = 303m3/s✮ ♦✈❡r tr❛❝❡rs
✐♥❥❡❝t✐♦♥ s✐t❡✳ P♦✐♥ts ✐♥❞✐❝❛t❡ ♠♦❜✐❧❡ ✭✇❤✐t❡✮✱ ✐♠♠♦❜✐❧❡ ✭❜❧❛❝❦✮✱ ❛♥❞ ❡①❝❧✉❞❡❞ ✭r❡❞✮
tr❛❝❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✶✻✹



✸✳✺ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ❛♥❞ ♠♦❞❡❧❧❡❞ ❲❙❊ ❞✉r✐♥❣ t❤❡ ✢♦♦❞ ❡✈❡♥t F1 ✭❞✐s✲
❝❤❛r❣❡s r❛♥❣✐♥❣ ❢r♦♠ ✹✵ t♦ 303m3/s✮✳ ❇❧✉❡ s♦❧✐❞ ❧✐♥❡ ✐♥❞✐❝❛t❡ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜②
t❤❡ ❧✐♠♥✐♠❡t❡r Ln ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✭❋✐❣✉r❡ ✸✳✶ ❉✮✳ ❘❡❞ ❛♥❞ ❣r❡❡♥
s♦❧✐❞ ❧✐♥❡ ✐♥❞✐❝❛t❡s t❤❡ ❲❙❊ ♠♦❞❡❧❧❡❞ ✉s✐♥❣ t❤❡ ❉❊▼ ♦❢ ✷✵✶✽✱ ✇✐t❤ ❛ ❙tr✐❝❦❧❡r ❝♦✲
❡✣❝✐❡♥t ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ♦❢ 47m1/3/s ❛♥❞ 8m1/3/s✱ r❡s♣❡❝t✐✈❡❧②✳ ❉❛s❤❡❞ ❜❧❛❝❦ ❧✐♥❡
✐♥❞✐❝❛t❡s✱ ❛t ▲✼ ❛♥❞ ▲✶✵✱ t❤❡ ❲❙❊ ♠♦❞❡❧❧❡❞ ✉s✐♥❣ t❤❡ ❉❊▼ ♦❢ ✷✵✶✾ ✇✐t❤ ❛ ❙tr✐❝❦❧❡r
❝♦❡✣❝✐❡♥t ✐♥ t❤❡ ✢♦♦❞♣❧❛✐♥ ♦❢ 8m1/3/s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✸✳✻ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❝♦♠♣✉t❡❞ ✭❡q✉❛t✐♦♥ ✸✳✶✮ ❜❛s❡❞ ♦♥ ✭✐✮ t❤❡ ♠❛①✐♠✉♠ ❣r❛✐♥ s❤❡❛r
str❡ss ♠♦❞❡❧❧❡❞ ❛t ❡❛❝❤ ♣❛✐♥t❡❞ ♣❛t❝❤ ✭❞❡♥♦t❡❞ PP✮ ♦r tr❛❝❡r ❧♦❝❛t✐♦♥ ❛♥❞ t♦ ✭✐✐✮
t❤❡ s✐③❡ ♦❢ t❤❡ st✉❞✐❡❞ ♣❛rt✐❝❧❡s✱ ✇❤❡t❤❡r t❤❡② ❛r❡ ♠♦❜✐❧❡ ♦r ✐♠♠♦❜✐❧❡✳ ❚❤❡ ❣r❡❡♥
❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts ❛♥ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞
❢r♦♠ ♣❛rt✐❛❧❧② ❡r♦❞❡❞ ♣❛t❝❤❡s✱ ❛ss✉♠✐♥❣ ❡q✉❛❧ ♠♦❜✐❧✐t② ✭b = 1✮✳ ❚❤❡ ❜❧❛❝❦ ❞❛s❤❡❞
❧✐♥❡ r❡♣r❡s❡♥ts ❛♥ ❡①tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ❢r♦♠ ✉♥❡r♦❞❡❞
♣❛t❝❤❡s✱ ❛ss✉♠✐♥❣ ❡q✉❛❧ ♠♦❜✐❧✐t② ✭b = 1✮✳ ❚❤❡ r❡❞ ❞❛s❤❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts ❛♥ ❡①✲
tr❛♣♦❧❛t✐♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❡st✐♠❛t❡❞ ❢r♦♠ ♣❛rt✐❛❧❧② ❡r♦❞❡❞ ♣❛t❝❤❡s✱
❛ss✉♠✐♥❣ s✐③❡✲s❡❧❡❝t✐✈❡ tr❛♥s♣♦rt ✭b = 0.6✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

✸✳✼ ❈♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ❤✐❞✐♥❣ ❢✉♥❝t✐♦♥s ✿ ✐♥ ❛❧❧ st✉❞✐❡s θci = θcr

(

Di

Dr

)−b

✇✐t❤ b ∈

[0.33; 0.98] ❡①❝❡♣t ✐♥ ❊❣✐❛③❛r♦✛ ✭✶✾✻✺✮ ✇❤❡r❡ θci =
(

log(19)/ log(19Di

Dr
)
)2

✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✸✳✽ ❙t❛t✐st✐❝❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ❝♦♠♣✉t❡❞ ♦✈❡r ❛❧❧ ❛r❡❛s ❡r♦❞❡❞ ✭∆Z ≤
−10cm✮ ❜❡t✇❡❡♥ ▲✐❉❆❘ s✉r✈❡②s A1 ❛♥❞ A2✱ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝r✐t✐❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠✲
❡t❡r ❡st✐♠❛t❡❞ ✐♥ t❤✐s st✉❞② θcr := 0.035 ✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ s♣❛t✐❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢
t❤❡ ♠❛①✐♠✉♠ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♠♦❞❡❧❡❞ ♦✈❡r ❡r♦❞❡❞ ❛r❡❛s ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ ❛ r❡❛❝❤
❧♦❝❛t❡❞ ❛t t❤❡ ❞♦✇♥str❡❛♠ ♣❛rt ♦❢ t❤❡ st✉❞② s✐t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

✹✳✶ ✭❆✮ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡ r✐✈❡r✑ ✐♥ t❤❡ ▼♦s❡❧❧❡ ❇❛s✐♥✱ ✭❇✮ ❧♦♥❣✐t✉❞✐♥❛❧ ❡①t❡♥✲
s✐♦♥ ♦❢ t❤❡ ✷❉ ❤②❞r❛✉❧✐❝ ♠♦❞❡❧ Mf,h ✭r❡❞ ❞❛s❤❡❞ ❧✐♥❡✮ ❛♥❞ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r②
♠♦❞❡❧Mf,s ✭r❡❞ s♦❧✐❞ ❧✐♥❡✮ ✐♥t♦ t❤❡ ♥❛t✉r❛❧ r❡❣✐♦♥❛❧ r❡s❡r✈❡ ✭❈✮ ❛r❡❛ ♦❢ ❜❡❞❧♦❛❞ ✢✉①❡s
♠❡❛s✉r❡♠❡♥t ❛♥❞ ♠♦❞❡❧❧✐♥❣✱ ✈❡❧♦❝✐t② ❛♥❞ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts✱ ✭❉✮ ❤②❞r♦♣❤♦♥❡
✜①❡❞ ❛t t❤❡ ❧❡❢t ❜❛♥❦✱ ✭❊✮ ❛❝♦✉st✐❝ ♠❛♣♣✐♥❣✱ ✭❋✮ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✹✳✷ ▼♦♥✐t♦r✐♥❣ ❢r❛♠❡✇♦r❦ r❡❧❛t❡❞ t♦ t❤❡ ✢♦✇ ❤②❞r♦❣r❛♣❤ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛t t❤❡
❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❣❛✉❣✐♥❣ st❛t✐♦♥ ✇✐t❤ ❛ ❢♦❝✉s ♦♥ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ✳ BSn ✐♥❞✐❝❛t❡s
t❤❡ ❞❛t❡s ♦❢ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ✇✐t❤ gs s✐❣♥✐❢②✐♥❣ t❤❛t ❜❡❞❧♦❛❞ s❛♠♣❧❡s ✇❡r❡ s✐❡✈❡❞✱ AS
✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡ ♦❢ t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♦❢ t❤❡ ❛❝♦✉st✐❝ ♠♦♥✐t♦r✐♥❣ st❛t✐♦♥ ❛t t❤❡ ❜r✐❞❣❡✱
Ln ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ t❤❡ ▲✐❉❆❘ t♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛❝q✉✐s✐t✐♦♥✱ Mn ✐♥❞✐❝❛t❡s t❤❡
❞❛t❡ ♦❢ ❛❝♦✉st✐❝ ♠❛♣s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✹✳✸ ❘❡s✉❧ts ♦❢ t❤❡ s✐❡✈✐♥❣ ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ❞✉r✐♥❣ t❤❡ ✜rst ❝❛♠♣❛✐❣♥
✭BS1✮ r❡♣r❡s❡♥t❡❞ ❛s ✭❆✮ ❈r♦ss✲s❡❝t✐♦♥❛❧ ♣r♦✜❧❡ ♦❢ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧❡s D50 ❛♥❞ t❤❡
♠❡❛♥ D50 ♣❡r ✈❡rt✐❝❛❧s✱ ❛❧♦♥❣ ✇✐t❤ ✐ts st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✭❇✮ ❈✉♠✉❧❛t✐✈❡ ❣r❛✐♥ s✐③❡
❞✐str✐❜✉t✐♦♥ ♦❢ ❡❛❝❤ ❜❡❞❧♦❛❞ s❛♠♣❧❡ ✭s♦❧✐❞ ❜r♦✇♥ ❧✐♥❡✱ ✇❤✐❝❤ ❜❡❝♦♠❡s ❞❛r❦❡r ❛s s❛♠♣❧❡
✐s ❝♦❧❧❡❝t❡❞ ❝❧♦s❡ t♦ t❤❡ ❝❡♥t❡r ♦❢ t❤❡ s❡❝t✐♦♥ ❧♦❝❛t❡❞ ❛t 33m✮✳ ❚❤❡ ●❙❉ ♦❢ ❛❧❧ ❜❡❞❧♦❛❞
s❛♠♣❧❡s ❝♦♠❜✐♥❡❞ ✭❞❛s❤❡❞ ❜❧❛❝❦ ❧✐♥❡✮ ✐s ❝♦♠♣❛r❡❞ t♦ t❤❡ ●❙❉ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡
✭s♦❧✐❞ ❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ❜❡❞ s✉❜s✉r❢❛❝❡ ✭s♦❧✐❞ r❡❞ ❧✐♥❡✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✹✳✹ ✭❆✮ ❈r♦ss✲s❡❝t✐♦♥❛❧ ♣r♦✜❧❡s ♦❢ ❜❡❞❧♦❛❞ ✢✉① ✭s❛♠♣❧❡s✮ ❛♥❞ ❛❝♦✉st✐❝ ♣♦✇❡r ✭❞r✐❢ts✮
♠♦♥✐t♦r❡❞ ❛t ❡❛❝❤ ✜❡❧❞ ❝❛♠♣❛✐❣♥✳ ✭❇✮ ❘❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛✈❡r❛❣❡❞
✈❛❧✉❡s ♦❢ ❛❝♦✉st✐❝ ♣♦✇❡r ❛♥❞ s♣❡❝✐✜❝ ❜❡❞❧♦❛❞ ✢✉① ✐♥t❡❣r❛t❡❞ ✐♥t♦ t❤❡ ♠♦❞❡❧ ♣r♦♣♦s❡❞
❜② ●❡❛② ❡t ❛❧✳ ✭✷✵✷✵✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

✹✳✺ ✭❆✮ ❘❡s✉❧ts ♦❢ ❛❝♦✉st✐❝s ♠❛♣s ♣❡r❢♦r♠❡❞ ❛t ❞✐✛❡r❡♥t ❞✐s❝❤❛r❣❡ ❛♥❞ ✭❇✮ r❡❧❛t✐♦♥s❤✐♣
❜❡t✇❡❡♥ ❜❛♥❦ ❛♥❞ ❝r♦ss✲s❡❝t✐♦♥ ❛✈❡r❛❣❡❞ ♠❡❛s✉r❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾

✶✻✺



✹✳✻ ✭❆✮ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r ❧♦❝❛t❡❞ ✉♣str❡❛♠ ♦❢
t❤❡ ❜r✐❞❣❡ ✭②❡❧❧♦✇ ♣♦✐♥t ✐♥ ❇✮ ❛♥❞ t❤❡ ❲❙❊ ♠♦❞❡❧❡❞ ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ❢r♦♠
✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ s✉❜♠♦❞❡❧ Mf,s ✭❇✮ ▼❛♣ ♦❢ t❤❡ ✇❛t❡r ❞❡♣t❤
♣r❡❞✐❝t❡❞ ❛t st❡❛❞② st❛t❡ ✭Q = 268m3/s✮ ❜② t❤❡ s✉❜♠♦❞❡❧ Mf,s ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞
s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥ BS2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

✹✳✼ ✭❆✮ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ✭r❡❞ ♣♦✐♥ts✮ ❛♥❞ ♠♦❞❡❧❡❞ ❞❡♣t❤✲❛✈❡r❛❣❡❞ ✢♦✇ ✈❡✲
❧♦❝✐t✐❡s✱ ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ BS2 ✭Q = 268m3/s✮ ❛♥❞ BS3 ✭Q = 233m3/s✮✱
❜❡❢♦r❡ ✭s♦❧✐❞ ❜❧✉❡ ❧✐♥❡✮ ❛♥❞ ❛❢t❡r ✭❞❛s❤❡❞ ❜❧✉❡ ❧✐♥❡✮ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❝♦✲
❡✣❝✐❡♥t✳ ✭❇✮ ▼❛♣ ♦❢ t❤❡ ❞❡♣t❤✲❛✈❡r❛❣❡❞ ✢♦✇ ✈❡❧♦❝✐t✐❡s ♣r❡❞✐❝t❡❞ ❛t st❡❛❞② st❛t❡
✭Q = 268m3/s✮ ❜② t❤❡ ♠♦❞❡❧ Mf,s ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥ BS2✳ ✳ ✳ ✶✶✶

✹✳✽ ✭❆✮ ▲♦❝❛❧ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♠❡❛s✉r❡❞ ❞✉r✐♥❣ s❛♠♣❧✐♥❣ BS2 ❛♥❞ BS3 ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢
t❤❡ ❧♦❝❛❧ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♠♦❞❡❧❧❡❞ ❛t st❡❛❞② st❛t❡ ❢♦r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❞✐s❝❤❛r❣❡
✉s✐♥❣ Mf,s ✭▼P▼ ✿ ▼❡②❡r✲P❡t❡r ✫ ▼ü❧❧❡r ❧❛✇s✱ ❈▲ ✿ ❈❛♠❡♥❡♥ ✫ ▲❛rs♦♥ ❧❛✇s✱ ❊✲❇
✿ ❊✐♥st❡✐♥✲❇r♦✇♥ ❧❛✇s✮ ✭❇✮ ▼❛♣ ♦❢ t❤❡ ❙❤✐❡❧❞s ♣❛r❛♠❡t❡r ♣r❡❞✐❝t❡❞ ❛t st❡❛❞② st❛t❡
✭Q = 268m3/s✮ ❜② t❤❡ ♠♦❞❡❧ Mf,s ❞✉r✐♥❣ t❤❡ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥ BS2✳ ✳ ✳ ✶✶✷

✹✳✾ ✭❆✮ ❈❛❧✐❜r❛t✐♦♥ ♦❢ αMPM ❛♥❞ ✭❇✮ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ❛♥❞ ♣r❡❞✐❝t❡❞ ❝r♦ss✲
s❡❝t✐♦♥❛❧ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ❞✉r✐♥❣ ❜❡❞❧♦❛❞ s❛♠♣❧✐♥❣ ❝❛♠♣❛✐❣♥s BS2 ❛♥❞ BS3✳ ✶✶✹

✹✳✶✵ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❝❤r♦♥✐❝❧❡s ♦❢ ✭❆✮ ❛❝♦✉st✐❝ ♣♦✇❡r ❛♥❞ ✢♦✇ ❞✐s❝❤❛r❣❡ ❛♥❞ ✭❇✮ ❜❡❞✲
❧♦❛❞ ✢✉①❡s ❡st✐♠❛t❡❞ ✉s✐♥❣ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❞✉r✐♥❣
t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ♦❢ ▼❛r❝❤ ✷✵✷✵✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✹✳✶✶ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♦❜s❡r✈❡❞ ✭❝♦❧♦r❡❞ ♣♦✐♥ts✮ ❛♥❞ ♠♦❞❡❧❡❞ ✭❜❧❛❝❦ ♣♦✐♥ts ✉s✐♥❣ ▼P▼
❧❛✇✮ ❜❡❞❧♦❛❞ ❤②st❡r❡s✐s ❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ♦❢ ▼❛r❝❤ ✷✵✷✵✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✼

✹✳✶✷ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② ❧✐♠♥✐♠❡t❡r Ln ❛♥❞ t❤❡ ❲❙❊ ♠♦❞❡❧❡❞
❞✉r✐♥❣ t❤❡ st✉❞✐❡❞ ✢♦♦❞ F ❢r♦♠ ✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ s✉❜♠♦❞❡❧
Mf,h✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✵

✺✳✶ ❙t✉❞② s✐t❡ ✭❆✮ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ✏❲✐❧❞ ▼♦s❡❧❧❡ r✐✈❡r✑ ✐♥ t❤❡ ▼♦s❡❧❧❡ ❇❛s✐♥✱ ✭❇✮ ❧♦♥❣✐t✉✲
❞✐♥❛❧ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ Mf,p ✭❈✮ ♣♦s✐t✐♦♥ ♦❢ tr❛❝❡rs ♦✈❡r
t✐♠❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✺

✺✳✷ ❋❧♦✇❝❤❛rt ♦❢ t❤❡ ♠❛✐♥ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ♠❡t❤♦❞ ❢♦r ❝❛❧✐❜r❛t✐♥❣ t❤❡ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt
❝♦♠♣♦s✐t✐♦♥ ❢♦r ❛ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r② ♠♦❞❡❧ ✉s✐♥❣ ❝♦♠♣❧❡♠❡♥t❛r② ❞❛t❛ ♦♥ ♣❛rt✐❝❧❡
♠♦❜✐❧✐t② ❛♥❞ ❞②♥❛♠✐❝s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✼

✺✳✸ ❈✉♠✉❧❛t✐✈❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ✭✐✮ t❤❡ ❜❡❞ s✉r❢❛❝❡ ♠❛t❡r✐❛❧✱ ❡st✐♠❛t❡❞ ❢r♦♠
✻ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ❛❧♦♥❣ t❤❡ r❡❛❝❤ ♦❢ ✐♥❥❡❝t✐♦♥ ❜② ❣r✐❞✲❜②✲♥✉♠❜❡r ♣❡❜❜❧❡ ❝♦✉♥ts
✭ntot = 1200✮✱ ✭✐✐✮ t❤❡ ❜❡❞ s✉❜s✉r❢❛❝❡ ♠❛t❡r✐❛❧✱ ❡st✐♠❛t❡❞ ❢r♦♠ ❛ ✈♦❧✉♠❡tr✐❝ s❛♠♣❧❡
❝♦❧❧❡❝t❡❞ ♦♥ ❛ ❜❛r ❧♦❝❛t❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢ t❤❡ st✉❞② ❛r❡❛ ✭mtot = 346kg✮✱ ✭✐✐✐✮
t❤❡ ❜❡❞❧♦❛❞ ♠❛t❡r✐❛❧✱ ❡st✐♠❛t❡❞ ❢r♦♠ ❜❡❞❧♦❛❞ s❛♠♣❧❡s ❝♦❧❧❡❝t❡❞ ✐♥ t❤❡ ♠✐❞❞❧❡ ♦❢
t❤❡ st✉❞② ❛r❡❛ ❞✉r✐♥❣ ❛ ✢♦♦❞ ♦❢ ❜❛♥❦❢✉❧❧ ❞✐s❝❤❛r❣❡ ✉s✐♥❣ ❛ ❍❡❧❧❡②✲❙♠✐t❤ s❛♠♣❧❡r
✭mtot = 245kg/s✮ ❛♥❞ ✭✐✈✮ t❤❡ ✐♥❥❡❝t❡❞ ♣✐t✲t❛❣s ✭n = 450✮ ✇✐t❤ ❝♦rr❡s♣♦♥❞✐♥❣ ♠❡❞✐❛♥
❞✐❛♠❡t❡r ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ✭D50✮✱ t❤❡ ❜❡❞ s✉❜s✉r❢❛❝❡ ✭D50s✮✱ t❤❡ ❜❡❞❧♦❛❞ ✭D50b ✮✱
t❤❡ ♣✐t✲t❛❣s ✭D50p✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✾

