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!ōǎǘǊŀŎǘ 

²ƛǘƘ ǘǊŀŘƛǝƻƴŀƭ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ǎŜŜƴ ŀǎ Ŏƻǎǘƭȅ ŀƴŘ ƴƻ ƭƻƴƎŜǊ ŀōƭŜ ǘƻ ƳƛǝƎŀǘŜ ǘƘŜ ŜũŜŎǘǎ ƻŦ 

ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΣ bŀǘǳǊŀƭ CƭƻƻŘ aŀƴŀƎŜƳŜƴǘ όbCaύ Ƙŀǎ ōŜŎƻƳŜ ǘƘŜ ƴŜǿ ǇŀǊŀŘƛƎƳΣ ǘƻ 

ŎƻƳǇƭŜƳŜƴǘ ƘŀǊŘ ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ƛƴ ŀ ƭŜǎǎ ŜȄǇŜƴǎƛǾŜ ŀƴŘ ƳƻǊŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭƭȅ 

ǎǳǎǘŀƛƴŀōƭŜ ǿŀȅΦ ¦ƴƭƛƪŜ ƘŀǊŘ ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ǿƘƛŎƘ ǎǇŜŜŘǎ ǘƘŜ ƅƻǿ ǘƘǊƻǳƎƘ 

ŎƻƳƳǳƴƛǝŜǎΣ bCa ǎƭƻǿǎ ǘƘŜ ƅƻǿ ǘƘǊƻǳƎƘ ǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘǎ ŀƴŘ ǊŜŘǳŎŜǎ ǘƘŜ ƅƻƻŘ ǇŜŀƪΦ 

bCa ŎƻǳƭŘ ƛƴǾƻƭǾŜ ǇƭŀƴǝƴƎ ǊƛǇŀǊƛŀƴ ŀƴŘ ƅƻƻŘǇƭŀƛƴ ǿƻƻŘƭŀƴŘΣ ƛƴǎǘŀƭƭƛƴƎ ǿŀǘŜǊ ǎǘƻǊŀƎŜ ǇƻƴŘǎΣ 

ǊŜπƳŜŀƴŘŜǊƛƴƎ ǿŀǘŜǊ ŎƻǳǊǎŜǎ ŀƴŘ ƛƴǎǘŀƭƭƛƴƎ ŜƴƎƛƴŜŜǊŜŘ ǿƻƻŘȅ ŘŜōǊƛǎ ŘŀƳǎ ό²55ǎύΦ IƻǿŜǾŜǊΣ 

ǘƘŜ ŜǾƛŘŜƴŎŜ ōŀǎŜ ƻŦ bCa ƛǎ ǊŜƭŀǝǾŜƭȅ ƴŜǿ ŀƴŘ Ƴŀƴȅ ƎŀǇǎ ǊŜƳŀƛƴΣ ŜǎǇŜŎƛŀƭƭȅ ŀōƻǳǘ ƛǘǎ 

ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ƭŀǊƎŜ ƅƻƻŘ ŜǾŜƴǘǎΦ ¢ƻ ƎƛǾŜ ŎƻƴŬŘŜƴŎŜ ƛƴ ǘƘŜ ƛƳǇƭŜƳŜƴǘŀǝƻƴ ƻŦ bCaΣ ŀ Ǌƻōǳǎǘ 

ǎŎƛŜƴǝŬŎ ŜǾƛŘŜƴŎŜ ōŀǎŜ ƛǎ ƴŜŜŘŜŘ ŀƴŘ ǘƻ ǘƘƛǎ ŜƴŘ ǘƘŜ ¦ƴƛǘŜŘ YƛƴƎŘƻƳ ό¦Yύ ƎƻǾŜǊƴƳŜƴǘǎ ƘŀǾŜ 

ƛƴǾŜǎǘŜŘ ƛƴ bCa ǇǊƻƧŜŎǘǎ ŦƻǊ ǊŜǎŜŀǊŎƘΦ 

9ƴƎƛƴŜŜǊŜŘ ²55ǎ ŀǊŜ ƛƴǎǘŀƭƭŜŘ ƛƴ ǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘǎ ŀǎ ǇŀǊǘ ƻŦ ƴŀǘǳǊŜπōŀǎŜŘ ǎƻƭǳǝƻƴǎ ǘƻ 

ǊŜŘǳŎŜ ƅǳǾƛŀƭ ƅƻƻŘ ǊƛǎƪΦ ¢ƘŜȅ ŀǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ǎƭƻǿ ǘƘŜ ƅƻǿ ǘƘǊƻǳƎƘ ǘƘŜ ŎŀǘŎƘƳŜƴǘΣ ŜƴƘŀƴŎŜ 

ŎƘŀƴƴŜƭ ƅƻƻŘǇƭŀƛƴ ŎƻƴƴŜŎǝǾƛǘȅ ŀƴŘ ƛƴŎǊŜŀǎŜ ǘŜƳǇƻǊŀǊȅ ǿŀǘŜǊ ǎǘƻǊŀƎŜΣ ǎƻ ŀǧŜƴǳŀǝƴƎ ǘƘŜ 

ƅƻǿΦ !ǎ ǘƘŜ ŜũŜŎǘ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭ ²55 ƛƴ ǎƭƻǿƛƴƎ ǘƘŜ ƅƻǿ ƛǎ ǎƳŀƭƭΣ ŀ ƭŀǊƎŜ ƴǳƳōŜǊ ƛǎ ǊŜǉǳƛǊŜŘ 

ŀǘ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜΦ IȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ Ƙŀǎ ōŜŎƻƳŜ ƛƴŎǊŜŀǎƛƴƎƭȅ ǇƻǇǳƭŀǊ ǘƻ 

ǇǊŜŘƛŎǘ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ƳǳƭǝǇƭŜ ²55ǎ ƛƴ ŀǧŜƴǳŀǝƴƎ ǘƘŜ ƅƻǿ ŀǘ ǘƘŜ ƭŀǊƎŜǊ ǎŎŀƭŜΦ 

IƻǿŜǾŜǊΣ ǿƛǘƘ ƴƻ ǎǘŀƴŘŀǊŘƛǎŜŘ ǘƻƻƭ ǘƻ ǎƛƳǳƭŀǘŜ ǘƘŜƳ ŀƴŘ ŀ ƭŀŎƪ ƻŦ ǉǳŀƴǝŬŀōƭŜ ŜƳǇƛǊƛŎŀƭ Řŀǘŀ 

ǘƻ ǾŀƭƛŘŀǘŜ ǊŜǎǳƭǘǎΣ ǳƴŎŜǊǘŀƛƴǘȅ ǊŜƳŀƛƴǎ ƛƴ ǊŜǇǊŜǎŜƴǝƴƎ ²55ǎ ƛƴ ǘƘŜ ƳƻŘŜƭƭƛƴƎ ŘƻƳŀƛƴΦ 

¢Ƙƛǎ ǊŜǎŜŀǊŎƘ ƛƴǾŜǎǝƎŀǘŜǎ ǘƘŜ ŜŶŎŀŎȅ ƻŦ ŀ ƴŜǘǿƻǊƪ ƻŦ ²55ǎΣ ƛƴ ŀǧŜƴǳŀǝƴƎ ǇŜŀƪ ƅƻǿΦ ¢ƻ 

ŀŘŘǊŜǎǎ ǘƘƛǎ ŀƛƳΣ ǘƘƛǎ ǘƘŜǎƛǎ ŜȄŀƳƛƴŜǎ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ²55 ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴΣ ƻƴ ǎŜŘƛƳŜƴǘ 

ǘǊŀƴǎǇƻǊǘ ŘȅƴŀƳƛŎǎΣ ǘƻ ƛƴŦƻǊƳ ǘƘŜ ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŀ ǎǳƛǘŀōƭŜ ƘȅŘǊŀǳƭƛŎ ǳƴƛǘ ŦƻǊ ǳǎŜ ƛƴ ŀ ƘȅŘǊƻπ

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭΦ !ǎ ƭƻŎŀƭ ǎŎƻǳǊ ƛǎ ŦǳƴŘŀƳŜƴǘŀƭ ŦƻǊ ƛƴǾŜǎǝƎŀǝƴƎ ²55 ŘŜǎƛƎƴΣ ǇǊƻǾƛŘƛƴƎ 

ƛƴǎƛƎƘǘ ƛƴǘƻ ǘƘŜ ƘȅŘǊŀǳƭƛŎǎ ŀǘ ²55ǎΣ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘ ŀƴ ŜǊƻŘƛōƭŜ ōŜŘΣ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ 

ǘƻ ƛƴǾŜǎǝƎŀǘŜ ōŀǘƘȅƳŜǘǊƛŎ ŎƘŀƴƎŜǎ ƛƴ ǊŜǎǇŜŎǘ ǘƻ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴΦ {ǘǊǳŎǘǳǊŜǎ ǿŜǊŜ ŎƻƳǇƻǎŜŘ 

ƻŦ ǘƘǊŜŜ ƘƻǊƛȊƻƴǘŀƭ ǿƻƻŘŜƴ ƪŜȅ ƳŜƳōŜǊǎ ǎǘŀŎƪŜŘ ǾŜǊǝŎŀƭƭȅ ƻƴŜ ŀōƻǾŜ ǘƘŜ ƻǘƘŜǊΣ 

ǊŜǇǊŜǎŜƴǘŀǝǾŜ ƻŦ ²55ǎ ƛƴǎǘŀƭƭŜŘ ŀǘ ²ƛƭŘŜǊƘƻǇŜ .ǊƻƻƪΣ {ƘǊƻǇǎƘƛǊŜΣ ¦YΦ ²55 ŘŜǎƛƎƴ ŎǊƛǘŜǊƛŀ 

Ǉƭŀȅǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ŜǎǘŀōƭƛǎƘƛƴƎ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ ǿƛǘƘ ƪŜȅ ƳŜƳōŜǊ 

ƘŜƛƎƘǘǎ ŀōƻǾŜ ǘƘŜ ōŜŘ ŀƴŘ ƎŀǇǎ ōŜǘǿŜŜƴ ƪŜȅ ƳŜƳōŜǊǎ ŀƭǘŜǊƛƴƎ ƅƻǿ ƘȅŘǊŀǳƭƛŎǎΦ ¢ƻ ǾŜǊƛŦȅ 
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ŜȄǇŜǊƛƳŜƴǘǎ ŎƻƴŘǳŎǘŜŘ ƛƴ ǘƘŜ ƅǳƳŜΣ ǘƘŜ ƅǳƳŜ ǿŀǎ ǎƛƳǳƭŀǘŜŘ ƛƴ CƭƻƻŘ aƻŘŜƭƭŜǊ ǾсΦмΦ ǳǎƛƴƎ 

м5Σ м5πн5 ƭƛƴƪŜŘ ŀƴŘ н5 ƳƻŘŜƭǎΦ IȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ ǿŀǎ ǳǎŜŘ ǘƻ ŀǎŎŜǊǘŀƛƴΣ ōŜŘ 

κ ōƻǳƴŘŀǊȅ ǎƘŜŀǊ ǎǘǊŜǎǎ ŘƛǎǘǊƛōǳǝƻƴǎΣ ǾŜƭƻŎƛǘȅ ǇǊƻŬƭŜǎ ŀƴŘ ƅƻǿ ŘŜǇǘƘǎ ǿƘŜǊŜōȅ ǎǘŀǝǎǝŎŀƭ 

ŀƴŀƭȅǎƛǎ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǘƻ ŜȄŀƳƛƴŜ ǘƘŜ ŀŎŎǳǊŀŎȅ ƻŦ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ǳƴƛǘ ǘƘŀǘ ǿŀǎ ǳǎŜŘ ǘƻ 

ǊŜǇǊŜǎŜƴǘ ²55ǎΦ 

¢ƻ ŦǳǊǘƘŜǊ ŜȄŀƳƛƴŜ ²55 ƛƴŘǳŎŜŘ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŜũŜŎǘǎ ƛƴ ǘƘŜ ǊŜŀƭπǿƻǊƭŘΣ ŀ ŬŜƭŘ ǎǳǊǾŜȅ ŀǘ 

²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ όнлмфύ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ǿƘƛŎƘ ƛƴǾƻƭǾŜŘ ŜȄŀƳƛƴƛƴƎ ŎƘŀƴƴŜƭ ǇƭŀƴŦƻǊƳ 

ŀŘƧǳǎǘƳŜƴǘ ōȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ǎǳǊǾŜȅŜŘ ǿŀǘŜǊ ŎƻǳǊǎŜ ǘƻ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǎΦ ¢ƻ ŜȄŀƳƛƴŜ Ƙƻǿ 

ŜũŜŎǝǾŜ ǘƘŜ ²55ǎ ŀǊŜ ŀǘ ŀǧŜƴǳŀǝƴƎ ǇŜŀƪ ƅƻǿ ƛƴ ǘƘŜ ǊŜŀƭπǿƻǊƭŘΣ ŎŀǘŎƘƳŜƴǘ ŘŜǎŎǊƛǇǘƻǊǎ 

ƻōǘŀƛƴŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ŬŜƭŘ ǎǳǊǾŜȅ ŜƴŀōƭŜŘ м5 ƘȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ ƻŦ ǘƘŜ 

ŎŀǘŎƘƳŜƴǘΦ ²55 ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ŀǧŜƴǳŀǝƴƎ ǇŜŀƪ ƅƻǿ ǿŀǎ ǎƛƳǳƭŀǘŜŘ ŦƻǊ ǘǿƻ ǎǘƻǊƳ ŜǾŜƴǘǎ 

ǿƛǘƘ ǊŜǎǳƭǘǎ ǾŜǊƛŬŜŘ ǳǎƛƴƎ ŬŜƭŘ ŘŀǘŀΦ  

¢Ƙƛǎ ǘƘŜǎƛǎ ƘŜƭǇǎ ǘƻ ƛƴŦƻǊƳ ƻǇǝƳŀƭ ²55 ŘŜǎƛƎƴ ŎǊƛǘŜǊƛŀ ŦƻǊ ǘƘŜ ŘŜǎƛǊŜŘ ŦǳƴŎǝƻƴ ƛƴ ǘƘƛǎ ǎǇŜŎƛŬŎ 

ƭƻŎŀǝƻƴΣ ǿƘƛƭŜ ƻũŜǊƛƴƎ ŀ ƘȅŘǊŀǳƭƛŎ ǎǘǊǳŎǘǳǊŀƭ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ǿƘƛŎƘ Ŏŀƴ ōŜ ƳŀƴƛǇǳƭŀǘŜŘ ǘƻ 

ŀŎŎƻǳƴǘ ŦƻǊ ǎŜŀǎƻƴŀƭ ŎƘŀƴƎŜǎΦ !ŘŘƛǝƻƴŀƭƭȅΣ ǘƘƛǎ ǘƘŜǎƛǎΣ ƛƴ ǇŀǊǘΣ ǎƘƻǿŎŀǎŜǎ ǘƘŜ ƻǇǝƳǳƳ ²55 

ŘŜǎƛƎƴ ŦƻǊ ǘƘŜ ŘŜǎƛǊŜŘ ŦǳƴŎǝƻƴ ŀƴŘ ǇǊƻǾƛŘŜǎ ŀ ƘȅŘǊŀǳƭƛŎ ǎǘǊǳŎǘǳǊŀƭ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ǳƴƛǘ ǿƘƛŎƘ 

ŀŘŘǊŜǎǎŜǎ ǘƘŜ ǊŜǎŜŀǊŎƘ ƎŀǇ ƛƴǘƻ Ƙƻǿ ōŜǎǘ ǘƻ ǎƛƳǳƭŀǘŜ ²55ǎ ƛƴ ǘƘŜ ƳƻŘŜƭƭƛƴƎ ŘƻƳŀƛƴ ŜƴŀōƭƛƴƎ 

ƛƳǇǊƻǾŜŘ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ǇƻǘŜƴǝŀƭ ŜŶŎƛŜƴŎȅ ƻŦ ƛƴǎǘŀƭƭŜŘ ²55ǎ ŀǘ ƻǘƘŜǊ ǊŜŀƭπǿƻǊƭŘ 

ǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘǎΦ  
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!ŎƪƴƻǿƭŜŘƎŜƳŜƴǘǎ 

L ǿƻǳƭŘ ƭƛƪŜ ǘƻ ŜȄǇǊŜǎǎ Ƴȅ ǘƘŀƴƪǎ ǇŀǊǝŎǳƭŀǊƭȅ ǘƻ Ƴȅ Ƴŀƛƴ ǎǳǇŜǊǾƛǎƻǊΣ 5Ǌ !ƴŘǊŜǿ /ǊŀȅŦƻǊŘ ŦƻǊ 

ŀƭƭ ǘƘŜ ǎǳǇǇƻǊǘ ŀƴŘ ƎǳƛŘŀƴŎŜ ƘŜ Ƙŀǎ ƎƛǾŜƴ ƳŜ ƛƴ Ƴȅ Ŭƴŀƭ ȅŜŀǊ ƻŦ ŎƻƳǇƭŜǝƴƎ Ƴȅ tƘ5Φ IŜ ƎŀǾŜ 

Ƙƛǎ ǾŀƭǳŀōƭŜ ǝƳŜ ǘƻ ǇǊƻǾƛŘŜ ƳŜ ǿƛǘƘ ǎǳǇǇƻǊǘ ŀƴŘ ƎǳƛŘŀƴŎŜ ƛƴ ŎƻƳǇƭŜǝƴƎ ǘƘŜ ǿƻǊƪΣ ƭƛǎǘŜƴŜŘ 
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1  

 

LƴǘǊƻŘǳŎǝƻƴ 

 

1.1. Context 

CƭǳǾƛŀƭ ƅƻƻŘǎ ŀǊŜ ƻƴŜ ƻŦ ǘƘŜ Ƴƻǎǘ ŎƻƳƳƻƴ ƴŀǘǳǊŀƭ ƘŀȊŀǊŘǎ ŀŎǊƻǎǎ ǘƘŜ ǿƻǊƭŘΣ ƭŜŀŘƛƴƎ ǘƻ ƭƻǎǎ 

ƻŦ ƭƛŦŜΣ ŘŜǎǘǊǳŎǝƻƴ ƻŦ ǇǊƻǇŜǊǘȅ ŀƴŘ ŜŎƻƭƻƎƛŎŀƭ ŘŀƳŀƎŜ ό5ŀŘǎƻƴ Ŝǘ ŀƭΦΣ нлмтύΦ ¢ƘŜ LƴǘŜǊƴŀǝƻƴŀƭ 

tŀƴŜƭ ƻŦ /ƭƛƳŀǘŜ /ƘŀƴƎŜ όLt//Σ нлмоύ ǇǊŜŘƛŎǘǎ ǘƘŀǘ ŘǳŜ ǘƻ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΣ 9ǳǊƻǇŜ ƛǎ ŀǘ ƘƛƎƘ 

Ǌƛǎƪ ƻŦ ŜȄǇŜǊƛŜƴŎƛƴƎ ƘŜŀǾȅ ǊŀƛƴŦŀƭƭ ŜǾŜƴǘǎ ǿƛǘƘ ŀ мл҈ ŀƴƴǳŀƭ ǊŀƛƴŦŀƭƭ ǊƛǎŜ ōȅ нмлл ŎƻƳǇŀǊŜŘ ǘƻ 

ōŜǘǿŜŜƴ мфурπнллрΣ ǿƛǘƘ ƛǘ ǇǊŜŘƛŎǘŜŘ ǘƘŀǘ ōȅ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ŎŜƴǘǳǊȅΣ ōƻǘƘ ǊŀƛƴŦŀƭƭ ǎŜǾŜǊƛǘȅ 

ŀƴŘ ŦǊŜǉǳŜƴŎȅ ǿƛƭƭ ƛƴŎǊŜŀǎŜΦ LƴǘŜƴǎŜ ǇǊŜŎƛǇƛǘŀǝƻƴ ƻǾŜǊ ŀ ǎƘƻǊǘ ŘǳǊŀǝƻƴ ǊŀƛǎŜǎ ǘƘŜ Ǌƛǎƪ ƻŦ ƅŀǎƘ 

ƅƻƻŘ ŜǾŜƴǘǎΦ ! ǎǘǳŘȅ ŎƻƴŘǳŎǘŜŘ ōȅ ǘƘŜ aŜǘ hŶŎŜ IŀŘƭŜȅ /ŜƴǘǊŜΣ Ǉƻƛƴǘǎ ƻǳǘ ǘƘŜǊŜ ƛǎ ƎǊƻǿƛƴƎ 

ŜǾƛŘŜƴŎŜ ƘŜŀǾȅ ǊŀƛƴŦŀƭƭ ŜǾŜƴǘǎ ƛƴ ǘƘŜ ¦Y ŀǊŜ ōŜŎƻƳƛƴƎ ƳƻǊŜ ŦǊŜǉǳŜƴǘΣ ŎƛǝƴƎ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ 

ŀǎ ŀ ǇƻǘŜƴǝŀƭ ŎŀǳǎŜ ό/ƘǊƛǎǝŘƛǎ Ŝǘ ŀƭΦΣ нлнмύΦ ¦ǎƛƴƎ Lt// ŎǳƳǳƭŀǝǾŜΣ ƘƛƎƘ ŜƳƛǎǎƛƻƴ ǎŎŜƴŀǊƛƻ /hн 

ŜƳƛǎǎƛƻƴǎΣ ǘƘƛǎ ǿƻǳƭŘ ŎǊŜŀǘŜ ŀ ǇǊŜŘƛŎǘŜŘ ǿŀǊƳƛƴƎ ƻŦ оΦр π пΦуϲ/ ōȅ нлул ǿƘƛŎƘ ǿƻǳƭŘ ŜȄǇƻǎŜ 

ŀ ŦǳǊǘƘŜǊ нрлΣллл π пллΣллл 9ǳǊƻǇŜŀƴǎ ǘƻ ǊƛǾŜǊ ƅƻƻŘ Ǌƛǎƪ όLt//Σ нлмпύΦ 

5ŜǾŜƭƻǇƛƴƎ ŎƻǳƴǘǊƛŜǎ ŀǊŜ ŜǎǇŜŎƛŀƭƭȅ ǾǳƭƴŜǊŀōƭŜ ǘƻ ǘƘŜ ƘŀǊƳŦǳƭ ŜũŜŎǘǎ ƻŦ ƅƻƻŘǎ ŀǎ ǘƘŜȅ ƭŀŎƪ ǘƘŜ 

ǎƻŎƛƻπŜŎƻƴƻƳƛŎ ŀƴŘ ƎƻǾŜǊƴƳŜƴǘŀƭ ǎǳǇǇƻǊǘ ǘƻ ŎƻǇŜΣ ǊŜǎǳƭǝƴƎ ƛƴ ŀ ƘƛƎƘ ƴǳƳōŜǊ ƻŦ ŦŀǘŀƭƛǝŜǎ 

ŘǳŜ ǘƻ ǘƘŜ ǊŜƭŀǝǾŜƭȅ ƭƻǿ ƭŜǾŜƭǎ ƻŦ ƅƻƻŘ ǇǊƻǘŜŎǝƻƴ ό¢ŀƴƻǳŜ Ŝǘ ŀƭΦΣ нлмсύΦ Lƴ ŘŜǾŜƭƻǇŜŘ 

ŎƻǳƴǘǊƛŜǎ ŦŀǘŀƭƛǝŜǎ ŀǊŜ ƭŜǎǎ ǇǊƻƳƛƴŜƴǘΣ ƘƻǿŜǾŜǊΣ ŎŀǇƛǘŀƭ ŘŜǎǘǊǳŎǝƻƴ ŀƴŘ ŜŎƻƴƻƳƛŎ ƭƻǎǎ Ŏŀƴ ōŜ 

ƘƛƎƘŜǊΦ {ƛƴŎŜ ǘƘŜ ƳƛŘπǘǿŜƴǝŜǘƘ ŎŜƴǘǳǊȅ ǘƘŜǊŜ Ƙŀǎ ōŜŜƴ ŀ ƳŀƧƻǊ ƛƴŎǊŜŀǎŜ ƛƴ ǎƻŎƛƻπŜŎƻƴƻƳƛŎ 

ƭƻǎǎ ŎŀǳǎŜŘ ōȅ ƅƻƻŘƛƴƎ Ƴŀƛƴƭȅ ŘǳŜ ǘƻ ǇƻǇǳƭŀǝƻƴ ƎǊƻǿǘƘΣ ƛƴŎǊŜŀǎŜŘ ŜŎƻƴƻƳƛŎ ŀŎǝǾƛǝŜǎ ƻƴ 

ƅƻƻŘǇƭŀƛƴǎ ŀƴŘ ƎǊŜŀǘŜǊ ŜȄǇƻǎǳǊŜ ŀƴŘ ǾǳƭƴŜǊŀōƛƭƛǘȅ ǘƻ ƅƻƻŘ Ǌƛǎƪ όWƻƴƎƳŀƴΣ Ŝǘ ŀƭΦΣ нлмнΤ 

²ƛƴǎŜƳƛǳǎ Ŝǘ ŀƭΦΣ нлмсύΦ 

tŜƻǇƭŜ Ƴƻǎǘ ǾǳƭƴŜǊŀōƭŜ ǘƻ ƅƻƻŘǎ ƎŜƴŜǊŀƭƭȅ ƭƛǾŜ ƻƴ ƅƻƻŘǇƭŀƛƴǎΣ ƭŀŎƪ ǿŀǊƴƛƴƎ ǎȅǎǘŜƳǎ ŀƴŘ ƘŀǾŜ 

ǇƻƻǊ ŀǿŀǊŜƴŜǎǎ ƻŦ ǘƘŜ ƅƻƻŘ ƘŀȊŀǊŘΦ 9ǾŜƴ ǘƘƻǳƎƘ ƅƻƻŘǇƭŀƛƴǎ ŦŀŎŜ ƛƴŎǊŜŀǎŜŘ ƅƻƻŘ ǊƛǎƪΣ ŀ ƭŀǊƎŜ 
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ǇǊƻǇƻǊǝƻƴ ƻŦ ǘƘŜ Ǝƭƻōŀƭ ǇƻǇǳƭŀǝƻƴ ŎƘƻƻǎŜ ǘƻ ƭƛǾŜ ƻƴ ǘƘŜƳΦ IƛǎǘƻǊƛŎŀƭƭȅΣ ƅƻƻŘǇƭŀƛƴǎ ŀǧǊŀŎǘŜŘ 

ǎŜǧƭŜƳŜƴǘǎ ŘǳŜ ǘƻ ǘƘŜƛǊ ƅŀǘ ƭŀƴŘǎΣ ŦŜǊǝƭŜ ǎƻƛƭǎΣ ŀƴŘ ŎƭƻǎŜƴŜǎǎ ǘƻ ǿŀǘŜǊ ǎǳǇǇƭƛŜǎ ό5ƛŜƘƭ Ŝǘ ŀƭΦΣ 

нлнмύΣ ǿƛǘƘ ǘƘŜ !ƴŎƛŜƴǘ 9ƎȅǇǝŀƴǎ ƴƻǘŜŘ ǘƻ ƘŀǾŜ ǎŜǧƭŜŘ ƻƴ ǘƘŜ bƛƭŜ ƅƻƻŘǇƭŀƛƴǎ ǘƻ ŀƛŘ ǘƘŜƛǊ 

ǘǊŀŘŜ ŀƴŘ ŜŎƻƴƻƳƛŎ ŘŜǾŜƭƻǇƳŜƴǘΣ ŘŜŦŜƴǎƛǾŜ ŎŀǇŀōƛƭƛǝŜǎ ŀƴŘ ŀŎŎŜǎǎ ǘƻ ŦŜǊǝƭŜ ŦŀǊƳƭŀƴŘǎ 

όtƻǎǘŜƭΣ мфффύΦ 

Lƴ 9ƴƎƭŀƴŘΣ Ғ онрΣллл ǇǊƻǇŜǊǝŜǎ ŀǊŜ ƭƻŎŀǘŜŘ ƛƴ ŀǊŜŀǎ ǿƛǘƘ ŀ мΥмлл ȅŜŀǊ ǊŜǘǳǊƴ ǇŜǊƛƻŘ όCƭƻƻŘ 

½ƻƴŜ оύΦ ²ƛǘƘƻǳǘ ŀŎǝƻƴΣ ǘƘƛǎ ƴǳƳōŜǊ ƛǎ ŜȄǇŜŎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ǘƻ Ғ рррΣллл ōȅ нлрр όbŀǝƻƴŀƭ 

LƴŦǊŀǎǘǊǳŎǘǳǊŜ /ƻƳƳƛǎǎƛƻƴΣ нлннύΦ .ǳƛƭŘƛƴƎ ŘŜǾŜƭƻǇƳŜƴǘǎ ǿƛǘƘ ƛƳǇŜǊƳŜŀōƭŜ ǎǳǊŦŀŎŜǎ ƻƴ 

ƅƻƻŘǇƭŀƛƴǎ Ŏŀƴ ŜȄŀŎŜǊōŀǘŜ ǊǳƴƻũΣ ǊŜŘǳŎŜ ƭŀƎπǝƳŜ ŀƴŘ ŎŀǳǎŜ ǊƛǾŜǊǎ ǘƻ ōǳǊǎǘ ǘƘŜƛǊ ōŀƴƪǎ ό9Ǿŀƴǎ 

Ŝǘ ŀƭΣ нллпύΦ 

IŀǊŘ ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ŀǊŜ ŜȄǇŜƴǎƛǾŜ ǘƻ ōǳƛƭŘ ŀƴŘ ƳŀƛƴǘŀƛƴΣ ǇǊƻǾƛŘŜ ƻƴƭȅ ƭƻŎŀƭƛǎŜŘ 

ǎƻƭǳǝƻƴǎ ǘƻ ƅƻƻŘƛƴƎ ŀƴŘ Ŏŀƴ ŎƻƳǇƻǳƴŘ ƅƻƻŘ Ǌƛǎƪ ŦǳǊǘƘŜǊ ŘƻǿƴǎǘǊŜŀƳ ǿƘƛŎƘΣ ǿƛǘƘ ŎƻƴǝƴǳŜŘ 

ŘŜǾŜƭƻǇƳŜƴǘ ƻƴ ǘƘŜ ƅƻƻŘǇƭŀƛƴǎ ŀƴŘ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ƛƴŎǊŜŀǎƛƴƎ ƅƻƻŘ ǊƛǎƪΣ Ǉǳǘǎ ǇǊŜǎǎǳǊŜ ƻƴ 

ǘƘŜǎŜ ǎǘǊǳŎǘǳǊŜǎΣ ǿƛǘƘ ŀ ǎƘƛƊ ǘƻǿŀǊŘǎ ǎƻƊ ŜƴƎƛƴŜŜǊƛƴƎ ŀǎ ŀ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ŀǇǇǊƻŀŎƘΦ bŀǘǳǊŀƭ 

CƭƻƻŘ aŀƴŀƎŜƳŜƴǘΣ ƛƴǘŜƴŘŜŘ ǘƻ ǊŜŘǳŎŜ ƅƻƻŘ Ǌƛǎƪ ōȅ ƴŀǘǳǊŀƭ ǎǳǎǘŀƛƴŀōƭŜ ǘŜŎƘƴƛǉǳŜǎΣ Ƙŀǎ 

ƎǊƻǿƴ ƛƴ ǇƻǇǳƭŀǊƛǘȅΣ ŦƻŎǳǎƛƴƎ ƻƴ ŀ ƳƻǊŜ ƘƻƭƛǎǝŎ ŀƴŘ ƛƴǘŜƎǊŀǘŜŘ ŦƻǊƳ ƻŦ ƅƻƻŘ ƳŀƴŀƎŜƳŜƴǘ 

ό²ŜǊǊƛǧȅΣ нллсύΦ 

wŜƭŀǘŜŘ ǘŜǊƳǎΣ ƻƊŜƴ ǳǎŜŘ ƛƴǘŜǊŎƘŀƴƎŜŀōƭȅ ǿƛǘƘ bCaΣ ƛƴŎƭǳŘŜ ²ƻǊƪƛƴƎ ǿƛǘƘ bŀǘǳǊŀƭ tǊƻŎŜǎǎŜǎ 

ό²ǿbtύΣ ŀ ōǊƻŀŘ ǘŜǊƳ ǳǎŜŘ ŦƻǊ ŀƴȅ ǿƻǊƪ ǘƘŀǘ ǊŜǎǘƻǊŜǎ ŀƴŘ ǇǊƻǘŜŎǘǎ ƴŀǘǳǊŀƭ ǇǊƻŎŜǎǎŜǎΣ ŀƴŘ 

bŀǘǳǊŜπōŀǎŜŘ {ƻƭǳǝƻƴǎ όb.{ύΣ ŀ ǎǳōǎŜǘ ƻŦ ²ǿbt ǘƘŀǘ ǊŜǎǘƻǊŜ ǘƘŜ ƴŀǘǳǊŀƭ ǇǊƻŎŜǎǎŜǎ ōȅ 

ŀŘŘǊŜǎǎƛƴƎ ǎƻŎƛŜǘŀƭ ŎƘŀƭƭŜƴƎŜǎ ŀƴŘ ŀŘŀǇǝǾŜƭȅ ǇǊƻǾƛŘƛƴƎ ƘǳƳŀƴ ǿŜƭƭπōŜƛƴƎ όIƻƭƭƛǎΣ нлнмύΦ ¢Ƙƛǎ 

ǿƘƻƭŜ ŎŀǘŎƘƳŜƴǘ ŀǇǇǊƻŀŎƘ ǳǎŜǎ ŀŘŀǇǘŀǝǾŜ ǘŜŎƘƴƛǉǳŜǎ ǊŀǘƘŜǊ ǘƘŀƴ ƳƛǝƎŀǝƻƴΣ ǿƘƛŎƘ ŜƴŀōƭŜǎ 

ŎƻƳƳǳƴƛǝŜǎ ǘƻ ōŜŎƻƳŜ ƛƴǾƻƭǾŜŘ ƛƴ ǘƘŜ ŜŎƻƭƻƎƛŎŀƭ ŜƴǾƛǊƻƴƳŜƴǘ ŀƴŘ ŜƳōǊŀŎŜ ƭŀƴŘ ǳǎŜ 

ŎƘŀƴƎŜǎΣ ǘƘŀǘ ǿƻǊƪ ǿƛǘƘ ƴŀǘǳǊŜΣ ŀǎ ŀ ƴƻƴπŎƭƛƳŀǝŎ ŘǊƛǾŜǊ ό²ƛƭōȅ Ŝǘ ŀƭΦΣ нллуύΦ {ƛƴŎŜ ǘƘŜ ŜƴŘ ƻŦ 

ǘƘŜ нлǘƘ ŎŜƴǘǳǊȅΣ DǊŜŜƴ LƴŦǊŀǎǘǊǳŎǘǳǊŜ ǇƻƭƛŎƛŜǎ ŀƴŘ {ǳǎǘŀƛƴŀōƭŜ 5ǊŀƛƴŀƎŜ {ȅǎǘŜƳǎ ό{ǳ5{ύ ƘŀǾŜ 

Ǝƭƻōŀƭƭȅ ƎŀƛƴŜŘ ƛƳǇŜǘǳǎ ƛƴ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǇƻƭƛŎȅ ό99!Σ нлмрΤ 5ŜŦǊŀΣ нлмфύΣ ƳŀƪƛƴƎ ǎǇŀŎŜ ŦƻǊ 

ǿŀǘŜǊΣ ŀƴŘ ƘŜƭǇƛƴƎ ǳǊōŀƴ ŎƻƳƳǳƴƛǝŜǎ ōŜŎƻƳŜ ƳƻǊŜ ƅƻƻŘ ǊŜǎƛƭƛŜƴǘ ό9ǾŜǊŜǧ Ŝǘ ŀƭΦΣ нлмрύΦ ¢ƻ 

ŀŘŘǊŜǎǎ ǘƘŜ ŎƘŀƭƭŜƴƎŜǎ ƻŦ ǳǊōŀƴ ǎǳǎǘŀƛƴŀōƛƭƛǘȅΣ ǎŜǾŜǊŀƭ ƴŀǘǳǊŜπōŀǎŜŘ ǎƻƭǳǝƻƴǎ ŀƴŘ ŜŎƻǎȅǎǘŜƳ 

ǎǘǊŀǘŜƎƛŜǎ ƘŀǾŜ ōŜŜƴ ŘŜǾŜƭƻǇŜŘ ŀŎǊƻǎǎ ǘƘŜ ǿƻǊƭŘ ǘƘŀǘ ǳǎŜ ƴŀǘǳǊŀƭ ǇǊƻŎŜǎǎŜǎ ǘƻ ǊŜǎǘƻǊŜ ǘƘŜ 

ƘȅŘǊƻƭƻƎƛŎ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ ǳǊōŀƴ ŜƴǾƛǊƻƴƳŜƴǘΦ ¢Ƙƛǎ ǇŀǊŀŘƛƎƳ ƻŦ bCa ǳǎƛƴƎ ǎŀŎǊƛŬŎƛŀƭ ƭŀƴŘ ƛǎ 
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ƴƻǘƘƛƴƎ ƴŜǿΣ ƎƛǾŜƴ ǘƘŜ ±ƛƪƛƴƎǎ ǳǎŜŘ ǘƘŜƛǊ ΩLƴƎǎΩ ƻǊ ƅƻƻŘ ƳŜŀŘƻǿǎ ǘƻ ǎǘƻǊŜ ŜȄŎŜǎǎ ǿŀǘŜǊ ƛƴ ǘƘŜ 

¦YΦ 

 

1.1.1. A Natural Flood Management approach 

DƻǾŜǊƴƳŜƴǘǎ ŀŎǊƻǎǎ ǘƘŜ ǿƻǊƭŘ ŀǊŜ ŀŘƻǇǝƴƎ ƴŀǘǳǊŜπōŀǎŜŘ ŀǇǇǊƻŀŎƘŜǎ όIŀƴƪƛƴ Ŝǘ ŀƭΦΣ нлнлύΦ 

IƻǿŜǾŜǊΣ ǳƴƭƛƪŜ ƭŀǊƎŜ ǎŎŀƭŜ ƘŀǊŘ ŜƴƎƛƴŜŜǊƛƴƎ ŘŜŦŜƴŎŜǎΣ ǿƘƛŎƘ ƘŀǾŜ ŀƴ ŀŎŎŜǇǘŜŘ ŜǾƛŘŜƴŎŜ 

ōŀǎŜΣ bCa ƭŀŎƪǎ ŀ ǊƻōǳǎǘΣ ǎŎƛŜƴǝŬŎ ŜǾƛŘŜƴŎŜπōŀǎŜŘ ŀǇǇǊƻŀŎƘΣ ƴŜŜŘŜŘ ǘƻ ŜƴƘŀƴŎŜ ŎƻƴŬŘŜƴŎŜ 

ƛƴ ƛƳǇƭŜƳŜƴǝƴƎ ŦǳǘǳǊŜ bCa ǎǘǊŀǘŜƎƛŜǎ ό9ƭƭƛǎ Ŝǘ ŀƭΦΣ нлнмύΦ 

Lƴ ǘƘŜ нллт ¦Y ǎǳƳƳŜǊ ƅƻƻŘǎΣ рл҈ ƻŦ ƘŀǊŘ ŜƴƎƛƴŜŜǊƛƴƎ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ōŜŎŀƳŜ ƻǾŜǊǘƻǇǇŜŘ 

όtƛǧΣ нллуύΦ ¢ƘŜǎŜ ŜǾŜƴǘǎΣ ŀƭƻƴƎǎƛŘŜ ƛƴŎǊŜŀǎŜǎ ƛƴ ƅƻƻŘ Ǌƛǎƪ ŘǳŜ ǘƻ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ό9Ǿŀƴǎ Ŝǘ ŀƭΦΣ 

нллпύ ŀƴŘ ƅƻƻŘǇƭŀƛƴ ŘŜǾŜƭƻǇƳŜƴǘΣ ƘŀǾŜ ǘƘǊƻǿƴ Řƻǳōǘ ƻƴ ǿƘŜǘƘŜǊ ŎƻƴǾŜƴǝƻƴŀƭ ŀǇǇǊƻŀŎƘŜǎ 

ǘƻ ƅƻƻŘ ƳŀƴŀƎŜƳŜƴǘ ŀƭƻƴŜ ŀǊŜ ǎǳŶŎƛŜƴǘΦ !ǎ ŘƛǎŎǳǎǎŜŘΣ ǿƛǘƘ ƅƻƻŘ ǾŀǊƛŀōƛƭƛǘȅ ŀƴŘ ǎŜǾŜǊƛǘȅ 

ƭƛƪŜƭȅ ǘƻ ƛƴŎǊŜŀǎŜ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΣ ǇǊƻōƭŜƳǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘǊŀŘƛǝƻƴŀƭ ƘŀǊŘ 

ŜƴƎƛƴŜŜǊƛƴƎ ŀǇǇǊƻŀŎƘŜǎ ŀǊƛǎŜ ǎǳŎƘ ŀǎ ƭŜǾŜŜ ōǊŜŀŎƘŜǎΣ ǿƛǘƘ ǘƘŜ ƭŜǾŜŜ ǇǊŜǾŜƴǝƴƎ ƻǾŜǊǎǇƛƭƭ ǊŜπ

ŜƴǘŜǊƛƴƎ ƛƴǘƻ ǘƘŜ ŎƘŀƴƴŜƭΦ ²ƛǘƘ ŀƴ ŜǎǝƳŀǘŜŘ нΦп Ƴƛƭƭƛƻƴ ǇǊƻǇŜǊǝŜǎ ŀǘ Ǌƛǎƪ ƻŦ ǊƛǾŜǊ ŀƴŘ Ŏƻŀǎǘŀƭ 

ƅƻƻŘƛƴƎ ƛƴ 9ƴƎƭŀƴŘ ŀƴŘ ²ŀƭŜǎ ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нллфύ ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ǿƘƛŎƘ 

ǇǊƻǘŜŎǘ ƭƻŎŀƭƛǎŜŘ ŀǊŜŀǎ ǿƻǳƭŘ ƴƻǘ ōŜ Ŏƻǎǘ ŜũŜŎǝǾŜ ǘƻ ōǳƛƭŘ ŀƴŘ Ƴŀƛƴǘŀƛƴ ŜǾŜǊȅǿƘŜǊŜ ƛƴ ǘƘŜ 

ŎŀǘŎƘƳŜƴǘ ό{9t!Σ нлмрύΦ {ǳŎƘ IŀǊŘ ŜƴƎƛƴŜŜǊƛƴƎ ǊŜǉǳƛǊŜǎ Ŏƻƴǝƴǳŀƭ ƳŀƛƴǘŜƴŀƴŎŜ ǿƛǘƘ 

ŀǎǎƻŎƛŀǘŜŘ Ŏƻǎǘǎ ŀƴŘ Ŏŀƴ ŎŀǳǎŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ŘƛǎǘǳǊōŀƴŎŜ ό5ȅŜǊΣ нллпύΦ 

¢ŜŎƘƴƛŎŀƭ CƭƻƻŘ aŀƴŀƎŜƳŜƴǘ ǳǎŜǎ ƘŀǊŘ ŜƴƎƛƴŜŜǊƛƴƎ ǘŜŎƘƴƛǉǳŜǎ ǘƻ ǇǊƻǾƛŘŜ ǎǇŀŎŜ ŦƻǊ 

ŀŘŘƛǝƻƴŀƭ ŘƛǎŎƘŀǊƎŜ όvύ ŘǳǊƛƴƎ ŀ ƅƻƻŘ ŜǾŜƴǘ ǿƛǘƘƛƴ ǘƘŜ ǊƛǾŜǊ ŎƘŀƴƴŜƭΦ ¢Ƙƛǎ ƛǎ ŀŎƘƛŜǾŜŘ ōȅ 

ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ŘŜǇǘƘ ǳǎƛƴƎ ƅƻƻŘ ǿŀƭƭǎΣ ǊŀƛǎŜŘ ŜƳōŀƴƪƳŜƴǘǎ ŀƴŘ ƭŜǾŜŜǎ ǘƻ ǊŜπ

ŘƛǊŜŎǘ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŘƻǿƴǎǘǊŜŀƳΣ ǘƘǳǎ ǇǊƻǘŜŎǝƴƎ ƘƛƎƘ ǾŀƭǳŜŘ ŀǊŜŀǎΦ IŀǊŘ ŜƴƎƛƴŜŜǊƛƴƎ Ƴŀȅ 

ǳǎŜ ŀǊǝŬŎƛŀƭƭȅ ǎǘǊŀƛƎƘǘŜƴŜŘ ŎƘŀƴƴŜƭǎ ǘƻ ƭƻǿŜǊ ƅƻǿ ǊŜǎƛǎǘŀƴŎŜΣ ƛƴŎǊŜŀǎƛƴƎ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ŀƴŘ 

ǘƘǳǎ ǘƘŜ ǊŀǘŜ ŜȄŎŜǎǎ ǿŀǘŜǊ ƛǎ ŎƻƴǾŜȅŜŘ ŀǿŀȅ ŦǊƻƳ ǘƘŜ ƭƻŎŀƭ ŀǊŜŀ όǾƻƴ [ŀƴȅ ŀƴŘ tŀƭƳŜǊΣ нллтύΦ 

!ƭǘƘƻǳƎƘΣ ǘƘƛǎ ŀǇǇǊƻŀŎƘ ƻŦ ǊŜπŘƛǊŜŎǝƴƎ ƅƻǿ ƭŜǎǎŜƴǎ ǘƘŜ ƭƻŎŀƭ Ǌƛǎƪ ƛǘ Ŏŀƴ ƛƴŎǊŜŀǎŜ ƅƻƻŘ Ǌƛǎƪ ƻŦ 

ŘƻǿƴǎǘǊŜŀƳ ŎƻƳƳǳƴƛǝŜǎ όCƭŜƳƛƴƎΣ нллнύΦ ¢Ƙƛǎ ƛƴŎǊŜŀǎŜŘ Ǌƛǎƪ ƛǎ ŘǳŜ ǘƻ ŘŜŎǊŜŀǎŜǎ ƛƴ 

ŘƻǿƴǎǘǊŜŀƳ ǾŜƭƻŎƛǘȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ŎƘŀƴƴŜƭ ŎƘŀƴƎŜ ŦǊƻƳ ǘƘŜ ŀƴǘƘǊƻǇƻƎŜƴƛŎŀƭƭȅ 

ƳŀƴŀƎŜŘ ŎƘŀƴƴŜƭƛǎŜŘ ǿŀǘŜǊ ŎƻǳǊǎŜ ǘƻ ǘƘŜ ƴŀǘǳǊŀƭ ŎƘŀƴƴŜƭΦ Lƴ ƴŀǘǳǊŀƭ ŎƘŀƴƴŜƭǎΣ ƭƻŎŀƭ ǾŜƭƻŎƛǘȅ 
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ŘŜŎǊŜŀǎŜǎ ŘǳŜ ǘƻ ƛƴŎǊŜŀǎŜŘ ƅƻǿ ǊŜǎƛǎǘŀƴŎŜΦ 5ǳǊƛƴƎ ƘŜŀǾȅ ǊŀƛƴŦŀƭƭ ŀƴŘ ǎƭƻǿŜŘ ǾŜƭƻŎƛǘȅ ƛƴ 

ƴŀǘǳǊŀƭ ŎƘŀƴƴŜƭǎΣ ǘƘŜ ǿŜǧŜŘ ŀǊŜŀ ό²ύ ƛƴŎǊŜŀǎŜǎ ŀǎ ŎŀƭŎǳƭŀǘŜŘ ǳǎƛƴƎ 9ǉǳŀǝƻƴ мΦмΦ ¢ƘŜǊŜŦƻǊŜΣ 

ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ Ŏŀƴ ƛƴŎǊŜŀǎŜ ƅƻƻŘ ǊƛǎƪΣ ǳƴƭŜǎǎ ǾŜƭƻŎƛǘȅ ƛƴŎǊŜŀǎŜǎΦ LƴŎǊŜŀǎŜŘ ƅƻƻŘ Ǌƛǎƪ ƛǎ ŎŀǳǎŜŘ 

ōȅ ǘƘŜ ƅƻǿ ŘŜǇǘƘ ƛƴŎǊŜŀǎƛƴƎ ŀǎ ŎƘŀƴƴŜƭ ƎŜƻƳŜǘǊȅ ǊŜƳŀƛƴǎ ǊŜƭŀǝǾŜƭȅ ŎƻƴǎǘŀƴǘΦ 

 

1 5Ȣ7 (1.1) 

Continuity Equation 1.1, calculates discharge (Q) using localised velocity (U) and wetted area (W). 