✺✳✹ ▼♦♥✐t♦r✐♥❣ ❢r❛♠❡✇♦r❦ r❡❧❛t❡❞ t♦ t❤❡ ✢♦✇ ❤②❞r♦❣r❛♣❤ ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ❛t t❤❡
❈❤ât❡❧✲s✉r✲▼♦s❡❧❧❡ ❣❛✉❣✐♥❣ st❛t✐♦♥✳ An ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ ❛❡r✐❛❧ t♦♣♦✲❜❛t❤②♠❡tr✐❝
❛❝q✉✐s✐t✐♦♥s✱ G ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡ ♦❢ s✉r❢❛❝❡ ❛♥❞ s✉❜s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ❣r❛✐♥ s✐③❡ ♠❡❛✲
s✉r❡♠❡♥ts✱ I ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡ ♦❢ tr❛❝❡r ✐♥❥❡❝t✐♦♥✱ Sn ✐♥❞✐❝❛t❡s t❤❡ ❞❛t❡s ♦❢ tr❛❝❡r
s✉r✈❡②s ❛♥❞ Pn ✐s t❤❡ ♠♦♥✐t♦r✐♥❣ ♣❡r✐♦❞s ❜❡t✇❡❡♥ t✇♦ tr❛❝❡r s✉r✈❡②s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✶✻✻



✺✳✺ ❋❧♦✇❝❤❛rt ♦❢ t❤❡ ♠❡t❤♦❞s ❡♠♣❧♦②❡❞ t♦ ❡st✐♠❛t❡ t❤❡ ❞✐st❛♥❝❡s tr❛✈❡❧❡❞ ❜② t❤❡ tr❛❝❡rs
❛♥❞ t❤❡ ❞✉r❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥t t♦ tr❛♥s♣♦rt t❤❡s❡ tr❛❝❡rs✳ ❚❤❡s❡ ♠❡t❤♦❞s ❛r❡
❜❛s❡❞ ♦♥ t❤❡ r❡s✉❧ts ♦❢ ✜❡❧❞ s✉r✈❡②s ✭Sn✮ ❛♥❞ ♦❢ t❤❡ ❝❛t❛❧♦❣ ♦❢ ✷❉ ❤②❞r♦✲s❡❞✐♠❡♥t❛r②
♠♦❞❡❧ ♦✉t♣✉ts ❢♦r ❞✐✛❡r❡♥t ✐♥✢♦✇ ❞✐s❝❤❛r❣❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✺

✺✳✻ ❉✐str✐❜✉t✐♦♥ ♦❢ t♦t❛❧ s❝♦✉r ❛♥❞ ✜❧❧ ♠❡❛s✉r❡❞ ❞✉r✐♥❣ ✸ ✢♦✇ ❡✈❡♥ts ✭Qmax = 303m3/s❀
214m3/s ❛♥❞ 254m3/s✮ ❜② ✷✵ ❝❤❛✐♥s ✭ntot = 60✮ ✐♥st❛❧❧❡❞ ❛❝r♦ss t❤❡ r✐✈❡r ❛t ✻ ❡❛s✐❧②
❛❝❝❡ss✐❜❧❡ ❡♠❡r❣❡❞ ❣r❛✈❡❧ ❜❛rs ♦❢ t❤❡ ▼♦s❡❧❧❡ r✐✈❡r ✭❧❡❢t✮✳ ❘❡s✉❧ts ❡①❝❧✉❞❡s ❝❛s❡s ♦❢
✭✐✮ ♥♦ ♠♦r♣❤♦❧♦❣✐❝❛❧ ❡✈♦❧✉t✐♦♥s ✭n = 29✮✱ ✭✐✐✮ r✐✈❡r ✐♥❝✐s✐♦♥ ✭n = 3✮✱ ✭✐✐✐✮ ❧♦st ❝❤❛✐♥s
✭n = 4✮ ❛♥❞ ✭✐✈✮ st♦❧❡♥ ❝❤❛✐♥s ✭n = 14✮✳ ▼❡❛s✉r❡♠❡♥t ♦❢ t♦t❛❧ s❝♦✉r ❛♥❞ ✜❧❧ ✉s✐♥❣ ❛
s❝♦✉r ❝❤❛✐♥ ✭r✐❣❤t✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

✺✳✼ ❉✐s❝r❡t✐③❛t✐♦♥ ♦❢ t❤❡ ❣r❛♥✉❧♦♠❡tr✐❝ ❝✉r✈❡ ♦❢ t❤❡ ❜❡❞ s✉r❢❛❝❡ ♠❛t❡r✐❛❧ ✐♥t♦ ❞✐✛❡r❡♥t
♥✉♠❜❡rs ♦❢ s✐③❡ ❝❧❛ss❡s ✇✐t❤ ❝♦rr❡s♣♦♥❞✐♥❣ r❡♣r❡s❡♥t❛t✐✈❡ ❞✐❛♠❡t❡rs✳ ❚❤✐s ❝✉r✈❡ ✇❛s
❞❡t❡r♠✐♥❡❞ ❢r♦♠ ❲♦❧♠❛♥ ♣❡❜❜❧❡ ❝♦✉♥ts ♣❡r❢♦r♠❡❞ ❛❧♦♥❣ t❤❡ ✐♥❥❡❝t✐♦♥ r❡❛❝❤✳ ✳ ✳ ✳ ✳ ✶✸✽

✺✳✽ ▲♦♥❣✐t✉❞✐♥❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ✭❛✮ ❛❧❧ tr❛❝❡rs r❡❝♦✈❡r❡❞ ❛t Sn ❛♥❞ t❤❡ ❧♦♥❣✐t✉❞✐♥❛❧ ♣r♦✜❧❡
♦❢ t❤❡ r✐✈❡r ❜❡❞ ❡①tr❛❝t❡❞ ❛t t❤❡ ❝❡♥t❡r❧✐♥❡ ❢r♦♠ t❤❡ ❉❊▼ ♦❢ ✷✵✶✽ ❛♥❞ ✷✵✶✾ ✇✐t❤ t❤❡
✇❛t❡r s✉r❢❛❝❡ ❡❧❡✈❛t✐♦♥ ♠♦❞❡❧❧❡❞ ❛t Q = 40m3/s ✉s✐♥❣ t❤❡ ❉❊▼ ♦❢ ✷✵✶✽✱ ✭❜✮ ❛❧❧
tr❛❝❡rs r❡❝♦✈❡r❡❞ ❛t S1 ❛♥❞ ✭❝✮ ❛❧❧ tr❛❝❡rs r❡❝♦✈❡r❡❞ ❛t S2✳ ❆rr♦✇s ✐♥❞✐❝❛t❡ t❤❡ ♠❡❛♥
❞✐st❛♥❝❡ tr❛✈❡❧❡❞ ❜② ❛❧❧ ♠♦❜✐❧❡ tr❛❝❡rs r❡❝♦✈❡r❡❞ ❛t Sn−Sn+1 ✐♥ ✭❛✮✱ t❤❡ ♠❡❛♥ ❞✐st❛♥❝❡
tr❛✈❡❧❡❞ ❜② ❡❛❝❤ s✐③❡ ❝❧❛ss k✱ ❜❛s❡❞ ♦♥ ♠♦❜✐❧❡ tr❛❝❡rs r❡❝♦✈❡r❡❞ ❛t S0 − S1 ✐♥ ✭❜✮ ❛♥❞
❛t S1 − S2 ✐♥ ✭❝✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✷

✺✳✾ ❘❡❧❛t✐✈❡ tr❛✈❡❧ ❞✐st❛♥❝❡s ♦❢ ❛❧❧ tr❛❝❡rs r❡❝♦✈❡r❡❞ ❞✉r✐♥❣ Sn − Sn+1 ❛s ❛ ❢✉♥❝t✐♦♥ t♦
t❤❡✐r r❡❧❛t✐✈❡ s✐③❡ ❛♥❞ ♠❡❞✐❛♥ r❡❧❛t✐✈❡ tr❛✈❡❧ ❞✐st❛♥❝❡s ♦❢ tr❛❝❡rs ❝♦♥t❛✐♥❡❞ ✐♥ ❡❛❝❤
s✐③❡ ❝❧❛ss ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♠❡❞✐❛♥ r❡❧❛t✐✈❡ s✐③❡ ♦❢ t❤♦s❡ tr❛❝❡rs ❝♦♥t❛✐♥❡❞ ✐♥ ❡❛❝❤
s✐③❡ ❝❧❛ss✳ P♦❧②♥♦♠✐♥❛❧ ❝✉r✈❡ ✜tt❡❞ t♦ ♦✉r ♠❡❞✐❛♥ ✈❛❧✉❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝✉r✈❡ ❢♦✉♥❞
❜② ❈❤✉r❝❤ ❛♥❞ ❍❛ss❛♥ ✭✶✾✾✷✮ ✭♥♦t❡❞ ❈✲❍✮ ❛♥❞ ▼✐❧❛♥ ✭✷✵✶✸✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✸

✺✳✶✵ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❲❙❊ r❡❝♦r❞❡❞ ❜② t❤❡ ❧✐♠♥✐♠❡t❡r ▲✶ ❛♥❞ ▲✷✱ ❧♦❝❛t❡❞ ♦♥
❡✐t❤❡r s✐❞❡ ♦❢ t❤❡ ✐♥❥❡❝t✐♦♥ s✐t❡✱ ❛♥❞ t❤❡ ❲❙❊ ♠♦❞❡❧❡❞ ❞✉r✐♥❣ t❤❡ ♣❡❛❦ ✢♦♦❞ ♦❢
♣❡r✐♦❞ P1 ✭Q = 303m3/s✮✱ ♦❜t❛✐♥❡❞ ❢r♦♠ ✉♥st❡❛❞② s✐♠✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡
s✉❜♠♦❞❡❧ Mf,p✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✹

✺✳✶✶ ❈r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r tr❛❝❡rs ♠♦t✐♦♥ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ tr❛❝❡rs s✐③❡ ❛♥❞ ❧❛t❡r❛❧
♣♦s✐t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ r✐✈❡r ❝❡♥t❡r❧✐♥❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✺

✺✳✶✷ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❞✐s❝❤❛r❣❡ ❢♦r tr❛❝❡rs ♠♦t✐♦♥ ❜❡t✇❡❡♥ S0 − S1 ✭❧❡❢t ♣❧♦t✮
❛♥❞ S1 − S2 ✭r✐❣❤t ♣❧♦t✮✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✶✿✶ r❡❧❛t✐♦♥s❤✐♣ ❛♥❞ t❤❡
❞♦tt❡❞ ❧✐♥❡ r❡♣r❡s❡♥t t❤❡ tr❡♥❞❧✐♥❡ ❜❛s❡❞ ♦♥ ♦✉r ❞❛t❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✻

✺✳✶✸ ❉✉r❛t✐♦♥ ♦❢ ❝♦♠♣❡t❡♥t ✢♦✇ ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡ tr❛❝❡r ❧❛t❡r❛❧ ♣♦s✐t✐♦♥ ❛♥❞ s✐③❡ ❢♦r
❡❛❝❤ ♣❡r✐♦❞ Pn ✭❧❡❢t ♣❧♦t✮ ❛♥❞ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✢♦✇ ❝♦♠♣❡t❡♥❝❡ ❞✉r❛t✐♦♥ ❜❡t✇❡❡♥
♣❡r✐♦❞s P1 − P2 ✭r✐❣❤t ♣❧♦t✮✳ ❚❤❡ s♦❧✐❞ ❧✐♥❡ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✶✿✶ r❡❧❛t✐♦♥s❤✐♣ ❛♥❞
t❤❡ ❞♦tt❡❞ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ tr❡♥❞❧✐♥❡ ❜❛s❡❞ ♦♥ ♦✉r ❞❛t❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✼

✺✳✶✹ ❱✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ tr❛❝❡rs ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡✐r s✐③❡ ❞✉r✐♥❣ ❡❛❝❤ ♣❡r✐♦❞ Pn ✭❧❡❢t ♣❧♦t✮
❛♥❞ ❞✐♠❡♥s✐♦♥❧❡ss ✈✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ tr❛❝❡rs ❛s ❛ ❢✉♥❝t✐♦♥ t♦ t❤❡✐r r❡❧❛t✐✈❡ s✐③❡ ❞✉r✐♥❣
❡❛❝❤ ♣❡r✐♦❞ Pn ✭r✐❣❤t ♣❧♦t✮✳ ▲❛r❣❡ sq✉❛r❡s ✐♥❞✐❝❛t❡s t❤❡ ♠❡❞✐❛♥ ✈❡❧♦❝✐t② ❛s ❛ ❢✉♥❝t✐♦♥
♦❢ t❤❡ ♠❡❞✐❛♥ s✐③❡ ♦❢ tr❛❝❡rs ✇✐t❤✐♥ ❡❛❝❤ s✐③❡ ❝❧❛ss ❛♥❞ ❣r❡❡♥ ❧✐♥❡ r❡♣r❡s❡♥ts t❤❡ r❡s✉❧ts
♦❜t❛✐♥❡❞ ❜② ▼✐❧❛♥ ✭✷✵✶✸✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✽

✺✳✶✺ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❣r❛✐♥ s✐③❡ ❞✐str✐❜✉t✐♦♥ ♦❢ t❤❡ ♦❜s❡r✈❡❞ ❜❡❞❧♦❛❞ ❛♥❞ ♠♦❞❡❧❧❡❞ ❜❡❞✲
❧♦❛❞ ✉s✐♥❣ ✻ s✐③❡ ❝❧❛ss❡s✱ ✇✐t❤♦✉t ❛ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ✭Qs,k✮✱ ✇✐t❤ ❛ ❝♦rr❡❝t♦r ❢❛❝t♦r
ζθ ❢♦r ❤✐❞✐♥❣✲❡①♣♦s✉r❡ ❡✛❡❝ts ✭Q∗,θ

s,k✮ ❛♥❞ ✇✐t❤ ❛ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ❢♦r ❤✐❞✐♥❣✲❡①♣♦s✉r❡

❡✛❡❝ts ζθ ❛♥❞ ❛ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ζΦ ❢♦r tr❛♣♣✐♥❣ ❡✛❡❝ts ✭Q∗,θ,Φ
s,k ✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✶

✶✻✼



✻✳✶ ✭❆✮ ❧♦❝❛❧✐s❛t✐♦♥ ❞✉ tr♦♥ç♦♥ ❞❡ ❧❛ ✏▼♦s❡❧❧❡ s❛✉✈❛❣❡✑ ❛✉ s❡✐♥ ❞✉ ❜❛ss✐♥ ✈❡rs❛♥t ❞❡ ❧❛
▼♦s❡❧❧❡✱ ✭❇✮ ❡①t❡♥s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞✉ ♠♦❞è❧❡ ❤②❞r♦✲sé❞✐♠❡♥t❛✐r❡ ✷❉ ✏st♦✑✱ ✭❈✮ s✉✐✈✐
❞✉ r❡❝✉❧ ❞❡ ❧❛ ❜❡r❣❡ ❝♦♥❝❛✈❡ ❞✉ ♠é❛♥❞r❡ ❞❡ ✏❧❛ ✈❛❝❤❡ ♠♦rt❡✑✱ ✭❉✮ ♣r♦✜❧ ❡♥ tr❛✈❡rs ❞✉
r❡❝✉❧ ❞❡ ❜❡r❣❡✱ ✭❊✮ s✉✐✈✐ ❞✉ ❞é♣❧❛❝❡♠❡♥t ❞❡ tr❛❝❡✉rs ♣❧❛❝és ❞❛♥s ❧❛ ❜❡r❣❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✼

✻✳✷ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ Tn=1..6 ♠❡s✉rés ♣❛r ❆❉❈P ✭♣♦✐♥ts r♦✉❣❡✮ ❡t ♠♦✲
❞é❧✐sés ❛✈❡❝ ✭❧✐❣♥❡s ✈❡rt❡s✮ ♦✉ s❛♥s ✭❧✐❣♥❡s ❜❧❡✉❡s✮ ❝♦rr❡❝t✐♦♥✱ ❧❡ ❧♦♥❣ ❞✉ ♠é❛♥❞r❡ ❞❡
✏❧❛ ✈❛❝❤❡ ♠♦rt❡✑✱ ❧♦rs ❞✬✉♥❡ ❝r✉❡ ❞❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r ❞✬✉♥ ❛♥ ✭Q = 180m3/s✮✳ ✳ ✳ ✳ ✶✺✽

✻✳✸ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ❞✉ tr❛♥s♣♦rt sé❞✐♠❡♥t❛✐r❡ ♠♦❞é❧✐sé ❧❡ ❧♦♥❣ ❞✉ ♠é❛♥❞r❡
❞❡ ✏❧❛ ✈❛❝❤❡ ♠♦rt❡✑✱ ❧♦rs ❞✬✉♥❡ ❝r✉❡ ❞❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r ❞✬✉♥ ❛♥ ✭Q = 180m3/s✮ ♣❛r
r❛♣♣♦rt à ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ tr❛❝❡✉rs ♣r♦✈❡♥❛♥t ❞❡ ❧✬ér♦s✐♦♥ ❞❡ ❧❛ ❜❡r❣❡ ❝♦♥❝❛✈❡✳ ✳ ✳ ✳ ✶✺✾

✻✳✹ ❘és✉❧t❛t ♣ré❧✐♠✐♥❛✐r❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧✬ér♦s✐♦♥ ❞❡ ❧❛ ❜❡r❣❡ ❝♦♥❝❛✈❡ ❞✉ ♠é❛♥❞r❡
❞❡ ✏❧❛ ✈❛❝❤❡ ♠♦rt❡✑✱ s✐♠✉❧é❡ ♣❛r ❧❡ ♠♦❞è❧❡ ❤②❞r♦✲♠♦r♣❤♦❧♦❣✐q✉❡ ✏st♦✑✱ ♣♦✉r ✉♥❡ ❝r✉❡
❞❡ ♣ér✐♦❞❡ ❞❡ r❡t♦✉r ❞✬✉♥ ❛♥ ✭Q = 180m3/s✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾

✻✳✺ ❏❡✉ ❞❡ ❞♦♥♥é❡s s✉r ❧❡ ♠é❛♥❞r❡ r❡❝♦✉♣é ✿ é✈♦❧✉t✐♦♥ ❜❛t❤②♠étr✐q✉❡s ✐ss✉❡s ❞❡s r❡❧❡✈és
▲✐❉❆❘ ✷✵✶✽ ❡t ✷✵✶✾ ❀ ❈❤r♦♥✐q✉❡ t❡♠♣♦r❡❧❧❡ ❞❡ ♥✐✈❡❛✉ ❞✬❡❛✉ ♠❡s✉ré❡ ♣❛r ❧❡ ❧✐♠♥✐♠ètr❡
▲✼ à ❧✬❛♠♦♥t ❞✉ r❡❝♦✉♣❡♠❡♥t ✭♥✐✈❡❛✉ ❞✬❡❛✉ ❡♥ tr❛✐t ❜❧❡✉ ❡t ❡♥ ♣♦✐♥ts ♥♦✐rs ♥✐✈❡❛✉①
❞✬❡❛✉ ♣♦✉r ✉♥❡ ✈❛❧❡✉r ❞❡ ❞é❜✐t é❣❛❧❡ ❛✉ ♠♦❞✉❧❡ ❞❡ 40m3/s✮ ❀ ❈❤r♦♥✐q✉❡ t❡♠♣♦r❡❧❧❡
❞❡ ❧❛ ♣✉✐ss❛♥❝❡ ❛❝♦✉st✐q✉❡ ❡♥r❡❣✐stré❡ ♣❛r ❧✬❤②❞r♦♣❤♦♥❡ ✜①é à ❧❛ ♣✐❧❡ ❞✉ ♣♦♥t✳ ✳ ✳ ✳ ✶✻✵

✶✻✽



❇✐❜❧✐♦❣r❛♣❤②

❆❣❡♥❝❡ ❞❡ ❧✬❊❛✉ ❘❤✐♥✲▼❡✉s❡✱ ✶✾✾✷✳ ❉é✜♥✐t✐♦♥ ❡t ✐♠♣❛❝t ❞✬✉♥ ❛✈❛♥t✲♣r♦❥❡t✲s♦♠♠❛✐r❡
❞✬❛♠é♥❛❣❡♠❡♥t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥tr❡ ❇❛②♦♥ ❡t ●r✐♣♣♦rt✳

❆❣❡♥❝❡ ❞❡ ❧✬❊❛✉ ❘❤✐♥✲▼❡✉s❡✱ ✶✾✾✽✳ ❚②♣♦❧♦❣✐❡ ❞❡s ❝♦✉rs ❞✬❡❛✉ ❞✉ ❜❛ss✐♥ ❘❤✐♥✲▼❡✉s❡✳

❆❧❧❡♥✱ ❏✳❘✳▲✳✱ ✶✾✽✹✳ ❙❡❞✐♠❡♥t❛r② str✉❝t✉r❡s✿ t❤❡✐r ❝❤❛r❛❝t❡r ❛♥❞ ♣❤②s✐❝❛❧ ❜❛s✐s✳ ✈♦❧✉♠❡ ✶✶ ♦❢
❉❡✈❡❧♦♣♠❡♥ts ✐♥ s❡❞✐♠❡♥t♦❧♦❣②✳ ❊❧s❡✈✐❡r✱ ❆♠st❡r❞❛♠✳

❆♠♦r♦s✱ ❈✳✱ P❡tts✱ ●✳✱ ✶✾✾✸✳ ❍②❞r♦s②stè♠❡s ✢✉✈✐❛✉①✳ ✈♦❧✉♠❡ ✷✹ ♦❢ ❊❝♦❧♦❣✐❡✳ ▼❛ss♦♥✱ P❛r✐s✳

❆♥❝❡②✱ ❈✳✱ ✷✵✶✻✳ ▼é❝❛♥✐q✉❡ ❞❡s ✢✉✐❞❡s ✉♥❡ ✐♥tr♦❞✉t✐♦♥ à ❧✬❤②❞r❛✉❧✐q✉❡ ♣♦✉r ❧❡s ✐♥❣é♥✐❡✉rs✳
❊P❋▲✱ ▲❛✉s❛♥♥❡✱ ❙✇✐t③❡r❧❛♥❞✳

❆♥❝❡②✱ ❈✳✱ ✷✵✷✵✳ ❇❡❞❧♦❛❞ tr❛♥s♣♦rt✿ ❛ ✇❛❧❦ ❜❡t✇❡❡♥ r❛♥❞♦♠♥❡ss ❛♥❞ ❞❡t❡r♠✐♥✐s♠✳ ♣❛rt ✷✳
❝❤❛❧❧❡♥❣❡s ❛♥❞ ♣r♦s♣❡❝ts✳ ❏♦✉r♥❛❧ ♦❢ ❍②❞r❛✉❧✐❝ ❘❡s❡❛r❝❤ ✺✽✱ ✶✽✕✸✸✳ ❞♦✐✿✶✵✳✶✵✽✵✴✵✵✷✷✶✻✽✻✳
✷✵✶✾✳✶✼✵✷✺✾✺✳

❆♥❞r❡✇s✱ ❊✳✱ P❛r❦❡r✱ ●✳✱ ✶✾✽✼✳ ❋♦r♠❛t✐♦♥ ♦❢ ❛ ❝♦❛rs❡ s✉r❢❛❝❡ ❧❛②❡r ❛s t❤❡ r❡s♣♦♥s❡ t♦ ❣r❛✈❡❧
♠♦❜✐❧✐t②✳ ❥♦❤♥ ✇✐❧❡② ❛♥❞ s♦♥s ❡❞✳✳ ❈❤✐❝❤❡st❡r✱ ❯❑✳ ♣♣✳ ✷✻✾✕✸✵✵✳

❆♥❞r❡✇s✱ ❊✳❉✳✱ ✶✾✽✸✳ ❊♥tr❛✐♥♠❡♥t ♦❢ ❣r❛✈❡❧ ❢r♦♠ ♥❛t✉r❛❧❧② s♦rt❡❞ r✐✈❡r❜❡❞ ♠❛t❡r✐❛❧✳ ●❡♦❧ ❙♦❝
❆♠❡r✐❝❛ ❇✉❧❧ ✾✹✱ ✶✷✷✺✳ ❞♦✐✿✶✵✳✶✶✸✵✴✵✵✶✻✲✼✻✵✻✭✶✾✽✸✮✾✹❁✶✷✷✺✿❊❖●❋◆❙❃✷✳✵✳❈❖❀✷✳

❆r♥❛✉❞✱ ❋✳✱ P✐é❣❛②✱ ❍✳✱ ❇é❛❧✱ ❉✳✱ ❈♦❧❧❡r②✱ P✳✱ ❱❛✉❞♦r✱ ▲✳✱ ❘♦❧❧❡t✱ ❆✳❏✳✱ ✷✵✶✼✳ ▼♦♥✐t♦r✐♥❣ ❣r❛✈❡❧
❛✉❣♠❡♥t❛t✐♦♥ ✐♥ ❛ ❧❛r❣❡ r❡❣✉❧❛t❡❞ r✐✈❡r ❛♥❞ ✐♠♣❧✐❝❛t✐♦♥s ❢♦r ♣r♦❝❡ss✲❜❛s❡❞ r❡st♦r❛t✐♦♥✳ ❊❛rt❤
❙✉r❢✳ Pr♦❝❡ss✳ ▲❛♥❞❢♦r♠s ✹✷✱ ✷✶✹✼✕✷✶✻✻✳ ❞♦✐✿✶✵✳✶✵✵✷✴❡s♣✳✹✶✻✶✳

❆r♥❛✉❞✱ ❋✳✱ P✐é❣❛②✱ ❍✳✱ ❱❛✉❞♦r✱ ▲✳✱ ❇✉❧t✐♥❣❛✐r❡✱ ▲✳✱ ❋❛♥t✐♥♦✱ ●✳✱ ✷✵✶✺✳ ❚❡❝❤♥✐❝❛❧ s♣❡❝✐✜❝❛t✐♦♥s
♦❢ ❧♦✇✲❢r❡q✉❡♥❝② r❛❞✐♦ ✐❞❡♥t✐✜❝❛t✐♦♥ ❜❡❞❧♦❛❞ tr❛❝❦✐♥❣ ❢r♦♠ ✜❡❧❞ ❡①♣❡r✐♠❡♥ts✿ ❉✐✛❡r❡♥❝❡s ✐♥
❛♥t❡♥♥❛s✱ t❛❣s ❛♥❞ ♦♣❡r❛t♦rs✳ ●❡♦♠♦r♣❤♦❧♦❣② ✷✸✽✱ ✸✼✕✹✻✳ ❞♦✐✿✶✵✳✶✵✶✻✴❥✳❣❡♦♠♦r♣❤✳✷✵✶✺✳
✵✷✳✵✷✾✳

❆r♥❛✉❞✱ ❋✳✱ ❙❝❤♠✐tt✱ ▲✳✱ ✳ ❈❛rt❡ à ❧❛ ✉♥❡ ✿ r❡❝♦♥st✐t✉❡r ❧❡ r❤✐♥ ❞✐s♣❛r✉✳ ❯❘▲✿
❤tt♣✿✴✴❣❡♦❝♦♥❢❧✉❡♥❝❡s✳❡♥s✲❧②♦♥✳❢r✴✐♥❢♦r♠❛t✐♦♥s✲s❝✐❡♥t✐❢✐q✉❡s✴❛✲❧❛✲✉♥❡✴

❝❛rt❡✲❛✲❧❛✲✉♥❡✴r❡❝♦♥st✐t✉❡r✲r❤✐♥✲❞✐s♣❛r✉✳

❆s❤♠♦r❡✱ P✳❊✳✱ ✶✾✾✶✳ ❍♦✇ ❞♦ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs ❜r❛✐❞ ❄ ❈❛♥✳ ❏✳ ❊❛rt❤ ❙❝✐✳ ✷✽✱ ✸✷✻✕✸✹✶✳ ❞♦✐✿✶✵✳
✶✶✸✾✴❡✾✶✲✵✸✵✳

❆s❤✇♦rt❤✱ P✳❏✳✱ ❋❡r❣✉s♦♥✱ ❘✳■✳✱ ✶✾✽✾✳ ❙✐③❡✲s❡❧❡❝t✐✈❡ ❡♥tr❛✐♥♠❡♥t ♦❢ ❜❡❞ ❧♦❛❞ ✐♥ ❣r❛✈❡❧ ❜❡❞ str❡❛♠s✳
❲❛t❡r ❘❡s♦✉r❝❡s ❘❡s❡❛r❝❤ ✷✺✱ ✻✷✼✕✻✸✹✳ ❞♦✐✿✶✵✳✶✵✷✾✴❲❘✵✷✺✐✵✵✹♣✵✵✻✷✼✳

✶✻✾



❇❛❝❝❤✐✱ ❱✳✱ ❘❡❝❦✐♥❣✱ ❆✳✱ ❊❝❦❡rt✱ ◆✳✱ ❋r❡②✱ P✳✱ P✐t♦♥✱ ●✳✱ ◆❛❛✐♠✱ ▼✳✱ ✷✵✶✹✳ ❚❤❡ ❡✛❡❝ts ♦❢ ❦✐♥❡t✐❝
s♦rt✐♥❣ ♦♥ s❡❞✐♠❡♥t ♠♦❜✐❧✐t② ♦♥ st❡❡♣ s❧♦♣❡s✳ ❊❛rt❤ ❙✉r❢❛❝❡ Pr♦❝❡ss❡s ❛♥❞ ▲❛♥❞❢♦r♠s ✸✾✱
✶✵✼✺✕✶✵✽✻✳ ❞♦✐✿✶✵✳✶✵✵✷✴❡s♣✳✸✺✻✹✳

❇❛❣♥♦❧❞✱ ❘✳❆✳✱ ✶✾✻✻✳ ❆♥ ❛♣♣r♦❛❝❤ t♦ t❤❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ♣r♦❜❧❡♠ ❢r♦♠ ❣❡♥❡r❛❧ ♣❤②s✐❝s✳
Pr♦❢❡ss✐♦♥❛❧ P❛♣❡r ✹✷✷✲■✱ ❯✳ ❙✳ ●♦✈t✳✱ ❯❙●❙✳ ❞♦✐✿✶✵✳✸✶✸✸✴♣♣✹✷✷■✳

❇❛❣♥♦❧❞✱ ❘✳❆✳✱ ✶✾✽✵✳ ❆♥ ❡♠♣✐r✐❝❛❧ ❝♦rr❡❧❛t✐♦♥ ♦❢ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt r❛t❡s ✐♥ ✢✉♠❡s ❛♥❞ ♥❛t✉r❛❧
r✐✈❡rs✳ Pr♦❝✳ ❘✳ ❙♦❝✳ ▲♦♥❞✳ ❆ ✸✼✷✱ ✹✺✸✕✹✼✸✳ ❞♦✐✿✶✵✳✶✵✾✽✴rs♣❛✳✶✾✽✵✳✵✶✷✷✳

❇❛❦❦❡✱ P✳❉✳✱ ❇❛s❞❡❦❛s✱ P✳❖✳✱ ❉❛✇❞②✱ ❉✳❘✳✱ ❑❧✐♥❣❡♠❛♥✱ P✳❈✳✱ ✶✾✾✾✳ ❈❛❧✐❜r❛t❡❞ ♣❛r❦❡r✲❦❧✐♥❣❡♠❛♥
♠♦❞❡❧ ❢♦r ❣r❛✈❡❧ tr❛♥s♣♦rt✳ ❏♦✉r♥❛❧ ♦❢ ❍②❞r❛✉❧✐❝ ❊♥❣✐♥❡❡r✐♥❣ ✶✷✺✱ ✻✺✼✕✻✻✵✳ ❞♦✐✿✶✵✳✶✵✻✶✴
✭❆❙❈❊✮✵✼✸✸✲✾✹✷✾✭✶✾✾✾✮✶✷✺✿✻✭✻✺✼✮✳

❇❛❦❦❡r✱ ▼✳✱ ●✐♠❜❡rt✱ ❋✳✱ ●❡❛②✱ ❚✳✱ ▼✐ss❡t✱ ❈✳✱ ❩❛♥❦❡r✱ ❙✳✱ ❘❡❝❦✐♥❣✱ ❆✳✱ ✷✵✷✵✳ ❋✐❡❧❞ ❛♣♣❧✐❝❛t✐♦♥
❛♥❞ ✈❛❧✐❞❛t✐♦♥ ♦❢ ❛ s❡✐s♠✐❝ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♠♦❞❡❧✳ ❏♦✉r♥❛❧ ♦❢ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤✿ ❊❛rt❤
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❈❤✉r❝❤✱ ▼✳✱ ❍❛ss❛♥✱ ▼✳❆✳✱ ❲♦❧❝♦tt✱ ❏✳❋✳✱ ✶✾✾✽✳ ❙t❛❜✐❧✐③✐♥❣ s❡❧❢✲♦r❣❛♥✐③❡❞ str✉❝t✉r❡s ✐♥ ❣r❛✈❡❧✲
❜❡❞ str❡❛♠ ❝❤❛♥♥❡❧s✿ ❋✐❡❧❞ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ♦❜s❡r✈❛t✐♦♥s✳ ❲❛t❡r ❘❡s♦✉r❝❡s ❘❡s❡❛r❝❤ ✸✹✱
✸✶✻✾✕✸✶✼✾✳ ❞♦✐✿✶✵✳✶✵✷✾✴✾✽❲❘✵✵✹✽✹✳

❈❤✉r❝❤✱ ▼✳✱ ▼❝▲❡❛♥✱ ❉✳✱ ❲❛❧❝♦tt✱ ❏✳✱ ✶✾✽✼✳ ❘✐✈❡r ❜❡❞ ❣r❛✈❡❧s✿ s❛♠♣❧✐♥❣ ❛♥❞ ❛♥❛❧②s✐s✳ ❥♦❤♥ ✇✐❧❡②
❛♥❞ s♦♥s ❡❞✳✳ ❈❤✐❝❤❡st❡r✳ ♣♣✳ ✹✸ ✕ ✽✽✳

✶✼✷



❈✐♣r✐❛♥✐✱ ❚✳✱ ❚♦✐❧❧✐❡③✱ ❚✳✱ ❙❛✉q✉❡t✱ ❊✳✱ ✷✵✶✷✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❞✉ ré❣✐♠❡ ❞❡s ❝r✉❡s ❡♥ ❋r❛♥❝❡
♠étr♦♣♦❧✐t❛✐♥❡✳ ❘❛♣♣♦rt ✜♥❛❧✱ ✐rst❡❛✳

❈♦r❜♦♥♥♦✐s✱ ❏✳✱ ❇❡❝❦✱ ❚✳✱ ●✐♦✈❛♥♥❛❝❝✐✱ ▲✳✱ ❏❛❝q✉❡♠♦t✱ ❚✳✱ ❲✐♥❦❡❧✱ ❇✳✱ ✷✵✵✻✳ ▲✬ér♦s✐♦♥ ✢✉✈✐❛❧❡
❞❡ ❝♦✉rs ❞✬❡❛✉ ❧♦rr❛✐♥s✱ ❞✬♦r✐❣✐♥❡ ✈♦s❣✐❡♥♥❡ ✿ ▼♦s❡❧❧❡✱ ▼❡✉rt❤❡✱ ❱❡③♦✉③❡✱ ▼♦rt❛❣♥❡✱ ❙❛rr❡✳
❘❛♣♣♦rt ✜♥❛❧✱ ❈❡♥tr❡ ❞✬❊t✉❞❡s ●é♦❣r❛♣❤✐q✉❡s ❞❡ ❧✬❯♥✐✈❡rs✐té ❞❡ ▼❡t③✱ ▼❡t③✳

❈♦r❞✐❡r✱ ❋✳✱ ❚❛ss✐✱ P✳✱ ❈❧❛✉❞❡✱ ◆✳✱ ❈r♦s❛t♦✱ ❆✳✱ ❘♦❞r✐❣✉❡s✱ ❙✳✱ P❤❛♠ ❱❛♥ ❇❛♥❣✱ ❉✳✱ ✷✵✶✾✳ ◆✉♠❡r✲
✐❝❛❧ st✉❞② ♦❢ ❛❧t❡r♥❛t❡ ❜❛rs ✐♥ ❛❧❧✉✈✐❛❧ ❝❤❛♥♥❡❧s ✇✐t❤ ♥♦♥✉♥✐❢♦r♠ s❡❞✐♠❡♥t✳ ❲❛t❡r ❘❡s♦✉r❝❡s
❘❡s❡❛r❝❤ ✺✺✱ ✷✾✼✻✕✸✵✵✸✳ ❞♦✐✿✶✵✳✶✵✷✾✴✷✵✶✼❲❘✵✷✷✹✷✵✳

❈♦✉✈❡rt✱ ❇✳✱ ▲❡❢❡❜✈r❡✱ ❇✳✱ ▲❡❢♦rt✱ P✳✱ ▼♦r✐♥✱ ❊✳✱ ✶✾✾✶✳ ❊t✉❞❡ ❣é♥ér❛❧❡ s✉r ❧❡s s❡✉✐❧s ❞❡ ❝♦rr❡❝t✐♦♥
t♦rr❡♥t✐❡❧❧❡ ❡t ❧❡s ♣❧❛❣❡s ❞❡ ❞é♣♦ts✳ ▲❛ ❍♦✉✐❧❧❡ ❇❧❛♥❝❤❡ ✼✼✱ ✹✹✾✕✹✺✻✳ ❞♦✐✿✶✵✳✶✵✺✶✴❧❤❜✴✶✾✾✶✵✹✸✳

❈✉❞❞❡♥✱ ❏✳❘✳✱ ❍♦❡②✱ ❚✳❇✳✱ ✷✵✵✸✳ ❚❤❡ ❝❛✉s❡s ♦❢ ❜❡❞❧♦❛❞ ♣✉❧s❡s ✐♥ ❛ ❣r❛✈❡❧ ❝❤❛♥♥❡❧✿ t❤❡ ✐♠✲
♣❧✐❝❛t✐♦♥s ♦❢ ❜❡❞❧♦❛❞ ❣r❛✐♥✲s✐③❡ ❞✐str✐❜✉t✐♦♥s✳ ❊❛rt❤ ❙✉r❢❛❝❡ Pr♦❝❡ss❡s ❛♥❞ ▲❛♥❞❢♦r♠s ✷✽✱
✶✹✶✶✕✶✹✷✽✳ ❞♦✐✿✶✵✳✶✵✵✷✴❡s♣✳✺✷✶✳

❉❛✈✐❡s✱ ❚✳❘✳❍✳✱ ❙✉t❤❡r❧❛♥❞✱ ❆✳❏✳✱ ✶✾✽✸✳ ❊①tr❡♠❛❧ ❤②♣♦t❤❡s❡s ❢♦r r✐✈❡r ❜❡❤❛✈✐♦r✳ ❲❛t❡r ❘❡s♦✉r❝❡s
❘❡s❡❛r❝❤ ✶✾✱ ✶✹✶✕✶✹✽✳ ❞♦✐✿✶✵✳✶✵✷✾✴❲❘✵✶✾✐✵✵✶♣✵✵✶✹✶✳