 

CƭƻƻŘ ǇƻƭƛŎȅ Ƙŀǎ ōŜŜƴ ŘǊƛǾŜƴ ōȅ ŀ ƴŜŜŘ ŦƻǊ ƅƻƻŘ ƳƛǝƎŀǝƻƴ ǘƘŀǘ ƛǎ ƴƻǘ ƻƴƭȅ ŎƻǎǘπŜũŜŎǝǾŜ ōǳǘ 

Ŏŀƴ ƳŀƴŀƎŜ ƅƻƻŘƛƴƎ ƛƴ ǘƘŜ ǿƛŘŜǊ ŎŀǘŎƘƳŜƴǘ όCƭŜƳƛƴƎΣ нллнύΦ bCa ƛǎ ƛƴǘŜƴŘŜŘ ǘƻ ŀŘŘǊŜǎǎ 

ƅƻƻŘƛƴƎ ŀǎ ŀ ǿƘƻƭŜ ŎŀǘŎƘƳŜƴǘ ŀǇǇǊƻŀŎƘΣ ƘƻǇŜŦǳƭƭȅ ŜƴŀōƭƛƴƎ ǇŜƻǇƭŜ ǘƻ ƭƛǾŜ ǿƛǘƘ ǿŀǘŜǊ ƛƴ ƭƛƎƘǘ 

ƻŦ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΦ 

ΨbCa ŀƛƳǎ ǘƻ ǊŜŘǳŎŜ ƅƻƻŘ Ǌƛǎƪ ōȅ ǇǊƻǘŜŎǝƴƎΣ ǊŜǎǘƻǊƛƴƎ ŀƴŘ ŜƳǳƭŀǝƴƎ ǘƘŜ ƴŀǘǳǊŀƭ 

ƘȅŘǊƻƭƻƎƛŎŀƭ ŀƴŘ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎΣ ŦŜŀǘǳǊŜǎ ŀƴŘ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ƻŦ 

ŎŀǘŎƘƳŜƴǘǎ ǳǎƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘŀƭƭȅ ǎŜƴǎƛǝǾŜ ŀƴŘ ōŜƴŜŬŎƛŀƭ ǘŜŎƘƴƛǉǳŜǎ ǘƻ ƳŀƴŀƎŜ 

ǎƻǳǊŎŜǎ ŀƴŘ ƅƻǿ ǇŀǘƘǿŀȅǎ ƻŦ ƅƻƻŘ ǿŀǘŜǊǎΩ ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлмлΤ {9t!Σ 

нлмрύΦ 

¢ƘŜǊŜ Ƙŀǎ ōŜŎƻƳŜ ŀ ƳƻǾŜƳŜƴǘ ŀǿŀȅ ŦǊƻƳ ƅƻƻŘ ŘŜŦŜƴŎŜ ǘƻ ƅƻƻŘ ƳŀƴŀƎŜƳŜƴǘΦ !ǎ ǎƘƻǿƴ ƛƴ 

CƛƎǳǊŜ мΦмΣ ǘƘŜ CƭƻƻŘ ŀƴŘ /ƻŀǎǘŀƭ wƛǎƪ aŀƴŀƎŜƳŜƴǘ όC/waύ ǎǘǊŀǘŜƎȅ ǎƘƻǿǎ ŀ ƭƻƴƎπǘŜǊƳ 

ƛƴǘŜǊŜǎǘ ƛƴ ƴŀǘǳǊŜπōŀǎŜŘ ǎƻƭǳǝƻƴǎ ƛƴ ǊŜŘǳŎƛƴƎ ƅƻƻŘ Ǌƛǎƪ ǳǎƛƴƎ ŀ ΨŎŀǘŎƘƳŜƴǘπōŀǎŜŘ ŀǇǇǊƻŀŎƘΩ 

ǘƻ ƳŀƴŀƎŜ ǘƘŜ ƅƻǿ ƻŦ ǿŀǘŜǊ ŦǊƻƳ ǎƻǳǊŎŜ ǘƻ ǎƛƴƪ ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлннŀύΦ CƻǊ ŜȄŀƳǇƭŜΣ 

bŜǿ CƻǊŜǎǘ /ƻƴǎŜǊǾŀǝƻƴƛǎǘǎ ƘŀǾŜ ŀƴƴƻǳƴŎŜŘ ŀ млπȅŜŀǊ ǇǊƻƧŜŎǘ ǘƻ ǊŜπƳŜŀƴŘŜǊ ǇǊŜǾƛƻǳǎƭȅ 

ǎǘǊŀƛƎƘǘŜƴŜŘ ŎƘŀƴƴŜƭǎ ŀƴŘ ƛƴ ǘƘŜ нлмс ōǳŘƎŜǘ ǘƘŜ ¦Y DƻǾŜǊƴƳŜƴǘ ǇƭŜŘƎŜŘ ϻмр Ƴƛƭƭƛƻƴ ŦƻǊ ŀ 

нр ¸ŜŀǊ 9ƴǾƛǊƻƴƳŜƴǘ tƭŀƴ ǘƻ ǳǎŜ bCa όCǳǘǳǊŜ /ƭƛƳŀǘŜ LƴŦƻΦΣ нлннύΦ Lƴ ǘƘƛǎ ǿŀȅΣ ƴŀǘǳǊŜπōŀǎŜŘ 

ǎƻƭǳǝƻƴǎ ŀƴŘ ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŀƴŘ Ŏƻŀǎǘŀƭ ŘŜŦŜƴŎŜǎ Ŏŀƴ ŎƻƳǇƭŜƳŜƴǘ ŜŀŎƘ ƻǘƘŜǊ ǘƻ ƳŀƴŀƎŜ 

ƅƻƻŘ Ǌƛǎƪ ǘƻ ŎƻƳƳǳƴƛǝŜǎΦ 
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Figure 1.1: Working with Natural Processes (WwNP) from source to sink with WDDs displayed in the 
upper catchment (adapted from Burgess-Gamble et al., 2018). 

 

²ƘŜǊŜ ǘƘŜǊŜ ƛǎ ǎǇŀŎŜΣ bCa ǘŜŎƘƴƛǉǳŜǎ ǎǘƻǊŜ ŀƴŘ ǎƭƻǿ ǘƘŜ ƅƻǿ ŦǊƻƳ ǳǇǎǘǊŜŀƳ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ 

ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ǘƻ ƘŜƭǇ ǊŜŘǳŎŜ ƅƻƻŘ ƭŜǾŜƭǎ ǘƻ ŘƻǿƴǎǘǊŜŀƳ ŎƻƳƳǳƴƛǝŜǎΦ Lƴ ǘƘŜ ¦YΣ ǘƘŜ 

9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅ ό9!ύ ƛƴǾŜǎǘǎ ƛƴ ƎǊŜŜƴ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜ ƛƴ ǳǊōŀƴ ŀǊŜŀǎ ŀƴŘ ŎƻƳǇƭŜƳŜƴǘǎ 

ǘǊŀŘƛǝƻƴŀƭ ƘŀǊŘ ŜƴƎƛƴŜŜǊƛƴƎ ŘŜŦŜƴŎŜǎ ǿƛǘƘ bCa ƻǊ ²ǿbt ǘƻ ǊŜŘǳŎŜ ƅƻƻŘ Ǌƛǎƪ όbƎŀƛ Ŝǘ ŀƭΦΣ 

нлмтύΦ bCa ƛƴǾƻƭǾŜǎ ǘǊŜŜ ǇƭŀƴǝƴƎ ƻǊ ǎƛƭǾƛŎǳƭǘǳǊŀƭ ŀŎǝǾƛǝŜǎΣ ǊŜŎƻƴƴŜŎǝƴƎ ǊƛǾŜǊǎ ǘƻ ǘƘŜƛǊ 

ƅƻƻŘǇƭŀƛƴǎΣ ǘŜƳǇƻǊŀǊƛƭȅ ǎǘƻǊƛƴƎ ǿŀǘŜǊ ƻƴ ƻǇŜƴ ƭŀƴŘ ŀƴŘ ƛƴǎǘŀƭƭƛƴƎ ǎƳŀƭƭπǎŎŀƭŜ wǳƴƻũ 

!ǧŜƴǳŀǝƻƴ CŜŀǘǳǊŜǎ όw!Cǎύ ǎǳŎƘ ŀǎ ²55ǎΣ ŘŜǎƛƎƴŜŘ ǘƻ ǎƭƻǿ ǘƘŜ ƅƻǿ ŀƴŘ ŎǊŜŀǘŜ ǘŜƳǇƻǊŀǊȅ 

ǎǘƻǊŀƎŜ ƻŦ ǿŀǘŜǊ ŘǳǊƛƴƎ ǇŜǊƛƻŘǎ ƻŦ ƘƛƎƘ ƅƻǿ ό59Cw!Σ нлмфύΦ ¢ƘŜ ǘŜŎƘƴƛǉǳŜ ƻŦ ōǳƛƭŘƛƴƎ 

ŜƴƎƛƴŜŜǊŜŘ ²55ǎ Ŏŀƴ ŀƭǎƻ ǊŜŘǳŎŜ ǎƻƛƭ ŜǊƻǎƛƻƴΣ ǘǊŀǇ ǎŜŘƛƳŜƴǘǎ ŀƴŘ ǇǊƻǘŜŎǘ ǿŀǘŜǊ ŎƻǳǊǎŜǎ 

ό59Cw!Σ нлмфύΦ ¢Ƙƛǎ ǎǘǳŘȅ ƛǎ ƳƻǝǾŀǘŜŘ ǘƻ ƛƴǾŜǎǝƎŀǘŜ ǘƘǊƻǳƎƘ ƳƻŘŜƭƭƛƴƎ ŀƴŘ ŜƳǇƛǊƛŎŀƭ Řŀǘŀ 

Ƙƻǿ ǘƘŜ ƛƴǎǘŀƭƭŀǝƻƴ ƻŦ ƳǳƭǝǇƭŜ ²55ǎ ƛƴ ŀ ǎƳŀƭƭΣ ŬǊǎǘπƻǊŘŜǊ ǳǇƭŀƴŘ ǎǘǊŜŀƳΣ Ŏŀƴ ƛƳǇŀŎǘ ǘƘŜ 

ƅƻƻŘ Ǌƛǎƪ ǘƻ ŘƻǿƴǎǘǊŜŀƳ ŎƻƳƳǳƴƛǝŜǎΦ  
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1.1.2. Woody debris dams within natural flood management 

LƴǎǘŀƭƭƛƴƎ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ƛƴ ǘƘŜ ǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘ Ŏŀƴ ǊŜŘǳŎŜ ƅƻƻŘ ƳŀƎƴƛǘǳŘŜ ōȅ ƭƻǿŜǊƛƴƎ 

ǘƘŜ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ƘŜƴŎŜ ǊŜŘǳŎƛƴƎ ǘƘŜ Ǌƛǎƪ ƻŦ ōǊŜŀŎƘŜǎ ƛƴ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘ ŘŜŦŜƴŎŜǎΦ 

²55ǎ Ŏŀƴ ŦƻǊƳ ƴŀǘǳǊŀƭƭȅ ǿƘŜƴ ǘǊŜŜǎ Ŧŀƭƭ ƛƴǘƻ ǿŀǘŜǊ ŎƻǳǊǎŜǎΣ ŀǊŜ ōǳƛƭǘ ōȅ ōŜŀǾŜǊǎ ƻǊ 

ŎƻƴǎǘǊǳŎǘŜŘ ŀƴǘƘǊƻǇƻƎŜƴƛŎŀƭƭȅΣ ŎƻƴǎǘǊƛŎǝƴƎ ŀƴŘ ŎƻƴŬƴƛƴƎ ǘƘŜ ƅƻǿΦ ¢ƘŜȅ ŎǊŜŀǘŜ ōŀŎƪǿŀǘŜǊǎΣ 

ƴŜǿ ǇƻƴŘƛƴƎ ǎƛǘŜǎ ŀƴŘ ƛƴŬƭƭ ŜȄƛǎǝƴƎ ǎǘƻǊŀƎŜ ŀǊŜŀǎΣ ŜƴŀōƭƛƴƎ ƎǊŜŀǘŜǊ ǝƳŜ ŦƻǊ ƛƴŬƭǘǊŀǝƻƴ ŀƴŘ 

ǇŜǊŎƻƭŀǝƻƴ ǎƻ ǎƭƻǿƛƴƎ ǘƘŜ ƅƻǿ όCƛƎǳǊŜ мΦнύ όbƎŀƛ Ŝǘ ŀƭΦΣ нлмтύΦ hǾŜǊ ǝƳŜ ŘŜōǊƛǎ όŦƻǊ ŜȄŀƳǇƭŜ 

ƭŜŀǾŜǎύ Ŏŀƴ ŀŎŎǳƳǳƭŀǘŜ ŀǊƻǳƴŘ ƪŜȅ ƳŜƳōŜǊǎ ǿƛǘƘ ǘƘŜ ŘŀƳ ǊŜŘǳŎƛƴƎ ǘƘǊƻǳƎƘπƅƻǿ ŀƴŘ ǎƻƛƭ 

ŜǊƻǎƛƻƴ ōǳǘ ŀƭǎƻ ŜƴƘŀƴŎƛƴƎ ǘǊŀǇǇƛƴƎ ŜŶŎƛŜƴŎȅΣ ǇǊƻǾƛŘƛƴƎ Ƙŀōƛǘŀǘǎ ŦƻǊ ŜŎƻǎȅǎǘŜƳǎ ŀƴŘ 

ǇǊƻǘŜŎǝƴƎ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ŦǊƻƳ ŜǊƻǎƛƻƴ ό59Cw!Σ нлмфύΦ .ȅ ŘŜǎȅƴŎƘǊƻƴƛǎƛƴƎ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜǎ 

ŦǊƻƳ ǘǊƛōǳǘŀǊƛŜǎΣ ǎƭƻǿƛƴƎ ƻƴŜ ǘǊƛōǳǘŀǊȅ ŎƻƳǇŀǊŜŘ ǘƻ ŀƴƻǘƘŜǊΣ ŘƻǿƴǎǘǊŜŀƳ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ Ŏŀƴ 

ōŜ ǊŜŘǳŎŜŘ όCŜǊƎǳǎƻƴ ŀƴŘ CŜƴƴŜǊΣ нлнлύΦ 5ŜǎȅƴŎƘǊƻƴƛǎŀǝƻƴ ƛǎ ŘŜǇŜƴŘŜƴǘ ǳǇƻƴ ŘǳǊŀǝƻƴΣ 

ǝƳƛƴƎ ŀƴŘ ƭƻŎŀǝƻƴ ƻŦ ƛƴǳƴŘŀǝƻƴΣ ǿƘƛŎƘ ƛǎ ŎǊƛǝŎŀƭ ŀǎ ǘƻ Ƙƻǿ bCa ƛƳǇŀŎǘǎ ǳǇƻƴ ŘǊŀƛƴŀƎŜ 

ŦǳƴŎǝƻƴŀƭƛǘȅΦ 

 

Figure 1.2: Diagram of a complete WDD with heightened backwater as a result of the key member 
held in place by naturally placed rocks and debris surrounding.  
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²ƛǘƘ ǘƘŜ ǎƘƛƊ ǘƻǿŀǊŘǎ bCaΣ ǘƘŜǊŜ Ƙŀǎ ōŜŜƴ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ƛƳǇŀŎǘ 

ƻŦ ²55ǎ ŀǘ ŀ ƭƻŎŀƭ ǎŎŀƭŜΦ IƻǿŜǾŜǊΣ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ²55ǎ ƛƴ ƭŀǊƎŜǊ ŎŀǘŎƘƳŜƴǘǎ ǊŜƳŀƛƴǎ 

ŀƳōƛǾŀƭŜƴǘΦ ¢ƘƻǳƎƘ ǘƘŜ ǳǇǘŀƪŜ ƻŦ ²55ǎ ǊŜƳŀƛƴǎ ǳƴŎŜǊǘŀƛƴ ό²ŀȅƭŜƴ Ŝǘ ŀƭΣ нлмтύ ŘǳŜ ǘƻ ǘƘŜ 

ŜǾƛŘŜƴŎŜ ƎŀǇ ǎǳǊǊƻǳƴŘƛƴƎ ǘƘŜƛǊ ŜũŜŎǝǾŜƴŜǎǎ ŀǘ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜΣ {9t! όнлмсύ ƘƛƎƘƭƛƎƘǘǎ 

ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ bCa ŀǎ ŀ ǎǳǎǘŀƛƴŀōƭŜ ƅƻƻŘ Ǌƛǎƪ ǘŜŎƘƴƛǉǳŜ ǘƻ ƳŀƴŀƎŜ ƅƻƻŘƛƴƎ ŀǘ ƛǘǎ ǎƻǳǊŎŜ 

ǊŀǘƘŜǊ ǘƘŀƴ ǊŜƭȅƛƴƎ ƻƴ ǘǊŀŘƛǝƻƴŀƭ ƘŀǊŘ ƳŜǘƘƻŘǎ ŦǳǊǘƘŜǊ Řƻǿƴ ǘƘŜ ŎŀǘŎƘƳŜƴǘΦ ¢ƻŘŀȅΣ ƛƴ ǘƘŜ ¦YΣ 

ǘƘŜǊŜ ŀǊŜ ŎƻƴƅƛŎǝƴƎ ǾƛŜǿǎ ŀǎ ǘƻ ǿƘŜǘƘŜǊ ǘƘŜ ǳǎŜ ƻŦ ²55ǎ Ŏŀƴ ŜũŜŎǝǾŜƭȅ ŀǧŜƴǳŀǘŜ ƅƻǿΦ  

5ƛŶŎǳƭǝŜǎ ƛƴǾƻƭǾŜŘ ƛƴ ǳǎƛƴƎ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ƛǎ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜƛǊ ŜũŜŎǘǎ ƻƴ ǎŜŘƛƳŜƴǘ 

ǎǳǇǇƭȅ ŀƴŘ ǘǊŀƴǎŦŜǊΣ ŜǊƻǎƛƻƴ ŀƴŘ ŘŜǇƻǎƛǝƻƴΣ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎ ŀƴŘ ǿŀǘŜǊ ǎǘƻǊŀƎŜ ƛƴ 

ǾŀǊȅƛƴƎ ƭƻŎŀǝƻƴǎ ǿƛǘƘƛƴ ŎŀǘŎƘƳŜƴǘǎ ό.ŜŜŎƘƛŜ Ŝǘ ŀƭΦΣ нлмлύΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ōŜƘŀǾƛƻǳǊ ƻŦ 

ƛƴŘƛǾƛŘǳŀƭ ²55ǎ ŀƴŘ ǘƘŜƛǊ ƛƳǇŀŎǘ ƛƴ ŘƛũŜǊŜƴǘ ƭƻŎŀƭƛǝŜǎ ǊŜƳŀƛƴǎ ƎŜƴŜǊŀƭƭȅ ǳƴƪƴƻǿƴΦ ! 

ŎƻƳƳƻƴ ƳŜǘƘƻŘ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ƻǾŜǊŀƭƭ ŜũŜŎǘǎ ƻŦ ƳǳƭǝǇƭŜ ²55ǎ ǿƛǘƘƛƴ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ƛǎ 

ǘƘǊƻǳƎƘ ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭƭƛƴƎ ƘƻǿŜǾŜǊ ŀǎ ²55ǎ ŀǊŜ ŎƻƳǇƭŜȄ ƛƴ ǎǘǊǳŎǘǳǊŜ ŀƴŘ Ŏŀƴ ǘŜƳǇƻǊŀƭƭȅ 

ŎƘŀƴƎŜ ƛƴ ŘŜǎƛƎƴ ǿƛǘƘ ǾŀǊȅƛƴƎ ōƭƻŎƪŀƎŜ όaŀƴƴŜǊǎΣ нллтύΣ ǿƛǘƘƻǳǘ ƎǊŜŀǘŜǊ ǊŜǎŜŀǊŎƘ ƛƴǘƻ ²55ǎ 

ŀǘ ŀ ƭƻŎŀƭ ǎŎŀƭŜΣ ƛƴǎŜǊǝƴƎ ǘƘŜƳ ƛƴǘƻ ƴǳƳŜǊƛŎŀƭ ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭǎ ƛǎ ǳƴŎŜǊǘŀƛƴ ό[ŜŀƪŜȅ Ŝǘ ŀƭΦΣ 

нлнлύΦ 

¢ƘŜǊŜ ǊŜƳŀƛƴǎ ǳƴŎŜǊǘŀƛƴǘȅ ŀǎ ǘƻ ǿƘŜǘƘŜǊ ŀ ƴŜǘǿƻǊƪ ƻŦ ƳǳƭǝǇƭŜ ²55ǎ Ŏŀƴ ƳƛǝƎŀǘŜ ƅƻƻŘƛƴƎ 

ό5ŀŘǎƻƴ Ŝǘ ŀƭΦΣ нлмтύΦ ¢Ƙƛǎ ǊŜǎŜŀǊŎƘ ǎŜǘǎ ƻǳǘ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ŎƻƳǇƭŜȄ ƘȅŘǊŀǳƭƛŎǎ ŀǘ ŘƛũŜǊŜƴǘ 

²55 ŘŜǎƛƎƴǎ ŀƴŘ ǘƻ ǾŀƭƛŘŀǘŜ ŀ ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ŜŶŎŀŎȅ ƻŦ ²55ǎΦ ¢ƘŜ ƭŀǘŜǎǘ ƭƻƴƎπ

ǘŜǊƳ ƛƴǾŜǎǘƳŜƴǘ Ǉƭŀƴ ǇǳōƭƛǎƘŜŘ ōȅ .Ŝƴƴ Ŝǘ ŀƭΦ όнлмфύΣ ƴƻǘŜǎ bCa ŀƭƻƴŜ ƛǎ ƴƻǘ ǎǳŶŎƛŜƴǘ ǘƻ 

ƳŀƴŀƎŜ ƅƻƻŘ ǊƛǎƪΦ Lǘ ƛǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ bCa ǎƘƻǳƭŘ ōŜ ǳǎŜŘ ƛƴ ŀ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ŎŀǇŀŎƛǘȅΣ 

ŀƭƻƴƎǎƛŘŜ ŎƻƴǾŜƴǝƻƴŀƭ C/wa ό.Ŝƴƴ Ŝǘ ŀƭΦΣ нлмфύΦ .Ŝƴƴ Ŝǘ ŀƭΦ όнлмфύ ƻǳǘƭƛƴŜǎ ǎƛƎƴƛŬŎŀƴǘ 

ǳƴŎŜǊǘŀƛƴǝŜǎ ǎǳǊǊƻǳƴŘƛƴƎ bCaΣ ƴƻǝƴƎ Ƴƻǎǘ bCa ǇǊƻƧŜŎǘǎ ŎƻǾŜǊ ǎƳŀƭƭ ŎŀǘŎƘƳŜƴǘǎ ŀƴŘ ǘƘŜǊŜ 

ƛǎ ƭŀŎƪ ƻŦ ǎŎƛŜƴǝŬŎ ŜǾƛŘŜƴŎŜ ŀōƻǳǘ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ²55ǎ ƛƴ ƭŀǊƎŜ ŎŀǘŎƘƳŜƴǘǎ ǘƻ ƳŀƴŀƎŜ 

ƅƻƻŘǎΦ !ǎ ŀŦƻǊŜƳŜƴǝƻƴŜŘΣ ǘƘŜ ¦Y DƻǾŜǊƴƳŜƴǘ ƛƴǾŜǎǘŜŘ ϻмр Ƴƛƭƭƛƻƴ ŦƻǊ bCa ǇǊƻƧŜŎǘǎ ǿƛǘƘ 

ǇŀǊǘ ƻŦ ǘƘƛǎ ōŜƛƴƎ ŦƻǊ ǊŜǎŜŀǊŎƘ ƻƴ ²55ǎΦ IƻǿŜǾŜǊΣ ǘƘŜ ƛƴŘƛŎŀǝǾŜ ǇǊƻǇƻǊǝƻƴ ƻŦ ƛƴǾŜǎǘƳŜƴǘ ƛƴ 

ŘƛũŜǊŜƴǘ C/wa ŀŎǝǾƛǝŜǎΣ ŘŜǇŜƴŘŜƴǘ ƻƴ ƴŀǝƻƴŀƭ ǾŀǊƛŀǝƻƴΣ ǊŜǾŜŀƭǎ ǘƘŀǘ т҈ ǿŀǎ ƛƴǾŜǎǘŜŘ ƛƴ 

bCa ŀƴŘ уп҈ ƛƴǾŜǎǘŜŘ ƛƴ ŎƻƴǾŜƴǝƻƴŀƭ C/wa ό.Ŝƴƴ Ŝǘ ŀƭΦΣ нлмфύΦ 
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2  

 

[ƛǘŜǊŀǘǳǊŜ ǊŜǾƛŜǿ 

 

2.1. Introduction 

CƭƻƻŘƛƴƎ ƛǎ ŀ ǎƻŎƛƻπŜŎƻƴƻƳƛŎ ŀƴŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǇǊƻōƭŜƳ ǿƘƛŎƘΣ ǿƛǘƘ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΣ ƛǎ 

ǇǊŜŘƛŎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ƛƴ ƭƛƴŜ ǿƛǘƘ ƛƴŎǊŜŀǎƛƴƎ ǇǊŜŎƛǇƛǘŀǝƻƴ 5ŜǇǘƘΣ 5ǳǊŀǝƻƴ ŀƴŘ CǊŜǉǳŜƴŎȅ 

ό55Cύ ό!ƭŬŜǊƛ Ŝǘ ŀƭΦΣ нлмсΤ tƛǧΣ нллуύΦ {ƛƴŎŜ ǊŜŎƻǊŘǎ ōŜƎŀƴ ƛƴ мтссΣ ŀƴƴǳŀƭ ƳŜŀƴ ǇǊŜŎƛǇƛǘŀǝƻƴ 

ƛƴ ǘƘŜ ¦Y Ƙŀǎ ǊŜƳŀƛƴŜŘ ƳǳŎƘ ǘƘŜ ǎŀƳŜ ƘƻǿŜǾŜǊΣ ǎŜŀǎƻƴŀƭ ƳŜŀƴ ǇǊŜŎƛǇƛǘŀǝƻƴ Ƙŀǎ ōŜŎƻƳŜ 

ƘƛƎƘƭȅ ǾŀǊƛŀōƭŜΦ {ƛƴŎŜ ǘƘŜ мфслǎΣ ǿƛǘƘ ŜǾŜƴǘ ŦǊŜǉǳŜƴŎȅ ŀƴŘ ŎƘŀƴƎŜǎ ƛƴ ǎŜŀǎƻƴŀƭƛǘȅΣ ǘƘŜ 

ƳŀƎƴƛǘǳŘŜ ƻŦ ŜȄǘǊŜƳŜ ǊŀƛƴŦŀƭƭ Ƙŀǎ ŘƻǳōƭŜŘ ƻǾŜǊ ǇŀǊǘǎ ƻŦ ǘƘŜ ¦YΣ ŀƴŘ ƛƴǘŜƴǎƛǝŜǎ ǇǊŜǾƛƻǳǎƭȅ 

ŜȄǇŜǊƛŜƴŎŜŘΣ ƻƴ ŀǾŜǊŀƎŜ ŜǾŜǊȅ нр ȅŜŀǊǎΣ ƴƻǿ ƻŎŎǳǊ ŀǘ сπȅŜŀǊ ƛƴǘŜǊǾŀƭǎ όCƻǿƭŜǊ ŀƴŘ YƛƭǎōȅΣ 

нллоύΦ ¢ƘŜǎŜ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜǎ ƘŀǾŜ ǎƻŎƛƻπŜŎƻƴƻƳƛŎ ƛƳǇƭƛŎŀǝƻƴǎ ƛƴ ǘŜǊƳǎ ƻŦ ƅƻƻŘƛƴƎ ǿƛǘƘ 

ƳǳƭǝπŘŀȅ ƛƴǘŜƴǎŜ ǊŀƛƴŦŀƭƭ ŜǾŜƴǘǎΣ ŘŜŬƴŜŘ ŀǎ ŜȄǘǊŜƳŜ ǇǊŜŎƛǇƛǘŀǝƻƴ ƻƴ ŎƻƴǎŜŎǳǝǾŜ ŘŀȅǎΣ ōŜƛƴƎ 

ŀƴ ƛƳǇƻǊǘŀƴǘ ŎŀǳǎŜ ƻŦ ǊŜŎŜƴǘ ǎŜǾŜǊŜ ƅƻƻŘƛƴƎ ƛƴ ǘƘŜ ¦YΣ ŀƴŘ ŀƴȅ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ 

ǘƘŜǎŜ ŜǾŜƴǘǎ Ŏŀƴ ƘŀǾŜ ǎŜǾŜǊŜ ƛƳǇŀŎǘǎ ƻƴ ǳǊōŀƴ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ό5ǳ Ŝǘ ŀƭΦΣ нлннύΦ Lǘ ƛǎ ŜȄǘǊŜƳŜƭȅ 

ŘƛŶŎǳƭǘ ǘƻ ƳƛǝƎŀǘŜ ƅƻƻŘƛƴƎ ŀǎ ƛǘ ƛǎ ŀ ǊŜǎǳƭǘ ƻŦ ŎƻƳǇƭŜȄ ŀƴŘ ƛƴǘǊƛŎŀǘŜ ƛƴǘŜǊǊŜƭŀǝƻƴǎƘƛǇǎ 

ōŜǘǿŜŜƴ ǿŜŀǘƘŜǊ ŀƴŘ ŎŀǘŎƘƳŜƴǘ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ όǎƛȊŜΣ ǎƘŀǇŜΣ ǎƭƻǇŜ ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘΣ ǎǘƻǊŀƎŜ 

ŎŀǇŀŎƛǘȅύ ό9ƭƭƛǎ Ŝǘ ŀƭΦΣ нлнмύΦ CƻǊ ƛƴǎǘŀƴŎŜΣ ǊŜǎŜŀǊŎƘ ƛƴǘƻ ǎƭƻǇŜ Ƙŀǎ ŦƻǳƴŘ ǎǘŜŜǇŜǊ ŎŀǘŎƘƳŜƴǘǎ 

Ŏŀƴ ƛƴƅǳŜƴŎŜ Ǌǳƴƻũ ǘǊŀƴǎƛǘ ǝƳŜ ǿƛǘƘ ǿŀǘŜǊ ǘǊŀƴǎǇƻǊǘŜŘ ƳƻǊŜ ǉǳƛŎƪƭȅ ǘƻ ǘƘŜ ƻǳǘƭŜǘ ό¢ŜǘȊƭŀũ Ŝǘ 

ŀƭΦΣ нллфύΣ ǾŜƎŜǘŀǝƻƴ Ƙŀǎ ōŜŜƴ ŦƻǳƴŘ ǘƻ ŘŜŎǊŜŀǎŜ ǉǳƛŎƪ Ǌǳƴƻũ ŀǎ ƛǘ ƛƴŎǊŜŀǎŜǎ ǎǳǊŦŀŎŜ 

ǊƻǳƎƘƴŜǎǎ ŀƴŘ ǎƻƛƭ ƛƴŬƭǘǊŀǝƻƴ ŎŀǇŀŎƛǘȅ ό[ǳƭƭ ŀƴŘ wŜƛƴƘŀǊǘΣ мфтнύΣ IƻǿŜǾŜǊΣ ǘƘŜ ŎƻƳǇƭŜȄΣ 

ƛƴǘŜǊǊŜƭŀǝƻƴǎƘƛǇǎ ōŜǘǿŜŜƴ ŎŀǘŎƘƳŜƴǘ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ƳŀƪŜ ƛǘ ŘƛŶŎǳƭǘ ǘƻ ǉǳŀƴǝŦȅ ǘƘŜ 

ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ƻƴŜ ǎƛƴƎƭŜ ŎŀǘŎƘƳŜƴǘ ŎƘŀǊŀŎǘŜǊƛǎǝŎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƎŜƴŜǊŀǝƴƎ ƅƻƻŘƛƴƎΦ 

CƻǊ ŜȄŀƳǇƭŜΣ tƛǘƭƛŎƪ όмффпύ ŦƻǳƴŘ ǘƘŀǘ ƅƻƻŘ ƳŀƎƴƛǘǳŘŜ ŘƛŘ ƴƻǘ ǾŀǊȅ ǿƛǘƘ ŎŀǘŎƘƳŜƴǘ ǎƭƻǇŜ ƛƴ 

ǘƘŜƛǊ ǇŀǊǝŎǳƭŀǊ ǎǘǳŘȅ ǊŜƎƛƻƴΦ ¢ƻ ǘŀŎƪƭŜ ǘƘŜ ǎƻǳǊŎŜ ƻŦ ǘƘŜ ǇǊƻōƭŜƳΣ bCa ŀ ŎŀǘŎƘƳŜƴǘπōŀǎŜŘ 
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ŀǇǇǊƻŀŎƘ Ƙŀǎ ōŜŜƴ ƛƳǇƭŜƳŜƴǘŜŘΣ ǘƻ ǎƭƻǿ ŀƴŘ ǎǘƻǊŜ ƅƻƻŘ ǿŀǘŜǊ ƛƴ ǘƘŜ ǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘ ǿƘƛŎƘ 

Ŏŀƴ ƛƴƅǳŜƴŎŜ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘƛƴƎΦ ¢Ƙƛǎ ǊŜŘǳŎŜǎ ǘƘŜ ǊŜƭƛŀƴŎŜ ƻƴ ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ 

ǿƘƛŎƘ ŀǊŜ ōǳƛƭǘ ƛƴ ŀƴŘ ŀǊƻǳƴŘ ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ ƘƛƎƘ ǾŀƭǳŜŘ ŀǊŜŀǎ ǇǊƻƴŜ ǘƻ ƅƻƻŘ Ǌƛǎƪ ό{9t!Σ 

нлмрύΦ CƭǳǾƛŀƭ ƅƻƻŘ ƳŀƴŀƎŜƳŜƴǘ ƛǎ ǳƴŘŜǊƎƻƛƴƎ ŀ ǇŀǊŀŘƛƎƳ ǎƘƛƊ ŦǊƻƳ ŜƴƎƛƴŜŜǊŜŘ ƘŀǊŘ ƅƻƻŘ 

ŘŜŦŜƴŎŜǎ ǿƛǘƘ ŎƻƴŎǊŜǘŜ ǿŀƭƭǎ ŀƴŘ ǊŀƛǎŜŘ ŜƳōŀƴƪƳŜƴǘǎΣ ǘƻ bCaΣ ǿƘƛŎƘ ǳǎŜ ƎǊŜŜƴ 

ƛƴŦǊŀǎǘǊǳŎǘǳǊŜǎΣ ǘƻ ŜƳǳƭŀǘŜ ƴŀǘǳǊŀƭ ƘȅŘǊƻƭƻƎƛŎŀƭ ŀƴŘ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ǘƻ ǎǘƻǊŜ ǿŀǘŜǊ 

ŀƴŘ ǊŜŘǳŎŜ ƅƻǿ ǘƘǊƻǳƎƘ ǘƘŜ ƭŀƴŘǎŎŀǇŜΦ bCa ƛǎ ƳƻǊŜ ŜŎƻƴƻƳƛŎŀƭ ŀƴŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭƭȅ 

ǎǳǎǘŀƛƴŀōƭŜ ǘƘŀƴ ǊŜƭȅƛƴƎ ƻƴ ƘŀǊŘ ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ŀƭƻƴŜ ό/ƻƻƪ Ŝǘ ŀƭΦΣ нлмсύΦ bCa ƛǎ 

ǳǎŜŘ ƛƴ ŀǊŜŀǎ ǿƘŜǊŜ ǘƘŜ Ŏƻǎǘ ōŜƴŜŬǘ Ǌŀǝƻ ƛǎ ƴƻǘ ƘƛƎƘ ŜƴƻǳƎƘ ǘƻ ǿŀǊǊŀƴǘ ƘŀǊŘ ŜƴƎƛƴŜŜǊŜŘ 

ŘŜŦŜƴŎŜǎ ό{9t!Σ нлмрύΦ ¢Ƙƛǎ ƴŀǘǳǊŜπōŀǎŜŘ ŀǇǇǊƻŀŎƘ ǘƻ ƅƻƻŘ Ǌƛǎƪ ƳŀƴŀƎŜƳŜƴǘ Ƙŀǎ ƎŀƛƴŜŘ 

ƛƳǇŜǘǳǎ ƛƴ ǘƘŜ ¦YΣ 9ǳǊƻǇŜ ŀƴŘ ŦǳǊǘƘŜǊ ŀŬŜƭŘ ό²ŜǎǎŜƭƛƴƪ Ŝǘ ŀƭΦΣ нлмрΤ 9ƭƭƛǎ Ŝǘ ŀƭΦΣ нлнмύΦ 

IƻǿŜǾŜǊΣ bCa ƭŀŎƪǎ ŎŜǊǘŀƛƴǘȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ ƭƛƳƛǘŜŘ ǎŎƛŜƴǝŬŎ ǊŜǎŜŀǊŎƘ ƻƴ ƛǘǎ ŜŶŎŀŎȅ ǘƻ 

ŎƻǇŜ ǿƛǘƘ ŜȄǘǊŜƳŜ ƅƻƻŘǎ ŀƴŘ ƭŀǊƎŜ ŎŀǘŎƘƳŜƴǘǎ όaŜǘŎŀƭŦŜ Ŝǘ ŀƭΦΣ нлмтΤ ²ƛƭƪƛƴǎƻƴ Ŝǘ ŀƭΦΣ нлмфύΦ 

[ƛǘŜǊŀǘǳǊŜ ŀǎǎŜǊǘǎ ǘƘŀǘ ƘȅŘǊƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎ ŀǊŜ ƛƳǇŀŎǘŜŘ ōȅ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ŀƴŘ ƭŀƴŘ ŎƘŀƴƎŜ 

ǿƘƛŎƘ Ƙŀǎ ƛƴŎǊŜŀǎŜŘ ƅƻƻŘ ŦǊŜǉǳŜƴŎȅ όhΩ/ƻƴƴŜƭƭ Ŝǘ ŀƭΦΣ нллтΤ Lt//Σ нлмоύΦ LƴŎǊŜŀǎŜŘ ōǳƛƭŘƛƴƎ 

ŀƴŘ LƴŦǊŀǎǘǊǳŎǘǳǊŜǎ ǎǳŎƘ ŀǎ ǊƻŀŘǎ ƘŀǾŜ ŘŜŎǊŜŀǎŜŘ ǎǘƻǊŀƎŜ ŎŀǇŀŎƛǘȅ ŀƴŘ ǊŜŘǳŎŜŘ Ǌǳƴƻũ ǝƳŜ 

ǎƻ ƛƴŎǊŜŀǎƛƴƎ ƅƻƻŘ ǇŜŀƪǎ IƛǎǘƻǊƛŎ ŎƘŀƴƎŜǎ ƛƴ ƭŀƴŘ ǳǎŜ ǇǊŀŎǝŎŜǎ ƘŀǾŜ ƘŀŘ ŜũŜŎǘ ƻƴ ǘƘŜ ǎǇŜŜŘ 

ƻŦ ƅƻƻŘ ǇǊƻǇŀƎŀǝƻƴ ŘǳǊƛƴƎ ƘŜŀǾȅ ǇǊŜŎƛǇƛǘŀǝƻƴ ǿƘƛŎƘ Ŏŀƴ ŎŀǳǎŜ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘƛƴƎ 

όbŜǿŎŀǎǘƭŜ ¦ƴƛǾŜǊǎƛǘȅΣ 9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлммύΦ {ƛƴŎŜ ǘƘŜ {ŜŎƻƴŘ ²ƻǊƭŘ ²ŀǊΣ ǘƘŜǊŜ Ƙŀǎ 

ōŜŜƴ ŀ ǊŀŘƛŎŀƭ ŎƘŀƴƎŜ ƛƴ ƭŀƴŘ ǳǎŜ ƳŀƴŀƎŜƳŜƴǘ ǇǊŀŎǝŎŜǎ ƛƴ ǘƘŜ ¦YΣ ƛƴ ǘƘŜ ŘŜƳŀƴŘ ŦƻǊ ǎŜƭŦπ

ǎǳŶŎƛŜƴŎȅ ƛƴ ŦƻƻŘ ǇǊƻŘǳŎǝƻƴ ǿƘƛŎƘ Ƙŀǎ ŜƴǘŀƛƭŜŘ ǘƘŜ ƭƻǎǎ ƻŦ ŦƻǊŜǎǘǎ ŀƴŘ ƘŜŘƎŜǊƻǿǎΣ 

ŎƘŀƴƴŜƭƛǎŜŘ ǎǘǊŜŀƳǎ ǿƛǘƘ ƴƻ ǊƛǇŀǊƛŀƴ ȊƻƴŜǎ ŀƴŘ ƴŜǿ ŎǳƭǝǾŀǝƻƴ ǇǊŀŎǝŎŜǎ ƭŜŀŘƛƴƎ ǘƻ ƛƴŎǊŜŀǎŜŘ 

ǎǳǊŦŀŎŜ Ǌǳƴƻũ ƛƴǘƻ ǿŀǘŜǊ ŎƻǳǊǎŜǎ όhΩ/ƻƴƴŜƭƭ Ŝǘ ŀƭΦΣ нллтύΦ IƛǎǘƻǊƛŎŀƭƭȅΣ ǿƻƻŘȅ ŘŜōǊƛǎ ǿƘƛŎƘ 

ƴŀǘǳǊŀƭƭȅ ŦŜƭƭ ƛƴǘƻ ǿŀǘŜǊ ŎƻǳǊǎŜǎ ōŜŎŀƳŜ ǊŜƎŀǊŘŜŘ ŀǎ ŀ ƴŀǾƛƎŀǝƻƴ ǇǊƻōƭŜƳ ŀƴŘ ŀ ŎŀǳǎŜ ƻŦ 

ƅƻƻŘƛƴƎ ŀƴŘ ǎƻ ǿŀǎ ǊƻǳǝƴŜƭȅ ǊŜƳƻǾŜŘ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ нллоΤ ²ƻƘƭΣ нлмпΤ wƻƴƛ Ŝǘ ŀƭΦΣ 

нлмпύΦ CƭƻƻŘǎ ǘƘŀǘ ŀũŜŎǘŜŘ ǘƘŜ ¦Y ŘǳǊƛƴƎ нллл ŀƴŘ нллм ǊŜƛƴŦƻǊŎŜŘ ƎǊƻǿƛƴƎ ŎƻƴŎŜǊƴ ǘƘŀǘ 

ŎƘŀƴƎŜŘ ŀƎǊƛŎǳƭǘǳǊŀƭ ǇǊŀŎǝŎŜǎ ǿŜǊŜ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ ƛƴŎǊŜŀǎŜŘ ƅƻƻŘ Ǌƛǎƪ ό²ƘŜŀǘŜǊΣ нллсύΦ Lǘ 

Ƙŀǎ ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ŀƎǊƛŎǳƭǘǳǊŀƭ ƛƴǘŜƴǎƛŬŎŀǝƻƴ ƛƴ bƻǊǘƘŜǊƴ 9ǳǊƻǇŜ Ƙŀǎ ŀƭǎƻ ŎŀǳǎŜŘ 

ƛƴŎǊŜŀǎŜŘ ǿŀǘŜǊ ŎƻǳǊǎŜ ƅƻƻŘ ǇŜŀƪǎ ŦǊƻƳ ŜȄŎŜǎǎ Ǌǳƴƻũ ȅƛŜƭŘǎ όtƛƴǘŜǊ Ŝǘ ŀƭΦΣ нллсύΦ tƛǧ όнллуύ 