❉❛②✱ ❚✳✱ ✶✾✽✵✳ ❆ st✉❞② ♦❢ t❤❡ tr❛♥s♣♦rt ♦❢ ❣r❛❞❡❞ s❡❞✐♠❡♥ts✳ ■❚ ✶✾✵✱ ❍❘❙ ✇❛❧❧✐♥❣❢♦r❞✳

❉❡❣♦✉tt❡✱ ●✳✱ ✷✵✵✻✳ ❉✐❛❣♥♦st✐❝✱ ❛♠é♥❛❣❡♠❡♥t ❡t ❣❡st✐♦♥ ❞❡s r✐✈✐èr❡s ✿ ❤②❞r❛✉❧✐q✉❡ ❡t ♠♦r♣❤♦❧♦❣✐❡
✢✉✈✐❛❧❡ ❛♣♣❧✐q✉é❡s✳ ❚❡❝ ❡t ❉♦❝✱ ▲❛✈♦✐s✐❡r✳

❉✐♥❣❡r✱ ❋✳✱ ❋✐s❝❤❡ss❡r✱ ❇✳✱ ❈❡♥tr❡ ♥❛t✐♦♥❛❧ ❞✉ ♠❛❝❤✐♥✐s♠❡ ❛❣r✐❝♦❧❡✱ ❞✳❣✳r✳✱ ✶✾✽✷✳ ▲✬ét✉❞❡ ❞✬✐♠♣❛❝t
❞❡s ❛♠é♥❛❣❡♠❡♥ts ❞❡s ❝♦✉rs ❞✬❡❛✉✳ ❈❊▼❆●❘❊❋✱ ●r❡♥♦❜❧❡✳

❉✐♥❣♠❛♥✱ ❙✳▲✳✱ ✶✾✽✹✳ ❋❧✉✈✐❛❧ ❍②❞r♦❧♦❣②✳ ❲ ❍ ❋r❡❡♠❛♥ ✫ ❈♦✱ ◆❡✇ ❨♦r❦✳

❉✐♥❣♠❛♥✱ ❙✳▲✳✱ ✷✵✵✾✳ ❋❧✉✈✐❛❧ ❤②❞r❛✉❧✐❝s✳ ❖①❢♦r❞ ✉♥✐✈❡rs✐t② ♣r❡ss✳

❉♦❡r✐♥❣✱ ▼✳✱ ❯❡❤❧✐♥❣❡r✱ ❯✳✱ ❘♦t❛❝❤✱ ❆✳✱ ❙❝❤❧❛❡♣❢❡r✱ ❉✳✱ ❚♦❝❦♥❡r✱ ❑✳✱ ✷✵✵✼✳ ❊❝♦s②st❡♠ ❡①♣❛♥s✐♦♥
❛♥❞ ❝♦♥tr❛❝t✐♦♥ ❞②♥❛♠✐❝s ❛❧♦♥❣ ❛ ❧❛r❣❡ ❛❧♣✐♥❡ ❛❧❧✉✈✐❛❧ ❝♦rr✐❞♦r ✭t❛❣❧✐❛♠❡♥t♦ r✐✈❡r✱ ♥♦rt❤❡❛st
✐t❛❧②✮✳ ❊❛rt❤ ❙✉r❢❛❝❡ Pr♦❝❡ss❡s ❛♥❞ ▲❛♥❞❢♦r♠s ✸✷✱ ✶✻✾✸✕✶✼✵✹✳ ❞♦✐✿✶✵✳✶✵✵✷✴❡s♣✳✶✺✾✹✳

❉✉❢r❡s♥❡✱ ▼✳✱ ■s❡♥♠❛♥♥✱ ●✳✱ ✷✵✷✵✳ ❚r❛♥s♣♦rt s♦❧✐❞❡✳ ❊◆●❊❊❙✱ ❙tr❛s❜♦✉r❣✳

❊❞❡❧❜❧✉tt❡✱ ❙✳✱ ✷✵✵✵✳ ❊①♣❧♦✐t❛t✐♦♥ ♦r ♣r♦t❡❝t✐♦♥ ✐♥ t❤❡ ♠✐❞❞❧❡ ♠♦s❡❧❧❡ ✈❛❧❧❡② ❄ t❤❡ ❧❛♥❞s❝❛♣❡ ❛s
❛♥ ✐♥❞✐❝❛t♦r ♦❢ s♣❛t✐❛❧ ❝♦♥✢✐❝ts ❧✐♥❦❡❞ t♦ ❣r❛✈❡❧ ❡①tr❛❞✐♦♥✳ ●é♦❝❛rr❡❢♦✉r ✼✺✱ ✷✾✸✕✸✵✹✳ ❞♦✐✿✶✵✳
✸✹✵✻✴❣❡♦❝❛✳✷✵✵✵✳✷✹✽✶✳

❊❞✇❛r❞s✱ ❚✳✱ ●❧②ss♦♥✱ ●✳✱ ✶✾✾✾✳ ❋✐❡❧❞ ♠❡t❤♦❞s ❢♦r ♠❡❛s✉r❡♠❡♥t ♦❢ ✢✉✈✐❛❧ s❡❞✐♠❡♥t✳ ❚❡❝❤♥✐❝❛❧
r❡♣♦rt✱ ❯✳❙ ●❡♦❧♦❣✐❝❛❧ ❙✉r✈❡②✱ ❘❡st♦♥✱ ❱❆✳

❊❣✐❛③❛r♦✛✱ ■✳❱✳✱ ✶✾✻✺✳ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ ♥♦♥✉♥✐❢♦r♠ s❡❞✐♠❡♥t ❝♦♥❝❡♥tr❛t✐♦♥s✳ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❍②✲
❞r❛✉❧✐❝s ❉✐✈✐s✐♦♥ ✾✶✱ ✷✷✺✕✷✹✼✳ ❞♦✐✿✶✵✳✶✵✻✶✴❏❨❈❊❆❏✳✵✵✵✶✷✼✼✳

❊✐♥st❡✐♥✱ ❍✳❆✳✱ ✶✾✺✵✳ ❚❤❡ ❇❡❞✲▲♦❛❞ ❋✉♥❝t✐♦♥ ❢♦r ❙❡❞✐♠❡♥t ❚r❛♥s♣♦rt❛t✐♦♥ ✐♥ ❖♣❡♥ ❈❤❛♥♥❡❧
❋❧♦✇s✳ ❚❡❝❤♥✐❝❛❧ ❇✉❧❧❡t✐♥✳ ❞♦✐✿✶✵✳✷✷✵✵✹✴❛❣✳❡❝♦♥✳✶✺✻✸✽✾✳

❊❧ ❑❛❞✐ ❆❜❞❡rr❡③③❛❦✱ ❑✳✱ ❉✐❡ ▼♦r❛♥✱ ❆✳✱ ❚❛ss✐✱ P✳✱ ❆t❛✱ ❘✳✱ ❍❡r✈♦✉❡t✱ ❏✳▼✳✱ ✷✵✶✻✳ ▼♦❞❡❧❧✐♥❣ r✐✈❡r
❜❛♥❦ ❡r♦s✐♦♥ ✉s✐♥❣ ❛ ✷❞ ❞❡♣t❤✲❛✈❡r❛❣❡❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧ ♦❢ ✢♦✇ ❛♥❞ ♥♦♥✲❝♦❤❡s✐✈❡✱ ♥♦♥✲✉♥✐❢♦r♠
s❡❞✐♠❡♥t tr❛♥s♣♦rt✳ ❆❞✈❛♥❝❡s ✐♥ ❲❛t❡r ❘❡s♦✉r❝❡s ✾✸✱ ✼✺✕✽✽✳ ❞♦✐✿✶✵✳✶✵✶✻✴❥✳❛❞✈✇❛tr❡s✳✷✵✶✺✳
✶✶✳✵✵✹✳

✶✼✸



❊♥❣❡❧✉♥❞✱ ❋✳✱ ❍❛♥s❡♥✱ ❊✳✱ ✶✾✻✼✳ ❆ ♠♦♥♦❣r❛♣❤ ♦♥ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐♥ ❛❧❧✉✈✐❛❧ str❡❛♠s✳ ❚❡❝❤✲
♥✐❝❛❧ Pr❡ss✱ ❯♥✐✈❡rs✐t② ♦❢ ❉❡♥♠❛r❦✱ ❈♦♣❡♥❤❛❣❡♥✳

❋❡r❣✉s♦♥✱ ❘✳■✳✱ ❇❧♦♦♠❡r✱ ❉✳❏✳✱ ❍♦❡②✱ ❚✳❇✳✱ ❲❡rr✐tt②✱ ❆✳✱ ✷✵✵✷✳ ▼♦❜✐❧✐t② ♦❢ r✐✈❡r tr❛❝❡r ♣❡❜❜❧❡s
♦✈❡r ❞✐✛❡r❡♥t t✐♠❡s❝❛❧❡s✿ ♠♦❜✐❧✐t② ♦❢ r✐✈❡r tr❛❝❡r ♣❡❜❜❧❡s✳ ❲❛t❡r ❘❡s♦✉r✳ ❘❡s✳ ✸✽✱ ✸✕✶✕✸✕✽✳
❞♦✐✿✶✵✳✶✵✷✾✴✷✵✵✶❲❘✵✵✵✷✺✹✳

❋❡r❣✉s♦♥✱ ❘✳■✳✱ ❲❛t❤❡♥✱ ❙✳❏✳✱ ✶✾✾✽✳ ❚r❛❝❡r✲♣❡❜❜❧❡ ♠♦✈❡♠❡♥t ❛❧♦♥❣ ❛ ❝♦♥❝❛✈❡ r✐✈❡r ♣r♦✜❧❡✿ ❱✐rt✉❛❧
✈❡❧♦❝✐t② ✐♥ r❡❧❛t✐♦♥ t♦ ❣r❛✐♥ s✐③❡ ❛♥❞ s❤❡❛r str❡ss✳ ❲❛t❡r ❘❡s♦✉r✳ ❘❡s✳ ✸✹✱ ✷✵✸✶✕✷✵✸✽✳ ❞♦✐✿✶✵✳
✶✵✷✾✴✾✽❲❘✵✶✷✽✸✳

❋❡r❣✉s♦♥✱ ❘✳■✳✱ ❲❡rr✐tt②✱ ❆✳✱ ✶✾✽✸✳ ❇❛r ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ ❝❤❛♥♥❡❧ ❝❤❛♥❣❡s ✐♥ t❤❡ ❣r❛✈❡❧❧② r✐✈❡r
❢❡s❤✐❡✱ s❝♦t❧❛♥❞✱ ✐♥✿ ❈♦❧❧✐♥s♦♥✱ ❏✳❉✳✱ ▲❡✇✐♥✱ ❏✳ ✭❊❞s✳✮✱ ▼♦❞❡r♥ ❛♥❞ ❆♥❝✐❡♥t ❋❧✉✈✐❛❧ ❙②st❡♠s✳ ✶
❡❞✳✳ ❲✐❧❡②✱ ♣♣✳ ✶✽✶✕✶✾✸✳ ❞♦✐✿✶✵✳✶✵✵✷✴✾✼✽✶✹✹✹✸✵✸✼✼✸✳❝❤✶✹✳

❋❡rr❡r✲❇♦✐①✱ ❈✳✱ ❍❛ss❛♥✱ ▼✳❆✳✱ ✷✵✶✹✳ ■♥✢✉❡♥❝❡ ♦❢ t❤❡ s❡❞✐♠❡♥t s✉♣♣❧② t❡①t✉r❡ ♦♥ ♠♦r♣❤♦❧♦❣✐❝❛❧
❛❞❥✉st♠❡♥ts ✐♥ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs✳ ❲❛t❡r ❘❡s♦✉r❝❡s ❘❡s❡❛r❝❤ ✺✵✱ ✽✽✻✽✕✽✽✾✵✳ ❞♦✐✿✶✵✳✶✵✵✷✴
✷✵✶✸❲❘✵✶✺✶✶✼✳

❋▲❯❱■❆▲✳■❙✱ ✷✵✶✺✳ ❊①♣❡rt✐s❡ s✉r ❧❡s ❝♦♥séq✉❡♥❝❡s ♣r♦❜❛❜❧❡s ❞✬✉♥ r❡❝♦✉♣❡♠❡♥t ❞❡ ♠é❛♥❞r❡ ❞❡
❧❛ ▼♦s❡❧❧❡ s❛✉✈❛❣❡ ♣❛r ❞é✈❡rs❡♠❡♥t ✲ ❈♦♠♠✉♥❡ ❞❡ ▼❛♥❣♦♥✈✐❧❧❡✳ ❘❛♣♣♦rt ❞✬ét✉❞❡✳

❋ré❝❛✉t✱ ❘✳✱ ✶✾✼✷✳ ▲❛ ▼♦s❡❧❧❡ ❡t s♦♥ ❜❛ss✐♥ ✿ ❝♦♥tr✐❜✉t✐♦♥ à ❧✬❤②❞r♦❧♦❣✐❡ ❡t à ❧❛ ❞②♥❛♠✐q✉❡
✢✉✈✐❛❧❡ ❡♥ ♠✐❧✐❡✉ t❡♠♣éré ♦❝é❛♥✐q✉❡✳ ❚❤és❡ ❉♦❝t♦r❛t ❞✬❊t❛t✱ ◆❛♥❝②✳

●❛❡✉♠❛♥✱ ❉✳✱ ✷✵✶✸✳ ▼♦♥✐t♦r✐♥❣ t❤❡ ❊✛❡❝t✐✈❡♥❡ss ♦❢ ●r❛✈❡❧ ❆✉❣♠❡♥t❛t✐♦♥s ❢♦r ❙❛❧♠♦♥✐❞ ❍❛❜✐✲
t❛t ■♠♣r♦✈❡♠❡♥t ❉♦✇♥str❡❛♠ ❢r♦♠ ❉❛♠s✳ ❈♦♠♣❧❡t✐♦♥ ❘❡♣♦rt✱ Pr♦❥❡❝t ✵✷✾✺✱ ❯❙ ❇✉r❡❛✉ ♦❢
❘❡❝❧❛♠❛t✐♦♥ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✱ ❲❛s❤✐♥❣t♦♥✱ ❉❈✳

●❛r❝✐❛✱ ▼✳✱ ✷✵✵✽✳ ❙❡❞✐♠❡♥t❛t✐♦♥ ❊♥❣✐♥❡❡r✐♥❣✿ Pr♦❝❡ss❡s✱ ▼❡❛s✉r❡♠❡♥ts✱ ▼♦❞❡❧✐♥❣✱ ❛♥❞ Pr❛❝t✐❝❡✳
❆♠❡r✐❝❛♥ ❙♦❝✐❡t② ♦❢ ❈✐✈✐❧ ❊♥❣✐♥❡❡rs✱ ❘❡st♦♥✱ ❱❆✳ ❞♦✐✿✶✵✳✶✵✻✶✴✾✼✽✵✼✽✹✹✵✽✶✹✽✳

●❛r❝✐❛✱ ▼✳❍✳✱ ▲❛✉rs❡♥✱ ❊✳▼✳✱ ▼✐❝❤❡❧✱ ❈✳✱ ❇✉✣♥❣t♦♥✱ ❏✳▼✳✱ ✷✵✵✵✳ ❚❤❡ ❧❡❣❡♥❞ ♦❢ ❛✳ ❢✳ s❤✐❡❧❞s✳
❏♦✉r♥❛❧ ♦❢ ❍②❞r❛✉❧✐❝ ❊♥❣✐♥❡❡r✐♥❣ ✶✷✻✱ ✼✶✽✕✼✷✸✳ ❞♦✐✿✶✵✳✶✵✻✶✴✭❆❙❈❊✮✵✼✸✸✲✾✹✷✾✭✷✵✵✵✮✶✷✻✿
✾✭✼✶✽✮✳

●❡❛②✱ ❚✳✱ ✷✵✶✸✳ ▼❡s✉r❡ ❛❝♦✉st✐q✉❡ ♣❛ss✐✈❡ ❞✉ tr❛♥s♣♦rt ♣❛r ❝❤❛rr✐❛❣❡ ❞❛♥s ❧❡s r✐✈✐èr❡s✳ ❚❤ès❡
❞❡ ❞♦❝t♦r❛t✱ ❯♥✐✈❡rs✐té ❏♦s❡♣❤ ❋♦✉r✐❡r✱ ●r❡♥♦❜❧❡✳

●❡❛②✱ ❚✳✱ ❇❡❧❧❡✉❞②✱ P✳✱ ●❡r✈❛✐s❡✱ ❈✳✱ ❍❛❜❡rs❛❝❦✱ ❍✳✱ ❆✐❣♥❡r✱ ❏✳✱ ❑r❡✐s❧❡r✱ ❆✳✱ ❙❡✐t③✱ ❍✳✱ ▲❛r♦♥♥❡✱
❏✳❇✳✱ ✷✵✶✼✳ P❛ss✐✈❡ ❛❝♦✉st✐❝ ♠♦♥✐t♦r✐♥❣ ♦❢ ❜❡❞ ❧♦❛❞ ❞✐s❝❤❛r❣❡ ✐♥ ❛ ❧❛r❣❡ ❣r❛✈❡❧ ❜❡❞ r✐✈❡r✳ ❏●❘
❊❛rt❤ ❙✉r❢❛❝❡ ✶✷✷✱ ✺✷✽✕✺✹✺✳ ❞♦✐✿✶✵✳✶✵✵✷✴✷✵✶✻❏❋✵✵✹✶✶✷✳

●❡❛②✱ ❚✳✱ ▼✐❝❤❡❧✱ ▲✳✱ ❩❛♥❦❡r✱ ❙✳✱ ❘✐❣❜②✱ ❏✳❘✳✱ ✷✵✶✾✳ ❆❝♦✉st✐❝ ✇❛✈❡ ♣r♦♣❛❣❛t✐♦♥ ✐♥ r✐✈❡rs✿ ❛♥
❡①♣❡r✐♠❡♥t❛❧ st✉❞②✳ ❊❛rt❤ ❙✉r❢❛❝❡ ❉②♥❛♠✐❝s ✼✱ ✺✸✼✕✺✹✽✳ ❞♦✐✿✶✵✳✺✶✾✹✴❡s✉r❢✲✼✲✺✸✼✲✷✵✶✾✳
♣✉❜❧✐s❤❡r✿ ❈♦♣❡r♥✐❝✉s ●♠❜❍✳

●❡❛②✱ ❚✳✱ ❩❛♥❦❡r✱ ❙✳✱ ▼✐ss❡t✱ ❈✳✱ ❘❡❝❦✐♥❣✱ ❆✳✱ ✷✵✷✵✳ P❛ss✐✈❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥t ♦❢ ❜❡❞❧♦❛❞
tr❛♥s♣♦rt✿ ❚♦✇❛r❞ ❛ ❣❧♦❜❛❧ ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡❄ ❏●❘ ❊❛rt❤ ❙✉r❢❛❝❡ ✶✷✺✱ ❡✷✵✶✾❏❋✵✵✺✷✹✷✳
❞♦✐✿✶✵✳✶✵✷✾✴✷✵✶✾❏❋✵✵✺✷✹✷✳

●❡❛②✱ ❚✳✱ ❩❛♥❦❡r✱ ❙✳✱ P❡tr✉t✱ ❚✳✱ ❘❡❝❦✐♥❣✱ ❆✳✱ ✷✵✶✽✳ ▼❡❛s✉r✐♥❣ ❜❡❞❧♦❛❞ ❣r❛✐♥✲s✐③❡ ❞✐str✐❜✉✲
t✐♦♥s ✇✐t❤ ♣❛ss✐✈❡ ❛❝♦✉st✐❝ ♠❡❛s✉r❡♠❡♥ts✳ ❊✸❙ ❲❡❜ ❈♦♥❢✳ ✹✵✱ ✵✹✵✶✵✳ ❞♦✐✿✶✵✳✶✵✺✶✴❡✸s❝♦♥❢✴
✷✵✶✽✹✵✵✹✵✶✵✳