ǊŜŎƻƎƴƛǎŜŘ ǿŀǘŜǊ ƳŀƴŀƎŜƳŜƴǘ ŀǎ ōŜƛƴƎ ƛƴŜȄǘǊƛŎŀōƭȅ ƭƛƴƪŜŘ ǘƻ ƭŀƴŘ ƳŀƴŀƎŜƳŜƴǘ ŀƴŘ 

ǇǊƻǇƻǎŜŘ ǘƘŀǘ ŀǇǇǊƻǇǊƛŀǘŜ ƭŀƴŘ ƳŀƴŀƎŜƳŜƴǘ ƛƴǘŜǊǾŜƴǝƻƴǎ ǎƘƻǳƭŘ ōŜ ŀŘƻǇǘŜŘ ǘƻ ǊŜŘǳŎŜ 
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ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘ Ǌƛǎƪ ŀƴŘ ǳǎŜŘ ŀǎ ŀ Ŏƻǎǘ ŜũŜŎǝǾŜΣ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ƴŀǘǳǊŀƭ ǎƻƭǳǝƻƴ ǘƻ ƘŀǊŘ 

ŜƴƎƛƴŜŜǊƛƴƎ ƅƻƻŘ ŘŜŦŜƴŎŜǎΦ ¢ƘŜǊŜ Ƙŀǎ ōŜŎƻƳŜ ƎǊƻǿƛƴƎ ŜǾƛŘŜƴŎŜ ǘƘŀǘ ƴŀǘǳǊŀƭ ǇǊƻŎŜǎǎŜǎ ƛƴ ǘƘŜ 

ǳǇƭŀƴŘǎ ŎƻƴǘǊƻƭ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǿŀǘŜǊ ōŀƭŀƴŎŜΣ ŀƴŘ ǘƘŀǘ ǿŀǘŜǊ ƛƴǘŜǊŎŜǇǝƻƴ Ƙŀǎ ŜƴƘŀƴŎŜŘ 

ǎǳǊŦŀŎŜ Ǌǳƴƻũ ŀǘ ǘƘŜ ƭƻŎŀƭ ǎŎŀƭŜ όhΩ/ƻƴƴŜƭƭ Ŝǘ ŀƭΦΣ нллтύΦ 

¢ƘŜ Ǌǳƴƻũ Ǌŀǝƻ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǎƻƛƭ ƳƻƛǎǘǳǊŜ ŎƻƴǘŜƴǘΣ ǿƛǘƘ ǘƘŜ ŦǊŀŎǝƻƴ ƻŦ ǇǊŜŎƛǇƛǘŀǝƻƴ ǘƘŀǘ 

ŀǇǇŜŀǊǎ ŀǎ Ǌǳƴƻũ ŜƴǘŜǊƛƴƎ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ŀǎ ŘƛǎŎƘŀǊƎŜ όCǊȅƛǊǎ ŀƴŘ .ǊƛŜǊƭŜȅΣ нлмоύΦ LƴŬƭǘǊŀǝƻƴ 

ƅƻǿǎ ǘƘǊƻǳƎƘ ǎƻƛƭ ǇƻǊŜǎ ŀǎ ǘƘǊƻǳƎƘƅƻǿ ŘŜǇŜƴŘƛƴƎ ƻƴ ǎƻƛƭ ǘȅǇŜ ŀƴŘ ŎƘŀƴƴŜƭ ǎƭƻǇŜ ŀƴƎƭŜ κ 

ƎǊŀŘƛŜƴǘΦ hǇŜƴ ǇŀǎǎŀƎŜǿŀȅǎ ƛƴ ǘƘŜ ǎƻƛƭΣ ŎŀǳǎŜŘ ŦƻǊ ŜȄŀƳǇƭŜ ōȅ ŘŜŎŀȅƛƴƎ Ǌƻƻǘǎ ƻǊ ŬŜƭŘ ŘǊŀƛƴǎΣ 

ŀƭƭƻǿ ǿŀǘŜǊ ǘƻ ƛƴŬƭǘǊŀǘŜ ŀƴŘ ǇŜǊŎƻƭŀǘŜ ŘŜŜǇŜǊ ƛƴǘƻ ǘƘŜ ǎǳōπǎǳǊŦŀŎŜΦ hƴŎŜ ǘƘŜ ǎƻƛƭ Ŏŀƴ ƴƻ ƭƻƴƎŜǊ 

ŀōǎƻǊō ǘƘŜ ǿŀǘŜǊ Ŧŀǎǘ ŜƴƻǳƎƘΣ ǘƘŜƴ ƛƴŬƭǘǊŀǝƻƴπŜȄŎŜǎǎ ƻǾŜǊƭŀƴŘ ƅƻǿ ƻŎŎǳǊǎΦ LŦ ǘƘŜ ǎǳōǎǳǊŦŀŎŜ 

ǎƻƛƭ ōŜŎƻƳŜǎ ǎŀǘǳǊŀǘŜŘΣ ǘƘŜ ǿŀǘŜǊ ǘŀōƭŜ ǊƛǎŜǎ ŀƴŘ ǿŀǘŜǊ ƅƻǿǎ ŀŎǊƻǎǎ ǘƘŜ ǎǳǊŦŀŎŜ ƛƴǘƻ ǘƘŜ 

ŎƘŀƴƴŜƭΦ ²ƘŜƴ ǎǳǊŦŀŎŜ Ǌǳƴƻũ ŜȄŎŜŜŘǎ ǘƘŜ ǳǇƭŀƴŘ ŎƘŀƴƴŜƭ ƴŜǘǿƻǊƪ ŎƻƴǾŜȅŀƴŎŜ ŎŀǇŀŎƛǘȅ ǘƘƛǎ 

Ŏŀƴ ƭŜŀŘ ǘƻ ƘƛƎƘ ǾŀƭǳŜŘ ŀǊŜŀǎ ōŜŎƻƳƛƴƎ ƛƴǳƴŘŀǘŜŘ ŘƻǿƴǎǘǊŜŀƳ ǇŀǊǝŎǳƭŀǊƭȅ ǿƘŜǊŜ ǘƘŜ ǝƳƛƴƎǎ 

ƻŦ ƅƻƻŘ ǇŜŀƪǎ ƻŦ ǘǊƛōǳǘŀǊƛŜǎ ŎƻƳōƛƴŜ ǿƛǘƘƛƴ ǘƘŜ ƘƛƎƘ ǎǘǊŜŀƳ ƻǊŘŜǊ ŎƘŀƴƴŜƭΦ ¢ƘŜ ŎƘŀƭƭŜƴƎŜ ƛǎ 

ǘƻ ǳƴŘŜǊǎǘŀƴŘ ƴƻǘ ƻƴƭȅ ǘƘŜ ŎƻƴǎŜǉǳŜƴŎŜǎ ƻŦ ƭƻŎŀƭ ƴŀǘǳǊŜπōŀǎŜŘ ǇǊƻŎŜǎǎŜǎ ōǳǘ ǘƘŜƛǊ 

ƳŜŎƘŀƴƛǎƳǎΣ Ƙƻǿ ǘƘŜȅ ǿƻǊƪ ǘƻƎŜǘƘŜǊ ŀƴŘ ǘƘŜ ƛƴǘŜǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ ǘƘŜ ƭƻŎŀƭ ŀƴŘ ŎŀǘŎƘƳŜƴǘ 

ŜũŜŎǘǎ ǎƻ bCa Ŏŀƴ ōŜ ŀƴǘƘǊƻǇƻƎŜƴƛŎŀƭƭȅ ǊŜǎǘƻǊŜŘ ŀǘ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜ όhΩ/ƻƴƴŜƭƭ Ŝǘ ŀƭΦΣ 

нллтύΦ 

²ƛǘƘ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ǇǊƻƧŜŎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ǇǊŜŎƛǇƛǘŀǝƻƴ 55C ŀƴŘ ƘŜƴŎŜ ƅƻƻŘ ǊƛǎƪΣ ǘƘŜ ¦Y 

ƎƻǾŜǊƴƳŜƴǘ ƛǎ ƛƴǾŜǎǝƴƎ ƛƴ bCa ŀǎ ŀ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǘŜŎƘƴƛǉǳŜ ǘƻ ŎƻƴǾŜƴǝƻƴŀƭ ƘŀǊŘ 

ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ό²ƛƴƎŬŜƭŘ Ŝǘ ŀƭΦΣ нлмфΤ 9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлмфύΦ Lǘ ƛǎ ōŜƭƛŜǾŜŘ 

ǘƘŀǘ ƘŀǊŘ ŜƴƎƛƴŜŜǊƛƴƎ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ŀƭƻƴŜ ŎƻǳƭŘ ƴƻǘ ƻũǎŜǘ ǘƘŜ ƳƻǊŜ ŜȄǘǊŜƳŜ ǎŎŜƴŀǊƛƻǎ ƻŦ 

ŎƭƛƳŀǘŜ ŎƘŀƴƎŜ ǘƻ ƳŀƴŀƎŜ ƳŀƧƻǊ ƅƻƻŘǎ ŀƴŘ ǘƘŀǘ ōǳƛƭŘƛƴƎ ōƛƎƎŜǊ ŘŜŦŜƴŎŜǎ ƛǎ ƴƻǘ ǘƘŜ ŀƴǎǿŜǊ 

ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлмфύΦ 9ȄǘǊŜƳŜ ŜǾŜƴǘǎ ŀǊŜΣ ōȅ ǘƘŜƛǊ ƴŀǘǳǊŜΣ ǳƴǇǊŜŘƛŎǘŀōƭŜ ŀǎ ǘƻ ǿƘŜƴ 

ǘƘŜȅ ǿƛƭƭ ƻŎŎǳǊ ŀƴŘ ǿƘŜǊŜ ǘƘŜƛǊ ƎǊŜŀǘŜǎǘ ƛƳǇŀŎǘ ǿƛƭƭ ōŜ ŦŜƭǘΦ bŀǘǳǊŜπōŀǎŜŘ ǎƻƭǳǝƻƴǎ ŀǧŜƴǳŀǘŜ 

ǘƘŜ ƅƻǿ ƛƴ ǘƘŜ ǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘ ŀƴŘ ōȅ ǎƭƻǿƭȅ ǊŜƭŜŀǎƛƴƎ ƛǘΣ ǊŜŘǳŎŜ ƅƻƻŘ ƘŜƛƎƘǘǎ ŘƻǿƴǎǘǊŜŀƳ 

ǎƻ ŀƭƭŜǾƛŀǝƴƎ ǘƘŜ ǇǊŜǎǎǳǊŜ ƻƴ ŎƻƴǾŜƴǝƻƴŀƭ ŘƻǿƴǎǘǊŜŀƳ ŘŜŦŜƴŎŜǎΦ Lƴ ǘƘƛǎ ǿŀȅΣ bCa ǎǳǇǇƻǊǘǎ 

ŎƻƴǾŜƴǝƻƴŀƭ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ŘǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлнмŀύΦ ²ƘƛƭŜ ƘŀǊŘ 

ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ŀǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ŘƛǊŜŎǘ ƅƻǿ ŀǿŀȅ ŦǊƻƳ ƘƛƎƘ Ǌƛǎƪ ŀǊŜŀǎ ǳǎƛƴƎ 

ŎƻƴŎǊŜǘŜ ŀƴŘ ǎƘŜŜǘπǇƛƭŜŘ ǎǘǊǳŎǘǳǊŜ ŘŜŦŜƴŎŜ ǿŀƭƭǎΣ ǊŀƛǎŜŘ ŜƳōŀƴƪƳŜƴǘǎΣ ǿŜƛǊǎ ŀƴŘ ŎǳƭǾŜǊǘǎΣ 

bCa ŜƳǳƭŀǘŜǎ ƴŀǘǳǊŀƭ ǇǊƻŎŜǎǎŜǎ ǘƻ ƳŀƴŀƎŜ ƅƻǿ ǇŀǘƘǿŀȅǎ ǳǎƛƴƎ ƭŀƴŘ ƳŀƴŀƎŜƳŜƴǘ 
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ǘŜŎƘƴƛǉǳŜǎ ǎǳŎƘ ŀǎ ŎƻƴǘƻǳǊ ǇƭƻǳƎƘƛƴƎ ǘƻ ǎƭƻǿ ǎǳǊŦŀŎŜ ǊǳƴƻũΣ ǘǳǊƴƛƴƎ ƻƉƛƴŜ ƳŜŀǎǳǊŜǎ ǎǳŎƘ ŀǎ 

ǇƻƴŘǎ ƻƴƭƛƴŜ ǘƻ ǎǘƻǊŜ ŜȄŎŜǎǎ ǿŀǘŜǊ ŘǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ƛƴπŎƘŀƴƴŜƭ ǎǘǊǳŎǘǳǊŜǎ ǎǳŎƘ ŀǎ 

²55ǎ ǘƻ ŘŜƭŀȅ ŀƴŘ ǊŜǘŀƛƴ ǿŀǘŜǊ ƛƴ ǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘǎΦ 

 

2.2. Engineered woody debris dam design 

9ƴƎƛƴŜŜǊŜŘ ²55ǎ ŀǊŜ wǳƴƻũ !ǧŜƴǳŀǝƻƴ CŜŀǘǳǊŜǎ όw!Cǎύ ǎƛǘǳŀǘŜŘ ƛƴ ǘƘŜ ǳǇƭŀƴŘ ŀƎǊƛŎǳƭǘǳǊŀƭ 

ŎŀǘŎƘƳŜƴǘǎΦ ! w!C ƛǎ ŀƴ ŀƴǘƘǊƻǇƻƎŜƴƛŎŀƭƭȅ ŜƴƎƛƴŜŜǊŜŘ ƭŀƴŘǎŎŀǇŜ ƛƴǘŜǊǾŜƴǝƻƴ ŘŜǎƛƎƴŜŘ ǘƻ 

ƛƴǘŜǊŎŜǇǘ ŀƴŘ ŀǧŜƴǳŀǘŜ ŀ ƘȅŘǊƻƭƻƎƛŎŀƭ ƅƻǿ ǇŀǘƘǿŀȅ ŦƻǊ ƳŀƴŀƎƛƴƎ ƅƻƻŘǎΦ Cƭƻǿ ǇŀǘƘǿŀȅǎ ŀǊŜ 

ŘŜŬƴŜŘ ŀǎ ǊƻǳǘŜǎ ƛƴŎƭǳŘƛƴƎ ƅǳǾƛŀƭ ŎƘŀƴƴŜƭǎ ǘƘŀǘ ŎƻƴǾŜȅ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ ŦǊƻƳ ǎƻǳǊŎŜ ǘƻ ǎƛƴƪ 

όIŀƭƭ Ŝǘ ŀƭΦΣ нллоύΦ ¢ƘŜ ƛŘŜŀ ƛǎ ǘƻ ƭƻŎŀǘŜ ŀ ƴŜǘǿƻǊƪ ƻŦ ǎƳŀƭƭ w!Cǎ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ǳǇǇŜǊ ǊǳǊŀƭ 

ƭŀƴŘǎŎŀǇŜ ǎƻ ǘƘŜȅ Ŏŀƴ ǎƭƻǿΣ ǎǘƻǊŜ ŀƴŘ ŬƭǘŜǊ ǊǳƴƻũΦ hƴŜ ǘȅǇŜ ƻŦ w!CΣ ǳǎŜŘ ŀǎ ŀ ƅƻƻŘ ƳƛǝƎŀǝƻƴ 

ǎƻƭǳǝƻƴΣ ƛǎ ǘƘŜ ²55 όvǳƛƴƴ Ŝǘ ŀƭΦΣ нлмоŀύΦ ¢ƘŜȅ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ōǳƛƭǘ ƻŦ ǿƻƻŘ ŀƴŘ ōǊŀƴŎƘŜǎ 

ǇƭŀŎŜŘ ŀŎǊƻǎǎ ǎǘǊŜŀƳǎ ǘƻ ŎǊŜŀǘŜ ōŀŎƪǿŀǘŜǊǎΣ ǇǊƻǾƛŘŜ ǎŜŘƛƳŜƴǘ ǘǊŀǇǇƛƴƎ ŀƴŘ ƛƴŎǊŜŀǎŜ ŎƘŀƴƴŜƭ 

ǊƻǳƎƘƴŜǎǎΦ ¢ƘŜ ŎƘƛŜŦ ǇǳǊǇƻǎŜ ƻŦ ŀƴ ŜƴƎƛƴŜŜǊŜŘ ²55 ƛǎ ǘƻ ǘŜƳǇƻǊŀǊƛƭȅ ǎǘƻǊŜ ǿŀǘŜǊ ƛƴ ǳǇǇŜǊ 

ŎŀǘŎƘƳŜƴǘǎ ŘǳǊƛƴƎ ǎǘƻǊƳ ŜǾŜƴǘǎΣ ŘŜƭŀȅƛƴƎ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŘƻǿƴǎǘǊŜŀƳ όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ 

нлмфύΦ ¢ƘŜȅ ŀǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ƛƴǘŜǊŎŜǇǘ ŀƴŘ ŀǧŜƴǳŀǘŜ ǊŀǇƛŘ Ǌǳƴƻũ ŘǳǊƛƴƎ ǎǘƻǊƳǎ ŀƴŘ ŎǊŜŀǘŜ 

ǘŜƳǇƻǊŀǊȅ ǎǘƻǊŀƎŜ ŀǊŜŀǎΣ ǿƘƛƭǎǘ ŜƴƘŀƴŎƛƴƎ ŎƘŀƴƴŜƭπƅƻƻŘǇƭŀƛƴ ŎƻƴƴŜŎǝǾƛǘȅ ό¢ƘƻƳŀǎ ŀƴŘ 

bƛǎōŜǘΣ нлмнΤ DǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфΤ .ŀǊƴǎƭŜȅ Ŝǘ ŀƭΦΣ нлнмύΦ 

¢ƘŜǊŜ ƛǎ ƴƻ ǎǘŀƴŘŀǊŘ ǿŀȅ ǘƻ ŘŜǎƛƎƴ ŀƴ ŜƴƎƛƴŜŜǊŜŘ ²55 ŦƻǊ ƛǘǎ ƛƴǘŜƴŘŜŘ ŦǳƴŎǝƻƴΦ ¢ƘƻǳƎƘ ǘƘŜȅ 

ƳƛƳƛŎ ƴŀǘǳǊŀƭ ²55ǎ ƛƴ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜΣ ǘƘŜǊŜ ƛǎ ŎǳǊǊŜƴǘƭȅ ŀ Ǿŀǎǘ ŀǊǊŀȅ ƻŦ ŘƛũŜǊŜƴǘ ŘŜǎƛƎƴǎ ƻŦ 

ŜƴƎƛƴŜŜǊŜŘ ²55ǎ Ƴŀƛƴƭȅ ŘǳŜ ǘƻ ǘƘŜ ƭŀŎƪ ƻŦ ŜũŜŎǝǾŜ ŘŜǎƛƎƴ ŎǊƛǘŜǊƛŀ ό[ŜŀƪŜȅ Ŝǘ ŀƭΦΣ нлнлΤ 

Iŀƴƪƛƴ Ŝǘ ŀƭΦΣ нлнлύΦ ±ŀǊƛŀǝƻƴ ƛƴ ŘŜǎƛƎƴ ŎƻǳƭŘ ŀƭǎƻ ōŜ ŘǳŜ ǘƻ ǘƘŜ ƛƴŀŘŜǉǳŀǘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ 

ǘƘŜ ŜũŜŎǘǎ ƻŦ ²55ǎ ƻƴ ŎƘŀƴƴŜƭ ƘȅŘǊŀǳƭƛŎǎΦ wŜǎŜŀǊŎƘ ǇǊƻǾƛŘƛƴƎ ƎǊŜŀǘŜǊ ƛƴǎƛƎƘǘ ƛƴǘƻ ǘƘŜ 

ƘȅŘǊŀǳƭƛŎǎ ŀǘ ²55ǎ ŎƻǳƭŘ ƘŜƭǇ ƛƴŦƻǊƳ ŘŜǎƛƎƴ ŎǊƛǘŜǊƛŀ ό.ŜƴƴŜǧ Ŝǘ ŀƭΦΣ нлмрύΦ  

¢ƘŜǊŜ ƛǎ ŀ ƭŀŎƪ ƻŦ ǎǘŀƴŘŀǊŘƛǎŜŘ ǘŜǊƳǎ ǳǎŜŘ ǘƻ ŘƛũŜǊŜƴǝŀǘŜ ōŜǘǿŜŜƴ ²55ǎ ό²ŀǘŜǊ CǊƛŜƴŘƭȅ 

CŀǊƳƛƴƎΣ нлнлύΦ ¢Ƙƛǎ Ŏŀƴ ƭŜŀŘ ǘƻ ǎƻƳŜ ŎƻƴŦǳǎƛƻƴ ƛƴ ƭƛǘŜǊŀǘǳǊŜ ǿƘƛŎƘ ǳǎŜǎ ǎŜǾŜǊŀƭ ǘŜǊƳǎ ŦƻǊ 

²55ǎ ƛƴŎƭǳŘƛƴƎ ƭŜŀƪȅ ōŀǊǊƛŜǊǎ ό[ŜŀƪŜȅ Ŝǘ ŀƭΦΣ нлнлύΣ ƭŜŀƪȅ ǿƻƻŘȅ ŘŀƳǎ ό.ǊŀŘǎƘŀǿΣ нлмтύΣ 

ŘŜōǊƛǎ ŘŀƳǎ ό{ƳƻŎƪ Ŝǘ ŀƭΦΣ мфуфύ ƭŀǊƎŜ ǿƻƻŘȅ ŘŜōǊƛǎ ό¢ƘƻƳǇǎƻƴ Ŝǘ ŀƭΦΣ нлмтύΣ ŜƴƎƛƴŜŜǊŜŘ ƭƻƎ 

ŘŀƳǎ όbƻǊōǳǊȅ Ŝǘ ŀƭΦΣ нлмуύΣ ǿƻƻŘ ǇƭŀŎŜƳŜƴǘǎ ŀƴŘ ƅƻǿ ǊŜǎǘǊƛŎǘƻǊǎ όbƎŀƛ Ŝǘ ŀƭΦΣ нлмтύΦ ¢ƘŜǎŜ 
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ŘƛǎǇŀǊŀǘŜ ǘŜǊƳǎ ŀǊŜ ƻƊŜƴ ǳǎŜŘ ƛƴǘŜǊŎƘŀƴƎŜŀōƭȅΣ ǘƘƻǳƎƘ ƛƴ ǘƘŜ ǎŜŀǊŎƘ ŦƻǊ ŘŜǎƛƎƴ ŜũŜŎǝǾŜƴŜǎǎ 

ƛƴ ŀǧŜƴǳŀǝƴƎ ǘƘŜ ƅƻǿ ǘƘŜǊŜ Ƙŀǎ ōŜŎƻƳŜ ƳƻǊŜ ŘƛǎǝƴŎǝƻƴ ό²ŀǘŜǊ CǊƛŜƴŘƭȅ CŀǊƳŜǊΣ нлнлύΦ Lƴ 

ƭƛǘŜǊŀǘǳǊŜΣ ǘŜǊƳǎ ŎƻƴǝƴǳŜ ǘƻ ōŜ ƛƴǘŜǊŎƘŀƴƎŜŀōƭŜ ŀƴŘ ǿƛǘƘ ƴŜǿ ŘŜǎƛƎƴǎ ƻǘƘŜǊ ǘŜǊƳǎ ƘŀǾŜ ŎƻƳŜ 

ƛƴǘƻ ǳǎŜ ǎǳŎƘ ŀǎ ǘƘŜ ƘƻǊǎŜ ƧǳƳǇ ǘȅǇŜ ό.ǊŀŘǎƘŀǿΣ нлмтύΣ ǘƘŜ .ƻŀǊŘ 5ŀƳΣ ǘƘŜ [ƛǾƛƴƎ 5ŀƳ ŀƴŘ 

ǘƘŜ ²ŜŘƎŜŘ [ƻƎ WŀƳ ό¢ƘŀƳŜǎнмΣ нлнмύΣ ǳǎŜŘ ŀǎ ŘŜǎŎǊƛǇǘƻǊǎΦ ¢ƘŜ ǘŜǊƳ ƭŜŀƪȅ ōŀǊǊƛŜǊ Ƙŀǎ ōŜŜƴ 

ƛƴǘǊƻŘǳŎŜŘΣ ǘƘƻǳƎƘ ǘƘƛǎ ǘȅǇŜ ƻŦ ƛƴǎǘǊŜŀƳ ǊŜǎǘǊƛŎǝƻƴ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ƎŜƴŜǊŀƭ ŦǳƴŎǝƻƴƛƴƎ ƻŦ ƴŀǘǳǊŀƭ 

ŀƴŘ ŜƴƎƛƴŜŜǊŜŘ ǿƻƻŘ ǎǘǊǳŎǘǳǊŜǎ ŀǎ ǿŜƭƭ ŀǎ ƻǘƘŜǊ ƛƴǎǘǊŜŀƳ ǎǘǊǳŎǘǳǊŜǎ ǎǳŎƘ ŀǎ ōƻǳƭŘŜǊ 

ǇƭŀŎŜƳŜƴǘǎ όbƎŀƛ Ŝǘ ŀƭΦΣ нлмтύΦ [Ŝŀƪȅ ōŀǊǊƛŜǊǎ ŀƴŘ ²55ǎ όCƛƎǳǊŜ нΦмύ ǿŜǊŜ ƎƛǾŜƴ ŘƛǎǝƴŎǘ 

ŘƛũŜǊŜƴŎŜǎ ƛƴ ǘƘŜƛǊ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŀƴŘ ŦǳƴŎǝƻƴǎ ό²ŀǘŜǊ CǊƛŜƴŘƭȅ CŀǊƳŜǊΣ нлнлύΦ 9ƴƎƛƴŜŜǊŜŘ 

ƭŜŀƪȅ ōŀǊǊƛŜǊǎ ƘŀǾŜ ǘƘŜƛǊ ōƻǧƻƳ ƪŜȅ ƳŜƳōŜǊ ƭƻŎŀǘŜŘ Ҕ ол ŎƳ ŀōƻǾŜ ǘƘŜ ǿƛƴǘŜǊ ōŀǎŜ ƅƻǿ ŀƴŘ 

ŀǊŜ ŘŜǎƛƎƴŜŘ ǘƻ ŀǧŜƴǳŀǘŜ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ǿƘƛƭŜ ǎƻƳŜ ŜƴƎƛƴŜŜǊŜŘ ²55 ŘŜǎƛƎƴǎ Ŏŀƴ ƛƳǇŜŘŜ ŀƭƭ 

ƅƻǿǎΣ ŎǊŜŀǘŜ ǾŀǊƛŜŘ ƅƻǿ ǿƛǘƘ ƭƻŎŀƭ ŜǊƻǎƛƻƴ ŀƴŘ Ǉƻƻƭǎ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜƳ ŦƻǊ ƛƴǎǘǊŜŀƳ Ƙŀōƛǘŀǘǎ 

ό²ŀǘŜǊ CǊƛŜƴŘƭȅ CŀǊƳŜǊΣ нлнлύΦ 
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Leaky Barrier Woody Debris Dams (WDDs) 

 
 

Figure 2.1: Leaky barriers attenuate peak discharge and are built to remain stable over their lifetime. 
WDDs attenuate all flows and create channel diversification, varied flow conditions and diverse 
stream habitats however WDDs can become unstable with channel erosion and degrade quicker 
than leaky barriers. Images taken from Water Friendly Farming (2020). 

 

²55ǎ ŀǊŜ ŘŜǎƛƎƴŜŘ ǿƛǘƘ ǾŀǊȅƛƴƎ ƭŜǾŜƭǎ ƻŦ ŎƻƳǇƭŜȄƛǘȅΣ ŦǊƻƳ ǘǿƻ ƻǊ ǘƘǊŜŜ ǇƛŜŎŜǎ ƻŦ ǿƻƻŘ ŀŎǊƻǎǎ 

ŀ ŎƘŀƴƴŜƭ ǘƻ ƳǳƭǝǇƭŜ ǎǘŀŎƪŜŘ ƭƻƎǎ ǿƛǘƘ ŀŎŎǳƳǳƭŀǘŜŘ ŘŜǘǊƛǘǳǎ ό{9t!ΦΣ нлмрύΦ ¢ƘŜȅ ŀǊŜ ŎƻƳǇƭŜȄΣ 

ǇƻǊƻǳǎ ǎǘǊǳŎǘǳǊŜǎ ǿƘƛŎƘ ŎƘŀƴƎŜ ƻǾŜǊ ǝƳŜΣ ŎŀǳǎŜŘ ƴŀǘǳǊŀƭƭȅ ōȅ ǘƘŜ ōǳƛƭŘπǳǇ ƻŦ ǾŀǊƛƻǳǎ ǿƻƻŘ 

ǇƛŜŎŜǎ ŀƴŘ ƭŜŀŦ ƳŀǘŜǊƛŀƭΦ LƴƛǝŀƭƭȅΣ ǘƘŜȅ ŎƻƳǇǊƛǎŜ ƻŦ ōŀǎƛŎ ƪŜȅ ƳŜƳōŜǊǎΣ ǿƘƛŎƘ ŀǊŜ ƭŀǊƎŜ ǇƛŜŎŜǎ 

ƻŦ ƛƳƳƻōƛƭŜ ǿƻƻŘ ƘƻǳǎŜŘ ƛƴ ǘƘŜ ŎƘŀƴƴŜƭΣ ŀƴŘ ōȅ ŀŎǝƴƎ ŀǎ ŀ ǘǊŀǇǇƛƴƎ ŘŜǾƛŎŜ ŦƻǊ ǎƳŀƭƭŜǊ ŘŜōǊƛǎ 

ƅƻŀǝƴƎ ƛƴ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜΣ ǘƘŜȅ ŘŜǾŜƭƻǇ ƛƴǘƻ ƛƴǘǊƛŎŀǘŜ ƳŀǘǊƛŎŜǎ ƻŦ ǎŜŘƛƳŜƴǘ ōǳƛƭŘπǳǇΣ 

ǎƴŀƎƎŜŘ ǘǿƛƎǎΣ ƭŜŀǾŜǎ ŀƴŘ ƻǘƘŜǊ ƳŀǘŜǊƛŀƭǎ ƭƻŘƎŜŘ ŀƎŀƛƴǎǘ ƻƴŜ ŀƴƻǘƘŜǊ όaŀƴƴŜǊǎΣ нллсΤ 5ƛȄƻƴΣ 

нлмоύΦ ¢ƘŜǎŜ ǎƳŀƭƭŜǊ ǇƛŜŎŜǎ ƻŦ ǿƻƻŘ ǿƘƛŎƘ ǎƴŀƎ ŀƴŘ ǘǊŀǇ ŀƎŀƛƴǎǘ ǘƘŜ ƪŜȅ ƳŜƳōŜǊǎ ŀǊŜ ŎŀƭƭŜŘ 

ǊŀŎƪŜŘ ƳŜƳōŜǊǎΦ ¢ƘŜ ƪŜȅ ƳŜƳōŜǊǎ ŀǊŜ ǳǎǳŀƭƭȅ ƭƻƴƎŜǊ ŀƴŘ ƘŀƭŦ ǘƘŜ ōŀƴƪŦǳƭƭ ǎǘŀƎŜ ǿƛŘǘƘ ƻŦ ǘƘŜ 

ŎƘŀƴƴŜƭ ǿƘƛŎƘ ƎƛǾŜǎ ǘƘŜƳ ǎǘŀōƛƭƛǘȅ ŀƴŘ ǘƘŜȅ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ǿƛŘŜ ōǊŀƴŎƘƛƴƎ ƻǊ ƳǳƭǝǇƭŜ ǎǘŜƳƳŜŘ 

ǎƻ ǘƘŀǘ ǊŀŎƪŜŘ ƳŜƳōŜǊǎ Ŝŀǎƛƭȅ ǎƴŀƎ ƻƴ ǘƘŜƳ ό5ƛȄƻƴΣ нлмоύΦ Lǘ ƛǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǿƻƻŘȅ ƳŀǘŜǊƛŀƭ 

ƛƴ ǎǘǊŜŀƳ ŎƘŀƴƴŜƭǎ ƘŀǾŜ ŀ ŘƛŀƳŜǘŜǊ Ҕ лΦм Ƴ ŀƴŘ ŀ ƭŜƴƎǘƘ Ҕ м Ƴ όYŜƭƭŜǊ ŀƴŘ {ǿŀƴǎƻƴ мфтфΤ 

[ƛƴǎǘŜŀŘ ŀƴŘ DǳǊƴŜƭƭΣ мфффύΦ {ƻƳŜ ƪŜȅ ƳŜƳōŜǊǎ ƘŀǾŜ ŀǧŀŎƘŜŘ Ǌƻƻǘ ǿŀŘǎ ǿƘƛŎƘ ƎƛǾŜ ǘƘŜƳ 

ŀŘŘŜŘ ǎǘŀōƛƭƛǘȅ ƛƴ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ǿƛǘƘ ǎƻƳŜ ǊŜƳŀƛƴƛƴƎ ǇŀǊǝŀƭƭȅ ŀƴŎƘƻǊŜŘ ǘƘǊƻǳƎƘ ǘƘŜƛǊ Ǌƻƻǘ 

ǘƻ ǘƘŜ ōŀƴƪǎƛŘŜ ǘƻ Ƴŀƛƴǘŀƛƴ ŬǊƳƴŜǎǎ ƛƴ ǘƘŜƛǊ ƭƻŎŀǝƻƴΦ !ŘŘƛǝƻƴŀƭƭȅΣ Ǌƻƻǘ ǿŀŘǎ ƎƛǾŜ ƪŜȅ 

ƳŜƳōŜǊǎ ƎǊŜŀǘŜǊ ŎƻƳǇƭŜȄƛǘȅ ƻŦ ǎƘŀǇŜ ό5ƛȄƻƴΣ нлмоύΦ ¢ƻ ōŜŎƻƳŜ ƘȅŘǊŀǳƭƛŎŀƭƭȅ ŜŶŎƛŜƴǘΣ ǎƳŀƭƭ 

ŘŜōǊƛǎ ŀŎŎǳƳǳƭŀǘŜǎ ŀƴŘ ŎƭƛƴƎǎ ǘƻ ǘƘŜ ƪŜȅ ƳŜƳōŜǊǎ ǘƻ ŀŎǘ ŀǎ ŀ ǎƛŜǾŜ ǘƻ ǘƘŜ ŬƴŜ ŘŜōǊƛǎ ŀƴŘ 

ǎŜŘƛƳŜƴǘ ό²ŀƭƭŜǊǎǘŜƛƴ ŀƴŘ ¢ƘƻǊƴŜΣ мффрύΦ 9ƴƎƛƴŜŜǊŜŘ ²55ǎ ƳƛƳƛŎ ǘƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ ǘƘŜ 

ƴŀǘǳǊŀƭƭȅ ŦƻǊƳŜŘ ŘŀƳǎ ŀƴŘ ŀǊŜ ŀ ŎƻƳƳƻƴ ǘƻƻƭ ƛƴ bCa ŀƴŘ ǊŜǎǘƻǊŀǝƻƴ ǇǊƻƧŜŎǘǎΦ {ƻƳŜ 

ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ƘŀǾŜ ƪŜȅ ƳŜƳōŜǊǎ ǿƛǘƘ Ǌƻƻǘ ǿŀŘǎ ŀƴŘ ǎǘŀŎƪŜŘ ƳŜƳōŜǊǎ ǿƘƛŎƘ ŀǊŜ ǎƭƛƎƘǘƭȅ 

ǎƳŀƭƭŜǊ ƭƛƴƪƛƴƎ ǇƛŜŎŜǎ ƻŦ ǿƻƻŘ ǿƘƛŎƘ ǊŜƛƴŦƻǊŎŜ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ƛƴǘŜƎǊƛǘȅ ƻŦ ǘƘŜ ²55Φ wŀŎƪŜŘ 

ƳŜƳōŜǊǎΣ ǿƘƛŎƘ ŀǊŜ ǘƘŜ ǎƳŀƭƭŜǎǘ ŀƴŘ Ƴƻǎǘ ǾŀǊƛŀōƭŜ ƛƴ ǎƛȊŜΣ ŀǊŜ ǎƻƳŜǝƳŜǎ ǘƘŜ ƻƴƭȅ ƳŜƳōŜǊǎ 
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ǾƛǎƛōƭŜ ŀƊŜǊ ŎƻƴǎǘǊǳŎǝƻƴΣ ƎƛǾƛƴƎ ŀ ŘŜƴǎŜ ŀƴŘ ŘƛǎƻǊŘŜǊŜŘ ŀǇǇŜŀǊŀƴŎŜ ǘƻ ǘƘŜ ²55 ό!ōōŜ Ŝǘ ŀƭΦΣ 

нллоύΦ 

¢ƘŜ ŎƻƳǇƭŜȄ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ƻŦ ŘƛũŜǊŜƴǘ ²55 ŘŜǎƛƎƴǎ ŀǊŜ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŘƛũŜǊŜƴǘ ŦǳƴŎǝƻƴǎ 

ό5ƛȄƻƴΣ нлмрύΦ ²55ǎ ƘŀǾŜ ōŜŜƴ ŎƭŀǎǎƛŬŜŘ ƛƴ ǎŜǾŜǊŀƭ ǿŀȅǎ ōǳǘ ǘƘŜ Ƴƻǎǘ ƴƻǘŀōƭŜ ƛǎ ǇǊƻōŀōƭȅ 

ǘƘŀǘ ƻŦ ŀŎǝǾŜΣ ǇŀǊǝŀƭ ŀƴŘ ŎƻƳǇƭŜǘŜ όDǊŜƎƻǊȅ Ŝǘ ŀƭΦΣ мфурύ όCƛƎǳǊŜ нΦнύ ŀǎ ŘŜŬƴŜŘ ŀǎΥ 

!ŎǝǾŜΥ ǿƘƛŎƘ ǘǊŀƴǎǾŜǊǎŜ ǘƘŜ ŜƴǝǊŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘΣ ƛƴŘǳŎƛƴƎ ŀ ǎǘŜǇ ƛƴ ǘƘŜ 

ǎǳǊŦŀŎŜ ǎƭƻǇŜ κ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ ŀǘ ŀƭƭ ƅƻǿǎΦ ¢ƘŜǎŜ ŘŀƳǎ ŀǊŜ ƘȅŘǊŀǳƭƛŎŀƭƭȅ 

ŜũŜŎǝǾŜ ŀƴŘ ōƭƻŎƪ ǘƘŜ ŜƴǝǊŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘΦ !ŎǝǾŜ ŘŀƳǎ Ǉƻƻƭ ǿŀǘŜǊ 

ǳǇǎǘǊŜŀƳ ŘǳǊƛƴƎ ƴƻǊƳŀƭ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ŎǊŜŀǘŜ ŀ ǎǘŜǇ ƛƴ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ 

ό{ŜŀǊ Ŝǘ ŀƭΦΣ нлмлύΦ wŜƭŀǝǾŜ ǘƻ ǊŜŀŎƘŜǎ ǿƛǘƘƻǳǘ ²55ǎΣ ŘǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ŀŎǝǾŜ 

ŘŀƳǎ Ŏŀƴ ŎŀǳǎŜ ƻǾŜǊōŀƴƪ ƅƻǿ ƭŜŀŘƛƴƎ ǘƻ ƅƻƻŘƛƴƎ ƻƴ ǘƘŜ ƅƻƻŘǇƭŀƛƴ ό{ŜŀǊ Ŝǘ ŀƭΦΣ 

нлмлύΦ 

/ƻƳǇƭŜǘŜΥ ǿƘƛŎƘ ǘǊŀƴǎǾŜǊǎŜ ǘƘŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘ ōǳǘ ŀǊŜ ƭŜŀƪȅ ŀƴŘ ƘŀǾŜ ƭƛǧƭŜ 

ƛƳǇŀŎǘ ƻƴ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ ŀǘ ƭƻǿ ƅƻǿǎ όCƛƎǳǊŜ нΦм ŀƴŘ CƛƎǳǊŜ нΦоύ ό[ƛƴǎǘŜŀŘ 

ŀƴŘ DǳǊƴŜƭƭΣ мфффύΦ 

tŀǊǝŀƭΥ Řƻ ƴƻǘ ŎƻƳǇƭŜǘŜƭȅ ǘǊŀƴǎǾŜǊǎŜ ǘƘŜ ŜƴǝǊŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘΣ ƻŎŎǳǇȅƛƴƎ Ғ 

тр҈Φ 
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1a 

 
 

2a 

 

3a Dam jam. 
Backwater pool and step. Sediment 
wedge formation upstream of the WDD 

 

1b 

 

2b 

 

3b Underflow jam. 
Limited backwater sediment. 

 

1c 

 
 

2c 

 

3c Deflector jam. 
Limited backwater sediment. 
 

Figure 2.2: The photographs on the left were taken at the Wilderhope, Shropshire field site (Oct, 2018), depicting an active (1a), complete (1b) and partial 
(1c) dam The representations in the centre column by Dixon (2013) (2a, 2b, 2c) shows the three types of WDD recognised by Gregory et al. (1985) as active, 
complete and partial which are comparable to the field site photographs and later classification shown on the right (3a, 3b, 3c) as dam jam, underflow jam 
and deflector jam (Wallerstein and Thorne, 1997). The active and dam jam (1a, 2a, 3a) can be considered alike in that they display a complete barrier across 
the width of the channel and a step with a backwater pool. The complete dam and underflow jam (1b, 2b, 3b) are comparable as they demonstrate a complete 
barrier across the width of the channel but no definite step and no impact upon the water surface profile during low flows. The partial and deflector jam (1c, 
2c, 3c) are similar as they extend across part of the main channel width and are therefore incomplete. 
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Figure 2.3: A simplified diagrammatic representation of a complete WDD. This WDD is held in 
position to ensure it is sufficiently robust and does not pose a safety risk to downstream 
communities should it become loose. 

 

¢Ƙƛǎ ŎƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ²55ǎ ōȅ DǊŜƎƻǊȅ Ŝǘ ŀƭΦ όмфурύ Ƙŀǎ ōŜŜƴ ōǳƛƭǘ ǳǇƻƴ ǿƛǘƘ ǘƘŜƳ ƴŀƳŜŘ 

ǇŀǊŀƭƭŜƭΣ ŘŜƅŜŎǘƻǊΣ ǳƴŘŜǊƅƻǿ ŀƴŘ ŘŀƳ ƭƻƎ ƧŀƳǎ ό²ŀƭƭŜǊǎǘŜƛƴ ŀƴŘ ¢ƘƻǊƴŜΣ мффтύΦ !ŎǝǾŜΣ tŀǊǝŀƭ 

ŀƴŘ /ƻƳǇƭŜǘŜ ²55ǎΣ ŀǎ ƛƴƛǝŀƭƭȅ ŘŜǎŎǊƛōŜŘ ōȅ DǊŜƎƻǊȅ Ŝǘ ŀƭΦ όмфурύΣ ƘŀǾŜ ōŜŜƴ 

ŘƛŀƎǊŀƳƳŀǝŎŀƭƭȅ ǊŜǇǊŜǎŜƴǘŜŘ ό5ƛȄƻƴΣ нлмоύ ŀƴŘ Ŏŀƴ ōŜ ǎƘƻǿƴ ǘƻ ōŜ ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘŜ 

ǎǳōǎŜǉǳŜƴǘ ŎƭŀǎǎƛŬŎŀǝƻƴ ōȅ ²ŀƭƭŜǊǎǘŜƛƴ ŀƴŘ ¢ƘƻǊƴŜ όмффтύ όCƛƎǳǊŜ нΦнύΦ ²55ǎ ƘŀǾŜ 

ǎǳōǎŜǉǳŜƴǘƭȅ ōŜŜƴ ŎƭŀǎǎƛŬŜŘ ŀǎ ōŀǊǘƻǇ ƧŀƳǎ ό.¢WǎύΣ ǿƘŜǊŜ ǘƘŜ ²55ǎ ŀǊŜ ǳƴǎǘŀōƭŜ ŀƴŘ ŎƘŀƻǝŎΣ 

ōŀǊ ŀǇŜȄ ƧŀƳǎ ό.!Wǎύ ŀƴŘ ƳŜŀƴŘŜǊ ƧŀƳǎ όaWǎύΦ ¢Ƙƛǎ ǿŀǎ ǘƘŜƴ ǊŜŎƭŀǎǎƛŬŜŘ ƛƴǘƻ мл ²55ǎ ōŀǎŜŘ 

ƻƴ ƪŜȅ ƳŜƳōŜǊǎ ŀƴŘ ǘƘŜƛǊ ƻǊƛŜƴǘŀǝƻƴ ǿƛǘƘƛƴ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ό!ōōŜ Ŝǘ ŀƭΦΣ нллоύΦ ¢ƘŜ ǎƛƳǇƭŜ 

ŎƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ²55ǎ ƛƴ ƘŜŀŘǿŀǘŜǊ ǎǘǊŜŀƳǎ ǿƘƛŎƘ ƛǎ ōŀǎŜŘ ƻƴ ƘȅŘǊŀǳƭƛŎ ƛƳǇŀŎǘ ŎƻƴǝƴǳŜǎ ǘƻ 

ōŜ ǳǎŜŘΥ ŀŎǝǾŜΣ ŎƻƳǇƭŜǘŜ ŀƴŘ ǇŀǊǝŀƭ ŘŀƳǎΦ 

!ŎǝǾŜ ²55ǎ ŎƻƳǇŀǊŜŘ ǘƻ ŎƻƳǇƭŜǘŜ ²55ǎ ŀǊŜ ƭŜǎǎ ǇƻǊƻǳǎ ƛƴ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴ ŀƴŘ ƛǘ ƛǎ ǘƘƛǎ 

ǘƘŀǘ ŎǊŜŀǘŜǎ ŀ ƘȅŘǊŀǳƭƛŎ ƧǳƳǇ ƛƴ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ ό5ƛȄƻƴΣ нлмоύΦ !ǎ ƭŜŀŦ ƭƛǧŜǊ ƛǎ ǎŜŀǎƻƴŀƭ ƛƴ ŀǊŜŀǎ 

ǿƛǘƘ ŘŜŎƛŘǳƻǳǎ ǘǊŜŜǎ ŀƴŘ ǇǊŜǾŀƭŜƴǘ ƛƴ ǘƘŜ ŀǳǘǳƳƴ ƳƻƴǘƘǎ ōŜǘǿŜŜƴ hŎǘƻōŜǊ ǘƻ 5ŜŎŜƳōŜǊΣ ƛǘ 
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ƛǎ ǊŜŀǎƻƴŀōƭŜ ǘƻ ǇǊŜǎǳƳŜ ǘƘŀǘ ŀǎ ǘƘŜ ƳŀǘŜǊƛŀƭ ōƛƻŘŜƎǊŀŘŜǎ ŀƴŘ ƛǎ ƳƻōƛƭƛǎŜŘΣ ǘƘŜƴ ŀŎǝǾŜ ŀƴŘ 

ŎƻƳǇƭŜǘŜ ŘŀƳǎ Ŏŀƴ ōŜŎƻƳŜ ǎȅƴƻƴȅƳƻǳǎ ƛƴ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǘƘŀǘ ²55ǎ Ŏŀƴ ŎƘŀƴƎŜ ǘŜƳǇƻǊŀƭƭȅ 

όDǊŜƎƻǊȅ Ŝǘ ŀƭΦΣ мфурΤ {ŜŀǊ Ŝǘ ŀƭΦΣ нлмлΤ ¢ƘƻƳŀǎ ŀƴŘ bƛǎōŜǘΣ нлмнύΦ !ǎ ǘƘŜ ŎƻƳǇƻǎƛǝƻƴ ƻŦ 

²55ǎ ƛǎ ŎƻƳǇƭŜȄ ŀƴŘ ŎƘŀƴƎŜŀōƭŜΣ ŘƛũŜǊƛƴƎ ƛƴ ǇƻǊƻǎƛǘȅ ōŜǘǿŜŜƴ ŘŀƳǎ ŀƴŘ ǿƛǘƘƛƴ ǘƘŜ ŘŀƳ 

ƛǘǎŜƭŦ ƻǾŜǊ ǝƳŜΣ ƛǘǎ ƘȅŘǊŀǳƭƛŎ ƴŀǘǳǊŜ ƛǎ ƛƴ ŀ Ŏƻƴǎǘŀƴǘ ǎǘŀǘŜ ƻŦ ŎƘŀƴƎŜ όaŀƴƴŜǊǎΣ нллсύΦ 

²55ǎ ǾŀǊȅ ƛƴ ǎƛȊŜ ŀƴŘ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǘƘŜ ŘƛǎǘŀƴŎŜ ǘƘŜȅ ŜȄǘŜƴŘ ƛƴǘƻ ǘƘŜ ŎƘŀƴƴŜƭ ǿƛǘƘ ŜŀŎƘ 

ƎŜƴŜǊŀǝƴƎ ŀ ŘƛũŜǊŜƴǘ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘ ŀƴŘ ǇǊƻŘǳŎƛƴƎ ŘƛũŜǊŜƴǘ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎ ƛƴƅǳŜƴŎŜǎ 

ό5ƛȄƻƴΣ нлмрύΦ ²ƛǘƘƛƴ ǘƘŜ ǎŀƳŜ ŎƭŀǎǎƛŬŎŀǝƻƴΣ ǘǿƻ ŀŎǝǾŜ ²55ǎ Ƴŀȅ ƘŀǾŜ ŘƛũŜǊŜƴǘ ōƭƻŎƪŀƎŜ 

Ǌŀǝƻǎ ǿƛǘƘ ƻƴŜ ŬƭƭƛƴƎ ǘƘŜ ŜƴǝǊŜ ŎǊƻǎǎπǎŜŎǝƻƴŀƭ ŀǊŜŀ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭΣ ƘŀǾƛƴƎ ŀ ƭŜǎǎ ǇƻǊƻǳǎ 

ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ŀ ŘŜƴǎŜ ŀŎŎǳƳǳƭŀǝƻƴ ƻŦ ŘŜōǊƛǎ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ƻǘƘŜǊΣ ǎƻ ƘŀǾƛƴƎ ŘƛũŜǊŜƴǘ 

ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ŀƴŘ ŘƛũŜǊŜƴǘ ŦǳƴŎǝƻƴǎ ό5ƛȄƻƴ нлмрύΦ 

¢ƘŜǊŜ ƛǎ ǳƴŎŜǊǘŀƛƴǘȅ ƛƴ ǘƘŜ ǳǎŜ ƻŦ ²55 ŦƻǊƳǎ ŦƻǊ ǎǇŜŎƛŬŎ ŦǳƴŎǝƻƴǎ ŀǘ ŘƛũŜǊŜƴǘ ƭƻŎŀǝƻƴǎ 

όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфΤ Iŀƴƪƛƴ Ŝǘ ŀƭΦΣ нлнлύΦ vǳŜǎǝƻƴǎ ŀǊƛǎŜ ŀǎ ǘƻ ǿƘƛŎƘ ŘŜǎƛƎƴ ƛǎ ōŜǎǘ ǎǳƛǘŜŘ 

ƛƴ ŀ ǎǇŜŎƛŬŎ ƭƻŎŀǝƻƴ ŦƻǊ ǘƘŜ ƛƴǘŜƴŘŜŘ ǇǳǊǇƻǎŜ ŀƴŘ ǿƻǳƭŘ ǇŀǊǝŎǳƭŀǊ ŘŜǎƛƎƴǎ ōŜ ƴŜŜŘŜŘ ŦƻǊ 

ƭƻŎŀǝƻƴǎ ƛƴ ŀ ƴŜǘǿƻǊƪ όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфύΦ .ȅ ǎǘǊŀǘŜƎƛŎŀƭƭȅ ǇƻǎƛǝƻƴƛƴƎ ²55ǎΣ ǘƘƛǎ Ŏŀƴ 

ƘŀǾŜ ǘƘŜ ŘŜǎƛǊŜŘ ŜũŜŎǘ ƻŦ ŘŜƅŜŎǝƴƎ ƅƻǿǎ ƻƴǘƻ ƅƻƻŘǇƭŀƛƴǎ ŘǳǊƛƴƎ ǎǘƻǊƳǎΣ ƛƴŎǊŜŀǎƛƴƎ ǿŀǘŜǊ 

ǎǘƻǊŀƎŜ ŀƴŘ ƭŀƎ ǝƳŜΦ Lǘ ƛǎ ǎǳƎƎŜǎǘŜŘ ²55ǎ ǎƘƻǳƭŘ ōŜ ǎƛǘŜŘ ǿƘŜǊŜ ǘƘŜǊŜ ƛǎ ǊƻƻƳ ŦƻǊ ǿŀǘŜǊ ǘƻ 

ōŜ ǎǘƻǊŜŘ ŀƴŘ ǎǇǊŜŀŘΣ ǿƛǘƘ Ǌǳƴƻũ ǇŀǘƘǿŀȅǎ ǿƘŜǊŜ ǿŀǘŜǊ ŎƻǳǊǎŜǎ ŀƴŘ ƅƻƻŘǇƭŀƛƴǎ Ŏŀƴ ƛƴǘŜǊŀŎǘ 

ƻǊ ǿƘŜǊŜ ǘƘŜǊŜ ƛǎ ƘƛƎƘ ǎǳǊŦŀŎŜ ŎƻƴƴŜŎǝǾƛǘȅ όbƛŎƘƻƭǎƻƴ Ŝǘ ŀƭΦΣ нлмнΤ Iŀƴƪƛƴ Ŝǘ ŀƭΦΣ нлнлύΦ 

 

2.3. Attenuating the Flow 

¢ƘŜ Ƴŀƛƴ ǇǳǊǇƻǎŜ ƻŦ ŀƴ ŜƴƎƛƴŜŜǊŜŘ ²55 ƛǎ ǘƻ ŀŎǘ ŀǎ ŀƴ ƛƴπǎǘǊŜŀƳ ƛƴǘŜǊǾŜƴǝƻƴ ǘƻ ǎƭƻǿ ǘƘŜ 

ƅƻǿ ŀƴŘ ŎǊŜŀǘŜ ǎǘƻǊŀƎŜ ŀǊŜŀǎ ŘǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфΤ ²ƛƭƪƛƴǎƻƴ Ŝǘ ŀƭΦΣ 

нлмфΤ [ŜŀƪŜȅ Ŝǘ ŀƭΦΣ нлнлύΦ !ǎ ²55ǎ ŀǊŜ ǇƻǊƻǳǎ ǘƘƛǎ ŜƴŀōƭŜǎ ǘŜƳǇƻǊŀǊȅ ǎǘƻǊŀƎŜ ƻŦ Ǌǳƴƻũ ǿƘƛƭŜ 

ŀƭƭƻǿƛƴƎ ƳƻǾŜƳŜƴǘ ƻŦ ǿŀǘŜǊ ǘƘǊƻǳƎƘ ŀƴŘ ǳƴŘŜǊ ǘƘŜƳ ǎƻ ǊŜŘǳŎƛƴƎ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ŀƴŘ 

ŘŜƭŀȅƛƴƎ ǘƘŜ ƅƻƻŘ ǇŜŀƪ όaŜǘŎŀƭŦŜ Ŝǘ ŀƭΦΣ нлмтύΦ ¢ƘŜ ŀǧŜƴǳŀǝƻƴ ŜũŜŎǘ ƻŦ ƻƴŜ ²55 ƛǎ ǎƳŀƭƭ 

ǿƘƛŎƘ ǎǳƎƎŜǎǘǎ ŀ ƴŜǘǿƻǊƪ ƻŦ ²55ǎ ǿƻǳƭŘ ōŜ ƴŜŜŘŜŘ ǘƻ ƘŀǾŜ ǘƘŜ ŘŜǎƛǊŜŘ ŜũŜŎǘ ƻƴ ƘƛƎƘ 

ŘƛǎŎƘŀǊƎŜ ŀǘ ǘƘŜ ƭŀǊƎŜǊ ǎŎŀƭŜ ό.ƻƪƘƻǾŜ Ŝǘ ŀƭΦΣ нлмуύΦ ¢ƘŜ ǇǳǊǇƻǎŜ ƻŦ ƳǳƭǝǇƭŜ ²55ǎ ŀŎǊƻǎǎ 

ǳǇƭŀƴŘ ŎŀǘŎƘƳŜƴǘǎ ƛǎ ǘƻ ǊŜŘǳŎŜ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ƛƴŎǊŜŀǎŜ ƭŀƎπǝƳŜΣ ǎƻ ŀƭǘŜǊƛƴƎ ǘƘŜ 
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ŘƻǿƴǎǘǊŜŀƳ ƘȅŘǊƻƎǊŀǇƘΦ bCa ŘƻŜǎ ƴƻǘ ǇǊƻǇƻǎŜ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ŎǳƳǳƭŀǝǾŜ ŘƛǎŎƘŀǊƎŜ ŘǳǊƛƴƎ ŀ 

ǎǘƻǊƳ ŜǾŜƴǘ ōǳǘ ǊŀǘƘŜǊ ǘƻ ŎƘŀƴƎŜ ǘƘŜ ǎƘŀǇŜ ƻŦ ǘƘŜ ƘȅŘǊƻƎǊŀǇƘ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ 

ōȅ ǎǇǊŜŀŘƛƴƎ ƛǘ ƻǾŜǊ ŀ ƭƻƴƎŜǊ ŘǳǊŀǝƻƴΦ ¢ƘŜ ǘƘŜƻǊȅ ƛǎ ǘƻ ǘǊŀƴǎŦŜǊ ŘƛǎŎƘŀǊƎŜ ŦǊƻƳ ǘƘŜ ǇŜŀƪ ƻŦ ǘƘŜ 

ƘȅŘǊƻƎǊŀǇƘ ǘƻ ǘƘŜ ŦŀƭƭƛƴƎ ƭƛƳō ό¢ƘƻƳŀǎ ŀƴŘ bƛǎōŜǘΣ нлмтύΦ CƭƻƻŘ ƳƻŘŜƭƭƛƴƎ ƛǎ ƴƻǿ ǘȅǇƛŎŀƭƭȅ 

ǳǎŜŘ ǘƻ ǉǳŀƴǝŦȅ ƅƻǿ ŀǧŜƴǳŀǝƻƴ ŀǘ ²55ǎ ōȅ ƳƻŘŜƭƭƛƴƎ ŎƘŀƴƎŜǎ ǘƻ ǘƘŜ ǎǘǊŜŀƳ ƘȅŘǊƻƎǊŀǇƘ 

όaŎtŀǊƭŀƴŘΣ нлмфύΦ 

.ȅ ŀŘŘƛƴƎ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ƛƴǘƻ ŀƴ ǳǇƭŀƴŘ ǎǘǊŜŀƳΣ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ Ǌǳƴǎ ǎƭƻǿŜǊ ǘƘǊƻǳƎƘ ŀƴŘ 

ŀǊƻǳƴŘ ǘƘŜƳ ǇǊƻŘǳŎƛƴƎ ƭƻƴƎŜǊ ƭŀƎ ǝƳŜǎΣ ǘƘŜ ǇǊƛƴŎƛǇƭŜ ōŜƛƴƎ ǘƻ ǊŜŘǳŎŜ ƅƻƻŘ ƳŀƎƴƛǘǳŘŜ ǘƻ 

ŘƻǿƴǎǘǊŜŀƳ ŎƻƳƳǳƴƛǝŜǎ όCƛƎǳǊŜ нΦпύΦ 5ǳǊƛƴƎ ŀ ƅƻƻŘ ŜǾŜƴǘ ǿƘŜǊŜ ǇǊŜŎƛǇƛǘŀǝƻƴ Ŧŀƭƭǎ 

ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŎŀǘŎƘƳŜƴǘΣ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜǎ ŀǊŜ ŘŜƭƛǾŜǊŜŘ ǘƻ ǘƘŜ ƭƻǿŜǊ ǿŀǘŜǊ ŎƻǳǊǎŜ ŦǊƻƳ 

ǎŜǇŀǊŀǘŜ ǘǊƛōǳǘŀǊƛŜǎΦ LŦ ǘƘŜ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŦǊƻƳ ƻƴŜ ƻŦ ǘƘŜ ǎǳō ŎŀǘŎƘƳŜƴǘǎ Ŏŀƴ ōŜ ŘŜƭŀȅŜŘΣ 

ŀǊǊƛǾƛƴƎ ŀǘ ǘƘŜ ƭƻǿŜǊ ǿŀǘŜǊ ŎƻǳǊǎŜ ŀƊŜǊ ǘƘŜ ƅƻƻŘ ǇŜŀƪΣ ǘƘŜ Ƴŀƛƴ ƅƻƻŘ ǇŜŀƪ ǿƛƭƭ ǊŜŘǳŎŜΦ 

IƻǿŜǾŜǊΣ ƛƴǘŜǊǾŜƴǝƻƴǎ ǎƭƻǿƛƴƎ ǘƘŜ ƅƻǿ ƛƴ ƻƴŜ ǎǳōπŎŀǘŎƘƳŜƴǘ ŎƻǳƭŘ ōŜ ŎƻǳƴǘŜǊǇǊƻŘǳŎǝǾŜΣ 

ŀǎ ƛǘ ŎƻǳƭŘ ŎƻƳōƛƴŜ ƛƴǘƻ ǘƘŜ ƭƻǿŜǊ ǿŀǘŜǊ ŎƻǳǊǎŜΣ ǎȅƴŎƘǊƻƴƛǎƛƴƎ ǿƛǘƘ ƻǘƘŜǊ ǘǊƛōǳǘŀǊƛŜǎ ǿƘƛŎƘ 

ǿŜǊŜ ǇǊŜǾƛƻǳǎƭȅ ŀǎȅƴŎƘǊƻƴƻǳǎΣ ƻƴƭȅ ǘƻ ǿƻǊǎŜƴ ǘƘŜ ǎƛǘǳŀǝƻƴ ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлмтύΦ 

{ȅƴŎƘǊƻƴƛǎŀǝƻƴ ŎƻǳƭŘ ǇǊƻǾŜ ǇǊƻōƭŜƳŀǝŎ ŀǎ ƛŦ ǇŜŀƪǎ ŎƻƛƴŎƛŘŜ ŦǊƻƳ ŘƛũŜǊŜƴǘ ǎǳōπŎŀǘŎƘƳŜƴǘǎΣ 

ǘƘƛǎ ŎƻǳƭŘ ǇƻǘŜƴǝŀƭƭȅ ŜȄŀŎŜǊōŀǘŜ ƅƻƻŘƛƴƎ ŘƻǿƴǎǘǊŜŀƳΦ ¢ƘŜ ŘŜƭŀȅ ƻŦ ǳǇǎǘǊŜŀƳ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ 

ŎŀǳǎŜŘ ōȅ ²55 ƴŜǘǿƻǊƪǎ ƻƴ ƻƴŜ ǎǳōπŎŀǘŎƘƳŜƴǘ Ƴǳǎǘ ōŜ ŎŀǊŜŦǳƭƭȅ ǝƳŜŘ ǘƻ ŜƴǎǳǊŜ ƛǘ ƛǎ 

ŘŜǎȅƴŎƘǊƻƴƛǎŜŘ ǘƻ ƻǘƘŜǊ ǎǳōπŎŀǘŎƘƳŜƴǘǎ ǘƻ ǊŜŘǳŎŜ ƅƻƻŘ ƳŀƎƴƛǘǳŘŜ όtŀǩǎƻƴ Ŝǘ ŀƭΣ нлмпύΦ Lǘ 

ƛǎ ǘƘŜǊŜŦƻǊŜ ŜǎǎŜƴǝŀƭ ǿƛǘƘƛƴ ŀ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜ ŀǇǇǊƻŀŎƘ ǘƻ ǎǇŀǝŀƭƭȅ ŜǾŀƭǳŀǘŜ ǿƘŜǊŜ ōŜǎǘ ǘƻ 

ƛƴǎǘŀƭƭ ²55 ƛƴǘŜǊǾŜƴǝƻƴǎ ǘƻ ŜƴǎǳǊŜ ǘƘŜ ƭŀƎπǝƳŜ ŘƻŜǎ ƴƻǘ ŎƻƛƴŎƛŘŜ ǿƛǘƘ ǘƘŜ ƅƻƻŘ ǇŜŀƪ ŀǊǊƛǾŀƭ 

ǝƳŜ ŦǊƻƳ ƻǘƘŜǊ ǘǊƛōǳǘŀǊƛŜǎ ƛƴǘƻ ǘƘŜ ƭƻǿŜǊ ǿŀǘŜǊ ŎƻǳǊǎŜ ό5ƛȄƻƴ Ŝǘ ŀƭΦΣ нлмсΤ 5ŀŘǎƻƴ Ŝǘ ŀƭΦΣ 

нлмтύΦ  

¢Ƙƛǎ ǿŀǎ ŘŜƳƻƴǎǘǊŀǘŜŘ ƛƴ ŀ ǎƛƳǳƭŀǝƻƴ ǎǘǳŘȅ ƻŦ ƅƻƻŘ ƘȅŘǊƻƎǊŀǇƘǎ ƻƴ ǘƘŜ wƛǾŜǊ hǳǎŜ 

ό¸ƻǊƪǎƘƛǊŜύ ǿƘŜǊŜōȅ ƛǘ ǿŀǎ ŦƻǳƴŘ ǘƘŀǘ ǝƳƛƴƎǎ ƻŦ ƅƻƻŘ ƘȅŘǊƻƎǊŀǇƘǎ ŦǊƻƳ ǎǳōπŎŀǘŎƘƳŜƴǘǎ ƘŀŘ 

ƛƳǇŀŎǘ ƻƴ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ƅƻǿ ŘŜǇǘƘ όƘύ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ƅƻƻŘƛƴƎ ŘƻǿƴǎǘǊŜŀƳ όhŘƻƴƛ ŀƴŘ 

[ŀƴŜΣ нлмлŀύΦ 5ǳŜ ǘƻ ǘƘŜ ǇƻǘŜƴǝŀƭƛǘȅ ŦƻǊ ŎƻƛƴŎƛŘŜƴǘ ƅƻƻŘ ǿŀǾŜǎΣ ǘƘŜ ƭƻŎŀǝƻƴ ƻŦ ŀ ²55 

ƛƴǘŜǊǾŜƴǝƻƴ Ŏŀƴ ƛƴŎǊŜŀǎŜΣ ŘŜŎǊŜŀǎŜ ƻǊ ƘŀǾŜ ƴƻ ƛƳǇŀŎǘ ƻƴ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘ ƳŀƎƴƛǘǳŘŜ ŀǎ 

ƳŜŀǎǳǊŜŘ ōȅ ǘƘŜ ƅƻƻŘ ǇŜŀƪ ǊŜŘǳŎǝƻƴ όhŘƻƴƛ ŀƴŘ [ŀƴŜΣ нлмлŀύΦ CǳǊǘƘŜǊ ŎƻƳǇƭŜȄƛǘȅ ƛǎ ŀŘŘŜŘΣ 

ŀǎ ǊŀƛƴŦŀƭƭ Ƙŀǎ ƴƻ ǎǇŜŎƛŬŎ ǎǇŀǝŀƭ ǇǊƻǇŜǊǘȅ ǿƛǘƘƛƴ ŎŀǘŎƘƳŜƴǘǎ ǿƘƛŎƘ ƳŜŀƴǎ ǘƘŜǊŜ ƛǎ ƴƻ 

ƘƻƳƻƎŜƴŜƛǘȅ ŀŎǊƻǎǎ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ŀƴŘ ǳƴŎŜǊǘŀƛƴǘȅ ǘƘŜǊŜŦƻǊŜ ŀǊƛǎŜǎ ƛƴ ƅƻǿ ŀǧŜƴǳŀǝƻƴ ƻŦ ŀ 
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ǎǳōπŎŀǘŎƘƳŜƴǘ ƛƴ ŀ ŎƻƳōƛƴŀǝƻƴ ƻŦ ǘǊƛōǳǘŀǊƛŜǎ όLπIǎƛŜƴ tƻǊǘŜǊΣ нлммύΦ hŘƻƴƛ ŀƴŘ [ŀƴŜ όнлмлŀύ 

ŦƻǳƴŘ ǘƘŜ ƛƴǎǘŀƭƭŀǝƻƴ ƻŦ млл ƭŜŀƪȅ ōŀǊǊƛŜǊǎ ǊŜŘǳŎŜŘ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ŀ ƅƻƻŘ ŜǾŜƴǘ ōȅ тΦр҈Σ 

ŦǊƻƳ нфΦр Ƴоκǎ ǘƻ нтΦо ƳоκǎΦ hŘƻƴƛ ŀƴŘ [ŀƴŜ όнлмлŀύ ǎƘƻǿŜŘ ōȅ ƳƻŘŜƭƭƛƴƎ ǊƛǇŀǊƛŀƴ ǇƭŀƴǝƴƎ 

ŀƴŘ ƭŜŀƪȅ ōŀǊǊƛŜǊǎ ǘƘŜ ƳŀƎƴƛǘǳŘŜ ƻŦ ǘƘŜ ǊŜŘǳŎǝƻƴ ƛƴŎǊŜŀǎŜŘ ŦƻǊ ƭŀǊƎŜǊ ŜǾŜƴǘǎΦ IƻǿŜǾŜǊΣ ŜŀǊƭȅ 

ƳƻŘŜƭƭƛƴƎ ǊŜǎŜŀǊŎƘ ōŀǎŜŘ ƻƴ ŀ ǎƛǘŜ ƛƴ ǘƘŜ bŜǿ CƻǊŜǎǘΣ IŀƳǇǎƘƛǊŜΣ ¦Y ǳǎƛƴƎ ƻōǎŜǊǾŜŘ 

ƘȅŘǊƻƎǊŀǇƘ ǘǊŀǾŜƭ ǝƳŜǎΣ ŦƻǳƴŘ ǘƘŀǘ ƻǾŜǊ ŀ пΦлну ƪƳ ǊŜŀŎƘΣ ǘǊŀǾŜƭ ǝƳŜ ǿŀǎ ƛƴŎǊŜŀǎŜŘ ōȅ ƻǾŜǊ 

млл Ƴƛƴǎ ǿƘŜǊŜ ǘƘŜǊŜ ǿŜǊŜ ²55ǎ ŦƻǊ ŀ ŘƛǎŎƘŀǊƎŜ ƻŦ лΦм ƳшκǎΣ ōǳǘ ǘƘƛǎ ŘŜŎǊŜŀǎŜŘ ǘƻ мл Ƴƛƴǎ 

ŀǘ ŀ ƘƛƎƘŜǊ ŘƛǎŎƘŀǊƎŜ ƻŦ м Ƴшκǎ όDǊŜƎƻǊȅ Ŝǘ ŀƭΦΣ мфурύΦ DǊŜƎƻǊȅ Ŝǘ ŀƭΦ όмфурύ ŬƴŘƛƴƎǎ ǎǳƎƎŜǎǘΣ 

ƭƛƪŜ hŘƻƴƛ ŀƴŘ [ŀƴŜ όнлмлŀύΣ ǘƘŀǘ ²55ǎ ƭƻŎŀǘŜŘ ƛƴ ǳǇƭŀƴŘ ǎǘǊŜŀƳǎ ǇǊƻǾŜ ǘƻ ōŜ ƳƻǊŜ ŜũŜŎǝǾŜ 

ƛƴ ƛƴŎǊŜŀǎƛƴƎ ƭŀƎ ǝƳŜ ŘǳǊƛƴƎ ƭƻǿ ŘƛǎŎƘŀǊƎŜ ǊŀǘƘŜǊ ǘƘŀƴ ŀǘ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ƘƻǿŜǾŜǊ ǘƘŜƛǊ 

ŬƴŘƛƴƎǎ ǎƭƛƎƘǘƭȅ ŘƛũŜǊΦ ¢Ƙƛǎ ŎƻǳƭŘ ōŜ ŀ ǊŜǎǳƭǘ ƻŦ ǘƘŜ ŘƛũŜǊŜƴŎŜ ƛƴ ŎŀǘŎƘƳŜƴǘ ǎŜǩƴƎ ƻǊ ƳƻŘŜƭƭƛƴƎ 

ŀǇǇǊƻŀŎƘŜǎ ǘƻ ǊŜǇǊŜǎŜƴǘ ²55ǎΦ  

 

 

 

 

 

 

 

 

 

Figure 2.4: Hydrograph displaying discharge (Q) against time (t). The horizontal red line shows 100% 
bankfull (100% Qbf) at which point flooding may occur once discharge surpasses this value. WDDs can 
increase lag time and reduce peak discharge causing the curve to flatten, whereby downstream 
discharge can become <100% Qbf. By introducing WDDs in upper catchments the flow can be slowed. 
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ǘƘŀǘ ƳǳƭǝǇƭŜ ²55ǎ ǿƻǳƭŘ ōŜ ǎǳŶŎƛŜƴǘƭȅ ŜũŜŎǝǾŜ ƛƴ ŎƻƳōƛƴƛƴƎ ǘƻ ƳƛǝƎŀǘŜ ƳŀƧƻǊ ƅƻƻŘƛƴƎ ŀǘ 

ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜ ό5ŀŘǎƻƴ Ŝǘ ŀƭΦΣ нлмтΤ aŜǘŎŀƭŦŜ Ŝǘ ŀƭΦΣ нлмтΤ 9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлмфΤ 

DǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфΤ ²ƛƴƎŬŜƭŘ Ŝǘ ŀƭΦΣ нлмфύΦ ¢ƘŜ Ƴŀƛƴ ǊŜŀǎƻƴ ŦƻǊ ǘƘŜ ƭƛƳƛǘŜŘ ŀŘƻǇǝƻƴ ƻŦ 

²55 ƴŜǘǿƻǊƪǎ ŀǎ w!Cǎ ƛǎ ǘƘŜ ƭŀŎƪ ƻŦ ŎƻƴŎƭǳǎƛǾŜ ŜǾƛŘŜƴŎŜ ƻŦ ǘƘŜƛǊ ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ŘŜƭŀȅƛƴƎ ŀƴŘ 

ŀǧŜƴǳŀǝƴƎ ƅƻǿ ŘǳǊƛƴƎ ŀ ǎǘƻǊƳ ŜǾŜƴǘ ό²ƛƴƎŬŜƭŘ Ŝǘ ŀƭΦΣ нлмфύΦ ¢Ƙƛǎ ǳƴŎŜǊǘŀƛƴǘȅ ƛǎ ŜȄǇƭŀƛƴŜŘ ŀǎ 

ŀ ƭŀŎƪ ƻŦ ǳƴŜǉǳƛǾƻŎŀōƭŜ ǎŎƛŜƴǝŬŎ ŜǾƛŘŜƴŎŜ ǘŜǎǝƴƎ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ŀ ƴŜǘǿƻǊƪ ƻŦ ²55ǎ ƛƴ 

ƘƻƭŘƛƴƎ ōŀŎƪ ƅƻƻŘǿŀǘŜǊ ŀǘ ǘƘŜ ƭŀǊƎŜǊ ǎŎŀƭŜ ό5ŀŘǎƻƴ Ŝǘ ŀƭΦΣ нлмтύΦ ¢ƘŜ ǇǊƻōƭŜƳ ƛǎ ǘƘŀǘ ǘƘƛǎ 

ŎǳƳǳƭŀǝǾŜ ŜũŜŎǘ ƛǎ ƘƛƎƘƭȅ ǳƴŎŜǊǘŀƛƴ ōŜŎŀǳǎŜ ǘƘŜǊŜ ǊŜƳŀƛƴǎ ƭƛƳƛǘŜŘ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ 

ŜũŜŎǘǎ ƻŦ ŀƴ ƛƴŘƛǾƛŘǳŀƭ ²55 ƻƴ ƅƻǿ όaŜǘŎŀƭŦŜ Ŝǘ ŀƭΦΣ нлмтύΦ {ŎŀƭƛƴƎ ŦǊƻƳ Ǉƭƻǘ ǘƻ ŎŀǘŎƘƳŜƴǘ ƛǎ 

ŀ ƳŀƧƻǊ ǇǊƻōƭŜƳΦ ¢ƘƻǳƎƘ ²55ǎ Ƴŀȅ ōŜ ƳƻǊŜ ŜũŜŎǝǾŜ ŘǳǊƛƴƎ ƭƻǿ ŘƛǎŎƘŀǊƎŜ ŀǘ ǘƘŜ ƭƻŎŀƭ ǎŎŀƭŜΣ 

ǘƘŜǊŜ ƛǎ ŀ ƭƻǿ ƭŜǾŜƭ ƻŦ ŎƻƴŬŘŜƴŎŜ ǘƘŀǘ ǘƘŜȅ ǿƛƭƭ ƳƛǝƎŀǘŜ ƅƻƻŘƛƴƎ ŀǘ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜ ŘǳǊƛƴƎ 

ƭŀǊƎŜǊ ƅƻƻŘǎ όbƎŀƛ Ŝǘ ŀƭΦΣ нлмтΤ .ƻƪƘƻǾŜ Ŝǘ ŀƭΦΣ нлмуύΦ CǳǊǘƘŜǊƳƻǊŜΣ ǘƘŜ ƎŜƻƳƻǊǇƘƛŎ ǎǘǊǳŎǘǳǊŜ 

ŀƴŘ ƘȅŘǊƻƭƻƎƛŎ ǊŜǎǇƻƴǎŜ ƛƴ ƻƴŜ ŎŀǘŎƘƳŜƴǘ ŘƛũŜǊǎ ŦǊƻƳ ŀƴƻǘƘŜǊ όwƻŘǊƛƎǳŜȊπLǘǳǊōŜ ŀƴŘ ±ŀƭŘŜǎΣ 

мфтфύΦ ²ƛǘƘ ƘȅŘǊƻŘȅƴŀƳƛŎ ŘƛǎǇŜǊǎƛƻƴΣ ǇǊŜŎƛǇƛǘŀǝƻƴ ǿƘƛŎƘ Ŧŀƭƭǎ ƛƴ ǘƘŜ ǎŀƳŜ ƭƻŎŀǝƻƴ ŀǘ ǘƘŜ 

ǎŀƳŜ ǝƳŜ ƛƴ ǘƘŜ ǎŀƳŜ ŎŀǘŎƘƳŜƴǘ Ŏŀƴ ǊŜŀŎƘ ǘƘŜ ƻǳǘƭŜǘ ŀǘ ŘƛũŜǊŜƴǘ ǝƳŜǎ ŘǳŜ ǘƻ ƅƻǿ ǊŜǎƛǎǘŀƴŎŜ 

ŀƴŘ ǎǘƻǊŀƎŜ ŀǧŜƴǳŀǝƻƴ όtŀǩǎƻƴ Ŝǘ ŀƭΦΣ нлмпύΦ ¢ƘŜ ƳƻǾŜƳŜƴǘ ƻŦ ŀ ǎǘƻǊƳ ŀŎǊƻǎǎ ŀ ŎŀǘŎƘƳŜƴǘ 

Ŏŀƴ ƛƳǇŀŎǘ ƻƴ ŘƛǎŎƘŀǊƎŜ ǊŜǎǇƻƴǎŜǎ ŀƴŘ ǘƘŜ ƅƻƻŘ ƘȅŘǊƻƎǊŀǇƘ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎŀǘŎƘƳŜƴǘ 

ŘŜǎŎǊƛǇǘƻǊǎ όǎƛȊŜΣ ŎƘŀƴƴŜƭ ǎƭƻǇŜ ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘΣ ƎŜƻƭƻƎȅΣ ƭŀƴŘ ǳǎŜ ŀƴŘ ŀƭǝǘǳŘŜύ όbƛƪƻƭƻǇƻǳƭƻǎ 

Ŝǘ ŀƭΦΣ нлмпύΦ ¢Ƙƛǎ ƛǎ ŎƻƳǇƻǳƴŘŜŘ ōȅ ŀǧŜƳǇǝƴƎ ǘƻ ǘǊŀƴǎŦŜǊ ŬƴŘƛƴƎǎ ōŜǘǿŜŜƴ ŎŀǘŎƘƳŜƴǘǎ ǿƛǘƘ 

ǳƴƛǉǳŜ ŘŜǎŎǊƛǇǘƻǊǎ ǿƘƛŎƘ ŎƻƴǘǊƻƭ Ǌǳƴƻũ ƎŜƴŜǊŀǝƻƴ ŀƴŘ ǘǊŀƴǎƳƛǎǎƛƻƴ ŀŎǊƻǎǎ ǘƘŜ ƭŀƴŘǎŎŀǇŜΦ 

!ŘŘƛǝƻƴŀƭƭȅΣ ŜŀŎƘ ǎǘƻǊƳ ŜǾŜƴǘ ƛǎ ŘŜƴƻǘŜŘ ōȅ ƛǘǎ ƛƴŘƛǾƛŘǳŀƭ ƛƴǘŜƴǎƛǘȅ ŀƴŘ ŎƻƴǘǊƻƭƭŜŘ ōȅ ǘƘŜ 

ŎŀǘŎƘƳŜƴǘ ǎǘǊǳŎǘǳǊŜ ǎǳŎƘ ŀǎ Ƙƻǿ ƘƛƭƭǎƭƻǇŜ ŀƴŘ ǘǊƛōǳǘŀǊȅ ƅƻǿǎ ŎƻƳōƛƴŜ όtŀǩǎƻƴ ŀƴŘ [ŀƴŜΣ 

нлмнύΦ LƴǘŜǊǇƭŀȅ ōŜǘǿŜŜƴ ŎŀǘŎƘƳŜƴǘ ǎǇŀǝƻπǘŜƳǇƻǊŀƭ ƳŜŎƘŀƴƛǎƳǎ Ŏŀƴ ŀƭǘŜǊ ŜȄǘǊŜƳŜ ƅƻƻŘ 

ŜǾŜƴǘǎ ŀǎ ǘƘŜȅ ŀǊŜ ŘŜǇŜƴŘŜƴǘ ƻƴ ŀƴǘŜŎŜŘŜƴǘ ǎƻƛƭ ƳƻƛǎǘǳǊŜ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ǊŀƛƴŦŀƭƭ ƛƴǘŜƴǎƛǘȅΦ 

¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ǎŀƳŜ ǊŀƛƴŦŀƭƭ ŘŜǇǘƘΣ ǿƘŜƴ ŀǾŜǊŀƎŜŘ ƻǾŜǊ ŀ ǇŜǊƛƻŘ ƻŦ ǝƳŜ Ŏŀƴ ƭŜŀŘ ǘƻ ŀ 

ŘƛũŜǊŜƴǘ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜΦ [ŀƴŘ ƳŀƴŀƎŜƳŜƴǘ ƛǎ ŀƴƻǘƘŜǊ ƛƳǇƻǊǘŀƴǘ ŦŀŎǘƻǊ ƛƴ Ǌǳƴƻũ ǿƛǘƘ 

ŘƛũŜǊŜƴŎŜǎ ƛƴ ƭŀƴŘ ǳǎŜ ǿƛǘƘƛƴ ǘƘŜ ǎǳōπŎŀǘŎƘƳŜƴǘ ŀƴŘ ōŜǘǿŜŜƴ ŎŀǘŎƘƳŜƴǘǎΦ ¢ƘŜ ŎƻƳǇƭŜȄƛǝŜǎ 

ƻŦ ǘǊŀƴǎƭŀǝƴƎ ŬƴŘƛƴƎǎ ōŜǘǿŜŜƴ ŎŀǘŎƘƳŜƴǘǎ ŀǊŜ ƳŀŘŜ ƳƻǊŜ ŘƛŶŎǳƭǘ ōȅ ǘƘŜ ƛƴǘŜǊƳƛǧŜƴǘ 

ŦǊŜǉǳŜƴŎȅ ƻŦ ǎǘƻǊƳǎΣ ǿƛǘƘ ŜŀŎƘ ƅƻƻŘ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ǎŜǾŜǊŀƭ ǾŀǊƛŀōƭŜǎΦ ¢ƘŜ ŘƛŶŎǳƭǘȅ ƭƛŜǎ ƛƴ 

ǘƘŀǘ ƅƻƻŘ ƘŀȊŀǊŘǎ ŀǊŜ ǎǘƻŎƘŀǎǝŎΣ ǿƛǘƘ ǳƴŎŜǊǘŀƛƴǘȅ ŀƴŘ ǊŀƴŘƻƳƴŜǎǎΣ ǿƘŜǊŜŀǎ ƅƻƻŘ ƳƻŘŜƭƭƛƴƎ 

ƛǎ ŘŜǘŜǊƳƛƴƛǎǝŎΣ ŀǎǎǳƳƛƴƎ ǾŀǊƛŀōƭŜǎ ŀǊŜ ƪƴƻǿƴ ŀƴŘ Ŏŀƴ ōŜ ŀŎŎǳǊŀǘŜƭȅ ƳŜŀǎǳǊŜŘΣ ǿƘƛŎƘ ŘƻŜǎ 

ƴƻǘ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ŎƻƳǇƭŜȄƛǘȅ ŀƴŘ ǳƴǇǊŜŘƛŎǘŀōƛƭƛǘȅΦ Lǘ ƛǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ƎŀǘƘŜǊƛƴƎ ǎǳŶŎƛŜƴǘ 
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Řŀǘŀ ǘƻ ƳŀƪŜ Ǌƻōǳǎǘ ǎŎƛŜƴǝŬŎ ŎƻƴŎƭǳǎƛƻƴǎ ŀǘ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜǎ ŎƻǳƭŘ ǘŀƪŜ ŀƴ ƛƴƻǊŘƛƴŀǘŜ 

ŀƳƻǳƴǘ ƻŦ ǝƳŜ όtŀǩǎƻƴ ŀƴŘ [ŀƴŜΣ нлмнύΦ 

 

2.4. Flood modelling 

wŜǎŜŀǊŎƘ Ƙŀǎ ǘǳǊƴŜŘ ǘƻ ǳǇπǎŎŀƭƛƴƎ ²55ǎ ǘƘǊƻǳƎƘ ƘȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎΣ όƘȅŘǊƻπ

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ ǊŜŦŜǊǊƛƴƎ ƘŜǊŜ ǘƻ ǘƘŜ ŘȅƴŀƳƛŎ ǇŀǊŀƳŜǘŜǊǎ ƛΦŜΦ ǿŀǘŜǊ ƭŜǾŜƭǎ ŀƴŘ 

ǾŜƭƻŎƛǝŜǎΣ ŀƴŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǇŀǊŀƳŜǘŜǊǎύ ƘƻǿŜǾŜǊΣ ǘƘŜ 

ŎƘŀƭƭŜƴƎŜ ƛǎ ǘƻ ŬƴŘ ŀƴ ŀǇǇǊƻǇǊƛŀǘŜ ƳŜǘƘƻŘ ǘƻ ƳƻŘŜƭ ǘƘŜƛǊ ŎƻƳǇƭŜȄ ŦƻǊƳǎ ŀƴŘ ǇƻǊƻǎƛǘȅΦ aǳŎƘ 

ƻŦ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ǳǎŜǎ ƳƻŘŜƭƭƛƴƎ ǊŀǘƘŜǊ ǘƘŀƴ ŬŜƭŘπōŀǎŜŘ ƻōǎŜǊǾŀǝƻƴǎ ǘƻ ƻǾŜǊŎƻƳŜ ǇǊƻōƭŜƳǎ 

ǿƛǘƘ ǘƘŜ ƭŀŎƪ ƻŦ ǎǘǳŘȅ ǎƛǘŜǎΣ ǘƘŜ ƴŜŜŘ ŦƻǊ Řŀǘŀ ƻǾŜǊ ƭƻƴƎ ǇŜǊƛƻŘǎ ŀƴŘ ŎƘŀƭƭŜƴƎŜǎ ƛƴ ƻǾŜǊŎƻƳƛƴƎ 

ǘƘŜ Ǉƭƻǘ ǘƻ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭƛƴƎ ǇǊƻōƭŜƳΦ IƻǿŜǾŜǊΣ ǘƘŜǊŜ ƛǎ ǎƻƳŜ ǎŎŜǇǝŎƛǎƳ ƛƴ ƳƻŘŜƭƭƛƴƎ bCa 

ό59Cw!Σ нлнлύΦ 

IȅŘǊŀǳƭƛŎ ƳƻŘŜƭǎ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǎƛƳǳƭŀǘŜ ƅƻǿ ǊŜƎƛƳŜǎ ōȅ ǳǎƛƴƎ ƅǳƛŘ Ƴƻǝƻƴ Ŝǉǳŀǝƻƴǎ ǘƻ 

ǎƛƳǳƭŀǘŜ ƅƻǿ ŘŜǇǘƘΣ ǾŜƭƻŎƛǘȅΣ ŀƴŘ ƅƻƻŘ ŜȄǘŜƴǘ ό¢ŜƴƎ Ŝǘ ŀƭΦΣ нлмтΤ IƻǎǎŜƛƴȅ Ŝǘ ŀƭΦΣ нлнлύΦ hƴŜπ

ŘƛƳŜƴǎƛƻƴŀƭ όм5ύ ƅƻƻŘ ƳƻŘŜƭƭƛƴƎ ŀǎǎǳƳŜǎ ǿŀǘŜǊ ƳƻǾŜǎ ƛƴ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ŘƛǊŜŎǝƻƴ ƻŦ ǘƘŜ 

ǊƛǾŜǊ ŀƴŘ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŎƘŀƴƴŜƭ ōȅ ƎŜƴŜǊŀǝƴƎ ŀ ǎŜǊƛŜǎ ƻŦ ŎǊƻǎǎπǎŜŎǝƻƴǎ ŀǘ ǊŜƎǳƭŀǊ ƛƴǘŜǊǾŀƭǎΣ 

ǿƘƛŎƘ ŘŜƭƛƴŜŀǘŜǎ ǘƘŜ ǘƻǇƻƎǊŀǇƘȅ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ŀƴŘ ƛǘǎ ƛƳƳŜŘƛŀǘŜΣ ŀŘƧŀŎŜƴǘ ƅƻƻŘǇƭŀƛƴ 

ό¢ƘƻƳŀǎ ŀƴŘ bƛǎōŜǘΣ нлмнΤ .ŀōƛǎǘŜǊ ŀǘ ŀƭΦΣ нлмнύ όCƛƎǳǊŜ нΦрύΦ !ǎ м5 ƳƻŘŜƭǎ ŘŜǎŎǊƛōŜ ǘƘŜ ǿŀǘŜǊ 

ŎƻǳǊǎŜ ŀƴŘ ƅƻƻŘǇƭŀƛƴ ōȅ ŎǊƻǎǎπǎŜŎǝƻƴǎΣ ǘƘŜȅ ǊŜǉǳƛǊŜ ǘƻǇƻƎǊŀǇƘƛŎŀƭ Řŀǘŀ ό.ŜǘǎƘƻƭǘȊ ŀƴŘ 

bƻǊŘƭǀŦΣ нлмтύΦ !ŘŘƛǝƻƴŀƭƭȅΣ ƳŜǘƘƻŘǎ ŦƻǊ ǇǊŜǎŜƴǝƴƎ ǎǘǊǳŎǘǳǊŜǎ ǎǳŎƘ ŀǎ ōǊƛŘƎŜǎΣ ǿŜƛǊǎ ŀƴŘ 

ŎǳƭǾŜǊǘǎ ŀǊŜ ǿŜƭƭ ŘŜǾŜƭƻǇŜŘ ƛƴ м5 ƳƻŘŜƭƭƛƴƎΣ ŀƴŘ ŀǊŜ ƛƴŎƭǳŘŜŘ ƛƴ м5 ǎǘŀƴŘŀǊŘ ŜƳǇƛǊƛŎŀƭ 

Ŝǉǳŀǝƻƴǎ ό/ǊƻǿŘŜǊΣ нллфΤ .ŀōƛǎǘŜǊ Ŝǘ ŀƭΦΣ нлмнύΦ !ǎ ŀ ǊǳƭŜΣ м5 ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭǎ ŀǊŜ ǳǎŜŘ ǘƻ 

ǎƛƳǳƭŀǘŜ ƅǳǾƛŀƭ ƅƻƻŘ ŜǾŜƴǘǎ ό.ŜǘǎƘƻƭǘȊ ŀƴŘ bƻǊŘƭǀŦΣ нлмтύ ǎƛƴŎŜ ǘƘŜȅ ƘŀǾŜ ŀŎŎǳǊŀǘŜ ƅƻǿ ŘŜǇǘƘ 

ŎŀƭŎǳƭŀǝƻƴǎ ǿƘŜǊŜ ǘƘŜǊŜ ƛǎ ǳƴƛŘƛǊŜŎǝƻƴŀƭ ƅƻǿΣ ƘŀǾŜ ŀ ǊŀƴƎŜ ƻŦ ƘȅŘǊŀǳƭƛŎ ǎǘǊǳŎǘǳǊŜ ƻǇǝƻƴǎ 

ŀǾŀƛƭŀōƭŜ ŀƴŘ Ŏŀƴ ǎƛƳǳƭŀǘŜ ōŀŎƪǿŀǘŜǊ ŜũŜŎǘǎ ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлнмōύΦ [ƛƳƛǘŀǝƻƴǎ ƛƴ м5π

ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭƭƛƴƎΣ ƛƴŎƭǳŘŜ ƻƴƭȅ ōŜƛƴƎ ŀōƭŜ ǘƻ ǎƛƳǳƭŀǘŜ ƅƻƻŘ ǿŀǾŜ ƻƴ ǘƘŜ ǳƴƛŘƛǊŜŎǝƻƴŀƭ 

ƭƻƴƎƛǘǳŘƛƴŀƭ ǇƭŀƴŜΣ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ōŜƛƴƎ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ŎǊƻǎǎπǎŜŎǝƻƴǎ ŀƴŘ ǘƘŜ 

ǘƻǇƻƎǊŀǇƘȅ ōŜƛƴƎ ǳǎŜŘ ŀǎ ŎǊƻǎǎπǎŜŎǝƻƴǎ ǊŀǘƘŜǊ ǘƘŀƴ ŀǎ ŀ Ŏƻƴǝƴǳƻǳǎ ǎǳǊŦŀŎŜ ό5ŀǎŀƭƭŀǎ Ŝǘ ŀƭΦΣ 

нлмфύΦ
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Figure 2.5: Basic 1D fluvial model of a river, showing a river reach with 1D cross-sections, boundary 
conditions and associated graphical images of 1D cross-section and flow boundary conditions. Taken 
from Trigg (2016). 