✶✼✹



●❡ss❧❡r✱ ❏✳✱ ✶✾✼✶✳ ❇❡❣✐♥♥✐♥❣ ❛♥❞ ❝❡❛s✐♥❣ ♦❢ s❡❞✐♠❡♥t ♠♦t✐♦♥✳ ✈♦❧✉♠❡ ✶ ♦❢ ❘✐✈❡r ▼❡❝❤❛♥✐❝s✳ ❍✳✇✳
s❤❡♥ ❡❞✳✱ ❋♦rt ❈♦❧❧✐♥s✳

●r❛❢✱ ❲✳✱ ❆❧t✐♥❛❦❛r✱ ▼✳✱ ✷✵✵✵✳ ❍②❞r❛✉❧✐q✉❡ ✢✉✈✐❛❧❡✿ é❝♦✉❧❡♠❡♥t ❡t ♣❤é♥♦♠è♥❡s ❞❡ tr❛♥s♣♦rt
❞❛♥s ❧❡s ❝❛♥❛✉① à ❣é♦♠étr✐❡ s✐♠♣❧❡✳ ✈♦❧✉♠❡ ✶✻✳ PP❯❘ ♣r❡ss❡s ♣♦❧②t❡❝❤♥✐q✉❡s✳

●r♦s♣r❡tr❡✱ ▲✳✱ ✷✵✶✶✳ ❊t✉❞❡ ❡t ❣❡st✐♦♥ ❞❡s ✐♠♣❛❝ts ❤②❞r♦❣é♦♠♦r♣❤♦❧♦❣✐q✉❡s ❞❡ ❧❛ ♣ér✐✉r❜❛♥✐s❛✲
t✐♦♥✳ ❧✬❡①❡♠♣❧❡ ❞✉ ❜❛ss✐♥ ❞❡ ❧✬②③❡r♦♥ ❞❛♥s ❧✬♦✉❡st ❧②♦♥♥❛✐s ✳

●✉♥s♦❧✉s✱ ❊✳❍✳✱ ❇✐♥♥s✱ ❆✳❉✳✱ ✷✵✶✽✳ ❊✛❡❝t ♦❢ ♠♦r♣❤♦❧♦❣✐❝ ❛♥❞ ❤②❞r❛✉❧✐❝ ❢❛❝t♦rs ♦♥ ❤②st❡r❡s✐s
♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt r❛t❡s ✐♥ ❛❧❧✉✈✐❛❧ str❡❛♠s✳ ❘✐✈❡r ❘❡s❡❛r❝❤ ✫ ❆♣♣s ✸✹✱ ✶✽✸✕✶✾✷✳ ❞♦✐✿✶✵✳
✶✵✵✷✴rr❛✳✸✶✽✹✳

❍❛s❝❤❡♥❜✉r❣❡r✱ ❏✳❑✳✱ ❈❤✉r❝❤✱ ▼✳✱ ✶✾✾✽✳ ❇❡❞ ♠❛t❡r✐❛❧ tr❛♥s♣♦rt ❡st✐♠❛t❡❞ ❢r♦♠ t❤❡ ✈✐rt✉❛❧
✈❡❧♦❝✐t② ♦❢ s❡❞✐♠❡♥t✳ ❊❛rt❤ ❙✉r❢✳ Pr♦❝❡ss✳ ▲❛♥❞❢♦r♠s ✷✸✱ ✼✾✶✕✽✵✽✳ ❞♦✐✿✶✵✳✶✵✵✷✴✭❙■❈■✮
✶✵✾✻✲✾✽✸✼✭✶✾✾✽✵✾✮✷✸✿✾❁✼✾✶✿✿❆■❉✲❊❙P✽✽✽❃✸✳✵✳❈❖❀✷✲❳✳

❍❛ss❛♥✱ ▼✳❆✳✱ ❈❤✉r❝❤✱ ▼✳✱ ❆s❤✇♦rt❤✱ P✳❏✳✱ ✶✾✾✷✳ ❱✐rt✉❛❧ r❛t❡ ❛♥❞ ♠❡❛♥ ❞✐st❛♥❝❡ ♦❢ tr❛✈❡❧ ♦❢
✐♥❞✐✈✐❞✉❛❧ ❝❧❛sts ✐♥ ❣r❛✈❡❧✲❜❡❞ ❝❤❛♥♥❡❧s✳ ❊❛rt❤ ❙✉r❢❛❝❡ Pr♦❝❡ss❡s ❛♥❞ ▲❛♥❞❢♦r♠s ✶✼✱ ✻✶✼✕✻✷✼✳
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▲❛❣✉❡✱ ❉✳✱ ❋❡❧❞♠❛♥♥✱ ❇✳✱ ✷✵✷✵✳ ❚♦♣♦✲❜❛t❤②♠❡tr✐❝ ❛✐r❜♦r♥❡ ▲✐❉❆❘ ❢♦r ✢✉✈✐❛❧✲❣❡♦♠♦r♣❤♦❧♦❣②
❛♥❛❧②s✐s✱ ✐♥✿ ❉❡✈❡❧♦♣♠❡♥ts ✐♥ ❊❛rt❤ ❙✉r❢❛❝❡ Pr♦❝❡ss❡s✳ ❊❧s❡✈✐❡r✳ ✈♦❧✉♠❡ ✷✸✱ ♣♣✳ ✷✺✕✺✹✳ ❞♦✐✿✶✵✳
✶✵✶✻✴❇✾✼✽✲✵✲✹✹✹✲✻✹✶✼✼✲✾✳✵✵✵✵✷✲✸✳

▲❛♠❛rr❡✱ ❍✳✱ ▼❛❝❱✐❝❛r✱ ❇✳✱ ❘♦②✱ ❆✳●✳✱ ✷✵✵✺✳ ❯s✐♥❣ ♣❛ss✐✈❡ ✐♥t❡❣r❛t❡❞ tr❛♥s♣♦♥❞❡r ✭P■❚✮ t❛❣s
t♦ ✐♥✈❡st✐❣❛t❡ s❡❞✐♠❡♥t tr❛♥s♣♦rt ✐♥ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs✳ ❏♦✉r♥❛❧ ♦❢ ❙❡❞✐♠❡♥t❛r② ❘❡s❡❛r❝❤ ✼✺✱
✼✸✻✕✼✹✶✳ ❞♦✐✿✶✵✳✷✶✶✵✴❥sr✳✷✵✵✺✳✵✺✾✳

▲❛♠❜✱ ▼✳P✳✱ ❉✐❡tr✐❝❤✱ ❲✳❊✳✱ ❱❡♥❞✐tt✐✱ ❏✳●✳✱ ✷✵✵✽✳ ■s t❤❡ ❝r✐t✐❝❛❧ s❤✐❡❧❞s str❡ss ❢♦r ✐♥❝✐♣✐❡♥t
s❡❞✐♠❡♥t ♠♦t✐♦♥ ❞❡♣❡♥❞❡♥t ♦♥ ❝❤❛♥♥❡❧✲❜❡❞ s❧♦♣❡❄ ❏✳ ●❡♦♣❤②s✳ ❘❡s✳ ✶✶✸✱ ❋✵✷✵✵✽✳ ❞♦✐✿✶✵✳
✶✵✷✾✴✷✵✵✼❏❋✵✵✵✽✸✶✳

▲❛♥❞♦♥✱ ◆✳✱ ✷✵✵✼✳ ❉✉ ❝♦♥st❛t ❞✬❡♥❢♦♥❝❡♠❡♥t ❞✉ ❧✐t ✢✉✈✐❛❧ ❛✉① ❛❝t✐♦♥s ❞❡ r❡❝❤❛r❣❡ sé❞✐♠❡♥t❛✐r❡
✿ q✉❡❧❧❡s s♦❧✉t✐♦♥s ♣♦✉r ✉♥❡ ❣❡st✐♦♥ r❛✐s♦♥♥é❡ ❞❡ ♥♦s ❝♦✉rs ❞✬❡❛✉ ❄✱ ✐♥✿ ●✉✐❞❡ ❞❡ ❣❡st✐♦♥ ❞❡
❧✬❡❛✉ ❡♥ t❡rr✐t♦✐r❡ ❞❡ ♠♦♥t❛❣♥❡✳ P◆❘ ❞✉ q✉❡②r❛s✱ ❖◆❊▼❆ ❡t ▼❊❉❘ ❡❞✳✳ P◆❘ ❞✉ ◗✉❡②r❛s✱
❖◆❊▼❆ ❡t ▼❊❉❘✱ ♣♣✳ ✷✽ ✕ ✸✾✳

▲❛♥❡✱ ❊✳❲✳✱ ✶✾✺✺✳ ❉❡s✐❣♥ ♦❢ st❛❜❧❡ ❝❤❛♥♥❡❧s✳ ❚r❛♥s❛❝t✐♦♥s ♦❢ t❤❡ ❆♠❡r✐❝❛♥ ❙♦❝✐❡t② ♦❢ ❈✐✈✐❧
❊♥❣✐♥❡❡rs ✶✷✵✱ ✶✷✸✹✕✶✷✻✵✳ ❞♦✐✿✶✵✳✶✵✻✶✴❚❆❈❊❆❚✳✵✵✵✼✶✽✽✳

▲❛r♦♥♥❡✱ ❏✳❇✳✱ ❖✉t❤❡t✱ ❉✳◆✳✱ ❈❛r❧✐♥❣✱ P✳❆✳✱ ▼❝❈❛❜❡✱ ❚✳❏✳✱ ✶✾✾✹✳ ❙❝♦✉r ❝❤❛✐♥ ❡♠♣❧♦②♠❡♥t ✐♥
❣r❛✈❡❧ ❜❡❞ r✐✈❡rs✳ ❈❆❚❊◆❆ ✷✷✱ ✷✾✾✕✸✵✻✳ ❞♦✐✿✶✵✳✶✵✶✻✴✵✸✹✶✲✽✶✻✷✭✾✹✮✾✵✵✹✵✲❳✳

✶✼✻



▲❡❢♦rt✱ P✳✱ ✷✵✵✼✳ ❯♥❡ ❢♦r♠✉❧❡ s❡♠✐✲❡♠♣✐r✐q✉❡ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞✉ tr❛♥s♣♦rt s♦❧✐❞❡ ❞❡s r✐✈✐èr❡s ❡t
t♦rr❡♥ts✳✱ ▲②♦♥✳

▲❡♦♣♦❧❞✱ ▲✳❇✳✱ ❲♦❧♠❛♥✱ ▼✳●✳✱ ✶✾✺✼✳ ❘✐✈❡r ❝❤❛♥♥❡❧ ♣❛tt❡r♥s✿ ❇r❛✐❞❡❞✱ ♠❡❛♥❞❡r✐♥❣✱ ❛♥❞ str❛✐❣❤t✳
Pr♦❢❡ss✐♦♥❛❧ P❛♣❡r ✷✽✷✲❇✱ ❯✳❙✳ ●♦✈❡r♥♠❡♥t Pr✐♥t✐♥❣ ❖✣❝❡✳ ❞♦✐✿✶✵✳✸✶✸✸✴♣♣✷✽✷❇✳

▲❡♦♣♦❧❞✱ ▲✳❇✳✱ ❲♦❧♠❛♥✱ ▼✳●✳✱ ▼✐❧❧❡r✱ ❏✳P✳✱ ✶✾✻✹✳ ❋❧✉✈✐❛❧ ♣r♦❝❡ss❡s ✐♥ ❣❡♦♠♦r♣❤♦❧♦❣②✳ ❋r❡❡♠❛♥
♣r❡ss ❡❞✳✱ ❙❛♥ ❋r❛♥❝✐s❝♦✳

▲❡ss❡r✱ ●✳✱ ❘♦❡❧✈✐♥❦✱ ❏✳✱ ✈❛♥ ❑❡st❡r✱ ❏✳✱ ❙t❡❧❧✐♥❣✱ ●✳✱ ✷✵✵✹✳ ❉❡✈❡❧♦♣♠❡♥t ❛♥❞ ✈❛❧✐❞❛t✐♦♥ ♦❢ ❛
t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ♠♦r♣❤♦❧♦❣✐❝❛❧ ♠♦❞❡❧✳ ❈♦❛st❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✺✶✱ ✽✽✸✕✾✶✺✳ ❞♦✐✿❤tt♣s✿✴✴❞♦✐✳
♦r❣✴✶✵✳✶✵✶✻✴❥✳❝♦❛st❛❧❡♥❣✳✷✵✵✹✳✵✼✳✵✶✹✳

▲✬❍♦♠♠❡❞✐❡✉✱ ❲✳✱ ❚✉❧❧♦s✱ ❉✳✱ ❏♦♥❡s✱ ❏✳✱ ✷✵✷✵✳ ❊✛❡❝ts ♦❢ ❛♥ ❡♥❣✐♥❡❡r❡❞ ❧♦❣ ❥❛♠ ♦♥ s♣❛t✐❛❧
✈❛r✐❛❜✐❧✐t② ♦❢ t❤❡ ✢♦✇ ✜❡❧❞ ❛❝r♦ss s✉❜♠❡r❣❡♥❝❡ ❞❡♣t❤s✳ ❘✐✈❡r ❘❡s❡❛r❝❤ ✫ ❆♣♣s ✸✻✱ ✸✽✸✕✸✾✼✳
❞♦✐✿✶✵✳✶✵✵✷✴rr❛✳✸✺✺✺✳

▲✐é❜❛✉❧t✱ ❋✳✱ ❇❡❧❧♦t✱ ❍✳✱ ❈❤❛♣✉✐s✱ ▼✳✱ ❑❧♦t③✱ ❙✳✱ ❉❡s❝❤âtr❡s✱ ▼✳✱ ✷✵✶✷✳ ❇❡❞❧♦❛❞ tr❛❝✐♥❣ ✐♥ ❛ ❤✐❣❤✲
s❡❞✐♠❡♥t✲❧♦❛❞ ♠♦✉♥t❛✐♥ str❡❛♠✿ ❜❡❞❧♦❛❞ tr❛❝✐♥❣ ✐♥ ❛ ❤✐❣❤✲s❡❞✐♠❡♥t✲❧♦❛❞ ♠♦✉♥t❛✐♥ str❡❛♠✳
❊❛rt❤ ❙✉r❢✳ Pr♦❝❡ss✳ ▲❛♥❞❢♦r♠s ✸✼✱ ✸✽✺✕✸✾✾✳ ❞♦✐✿✶✵✳✶✵✵✷✴❡s♣✳✷✷✹✺✳

▲✐s❧❡✱ ❚✳✱ ✶✾✼✾✳ ❆ s♦rt✐♥❣ ♠❡❝❤❛♥✐s♠ ❢♦r ❛ r✐✤❡✲♣♦♦❧ s❡q✉❡♥❝❡✳ ●❙❆ ❇✉❧❧❡t✐♥ ✾✵✱ ✶✶✹✷✕✶✶✺✼✳
❞♦✐✿✶✵✳✶✶✸✵✴●❙❆❇✲P✷✲✾✵✲✶✶✹✷✳

▼❛✐r❡✱ ●✳✱ ❈♦r❜♦♥♥♦✐s✱ ❏✳✱ ✷✵✵✵✳ ❚❤❡ r❡❝❡♥t ♠♦r♣❤♦❞②♥❛♠✐❝ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ♠♦s❡❧❧❡ ❜❡✲
t✇❡❡♥ ❝❤❛r♠❡s ❛♥❞ ❜❛②♦♥✳ ❛♥ ❛✉❞✐t ♦❢ t❤❡ ♣r❡s❡♥t st❛t❡ ♦❢ t❤❡ r✐✈❡r ❜❡❞ ❛♥❞ t❤❡ ❝❤♦✐❝❡ ♦❢ ❛♥
❛♣♣r♦♣r✐❛t❡ ♠❛♥❛❣❡♠❡♥t s②st❡♠ ❢♦r t❤❡ ✢✉✈✐❛❧ ❛r❡❛✳ ❣❡♦❝❛ ✼✺✱ ✸✵✺✕✸✶✺✳ ❞♦✐✿✶✵✳✸✹✵✻✴❣❡♦❝❛✳
✷✵✵✵✳✷✹✽✷✳

▼❛✐r❡✱ ●✳✱ ▲❛ss❡rr❡✱ ❙✳✱ ✶✾✽✶✳ ❙t❛❜✐❧✐s❛t✐♦♥ ❞✉ ❧✐t ❞❡ ❧❛ ▼♦s❡❧❧❡ ❡♥tr❡ ❊♣✐♥❛❧ ❡t ◆❡✉✈❡s✲▼❛✐s♦♥s✳
❈❛rt♦❣r❛♣❤✐❡ ♠♦r♣❤♦❞②♥❛♠✐q✉❡ ❞✉ ❧✐t ❡t ❞✉ ❢♦♥❞ ❞❡ ✈❛❧❧é❡ ✿ s❡❝t❡✉rs r❡♣rés❡♥t❛t✐❢s ❛✉ ✶✴✺✵✵✵✵✳
❘❛♣♣♦rt ❈●❆✲❯▲P ♣♦✉r ❧❡ ❝♦♠♣t❡ ❞✉ ❇❈❊❖▼✳

▼❛✐r❡✱ ●✳✱ ▲❛ss❡rr❡✱ ❙✳✱ ✶✾✾✶✳ ❙tr✉❝t✉r❡ ❡t ❢♦♥❝t✐♦♥♥❡♠❡♥t ❞✬✉♥ s②st❡♠❡ ✢✉✈✐❛❧ ❞éséq✉✐❧✐❜ré ♣❛r
❧✬✐♥t❡r✈❡♥t✐♦♥ ❛♥t❤r♦♣✐q✉❡ ✿ ▲❛ ♠♦s❡❧❧❡ ♥♦♥ ❝❛♥❛❧✐sé❡ à ❧❛ s♦rt✐❡ ❞✉ ♠❛ss✐❢ ✈♦s❣✐❡♥✳ ▼♦s❡❧❧❛
❳❱■■■✱ ✸✾✕✽✶✳

▼❛❧❛✈♦✐✱ ❏✳❘✳✱ ❇r❛✈❛r❞✱ ❏✳P✳✱ ✷✵✶✵✳ ❊❧é♠❡♥ts ❞✬❤②❞r♦♠♦r♣❤♦❧♦❣✐❡ ✢✉✈✐❛❧❡ ❛♣♣❧✐q✉é❡✳ ❖♥❡♠❛✳

▼❛❧♦✉✱ ❚✳✱ ✷✵✷✷✳ ▼♦❞é❧✐s❛t✐♦♥s ❞❡s é❝♦✉❧❡♠❡♥ts ✢✉✈✐❛✉① ❛❞❛♣té❡s ❛✉① ♦❜s❡r✈❛t✐♦♥s s♣❛t✐❛❧❡s ❡t
❛ss✐♠✐❧❛t✐♦♥s ❞❡ ❞♦♥♥é❡s ❛❧t✐♠étr✐q✉❡s✳ ❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ❯♥✐✈érs✐t❡ ❞❡ ❚♦✉❧♦✉s❡✳

▼❛♦✱ ▲✳✱ ✷✵✶✷✳ ❚❤❡ ❡✛❡❝t ♦❢ ❤②❞r♦❣r❛♣❤s ♦♥ ❜❡❞ ❧♦❛❞ tr❛♥s♣♦rt ❛♥❞ ❜❡❞ s❡❞✐♠❡♥t s♣❛t✐❛❧
❛rr❛♥❣❡♠❡♥t✳ ❏✳ ●❡♦♣❤②s✳ ❘❡s✳ ✶✶✼✳ ❞♦✐✿✶✵✳✶✵✷✾✴✷✵✶✷❏❋✵✵✷✹✷✽✳