 

¢ǿƻ ŘƛƳŜƴǎƛƻƴŀƭ όн5ύ ƳƻŘŜƭǎ ŀǎǎǳƳŜ ŘƛǎŎƘŀǊƎŜ ƳƻǾŜǎ ƳǳƭǝŘƛǊŜŎǝƻƴŀƭƭȅΣ ƛƴ ōƻǘƘ ǘƘŜ 

ƭƻƴƎƛǘǳŘƛƴŀƭ ŀƴŘ ƭŀǘŜǊŀƭ ŘƛǊŜŎǝƻƴΣ ǳǎƛƴƎ ŀ Ŏƻƴǝƴǳƻǳǎ ƳŜǎƘ ƻǊ ŀ ǊŀǎǘŜǊ ƎǊƛŘ ǘƻ ŘŜŬƴŜ ǘƘŜ ǿŀǘŜǊ 

ŎƻǳǊǎŜ ό5ŀǎŀƭƭŀǎ Ŝǘ ŀƭΦΣ нлмфύ όCƛƎǳǊŜ нΦсύΦ н5 ƛǎ ƳƻǊŜ ŘŜǘŀƛƭŜŘ ŀƴŘ Ŏŀƴ ŎŀǇǘǳǊŜ ŎƻƳǇƭŜȄ ƅƻǿ 

ǇŀǧŜǊƴǎΦ IƻǿŜǾŜǊΣ ƛǘ ƛǎ Řŀǘŀ ƛƴǘŜƴǎƛǾŜΣ ǊŜǉǳƛǊƛƴƎ ŀ ƘƛƎƘ ƭŜǾŜƭ ƻŦ ŎŀǘŎƘƳŜƴǘ ŘŜǘŀƛƭ ŀƴŘ ǘŜƴŘǎ ǘƻ 

ƘŀǾŜ ƭƻƴƎ ǊǳƴπǝƳŜǎΦ 

 

Figure 2.6: Triangulated Irregular Network (TIN) displaying topographical features of the Lower 
Namoi Valley. Taken from Mackay et al. (2015).
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!ǎ ǘƘŜ м5 ƳƻŘŜƭƭƛƴƎ ŀǇǇǊƻŀŎƘ ƛǎ ǘƘŜ Ƴƻǎǘ ŀǇǇǊƻǇǊƛŀǘŜ ŦƻǊ ƳƻŘŜƭƭƛƴƎ ƛƴπŎƘŀƴƴŜƭ ƅƻǿǎ ŀƴŘ н5 

ƳƻŘŜƭƭƛƴƎ ŦƻǊ ƳƻŘŜƭƭƛƴƎ ƅƻƻŘǇƭŀƛƴ ƅƻǿǎΣ ŀ ƭƛƴƪŜŘ м5πн5 ƳƻŘŜƭ Ƙŀǎ ǘƘŜ ŀŘǾŀƴǘŀƎŜ ƻŦ ōƻǘƘ 

ŀǇǇǊƻŀŎƘŜǎ όbŞŜƭȊ ŀƴŘ tŜƴŘŜǊΣ нллфΤ tŜƴŘŜǊ ŀƴŘ bŞŜƭȊΣ нлммύΦ м5πн5 ƳƻŘŜƭǎΣ ǊŜǇǊŜǎŜƴǘ ǘƘŜ 

ǿŀǘŜǊ ŎƻǳǊǎŜ ōȅ м5 ƅƻǿ ōŜǘǿŜŜƴ ŎǊƻǎǎπǎŜŎǝƻƴǎΣ ŀƴŘ ǘƘŜ ƅƻƻŘǇƭŀƛƴ ōȅ ŀ н5 ƳŜǎƘΦ ¢ƘŜ 

ŘǊŀǿōŀŎƪ ƻŦ ǳǎƛƴƎ ŀ ƭƛƴƪŜŘ м5πн5 ŀǇǇǊƻŀŎƘ ƛǎ ǘƘŀǘ ƳƻǊŜ ǝƳŜ ƛǎ ǎǇŜƴǘ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŀƴŘ 

ǎŜǩƴƎ ǳǇ ǘƘŜ ƳƻŘŜƭǎ ŎƻƳǇŀǊŜŘ ǘƻ ǎƛƴƎƭŜ ƳƻŘŜƭ ŀǇǇǊƻŀŎƘŜǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ŜȄŎƘŀƴƎŜǎ 

ōŜǘǿŜŜƴ ƛƴπŎƘŀƴƴŜƭ ƅƻǿǎ ŀƴŘ ƅƻƻŘǇƭŀƛƴǎ Ŏŀƴ ōŜ ǊŜǇǊŜǎŜƴǘŜŘ ƛƴ ŘƛũŜǊŜƴǘ ǿŀȅǎ ǿƘƛŎƘ ǎǳƎƎŜǎǘǎ 

ǘƘŜ ǇǊŜŘƛŎǝǾŜ ŎŀǇŀŎƛǘȅ ƻŦ ǘƘŜ ƳƻŘŜƭƭƛƴƎ ŀǇǇǊƻŀŎƘŜǎ ŎƻǳƭŘ ǾŀǊȅ ό±ƻƧƛƴƻǾƛŎ ŀƴŘ ¢ǳǘǳƭƛŎΣ нллфύΦ  

о5 ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭǎΣ ŀǊŜ ǳǎŜŘ ƻƴ ŀ ƭƻƴƎƛǘǳŘƛƴŀƭΣ ƭŀǘŜǊŀƭ ŀƴŘ ǾŜǊǝŎŀƭ ǇƭŀƴŜ ό[ƛǳ ŀƴŘ aŜǊǿŀŘŜΣ 

нлмуύ όCƛƎǳǊŜ нΦтύΦ ¢ƘŜȅ Ŏŀƴ ǇǊŜŘƛŎǘ ƅƻǿ ŘŜǇǘƘ ŀƴŘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ŬŜƭŘǎ ό·ƛƴƎ Ŝǘ ŀƭΦΣ нлмуύΦ 

IƻǿŜǾŜǊΣ о5 ŀƴŀƭȅǎƛǎ ƛǎ ƎŜƴŜǊŀƭƭȅ ŀǾƻƛŘŜŘ ŀǎ ƛǘ ƴŜŜŘǎ ŀ ƘƛƎƘ ƭŜǾŜƭ ƻŦ ŎƻƳǇǳǘŀǝƻƴŀƭ ǇƻǿŜǊ ŀƴŘ 

ŜȄǘŜƴǎƛǾŜ Řŀǘŀ ǊŜǉǳƛǊŜƳŜƴǘǎ ǿƘƛŎƘ Ŏŀƴ ōŜ ŎƻǎǘƭȅΣ ŎƻƳǇƭŜȄ ŀƴŘ ǝƳŜ ŎƻƴǎǳƳƛƴƎ ǘƻ ǊǳƴΣ ƛƴ 

ŎƻƴǘǊŀǎǘ ǘƻ м5 ŀƴŘ н5 ƳƻŘŜƭǎ ό/ǊƻǿŘŜǊΣ нллфύΦ 

 

 

Figure 2.7: Schematic representing lateral and longitudinal linked 1D-2D model. Taken from Kvocka 
(2017). 

 

м5πƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭƭƛƴƎ ƛǎ ƛƴŎǊŜŀǎƛƴƎƭȅ ŘŜǇƭƻȅŜŘ ŀǎ ŀ ŎƻƴŎŜǇǘǳŀƭ ƳŀǘƘŜƳŀǝŎŀƭ ǘƻƻƭ ǘƻ ŀƴŀƭȅǎŜ 

ǘƘŜ ŜũŜŎǘǎ ƻŦ ƳǳƭǝǇƭŜΣ ƛƴπŎƘŀƴƴŜƭ ²55ǎΦ .ȅ ƛƴǇǳǩƴƎ Řŀǘŀ ƛƴǘƻ ǘƘŜ ƳƻŘŜƭ ǘƻ ƎŜƴŜǊŀǘŜ ŀ 

ƴǳƳŜǊƛŎŀƭ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ƻŦ ǘƘŜ ǊŜŀƭπǿƻǊƭŘΣ ŀ ǿƛŘŜ ǊŀƴƎŜ ƻŦ ƅǳǾƛŀƭ ǇǊƻŎŜǎǎŜǎ ǎǳŎƘ ŀǎ 

ōŀŎƪǿŀǘŜǊ ŜũŜŎǘǎ ŀƴŘ ƅƻƻŘ ƛƴǳƴŘŀǝƻƴ Ŏŀƴ ōŜ ǎƛƳǳƭŀǘŜŘ όtŀƛǾŀ Ŝǘ ŀƭΦΣ нлммΤ 9ƴǾƛǊƻƴƳŜƴǘ 

!ƎŜƴŎȅΣ нлнмŎύΦ ! ǎȅǎǘŜƳ ƻŦ м5 ŎǊƻǎǎπǎŜŎǝƻƴŀƭƭȅπŀǾŜǊŀƎŜŘ {ŀƛƴǘπ±Ŝƴŀƴǘ Ŝǉǳŀǝƻƴǎ ŘŜƴƻǘŜ 

ƅƻƻŘƛƴƎ ƛƴ ǘŜǊƳǎ ƻŦ ƅƻƻŘ ƅƻǿ ŘŜǇǘƘΣ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘ 
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ǘƘŜ ǇǊƛƴŎƛǇƭŜǎ ƻŦ ŎƻƴǎŜǊǾŀǝƻƴ ƻŦ Ƴŀǎǎ ό9ǉǳŀǝƻƴ мΦмΦ ŀǎ ǎƘƻǿƴ ƛƴ ǎŜŎǝƻƴ мΦмΦмΦύ ŀƴŘ 

ƳƻƳŜƴǘǳƳ ό!ōŘǳƭƭŀƘΣ нлмнύΦ !ǎ ƅƻǿ ǘǊŀǾŜƭǎ ŘƻǿƴǎǘǊŜŀƳ ǿƛǘƘ ŀǎǎƻŎƛŀǘŜŘ ŎƘŀƴƎŜǎ ƛƴ 

ŘƛǎŎƘŀǊƎŜ ŀƴŘ ƅƻǿ ŘŜǇǘƘΣ Ŝǉǳŀǝƻƴǎ ƘŀǾŜ ōŜŜƴ ŘŜǎƛƎƴŜŘ ǘƻ ǎƻƭǾŜ ǘƘŜ ƴǳƳŜǊƛŎŀƭ ǘŜǊƳǎ ǿƘƛŎƘ 

ƎƻǾŜǊƴ ǘƘŜ ƅƻǿ ǇŀǘƘǿŀȅ ŦǊƻƳ ƻƴŜ Ǉƻƛƴǘ ǘƻ ŀƴƻǘƘŜǊ όbƪǿǳƴƻƴǿƻ Ŝǘ ŀƭΦΣ нлнлύΦ CƭƻƻŘ 

ƳƻŘŜƭƭƛƴƎ ǎƻƊǿŀǊŜ ƛǎ Ŏƻƴǎǘŀƴǘƭȅ ŘŜǾŜƭƻǇƛƴƎΣ ŀƴŘ ƛǘǎ ŀǇǇƭƛŎŀǝƻƴ Ƙŀǎ ƎǊƻǿƴ ǿƛǘƘ ƎǊŜŀǘŜǊ 

ŎƻƳǇǳǘŀǝƻƴŀƭ ŎŀǇŀŎƛǘȅ ŀƴŘ ŜŀǎƛŜǊ ŀŎŎŜǎǎ ǘƻ 59aǎ ŀǾŀƛƭŀōƭŜ ǳǎƛƴƎ [ƛƎƘǘ 5ŜǘŜŎǝƻƴ ŀƴŘ wŀƴƎƛƴƎ 

ǘŜŎƘƴƛǉǳŜǎ ό[L5!wύ ό!ƭƛ Ŝǘ ŀƭΦΣ нлмрύΦ [L5!w ƻũŜǊǎ Ǿŀǎǘ ƛƴŦƻǊƳŀǝƻƴ ŎƻƴǘŜƴǘ ǘƻ ǇŀǊŀƳŜǘŜǊƛȊŜ 

ǘƻǇƻƎǊŀǇƘȅ ǿƘƛŎƘ Ŏŀƴ ōŜ ǳǎŜŘ ƛƴ ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭƭƛƴƎ ό!ōŘǳƭƭŀƘΣ нлмнύΦ 5ǳŜ ǘƻ ǘƘŜ 

ŀŘǾŀƴŎŜƳŜƴǘ ƻŦ [L5!wΣ ƘƛƎƘπǊŜǎƻƭǳǝƻƴǎ 59aǎ ƘŀǾŜ ōŜŎƻƳŜ ƳƻǊŜ ŀǾŀƛƭŀōƭŜΦ 

IȅŘǊŀǳƭƛŎ ƳƻŘŜƭƭƛƴƎ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ŦƻǊ 

ƅƻƻŘ Ǌƛǎƪ ƳŀƴŀƎŜƳŜƴǘΦ IƻǿŜǾŜǊΣ ǘƘŜǊŜ ƛǎ ŀ ƭŀŎƪ ƻŦ ǎǘǳŘƛŜǎ ǘŜǎǝƴƎ ǘƘŜ ƅƻƻŘ Ǌƛǎƪ ǇŜǊŦƻǊƳŀƴŎŜ 

ƻŦ bCaΣ ǇŀǊǝŎǳƭŀǊƭȅ ŘǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ŀǘ ƭŀǊƎŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜǎ ό²ƛƴƎŬŜƭŘ Ŝǘ ŀƭΦΣ нлмфύΦ 

²ƛǘƘ ŘƛŶŎǳƭǝŜǎ ƛƴ ǘǊŀƴǎŦŜǊǊƛƴƎ ǊŜǎǳƭǘǎ ōŜǘǿŜŜƴ ŘƛũŜǊŜƴǘ ŎŀǘŎƘƳŜƴǘǎ ŀƴŘ ǘƘŜ ƭƻǿ ŦǊŜǉǳŜƴŎȅ 

ƻŦ ƅƻƻŘ ŜǾŜƴǘǎΣ ǘƘŜǊŜ ƛǎ ǎƻƳŜ ǎŎŜǇǝŎƛǎƳ ǿƘŜǘƘŜǊ ǎǳŶŎƛŜƴǘ ŜƳǇƛǊƛŎŀƭ Řŀǘŀ Ŏŀƴ ōŜ ƎŀǘƘŜǊŜŘ ǘƻ 

ǇǊƻŘǳŎŜ ǎǘŀǝǎǝŎŀƭƭȅ Ǌƻōǳǎǘ ŎƻƴŎƭǳǎƛƻƴǎ ŀǘ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜ όtŀǩǎƻƴ ŀƴŘ [ŀƴŜΣ нлмнύΦ 

CƭƻƻŘ ƳƻŘŜƭǎ ŜƴŀōƭŜ ǘƘŜ ƘƻƭƛǎǝŎ ƳŜŀƴǎ ǘƻ ŜȄŀƳƛƴŜ ǘƘŜ ŜŶŎŀŎȅ ƻŦ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ŀǘ ǘƘŜ 

ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜ ǳǎƛƴƎ ŎŀǘŎƘƳŜƴǘ ŘŜǎŎǊƛǇǘƻǊǎ ƛƴŎƭǳŘƛƴƎ ǘƻǇƻƎǊŀǇƘȅ ŀƴŘ ǇǊŜŎƛǇƛǘŀǝƻƴΦ aƻŘŜƭǎ 

ƻũŜǊ ƛƴƴǳƳŜǊŀōƭŜΣ ǊŜǇƭƛŎŀōƭŜ ŜȄǇŜǊƛƳŜƴǘǎ ǘƻ ŎƻƴŎŜǇǘǳŀƭƭȅ ŀƴŀƭȅǎŜ ǇǊŜŘƛŎǝǾŜ ǘƘŜƻǊƛŜǎ 

ǊŜƎŀǊŘƛƴƎ ƅƻǿ όbƻǊōǳǊȅ Ŝǘ ŀƭΦΣ нлнмύΦ IƻǿŜǾŜǊΣ ŀƭǘƘƻǳƎƘ ǘƘŜǊŜ Ƙŀǎ ōŜŜƴ ƎǊŜŀǘ ŀŘǾŀƴŎŜƳŜƴǘ 

ƛƴ ƅƻƻŘ ƳƻŘŜƭƭƛƴƎ ǘŜŎƘƴƛǉǳŜǎΣ ǘƘŜǊŜ ǊŜƳŀƛƴǎ ǳƴŎŜǊǘŀƛƴǘȅ ǎǳǊǊƻǳƴŘƛƴƎ ǘƘŜƛǊ ǳǎŜ ƛƴ ŀŎŎǳǊŀǘŜƭȅ 

ŎŀǇǘǳǊƛƴƎ ²55ǎ ƘȅŘǊŀǳƭƛŎǎΦ IȅŘǊŀǳƭƛŎ ŀƴŘ ƘȅŘǊƻƭƻƎƛŎŀƭ ƳƻŘŜƭƭƛƴƎ ƻŦ ²55ǎ ƛǎ ŎƘŀƭƭŜƴƎƛƴƎΣ 

Ƴŀƛƴƭȅ ŘǳŜ ǘƻ ŘƛŶŎǳƭǝŜǎ ƛƴ ǊŜǇǊŜǎŜƴǝƴƎ ŀ ƴŜǘǿƻǊƪ ƻŦ ²55ǎ ŀǎ ǊŜŀƭƛǎǝŎŀƭƭȅ ŀǎ ǇƻǎǎƛōƭŜΦ ¢ƘŜ 

ǊŜǎŜŀǊŎƘ ƎŀǇ ǊŜƳŀƛƴǎ ŀǎ ǘƻ Ƙƻǿ ōŜǎǘ ǘƻ ǎƛƳǳƭŀǘŜ ǘƘŜ ƘȅŘǊŀǳƭƛŎΣ ƘȅŘǊƻƭƻƎƛŎŀƭ ŀƴŘ ƳƻǊǇƘƻƭƻƎƛŎŀƭ 

ŎƻƳǇƭŜȄƛǝŜǎ ŎŀǳǎŜŘ ōȅ ²55ǎ ǿƛǘƘƛƴ ƘȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ ό!ŘŘȅ ŀƴŘ ²ƛƭƪƛƴǎƻƴΣ 

нлмфύΦ 

²55 ŜũŜŎǘǎ ƻƴ ǘǳǊōǳƭŜƴǘ ƅƻǿ ŀƴŘ ƅǳƛŘ ŦƻǊŎŜǎ ƻǇŜǊŀǝƴƎ ƻƴ ŀƴŘ ŀǊƻǳƴŘ ǘƘŜƛǊ ŎƻƳǇƭŜȄΣ ƴŀǘǳǊŀƭ 

ƎŜƻƳŜǘǊƛŜǎ ǊŜƳŀƛƴ ǳƴŎŜǊǘŀƛƴ ό.ŜƴƴŜǧ Ŝǘ ŀƭΦΣ нлмрύΦ ²55ǎ ǘŜƳǇƻǊŀǊƛƭȅ ǎǘƻǊŜ ǿŀǘŜǊ ŘǳǊƛƴƎ ƘƛƎƘ 

ŘƛǎŎƘŀǊƎŜ ǿƛǘƘ ǿŀǘŜǊ ƭŜŀƪƛƴƎ ŦǊƻƳ ǘƘŜ ǎǘƻǊŀƎŜ ŀǊŜŀΣ ǿƛǘƘ ǘƘŜ ŀƳƻǳƴǘ ƻŦ ƭŜŀƪŀƎŜ ŘŜǇŜƴŘŜƴǘ 

ǳǇƻƴ ²55 ǇƻǊƻǎƛǘȅΦ ²55 ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ŀǧŜƴǳŀǝƴƎ ƅƻǿ ƛǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ǎŜǾŜǊŀƭ ǇŀǊŀƳŜǘŜǊǎ 

ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎǘƻǊƳ ŜǾŜƴǘ ǇǊŜŎƛǇƛǘŀǝƻƴ 55C ƛƴ ǊŜǎǇŜŎǘ ǘƻ ²55 ǎǘƻǊŀƎŜ ǾƻƭǳƳŜΣ ǎƛȊŜΣ ǇƻǊƻǎƛǘȅ 

ŀƴŘ ŘŜǎƛƎƴ ό{ŜƴƛƻǊ Ŝǘ ŀƭΦΣ нлннύΦ ¢ƘŜǎŜ ǇŀǊŀƳŜǘŜǊǎ ŘƛũŜǊ ƛƴ ǘƘŜ ƴŀǘǳǊŀƭ ǿƻǊƭŘ ŀƴŘ ŀŎǊƻǎǎ ǎƛǘŜǎ 
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ŀƴŘ ǘƘŜ ǇǊŜŎƛǎŜ ²55 ǇƻǊƻǎƛǘȅ κ ƭŜŀƪƛƴŜǎǎ ŘƛŶŎǳƭǘ ǘƻ ŘŜǘŜǊƳƛƴŜΦ ¢ƘŜǊŜ ǊŜƳŀƛƴǎ ǘƘŜ ƴŜŜŘ ŦƻǊ 

ƎǊŜŀǘŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ŦǳƴŎǝƻƴƛƴƎ ƻŦ ²55ǎ ŀƴŘ ǘƘŜƛǊ ƘȅŘǊƻƭƻƎƛŎŀƭ ŀƴŘ 

ǎŜŘƛƳŜƴǘƻƭƻƎƛŎŀƭ ŜũŜŎǘǎΣ ǇŀǊǝŎǳƭŀǊƭȅ ŘǳŜ ǘƻ ǘƘŜƛǊ ǳƴƛǉǳŜ ŘƛũŜǊŜƴŎŜǎ ƛƴ ǎƛȊŜ ŀƴŘ ǇƻǊƻǎƛǘȅΦ ¢Ƙƛǎ 

Ŏŀƴ ōŜ ŀŎƘƛŜǾŜŘ ōȅ ǳǎƛƴƎ ŀ ŎƻƳōƛƴŀǝƻƴ ƻŦ ŎƻƴǘǊƻƭƭŜŘ ƭŀōƻǊŀǘƻǊȅ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ ƴǳƳŜǊƛŎŀƭ 

ŜȄǇŜǊƛƳŜƴǘǎ ŀƭƻƴƎǎƛŘŜ ŬŜƭŘ ƻōǎŜǊǾŀǝƻƴǎ όvǳƛƴƴ Ŝǘ ŀƭΦΣ нлннύΦ /ŀǘŎƘƳŜƴǘ ŘŜǎŎǊƛǇǘƻǊǎ ǿƘƛŎƘ 

ŘƛũŜǊ ƛƴ ǘƘŜ ƴŀǘǳǊŀƭ ǿƻǊƭŘ ŀƴŘ ŀŎǊƻǎǎ ǎƛǘŜǎΣ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ ǳƴƛǉǳŜ ƎŜƻƳŜǘǊȅ ƻŦ ƛƴŘƛǾƛŘǳŀƭ 

²55ǎ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜǊŜ ōŜƛƴƎ ƴƻ ǎǘŀƴŘŀǊŘ ŀǇǇǊƻŀŎƘ ƻŦ ǊŜǇǊŜǎŜƴǝƴƎ ǘƘŜƳ ƛƴ ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭǎ 

ό[ƛǳ Ŝǘ ŀƭΦΣ нллпΤ !ŘŘȅ ŀƴŘ ²ƛƭƪƛƴǎƻƴΣ нлмфύΦ !ǎ ŀ ǊŜǎǳƭǘΣ ²55ǎ ŀǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ƛƴ ŘƛũŜǊŜƴǘ 

ǿŀȅǎ ƛƴŎƭǳŘƛƴƎ ŀŘƧǳǎǘƳŜƴǘǎ ǘƻ ƎŜƻƳŜǘǊȅ ōȅ ŎǊŜŀǝƴƎ ǇŜǊǘǳǊōŀǝƻƴǎ ƛƴ ǘƘŜ 59a ǘƻ ǊŜǇǊŜǎŜƴǘ 

ǘƘŜ ²55ǎΣ ŀƭǘŜǊƛƴƎ ŎƘŀƴƴŜƭ ǊƻǳƎƘƴŜǎǎ ōȅ ŎǊŜŀǝƴƎ ƛǎƻƭŀǘŜŘ ŀǊŜŀǎ ƻŦ ƛƴŎǊŜŀǎŜŘ aŀƴƴƛƴƎΩǎ ƴ 

ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘǎ όƴύ ǿƘŜǊŜ ²55ǎ ŀǊŜ ƭƻŎŀǘŜŘ ƻǊ ōȅ ŎǊŜŀǝƴƎ ŀ ƘȅŘǊŀǳƭƛŎ ǎǘǊǳŎǘǳǊŜ ǳƴƛǘ ǘƻ 

ǊŜǇǊŜǎŜƴǘ ǘƘŜƛǊ ŎƻƳǇƭŜȄ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ό!ŘŘȅ ŀƴŘ ²ƛƭƪƛƴǎƻƴΣ нлмфύ όCƛƎǳǊŜ нΦуύΦ !ŘŘƛǝƻƴŀƭƭȅΣ 

ƳƻŘŜƭƭƛƴƎ ²55 ŜŶŎƛŜƴŎȅ ƛƴ ƳƛǝƎŀǝƴƎ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘƛƴƎ ƛǎ ƛƴƘƛōƛǘŜŘ ōȅ ǘƘŜ ŘŜŀǊǘƘ ƻŦ 

ŜƳǇƛǊƛŎŀƭ Řŀǘŀ ǘƻ ǾŀƭƛŘŀǘŜ ǊŜǎǳƭǘǎ ǿƘƛŎƘ ǎǳƎƎŜǎǘǎ ƻōǎŜǊǾŜŘ κ ŬŜƭŘ Řŀǘŀ ŎƻǳƭŘ ƛƳǇǊƻǾŜ 

ƳƻŘŜƭƭƛƴƎ ŀŎŎǳǊŀŎȅ ǊŀǘƘŜǊ ǘƘŀƴ ǊŜƭȅƛƴƎ ƻƴ CƭƻƻŘ 9ǎǝƳŀǝƻƴ IŀƴŘōƻƻƪ όC9Iύ ŘŜǎƛƎƴŜǊ ƅƻƻŘ 

ŜǾŜƴǘǎ ό{ŜƴƛƻǊ Ŝǘ ŀƭΦΣ нлннΤ [ŀǾŜǊǎ Ŝǘ ŀƭΦΣ нлннύΦ 

 

 

Figure 2.8: A representation of three techniques used to represent WDDs in hydraulic models to 
overcome there being no standardised method of representing WDDs in hydraulic models. These 
techniques were first proposed by Addy and Wilkinson (2019). Taken from Senior et al. (2022).  
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2.4.1. 1D and 2D modelling within the context of WDD design and 

analysis 

Researchers have turned to modelling to quantify and predict the behaviour of WDDs to 

investigate their effects on flood hydrographs (Thomas and Nisbet, 2012) or floodplain 

connectivity (Kitts, 2010; Keys et al., 2018). Despite progress in modelling WDDs, there 

remains uncertainty in the suitability of models and approaches to represent them in 

hydraulic and hydrological models, mainly due to their complex nature. Typically, WDDs are 

represented by adjusting the channel geometry, increasing channel roughness (or both), or 

as a hydraulic structure by using weir or sluice gate units, frequently using models such as 

HEC-RAS (Keys et al., 2018), Hydro2de (Kitts 2010), Infoworks (Thomas and Nisbet, 2012) and 

Flood Modeller (Pinto et al., 2019). 1D modelling simulates linear domains, such as stream / 

river channels and uses cross-sections to examine flow depths, velocity or discharge. 2D 

models are useful in simulating the spread of flow over a 2D horizontal domain represented 

using a DEM and are often used to replicate complex overland flow and flooding processes 

which allows for analysis of, for example, WDD / floodplain inundation and channel-floodplain 

connectivity (Hill et al., 2023). The choice of model employed needs to lend itself to how the 

modeller conceptualises the NFM features which have complex characteristics and no 

standard way of modelling them. The challenge for the modeller is that there are many 

methods for conceptualising WDD representations and many different models. 

WDDs can be modelled using the hydraulic structure representation approach, by comparing 

them to well-understood hydraulic structures such as weirs or culverts. The engineering 

equations, representing the features, are often inbuilt into hydraulic modelling packages such 

as Flood Modeller and HEC-RAS. Mathematical models of existing control structures are 

popular methods to calculate the effects of WWDs. Keys et al. (2018) used a weir function at 

each WDD location using HEC-RAS 2D simulations, to show increased channel-floodplain 

connectivity.  

One physically based way to model is using a hydraulic structural representation to simulate 

WDDs by altering the channel geometry. Thomas and Nisbet (2012) used Infoworks in a 1D 

hydrodynamic model, to apply a 70% blockage ratio and varied roughness coefficients to 

represent the WDD in the channel. This is an attractive method since it captures the expected 
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flow profile of hydraulic structures in natural channels which are irregular in shape and 

accounts for the WDD blockage capacity by modelling the hydraulic flow upstream and 

downstream of the structures. Their findings showed that modelling a 9.2km2 catchment at 

the River Fenni, South Wales, using field data, resulted in a 2 to 3 minute delay per WDD. 

However, a minimum effect upon the height of the flood peak was noted. The main problem 

is that this conceptualisation of WDDs, where the wetted area is reduced, assumes structures 

are impermeable generally resulting in an overestimated impact. Unless a sluice gate or a 

culvert is added, WDD structures appear solid (McPartlin, 2021). Metcalfe et al. (2017) 

combined TOPMODEL using 1D modelling with hydraulic equations for trash screen structures 

and sluice gates to model WDD, and represented the channel with a trapezoidal shape. By 

using a simplified trapezoidal shaped channel, this simplifies the hydraulic complexities at the 

WDDs.  

Their model demonstrated that using 59 WDDs at a 29-km2 catchment in North Yorkshire, 

had an 11% reduction in peak discharge. These researchers concluded that although WDDs 

reduced flooding during moderate rainfall events their effectiveness, during successive storm 

events, would be reduced due to backwater storage retainment. Pinto et al., (2019) used 

Flood Modeller (Jacobs 2018) 1D and represented WDDs as blockage ratios, calculated using 

the length of WDDs relative to channel width, with 37.7ς74.1% of the channel blocked. Like 

Thomas and Nisbet (2021), ManniƴƎΩǎ ƴ ǾŀƭǳŜǎ ǿŜǊŜ ŀƭǎƻ ƳŀƴƛǇǳƭŀǘŜŘ ŀǘ ŎǊƻǎǎ-sections and 

analysis focused on the 1D modelling component to assess the impact of WDDs on stage 

comparison. They found afflux increased gradually as blockage ratio increased, with a marked 

increase in afflux at the 95% blockage ratio. 

Currently, the most utilised method to represent WDDs in models is achieved by changing the 

channel roughness coefficient, whereby increasing the roughness at the location of a WDD 

simulates the increased flow resistance. Kitts (2010) used a 2D simulation, in Hydro2de, to 

validate increasing the Manning's n roughness coefficient at the scale of a single, naturally 

occurring, dense WDD and showed that predictions of inundation, matched visual 

observations. Hydro2de is a 2D grid-based floodplain flow model (Beffa and Connell, 2001) 

which can model patterns of inundation in stream woodlands as they are not unidirectional. 

WDD roughness values were added to assess their influence on flood inundation extent. It 

ǿŀǎ ǊŜŀǎƻƴŜŘ ǘƘŀǘ ōȅ ŘŜǇƭƻȅƛƴƎ ǘƘŜ aŀƴƴƛƴƎΩǎ ƴ ǾŀƭǳŜ at the WDD location, proved better 
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ǘƘŀƴ ǳǎƛƴƎ ƎŜƻƳŜǘǊȅ ŀŘƧǳǎǘƳŜƴǘΦ IƻǿŜǾŜǊΣ ŎƘŀƴƎƛƴƎ ǘƘŜ aŀƴƴƛƴƎΩǎ ƴ ǘƻ ǊŜǇǊŜǎŜƴǘ ²55ǎ Ƙŀǎ 

drawbacks given its impact on high and low flows and having little effect on steep slopes 

ό[ŜŀƪŜȅ Ŝǘ ŀƭΦΣ нлнлύΦ aŀƴƴƛƴƎΩǎ ƴ ƛǎ ŀƭǎƻ ŘŜǇŜƴŘŜƴǘ ƻƴ Ŧƭƻǿ ǎǘŀƎŜΣ ŀǎ ƻƴŎŜ ²5Ds are 

surcharged, they can be drowned out (Dixon, 2013). It is a widely held view that a physically 

based approach in modelling, which can be validated using field data, is likely to give a better 

representation of the functioning of WDDs in comparison to other methods (Metcalfe et al., 

2017). 

 

2.5. Flow resistance 

aŀƴȅ ƳƻŘŜƭƭŜǊǎ ƻǾŜǊŎƻƳŜ ǘƘŜ ǇǊƻōƭŜƳ ƻŦ ƘŀǾƛƴƎ ƴƻ ǎǘŀƴŘŀǊŘƛǎŜŘ ǳƴƛǘ ǘƻ ǊŜǇǊŜǎŜƴǘ ŀ ²55 

ōȅ ƴƻǘ ƳƻŘŜƭƭƛƴƎ ǘƘŜ ²55 ƛǘǎŜƭŦ ōǳǘ ƛƴǎǘŜŀŘ ǳǎƛƴƎ ǘƘŜƛǊ ƳŜŀǎǳǊŜŘ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ǎǳŎƘ ŀǎ 

ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘǎ ƻǊ ŎƘŀƴƴŜƭ ŎƻƴŬƴŜƳŜƴǘ όaŜǘŎŀƭŦŜ Ŝǘ ŀƭΦΣ нлмуΤ !ŘŘȅ ŀƴŘ ²ƛƭƪƛƴǎƻƴΣ 

нлмфΤ [ŜŀƪŜȅΣ нлнлΤ IŀǳƴǘƻƴΣ ǇŜǊǎƻƴŀƭ ŎƻƳƳǳƴƛŎŀǝƻƴΣ !ǳƎǳǎǘ нлноύΦ !ǎ ǘƘŜǊŜ ƛǎ ƴƻ ǎǇŜŎƛŬŎ 

ƳŜǘƘƻŘ ǘƻ ǎƛƳǳƭŀǘŜ ŀ ²55 ƛƴ ƳƻŘŜƭƭƛƴƎΣ ŀ ŎƻƳƳƻƴ ƳŜŀƴǎ ǘƻ ǊŜǇǊŜǎŜƴǘ ŀ ²55 ƛǎ ǘƻ ǳǎŜ ŀƴ 

ƛƴŎǊŜŀǎŜŘ aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘ ŀǘ ǘƘŜƛǊ ƭƻŎŀǝƻƴ ό!ŘŘȅ ŀƴŘ ²ƛƭƪƛƴǎƻƴΣ нлмфύΦ 

IȅŘǊŀǳƭƛŎŀƭƭȅΣ ²55ǎ ŎǊŜŀǘŜ ǊƻǳƎƘƴŜǎǎ ǿƛǘƘƛƴ ǘƘŜ ŎƘŀƴƴŜƭ ǿƘƛŎƘ ǊŜǎǳƭǘǎ ƛƴ ŀ ƘƛƎƘŜǊ aŀƴƴƛƴƎΩǎ 

ƴΣ ǿƛǘƘ ǾŀǊƛŜŘ ƅƻǿΣ ǊŜŘǳŎƛƴƎ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ŀƴŘ ŘƛǎŎƘŀǊƎŜ ǿƘƛŎƘ Ŏŀƴ ŘŜƭŀȅ ŀƴŘ ǊŜŘǳŎŜ 

ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘ Ǌƛǎƪ όDƛǇǇŜƭΣ мффрΤ [ƛƴǎǘŜŀŘ ŀƴŘ DǳǊƴŜƭƭΣ мфффύΦ ¢ƘŜ ŘƛũŜǊŜƴǘ ŎƭŀǎǎƛŬŎŀǝƻƴǎ 

όŀŎǝǾŜΣ ŎƻƳǇƭŜǘŜ ŀƴŘ ǇŀǊǝŀƭύ ǊŜŦŜǊ ǘƻ ²55ǎ ǘƘŀǘ ŀǊŜ ƘȅŘǊŀǳƭƛŎŀƭƭȅ ŜũŜŎǝǾŜ ǿƛǘƘ ŘƛũŜǊŜƴǘ 

ŀǎǎƻŎƛŀǘŜŘ aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘǎ ό¢ŀōƭŜ нΦмύΦ {ǳŎƘ ŬƴŘƛƴƎǎ ǎǳƎƎŜǎǘ ǘƘŀǘ 

aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘǎ ŀǊŜ ƭƻǿŜǊ ŀǘ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ό{ŜŀǊ Ŝǘ ŀƭΦΣ нлмлύΦ ¢ƻ ǉǳŀƴǝŦȅ 

ǘƘŜ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘ ƻŦ ²55ǎ ǘƻ ƅƻǿ ǊŜǎƛǎǘŀƴŎŜΣ aŀƴƴƛƴƎΩǎ ƴ ŜȄǇǊŜǎǎŜǎ ǊƻǳƎƘƴŜǎǎ ƻǊ ŦǊƛŎǝƻƴ 

ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ ōȅ ǘƘŜ ŎƘŀƴƴŜƭΦ 9ȄǇŜǊƛƳŜƴǘǎ ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ ŀ ǊŜŀŎƘ ǿƛǘƘ ŀƴ ŀŎǝǾŜ 

²55 Ŏŀƴ ŎŀǳǎŜ ŀƴ ƛƴŎǊŜŀǎŜŘ ƅƻǿ ǊŜǎƛǎǘŀƴŎŜΣ ƘƻǿŜǾŜǊΣ ŀǎ ŘƛǎŎƘŀǊƎŜ ƛƴŎǊŜŀǎŜǎ aŀƴƴƛƴƎΩǎ ƴ 

ŘŜŎǊŜŀǎŜǎΦ ²ƘŜǊŜōȅΣ ǊŜǎŜŀǊŎƘ ōȅ DǊŜƎƻǊȅ Ŝǘ ŀƭΦ όмффрύ ŦƻǳƴŘ ŀǎ ŘƛǎŎƘŀǊƎŜ ƛƴŎǊŜŀǎŜǎΣ ²55 

aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ǊŜŘǳŎŜŘ ŦǊƻƳ мΦлнÓÍϳ  ǘƻ лΦомÓÍϳ  όDǊŜƎƻǊȅ Ŝǘ ŀƭΦΣ мфурύΦ ¢ƘŜ 

ƘȅŘǊŀǳƭƛŎ ǊŜǎƛǎǘŀƴŎŜ ƻŦ ŘŜōǊƛǎ ǾŀǊƛŜǎ ŀǎ ŀ ŦǳƴŎǝƻƴ ƻŦ ŘƛǎŎƘŀǊƎŜΤ ŀǎ ŘƛǎŎƘŀǊƎŜ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ 

²55 ōŜŎƻƳŜǎ ǎǳōƳŜǊƎŜŘΣ ŀƴŘ ƛǘǎ aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ǊŜŘǳŎŜǎΦ hƴŎŜ ²55ǎ ōŜŎƻƳŜ 

ǎǳōƳŜǊƎŜŘ ǘƘŜƛǊ ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ǊŜŘǳŎƛƴƎ ƅƻƻŘ Ǌƛǎƪ ŘƛƳƛƴƛǎƘŜǎΦ ¢ƘŜǊŜ ƛǎΣ ǘƘŜǊŜŦƻǊŜΣ ŀ ƴŜŜŘ ŦƻǊ 

ǎǘǊŀǘŜƎƛŎ ǇƭŀŎŜƳŜƴǘ ƻŦ ƳǳƭǝǇƭŜ ²55ǎ ǇƭŀŎŜŘ ƻƴŜ ŀƊŜǊ ǘƘŜ ƻǘƘŜǊ ƛƴ ǎǳŎŎŜǎǎƛƻƴΣ ƻǘƘŜǊǿƛǎŜ 
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ǘƘŜȅ Ŏŀƴ ŘǊƻǿƴ ǳǇǎǘǊŜŀƳ ²55ǎ ƻǳǘΣ ǎƻ ǊŜŘǳŎƛƴƎ ǘƘŜƛǊ ŀǧŜƴǳŀǝƻƴ ŜũŜŎǝǾŜƴŜǎǎ όbƛŎƘƻƭǎƻƴ 

Ŝǘ ŀƭΦΣ нлмнύΦ IƻǿŜǾŜǊΣ ǘƘƻǳƎƘ aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŘŜŎǊŜŀǎŜǎ ǿƛǘƘ ŘƛǎŎƘŀǊƎŜΣ ǊƻǳƎƘƴŜǎǎ 

ƛƴŎǊŜŀǎŜǎ ǳǇƻƴ ōŀƴƪ ƻǾŜǊǘƻǇǇƛƴƎ όWŀǊǊŜǧΣ мфурύΦ 
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Table 2.1: Literature review table of calculated WDD aŀƴƴƛƴƎΩǎ ƴ from different studies. Adapted from Addy and Wilkinson (2019). 

Study WDD type Catchment area 
(km2) 

Channel slope 
angle / gradient 
(m/m) 

Channel type Mean n ÓÍϳ  WDD No. Q (m3/s) 

Sear et al. (2010) Active 
 

25.23 0.0092 Meandering 
with braiding, 
Clay and Sand 

1.42 
 

90 Different flows 

Partial 
 

0.32 
 

Complete 
 

0.25 
 

Dixon (2013) Active 
 

< 15 0.004 
 

Meandering, 
Coarse gravel 
bed 

0.24 
 

8 
 

High (> 0.8 m2/s) 
 
 Partial 

 
0.012-0.013 
 

0.083 
 

16 
 

Kitts (2010) Active 
(Overflow) 

11.2 0.0057 Meandering, 
Coarse gravel 
 bed 

1.4 
 

4 Low (< 0.2 m2/s) 

Active 
(Underflow) 

0.27 
 

9 

Partial 
(Deflector) 

0.32 12 

Curran and Wohl 
(2003) 

Active 9.6 0.06-0.18 Gravel / cobble 
bed 

0.6 20 Low (< Qbf) 

Linstead and 
Gurnell (1999) 

Active and 
Complete 

- - - 0.677 8  

Partial 
 

0.348 6 

Shields and 
Gippel (1995) 

Partial 
 

927 0.0005-0.0008 Straight, sand 
bed 

0.058 9 Different flows 

Partial 
 

0.075 3 < Qbf 

Gregory et al. 
(1985) 

Active < 15 - - 0.224 1 - 
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2.6. Morphological change 

[ƛǘŜǊŀǘǳǊŜ ŘƻŎǳƳŜƴǘǎ ǘƘŜ ƛƴƅǳŜƴŎŜ ²55ǎ ƘŀǾŜ ƻƴ ǘƘŜ ƳƻǊǇƘƻƭƻƎȅ ƻŦ ǳǇƭŀƴŘ ǎǘǊŜŀƳǎ ŦƻǊ ōƛƻƭƻƎƛŎŀƭ 

ǇǳǊǇƻǎŜǎ όYŜƭƭŜǊ ŀƴŘ {ǿŀƴǎƻƴΣ мфтфΤ DǊŜƎƻǊȅ Ŝǘ ŀƭΦΣ мфурΤ DǳǊƴŜƭƭ ŀƴŘ {ǿŜŜǘΣ мффуΤ [ƛƴǎǘŜŀŘ ŀƴŘ 

DǳǊƴŜƭƭΣ мфффΤ aƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ нллоύΦ IƻǿŜǾŜǊΣ ǘƘŜǊŜ ƛǎ ƭƛƳƛǘŜŘ ƭƛǘŜǊŀǘǳǊŜ ƻƴ ǘƘŜ 

ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ōŜƴŜŬǘǎ ƻŦ ²55ǎ ŦƻǊ ƅƻƻŘ Ǌƛǎƪ ƳŀƴŀƎŜƳŜƴǘ όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфύΦ Lǘ ƛǎ 

ƛƳǇƻǊǘŀƴǘ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ²55ǎ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŜũŜŎǘǎΣ ǎƻ ǘƘŜƛǊ ōŜƴŜŬǘǎ ƛƴ ƅƻƻŘ ƳŀƴŀƎŜƳŜƴǘ Ŏŀƴ 

ōŜ ǳǝƭƛǎŜŘ ό.ŀǊƭƻǿ Ŝǘ ŀƭΦΣ нлмпύΦ aƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎ ƻŎŎǳǊ ǊŜƭŀǝǾŜƭȅ ǉǳƛŎƪƭȅ ǇŀǊǝŎǳƭŀǊƭȅ ŘǳǊƛƴƎ 

ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ όDǳǊƴŜƭƭ ŀƴŘ DǊŀōƻǿǎƪƛΣ нлмсΤ ¢ƻƳǎŜǧΣ нлнмύΦ IƻǿŜǾŜǊΣ ǘƻ ƛƴƛǝŀǘŜ ŘƛǾŜǊǎŜ ŀƴŘ 

ƎŜƻƳƻǊǇƘƛŎ ŎƻƳǇƭŜȄƛǘȅΣ ²55ǎ Ƴǳǎǘ ōŜ ǎǘǊŀǘŜƎƛŎŀƭƭȅ ƭƻŎŀǘŜŘ ǘƻ ƻōǘŀƛƴ ǘƘŜ ŘŜǎƛǊŜŘ ŜũŜŎǘǎΦ {9t! 

όнлмрύ ŀŘǾƛǎŜǎ ǘƻ ŀǎǎŜǎǎ ǘƘŜ ōŜǎǘ ǇƭŀŎŜƳŜƴǘ ƻǇǝƻƴǎ ŦƻǊ ²55ǎ ŦƻǊ ǘƘŜƛǊ ǊŜǉǳƛǊŜŘ ŦǳƴŎǝƻƴǎ ǇǊƛƻǊ ǘƻ 

ƛƴǎǘŀƭƭƛƴƎ ǘƘŜƳΦ DŜƴŜǊŀƭƭȅΣ ǘƘŜƛǊ ǇǊŜǎŜƴŎŜ Ƙŀǎ ōŜŜƴ ŦƻǳƴŘ ǘƻ ƛƴŎǊŜŀǎŜ ŎƘŀƴƴŜƭ ǎǘŀōƛƭƛǘȅΣ ǘƘƻǳƎƘΣ ƛŦ 

ǘƘŜȅ ŀǊŜ ƭƻŎŀǘŜŘ ƛƴŀǇǇǊƻǇǊƛŀǘŜƭȅΣ ǘƘŜȅ ŎƻǳƭŘ ǇǊƻǾŜ ŘŜǘǊƛƳŜƴǘŀƭ ǘƻ ƅƻƻŘ Ǌƛǎƪ ŦǳǊǘƘŜǊ ŘƻǿƴǎǘǊŜŀƳ 

όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфύΦ ¢ƻ ŀǧŀƛƴ ŎƘŀƴƴŜƭ ǎǘŀōƛƭƛǘȅ ŦƻǊ ƅƻƻŘ Ǌƛǎƪ ǇǳǊǇƻǎŜǎΣ ǘƘƛǎ ǊŜǉǳƛǊŜǎ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ ²55 ǎǘǊǳŎǘǳǊŜΣ ǘƘŜƛǊ ǊŜǎǳƭǘŀƴǘ ƘȅŘǊŀǳƭƛŎ ǇǊƻŎŜǎǎŜǎ 

ƛƴ ǘƘŜ ƭƻŎŀǝƻƴ ǘƘŜȅ ŀǊŜ ǘƻ ōŜ ǇƭŀŎŜŘ ŀƴŘ ǘƘŜ ǇƻǘŜƴǝŀƭ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎ ŎƘŀƴƎŜǎ όaŀƴƴŜǊǎΣ нллсύΦ 

¢ƘŜ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘ ƻŦ ²55ǎ ŎŀǳǎŜǎ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŀŘƧǳǎǘƳŜƴǘǎ ǿƘƛŎƘ ƛƴŎǊŜŀǎŜǎ ǿŀǘŜǊ ǎǘƻǊŀƎŜ 

ǿƛǘƘƛƴ ǘƘŜ ŎƘŀƴƴŜƭ ŀƴŘ ƻƴ ǘƘŜ ƅƻƻŘǇƭŀƛƴ ό[ƛƴǎǘŜŀŘ ŀƴŘ DǳǊƴŜƭƭΣ мфффύΦ aƻǊǇƘƻƭƻƎƛŎŀƭ ŦŜŀǘǳǊŜǎ 

ƛƴŘǳŎŜŘ ōȅ ŀŎǝǾŜ ²55ǎ ƛƴŎƭǳŘŜ ōŀŎƪǿŀǘŜǊ ǇƻƻƭǎΣ ǇƭǳƴƎŜ Ǉƻƻƭǎ ŀƴŘ ƭŀǘŜǊŀƭ ǎŎƻǳǊ Ǉƻƻƭǎ όYŜƭƭŜǊ ŀƴŘ 

¢ŀƭƭȅΣ мфтфύΦ 5ǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ǘƘŜ ǳǇǎǘǊŜŀƳ Ǉƻƻƭǎ Ŏŀƴ ƻǾŜǊǘƻǇ ŀǘ млл҈ ōŀƴƪŦǳƭƭ όvōŦύ ŀƴŘ ƅƻǿ 

ƻƴǘƻ ǘƘŜ ƅƻƻŘǇƭŀƛƴ ό[ƛƴǎǘŜŀŘ ŀƴŘ DǳǊƴŜƭƭΣ мфффύΦ CƭƻƻŘǇƭŀƛƴ ŎƻƴƴŜŎǝǾƛǘȅ ŜƴƘŀƴŎŜǎ ǎǘƻǊŀƎŜ ŀƴŘ 

ƛƴŎǊŜŀǎŜǎ ƎǊƻǳƴŘ ƛƴŬƭǘǊŀǝƻƴ ǿƘƛŎƘ ǎƭƻǿǎ ǘƘŜ ǎǳǊŦŀŎŜ ƅƻǿΣ ǊŜŘǳŎƛƴƎ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘƛƴƎΦ IƛƎƘ 

ǊŀǘŜǎ ƻŦ ǎŜŘƛƳŜƴǘŀǝƻƴ ƛƴ ǳǇǎǘǊŜŀƳ Ǉƻƻƭǎ Ŏŀƴ ŜƭŜǾŀǘŜ ǘƘŜ ōŜŘ ŀƴŘ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ ǿƘƛŎƘ ǇǊƻƳƻǘŜǎ 

ōŀƴƪ ƻǾŜǊǘƻǇǇƛƴƎΦ ±ŜƎŜǘŀǝƻƴ ƎǊƻǿǘƘ ŎŀƴΣ ƻǾŜǊ ǝƳŜΣ ŎƻƭƻƴƛǎŜ ǘƘŜ ǎǘƻǊŜŘ ǎŜŘƛƳŜƴǘΣ ƛƴǘǊƻŘǳŎƛƴƎ 

ŦǳǊǘƘŜǊ ǊƻǳƎƘƴŜǎǎ ŀƴŘ ǎƭƻǿƛƴƎ ǘƘŜ ƅƻǿ όwƻōƛƴǿƻƻŘ ŀƴŘ CƻǊŜǎǘǊȅ /ƻƳƳƛǎǎƛƻƴ ²ŀƭŜǎΣ нллуύΦ ¢ƘŜ 

ǊŜǎǳƭǘ ƻŦ ǘƘƛǎ ƛǎ ǘƻ ǊŀƛǎŜ ǘƘŜ ƅƻǿ ŘŜǇǘƘ ŀƴŘ ǊŜŎƻƴƴŜŎǘ ǘƘŜ ŎƘŀƴƴŜƭ ǘƻ ƛǘǎ ƅƻƻŘǇƭŀƛƴ όCƛƎǳǊŜ нΦфύΦ 

5ǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ²55ǎ ƛƴŎǊŜŀǎŜ ōŀƴƪ ƻǾŜǊǘƻǇǇƛƴƎ ǊŜǎǳƭǝƴƎ ƛƴ ŘŜǇƻǎƛǝƻƴ ƻŦ ǎŜŘƛƳŜƴǘ ŀƴŘ 

tŀǊǝŎǳƭŀǘŜ hǊƎŀƴƛŎ aŀǧŜǊ όthaύ ƻǊ ōǊƛƴƎ ŀōƻǳǘ ŀŎŎŜƭŜǊŀǘŜŘ ōŀƴƪ ŜǊƻǎƛƻƴ ǿƛǘƘ ǎŎƻǳǊ ƻŦ ǘƘŜ 

ƅƻƻŘǇƭŀƛƴΦ .ȅ ƛƴŎǊŜŀǎƛƴƎ ƅƻǿ ŘŜǇǘƘ ŀƴŘ ǊŜŎƻƴƴŜŎǝƴƎ ŎƘŀƴƴŜƭǎ ǘƻ ǘƘŜƛǊ ƅƻƻŘǇƭŀƛƴǎΣ ²55ǎ Ŏŀƴ 

ǊŜǎǘƻǊŜ ǊƛǇŀǊƛŀƴ ǿŜǘƭŀƴŘ Ƙŀōƛǘŀǘǎ ŀƴŘ ƛƳǇǊƻǾŜ ǿŀǘŜǊ ǉǳŀƭƛǘȅ ŀǎ ǿŜƭƭ ŀǎ ǎƭƻǿƛƴƎ ǘƘŜ ƅƻǿ 

όaƻƴǘƎƻƳŜǊȅ ŀƴŘ !ōōŜΣ нллсύΦ  
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Figure 2.9: Temporal development of WDDs over a period of 15 months, showing the effect on 
sedimentation build-up. The sequence of photographs shows evidence of a WDD generating out-of-bank 
flow with sediment build-up as the floodplain is inundated. The WDD has widened the channel which was 
previously incised. There is evidence of sediment build-up and vegetation growth adding to roughness 
upstream of the WDD. Images taken from Robinwood and Forestry Commission Wales (2008). 
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CƭƻƻŘǇƭŀƛƴǎ ŀǊŜ ƛƳǇƻǊǘŀƴǘ ōŜŎŀǳǎŜ ǘƘŜȅ ƘŀǾŜ ŀ ƘƛƎƘ ōƛƻƭƻƎƛŎŀƭ ŘƛǾŜǊǎƛǘȅ ǿƛǘƘ Ƴŀƴȅ ŜŎƻǎȅǎǘŜƳǎΦ 

¢ƘŜȅ ŀǊŜ ǎƻƳŜǝƳŜǎ ŘŜǎŎǊƛōŜŘ ŀǎ ϥƳƻōƛƭŜ ƳƻǎŀƛŎǎϥ ƛƴ ǘƘŀǘ ŀǎ ƅƻƻŘǎ ŘŜǎǘǊƻȅ ƻƴŜ ŀǊŜŀ ŀƴƻǘƘŜǊ ŀǊŜŀ 

ǊŜƎŜƴŜǊŀǘŜǎ όIǳƎƘŜǎ нллоύΦ !ŘŘƛǝƻƴŀƭƭȅΣ ƅƻƻŘǇƭŀƛƴǎ ǎǘƻǊŜ ǿŀǘŜǊ ŀƴŘ ǎŜŘƛƳŜƴǘ ŀƴŘ ŘƛǎǎƛǇŀǘŜ 

ŜƴŜǊƎȅ ŀǘ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ όIǳƎƘŜǎΣ нллоΤ bŀǝƻƴŀƭ DŜƻƎǊŀǇƘƛŎΣ нлмфύΦ ²ŀǘŜǊ ǎǘƻǊŜŘ ƻƴ ǘƘŜ 

ƅƻƻŘǇƭŀƛƴ ƛǎ ǊŜƭŜŀǎŜŘ ǎƭƻǿƭȅ ŀƊŜǊ ǘƘŜ ƅƻƻŘ ǇŜŀƪ Ƙŀǎ ǇŀǎǎŜŘ ǎƻ ǊŜŘǳŎƛƴƎ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŀƴŘ 

ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ƭŀƎ ǝƳŜΦ [ŀƎ ǝƳŜǎ ŀǊŜ ƎǊŜŀǘŜǊ ƻƴ ŦƻǊŜǎǘŜŘ ƅƻƻŘǇƭŀƛƴǎ ǿƛǘƘ ƘƛƎƘŜǊ ƛƴǘŜǊŎŜǇǝƻƴ 

ǊŀǘŜǎΣ ƛƴŎǊŜŀǎƛƴƎ ƘȅŘǊŀǳƭƛŎ ǊƻǳƎƘƴŜǎǎΣ ǊŜŘǳŎƛƴƎ ƅƻƻŘ ƳŀƎƴƛǘǳŘŜ ŀƴŘ ŀƭƭƻǿƛƴƎ ŘƻǿƴǎǘǊŜŀƳ 

ŎƻƳƳǳƴƛǝŜǎ ƭƻƴƎŜǊ ǘƻ ǇǊŜǇŀǊŜ όbŀǝƻƴŀƭ DŜƻƎǊŀǇƘƛŎΣ нлмфύΦ 

DŜƴŜǊŀƭƭȅΣ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ²55ǎ Ƙŀǎ ōŜŜƴ ŦƻǳƴŘ ǘƻ ƛƴŎǊŜŀǎŜ ŎƘŀƴƴŜƭ ǎǘŀōƛƭƛǘȅ όDǳǊƴŜƭƭ Ŝǘ ŀƭΦΣ нллнύΦ 

tƭǳƴƎŜ Ǉƻƻƭǎ ǘŜƴŘ ǘƻ ŦƻǊƳ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ŀŎǝǾŜ ²55ǎ ŀǎ ǿŀǘŜǊ ǎǳǊŎƘŀǊƎŜǎ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ ¢ƘŜ 

ōŀŎƪǿŀǘŜǊ ǇƻƻƭƛƴƎ ŜũŜŎǘ ƛƴŎǊŜŀǎŜǎ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ όwύ ŀƴŘ ǿƛǘƘ ǘƘŜ ŎǊŜŀǝƻƴ ƻŦ ǇƻƻƭǎΣ ǘƘŜ 

ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ƛǎ ŘŜŎǊŜŀǎŜŘ ǿƛǘƘ ǊŜŘǳŎŜŘ ŜƴŜǊƎȅ ŀƴŘ ō̱ ǿƘƛŎƘ ƛƴŘǳŎŜǎ ŘŜǇƻǎƛǝƻƴ ό²ŀƭƭŜǊǎǘŜƛƴ 

ŀƴŘ ¢ƘƻǊƴŜΣ мффтΤ aŀƴƴŜǊǎ Ŝǘ ŀƭΦΣ нллтύΦ /ƘŀƴƴŜƭ ƻōǎǘǊǳŎǝƻƴǎ ǎǳŎƘ ŀǎ ²55ǎΣ ŎƻƴǘǊƻƭ ǎŜŘƛƳŜƴǘ 

ǘǊŀƴǎǇƻǊǘ ŀƴŘ ƭƻŎŀƭ ƘȅŘǊŀǳƭƛŎǎ ŎŀǳǎƛƴƎ ǘǳǊōǳƭŜƴǘ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ƅƻǿ ŎƻƴǾŜǊƎŜƴŎŜ ǿƘƛŎƘ 

ƛƴŘǳŎŜǎ ƭƻŎŀƭ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ мффрύΦ .ȅ ƎŜƴŜǊŀǝƴƎ ǇƻƻƭπǊƛƉŜ ǎŜǉǳŜƴŎŜǎΣ 

ǘƘƛǎ ŜƴƘŀƴŎŜǎ ōŜŘ ƘŜǘŜǊƻƎŜƴŜƛǘȅΣ ŀƴŘ ǎƭƻǿǎ ǘƘŜ ƅƻǿ ǘƘǊƻǳƎƘ ǘƘŜ ǳƴŘǳƭŀǝƴƎ ōŜŘΦ ¢Ƙƛǎ ŀŎǝƻƴ Ŏŀƴ 

ŎǊŜŀǘŜ ŎƘŀƴƴŜƭ ōŜƴŘǎ ŀƴŘ ƎǊŜŀǘŜǊ ǎƛƴǳƻǎƛǘȅΣ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ƅƻǿ ǇŀǘƘǿŀȅ ŀƴŘ ŘŜŎǊŜŀǎƛƴƎ ǘƘŜ 

ŎƘŀƴƴŜƭ ǎƭƻǇŜ ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘΣ ǘƘŜǊŜōȅ ƛƴŎǊŜŀǎƛƴƎ ƭŀƎ ǝƳŜ ό{ƘƻƭǘŜǎ ŀƴŘ 5ƻȅƭŜΣ нлммΤ ¢ƻƭŜŘƻΣ нлнлύΦ 

 

2.6.1. Pool-Riffle Units 

tƻƻƭπǊƛƉŜ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǳōƛǉǳƛǘƻǳǎ ƛƴ ŀƭƭǳǾƛŀƭ ŎƘŀƴƴŜƭǎ ǿƛǘƘ ƎǊŀŘƛŜƴǘǎ ŜȄŎŜŜŘƛƴƎ лΦлн ƳκƳ 

όaŀŘŜƧΣ мфффΤ aŀȄǿŜƭƭ ŀƴŘ tŀǇŀƴƛŎƻƭŀƻǳΣ нллмΤ ¢ƘƻƳǇǎƻƴΣ нлмоύΦ ¢ƘŜȅ ŜȄƛǎǘ ŀǎ ǘƘŜ ŘŜŜǇ ŀƴŘ 

ǎƘŀƭƭƻǿ ǇŀǊǘǎ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ŀƴŘ ŎǊŜŀǘŜ ŀƴ ǳƴŘǳƭŀǝƴƎ ōŜŘŦƻǊƳ ǿƛǘƘ Ǉƻƻƭǎ ŀǎ ǘƘŜ ǘƻǇƻƎǊŀǇƘƛŎ ƭƻǿǎΣ 

ŀƴŘ ǊƛƉŜǎ ŀǎ ǘƘŜ ǘƻǇƻƎǊŀǇƘƛŎ ƘƛƎƘǎ όaƻƴǘƎƻƳŜǊȅ ŀƴŘ .ǳŶƴƎǘƻƴΣ мффтύΦ CǊŜŜπŦƻǊƳŜŘ Ǉƻƻƭǎ ǊŜǎǳƭǘ 

ŦǊƻƳ ǘƘŜ ƅǳǾƛŀƭ ƘȅŘǊŀǳƭƛŎǎ ƻŦ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ŀƴŘ ǇŀǧŜǊƴǎ ƻŦ ƳŜŀƴŘŜǊ ŘŜǾŜƭƻǇƳŜƴǘ όaŀŘŜƧΣ 

мфффύΦ tƻƻƭǎ ŀƴŘ ǊƛƉŜǎ ŦƻǊƳ ƛƴ ōƻǘƘ ǎǘǊŀƛƎƘǘ ŀƴŘ ƳŜŀƴŘŜǊƛƴƎ ŎƘŀƴƴŜƭǎΣ ŎǊŜŀǝƴƎ ŀ ǊŜǇŜǝǝǾŜΣ 

ŀƭǘŜǊƴŀǝƴƎ ǇŀǧŜǊƴ ƻŦ Ғ р.ǎǿ ǘƻ т.ǎǿ ƛƴ ƭŜƴƎǘƘ ό[ŜƻǇƻƭŘ Ŝǘ ŀƭΦΣ мфспύ ǿƘŜǊŜ ōŀƴƪŦǳƭƭ ǎǘŀƎŜ ǿƛŘǘƘ ƛǎ 

ƎƛǾŜƴ ŀǎ .ǎǿΦ CƻǊŎŜŘ Ǉƻƻƭǎ ŀƭǎƻ ƻŎŎǳǊ ǿƘŜǊŜ ƻōǎǘǊǳŎǝƻƴǎ ǎǳŎƘ ŀǎ ŀ ōƻǳƭŘŜǊ ƻǊ ƭŀǊƎŜ ǿƻƻŘ ŎǊŜŀǘŜǎ 

ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ мффрύ ŀƴŘ ǘƘŜǎŜ ŦƻǊŎŜŘ ǇƻƻƭπǊƛƉŜ ǎŜǉǳŜƴŎŜǎ ƘŀǾŜ ōŜŜƴ 

ŦƻǳƴŘ ǘƻ ƘŀǾŜ ŎƭƻǎŜǊ ǎǇŀŎƛƴƎ ǘƘŀƴ ǘƘƻǎŜ ǿƘƛŎƘ ŀǊŜ ŦǊŜŜπŦƻǊƳŜŘ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ мффрύ ƻǊ ƻƊŜƴ 
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ƘŀǾŜ ƴƻ ǊŜƎǳƭŀǊ ǎǇŀŎƛƴƎ ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ƛǊǊŜƎǳƭŀǊ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ŦƻǊŎƛƴƎ ŜƭŜƳŜƴǘǎ όaŀŘŜƧΣ мфффύΦ 

{ǘǊŀƛƎƘǘ ǇƻƻƭπǊƛƉŜ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ƻƊŜƴ ǘƘŜ ǇǊŜŎǳǊǎƻǊǎ ǘƻ ƳŜŀƴŘŜǊ ŘŜǾŜƭƻǇƳŜƴǘΣ ǘƘƻǳƎƘ 

ƳŜŀƴŘŜǊǎ Ŏŀƴ ǘŀƪŜ Ƴŀƴȅ ȅŜŀǊǎ ǘƻ ŦƻǊƳ ό¢ƘƻƳǇǎƻƴΣ мфусΤ 59Cw!Σ нллфύΦ Lƴ ƳŜŀƴŘŜǊƛƴƎ ǿŀǘŜǊ 

ŎƻǳǊǎŜǎΣ Ǉƻƻƭǎ ŦƻǊƳ ƻƴ ǘƘŜ ƻǳǘŜǊ ŜŘƎŜǎ ƻŦ ǘƘŜ ƳŜŀƴŘŜǊ ǿƘŜǊŜ ƛǘ ƛǎ ŘŜŜǇ ŀƴŘ ǳƴŘŜǊŎǳǘ ŀƴŘ ǊƛƉŜǎ 

ŦƻǊƳ ōŜǘǿŜŜƴ ǘƘŜ ƳŜŀƴŘŜǊ ƭƻƻǇǎ ƛƴ ǘƘŜ ǎƘŀƭƭƻǿΣ ǎǘǊŀƛƎƘǘ ŀƴŘ ǿƛŘŜ ǎŜŎǝƻƴǎ ό¢ƘƻƳǇǎƻƴΣ мфусύΦ 

tƻƻƭǎ ŀƴŘ ǊƛƉŜǎ ƻũŜǊ ǾŀǊƛŀǝƻƴ ƛƴ ƅƻǿ ŘŜǇǘƘ ŀƴŘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ό¦ύ ό¢ƘƻƳŀǎ ŀƴŘ bƛǎōŜǘΣ нлмнΤ 

¢ƘƻƳǇǎƻƴΣ нлмоύΦ 

!ǘ ƭƻǿ ŘƛǎŎƘŀǊƎŜΣ Ǉƻƻƭǎ Ƴŀȅ ƎŜƴŜǊŀǘŜ ƭŀƳƛƴŀǊ ƅƻǿ ǇǊƻǾƛŘƛƴƎ ǊŜƭŀǝǾŜƭȅ ŘŜŜǇΣ ǎǝƭƭ ǿŀǘŜǊ ǿƘƛƭŜ ǊƛƉŜǎ 

ŀǊŜ ƎŜƴŜǊŀƭƭȅ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŦŀǎǘŜǊ ƅƻǿƛƴƎ ǘǳǊōǳƭŜƴŎŜ ƛƴŘƛŎŀǘŜŘ ōȅ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǿƘƛǘŜ ǿŀǘŜǊ 

ǿƛǘƘ ƘƛƎƘ ŘƛǎǎƻƭǾŜŘ ƻȄȅƎŜƴ ŎƻƴŎŜƴǘǊŀǝƻƴ ό/ƭƛũƻǊŘ ŀƴŘ wƛŎƘŀǊŘǎΣ мффнύΦ wƛƉŜǎ ŀǊŜ ǎƘŀƭƭƻǿ ŀǊŜŀǎΣ 

ƻƊŜƴ ŎƻƳǇǊƛǎŜŘ ƻŦ ŜȄǇƻǎŜŘΣ ƭŀǊƎŜǊ ōŜŘ ƳŀǘŜǊƛŀƭ ŀƴŘ ǎƭƻǇƛƴƎ ŀƭǘŜǊƴŀǘŜƭȅΣ ŬǊǎǘ ƛƴ ǘƘŜ ŘƛǊŜŎǝƻƴ 

ǘƻǿŀǊŘǎ ƻƴŜ ōŀƴƪ ŀƴŘ ǘƘŜƴ ǘƻǿŀǊŘǎ ǘƘŜ ƻǇǇƻǎƛǘŜ ōŀƴƪΦ wƛƉŜǎ Ǌǳƴ ŘƛŀƎƻƴŀƭƭȅ ŀŎǊƻǎǎ ǘƘŜ ŎƘŀƴƴŜƭ 

ƭŜƴƎǘƘ ŀƴŘ ŀǘ ƭƻǿ ŘƛǎŎƘŀǊƎŜΣ ǿŀǘŜǊ ǘǊŀǾŜƭǎ ŀƭƻƴƎ ǘƘŜ ƭƻǿŜǎǘ Ǉƻƛƴǘǎ ƻŦ ǘƘŜ ǊƛƉŜ ǘŀƪƛƴƎ ǘƘŜ ŜŀǎƛŜǎǘ 

ǊƻǳǘŜ ŀƴŘ ŘƛǎǎƛǇŀǝƴƎ ǘƘŜ ƭŜŀǎǘ ŜƴŜǊƎȅΦ 

¢ƘŜ ǘƘŜƻǊȅ ƻŦ ƳƛƴƛƳǳƳ ǊŀǘŜ ƻŦ ŜƴŜǊƎȅ ŘƛǎǎƛǇŀǝƻƴ ǎǘŀǘŜǎ ǘƘŀǘ ŀ ǿŀǘŜǊ ŎƻǳǊǎŜ ƛǎ ƛƴ ŀ ǎǘŀǘŜ ƻŦ 

ŜǉǳƛƭƛōǊƛǳƳ ǿƘŜƴ ƛǘǎ ŜƴŜǊƎȅ ŘƛǎǎƛǇŀǝƻƴ ǊŜƳŀƛƴǎ ŀǘ ŀ ƳƛƴƛƳǳƳ ό¸ŀƴƎ Ŝǘ ŀƭΦΣ мфумύΦ IƻǿŜǾŜǊΣ ǿƘŜƴ 

ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ƛǎ ƴƻǘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ ƛǘ ǿƛƭƭ Ǝŀƛƴ κ ƭƻǎŜ ŜƴŜǊƎȅ ǳƴǝƭ ƛǘ ǊŜǘǳǊƴǎ ǘƻ ƛǘǎ ƻǊƛƎƛƴŀƭ ǎǘŀǘŜ 

ƻŦ ŜǉǳƛƭƛōǊƛǳƳ ό¸ŀƴƎ Ŝǘ ŀƭΦΣ мфумύΦ hƴŜ ƻŦ ǘƘŜ Ƴŀƛƴ ŦǳƴŎǝƻƴǎ ƻŦ ǘƘŜ ǇƻƻƭπǊƛƉŜ ǎŜǉǳŜƴŎŜ ƛǎ ǘƘƻǳƎƘǘ 

ǘƻ ōŜ ǘƻ Ƴŀƛƴǘŀƛƴ ǘƘŜ ŜǉǳƛƭƛōǊƛǳƳ ƻŦ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ōȅ ƳƛƴƛƳƛǎƛƴƎ ǇƻǘŜƴǝŀƭ ŜƴŜǊƎȅ ŜȄǇŜƴŘƛǘǳǊŜ 

ǇŜǊ ǳƴƛǘ Ƴŀǎǎ ƻŦ ǿŀǘŜǊ ό¸ŀƴƎΣ мфтмύΦ Lƴ ŜǎǎŜƴŎŜΣ ŀ ƴŀǘǳǊŀƭ ǿŀǘŜǊ ŎƻǳǊǎŜ ǘŀƪŜǎ ǘƘŜ ǇŀǘƘ ƻŦ ƭŜŀǎǘ 

ǊŜǎƛǎǘŀƴŎŜ ǘƻ ƳƛƴƛƳƛǎŜ ŜƴŜǊƎȅ ŜȄǇŜƴŘƛǘǳǊŜ ŀƴŘ Ŏƻƴǎǘŀƴǘƭȅ ǊŜǎǇƻƴŘǎ ǘƻ ŎƻƴǎǘǊŀƛƴǘǎ ǘƻ ǊŜƎŀƛƴ 

ŜǉǳƛƭƛōǊƛǳƳΦ tƻƻƭǎ ŀƴŘ ǊƛƉŜǎΣ ǿƘƛŎƘ ŘŜǾƛŀǘŜ ŦǊƻƳ ŀ ǳƴƛŦƻǊƳ ƭƻƴƎƛǘǳŘƛƴŀƭ ōŜŘΣ ŀǊŜ ƛƳǇƻǊǘŀƴǘ ƛƴ 

ŘŜǘŜǊƳƛƴƛƴƎ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ŀƴŘ ŜƴŜǊƎȅ ǊŜǉǳƛǊŜŘ ǘƻ ƛƴƛǝŀǘŜ ǎŜŘƛƳŜƴǘ Ƴƻǝƻƴ ό{ǘŀƭƭ ŀƴŘ ¸ŀƴƎΣ 

мфтнύΦ ¢Ƙƛǎ ƛǎ ƛƭƭǳǎǘǊŀǘŜŘ ōȅ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ōŜŘ ǇǊƻŬƭŜ ƘŀǾƛƴƎ ǳƴŘǳƭŀǝƴƎ ŘŜŜǇǎ ƻŦ Ǉƻƻƭǎ ŀƴŘ 

ǎƘŀƭƭƻǿǎ ƻŦ ǊƛƉŜǎ ǿƘƛŎƘ ƛǎ ǊŜƎǳƭŀǘŜŘ ōȅ ǎƘŜŀǊ ǎǘǊŜǎǎΦ 5ǳǊƛƴƎ ƭƻǿ ŘƛǎŎƘŀǊƎŜΣ ǊƛƉŜǎ ōŜƘŀǾŜ ŀǎ 

ƘȅŘǊŀǳƭƛŎ ŎƻƴǘǊƻƭǎ ŦǊƻƳ ǘƘŜ ǳǇǎǘǊŜŀƳ Ǉƻƻƭǎ όwƛŎƘŀǊŘǎΣ мфтуύ ŀƴŘ ŀǘ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ǊƛƉŜǎ Ŏŀƴ 

ōŜŎƻƳŜ ǎǳōƳŜǊƎŜŘ ƛƴŎǊŜŀǎƛƴƎ ōŜŘ ǊƻǳƎƘƴŜǎǎ ŀƴŘ ǇƻǘŜƴǝŀƭƭȅ ŜƴƘŀƴŎƛƴƎ ǘǳǊōǳƭŜƴŎŜ ό/ŀŀƳŀƴƻ Ŝǘ 

ŀƭΦΣ нлмнύΦ Lƴ ǘƘƛǎ ǿŀȅΣ ǇƻƻƭπǊƛƉŜ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ǎƘƻǿƴ ǘƻ ōŜ ƛƳǇƻǊǘŀƴǘ ǎǘŀōƛƭƛǎŀǝƻƴ ƳŜŎƘŀƴƛǎƳǎ 

ōȅ ƳƛƴƛƳƛǎƛƴƎ ŜƴŜǊƎȅ ŜȄǇŜƴŘƛǘǳǊŜΦ {ǘŀōƭŜ ǿŀǘŜǊ ŎƻǳǊǎŜǎ ǘǊŀƴǎǇƻǊǘ ǎŜŘƛƳŜƴǘ ǎǳǇǇƭƛŜŘ ōȅ ǘƘŜ 

ǿŀǘŜǊǎƘŜŘΣ ƻǘƘŜǊǿƛǎŜ ƛƴǎǘŀōƛƭƛǘȅ Ŏŀƴ ƻŎŎǳǊ ǿƘŜƴ ǎŎƻǳǊƛƴƎ ŎŀǳǎŜǎ ŎƘŀƴƴŜƭ ŘŜƎǊŀŘŀǝƻƴ ƻǊ ŜȄŎŜǎǎƛǾŜ 

ŘŜǇƻǎƛǝƻƴ ŎŀǳǎƛƴƎ ŀƎƎǊŀŘŀǝƻƴΦ {ŜŘƛƳŜƴǘ ƭƻŀŘ ŀƴŘ ƎǊŀƛƴ ǎƛȊŜ Ŏŀƴ ōŜ ŘŜǘŜǊƳƛƴŜŘ ǘƘǊƻǳƎƘ ǘƘŜ 
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ŎǊƛǝŎŀƭ ǘǊŀŎǝǾŜ ŦƻǊŎŜ ƳŜǘƘƻŘ ǿƛǘƘ ŜƴǘǊŀƛƴŜŘ ǇŀǊǝŎƭŜǎ ǇǊƻǇƻǊǝƻƴŀƭ ǘƻ ǊŜƭŀǝǾŜ ƎǊŀǾƛǘȅ όƎύΣ ǊŜƭŀǝǾŜ 

ǎǳōƳŜǊƎŜŘ ǎǇŜŎƛŬŎ ŘŜƴǎƛǘȅΣ ŎƘŀƴƴŜƭ ǎƭƻǇŜ ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘ ŀƴŘ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ ƛƴ ǊŜƭŀǝƻƴ ǘƻ 

ŘƛǎŎƘŀǊƎŜΦ /ƘŀƴƎŜ ƛƴ Ƨǳǎǘ ƻƴŜ ǇŀǊŀƳŜǘŜǊ Ŏŀƴ ŎŀǳǎŜ ŀŘƧǳǎǘƳŜƴǘ ƛƴ ǘƘŜ ŎƘŀƴƴŜƭΦ 5ǳǊƛƴƎ ƭƻǿ 

ŘƛǎŎƘŀǊƎŜΣ ǇƻǘŜƴǝŀƭ ŜƴŜǊƎȅ ƛǎ ŘƻƳƛƴŀƴǘ ƛƴ ǘƘŜ Ǉƻƻƭ ǿƛǘƘ ŀ ƭŀǊƎŜǊ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎΣ ǎŜŘƛƳŜƴǘ ƛǎ 

ŘǊƻǇǇŜŘ ƻǳǘ ƻŦ Ƴƻǝƻƴ ŎŀǳǎƛƴƎ ƛƴŬƭƭƛƴƎΦ ²ƘƛƭŜ ŀǘ ǘƘŜ ǊƛƉŜΣ ƪƛƴŜǝŎ ŜƴŜǊƎȅ ƛǎ ƳƻǊŜ ŘƻƳƛƴŀƴǘ ǿƛǘƘ ŀ 

ǊŜǎǘǊƛŎǘŜŘ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ ŎǊŜŀǝƴƎ ƘƛƎƘŜǊ ƅƻǿ ƛƴǘŜƴǎƛǝŜǎ ŀƴŘ ŜƴƘŀƴŎƛƴƎ ǎŎƻǳǊƛƴƎΦ ¢ƘŜǊŜŦƻǊŜΣ Ǉƻƻƭ 

ŀƴŘ ǊƛƉŜ ǎŜǉǳŜƴŎŜǎ ŜǎǘŀōƭƛǎƘ ŀ ŘȅƴŀƳƛŎ ŜǉǳƛƭƛōǊƛǳƳ ǿƘƛŎƘ ƛƴ ǘǳǊƴ ƛƴǘŜǊǊŜƭŀǘŜǎ ǿƛǘƘ ƻǘƘŜǊ 

ǇŀǊŀƳŜǘŜǊǎ ǎǳŎƘ ŀǎ ǎŜŘƛƳŜƴǘ ƭƻŀŘΣ ŎƘŀƴƴŜƭ ǎƭƻǇŜ ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘ ƻǊ ōŜŘ ŎƻƴŬƎǳǊŀǝƻƴΣ ǿƘƛŎƘ ƛŦ 

ŀƭǘŜǊŜŘ Ŏŀƴ ƭŜŀŘ ǘƻ ǘƘŜ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ǊŜŀŘƧǳǎǘƳŜƴǘ ƻŦ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ό[ŜƻǇƻƭŘ Ŝǘ ŀƭΦΣ мфспύΦ 

!ƭǘƘƻǳƎƘ ǘƘŜǊŜ ŀǊŜ ǎǇŜŎƛŬŎ ŎǊƛǘŜǊƛŀ ǘƻ ƛŘŜƴǝŦȅ Ǉƻƻƭǎ ŀƴŘ ǊƛƉŜǎ ǿƘƛŎƘ ƛƴŎƭǳŘŜǎ ǘƘŜ ƘȅŘǊŀǳƭƛŎ 

ƎǊŀŘƛŜƴǘ ŀƴŘ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ όŦǊƻƳ ŎƭŀȅǎΥ ǾŜǊȅ ŬƴŜ лΦлллр ƳƳ ǳǇ ǘƻ ōƻǳƭŘŜǊǎΥ ǾŜǊȅ ƭŀǊƎŜ пΦлнс 

Ƴ ǎƛȊŜύ όWǳƭƛŜƴΣ мффуύΣ ǿƘŜǊŜ Ǉƻƻƭǎ ŀǊŜ ŎƘŀǊŀŎǘŜǊƛǎŜŘ ōȅ ŀ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ ƴŜŀǊ ȊŜǊƻ ŀƴŘ ǊƛƉŜǎ 

ǿƛǘƘ ŀ ǊŜƭŀǝǾŜƭȅ ǎǘŜŜǇ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ ό¸ŀƴƎΣ мфтмύ ǘƘŜ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ Ǉƻƻƭǎ ŀƴŘ ǊƛƉŜǎ Ŏŀƴ ōŜ 

ǉǳƛǘŜ ǎǳōƧŜŎǝǾŜ ǇŀǊǝŎǳƭŀǊƭȅ ŀǘ млл҈ vōŦΦ Lƴ ƘȅŘǊŀǳƭƛŎǎΣ ǘƘŜ CǊƻǳŘŜ ƴǳƳōŜǊ όCǊύ ό9ǉǳŀǝƻƴ нΦмύ Ƙŀǎ 

ōŜŎƻƳŜ ǊŜŎƻƎƴƛǎŜŘ ŀǎ ŀ ƳŜǘƘƻŘ ŦƻǊ ŎƘŀǊŀŎǘŜǊƛǎƛƴƎ Ǉƻƻƭǎ ŀƴŘ ǊƛƉŜǎ όWƻǿŜǧΣ мффоύ ǿƘŜǊŜ ŦƻǊ ǇƻƻƭǎΥ 

CǊ ғ лΦму ŀƴŘ ǊƛƉŜǎΥ CǊ Ҕ лΦпм όWƻǿŜǧΣ мффоΦΣ IƛƭƭŘŀƭŜ ŀƴŘ aƻƻƴŜȅΣ нллтύΦ 

 

&Ò
5

ÇὬ
 7ÈÅÒÅȡ 

&Òρ ÉÓ 3ÕÂÃÒÉÔÉÃÁÌ ÆÌÏ×
&Òρ ÉÓ 3ÕÐÅÒÃÉÔÉÃÁÌ ÆÌÏ×

 (2.1) 

Equation 2.1 calculated Froude number (Fr) using localised velocity (U), gravity (g) and flow depth (h). 

 

aŜŀƴ ǾŜƭƻŎƛǘȅ ǉǳŀƴǝŬŜǎ ƎǊŀǾƛǘŀǝƻƴŀƭ ŦƻǊŎŜǎΣ ǿƘƛƭǎǘ ŎƻƳōƛƴƛƴƎ ƎǊŀǾƛǘȅ ŀƴŘ ƅƻǿ ŘŜǇǘƘ ǇǊƻǾƛŘŜǎ ŀ 

ƳŜŀǎǳǊŜ ƻŦ ƛƴŜǊǝŀƭ ŦƻǊŎŜǎΦ LƴŜǊǝŀ ƛǎ ŀ ƳŜŀǎǳǊŜ ƻŦ ŀƴ ƻōƧŜŎǘΩǎ ǊŜǎƛǎǘŀƴŎŜ ǘƻ ŀ ŎƘŀƴƎŜ ƛƴ ƳƻǝƻƴΦ ¢ƘŜ 

ŎƻƳōƛƴŀǝƻƴ ƻŦ ƎǊŀǾƛǘȅ ŀƴŘ ƅƻǿ ŘŜǇǘƘ ƎƛǾŜǎ ǘƘŜ ǊŜƭŀǝǾŜ ǎǳōƳŜǊƎŜŘ ǎǇŜŎƛŬŎ ŘŜƴǎƛǘȅ όύ́Σ ƛǘǎ ƛƴŜǊǝŀΦ 

!ǎ ƘƛƎƘ ƅƻǿ ŘŜǇǘƘ Ƙŀǎ ƎǊŜŀǘŜǊ ƛƴŜǊǝŀ ŀƴŘ ŜȄŜǊǘǎ ƛƴŎǊŜŀǎŜŘ ǇǊŜǎǎǳǊŜ ŎƻƳǇŀǊŜŘ ǘƻ ƭƻǿ ƅƻǿ ŘŜǇǘƘΣ 

ǿƛǘƘ ŀ Ŏƻƴǎǘŀƴǘ ŘƛǎŎƘŀǊƎŜ ǘƘŜ CǊ Ŏŀƴ ǇǊƻǾƛŘŜ ŀ ƳŜŀƴǎ ƻŦ ŎƭŀǎǎƛŦȅƛƴƎ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ōŀǎŜŘ ƻƴ 

ǿƘŜǘƘŜǊ ǘƘŜ ŘƛǎŎƘŀǊƎŜ ŀƭƻƴƎ ǘƘŜ ŎƘŀƴƴŜƭ Ƙŀǎ ŘŜŜǇ ƅƻǿ ŘŜǇǘƘ ŀƴŘ ǎƭƻǿ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅΣ ƻǊ 

ǎƘŀƭƭƻǿ ƅƻǿ ŘŜǇǘƘ ŀƴŘ Ŧŀǎǘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅΦ ¢Ƙƛǎ ƛǎ ōŜŎŀǳǎŜ ǿƛǘƘ ƘƛƎƘ ƅƻǿ ŘŜǇǘƘΣ ǎƭƻǿ ƭƻŎŀƭ 

ǾŜƭƻŎƛǘȅΣ ƛƴŜǊǝŀƭ ŦƻǊŎŜǎ ŘƻƳƛƴŀǘŜ ǘƘŜ ƅƻǿ ǿƘŜǊŜŀǎ ǿƛǘƘ Ŧŀǎǘ ƅƻǿΣ ƎǊŀǾƛǘȅ ŘƻƳƛƴŀǘŜǎ ǘƘŜ ƅƻǿ 

ŎƻƴŘƛǝƻƴǎΦ Lƴ ǘƘƛǎ ǿŀȅΣ ǘƘŜ CǊ ƎƛǾŜǎ ŀƴ ƛƴŘƛŎŀǝƻƴ ƻŦ ǘƘŜ Ǉƻƻƭǎ ŀƴŘ ǊƛƉŜǎ ƛƴ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜΦ 
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2.6.2. Natural and Forced Pools 

¢ƘŜǊŜ ŀǊŜ ǘǿƻ ƳŜŎƘŀƴƛǎƳǎ ǘƘŀǘ ƎƻǾŜǊƴ Ǉƻƻƭ ŦƻǊƳŀǝƻƴΥ ƻƴŜ ƛǎ ŀ ŦƻǊŎŜŘ Ǉƻƻƭ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ŀ 

ǇƘȅǎƛŎŀƭ ǇŜǊǘǳǊōŀǝƻƴ ōƭƻŎƪƛƴƎ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ ǎǳŎƘ ŀǎ ŀ ōƻǳƭŘŜǊ ƻǊ ŀ ²55 ŀƴŘ ǘƘŜ ƻǘƘŜǊ ƛǎ ŀ ŦǊŜŜπ

ŦƻǊƳŜŘ Ǉƻƻƭ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ мффрΤ ¢ƘƻƳǇǎƻƴ ŀƴŘ aŎ/ŀǊǊƛŎƪΣ нлмлύΦ tƻƻƭπǊƛƉŜ ƳŀƛƴǘŜƴŀƴŎŜ 

ƛǎ ŘŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ ŀǊŜŀƭ ǎƻǊǝƴƎ ƻŦ ŎƘŀƴƴŜƭ ōŜŘ ƳŀǘŜǊƛŀƭ ƛƴǘƻ ǊŜƭŀǝǾŜƭȅ ŬƴŜ ƳŀǘŜǊƛŀƭ ƛƴ Ǉƻƻƭǎ ŀƴŘ 

ƭŀǊƎŜǊΣ ŎƻŀǊǎŜǊ ƳŀǘŜǊƛŀƭ ŦƻǊƳƛƴƎ ǊƛƉŜǎ ǘƘǊƻǳƎƘ ƅǳǾƛŀƭ ǎŜŘƛƳŜƴǘŀǝƻƴΦ !ǘ ōŀǎŜƅƻǿΣ ǊƛƉŜǎ ƘŀǾŜ ōŜŜƴ 

ƻōǎŜǊǾŜŘ ǘƻ ƘŀǾŜ ƘƛƎƘŜǊ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǝŜǎ ŀƴŘ ǎǘŜŜǇŜǊ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘǎ ǘƘŀƴ Ǉƻƻƭǎ ό²ƻƘƭΣ 

нллтύΦ CƛƴŜ ǎŜŘƛƳŜƴǘ ǘŜƴŘǎ ǘƻ ŀŎŎǳƳǳƭŀǘŜ ƛƴ ǘƘŜ ƭƻǿŜǊ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ȊƻƴŜ ƻŦ ǘƘŜ ǇƻƻƭΣ ƘƻǿŜǾŜǊΣ 

ŘŜǎǇƛǘŜ ǘƘƛǎΣ ǘƘŜ Ǉƻƻƭ ƛǎ ǇŜǊƳŀƴŜƴǘƭȅ ǇǊŜǎŜƴǘ ŀƴŘ ǇŜǊǎƛǎǘǎ ŀǎ ŀ ǘƻǇƻƎǊŀǇƘƛŎ ƭƻǿ ƛƴ ǘƘŜ ŎƘŀƴƴŜƭ ōŜŘ 

ό²ƻƘƭΣ нллтύΦ ¢Ƙƛǎ ŀǎǎǳƳŜǎ ǘƘŀǘ ǎŎƻǳǊƛƴƎ ƻŦ ōŜŘ ǎǳōǎǘǊŀǘŜΣ ŘǳǊƛƴƎ ŀ ƎƛǾŜƴ ŘƛǎŎƘŀǊƎŜΣ Ƴŀƛƴǘŀƛƴǎ 

ǇƻƻƭǎΣ ƻǘƘŜǊǿƛǎŜ Ǉƻƻƭǎ ǿƻǳƭŘ ƛƴŬƭƭ ό²ƻƘƭΣ нллтύΦ ¢ƻ ŜȄǇƭŀƛƴ ǘƘƛǎ ǇƘŜƴƻƳŜƴƻƴΣ ǘƘŜ ǾŜƭƻŎƛǘȅ ǊŜǾŜǊǎŀƭ 
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ǾŜƭƻŎƛǘȅΣ Ǉƻƻƭǎ ŜȄƘƛōƛǘ ō̱ Ҕ ̱Ŏ ŀƴŘ ǎƻ ƭŀǊƎŜǊ ǇŀǊǝŎƭŜǎ ŀǊŜ ǘǊŀƴǎǇƻǊǘŜŘ ŦǊƻƳ ǘƘŜ Ǉƻƻƭǎ ƻƴǘƻ ǘƘŜ ǎǳǊŦŀŎŜ 
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ǎŎƻǳǊƛƴƎ ŀƴŘ ǎŜŘƛƳŜƴǘ ǊŜƳƻǾŀƭ ŦǊƻƳ ǘƘŜ Ǉƻƻƭ ŀƴŘ ŘŜǇƻǎƛǝƻƴ ƻƴ ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ ǊƛƉŜ ό/ŀŀƳŀƷƻ 
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ŘƛǎŎƘŀǊƎŜ ƛƴŎǊŜŀǎŜǎ ŀǘ ŀ ŦŀǎǘŜǊ ǊŀǘŜ ǳƴǝƭ ŀǘ ǊŜƭŀǝǾŜƭȅ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ǘƘŜ Ǉƻƻƭ ƴŜŀǊπōŜŘ ǾŜƭƻŎƛǘȅ 

ŜȄŎŜŜŘǎ ǘƘŀǘ ƻŦ ǘƘŜ ǊƛƉŜ ǿƘƛŎƘ ŜƴƘŀƴŎŜǎ ƭƻŎŀƭƛǎŜŘ Ǉƻƻƭ ǎŎƻǳǊƛƴƎ όCƛƎǳǊŜ нΦмлύΦ  
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Figure 2.10: Pool-Riffle Maintenance taken from Martin (2017). As discharge increases, the average near-
bed velocity in the pool starts to increase faster than in the riffle, until it approaches 100% Qbf (represented 
by the vertical broken line), when the near-bed velocity of the pool then exceeds that of the riffle. 