▼❛♦✱ ▲✳✱ ❯②tt❡♥❞❛❡❧❡✱ ●✳P✳✱ ■r♦✉♠é✱ ❆✳✱ ▲❡♥③✐✱ ▼✳❆✳✱ ✷✵✵✽✳ ❋✐❡❧❞ ❜❛s❡❞ ❛♥❛❧②s✐s ♦❢ s❡❞✐♠❡♥t
❡♥tr❛✐♥♠❡♥t ✐♥ t✇♦ ❤✐❣❤ ❣r❛❞✐❡♥t str❡❛♠s ❧♦❝❛t❡❞ ✐♥ ❛❧♣✐♥❡ ❛♥❞ ❛♥❞✐♥❡ ❡♥✈✐r♦♥♠❡♥ts✳ ●❡♦✲
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▼❛r✐♥❡❛✉✱ ▼✳✱ ❲r✐❣❤t✱ ❙✳✱ ●❛❡✉♠❛♥✱ ❉✳✱ ✷✵✶✻✳ ❈❛❧✐❜r❛t✐♦♥ ♦❢ s❡❞✐♠❡♥t✲❣❡♥❡r❛t❡❞ ♥♦✐s❡ ♠❡❛s✉r❡❞
✉s✐♥❣ ❤②❞r♦♣❤♦♥❡s t♦ ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ✐♥ t❤❡ tr✐♥✐t② r✐✈❡r✱ ❝❛❧✐❢♦r♥✐❛✱ ❯❙❆✱ ✐♥✿ ❘✐✈❡r ❋❧♦✇
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t✐✜❝❛t✐♦♥ ♦❢ ❜❡❞ ❞✐❧❛t✐♦♥ ❛♥❞ ❝♦♥tr❛❝t✐♦♥ ✐♥ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs✳ ❏✳ ●❡♦♣❤②s✳ ❘❡s✳ ✶✶✼✳
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▼❛st❡❧❧❡r✱ ❈✳❈✳✱ ❋✐♥♥❡❣❛♥✱ ◆✳❏✳✱ ❚✉r♦✇s❦✐✱ ❏✳▼✳✱ ❨❛❣❡r✱ ❊✳▼✳✱ ❘✐❝❦❡♥♠❛♥♥✱ ❉✳✱ ✷✵✶✾✳ ❍✐st♦r②✲
❞❡♣❡♥❞❡♥t t❤r❡s❤♦❧❞ ❢♦r ♠♦t✐♦♥ r❡✈❡❛❧❡❞ ❜② ❝♦♥t✐♥✉♦✉s ❜❡❞❧♦❛❞ tr❛♥s♣♦rt ♠❡❛s✉r❡♠❡♥ts
✐♥ ❛ st❡❡♣ ♠♦✉♥t❛✐♥ str❡❛♠✳ ●❡♦♣❤②s✐❝❛❧ ❘❡s❡❛r❝❤ ▲❡tt❡rs ✹✻✱ ✷✺✽✸✕✷✺✾✶✳ ❞♦✐✿✶✵✳✶✵✷✾✴
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❊✛❡❝t ♦❢ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ♦♥ t❤❡ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣ ♦❢ ❜❡❞ ♠♦r♣❤♦✲
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❙♣❡❝tr❛❧ ♣r♦❜❛❜✐❧✐t② ❞❡♥s✐t② ❛s ❛ t♦♦❧ ❢♦r ❛♠❜✐❡♥t ♥♦✐s❡ ❛♥❛❧②s✐s✳ ❚❤❡ ❏♦✉r♥❛❧ ♦❢ t❤❡ ❆❝♦✉st✐❝❛❧
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▼❡②❡r✲P❡t❡r✱ ❊✳✱ ▼ü❧❧❡r✱ ❘✳✱ ✶✾✹✽✳ ❋♦r♠✉❧❛s ❢♦r ❇❡❞✲▲♦❛❞ tr❛♥s♣♦rt✳ ■♥ Pr♦❝✳✷♥❞ ■❆❍❘ ❈♦♥❣r❡ss✱
❙t♦❝❦❤♦❧♠✱ ❙✇❡❞❡♥✳

▼✐❧❛♥✱ ❉✳❏✳✱ ✷✵✶✸✳ ❱✐rt✉❛❧ ✈❡❧♦❝✐t② ♦❢ tr❛❝❡rs ✐♥ ❛ ❣r❛✈❡❧✲❜❡❞ r✐✈❡r ✉s✐♥❣ s✐③❡✲❜❛s❡❞ ❝♦♠♣❡t❡♥❝❡
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▼✐③✉②❛♠❛✱ ❚✳✱ ▲❛r♦♥♥❡✱ ❏✳❇✳✱ ◆♦♥❛❦❛✱ ▼✳✱ ❙❛✇❛❞❛✱ ❚✳✱ ❙❛t♦❢✉❦❛✱ ❨✳✱ ❨❛♠❛s❤✐t❛✱ ❙✳✱ ❙❛❦♦✱
❨✳✱ ❚❛♠❛❦✐✱ ❙✳✱ ❲❛t❛r✐✱ ▼✳✱ ❨❛♠❛❣✉❝❤✐✱ ❙✳✱ ✷✵✶✵✳ ❈❛❧✐❜r❛t✐♦♥ ♦❢ ❛ ♣❛ss✐✈❡ ❛❝♦✉st✐❝ ❜❡❞❧♦❛❞
♠♦♥✐t♦r✐♥❣ s②st❡♠ ✐♥ ❥❛♣❛♥❡s❡ ♠♦✉♥t❛✐♥ r✐✈❡rs ✳

▼♦♥t❣♦♠❡r②✱ ❉✳❘✳✱ ❇✉✣♥❣t♦♥✱ ❏✳▼✳✱ ✶✾✾✼✳ ❈❤❛♥♥❡❧✲r❡❛❝❤ ♠♦r♣❤♦❧♦❣② ✐♥ ♠♦✉♥t❛✐♥ ❞r❛✐♥❛❣❡
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▼♦s❧❡②✱ ▼✳P✳✱ ✶✾✽✶✳ ❙❡♠✐✲❞❡t❡r♠✐♥❛t❡ ❤②❞r❛✉❧✐❝ ❣❡♦♠❡tr② ♦❢ r✐✈❡r ❝❤❛♥♥❡❧s✱ s♦✉t❤ ✐s❧❛♥❞✱ ♥❡✇
③❡❛❧❛♥❞✳ ❊❛rt❤ ❙✉r❢✳ Pr♦❝❡ss✳ ▲❛♥❞❢♦r♠s ✻✱ ✶✷✼✕✶✸✼✳ ❞♦✐✿✶✵✳✶✵✵✷✴❡s♣✳✸✷✾✵✵✻✵✷✵✻✳

▼♦ss❡❧♠❛♥✱ ❊✳✱ ✷✵✶✷✳ ▼♦❞❡❧❧✐♥❣ s❡❞✐♠❡♥t tr❛♥s♣♦rt ❛♥❞ ♠♦r♣❤♦❞②♥❛♠✐❝s ♦❢ ❣r❛✈❡❧✲❜❡❞ r✐✈❡rs✱ ✐♥✿
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✉♥❝❡rt❛✐♥t② q✉❛♥t✐✜❝❛t✐♦♥ ✐♥ ✷❉ ♠♦r♣❤♦❞②♥❛♠✐❝ ♠♦❞❡❧s ✉s✐♥❣ ❛ ♥❡✇❧② ✐♠♣❧❡♠❡♥t❡❞ ❆P■
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❝✉rr❡♥t ♣r♦✜❧❡r ♠♦✈✐♥❣✲❜♦❛t str❡❛♠✢♦✇ ♠❡❛s✉r❡♠❡♥ts✲❯s❡r✬s ♠❛♥✉❛❧ ❢♦r ✈❡rs✐♦♥ ✷✳✽✳ ❖♣❡♥✲
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✇❛t❡r ♣r❡ss✉r❡ ❝❤❛♥❣❡s ❛♥❞ r✐✈❡r❜❛♥❦ st❛❜✐❧✐t② ❞✉r✐♥❣ ✢♦✇ ❡✈❡♥ts✳ ❊❛rt❤ ❙✉r❢❛❝❡ Pr♦❝❡ss❡s
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❘♦✉①✱ ❍✳✱ ✷✵✵✹✳ ❊st✐♠❛t✐♦♥ ❞❡ ♣❛r❛♠ètr❡s ❡♥ ❤②❞r❛✉❧✐q✉❡ ✢✉✈✐❛❧❡✱ à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s ❝❛r❛❝✲
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♣❡r✐♦❞s✲st✉❞✐❡❞ ✇✐t❤ ♣❛ss✐✈❡ ✭✐r♦♥✱ ♠❛❣♥❡t✐❝✮ ❛♥❞ ❛❝t✐✈❡ ✭r❛❞✐♦✮ tr❛❝❡r t❡❝❤♥✐q✉❡s✳ ❊❛rt❤
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❙❝❤♠✐tt✱ ▲✳✱ ✷✵✶✵✳ ❉②♥❛♠✐q✉❡ ✢✉✈✐❛❧❡ ❡t ❣❡st✐♦♥ ❡♥✈✐r♦♥♥❡♠❡♥t❛❧❡ ❞✉r❛❜❧❡ ❞❡s ❤②❞r♦s②stè♠❡s✳
❆♣♣❧✐❝❛t✐♦♥ à ✉♥❡ ❣r❛♥❞❡ ♣❧❛✐♥❡ ❛❧❧✉✈✐❛❧❡ ✭❘❤✐♥✲■❧❧✱ ❆❧s❛❝❡✮ ❡t à ✉♥ ❤②❞r♦s②stè♠❡ ♣ér✐✉r❜❛✐♥
✭❨③❡r♦♥✱ ❖✉❡st ❧②♦♥♥❛✐s✮✳ ❍❛❜✐❧✐t❛t✐♦♥ à ❉✐r✐❣❡r ❞❡s ❘❡❝❤❡r❝❤❡s✱ ❯♥✐✈❡rs✐té ▲✉♠✐èr❡ ▲②♦♥ ✷✳
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❙❤✈✐❞❝❤❡♥❦♦✱ ❆✳❇✳✱ P❡♥❞❡r✱ ●✳✱ ❍♦❡②✱ ❚✳❇✳✱ ✷✵✵✶✳ ❈r✐t✐❝❛❧ s❤❡❛r str❡ss ❢♦r ✐♥❝✐♣✐❡♥t ♠♦t✐♦♥ ♦❢
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❙✐♥❜✐♦✱ ✷✵✶✵✳ ❊t✉❞❡ ✲ ❜✐❧❛♥ s✉r ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ▼♦s❡❧❧❡ ❞❛♥s ❧❡ s❡❝t❡✉r ❈❤❛♠❛❣♥❡ ✲ ❇❛②♦♥✳
❘❛♣♣♦rt ❞✬ét✉❞❡ ❊P ✴ ❈❊ ✷✸✵ ✴ ❇✳

❙✐♥❣❡r✱ ▼✳❇✳✱ ✷✵✶✵✳ ❚r❛♥s✐❡♥t r❡s♣♦♥s❡ ✐♥ ❧♦♥❣✐t✉❞✐♥❛❧ ❣r❛✐♥ s✐③❡ t♦ r❡❞✉❝❡❞ ❣r❛✈❡❧ s✉♣♣❧② ✐♥ ❛
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Abstract

The quantification of the bed grain size distribution (GSD) of river surfaces is primar-

ily conducted through manual approaches in the field. These methods are time con-

suming and not able to accurately represent the spatial diversity of the grain size

distribution of rivers. Recently, several software programs and procedures have been

developed using semi-automatic and automatic methods to estimate bed GSD from

digital imagery. The purpose of this study is to compare softwares accuracy between

reference GSDs and estimated GSDs using geometric approaches (Basegrain soft-

ware and a procedure developed on ImageJ), statistical approaches (digital grain size

[DGS] and PebbleCounts softwares), and a machine learning framework (SediNet).

This study evaluates ten digital images recorded along the Rhine River downstream

of the city of Basel. The results showed that all software programs considerably

underestimated the manually measured GSDs. Nevertheless, it is possible to signifi-

cantly improve the estimation of bed GSD by applying calibration laws. Both DGS

and Basegrain softwares are reliable to estimate the GSD, while the three others

softwares are accurate for percentiles equal and higher than the D50. After linear

regression correction, the mean normalized root mean square error of percentile

errors did not exceed 13% for DGS and Basegrain software, while the others did not

exceed 22% for percentiles coarser than the D50.

K E YWORD S

bed grain size, digital images, Rhine, river, software accuracy

1 | INTRODUCTION

Riverbed grain size is a key parameter in geomorphological and eco-

logical studies of rivers. This parameter allows researchers to evaluate

physical habitat quality, sediment transport dynamics, and restoration

action effects. The quantification of the bed grain size distribution

(GSD) of river surfaces is mostly conducted through manual

approaches in the field, such as Wolman sampling, the paint-and-pick

approach, or grid sampling (Bunte & Abt, 2001). These methods are

time consuming, and the measurements are not representative of the

spatial diversity of a river's grain size distribution (Graham, Rollet,

Piégay, & Rice, 2010). Currently, new remote sensing methods have

been developed to semi-automatically or automatically estimate the

bed GSD of bar surfaces. These approaches are divided into two clas-

ses: (i) two-dimensional approaches using terrestrial and aerial imagery

(Baptista, Cunha, Gama, & Bernardes, 2012; Chang & Chung, 2012;

Chardon, Schmitt, Arnaud, Piégay, & Clutier, 2021; Graham, Reid, &

Rice, 2005; Lejot, Piégay, Hunter, Moulin, & Gagnage, 2011;

Purinton & Bookhagen, 2019; Rubin, 2004; Strom, Kuhns, &

Lucas, 2010; Sulaiman, Sinnakaudan, Ng, & Strom, 2014; Turley

et al., 2017) and (ii) three-dimensional approaches using photogram-

metry, laser scanning, or LiDAR datasets by estimating roughness as a
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proxy of bed GSD (Brasington, Vericat, & Rychkov, 2012; Chardon,

Schmitt, Piégay, & Lague, 2020; Heritage & Milan, 2009; Vázquez-

Tarrío, Borgniet, Liébault, & Recking, 2017; Woodget, Fyffe, &

Carbonneau, 2018). Although the photographic sampling method does

not enable the mapping of surface GSD over a large area when com-

pared with a three-dimensional approach, it requires only a simple

camera and thus is less costly. Moreover, terrestrial photographic

sampling requires fewer preprocessing steps for correcting raw data

than three-dimensional approaches, which can be difficult and techni-

cal (e.g., cleaning and georeferencing of raw point clouds, roughness

metric calculation, and calibration with the manually recorded GSD)

(Brasington et al., 2012; Heritage & Milan, 2009; Vázquez-Tarrío

et al., 2017; Woodget et al., 2018). However, the accuracy of two-

dimensional approaches is extremely sensitive to environmental con-

ditions such as such as natural light conditions, the presence of vege-

tation or biofilms, and sediment petrography or/and mineralogy. In

addition, for two-dimensional approaches, bed sediment structures

(burial, overlapping, and foreshortening) also influence the accuracy of

the results obtained (Graham et al., 2010; Hodge, Brasington, &

Richards, 2009).

Two methods were used to estimate the bed GSD from digital

images via morphological approaches and statistical approaches

(Buscombe, 2013). Morphological approaches use thresholding and

segmentation processing to define the outline of each visible particle,

while statistical approaches tend to estimate the grain size through

image texture analysis from the semi-variance approach (Carbonneau,

Lane, & Bergeron, 2004), autocorrelation approach (Warrick et al.,

2009), the wavelength approach (Buscombe, 2013), and recently, fol-

lowing the k-means approach (Purinton & Bookhagen, 2019). Deep

learning methods were also developed to automatically estimate the

GSD using digital images such as SediNet (Buscombe, 2019) and

GRAINet (Lang et al., 2021). Although Basegrain (morphological

approach) and DGS (statistical approach) programs are frequently

used to estimate the GSD from digital images, a question still remains:

Which software provides the most accurate estimation of bed GSD

from digital imagery using default parameters? The objective of this

study is to compare the software accuracy of reference GSDs and

estimated GSDs from DGS, Basegrain, SediNet, PebbleCounts soft-

ware, and a procedure using ImageJ. The analysis was based on ten

digital images sampled along the Rhine River downstream of the city

of Basel.

2 | METHODOLOGY

2.1 | Study area

Photographic sampling was performed on the Old Rhine River

between the cities of Kembs and Ottmarsheim over five above-water

deposits. The Old Rhine River is a bypassed and regulated reach in the

Alsacian Plain. An instream flow is maintained in the Old Rhine

between 52 and 115 m3/s from the Kembs disversion dam, depending

on the natural hydrological regime of the Rhine River (Figure 1b).

Spills occur on the Old Rhine River when the Rhine River discharge

exceeds 1,400 m3/s in Basel, which is the maximum discharge capac-

ity of the Grand Canal d'Alsace (GCA). The channel bottom of the

study reach is composed mainly of gravel and cobble (Arnaud

et al., 2015). The mean slope and mean width are equal to 0.09% and

100 m, respectively (Figure 1b).

2.2 | Field data collection

Photographic sampling was performed on clean substrates without

vegetation or a biofilm to avoid substantial estimation errors induced

by these elements (Chardon et al., 2020). According to the recommen-

dations of Barnard, Rubin, Harney, and Mustain (2007) and Chardon

et al. (2020), all digital images were taken under an umbrella in order

to control solar conditions which could influence GSD estimations

(Figure 1). Moreover, all images were taken using a telescoping bar

and a bubble level to capture sediment patches with on a horizontal

plane of view. The camera used was an Olympus TG-4, and the image

resolution was equal to 16 MP (4,608 � 3,456 pixel). A median filter

was applied to reduce error in the estimation resulting from pepper

and salt phenomena (Chardon et al., 2020). As recommended by Cha-

rdon et al. (2020), the median-sized filter used in this study was equal

to 5% of the Dmax value measured for each digital image.

2.3 | Image processing

2.3.1 | Manual digitalization

Following the recommendations of Barnard et al. (2007), the b-axes of

80 to 100 particles were digitized manually from each digital image

using a sampling grid to obtain a reference distribution. This step,

which was performed using ImageJ software, allows us to achieve a

reference GSD.

2.3.2 | DGS software

The first software used to automatically estimate the grain size of

10 sediment patches was the DGS software developed by Buscombe

and implemented in MATLAB (2013). This software is based on a sta-

tistical approach using the wavelength method, which automatically

provides the GSD within the sample grid (Figure 2). Batch processing

has been proposed to evaluate the GSD of a large number of digital

images. No filter was applied, and the totality of the surfaces of the

digital images was considered for GSD estimation.

2.3.3 | Basegrain software

The second software used in this study was Basegrain software

(Detert & Weitbrecht, 2012), which was also developed for

2 CHARDON ET AL.
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MATLAB software (Figure 3). The approach of Basegrain is based on

a morphological method. Five preprocessing steps are available for

the user to compute median filter options, the minimal size of a grain

area (for watershed algorithm application), and the minimal number

of pixels (to determine the minimal area), which is related to grain

size (Detert & Weitbrecht, 2012). This study used the default

options for each step to decrease the processing time of digital

images and to compare the methods between them to not to favor

F IGURE 1 Set of sediments deposits studied

(n = 10). A median filter was applied before

analysis following the recommendations of

Chardon et al. (2020) [Color figure can be viewed

at wileyonlinelibrary.com]
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F IGURE 2 Example of image processing by the digital grain size (DGS) software package developed by Buscombe (2013) [Color figure can be

viewed at wileyonlinelibrary.com]

F IGURE 3 Example of image processing by the Basegrain software package developed by Detert and Weitbrecht (2012) [Color figure can be

viewed at wileyonlinelibrary.com]
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one method over another. The GSD can be obtained in a sample

grid form.