 

!ƴƻǘƘŜǊ ǘƘŜƻǊȅ ƛǎ ǘƘŀǘ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ōƻǳƭŘŜǊǎΣ ōŜŘǊƻŎƪ ƻǳǘŎǊƻǇǎ ŀƴŘ ²55ǎ ƛƳƳŜŘƛŀǘŜƭȅ 

ǳǇǎǘǊŜŀƳ ƻŦ ŀ Ǉƻƻƭ ŎǊŜŀǘŜ ƅƻǿ ŎƻƴǎǘǊƛŎǝƻƴǎ ŀƴŘ Ŏŀƴ ŎǊŜŀǘŜ ǘǳǊōǳƭŜƴŎŜ ǊŜǎǳƭǝƴƎ ƛƴ ƭƻŎŀƭƛǎŜŘ 

ŜƭŜǾŀǘŜŘ ō̱ ό¢ƘƻƳǇǎƻƴ Ŝǘ ŀƭΦΣ мффсύΦ CƛƎǳǊŜ нΦмм ǎƘƻǿǎ ŦƻǊƳŀǝƻƴ ƻŦ ŀ ǊŜŎƛǊŎǳƭŀǝƴƎ ŜŘŘȅ ǘƘŀǘ Ƴŀȅ 

ƭŜŀŘ ǘƻ ŜƭŜǾŀǘŜŘ ō̱ ōŜƘƛƴŘ ŀ ŎƻƴǎǘǊƛŎǝƻƴ ǿƛǘƘ ŀƴ ƛƴŎǊŜŀǎŜŘ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ ŀǘ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ 

ǘƘŜ Ǉƻƻƭ ό¢ƘƻƳǇǎƻƴ Ŝǘ ŀƭΦΣ мффуΤ aƛƭŀƴ Ŝǘ ŀƭΦΣ нллнύΦ ¢ƘŜ ǊŜŎƛǊŎǳƭŀǝƴƎ ŜŘŘȅ ǇǊƻŘǳŎŜŘ ōȅ ŀ 

ŎƻƴǎǘǊƛŎǝƻƴ ŀǘ ǘƘŜ ŜƴǘǊŀƴŎŜ ƻŦ ǘƘŜ Ǉƻƻƭ ƎŜƴŜǊŀǘŜǎ ŀ ƧŜǘ ƻŦ ƘƛƎƘŜǊ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ƛƴ ǘƘŜ ŎŜƴǘǊŜ ƻŦ 

ǘƘŜ Ǉƻƻƭ ŜƴƘŀƴŎƛƴƎ ǎŎƻǳǊƛƴƎ ŀƴŘ ǇǊŜǾŜƴǝƴƎ ŘŜǇƻǎƛǝƻƴ ό¢ƘƻƳǇǎƻƴ Ŝǘ ŀƭΦΣ мффсΤ ¢ƘƻƳǇǎƻƴ Ŝǘ ŀƭΦΣ 

мфффύΦ 
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Figure 2.11: Diagram showing the effect of a water course constriction. The recirculating eddy has 
transported water in the upstream direction and effectively reduces the cross-sectional area of the 
downstream flow, scouring the bed downstream of the constriction. Taken from Thompson (2010). 

 

tƻƻƭπǊƛƉŜ ǎŜǉǳŜƴŎŜǎ ŀǊŜ ƎŜƴŜǊŀƭƭȅ ƻōǎǘŀŎƭŜπǊŜƭŀǘŜŘ ƛƴ ǎƳŀƭƭ ǳǇƭŀƴŘ ǎǘǊŜŀƳǎ ό{ƳƛǘƘ Ŝǘ ŀƭΦΣ мффоύΦ 

²55ǎ ƛƴƅǳŜƴŎŜ ƭƻŎŀƭ ƘȅŘǊŀǳƭƛŎǎ ǿƘƛŎƘ Ƙŀǎ ŜũŜŎǘ ƻƴ ǎŜŘƛƳŜƴǘ ŜƴǘǊŀƛƴƳŜƴǘ ŀƴŘ ǘǊŀƴǎǇƻǊǘŀǝƻƴ ŀƴŘ 

Ŏŀƴ ŦƻǊƳ ōŀŎƪǿŀǘŜǊ Ǉƻƻƭǎ ŀƴŘ ǇƭǳƴƎŜ Ǉƻƻƭǎ ό²ƻƘƭ ŀƴŘ {ŎƻǧΣ нлмтύ ŀƴŘ ƭƻŎŀƭ ǎŎƻǳǊ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ 

²55 ƘȅŘǊŀǳƭƛŎǎ Ŏŀƴ ƎŜƴŜǊŀǘŜ ǇƻƻƭǎΦ DŜƻƳƻǊǇƘƛŎ ŎƘŀƴƎŜ Ŏŀƴ ōŜ ōǊƻǳƎƘǘ ŀōƻǳǘ ƛƴ ǿŀǘŜǊ ŎƻǳǊǎŜǎ ōȅ 

²55ǎ ŜƴƘŀƴŎƛƴƎ ƭƻŎŀƭ ƘȅŘǊŀǳƭƛŎǎ ŀƴŘ ǎŜŘƛƳŜƴǘ ǊƻǳǝƴƎΣ ŎǊŜŀǝƴƎ ǘƘŜ ŦƻǊƳŀǝƻƴ ƻŦ ŦƻǊŎŜŘ Ǉƻƻƭǎ ŀƴŘ 

ǊƛƉŜǎ ŀŎŎƻǳƴǝƴƎ ŦƻǊ ǘƘŜ ƘŜǘŜǊƻƎŜƴŜƻǳǎ ŎƻƳǇƭŜȄƛǝŜǎ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ōŜŘ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ 

нллоύΦ ¢ƘŜ ƳŜŎƘŀƴƛǎƳǎ ōȅ ǿƘƛŎƘ Ǉƻƻƭǎ ŀƴŘ ǊƛƉŜǎ ŀǊŜ ŦƻǊƳŜŘ ŀǘ ²55ǎ ŘƛũŜǊ ŦǊƻƳ ƴŀǘǳǊŀƭ Ǉƻƻƭ 

ǊƛƉŜ ƳŀƛƴǘŜƴŀƴŎŜ ƛƴ ǿƘƛŎƘ ŎŀǎŜ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ƛƴ ǎƳŀƭƭΣ ŦƻǊŜǎǘŜŘ ǳǇƭŀƴŘ ƎǊŀǾŜƭ ǎǘǊŜŀƳǎ ǿƛƭƭ 

ōŜ ŘƛǎǎƛƳƛƭŀǊ ǘƻ ƻǘƘŜǊ ǿŀǘŜǊ ŎƻǳǊǎŜǎ ƛƴ ŘƛũŜǊŜƴǘ ŜƴǾƛǊƻƴƳŜƴǘǎ ό{ƳƛǘƘ Ŝǘ ŀƭΦΣ мффоύΦ 
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ŘŜŜǇŜƴǎ ŀƴŘ ŜȄǘŜƴŘǎ ŀǘ ǘƘŜ ƻōǎǘŀŎƭŜΦ ¢ƘŜ ƭƻŎŀƭƛǎŜŘ ǎŎƻǳǊ ǇǊƻŎŜǎǎ ƻŦ ŀ ǎƛƴƎƭŜ Ǉƻƻƭ ŀǘ ǘƘŜ ƻōǎǘŀŎƭŜ 

ŎǊŜŀǘŜǎ ŘŜǇƻǎƛǝƻƴ ŘƻǿƴǎǘǊŜŀƳ ǿƘƛŎƘ ǘƘŜƴ ƎŜƴŜǊŀǘŜǎ ǘƘŜ ƴŜȄǘπŘƻǿƴǎǘǊŜŀƳ ǇƻƻƭπǊƛƉŜΦ ¢ƘŜ Ǉƻƻƭπ

ǊƛƉŜ ǎŜǉǳŜƴŎŜ ƛǎ ŀǳǘƻƎŜƴƛŎŀƭƭȅ ŦƻǊƳŜŘ ŀǎ ŀ ǳƴƛǘ ƻŦ ǇƻƻƭπǊƛƉŜǎ ŀƴŘ ƛǎ ƳŀƛƴǘŀƛƴŜŘ ōȅ ƭƻŎŀƭ ƴŜŀǊπōŜŘ 

ǘǳǊōǳƭŜƴŎŜ ǘƘŀǘ ǎǘŀǊǘǎ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ƻōǎǘŀŎƭŜΦ  

Lǘ Ƙŀǎ ōŜŜƴ ŀǊƎǳŜŘ ǘƘŀǘ ŎǳǊǊŜƴǘ ŎƻƴŎŜǇǘǎ ƘƛƴƎŜ ƻƴ ƅƻǿ ŎƻƴǾŜǊƎŜƴŎŜ ǘƻ ŜȄǇƭŀƛƴ ǘƘŜ ŜǊƻǎƛƻƴ ƻǊ 

ŘŜǇƻǎƛǝƻƴ ƻŦ ŎƻƴǝƎǳƻǳǎ Ǉƻƻƭǎ ŀƴŘ ǊƛƉŜǎ ŎƻƴǎǝǘǳǝƴƎ ŀ ǎŜƭŦπƳŀƛƴǘŜƴŀƴŎŜ ƳŜŎƘŀƴƛǎƳ ŀƴŘ 

ǎŜŘƛƳŜƴǘπǎƛȊŜ ǎƻǊǝƴƎ ǇǊƻŎŜǎǎ όYŜƭƭŜǊ ŀƴŘ CƭƻǊǎƘŜƛƳΣ мффоΤ ¢ƘƻƳǇǎƻƴ Ŝǘ ŀƭΦΣ мффсΤ ²ƻƘƭΣ нллтΤ 

¢ƘƻƳǇǎƻƴ ŀƴŘ ²ƻƘƭΣ нллфύΦ ¢ƘŜ ŎƻƴŎŜǇǘ ƻŦ ƻōǎǘŀŎƭŜ ƛƴŘǳŎŜŘ ƅƻǿ ŎƻƴǾŜǊƎŜƴŎŜ ŎƻƳǇƭŜƳŜƴǘǎ 

ǎƻƳŜ ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ ƻōǎŜǊǾŀǝƻƴǎ ƻŦ ǘƘŜ ǾŜƭƻŎƛǘȅ ǊŜǾŜǊǎŀƭ ƻǊ ǘǊŀŎǝǾŜ ŦƻǊŎŜ ǊŜǾŜǊǎŀƭΣ ƛƴ ǘƘŀǘ ƅƻǿ 
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ŀƴŘ ō̱ ǘƘŀƴ ǘƘƻǎŜ ƛƴ ŀŘƧŀŎŜƴǘ ǊƛƉŜǎΦ Lǘ Ƙŀǎ ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ƅƻǿ ŎƻƴǾŜǊƎŜƴŎŜ ƛǎ ǘƘŜ ƎƻǾŜǊƴƛƴƎ 

ŦŀŎǘƻǊ ƻƴ Ǉƻƻƭ ŦƻǊƳŀǝƻƴ ƛƴ ŦƻǊŎŜŘ ǇƻƻƭǎΣ ōǳǘ ǘƘŀǘ ƳǳƭǝǇƭŜ ƳŜŎƘŀƴƛǎƳǎ Ƴŀȅ ōŜ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ 

ǇƻƻƭπǊƛƉŜ ƳŀƛƴǘŜƴŀƴŎŜ όaŀŎ²ƛƭƭƛŀƳǎ Ŝǘ ŀƭΦΣ нллсΤ ¢ƘƻƳǇǎƻƴ ŀƴŘ ²ƻƘƭΣ нллфύΦ ¢ƘŜǊŜ ŀǊŜ Ƴŀƴȅ 

ŎƻƴƅƛŎǝƴƎ ƛŘŜŀǎ ǊŜƎŀǊŘƛƴƎ ǘƘŜ ǎŜŘƛƳŜƴǘ ǊƻǳǝƴƎ ŀƴŘ ŀǎǎƻŎƛŀǘŜŘ ƘȅŘǊŀǳƭƛŎǎ ǿƘƛŎƘ ƳŀƪŜ ƛǘ ŘƛŶŎǳƭǘ 

ǘƻ ŘŜǘŜǊƳƛƴŜ ŎƻƴŎƭǳǎƛǾŜƭȅ Ƙƻǿ ǇƻƻƭπǊƛƉŜ ǳƴƛǘǎ ŀǊŜ ƳŀƛƴǘŀƛƴŜŘΦ ¸Ŝǘ ŀǎ Ǉƻƻƭǎ ǳōƛǉǳƛǘƻǳǎƭȅ ŎƻƴǝƴǳŜ 

ǘƻ ǇŜǊǎƛǎǘ ŀǎ ǘƻǇƻƎǊŀǇƘƛŎ ƭƻǿǎ ŀƴŘ ǊƛƉŜǎ ŀǎ ǘƻǇƻƎǊŀǇƘƛŎ ƘƛƎƘǎ ƻƴ ǘƘŜ ŎƘŀƴƴŜƭ ōŜŘ ǘƘŜƴ ǘƘŜǊŜ Ƴǳǎǘ 

ōŜ ŀ ǎŜƭŦπƳŀƛƴǘŜƴŀƴŎŜ ǇǊŜŦŜǊŜƴǝŀƭ ǎŎƻǳǊƛƴƎ ƳŜŎƘŀƴƛǎƳ ǘƻ ŜȄǇƭŀƛƴ ǘƘƛǎ ǇƘŜƴƻƳŜƴƻƴΦ 

¢ƻ ƘŜƭǇ ƛƴŦƻǊƳ ²55 ŘŜǎƛƎƴ ŎǊƛǘŜǊƛŀΣ ƭƛǘŜǊŀǘǳǊŜ ǇƭŀŎŜǎ ƛƳǇƻǊǘŀƴŎŜ ƻƴ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǎŜŀǊŎƘ ƛƴǘƻ 

ƛƴǾŜǎǝƎŀǝƴƎ ǘƘŜ ƘȅŘǊŀǳƭƛŎǎ ŀǘ ²55ǎ ǿƘƛŎƘ ƎŜƴŜǊŀǘŜ ƭƻŎŀƭ ǎŎƻǳǊ ǇƻƻƭǎΦ .ŜǎŎƘǘŀ όмфуоύ ŎƻƴŘǳŎǘŜŘ 

ŜŀǊƭȅ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ƛƴǘƻ ǘƘŜ ǎŎƻǳǊ ƳŜŎƘŀƴƛǎƳǎ ǳǎƛƴƎ ƛƴπŎƘŀƴƴŜƭ ƘƻǊƛȊƻƴǘŀƭ ǿƻƻŘΣ 

ǊŜǾŜŀƭƛƴƎ ŘƛǎŎƘŀǊƎŜΣ ŘƛŀƳŜǘŜǊ ǊŜƭŀǝǾŜ ǘƻ ƅƻǿ ŘŜǇǘƘΣ ŘŜǇǘƘ ƻŦ ǘƘŜ ōŀǎŜ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ 

ŀƴŘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ŀũŜŎǘŜŘ ǎŎƻǳǊ ŘŜǇǘƘ ŀƴŘ ŀǊŜŀƭ ŜȄǘŜƴǘΦ .ŜǎŎƘǘŀ όмфуоύ ŦƻǳƴŘ ǘǳǊōǳƭŜƴŎŜ ŀǘ 

ǘƘŜ ƘƻǊƛȊƻƴǘŀƭ ǿƻƻŘΣ ŘƻǿƴǿŀǊŘ ŀŘǾŜŎǝƻƴ ƻŦ ƅƻǿ ŀǘ ǘƘŜ ²55 ŀƴŘ ƛƴ ƛǘǎ ǿŀƪŜ ǿŀǎ ǊŜǎǇƻƴǎƛōƭŜ ŦƻǊ 

ƭƻŎŀƭ ǎŎƻǳǊ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ ŘƛǎŎƘŀǊƎŜ ǊŀǘƘŜǊ ǘƘŀƴ ƛƴŎǊŜŀǎŜŘ ǎƘŜŀǊ ǎǘǊŜǎǎΣ ǿƘƛŎƘ Ŏŀƭƭǎ ƛƴǘƻ ǉǳŜǎǝƻƴ 

ǿƘŜǘƘŜǊ Ǉƻƻƭǎ ŀǊŜ ŦƻǊƳŜŘ ōȅ ǘƘŜ ǎƘŜŀǊ ǎǘǊŜǎǎ όǘǊŀŎǝǾŜ ŦƻǊŎŜύ ǊŜǾŜǊǎŀƭ ƳŜŎƘŀƴƛǎƳ ŀǘ ²55ǎ ό{ƳƛǘƘ 

Ŝǘ ŀƭΦΣ мффоύΦ /ƘŜǊǊȅ ŀƴŘ .ŜǎŎƘǘŀ όмфуфύ ŎƻƴŘǳŎǘŜŘ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ƻƴ ǎƛƴƎƭŜ ƭƻƎǎ ƻǊƛŜƴǘŜŘ 

ŀǘ ŘƛũŜǊŜƴǘ Ǉƻǎƛǝƻƴǎ ǘƻ ŀƴŀƭȅǎŜ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ƻƴ ǘƘŜ ǇŀǧŜǊƴǎ ƻŦ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴΦ 

IƻǿŜǾŜǊΣ ǘƘŜǎŜ ǎǘǳŘƛŜǎ ǳǎƛƴƎ ǎƛƴƎƭŜ ƭƻƎǎ ƻǾŜǊǎƛƳǇƭƛŦȅ ǘƘŜ ǇƘȅǎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ƻŦ Ƴŀƴȅ ²55ǎΦ 

¢ǳǊōǳƭŜƴǘ ŜƴŜǊƎȅ ŘƛǎǎƛǇŀǝƻƴ Ƙŀǎ ōŜŜƴ ŦƻǳƴŘ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ŀƴ ƻōǎǘŀŎƭŜΣ ǎǳŎƘ ŀǎ ²55ǎΣ ƛƴ ǿŀǘŜǊ 

ŎƻǳǊǎŜǎΦ !ǎ ǿŀǘŜǊ ǇŀǎǎŜǎ ōȅ ǘƘŜ ƻōǎǘŀŎƭŜ ƛǘ ƛǎ ǎǳōƧŜŎǘŜŘ ǘƻ ŘǊŀƎ ōŜŎŀǳǎŜ ƻŦ ǇǊŜǎǎǳǊŜ ƎǊŀŘƛŜƴǘǎ ŀƴŘ 

ǎǳǊŦŀŎŜ ŦǊƛŎǝƻƴΦ CǊƛŎǝƻƴŀƭ ŘǊŀƎ ƻŎŎǳǊǎ ǎǳǊǊƻǳƴŘƛƴƎ ǘƘŜ ƻōǎǘŀŎƭŜ ǊŜǎǳƭǝƴƎ ƛƴ ŘŜŎǊŜŀǎŜŘ ƭƻŎŀƭƛǎŜŘ 

ǾŜƭƻŎƛǘȅ ό9ǉǳŀǝƻƴ нΦнύΦ CƻǊ ŜŀŎƘ ƻōƧŜŎǘ ǎƘŀǇŜΣ ǘƘŜǊŜ ƛǎ ŀ ŘŜŬƴŜŘ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ǘƘŜ ŘǊŀƎ 

ŎƻŜŶŎƛŜƴǘ ό/5ύ ŀƴŘ ǘƘŜ /ȅƭƛƴŘŜǊ wŜȅƴƻƭŘǎ ƴǳƳōŜǊ ōŜŎŀǳǎŜ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ Ƴǳǎǘ ōŜ ŘŜǘŜǊƳƛƴŜŘ 

ƻǾŜǊ ǘƘŜ ŜƴǝǊŜ ǎǳǊŦŀŎŜ ƻŦ ǘƘŜ ƻōƧŜŎǘ ǿƘƛŎƘ Ƙŀǎ ŀƴ ǳƴŜǾŜƴ ǊƻǳƎƘƴŜǎǎΦ ¢ƘŜ ǇŀǧŜǊƴ ƻŦ ƅƻǿ ǘƘŜǊŜŦƻǊŜ 

ǾŀǊƛŜǎ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ wŜŎΦ 

 

&
ρ

ς
ʍ#!5  (2.2) 

Equation 2.2 calculated Drag force (FD) using the drag coefficient (CD), relative submerged specific density 
(ˊύ, localised velocity (U) and structural area blocking flow (Ap) (Manners, 2006). 
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!ǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ нΦмнŀ ǘƘŜ wŜŎ ƛǎ ƭƻǿ ŀƴŘ ǘƘŜ ǇŀǧŜǊƴ ŀǘ ǘƘŜ ǳǇǎǘǊŜŀƳκŘƻǿƴǎǘǊŜŀƳ ŀƴŘ 

ōŜƭƻǿκŀōƻǾŜ ǘƘŜ ƻōƧŜŎǘ ƛǎ ǎȅƳƳŜǘǊƛŎŀƭ ōǳǘ ŀǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ нΦмнō ŀǎ ǘƘŜ wŜŎ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ 

ǎȅƳƳŜǘǊȅ ōŜǘǿŜŜƴ ǳǇǎǘǊŜŀƳκŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ƻōǎǘŀŎƭŜ ŘƛũŜǊǎ ŀƴŘ ǘƘŜ ƅƻǿ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ 

ƻōǎǘŀŎƭŜ ǿƛŘŜƴǎ ǿƛǘƘ ǾƻǊǝŎŜǎ ƛƴ ǘƘƛǎ ǿƛŘŜƴŜŘ ƎŀǇΤ ǘƘŜ ǳǇǇŜǊ ǾƻǊǝŎŜǎ ǊǳƴƴƛƴƎ ŎƭƻŎƪǿƛǎŜ ŀƴŘ ǘƘŜ 

ƭƻǿŜǊ ǾƻǊǝŎŜǎ ǊǳƴƴƛƴƎ ŀƴǝŎƭƻŎƪǿƛǎŜΦ CƛƎǳǊŜ нΦмнŎ ǊŜǾŜŀƭǎ ǘƘŀǘ ǿƘŜƴ wŜŎ җ сл ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ ƅƻǿ 

ōŜŎƻƳŜǎ ǳƴǎǘŀōƭŜ ƻǎŎƛƭƭŀǝƴƎ ǳǇ ŀƴŘ Řƻǿƴ ŀƴŘ ǘƘŜƴ ŜȄǇŀƴŘƛƴƎ ōŜŦƻǊŜ ŘƛǎǎƛǇŀǝƴƎ ŀƴŘ ƭŜŀǾƛƴƎ ǘƘŜ 

ŎȅƭƛƴŘŜǊΦ !ǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ нΦмнŘΣ ǿƘŜƴ wŜŎ Ҕ мллл ŀ ǘǳǊōǳƭŜƴǘ ǎǘŀǘŜ ŦƻǊƳǎ ƛƴ ǘƘŜ ǿŀƪŜ ƻŦ ǘƘŜ 

ŎȅƭƛƴŘŜǊ ǿƛǘƘ ǘƘŜ ǾƻǊǝŎŜǎ ōŜŎƻƳƛƴƎ ƳƛȄŜŘ ǘƻƎŜǘƘŜǊΦ 5ƛǎǘŀƴǘ ŦǊƻƳ ǘƘŜ ǿŀƪŜ ŀ ǎǘŜŀŘȅ ǎǘŀǘŜ ƻŦ ƅƻǿ 

ƛǎ ƳŀƛƴǘŀƛƴŜŘ ǿƛǘƘ ǎƳƻƻǘƘ ƭŀƳƛƴŀǊ ƅƻǿΦ ¢ƘŜǊŜ ƛǎ ŘŜŎǊŜŀǎŜŘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ƛƴ ǘƘŜ ǿŀƪŜ ƻŦ ǘƘŜ 

ŎȅƭƛƴŘŜǊ ŘǳŜ ǘƻ ǘƘŜ ƭŀǊƎŜπǎŎŀƭŜ ŜŘŘƛŜǎ ŀƴŘ ǘǳǊōǳƭŜƴŎŜ ƛƴŎǊŜŀǎŜΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜǊŜ ƛǎ ŀ ƘƛƎƘ ǊŀǘŜ ƻŦ 

ŜƴŜǊƎȅ ŘƛǎǎƛǇŀǝƻƴΣ ǊŜǎǳƭǝƴƎ ƛƴ ŘŜŎǊŜŀǎŜŘ ŘƻǿƴǎǘǊŜŀƳ ǇǊŜǎǎǳǊŜΦ 

 

CƛƎǳǊŜ нΦмнΥ {ǘǊŜŀƳƭƛƴŜǎ ǎƘƻǿƛƴƎ ƅƻǿ ǇŀǧŜǊƴ ƎŜƴŜǊŀǘŜŘ ǊƻǳƴŘ ŀ ŎƛǊŎǳƭŀǊ ƻōƧŜŎǘ ŘŜǇŜƴŘŜƴǘ ƻƴ wŜȅƴƻƭŘǎ 
ƴǳƳōŜǊΦ ¢ŀƪŜƴ ŦǊƻƳ {ŀǘƻ ŀƴŘ YƻōŀȅŀǎƘƛ όнлмнύΦ 

 

²ƘƛƭŜ ²55ǎ Ŏŀƴ ōŜ ǘǊŜŀǘŜŘ ŀǎ ǎƛƴƎƭŜΣ ǎƻƭƛŘ ŎȅƭƛƴŘǊƛŎŀƭ ǎǘǊǳŎǘǳǊŜǎ ǘƘŜȅ ƘŀǾŜ ŎƻƳǇƭŜȄ ƘȅŘǊŀǳƭƛŎ 

ƛƴƅǳŜƴŎŜǎ ŘǳŜ ǘƻ ǘƘŜƛǊ ǇƻǊƻǎƛǘȅ ŀƴŘ ƳŀǘǊƛȄΦ tƻǊƻǳǎ ²55ǎ ǿƛǘƘ ǘƘǊƻǳƎƘƅƻǿ ǎƛƎƴƛŬŎŀƴǘƭȅ ƛƳǇŀŎǘ ƻƴ 

ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅΣ ǘǳǊōǳƭŜƴŎŜΣ ŘŜōǊƛǎ ǘǊŀƴǎǇƻǊǘ ŀƴŘ ǎǘƻǊŀƎŜΣ ƪƛƴŜǝŎ ŜƴŜǊƎȅ ŀƴŘ ǿŀƪŜ ƭŜƴƎǘƘ ό·ǳ ŀƴŘ 

[ƛǳΣ нлмтύΦ ²55ǎ ŀǊŜ ŎƻƳǇƭŜȄΣ ƛǊǊŜƎǳƭŀǊ ǎǘǊǳŎǘǳǊŜǎ ǿƘƛŎƘ ŎƘŀƴƎŜ ǘŜƳǇƻǊŀƭƭȅ ŀƴŘ Ŏŀƴ ŀƭǘŜǊ ŦǊƻƳ 

ǊŜƭŀǝǾŜƭȅ ǎƻƭƛŘ ōŀǊǊƛŜǊǎ ǘƻ ǇƻǊƻǳǎ ƻōǎǘŀŎƭŜǎ ƻǊ ƻōǎǘŀŎƭŜǎ ǿƛǘƘ ƛƴǘŜǊƭƻŎƪƛƴƎ ǿƻƻŘΦ /ƻƳǇŀŎǘ ƭŜŀǾŜǎ 

ŀƴŘ ƻǘƘŜǊ ƻǊƎŀƴƛŎ ƳŀǘŜǊƛŀƭǎ Ŏŀƴ ŀŎŎǳƳǳƭŀǘŜ ŀƴŘ ōŜŎƻƳŜ ǎǘƻǊŜŘ ōŜǘǿŜŜƴ ǘƘŜ ǎƴŀƎǎΣ ƳƻǳƭŘƛƴƎ 

ǘƘŜƳǎŜƭǾŜǎ ǘƻ ǘƘŜ ²55 ƳŀǘǊƛȄ ŀƴŘ ŀƭǘŜǊƛƴƎ ǘƘŜƛǊ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ǘƻ ōŜŎƻƳŜ ƭŜǎǎ ǇƻǊƻǳǎΦ ²ƛǘƘ 

ŀōǎŎƛǎǎƛƻƴ ŘǳǊƛƴƎ ǘƘŜ ŀǳǘǳƳƴ ƳƻƴǘƘǎΣ ŘŜŎƛŘǳƻǳǎ ǘǊŜŜ ƭŜŀǾŜǎ Ŏŀƴ ŜƴǘŜǊ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ŀƴŘ 
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ōŜŎƻƳŜ ǎƴŀƎƎŜŘ ƻƴ ²55ǎ ό.ŜƴŬŜƭŘΣ мффсύΦ !ƭǘŜǊƴŀǝǾŜƭȅΣ ŀŎǝǾŜ ŘŀƳǎ Ŏŀƴ ōŜŎƻƳŜ ƳƻǊŜ ǇƻǊƻǳǎ 

ŀǎ ƭŜŀǾŜǎ ōƛƻπŘŜƎǊŀŘŜ ŀƴŘ ŀǊŜ ǿŀǎƘŜŘ ŘƻǿƴǎǘǊŜŀƳΦ 5ǳŜ ǘƻ ǘƘŜƛǊ ǳƴƛǉǳŜ ŎƻƴŬƎǳǊŀǝƻƴǎΣ ǿƛǘƘ ǎƻƳŜ 

²55ǎ ōŜƛƴƎ ǊŜƭŀǝǾŜƭȅ ƳƻǊŜ ǇƻǊƻǳǎ ǘƘŀƴ ƻǘƘŜǊǎΣ ǘƘŜƛǊ ƅƻǿ ŬŜƭŘǎ Ŏŀƴ ǎƛƎƴƛŬŎŀƴǘƭȅ ŘƛũŜǊΦ CƻǊ 

ƛƴǎǘŀƴŎŜΣ ƭƻǿ ǇƻǊƻǎƛǘȅ Ŏŀƴ ƭŜŀŘ ǘƻ ōŀŎƪǿŀǘŜǊ ŜũŜŎǘǎ όtŀǇŀƴƛŎƻƭŀƻǳ Ŝǘ ŀƭΦΣ нлмуŀύΦ {ƛƴƎƭŜ ŎȅƭƛƴŘŜǊ 

ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ƛƴǾŜǎǝƎŀǝƴƎ ²55 ƘȅŘǊŀǳƭƛŎǎΣ ŎƻƴŘǳŎǘŜŘ ōȅ .ŜǎŎƘǘŀ όмфуоύΣ ƘƛƎƘƭƛƎƘǘǎ Ƙƻǿ 

ǳƴŘŜǊ ŎŜǊǘŀƛƴ ŎƻƴŘƛǝƻƴǎ ǘƘŜ ƛƴǘǊƛŎŀǘŜ ŎƻƳǇƭŜȄƛǝŜǎ ƻŦ ²55ǎ Ŏŀƴ ŀũŜŎǘ ŘǊŀƎ ŦƻǊŎŜ όC5ύ ŀƴŘ ŜƴǘǊŀƛƴ 

ǎŜŘƛƳŜƴǘ ŀƴŘ ƻǊƎŀƴƛŎ ƳŀǧŜǊΦ CƻǊ ŜȄŀƳǇƭŜΣ ƛǘ ƛǎ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ǘƘŜ ǊƻǳƎƘƴŜǎǎ ƻŦ ǿƻƻŘŜƴ ŎȅƭƛƴŘŜǊǎ 

Ŏŀƴ ƛƴŎǊŜŀǎŜ ƭƛƊ ŀƴŘ ǘƘŀǘ ōƭƻŎƪŀƎŜ ŎŀǇŀŎƛǘȅ ŀŎǊƻǎǎ ǘƘŜ ŜƴǝǊŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘ ŀƴŘ ǎǳǊŎƘŀǊƎŜ 

ƭŜǾŜƭ Ŏŀƴ ŀũŜŎǘ ƭƛƊ ŀƴŘ C5 ǿƘƛƭǎǘ ƛƴ ƻǘƘŜǊ ŎƻƴŘƛǝƻƴǎ ǘƘŜ ƛƴŎǊŜŀǎŜŘ ŎƻƳǇƭŜȄƛǝŜǎ ƻŦ ²55ǎ Ŏŀƴ ǊŜŘǳŎŜ 

ǘƘŜ /5 ό{ƘƛŜƭŘǎ ŀƴŘ !ƭƻƴǎƻΣ нлмнύΦ Lǘ ƛǎ ǘƘŜǊŜŦƻǊŜ ŘƛŶŎǳƭǘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ƻŦ 

ŎƻƳǇƭŜȄ ǇƻǊƻǳǎ ǎǘǊǳŎǘǳǊŜǎ ǘƘŀǘ Ŏŀƴ ŘƛũŜǊ ƛƴ ŘŜǎƛƎƴ ŀƴŘ ǘŜƳǇƻǊŀƭƭȅ ŀƭǘŜǊ ό·ǳ ŀƴŘ [ƛǳ нлмтύ ƻǊ 

ǉǳŀƴǝŦȅ ǘƘŜƛǊ ōŜƘŀǾƛƻǳǊ ƛƴ ŬŜƭŘ ŎƻƴŘƛǝƻƴǎ ŘǳŜ ǘƻ ǘƘŜ Ƴŀƴȅ ǾŀǊƛŀōƭŜǎ ǿƘƛŎƘ ŀǊŜ ŘƛŶŎǳƭǘ ǘƻ ƛŘŜƴǝŦȅ 

ŀƴŘ ŎƻƴǘǊƻƭΦ 

 

2.7. Sediment Storage 

/ƘŀƴƴŜƭ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŦƻǊƳ ƛǎ ŎƻƴǘǊƻƭƭŜŘ Ƴŀƛƴƭȅ ōȅ ŘƛǎŎƘŀǊƎŜΣ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘŀǝƻƴ ŀƴŘ 

ŘŜǇƻǎƛǝƻƴΣ ŀƴŘ ƭƻŎŀƭ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴǎ ǎǳŎƘ ŀǎ ŎŀǘŎƘƳŜƴǘ ŘŜǎŎǊƛǇǘƻǊǎ όCǊȅƛǊǎ ŀƴŘ .ǊƛŜǊƭŜȅΣ 

нлмоύΦ ¢ƘŜ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ŦƻǊŎƛƴƎ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ŎƘŀƴƎŜ ƛƴ ǎŜŘƛƳŜƴǘ ǎǳǇǇƭȅ ǘƘǊƻǳƎƘ 

ŦŀǊƳƛƴƎ ƳŀƴŀƎŜƳŜƴǘ ƻǊ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΣ ŀũŜŎǘ ǘƘŜ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭΣ ƘȅŘǊƻŘȅƴŀƳƛŎ ŀƴŘ 

ǎŜŘƛƳŜƴǘƻƭƻƎƛŎŀƭ ōŀƭŀƴŎŜ ƻŦ ǘƘŜ ǊƛǾŜǊ ǎȅǎǘŜƳ ό²ŀƴƎ Ŝǘ ŀƭΦΣ нллсΤ hǿŜƴǎ Ŝǘ ŀƭΦΣ нлмлύΦ /ƘŀƴƴŜƭ 

ƎŜƻƳƻǊǇƘƻƭƻƎȅ ŀŘƧǳǎǘǎ ŀŎŎƻǊŘƛƴƎ ǘƻ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ǿƛǘƘ Ƴƻǎǘ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ 

ǘŀƪƛƴƎ ǇƭŀŎŜ ŘǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΦ aƻǎǘ ƻŦ ǘƘŜ ǎŜŘƛƳŜƴǘ ƛǎ ǘǊŀƴǎǇƻǊǘŜŘ ŘǳǊƛƴƎ ƅŀǎƘ ƅƻƻŘǎ ŀƴŘ 

ǎǘƻǊƳ Ǌǳƴƻũ ǇŜǊƛƻŘǎ ǿƛǘƘ ƎǊŜŀǘŜǊ ŜǊƻǎƛƻƴ ǘŀƪƛƴƎ ǇƭŀŎŜ όDǳȅΣ мфспύΦ ¢ƻ Ƴŀƛƴǘŀƛƴ ŘȅƴŀƳƛŎ 

ŜǉǳƛƭƛōǊƛǳƳΣ ŀǎ ŘƛǎŎƘŀǊƎŜ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ƛƴŎǊŜŀǎŜǎ ǎŜŘƛƳŜƴǘ ŎŀǇŀŎƛǘȅ ōȅ ƛƴŎƛǎƛƴƎ ǘƘŜ 

ŎƘŀƴƴŜƭΦ IƻǿŜǾŜǊΣ ǿƛǘƘ ŘŜŎǊŜŀǎŜŘ ŘƛǎŎƘŀǊƎŜΣ ǎŜŘƛƳŜƴǘ ƭƻŀŘ ŘŜŎǊŜŀǎŜǎ ŀƴŘ ŀƎƎǊŀŘŀǝƻƴ ƻŎŎǳǊǎ 

ǿƛǘƘ ǎŜŘƛƳŜƴǘ ŬƴƛƴƎ ŀŎŎƻǊŘƛƴƎ ǘƻ ǎƛȊŜ ό[ŀƴŜΣ мфрпύΦ 5ŜǾƛŀǝƻƴ ŦǊƻƳ ǘƘŜ ōŀƭŀƴŎŜŘ ǎŜŘƛƳŜƴǘ ǊŜƎƛƳŜ 

Ŏŀƴ ƭŜŀŘ ǘƻ ǎŜŘƛƳŜƴǘ ŘŜŬŎƛŜƴŎȅ ǿƛǘƘ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ƘŀǾƛƴƎ ƳƻǊŜ ǘƘŀƴ ƴŜŎŜǎǎŀǊȅ ŎŀǇŀŎƛǘȅ ǘƻ 

ŎŀǊǊȅ ǎŜŘƛƳŜƴǘ ǿƛǘƘ ǘƘŜ ǇƻǘŜƴǝŀƭ ƻǳǘŎƻƳŜ ōŜƛƴƎ ǘƘŜ ŜǊƻǎƛƻƴ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ōƻǳƴŘŀǊȅ ǿƘƛŎƘ ŎƻǳƭŘ 

ƭŜŀŘ ǘƻ ŎƘŀƴƴŜƭ ƛƴǎǘŀōƛƭƛǘȅ ǘƘǊƻǳƎƘ ōŜŘ ƛƴŎƛǎƛƻƴ ό²ƻƘƭΣ нлмрύΦ /ƘŀƴƴŜƭ ǎǘŀōƛƭƛǘȅ ƛǎ ŘŜǎŎǊƛōŜŘ ŀǎ ǘƘŜ 

ŀōƛƭƛǘȅ ƻŦ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ǘƻ ǘǊŀƴǎǇƻǊǘ ǎŜŘƛƳŜƴǘ ǎƻ ǘƘŀǘ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ Ƴŀƛƴǘŀƛƴǎ ƛǘǎ ŘƛƳŜƴǎƛƻƴΣ 
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ǇŀǧŜǊƴ ŀƴŘ ǇǊƻŬƭŜ ǿƛǘƘƻǳǘ ŜƛǘƘŜǊ ŀƎƎǊŀŘƛƴƎ ƻǊ ŘŜƎǊŀŘƛƴƎ ǎƻ ƳŀƛƴǘŀƛƴƛƴƎ ŜǉǳƛƭƛōǊƛǳƳΦ /ƻƴǾŜǊǎŜƭȅΣ 

ƻǾŜǊ ǝƳŜ ƛŦ ǘƘŜǊŜ ƛǎ ŘŜƎǊŀŘŀǝƻƴ ƻǊ ŀƎƎǊŀŘŀǝƻƴ ǘƘƛǎ ǿƻǳƭŘ ƭŜŀŘ ǘƻ ƛƴǎǘŀōƛƭƛǘȅ όwƻǎƎŜƴΣ мффсύΦ 

!ƭƭǳǾƛŀƭ ǊƛǾŜǊ ŎƘŀƴƴŜƭǎ ƳƻǊǇƘƻƭƻƎƛŎŀƭƭȅ ŎƘŀƴƎŜ ƻǾŜǊ ǝƳŜΣ ŀŘƧǳǎǘ ǘƘŜƛǊ ŎƘŀƴƴŜƭ ƎŜƻƳŜǘǊȅ όƳŀƛƴ 

ŎƘŀƴƴŜƭ ǿƛŘǘƘΣ ƅƻǿ ŘŜǇǘƘ ŀƴŘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅύ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǘƘŜƛǊ ŎŀǇŀŎƛǘȅ ǘƻ Ŏƻƴǘŀƛƴ ƅƻƻŘ 

ǿŀǘŜǊ ƻǾŜǊ ǝƳŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ǳǇǎǘǊŜŀƳ ǎŜŘƛƳŜƴǘ ȅƛŜƭŘ ό{ƭŀǘŜǊΣ нлмсύΦ 5ǳǊƛƴƎ 

ƘŜŀǾȅ ǇǊŜŎƛǇƛǘŀǝƻƴΣ ŦŀǎǘπƳƻǾƛƴƎ Ǌǳƴƻũ ŀŎǊƻǎǎ ǊǳǊŀƭ ƭŀƴŘ Ŏŀƴ ƭŜŀŘ ǘƻ ŜȄŎŜǎǎ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎŦŜǊ ƛƴǘƻ 

ǳǇƭŀƴŘ ǎǘǊŜŀƳǎ όbƛŜǘŎƘ Ŝǘ ŀƭΦΣ нллрύΦ ¢Ƙƛǎ ŜȄŎŜǎǎ ǎŜŘƛƳŜƴǘ Ŏŀƴ ƭŜŀŘ ǘƻ ƭƻǎǎ ƻŦ ŘƛǎŎƘŀǊƎŜ ŎŀǊǊȅƛƴƎ 

ŎŀǇŀŎƛǘȅ ŀƴŘ ƘŀǾŜ ǘƘŜ ǇƻǘŜƴǝŀƭ ǘƻ ƛƴŎǊŜŀǎŜ ƅƻƻŘ ǊƛǎƪΦ hƴŜ ƻŦ ǘƘŜ Ƴŀƛƴ ŘǊƛǾŜǊǎ ƻŦ ŜȄŎŜǎǎ ǎŜŘƛƳŜƴǘ 

ƛǎ ŀƎǊƛŎǳƭǘǳǊŀƭ ƛƴǘŜƴǎƛŬŎŀǝƻƴ ǿƘƛŎƘ ƛǎ ƛƳǇŀŎǘŜŘ ŦǳǊǘƘŜǊ ōȅ ƭƛǾŜǎǘƻŎƪ ǇǳŘŘƭƛƴƎ ŀǘ ǘƘŜ ŎƘŀƴƴŜƭ ōŀƴƪǎ 

ŀƴŘ ŦǳǊǊƻǿŜŘ ǘǊŀŎƪǎ ŦǊƻƳ ŦŀǊƳ ǾŜƘƛŎƭŜǎ όIŜƴǎƘŀǿ Ŝǘ ŀƭΣ нлмоύΦ Lƴ ŀ ǎǘǳŘȅ ōȅ IŜŀǘƘǿŀƛǘŜ Ŝǘ ŀƭ όмфуфύ 

ƛǘ ǿŀǎ ŦƻǳƴŘ ǘƘŀǘ ро҈ ƻŦ ǊŀƛƴŦŀƭƭ ǿŀǎ ŎƻƴǾŜǊǘŜŘ ǘƻ Ǌǳƴƻũ ƻƴ ƎǊŀȊŜŘ ƭŀƴŘ ǿƘƛƭŜ ǘƘƛǎ ŘŜŎǊŜŀǎŜŘ ǘƻ 