2.3.4 | Procedure using ImageJ software

The method using ImageJ is based on a procedure established by

(Sulaiman et al., 2014), which proposed a morphological approach to

automatically extract the GSD by areal sampling. We slightly modified

this protocol as follows: (i) the digital images were transformed in

8-bit format, (ii) the substrate background algorithm was applied with

mobile windows equal to 50 pixels by default, (iii) an automatic

threshold for black and white transformation was applied, (iv) the

watershed algorithm was applied, and (v) the b-axis of all detected

particles was determined via automatic measurement (Figure 4). To

compare the GSD obtained with this method (areal sampling) with the

two previous estimations from DGS and Basegrain software, we col-

lected the b-axis of 60 to 100 particles detected using a grid built with

QGIS software.

2.3.5 | PebbleCounts software

This software was developed in Python language and used initially to

estimate the apparent GSD of above-water bar deposits using aerial

imagery from a drone (Purinton & Bookhagen, 2019). This software

was recently used to estimate the longitudinal bed grain size varia-

tions along 100 km of river length of the Toro watershed in Argentina

(Purinton & Bookhagen, 2021). In this study, we used the automatic

procedure called PebbleCountsAuto (AIF), which used edge detection

and filter automatically suspect grains (Purinton & Bookhagen, 2019).

Similarly to the procedure used in ImageJ software, we collected the

b-axis of 60 to 100 particles detected using a grid built with QGIS

software from X and Y coordinates provided by the output files of the

software (Figure 5).

2.3.6 | SediNet software

This software was based on a machine learning framework developed

by Buscombe (2019) using python language. It estimates quantita-

tively and automatically the measurements from digital images and

given percentiles values directly as the output. In this study, we used

the trainer developed only for gravel deposits related to our dataset.

2.4 | Estimation of the prediction accuracy

To evaluate and compare the prediction accuracy of each software,

we compared percentile values estimated by each automatic

processing approach with the reference distributions. The estimation

errors by each software packages were quantified by two metrics,

that is, the normalized root mean square error (NRMSE; Equation (1))

and normalized mean absolute error (NMAE; Equation (2)), which

were calculated as follows:

NRMSE¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

n

i¼1

xi�xð Þ2
s

xmean

ð1Þ

F IGURE 4 Example of image processing by the ImageJ software package, based on the protocol developed by Sulaiman et al. (2014)
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NMAE¼

P

n

i¼1

xi�xð Þj j

n

0

B

@

1

C

A

xmean

ð2Þ

where xi is equal to the value of the predicted percentile and x is the

value of the manually measured percentile. Xmean corresponds to the

mean value of the percentile manually measured for the digital image

dataset.

3 | RESULTS

3.1 | Software accuracy before calibration

All of the software packages tested underestimated all percentiles

(Figure 6). The results are quite similar for Basegrain software from

D10 to D50, with a net underestimation of these percentiles (Table 1).

In contrast, from D75 to D95, an overestimation occurred using

Basegrain (Table 1). Globally, for all software programmes, the

NRMSE and NMAE decrease according to the increase in the esti-

mated percentile (Figure 7). However, the values of these parameters

differed considerably between programmes. For DGS software, the

maximal NRMSE and NMAE values of percentile errors were equal to

56 and 47%, respectively. For Basegrain software, the maximal

NRMSE and NMAE values were equal to 97 and 90%, respectively

(Figure 7). For the ImageJ procedure, the maximal RMSE and NMAE

values were equal to 88 and 79%, respectively. For SediNet, the maxi-

mal RMSE and NMAE values were equal to 67 and 58%, respectively.

For PebbleCounts, the maximal RMSE and NMAE values were equal

to 71 and 59%, respectively.

3.2 | Software accuracy after calibration

Significant linear associations were found between the manually mea-

sured and predicted percentiles by DGS and Basegrain software

(Table 1). Only significant statistical linear relationships were found

from D75 between the predicted and manually measured percentiles

by the procedure using ImageJ software (Table 1). For SediNet, signifi-

cant statistical relationships were found for D10, D16, D25, and D84,

respectively. Whereas for PebbleCounts, significant associations were

found from the D75 (Table 1). For the D10, the R-square value was

close to 0 for PebbleCounts.

Through the application of linear regressions, a reduction in

NRMSE and NMAE occurred for all percentiles, and all procedures

between the corrected-predicted percentiles and manually measured

percentile due to a high reduction of the previous underestimation

(Figures 7 and 8). For DGS software, the maximal NRMSE and NMAE

values of percentile errors were equal to 20 and 17%, respectively.

For Basegrain software, the maximal RMSE and NMAE values of the

percentile errors were equal to 20 and 16%, respectively. For the

ImageJ procedure, the maximal RMSE and NMAE values were equal

to 40 and 33%, respectively (Figure 7). For SediNet, the maximal

RMSE and NMAE values were equal to 33 and 23%, respectively.

Finally, for PebbleCounts, the maximal RMSE and NMAE values were

equal to 38 and 33% excluding the D10.

4 | DISCUSSION

4.1 | Comparison of software accuracy

Our results showed that all methods underestimated the GSD with

greater error is compared to the reference GSD obtained through the

manual approach. This underestimation is explained by an over-

segmentation of particles due to petrographic variation (Sime &

Ferguson, 2003; Strom et al., 2010; Warrick et al., 2009). To reduce

the error estimations, a calibration correction must be applied to

improve the GSD estimation, such as that proposed by Chardon

et al. (2020) (Figures 7 and 8). Our results show that both DGS and

Basegrain are reliable software programmes to estimate the GSD

based on digital images after linear regression correction (Figure 8).

The maximal value of error estimation was less than 18% (NMAE)

after the linear correction (Figure 7). The other three software pack-

ages are also reliable for percentiles estimation coarser than the D50

(Figure 7). The maximumrror estimation was equal to 22% (NMAE for

SediNet) after linear correction (Figure 7).

4.2 | Software advantages and limitations

Each software package has advantages and limitations. For DGS

software, the GSD was obtained quickly, and no extra preprocessing

steps other than a median filter application was necessary.

F IGURE 5 Example of image processing by the PebbleCounts

software package developed by Purinton and Bookhagen (2019)

[Color figure can be viewed at wileyonlinelibrary.com]
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Nevertheless, this software is similar to a “black box” with no means

to directly observed the detected particles and perform error locali-

zation on digital images, which does not allow the evaluation of

which parameters primarily influence the particle detection. This

means that there is no possible way to change the software parame-

ters. The same limitation occurs for SediNet due to the deep learning

method used. For PebbleCounts software, the advantage is that only

one parameter is required from the user before computation, and

the results of the grain identification are visible in a new window.

On the other hand, Basegrain software allows you to view the

detected particles and spatial errors but also allows operator inter-

vention to modify or delete the detected particle outlines. However,

in some cases, numerous visual checks may be necessary during the

preprocessing steps (n = 5) to obtain satisfactory results. In our

cases, to be consistent with the goal of quick and easy data

processing, no calibration steps were implemented. For the ImageJ

procedure, the main limitation is the application of step 3, which

consists of applying an automatic threshold for black and white

transformation that is necessary for the application of the watershed

algorithm. Because pixel color values differ between each digital

image, it is very difficult to find a single threshold for a set of digital

images. In addition, several manual preprocessing steps required for

this procedure increase the processing time (Figure 4), which may be

problematic for large datasets.

F IGURE 6 Predicted percentiles of

the grain size distribution (GSD) for the

three methods according to manually

measured percentiles before calibration.

The black line and dotted black line

correspond to the y = x and y = 1.5x line

equations, respectively. Continuous black

line, dashed black line, and dotted black

line correspond to y = x equation,

y = 0.5x equation, and y = 0.25x

equation, respectively [Color figure can be

viewed at wileyonlinelibrary.com]
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4.3 | Future research

The main advantage of using terrestrial digital images rather than

aerial images or three-dimensional techniques (photogrammetric or

LiDAR data) is the low material cost. It is also a less time-consuming

postprocessing approach as most of the measurement errors could be

avoided during the field data collection (vegetation, biofilm, sun, etc.),

and less specific technical knowledge is required compared to three-

dimensional approaches. Thus, this method could be easily used by

river managers to quickly estimate the bed GSD on both clean above

and underwater bars for the planning step of river restoration pro-

jects, evaluating natural changes or integrate bed GSD spatial

distribution in numerical hydrosedimentary models. However, ques-

tions still remain: What is the best sampling procedure to integrate

the spatio-temporal variability of the GSD? Because digital images

allow the estimation of the local bed grain size quickly, how should

the GSD be estimated from this sampling procedure at a larger spatial

scale, similar to aerial or three-dimensional approaches? Should the

approach be a compromise between the quantity and/or quality of

the data available? More studies have to be conducted to determine a

robust sampling protocol using digital images. Each of these sampling

protocols should be guided by (i) the main objective of the study,

(ii) the sampling effort, and (iii) the precision, which must be consistent

with the final use of the data.

TABLE 1 R-square values of linear regressions and p-value between grain size percentiles estimated for each software packages according to

grain size percentiles estimated manually

Percentile

DGS Basegrain ImageJ PebbleCounts SediNet

R2
p-value R2

p-value R2
p-value R2

p-value R2
p-value

D10 0.76 0.00096 0.84 0.00018 0.12 0.33 0.04 0.31 0.41 0.047

D16 0.79 0.00065 0.80 0.00052 0.15 0.26 0.22 0.17 0.42 0.043

D25 0.89 4e-05 0.91 2.2e-05 0.37 0.061 0.35 0.075 0.48 0.026

D50 0.92 1e-05 0.94 3.7e-06 0.35 0.07 0.40 0.053 0.40 0.051

D75 0.92 1.4e-05 0.97 2.8e-07 0.51 0.02 0.59 0.0087 0.38 0.057

D84 0.90 2.4e-05 0.96 5.3e-07 0.57 0.011 0.72 0.0017 0.42 0.042

D90 0.92 9.4e-06 0.90 2.6e-05 0.64 0.0054 0.90 2.4e-07 0.36 0.063

D95 0.90 2.9e-05 0.84 0.00021 0.63 0.0065 0.92 1.4e-05 0.40 0.052

F IGURE 7 Values of

normalized root mean square

error (NRMSE) (predicted and

corrected) and normalized mean

absolute error (NMAE) (predicted

and corrected) for each software

packages. Predicted and

corrected correspond

respectively to no calibrated and

calibrated results after linear

regression application [Color

figure can be viewed at

wileyonlinelibrary.com]
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5 | CONCLUSION

The purpose of this study was to evaluate and compare the accuracy

of GSD estimations from ten digital images recorded on the Rhine

River using five software programmes. Results showed that all soft-

ware programs underestimated manually measured GSDs. However,

after linear regression correction, the NMAE decreased and did not

exceed 18% for the DGS and Basegrain software packages for all per-

centiles. For the three other software packages, the estimation was

reliable for percentiles higher than the D50 with an NMAE below 22%.

This study shows that it is possible to estimate the bed GSD of clean

substrates in a precise manner using DGS and Basegrain software

packages for the entire distribution and the three other software

packages for percentiles equal and higher than the D50. However, a

calibration step must be applied in all cases.
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ABSTRACT: 

 

The "Wild Moselle" regional nature reserve extends over 13 km at the western foothills of the Vosges Mountains. The hydrological 

regime of the river is characterized by high flow in winter and spring and low flow in summer. Its average slope is 0.12 % and its 

average bankfull width is 60 m. The coarse sediment load comes mainly from bank erosion. Although this sector is relatively less 

affected by past or present human activities, the propagation of morphodynamic adjustments initiated by actions carried out both 

upstream and downstream of this sector impacts the current functioning of the river. These erosion waves converge today towards the 

central part of the reserve, which led to the collapse of the central pier of the Bainville-aux-Miroirs bridge during a 2-year flood in 

2011, and could induce potential risks of defluviation which may destabilize infrastructures. In this context, the study carried out aims 

to characterize and anticipate the morphodynamic evolutions of the Moselle to be able to propose scenarios of management and 

restoration of the lateral mobility of the river. For this purpose, a 2D hydro-sedimentary model is being built over the entire reserve, 

combined with a detailed morpho-sedimentary monitoring. In order to improve the understanding of the lateral migration of the Moselle 

River, a photogrammetric monitoring was carried out along the concave bank of the most active meander of the studied sector. To 

follow this morphological evolution more closely, it was decided to establish a 4D GIS. The objective of this monitoring is to compare 

the rate of bank retreat with hydrodynamic parameters in order to estimate the geotechnical properties of the bank. Comparison of the 

observed and modelled bank retreat must thus allow these different parameters to be calibrated in the hydro-sedimentary model. As 

part of this work, this paper aims to highlight the use of 4D GIS to monitor bank retreat at the scale of a meander bend and is divided 

into three different parts: (i) a state of art to situate the study into the current knowledge and technologies, (ii) a presentation of the 

study area and the measurements carried out and (iii) a description of the different 3D or 4D data produced and the consequent spatial 

analyses. 

 

 

1. INTRODUCTION 

Data management and representation has made great progress 

last decades notably in moving from 2D to 3D and integrating 

time. This type of representation has developed considerably in 

the world of geo-information, mainly because of the evolution of 

processing and visualization algorithms but also thanks to the 

multiplication of survey techniques. As a result, it becomes easier 

and easier to model a portion or even a territory in 3D. Two 

technologies play a major role in these developments: laser-

scanning and photogrammetry. 

Pfeifer (2007) defines terrestrial laser scanning as a data 

acquisition technique using laser light to directly measure, in a 

regular frame, the coordinates of 3D points on surfaces at an 

Earth position. A 3D laser scanner is a terrestrial device (TLS) 

that uses this process to determine X, Y and Z points coordinates 

in order to acquire a point cloud of the area. Laser-scanning of an 

area using a laser scanner, whether terrestrial or aerial, provides 

3D point clouds of the entire area with a configurable point 

density depending on the equipment and the recording 

conditions. 

The other technique implemented to obtain 3D models, is based 

on photogrammetry from images that can also be aerial, from 

UAV, or terrestrial. Aerial photography has long been used for 

                                                                 
* Corresponding author 

map applications. Many applications result from it. One of its 

main advantages is the minimization of field work. 

Photogrammetry has now become a widely used tool even for 

local scale mapping applications. This technique allows the user 

to obtain 3D data from an area of interest. It is also used to 

produce orthophotos. Photogrammetry has also experienced a 

new boom with the development of the use of UAVs (unmanned 

aerial vehicles) for mapping, particularly on a larger scale. 

Photogrammetry by UAV is particularly interesting in sites 

requiring rapid intervention, including the case of inspection and 

monitoring (Murtiyoso et al., 2017) (Jaud et al., 2014). It is 

therefore possible, from images with well-defined overlapping 

areas, to determine the relief and contours of an object or territory 

in the form of point clouds obtained from dense matching 

techniques. 

Digital Terrain Models (DTM) and Digital Surface Models 

(DSM) are used as digital representations of the natural terrain. 

Such acquisitions can be made several times under the same 

conditions and with sufficient precision to be compared.  The 

multi-temporal data also allow to display local changes in 

topography. Indeed, by comparison with a reference model, 

topographic and/or height changes can be quantified and 

represented. This was used to evaluate the accuracy of digital 

surface model (DSM) of river-channel morphology derived from 
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the imagery acquired with a low-cost digital camera on board an 

unmanned multi-copter (Watanabe and Kawahara, 2016). Cross-

sections make it possible to highlight in a very explicit way these 

topographical evolutions. The DTM/DSM generated directly 

from the point cloud is an ideal support to analyze morphological 

evolutions in some cases and estimate sediment budgets 

(Eschbach et al., under review; Rivas Casado et al., 2017). By 

combining the DTM and aerial photographs, it is also possible to 

produce georeferenced orthophotos that can be integrated into the 

4D GIS and serve as additional support for analysis, especially 

on smaller scales (Dawod et al., 2014). The advantages that 

UAVs can provide for the survey of small areas, as meander 

bends, are however very interesting. UAVs are alternatives to 

quickly recording data (images) to compute a 3D model of a 

small area. In fact, UAVs show the advantage of being 

inexpensive, whether in financial or human terms, and their size 

and weight make them easy to deploy and implement. 

Considering these advantages, a photogrammetric monitoring 

using UAV was carried out along the concave bank of the most 

active meander of the Moselle River in order to better understand 

and model the lateral migration of the river. In order to survey 

this fluvial morphodynamic process more closely, a 4D GIS has 

been established along the meander bend. The objective of this 

monitoring is to assess the bank erosion rates according to 

hydrodynamic parameters (discharges, water levels, flow 

velocities, shear stresses, etc.) and geotechnical properties of the 

eroded bank (rest angle, bank sediment stratigraphy, vegetation, 

etc.). Subsequently, comparison of observed vs modelled bank 

retreat should allow calibrating the geotechnical parameters into 

a 2D hydro-sedimentary model. This paper is divided into three 

parts which: (i) describe steps from photogrammetric monitoring 

to point of clouds construction, (ii) present a method to extract 

bank profiles and (iii) show how to integrate photogrammetric 

data into a GIS also including other topo-bathymetric data.  

 

1.1 Study site 

The Moselle River drains a catchment area of 1976 km² from its 

source at Bussang in the Vosges Mountains to Tonnoy at the 

Lorraine plateau. The "Wild Moselle" regional nature reserve 

extends over 13 km at the western foothills of this massif. The 

river's hydrological regime is characterized by high flow in 

winter and spring and rather low flow in summer. Its average 

slope is 0.12 % and its average bankfull width is 60 m. The load 

originates quasi-exclusively from bank erosion. Although this 

sector is relatively less affected by local past or present human 

activities (bank stabilization, river bed gravel extraction, 

floodplain gravel mining, etc.), the propagation of 

morphodynamic adjustments initiated by actions carried out both 

upstream and downstream this sector impact the current 

functioning of the river: regressive and progressive erosions that 

can foster strong lateral erosion, meander cutoff, channel 

contraction, etc. So the waves of both regressive and progressive 

erosion converge today towards the central part of the reserve, 

which led to the collapse of the central pier of the Bainville-aux-

Miroirs' bridge during a 2-year flood in 2011. These dynamics 

could also induce a potential risk of avulsion which may 

destabilize other infrastructures along the studied river reach. In 

this context, the underway study aims to characterize and 

anticipate morphological evolutions of the Moselle River to be 

able to propose scenarios of management and restoration of the 

lateral mobility of the river. To reach this purpose, a 2D hydro-

sedimentary model is being built over the entire natural reserve, 

which is combined with a detailed morpho-sedimentary 

monitoring. This consists in topo-bathymetric LiDAR data, 

hydrological surveys (limnimeters, ADCP - Acoustic Doppler 

Current Profilers), and morpho-sedimentary surveys (sediment 

tracking - 2500 pit-tags, grain size measurements on both surface 

and subsurface). 

 

 
a. Catchment of the Moselle River upstream Tonnoy 
b. Valley bottom of the Moselle River from Châtel-sur-Moselle to Tonnoy 
c. “Wild Moselle” Regional naturel reserve and 
d. Studied meander bend 

 

Figure 1: Study site location.  

 

 

2. BANK SURVEY 

2.1 From UAV photogrammetric data acquisition to point 

clouds 

To highlight the evolutions of the banks of the Moselle, it is 

necessary to be able to compare topographical data at different 

dates. In order to obtain results showing significant changes, it 

was decided to acquire data after each morphogenic flood, when 

the water level was low enough to characterize the complete bank 

profile, from the bank top to the bank toe. As shown in Figure 4, 

several floods occurred during 2018-19. For accessibility, timing 

and organization reasons, four dates were chosen for the 

recording of in situ data. As previously defined, it was decided to 

test the acquisition of photogrammetric data using a DJI Phantom 

3 UAV. The covered area consisted in the concave bank for a 

length of about 700 m.  

Following the classic considerations (Remondino et al., 2011), a 

typical image-based surveying with UAV systems requires a 

mission planning, GCPs measurement for geo-referencing, 

image recording, camera calibration, and image orientation, 

image processing for 3D modeling and information extraction. 

The first date was an experimental operation to define the first 

state of the meander and to calibrate the field operations. 

More than 1,000 images (Table 1) were recorded during each 

mission, whether in nadiral or oblique shots (Figure 2). On some 

of them, coded circular targets are visible. These were used to 

materialize GCP (Figure 3): the GCP coordinates were then 

measured with a geodetic GNSS receiver. The measured and 

automatically extracted points using Agisoft Metashape software 

are in the centre of the targets and their coordinates have been 

determined in the French RGF93-CC49 system. 
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The flight plan was executed manually. As authorized in France 

for visual drone flights, it consisted of several 300 m long areas. 

Each areas was recorded in multiple passages with nadiral shots 

and several passages with oblique views at 30° and 60°, 

perpendicular to the bank or inclined by 30°. The overlapping of 

the successive photos is about 60%. The flight time of about 

twenty minutes made it possible to make these shots without 

problems. The shooting trigger was set to automatic shooting at 

2 s. The height of the flight was between 20 and 40 meters which 

allowed to obtain a pixel size of 1 cm. 

 

Limnimeters have also been located upstream and downstream 

of the meander in order to records water heights during the 

studied periods. 

 

 
 

 

Figure 2: Nadiral (top) and oblique (down) images of the 

studied bank.  

 

Generation of point clouds.  

Large quantities of images were therefore acquired by drone for 

each measurement campaign. Among this mass of data for each 

campaign, a sorting was carried out, to preserve only images with 

a good quality. 

Two selection methods were applied: (i) a qualitative selection 

apparent to a visual analysis of the images to eliminate the 

unusable images (duplicates, under or overexposed images). In 

this first method, the operator's analysis is heavily used to make 

a manual selection; (ii) a quantitative selection using the 

Metashape software to estimate the quality of an image, by 

means of a coefficient. A blurry image, therefore unusable, will 

have a coefficient of 0.50. To maintain only good quality images, 

the acceptability threshold for this coefficient has been set at 

0.75. Figure 2 shows the number of images acquired and the 

number finally used in processing, corresponding to a ratio from 

about 50 to 80%. In the end, the selection was a little harsher for 

the first and third acquisition campaign because of the weather 

conditions (very hot sunshine). Nevertheless, the number of 

photos used was sufficient to meet the overlay criteria. 

 

 

Table 1: Images used 

 

The UAV used to take pictures of the meander was a DJI 

Phantom 3 pro drone. This device has the advantage of being 

light and easy to handle. It has its own positioning system 

(GNSS) which gives the position of the drone at each shot with a 

quasi-metric accuracy. However, this relative inaccuracy has 

been a disadvantage in the calculation of precise camera 

locations since the software relies on these initial values. 

Consequently, the coordinates available in the metadata (Exif) of 

the images were not used. 

 

 

Figure 3: Bank morphology and coded targets as GCPs 

 

Identification and visualization of GCPs in a GIS. 

As the length of the studied meander is quite substantial, the 

number of available coded targets for georeferencing was too 

low. These were therefore reused several times using the same 

cut-out as allowed by the maximum flight distances. The targets 

were renamed and matched thanks to their location in a GIS layer 

(Figure 4). 

 

 
 

Figure 4: GCPs in GIS layer 

 

Creation of the point clouds: For organizational reasons, each 

model was divided into Chunks, treated separately, and then 
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merged into a single point cloud per campaign. The different 

processing steps followed a classic photogrammetric process: (i) 

relative orientation of the images – Align Photos – to move from 

image coordinates to model coordinates from which a sparse 

point cloud can be generated. This was done through the 

automatic extraction of key points in each image which are then 

paired with the key points of neighboring images to generate tie 

points. Sfm (Structure from motion) algorithms then allowed the 

calculation of the relative orientation of the images from which 

was deduced a 3D point cloud; (ii) georeferencing of the point 

cloud thanks to the GCPs imported and detected automatically 

(markers) thanks to the coded targets - Optimize Camera -. The 

accuracy of the different obtained 3D models was about 2-3 cm; 

(iii) another adjustment was undertaken, but this time to check 

the criterion of accuracy. Some GCPs were transformed into 

Check Points. Errors on Check Points were always greater than 

errors on GCPs which denotes an existence of a systematism that 

could be explained by a pixel size larger than the precision of the 

coordinates. However, we get an accurate model. The next step 

is the generation of the dense point cloud - Build Dense Cloud -. 

At this level, the software increases the amount of points by 

densifying the cloud from the images. Densification quality 

parameters can be set at this stage. The number of points in high 

quality is, for example, four times higher than that obtained by 

placing the parameter at Medium. For example, for a band 700 m 

long over a depth of 30 m, 4.4 million and 1.1 million of points, 

respectively. Last step was to clean out the unnecessary noises 

and points and reduce the model to a 10 m strip around the bank. 

After this stage, 4 georeferenced 3D point clouds, denoised and 

cleaned were available for analysis and interpretation (Figure 5). 

 

 

Figure 5: Planimetric evolution of the meander bend during 

the studied period 

 

2.2 Profile extraction 

From these point clouds, it was possible to analyze the erosion of 

the banks over time, and in particular the impact of each flood. 

The best way to show the planimetric evolution was to directly 

compare the four point clouds. For this we used the 

CloudCompare software package, which is a tool allowing to 

compare of point clouds. This analysis is intended to identify 

areas of high and low bank retreat. The interoperability between 

Metashape and CloudCompare was achieved through the LAS or 

OBJ formats. LAS is a file format designed for the interchange 

and archiving of LiDAR point cloud data. It is an open, binary 

format specified by the American Society for Photogrammetry 

and Remote Sensing (ASPRS). The format is widely used and 

regarded as an industry standard for LiDAR data. From our field 

observations, we expected significant deviations (in the order of 

several meters). Despite CloudCompare is an adequate tool to 

distinguish changes between two nearby point clouds (for 

example, for auscultation), but was not efficient in our case. We 

therefore used the overlay of georeferenced point clouds to 

quantify the bank erosion. 

It was then necessary to analyze the bank evolutions with another 

medium to have more information about it. The realization of 

cross-sections is an interesting option, but only with a 2D view 

(in this case x and z). Metashape does not offer tools to directly 

calculate profiles. For this reason the data were exported and 

superimposed in 3DReshaper software package. The realization 

of cross-sections required the definition of an axis according to 

which these were to be calculated. For such needs, all point 

clouds have to rasterized in CloudCompare with a grid size of 1 

m, when local slopes were calculated using ArcGIS package. 

Based on slope discontinuity, a line was draw along the river 

banktop for each campaign, from the limnimeter to the 

downstream opposite side. Considering that profiles were built 

perpendicularly to the banktop line, this line was smoothed using 

Bezier curves tools, in order to estimate as far as possible vertical 

profiles. The reference line chosen to build profiles was the 

banktop line of the first acquisition. Vertical profiles were 

automatically extracted each 10 m using 3DReshaper software 

with a section thickness of 0.01 m and a maximal edge distance 

of 0.5 m. Profiles were extracted from 0 to 540 m which 

corresponds to the overlapping area between all surveys. The 

profiles length of 15 m is constant and corresponds to the 

observed maximal bank retreat. 

Extracted profiles were manually cleaned in Autodesk in order to 

remove points corresponding to vegetation and smooth the bank 

profiles. Each cleaned 2D lines was saved as DXF AutoCAD file 

and a Matlab program was developed in order to automatically 

open these files and superimpose them (figure 6). 

The stratigraphical limit between the fine and coarse sediment 

layers was visually defined using point cloud textured 3D model 

of the first survey, because the image brightness allowed to 

identify both layers. 

The elevation of this limit was supposed to be constant during the 

surveying period. 

 

 

Figure 6: Bank retreat observed at 220 m from 2020-03-26 to 

2019-04-03 

 

Submerged data was however not exploitable in the sense that it 

was highly noisy, due to the reflection of water and the change 

of medium. Therefore, to be consistent, each profile was cut off 

at the elevation corresponding to the highest water level being 

observed during all of the surveys. In fact, water levels of the first 

and last surveys were relatively low and similar, but the water 

level of the third survey was 60 to 70 cm higher. Thus, the water 

level measured during this campaign was used as lowest 

reference. This shows the importance to collect data during low 

flow in order to dispose of the most complete bank profile. But, 

as indicated in figure 7, available survey windows were restricted 

over the year and especially during the spring and the winter.   
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Figure 7: Hygrogram recorded during the studied year 

 

 

3. DIACHRONIC PROFILE ANALYZES 

Areas under each bank profile (figure 6) were calculated in 

Matlab and the eroded surfaces were deduced by subtracting 

values obtained between each survey. As the bank height varied 

along the meander bend, each bank profile was normalized, in 

order to be able to compare the surface eroded between profiles 

extracted at different locations. Therefore, for each profile, the 

banktop elevation was considered as 1 m, while the bank toe 

elevation was considered as 0 m. Thus, if between two surveys, 

the bank retreated of 1 m and the shape of the both bank profiles 

was constant, the calculated eroded surface equals 1 m². For each 

profile, eroded areas were cumulated and represented in figure 8. 

There are no values at 400 m because of the presence of a tree, 

which felled into the channel during the study. Finally, in order 

to compare the observed eroded areas to the observed retreats of 

the banktop, a Matlab program was developed to automatically 

identify banktop positions along the profiles. Banktop retreats of 

the first studied flood were not represented because the banktop 

positions were nearly identical. 

 

 

Figure 8: Cumulative normalized eroded areas (diagrams) 

and corresponding banktop retreats (curves) 

 

Results show that concave bank of the meander bend was barely 

eroded between the first and the second surveys corresponding to 

an unique flood that occurred in March 2018. This means that 

bank erosion threshold lies close or above to a discharge of 

approximately 120 m3/s. Comparison between second and third 

surveys shows that bank erosion of the meander bend started at 

30 m and ended at 500 m (fig. 9). Maximal bank retreats were 

observed between 240 m and 350 m with an average value of -8 

m. On the whole, the plan view of the observed bank retreat is 

oval shaped, with discontinuities located around 150 m and 400 

m. Between 120 m and 150 m, the thickness of the fine sediment 

layer reached 1 m to 1.5 m, while this value was about 0.4 m to 

0.5 m along the whole meander. This stratigraphic variation of 

the bank profile is due to the presence of a paleochannel that was 

filled by fine sediments over the time. Another paleochannel was 

also visible at 270 m, 350 m and 410 m, but with a reduced width 

(5-10 m) and depth (0.6-0.8 m). However, the erodibility of the 

fine sediment layer is lower than this of the gravel layer, due to 

cohesion forces. Thus, the presence of former channels into the 

concave bank controls the bank retreat rate, and more generally 

the current morphodynamics of the meander (Eschbach et al., 

under review).  

Furthermore, bank retreat discontinuities observed at 150 m and 

400 m are also due to the presence of a road that was eroded 

during 2011 and which currently continues to be eroded (figure 

5). Along this road some trees are now located close to the 

banktop and their roots now enhance the bank stability. However, 

at 400 m, it is no longer the case as shown by the comparison 

between the third and the fourth surveys. During the two last 

survey periods, observed bank erosions were concentrated in the 

center part of the meander bend, but were slightly higher in the 

downstream part of the meander bend. Maximal bank retreat was 

in average 14 m which results in a total bank erosion of 14 m 

during the last survey period. Globally, banks were stable at the 

beginning and the end of the meander bend due to low hydraulic 

conditions and also because they are stabilized by vegetation, 

blocks and/or fine sediments. 

 

4. INTEGRATION OF PHOTOGRAMETRIC DATA 

INTO GIS AND COUPLING WITH BATHYMETRIC 

DATA 

The point cloud extracted from the last photogrammetric 

campaign was combined with a bathymetric survey in order to 

study the development of the meander bend. Bathymetric data 

were collected using an acoustic Doppler current profiler 

(ADCP) coupled with an accurate differential GPS (DGPS). 

Recorded water depths were associated to DGPS coordinates 

during the post-processing via timecode according to a time step 

of 1 second. Field measurements were carried out after the 

photogrammetric campaign at higher water levels to have an 

overlay between both datasets and facilitate point clouds 

merging. The boat trajectory followed a zigzag path from one 

side to the other side of the river to optimized the river bed 

mapping and simplify interpolation between each transects. 

Some longitudinal profiles were also carried over the thalweg 

and along both river banks to complete this dataset and 

characterize the maximum lateral extension of the river bend. 

However, longitudinal extension of the bathymetric survey was 

reduced to the central part of the meander compared to 

photogrammetric surveys due to riffles located at each bend 

inflection which prevents taking measurements from a boat. 

Moreover, as the water levels were low during the survey, 

acoustic beams were concentrated in a small area and lateral 

beams did not improve the river bed mapping. Therefore, only 

the vertical beam was used to map the meander bend bottom. 

These bathymetry points were interpolated using a Triangular 

irregular networks (TIN) available in ArcGIS software. Edges of 

the TIN were manually adjusted in order to connect nodes 

between transects according to flow paths. Some bathymetry 

outlier points were delete as well during the TIN construction. 

Meanwhile, image-based point clouds was rasterized in 

CloudCompare, with a grid size of 1 m, to be consistent with the 

LiDAR resolution. This raster was converted to points and points 

were added to the previous TIN. During these steps, data 

resolution was altered by averaging elevation of points contained 

in cells, but this process is considered as negligible at the scale 

of our study. Results may however be affected by this approach 

in case of over-hanging riverbanks, in this instance cantilevered 

bank profile are replaced by a vertical wall throughout 

rasterization. As shown in this study, the cantilever is not the 

main bank failure mechanisms along the meander bend, which 

justifies the method we used. Likewise, this data are integrated 

in a 2D mesh and modelling results will be compared to a topo-
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bathymetric LiDAR. So, the bank retreat of the basal layer will 

not be investigated here. 

Furthermore, before merging photogrammetric and bathymetric 

point clouds, underwater points were deleted from the image-

based dataset. Indeed, elevation accuracy of underwater points 

was difficult to estimate without underwater ground control 

points at the time of the survey. However, the influence of 

refraction on underwater three-dimensional reconstruction may 

be estimated, but this may also be affected by the water turbidity. 

Considering that turbidity varied from one campaign to the other, 

integration of underwater points did not seem relevant as a quick 

and easy way to study bank retreat. In fact, most surveys were 

carried out with a water level below the bank toe. So, all the bank 

profiles were characterized satisfactorily. At the end of the data 

processing, the TIN model including concave bank and river bed 

was converted to a raster with a grid size of 1 m. 

Comparison between bathymetric surveys and LiDAR topo-

bathymetric acquisition shows an average offset of 9 cm of the 

river bed elevation all over the reserve. Although absolute 

elevation of photogrammetric and bathymetric data is supposed 

to be more reliable than LiDAR data, it was more convenient to 

shift the elevation of the raster over the meander bend than over 

the whole river reach. Indeed, as part of this study, monitoring of 

morphological evolution of the river bend allows to use relative 

elevations. 

Finally, both meander and LiDAR rasters were superimposed 

and mosaiced together in order to constitute the pre-flood 

topography. This approach was possible because the LiDAR 

acquisition followed the studied flood, without that other 

morphogenic events occurred. In fact, we could also use the 

LiDAR from the past year to build the pre-flood state, but 

occurrence of several floods before studied period made us 

consider that post-flood LiDAR was more representative of the 

initial topography of the river. However, post-flood LiDAR 

acquisition took place at the end of the summer, mass failures 

could also have occurred due to river dewatering, which may 

have modified bank profiles without floods. Thus, eroded areas 

could be overestimated by this comparison, but at the scale of the 

observed bank retreat this potential amount of sediment is 

considered to be negligible. Comparison of pre and post-flood 

states is presented in figure 9, the TIN model based on 

bathymetric and photogrammetry cloud of points overlay LiDAR 

Digital Elevation Model (DEM). Four cross-sections were 

extracted from both DEM and superposed in order to show the 

morphological evolution of the river bend:  

- first cross-section shows that pre-flood profile is well fitted to 

post-flood profile at the upstream part of the meander. This 

shows that no lateral erosion occurred during the studied period 

on this area; 

- this was also the case at the end of the river bend, downstream 

the last cross-section. This confirms that TIN elevation is well 

adjusted to the LiDAR DEM and validates the accuracy of data 

acquisition and of the TIN construction process; 

- intermediate cross-sections also show a good fit between field 

measurements and LiDAR acquisition when comparing 

floodplain elevations. The fact that not morphological evolutions 

are observed between pre and post-flood states at the TIN 

extremities ensures that field surveys extends enough upstream 

and downstream of the studied area. 

 

 

 

 

Figure 9: Extracted cross-sections of pre-flood TIN model and post-flood LiDAR DEM of the meander bend. 
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As presented in figure 9, maximal bank retreat was observed in 

the bend apex where approximately 4 m of bank material was 

eroded. Bathymetric survey contributes to study the 

morphological evolution of the river bed throughout meander 

lateral migration. Regardless to the cross-section position, results 

show that river depths remain relatively unchanged with the 

development of the meander bend. The deepest and shallowest 

sectors were respectively located at the upstream and 

downstream extremities of the studied sector, which is in 

accordance with a pool-riffle fluvial forms. In fact, riffle areas 

are generally located at bend inflections and spatial distribution 

of this geomorphological units remains relatively constant over 

time. Although, meander shifting dynamics does not appear to 

modify cross-sections shape, sediment deposition rates at the 

convex bank seems to be longitudinally distributed. Indeed, the 

amount of sediment deposited at the middle and the tail of this 

bank (cross-sections T5 and T7) is significantly lower than at his 

head (cross-section T3). These dynamics are associated with the 

progradation of the point bar head to the downstream direction as 

the meander bend develops. As highlighted by a step of a few 

centimeters at the junction between pre and post-flood states 

(cross-section T3), the progradation of bar head leads to 

overestimate the bar head elevation at the pre-flood state. Indeed, 

without photogrammetric or bathymetric data, the initial 

topography of the emerged convex bank was characterized by 

data acquired during LiDAR surveys. This local topographic 

extrapolation could change flow patterns modelling which could 

influence sediment transport results. Therefore, we suggest to 

conduct at the same time photogrammetric monitoring over the 

concave and the convex banks in order to survey the 

morphological evolution of the entire meander bend. They are 

other elements that could impact results of hydro-morphological 

modelling such as log-jams or riparian vegetation (Eschbach, 

under review). Fortunately, prior to the beginning of this study, a 

ten-year flood removed all log-jams of the meander bend, so that 

hydraulic effects of log-jams became negligible. 

 

5. CONCLUSION 

This project located on a particularly active meander of the 

Moselle River is part of a larger project that extends over the 

“Wild Moselle” nature reserve. The accurate 3D information 

acquired over several periods allows to follow the evolution of 

the banks in a particularly accurate way. The implementation of 

the drone, coded targets and GPS allows the acquisition of data 

for the monitoring of the banks in only a few hours. 

Data processing needs the same time laps, and the process put in 

place as well as Matlab workflow now makes possible to 

generate profiles and calculate volumes of bank erosion 

automatically. It is thus that such a project makes it possible to 

meet specialists from different fields, including topography and 

cartography with those of fluvial geomorphology. 

 

6. PERSPECTIVES 

A great amount of data has been acquired in recent years to study 

the Moselle River.  

3D treatments play a fundamental role in modelling the 

knowledge of hydro-morphological phenomena. 

The temporal dimension is also of crucial importance, especially 

in a context of high river morphodynamics. All data will be 

useful to build, calibrate and validate a 2D hydraulic and morpho-

sedimentary model, to propose scenarios of management and 

restoration of the lateral mobility of the Moselle River. 

 

 

 

 

Figure 10: Stitched panoramic image of the studied meander (2019-03) 
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