т҈ ƛƴ ǳƴƎǊŀȊŜŘ ŬŜƭŘǎΦ CǳǊǘƘŜǊƳƻǊŜΣ ƛƴŬƭǘǊŀǝƻƴ ǊŜŘǳŎŜŘ ōȅ ул҈ ƻƴ ƎǊŀȊŜŘ ŀǊŜŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ƭŀƴŘ 

ǿƛǘƘ ƴƻ ƎǊŀȊƛƴƎ όIŜŀǘƘǿŀƛǘŜ Ŝǘ ŀƭΦΣ мффлύΦ {ǘǳŘƛŜǎ ŎƻƴŎƭǳŘŜ ƭŀƴŘ ŎƻǾŜǊ ŎƘŀƴƎŜ ŦǊƻƳ ŦƻǊŜǎǘǊȅ ǘƻ 

ŀƎǊƛŎǳƭǘǳǊŜ ƛƴŎǊŜŀǎŜǎ ŜǊƻǎƛƻƴ ŀƴŘ ǎŜŘƛƳŜƴǘ ǇǊƻŘǳŎǝƻƴ ό/ƭŀǊƪŜΣ мффрύΦ tŀǎǘƻǊŀƭ ŬŜƭŘǎ ŀǊŜ ŎƻƳƳƻƴ 

ƛƴ ǳǇǇŜǊ ŎŀǘŎƘƳŜƴǘǎ ŀƴŘ ŀǊŜ ǎǳǎŎŜǇǝōƭŜ ǘƻ ǎƻƛƭ ŘŜƎǊŀŘŀǝƻƴ ŀƴŘ ŜǊƻǎƛƻƴ όtŀǩǎƻƴ ŀƴŘ [ŀƴŜΣ нлмнύΦ 

¢ƘŜ ǇǊƻōƭŜƳ ƛǎ ǘƘŀǘ ǿŀǎƘπƳŀǘŜǊƛŀƭ ƭƻŀŘ ŀǎ ŀ ŘǊƛǾŜǊ ƻŦ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜ ƛǎ ǳƴŘŜǊπ

ǊŜǎŜŀǊŎƘŜŘ ƛƴ ǘƘŜ ŬŜƭŘ ƻŦ ŎŀǘŎƘƳŜƴǘπōŀǎŜŘ ǎŜŘƛƳŜƴǘƻƭƻƎȅ ό5ŀƴƎŜǊŬŜƭŘΣ нлмоύΦ ²ƘƛƭŜ ǘƘŜǊŜ ƛǎ ŀ 

ǎƛȊŀōƭŜ ŀƳƻǳƴǘ ƻŦ ƭƛǘŜǊŀǘǳǊŜ ƻƴ ǘƘŜ ŜũŜŎǘǎ ƻŦ ǿŀǘŜǊ ǊŜƭŀǘŜŘ Ǌƛǎƪǎ ǘƻ ƅƻƻŘ ƳŀƴŀƎŜƳŜƴǘΣ ǘƘŜǊŜ ƛǎ ŦŀǊ 

ƭŜǎǎ ǊŜǎŜŀǊŎƘ ǊŜƎŀǊŘƛƴƎ ǎŜŘƛƳŜƴǘ ǊŜƭŀǘŜŘ Ǌƛǎƪǎ ό¢ƘƻǊƴŜΣ нлммύΦ ! ƭŀǊƎŜ ƎŀǇ ŜȄƛǎǘǎ ǊŜƎŀǊŘƛƴƎ ǊŜǎŜŀǊŎƘ 

ƛƴǘƻ ǘƘŜ ƭƛƴƪ ōŜǘǿŜŜƴ ǎŜŘƛƳŜƴǘΣ ƳƻǊǇƘƻƭƻƎȅ ŀƴŘ ƅƻƻŘ ǊƛǎƪΦ ¢ƘŜǊŜ ǊŜƳŀƛƴǎ ŀ ƭŀŎƪ ƻŦ ǳƴŘŜǊǎǘŀƴŘƛƴƎ 

ƻŦ ǘƘŜ ŎƻƴǎŜǉǳŜƴŎŜǎ ƻŦ ŜȄŎŜǎǎ ǎŜŘƛƳŜƴǘ Ǌǳƴ ƻũ ŦǊƻƳ ǎƻǳǊŎŜ ǘƻ ǎƛƴƪΣ Ƙƻǿ ŀƭǘŜǊŀǝƻƴǎ ƛƴ ŎƘŀƴƴŜƭ 

ƎŜƻƳƻǊǇƘƻƭƻƎȅ ŀƴŘ ŎƻƴǾŜȅŀƴŎŜ ŎŀǇŀŎƛǘȅ Ŏŀƴ ƛƴŎǊŜŀǎŜ ƅƻƻŘ Ǌƛǎƪ ŀƴŘ Ƙƻǿ ²55ǎ Ŏŀƴ ǇǊƻǾƛŘŜ 

ǎŜŘƛƳŜƴǘ ǎǘƻǊŀƎŜ ǿƘƛŎƘ ǊŜƎǳƭŀǘŜǎ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ǘƘǊƻǳƎƘ ǘƘŜ ƅǳǾƛŀƭ ǎȅǎǘŜƳΦ .ȅ ǇǊƻǾƛŘƛƴƎ 

ǎŜŘƛƳŜƴǘ ǎǘƻǊŀƎŜΣ ²55ǎ ŎǊŜŀǘŜ ōǳũŜǊ ȊƻƴŜǎ ǿƘƛŎƘ ǊŜƎǳƭŀǘŜ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ǘƘǊƻǳƎƘ ǘƘŜ ƅǳǾƛŀƭ 

ǎȅǎǘŜƳ όDǳǊƴŜƭƭ Ŝǘ ŀƭΦΣ нллнΤ bƎŀƛ Ŝǘ ŀƭΦΣ нлмтύΦ 

²55ǎ Ŏŀƴ ōǊƛƴƎ ŀōƻǳǘ ŎƘŀƴƎŜǎ ƛƴ ǎŜŘƛƳŜƴǘ ǊƻǳǝƴƎ ŀƴŘ ǎǘƻǊŀƎŜ ŀƴŘ ƻǾŜǊ ǝƳŜ Ŏŀƴ ƎŜƴŜǊŀǘŜ 

ŎƘŀƴƴŜƭ ƎŜƻƳƻǊǇƘƛŎ ŜũŜŎǘǎ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΣ нллоύΦ hƴŜ ƻŦ ǘƘŜ Ƴŀƛƴ ŦǳƴŎǝƻƴǎ ƻŦ ²55ǎ ƛǎ ǘƻ 

ŦŀŎƛƭƛǘŀǘŜ ŘŜǇƻǎƛǝƻƴ ŀƴŘ ǎǘƻǊŀƎŜ ƻŦ ǎŜŘƛƳŜƴǘΣ ǘƘŀǘ ǿƻǳƭŘ ƻǘƘŜǊǿƛǎŜ ǊŜƳŀƛƴ ƛƴ ǘǊŀƴǎƛǘ ƛƴ ǘƘŜ ǿŀǘŜǊ 

ŎƻǳǊǎŜΦ ²55ǎ ƻǇŜǊŀǘŜ ŀǎ ƅƻǿ ƻōǎǘǊǳŎǝƻƴǎΣ ŘƛǎǊǳǇǝƴƎ ǘƘŜ Ŏƻƴǝƴǳƛǘȅ ƻŦ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜǎ ǊŜǎǳƭǝƴƎ 

ƛƴ ōŀŎƪǿŀǘŜǊ ŀǊŜŀǎ ǘƘŀǘ ŎŀǇǘǳǊŜ ǎŜŘƛƳŜƴǘ ŀƴŘ ƻǾŜǊ ǝƳŜ ƛƴ ƭƛǾŜ ōŜŘ ŎƻƴŘƛǝƻƴǎ Ŏŀƴ ōŜŎƻƳŜ 

ŎƻƳǇƭŜǘŜƭȅ ǎǳōƳŜǊƎŜŘ ǿƛǘƘ ŘŜǇƻǎƛǝƻƴ όYŜƭƭŜǊ ŀƴŘ {ǿŀƴǎƻƴΣ мфтфύΦ {ŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ ŘŜǇŜƴŘ 
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ƻƴ ŦŀŎǘƻǊǎ ǎǳŎƘ ŀǎ ǿƻƻŘ ƻǊƛŜƴǘŀǝƻƴΣ ōŜŘ ǎǳōǎǘǊŀǘŜ ŀƴŘ ²55 ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ 

мффрύΦ !ǘ ŀƴ ŀŎǝǾŜ ŘŀƳΣ ǘǊŀǾŜǊǎƛƴƎ ǘƘŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘ ό.ύΣ ǎŜŘƛƳŜƴǘ Ŏŀƴ ōŜ ǎǘƻǊŜŘ ǳǇǎǘǊŜŀƳ 

ƻŦ ǘƘŜ ²55 ƛƴ ŀ ǊŜŎǘŀƴƎǳƭŀǊ ŀǊŜŀ ŎƻǾŜǊƛƴƎ ŀ ƳŀȄƛƳǳƳ ƭŜƴƎǘƘ ƻŦ н. ό5ŀǾƛŘǎƻƴΣ нлмсύΦ ¢ƘŜ ǎƛŘŜ ǾƛŜǿ 

ƻŦ ǘƘŜ ŘŜǇƻǎƛǘŜŘ ǎŜŘƛƳŜƴǘ ŦƻǊƳǎ ŀ ǘǊƛŀƴƎǳƭŀǊ ǿŜŘƎŜ ǎƘŀǇŜ όCƛƎǳǊŜ нΦмоύΦ 5ǳŜ ǘƻ ǘƘŜ ƘȅŘǊŀǳƭƛŎ 

ǊŜǎƛǎǘŀƴŎŜ ƻŦ ǘƘŜ ǾŜƎŜǘŀǝƻƴΣ ǘƘŜ ǊŜǎƛŘŜƴŎŜ ǝƳŜ ƻŦ ǎŜŘƛƳŜƴǘ ŀǊƻǳƴŘ ²55ǎ ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŀǘ 

ǘǊŀǇǇŜŘ ŀƎŀƛƴǎǘ ōƻǳƭŘŜǊǎ ŀƴŘ ǊƻŎƪǎ ǘƘƻǳƎƘ ǘƘƛǎ ŘŜǇŜƴŘǎ ƻƴ ǘƘŜ ǎƛȊŜΣ ŎƻƳǇƻǎƛǝƻƴ ŀƴŘ ƻǊƛŜƴǘŀǝƻƴ 

ƻŦ ǘƘŜ ²55 όCƛǎƘŜǊ Ŝǘ ŀƭΦ нлмлύΦ Lǘ Ƙŀǎ ōŜŜƴ ŜǎǝƳŀǘŜŘ ǘƘŀǘ ǇƻǘŜƴǝŀƭƭȅ ǘƘŜ ǎǳƳ ƻŦ ǘƘŜ ǎǘƻǊŀƎŜ ŀǊŜŀ 

ŀƴŘ Ǉƻƻƭ ŀǊŜŀǎ ǿƛǘƘƛƴ ŀ ǊŜŀŎƘ ǿƛǘƘ ²55ǎ Ŏŀƴ ōŜ ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ ŜƴǝǊŜ ōŜŘ ŀǊŜŀ ƻŦ ǘƘŜ ǊŜŀŎƘ 

ό5ŀǾƛŘǎƻƴΣ нлмсύΦ 

 

 

 

 

 

 

 

Figure 2.13: This modified schematic (Davidson, 2016) shows the effect an active dam, spanning the entire 
main channel width, can have on sediment storage. A side view of sediment accumulated upstream of the 
WDD as a triangular wedge shape and pool scour downstream. This is conceptually consistent to findings 
which state that WDDs reduce pool spacings and increase pool surface area in the reach (Montgomery et 
al., 1995) though this is dependent on bed substrate, wood orientation and composition of the dam 
(Thompson, 2012). The sediment stored at the dam face (df) is shown by wedge shape and maximum height 
of structure above bed (ht). 

 

²55ǎ Ǉƭŀȅ ŀ ƳŀƧƻǊ ǊƻƭŜ ƛƴ ǎŜŘƛƳŜƴǘ ǎǘƻǊŀƎŜ ŎŀǇŀŎƛǘȅΣ ƳƻŘǳƭŀǝƴƎ ƛǘǎ ǘǊŀƴǎǇƻǊǘ ǘƘǊƻǳƎƘ ǘƘŜ ŎƘŀƴƴŜƭ 

ŀƴŘ ǊŜŘǳŎƛƴƎ ŜƴŜǊƎȅ ŜȄǇŜƴŘƛǘǳǊŜ όYŜƭƭŜǊ Ŝǘ ŀƭΦΣ мффрύΦ 5ǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ²55ǎ ǇǊƻǘŜŎǘ ǘƘŜ 

ƛƴǘŜƎǊƛǘȅ ƻŦ ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ ŎƘŀƴƴŜƭ ōȅ ǇǊŜǾŜƴǝƴƎ ŜȄŎŜǎǎƛǾŜ ǇǳƭǎŜǎ ƻŦ ǎŜŘƛƳŜƴǘ ό/ƻǊŘƻƴŜ ŀƴŘ 

YŜƭƭŜȅΣ мфсмύΦ !ƭǘƘƻǳƎƘ ŘǳǊƛƴƎ ŀ ǎƘƻǊǘ ŘǳǊŀǝƻƴ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ŜǾŜƴǘΣ ǘƘŜǊŜ Ŏŀƴ ōŜ ŀ ǎƛƎƴƛŬŎŀƴǘ 

ǎŜŘƛƳŜƴǘ ƻǳǘǇǳǘΣ ²55ǎ ƘŀǾŜ ǘƘŜ ǘǊŀǇǇƛƴƎ ŜŶŎƛŜƴŎȅ ǘƻ ŎƻƴǘǊƻƭ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ŦǊƻƳ ǎƻǳǊŎŜ ǘƻ 

ǎƛƴƪΣ ƛƴŎǊŜŀǎƛƴƎ ƭŀƎ ǝƳŜΦ ¢ƘŜ ƭŀƎ ǝƳŜ ƻǇŜǊŀǘŜǎ ǳƴǝƭ ǘƘŜ ǎŜŘƛƳŜƴǘ ŎŀǇŀŎƛǘȅ Ŭƭƭǎ ōŜƘƛƴŘ ǘƘŜ ²55Σ 

ŀǘ ǿƘƛŎƘ Ǉƻƛƴǘ ŀ ƘƛƎƘŜǊ ōǳŘƎŜǘ ƻŦ ǎŜŘƛƳŜƴǘ ǿƛƭƭ ōŜ ǘǊŀƴǎǇƻǊǘŜŘ ǘƘǊƻǳƎƘ ǘƘŜ ŎƘŀƴƴŜƭ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ 

ǎŜŘƛƳŜƴǘ ŎŀǇŀŎƛǘȅ ό5ŀǾƛŘǎƻƴΣ нлмсύΦ 

Ƙǘ ŘŦ 
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The effects of WDDs on erosion, deposition, transport and storage of sediment primarily depends 

on discharge intensity (Manners et al., 2007). Active dams store high rates of sediment upstream 

with reduced kinetic energy and downstream with increased kinetic energy scour occurs creating 

pools, with a pressure gradient from sub-critical (Fr < 1) more towards super-critical (Fr > 1) flow 

conditions at the pool (Wang and Zhang, 2012). Energy is dissipated further downstream with flow 

reverting back to sub-critical. The energy gain after the WDD, is often referred to as hungry waters, 

because the excess energy is typically expended on erosion of the channel bed, resulting in incision 

and coarsening of the bed material until equilibrium is reached and the material can no longer be 

entrained by the flow (Kondolf, 1997). 

Partial dams connected to one bank (Deflector dam) (Figure 2.14a) trap sediment on their lee side 

in bar deposits and flow scours one or both banks. However, complete dams (underflow dam) 

(Figure 2.14b) do not greatly affect the flow continuity and consequently do not have high scour 

and deposition rates. Likewise, the partial dam centred (flow parallel debris dam) (Figure 2.14c) 

blocks the flow to a lesser extent reducing scour and deposition (Wallerstein and Thorne, 2004). 

This means that peaks in storage and scour predominantly occur at active and partial dams 

connected to one bank (deflector jams). 

 

 

 

 

 

 

Figure 2.14: Wallerstein and Thorne (2004) modified from Wallerstein et al. (1997). a) deflector jam, b) 
underflow jam, c) flow parallel/ bar head jam. Diagrammatic form showing the classification of WDDs, 
their trapping efficiency and scour similarities and differences. 

 

Following this rationale some WDDs could help maintain channel stability while others could 

potentially reduce it depending whether the net sediment budget at a given WDDs is positive or 

negative. Opinion is divided as to whether WDDs help maintain channel stability: either they 

create channel stability by storing sediment and scouring with a positive net sediment budget 

ŀύ Ŏύ 

ōύ 

tŀǊǝŀƭ ŘŀƳ 

ŎƻƴƴŜŎǘŜŘ ǘƻ ƻƴŜ 

ōŀƴƪ  

ό5ŜƅŜŎǘƻǊ ŘŀƳύΦ 

/ƻƳǇƭŜǘŜ ŘŀƳ  

ό¦ƴŘŜǊƅƻǿ ŘŀƳύΦ 

tŀǊǝŀƭ ŘŀƳ  

όƅƻǿ ǇŀǊŀƭƭŜƭ 

ŘŜōǊƛǎ ŘŀƳύΦ 



45 
 

(Thompson, 1995) or WDDs create turbulence, mobilising sediment downstream with a negative 

net sediment budget (Smith et al., 1993). However, in degraded channels with bank instability, 

WDDs can be helpful in a negative feedback mechanism in that they cause energy flow dissipation 

and potentially store sediment more than scouring thus accelerating channel evolution recovery 

(Wallerstein and Thorne, 2004). It is suggested that the sediment net budget at the majority of 

WDDs is positive and that in degraded systems they benefit the geomorphology with a higher 

trapping efficiency than sediment being mobilised through the WDDs, accelerating recovery of a 

stable longitudinal profile following channel incision. WDDs cause scour of the bed and banks 

through partial flow deflection and sediment storage through active dams traversing the main 

channel width due to blockage and energy dissipation (Wallerstein and Thorne, 2004). 

5ŜǇŜƴŘƛƴƎ ǳǇƻƴ ǘƘŜƛǊ ŘŜǎƛƎƴ ŀƴŘ ƭƻŎŀǝƻƴΣ ²55ǎ ƘŀǾŜ ǾŀǊȅƛƴƎ ŜũŜŎǘǎ ƻƴ ŎƘŀƴƴŜƭ ƳƻǊǇƘƻƭƻƎȅΦ CƻǊ 

ŜȄŀƳǇƭŜΣ ǿƘƛƭŜ ŀƭƭ ²55ǎ Ŏŀƴ ǘŜƴǘŀǝǾŜƭȅ ōŜ ǎŀƛŘ ǘƻ ƛƳǇǊƻǾŜ ŎƘŀƴƴŜƭ ǎǘŀōƛƭƛǘȅΣ ǇŀǊǝŀƭ ŘŜƅŜŎǘƻǊ ŘŀƳǎ 

ǘŜƴŘ ǘƻ ƘŀǾŜ ƎǊŜŀǘŜǊ ƛƳǇŀŎǘ ƛƴ ƛƴŎǊŜŀǎƛƴƎ ōŀƴƪ ŜǊƻǎƛƻƴ ŀƴŘ ŀŎǝǾŜ ŘŀƳ ŀƴŘ ǇŀǊǝŀƭ ŘŜƅŜŎǘƻǊ ŘŀƳǎ 

ŀǊŜ ǘƘŜ Ƴƻǎǘ ŜŶŎƛŜƴǘ ƛƴ ǎǘƻǊƛƴƎ ǎŜŘƛƳŜƴǘ ό²ŀƭƭŜǊǎǘŜƛƴ ŀƴŘ ¢ƘƻǊƴŜΣ нллпύΦ IȅŘǊŀǳƭƛŎ ŦƻǊŎŜǎ ƻŦ 

²55ǎ ŀǊŜ ƘŜŀǾƛƭȅ ǊŜƭƛŀƴǘ ƻƴ /5 ǿƘƛŎƘ ŎƘŀƴƎŜǎ ŘŜǇŜƴŘƛƴƎ ƻƴ ŘƛŀƳŜǘŜǊ ŀƴŘ ǎǳǊŎƘŀǊƎŜΣ ōƭƻŎƪŀƎŜ 

ǊŀǝƻΣ ŘŜǇǘƘ ƻŦ ǘƘŜ ōŀǎŜ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ ŀƴŘ ƻǊƛŜƴǘŀǝƻƴ ŀƭƻƴƎ ǿƛǘƘ ǇŀǊǝŎƭŜ wŜȅƴƻƭŘǎ 

ƴǳƳōŜǊ όwŜϝύ ŀƴŘ CǊ όDƛǇǇŜƭ Ŝǘ ŀƭΦΣ мффнΤ tŜƴƴŀ Ŝǘ ŀƭΦΣ нлнлŀύΦ ¢ƘŜȅ ŎƻƳǇǊƛǎŜ ƻŦ ŎƻƳǇƭŜȄ ƳŀǘǊƛŎŜǎ 

ƻŦ ǿƻƻŘ ǿƛǘƘ ǎǇŀŎƛƴƎǎ ƛƴ ōŜǘǿŜŜƴ ǘƘŜ ǿƻƻŘ ǇƛŜŎŜǎ ŎǊŜŀǝƴƎ ƎǊŜŀǘŜǊ ŎƻƳǇƭŜȄƛǘȅ ƛƴ ŘŜƎǊŀŘŀǝƻƴΣ 

ŀƎƎǊŀŘŀǝƻƴ ŀƴŘ ǎŜŘƛƳŜƴǘ ǎǘƻǊŀƎŜ όaŀƴƴŜǊǎ Ŝǘ ŀƭΦΣ нллтύ ǿƘƛŎƘ ƛƳǇŀŎǘǎ ƻƴ ǘƘŜƛǊ ǘǊŀǇǇƛƴƎ 

ŜŶŎƛŜƴŎȅ ŀƴŘ ƴŜǘ ǎŜŘƛƳŜƴǘ ōǳŘƎŜǘΦ 
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2.8. Research gaps 

wŜǎŜŀǊŎƘ ƎŀǇǎ ǿŜǊŜ ƛŘŜƴǝŬŜŘ ŦǊƻƳ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ǊŜǾƛŜǿ ŀǎ ƻǳǘƭƛƴŜŘ ƛƴ ŎƘŀǇǘŜǊ нΦ 

¶ Though engineered WDDs are purposefully built to temporarily store water in the upper 

catchments during high discharge events so delaying downstream flow (Grabowski et al., 

2019) there is little guidance on how to design them from an NFM perspective (Burgess-

Gamble, 2018). Literature indicates that designs of engineered WDDs vary widely mainly due 

to the lack of design criteria (Gregory et al, 1985; Wallerstein and Thorne, 2004; Leakey et al., 

2020; Hankin et al., 2020) and their complicated effects on hydraulics and turbulent flows that 

are not well understood (Bennett et al., 2015; Huang et al., 2022). Some flume studies use a 

single solid key member to examine the hydraulic effects of the structures on local scour 

(Beschta, 1985; Cherry and Beschta, 1989; Svoboda and Russell, 2011) but this oversimplifies 

the complexity of the physical characteristics of WDDs, ignoring their porosity and multiple 

key members. Given the popularity in WDD use in NFM, this knowledge gap prevents 

complete understanding of their hydraulic and geomorphic impact for flood purposes. 

Anthropogenic WDDs are designed with varying levels of complexity, from two or three wood 

pieces across the water course to multiple stacked logs (SEPA., 2015). Literature continues to 

use the design criteria laid out by Gregory et al. (1985) of active, complete and partial dams, 

which reflect their hydraulic impact (Linstead and Gurnell, 1999; Osei et al 2015; Parker et al., 

2017; Pinto et al., 2019; Addy and Wilkinson, 2019) for some standardisation. This thesis 

intends to add to the understanding of the effectiveness of structure design and condition on 

sediment transport dynamics as recommended by Ngai et al. (2017, Gap 2.4.8.5.). 

¶ There are numerous studies that take a biological perspective towards the impact of wood in 

water courses and its importance in aquatic habitats (Gurnell et al., 1995; Gurnell et al., 2002; 

Gregory et al., 2003; Wohl et al., 2016), however there is far less evidence concerning the 

geomorphological role of WDDs in relation to flood risk (SEPA and Forestry Commission 

Scotland, 2012; Environment Agency, 2014; Ngai et al., 2017). There is especially little 

attention paid to the potential morphological impacts of WDDs in the field as WDDs are 

subject to variable parameters unique to their individual catchment such as landcover, 

geology, channel entrenchment. This thesis intends to determine the scale and location of 



47 
 

effective WDDs and collect site-specific catchment data to develop a methodology for 

predicting how WDDs reduce flow using empirical data. 

¶ There is currently a great deal of interest shown in hydraulic modelling to overcome upscaling 

from plot to catchment, but currently there is a lack of study sites and the need for data over 

long periods (Thomas and Nisbet, 2012; Xu and Liu, 2017; Metcalfe et al., 2017; Leakey et al, 

2020). However, despite the progress made in the field of hydraulic modelling, the challenge 

remains to find an appropriate method to model the complex forms and porosity of WDDs 

which temporally changes. There is currently no standardised modelling hydraulic unit to 

represent WDDs in the modelling domain and this has led to uncertainty in modelling and 

potentially unrealistic predictions (Ngai et al, 2017; Metcalfe et al., 2018; Addy and Wilkinson, 

2019). Many studies tend to adjust the aŀƴƴƛƴƎΩǎ ƴ at the location of the WDD to simulate 

flow resistance (Kitts, 2010). However, this method has limitations as aŀƴƴƛƴƎΩǎ ƴ increases, 

the localised velocity decreases and, as cross-sectional-area increases so does the localised 

velocity which does not give a realistic representation of WDDs. This research will examine a 

structural hydraulic representation unit to simulate the impounding effect of a network of 

WDDs. 
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2.9. Thesis aim and objectives 

¢ƘŜ ŀƛƳ ƻŦ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ƛǎ ǘƻ ŘŜǾŜƭƻǇ ŀ ƳƻŘŜƭƭƛƴƎ ƳŜǘƘƻŘƻƭƻƎȅ ǿƛǘƘƛƴ CƭƻƻŘ aƻŘŜƭƭŜǊ ǿƘƛŎƘ ǿŀǎ 

ǎǳōǎŜǉǳŜƴǘƭȅ ǾŀƭƛŘŀǘŜŘ ŜƳǇƛǊƛŎŀƭƭȅΣ ƛƴ ŀǎǎŜǎǎƛƴƎ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ²55ǎ ƛƴ ǎƭƻǿƛƴƎ ǇŜŀƪ ǎǘƻǊƳ 

ƅƻǿǎΦ ¢ƘŜ ŀƛƳ ƻŦ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǿƛƭƭ ōŜ ŜȄǇƭƻǊŜŘ ōȅ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŦƻǳǊ ƻōƧŜŎǝǾŜǎΦ 

1. To empirically assess the impact of different WDD structures on bathymetric evolution in 

a controlled laboratory water flume, in order to analyse WDD design effects and make 

comparisons to current modelling capabilities; 

2. To thoroughly map the scale and location of pre-existing WDDs using on ground and LIDAR 

techniques, to act as input terms to the developed 2D model to be used in conjunction 

with collected real world empirical storm data; 

оΦ To develop and validate an empirically derived hydraulic modelling unit for NFM prediction 

methodology; 

4. Using the developed modelling approach assess the effectiveness of WDDs in attenuating 

storm events in the study catchment.  
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2.10. Novelty and Contribution 

¢ƘŜ ƴƻǾŜƭǘȅ ŀƴŘ ŎƻƴǘǊƛōǳǝƻƴǎ ƻŦ ǘƘƛǎ ǊŜǎŜŀǊŎƘ ǿƛƭƭ ŎƻƴŎŜƴǘǊŀǘŜ ƻƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŀǎǇŜŎǘǎΣ ƭƛƴƪŜŘ ǘƻ 

ǘƘŜ Ƴŀƛƴ ŎƘŀǇǘŜǊǎΣ ŀƴŘ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ǎǳōπǎŜŎǝƻƴǎ ōŜƭƻǿΦ 

 

2.10.1. Woody debris dam induced bathymetric evolution 

CƭǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ƛƴǾŜǎǝƎŀǝƴƎ ƭƻŎŀƭ ǎŎƻǳǊ ŀǘ ²55ǎ ǿƛƭƭ ōŜ ǇŜǊŦƻǊƳŜŘ ŀƴŘ ƳƻŘŜƭƭŜŘΣ ǿƛǘƘ Ca 

ǳǎŜŘ ǘƻ ǾŀƭƛŘŀǘŜ ǊŜǎǳƭǘǎΦ ! ŎƻƳǇǳǘŀǝƻƴŀƭ ƅǳƳŜ ǿƛƭƭ ōŜ ƎŜƴŜǊŀǘŜŘ ǿƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ ŀƴ ƻōǎǘŀŎƭŜ 

ǿƘƛŎƘ ǿƛƭƭ ŎŀƭƛōǊŀǘŜ ƅƻǿ ŘŜǇǘƘǎ ŀƴŘ ǾŜƭƻŎƛǘȅ ŘƛǎǘǊƛōǳǝƻƴǎΦ ²ƛǘƘƛƴ CaΣ ŀ ōǊƻŀŘ ŎǊŜǎǘŜŘ ǿŜƛǊ ǳƴƛǘ 

ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ƳƛƳƛŎ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƛƴǎŜǊǘŜŘ ƛƴ ǘƘŜ ƅǳƳŜ ǎǘǳŘȅΦ  

Lƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴΣ ŀ YƛƴŜŎǘ ǾмΦл ŎŀƳŜǊŀΣ ƛƴƛǝŀƭƭȅ ŘŜǾŜƭƻǇŜŘ ōȅ aƛŎǊƻǎƻƊ ŦƻǊ ǘƘŜ ·ōƻȄ 

ослΣ ǿƛƭƭ ōŜ ǳǎŜŘ ǘƻ ŘŜǊƛǾŜ Ǉƻƛƴǘ ŎƭƻǳŘǎ ŀƴŘ ƎŜƴŜǊŀǘŜ 59aǎ ƻŦ ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊȅΦ ¢ƘŜǊŜ ƛǎ 

ǇƻǘŜƴǝŀƭ ŦƻǊ ǘƘŜ YƛƴŜŎǘ ŀǎ ŀ ƴƻƴπƛƴǘǊǳǎƛǾŜ ƳŜǘƘƻŘ ǘƻ ƳŀǇ ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊȅ ǿƛǘƘ ŀƴ ŜǊƻŘƛōƭŜ 

ōŜŘΦ ! YƛƴŜŎǘ ǿƛƭƭ ŎŀǇǘǳǊŜ ŘƻǿƴǎǘǊŜŀƳ ōŜŘ ŜǾƻƭǳǝƻƴ ǘƻ ŜƴŀōƭŜ Ǿƛǎǳŀƭƛǎŀǝƻƴ ƻŦ ƭƻŎŀƭ ǎŎƻǳǊ ŀƴŘ 

ŘŜǇƻǎƛǝƻƴ ŀǘ ŀ ²55Φ 

 

2.10.2. The effects of woody debris dams on upland stream 
geomorphology 

! ŎƻƳǇŀǊŀǝǾŜ ŀǎǎŜǎǎƳŜƴǘ ōŜǘǿŜŜƴ ƘƛǎǘƻǊƛŎ ŀƴŘ ŎƻƴǘŜƳǇƻǊŀǊȅ ƳŀǇǎ ƻŦ ²ƛƭŘŜǊƘƻǇŜ ǿƛƭƭ ŘŜǘŜǊƳƛƴŜ 

ŎƘŀƴƴŜƭ ǊŜŀƭƛƎƴƳŜƴǘΦ ¢Ƙƛǎ ǿƛƭƭ ōŜ ŀŎƘƛŜǾŜŘ ǳǎƛƴƎ ōƻǘƘ ǎƛǘŜ ǎǳǊǾŜȅƛƴƎ ŀƴŘ Dƭƻōŀƭ LƴŦƻǊƳŀǝƻƴ 

{ȅǎǘŜƳǎ όDL{ύ ǘƻ ŀǎǎŜǎǎ ŎƘŀƴƴŜƭ ŜǾƻƭǳǝƻƴ ŀƴŘ Ƙƻǿ ²55ǎ ƘŀǾŜ ŀƭǘŜǊŜŘ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜΦ !ǊŜŀǎ ƻŦ 

ŎƘŀƴƴŜƭ ƻǾŜǊǘƻǇǇƛƴƎ ǿƛƭƭ ōŜ ǎǇŀǝŀƭƭȅ ƛŘŜƴǝŬŜŘ ǿƛǘƘ ǘƘŜ ŦƻǊƳŀǝƻƴ ƻŦ ƴŜǿ ŎƘŀƴƴŜƭǎΣ ŎƘǳǘŜǎ ŀƴŘ 

Ǉƻƻƭ ŘŜǾŜƭƻǇƳŜƴǘΦ ¢Ƙƛǎ ƴƻǾŜƭ ŀǇǇǊƻŀŎƘ ƭƛƴƪǎ ƎŜƻƳƻǊǇƘƻƭƻƎȅ ǘƻ ƅƻǿ ŀǧŜƴǳŀǝƻƴ ōȅ ŜȄŀƳƛƴƛƴƎ 

ŎŀǘŎƘƳŜƴǘ ŘŜǎŎǊƛǇǘƻǊǎ ƛƴ ǊŜǎǇŜŎǘ ǘƻ ²55 ƛƴŘǳŎŜŘ ŎƘŀƴƴŜƭ ŎƘŀƴƎŜΦ 
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2.10.3. Modelling hydraulic and hydrological impacts of woody 
debris dams 

Lƴ ǘƘŜ ƳƻŘŜƭƭŜŘ ǎǘǳŘȅΣ ǇƛŜǊπƭƻǎǎ ōǊƛŘƎŜ ǳƴƛǘǎ ǿƛƭƭ ǎƛƳǳƭŀǘŜ ŀ ƴŜǘǿƻǊƪ ƻŦ ²55ǎ ǿƛǘƘ ŘƛũŜǊŜƴǘ 

ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴǎ ǳƴƛǉǳŜ ǘƻ ƭƻŎŀǝƻƴΦ 9ƳǇƛǊƛŎŀƭ ŬŜƭŘ Řŀǘŀ ŀǘ ²ƛƭŘŜǊƘƻǇŜ ǿƛƭƭ ōŜ ƛƳǇƻǊǘŜŘ ŀǎ 

ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴǎ ǿƛǘƘƛƴ CaΦ wŜǎǳƭǘǎ ǿƛƭƭ ōŜ ŎŀƭƛōǊŀǘŜŘ ǳǎƛƴƎ ƻƴπǎƛǘŜ ŀǳǘƻƳŀǘŜŘ ƳƻƴƛǘƻǊƛƴƎ 

ŜǉǳƛǇƳŜƴǘ ǿƘŜǊŜōȅ ǘǿƻ ǊŜŀƭ ǎǘƻǊƳ ŜǾŜƴǘǎ ŀǘ ŘƛũŜǊŜƴǘ ǝƳŜǎ ƻŦ ǘƘŜ ȅŜŀǊ ǿƛƭƭ ōŜ ǎƛƳǳƭŀǘŜŘΦ ²ƛǘƘƛƴ 

ƘȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƭƛǘŜǊŀǘǳǊŜΣ ǘƘŜǊŜ ƛǎ ŀ ƭŀŎƪ ƻŦ ŬŜƭŘ ŘŀǘŀΣ ǿƛǘƘ Ƴƻǎǘ ǎǘǳŘƛŜǎ ǳǎƛƴƎ wŜǾƛǘŀƭƛǎŜŘ 

CƭƻƻŘ IȅŘǊƻƎǊŀǇƘ όwŜCIύ ŘŀǘŀǎŜǘǎ ǘƻ ƻōǘŀƛƴ ŎŀǘŎƘƳŜƴǘ ŘŜǎŎǊƛǇǘƻǊǎ ŀƴŘ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴǎΦ  
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2.11. Thesis Structure 

/ƘŀǇǘŜǊ м ƛƴǘǊƻŘǳŎŜǎ ǘƘŜ ōŀŎƪƎǊƻǳƴŘ ǘƻ ǘƘŜ ǊŜǎŜŀǊŎƘΦ 

/ƘŀǇǘŜǊ н ǊŜǾƛŜǿǎ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜΣ ŦƻŎǳǎƛƴƎ ǇŀǊǝŎǳƭŀǊƭȅ ƻƴ ƛƴƛǝŀǝƻƴ ƻŦ ƳƻǝƻƴΣ ŎƻƳǇƭŜȄ ǎǘǊǳŎǘǳǊŜǎ 

ƻŦ ²55ǎ ŀƴŘ ǘƘŜƛǊ ƛƳǇŀŎǘǎ ƻƴ ŎƘŀƴƴŜƭ ƘȅŘǊŀǳƭƛŎǎΣ ƅƻƻŘ ƳƻŘŜƭƭƛƴƎΣ ǎŜŘƛƳŜƴǘ ŘȅƴŀƳƛŎǎ ŀƴŘ 

ƳƻǊǇƘƻƭƻƎȅΣ ǿƘƛƭǎǘ ƛŘŜƴǝŦȅƛƴƎ ǘƘŜ ǊŜǎŜŀǊŎƘ ƎŀǇǎΣ ǘƘŜǎƛǎ ŀƛƳǎ ŀƴŘ ƻōƧŜŎǝǾŜǎΦ 

/ƘŀǇǘŜǊǎ оΣ р ŀƴŘ с ŀŘŘǊŜǎǎ ƻƴŜ ƻǊ ƳƻǊŜ ƻŦ ǘƘŜ ǊŜǎŜŀǊŎƘ ƻōƧŜŎǝǾŜǎΦ LƴŎƭǳǎƛǾŜ ǘƻ ŜŀŎƘ ƻŦ ǘƘŜǎŜ ǘƘǊŜŜ 

ŎƘŀǇǘŜǊǎ ƛǎ ŀ ƳŜǘƘƻŘΣ ǊŜǎǳƭǘǎΣ ŘƛǎŎǳǎǎƛƻƴ ŀƴŘ ŎƻƴŎƭǳǎƛƻƴǎΣ ǊŜƭŜǾŀƴǘ ǘƻ ƛǘǎ ǊŜǎŜŀǊŎƘ ǉǳŜǎǝƻƴΦ  

/ƘŀǇǘŜǊ о ǳǎŜǎ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴΣ ǘƻ ŀƴŀƭȅǎŜ Ƙƻǿ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴ ƻŦ ŀ ²55 ŎǊŜŀǘŜǎ 

ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎΣ ƛƴ ǎŎƻǳǊ ŘŜǇǘƘ ŀƴŘ ŘŜǇƻǎƛǝƻƴ ŀƴŘ ǘƘŜƛǊ ŜȄǘŜƴǘ ŀƴŘ ǇŀǧŜǊƴǎΦ /ƘŀǇǘŜǊ 

о ǊŜǎǳƭǘǎ ƛƴŦƻǊƳŜŘ ǘƘŜ ŀŎŎǳǊŀŎȅ κ ƭƛƳƛǘŀǝƻƴǎ ƻŦ ǘƘŜ ƳƻŘŜƭƭƛƴƎ ǳƴƛǘ ŜƳǇƭƻȅŜŘ ƛƴ ǊŜǇǊŜǎŜƴǝƴƎ ǘƘŜ 

²55ǎ ƛƴ ŎƘŀǇǘŜǊ рΦ  

/ƘŀǇǘŜǊ п ŘƛǎŎǳǎǎŜǎ ǘƘŜ ǎƛǘŜ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ƛƴŎƭǳŘƛƴƎ ǎǘǳŘȅ ǎƛǘŜ ŀƴŘ ŬŜƭŘ ŜǉǳƛǇƳŜƴǘ ŀƴŘ ƻǳǘƭƛƴŜǎ 

ǘƘŜ ǊŜŀǎƻƴ ǘƘƛǎ ǇŀǊǝŎǳƭŀǊ ǎǘǳŘȅ ǎƛǘŜ ǿŀǎ ŎƘƻǎŜƴ ǘƻ ƛƴǾŜǎǝƎŀǘŜ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ²55ǎ ƻƴ ƅƻƻŘƛƴƎΦ 

/ƘŀǇǘŜǊ р ŀƴŀƭȅǎŜǎ ŎŀǘŎƘƳŜƴǘ ŀƴŘ ǊŜŀŎƘ ǾŀǊƛŀōƭŜǎ ŎƻƴǘǊƻƭƭƛƴƎ ǎǘǊŜŀƳ ƎŜƻƳƻǊǇƘƻƭƻƎȅΦ ±ŀǊƛŀōƭŜ 

Řŀǘŀ ŀƴŀƭȅǎŜǎ ƘƛƎƘƭƛƎƘǘ Ƙƻǿ ²55ǎ ƘŀǾŜ ŀũŜŎǘŜŘ ǘƘŜ ǎǘǊŜŀƳ ǎƛƴŎŜ ǘƘŜƛǊ ƛƴǎǘŀƭƭŀǝƻƴΦ ¢Ƙƛǎ ŜƴŀōƭŜǎ 

ƎǊŜŀǘŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ƴŜǘǿƻǊƪ ƻŦ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ŀǘ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜΦ 

/ƘŀǇǘŜǊ с ǳǎŜǎ ŀ ƘȅŘǊŀǳƭƛŎ ǎǘǊǳŎǘǳǊŜ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ŀǇǇǊƻŀŎƘ ǘƻ ǊŜǇǊŜǎŜƴǘ ²55ǎ ƛƴ CaΦ 

{ƛƳǳƭŀǝƻƴǎ ƻŦ ǘǿƻ ǊŜŀƭ ǎǘƻǊƳ ŜǾŜƴǘǎ ŀǊŜ Ǌǳƴ ƻƴ ŀ ƴŜǘǿƻǊƪ ƻŦ ²55ǎΦ ¢ƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ǇƘȅǎƛŎŀƭ 

ǇǊƻǇŜǊǝŜǎ ƻŦ ²55ǎΣ ōƭƻŎƪŀƎŜ ŀƴŘ ƎŀǇ ŀǊŜŀǎ ǿŜǊŜ ƛƴǾŜǎǝƎŀǘŜŘ ǳǎƛƴƎ ǇƘƻǘƻƎǊŀǇƘȅ ƛƴ ǘƘŜ ŬŜƭŘΦ 

/ƘŀǇǘŜǊ т ǇǊŜǎŜƴǘǎ ǘƘŜ ƻǾŜǊŀƭƭ ŎƻƴŎƭǳǎƛƻƴǎ ƻŦ ǘƘŜ ǘƘŜǎƛǎ ŀƴŘ ǇƻǘŜƴǝŀƭ ŦǳǘǳǊŜ ǊŜǎŜŀǊŎƘΦ 
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3  

 

²ƻƻŘȅ ŘŜōǊƛǎ ŘŀƳ ƛƴŘǳŎŜŘ ōŀǘƘȅƳŜǘǊƛŎ ŜǾƻƭǳǝƻƴ 

 

3.1. Introduction 

²ƛǘƘ ŜȄǘǊŜƳŜ ǿŜŀǘƘŜǊ ŜǾŜƴǘǎ ǇǊƻƧŜŎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ƛƴ ŦǊŜǉǳŜƴŎȅ ŀƴŘ ǎŜǾŜǊƛǘȅ ŘǳŜ ǘƻ ŎƭƛƳŀǘŜ 

ŎƘŀƴƎŜΣ ǘƘŜǊŜ Ƙŀǎ ōŜŜƴ ƎǊƻǿƛƴƎ ǊŜŀƭƛǎŀǝƻƴ ǘƘŀǘ bŀǘǳǊŀƭ CƭƻƻŘ aŀƴŀƎŜƳŜƴǘ όbCaύΣ ŀƭƻƴƎ ǿƛǘƘ ǎƻƊ 

ŜƴƎƛƴŜŜǊƛƴƎ ǘŜŎƘƴƛǉǳŜǎΣ ǎƘƻǳƭŘ ŦƻǊƳ ŀƴ ƛƳǇƻǊǘŀƴǘ ǇŀǊǘ ƛƴ ŦǳǘǳǊŜ ƅƻƻŘ Ǌƛǎƪ ƳŀƴŀƎŜƳŜƴǘ ǇƭŀƴƴƛƴƎΦ 

!ƊŜǊ ǘƘŜ нллт ƅƻƻŘǎΣ ǿƘŜƴ Ƴŀƴȅ ǇŀǊǘǎ ƻŦ ǘƘŜ ¦Y ǎǳũŜǊŜŘ ƅŀǎƘ ƅƻƻŘǎ ǿƛǘƘ ǊƛǾŜǊǎ ōǳǊǎǝƴƎ ǘƘŜƛǊ 

ōŀƴƪǎΣ ǿƘƛŎƘ ƘŀŘ ŀ ŘŜǾŀǎǘŀǝƴƎ ƛƳǇŀŎǘ ƻƴ ƘƻƳŜǎ ŀƴŘ ƛƴŦǊŀǎǘǊǳŎǘǳǊŜΣ ǘƘŜǊŜ ǿŀǎ ŀ ŘŜƳŀƴŘ ŦƻǊ 

ǎƻƳŜǘƘƛƴƎ ǘƻ ōŜ ŘƻƴŜΣ ǎƻ ƛƴ нллу ǘƘŜ DƻǾŜǊƴƳŜƴǘ ŎƻƳƳƛǎǎƛƻƴŜŘ ǘƘŜ tƛǧ wŜǾƛŜǿΦ ¢ƘŜ tƛǧ wŜǾƛŜǿ 

όнллуύ ǇǊƻǇƻǎŜŘ ǘƘŀǘ ƅƻƻŘ Ǌƛǎƪ ŎƻǳƭŘ ƴƻ ƭƻƴƎŜǊ ōŜ ƳŀƴŀƎŜŘ ōȅ ōǳƛƭŘƛƴƎ ƛƴŎǊŜŀǎƛƴƎƭȅ ƭŀǊƎŜǊ ƘŀǊŘ 

ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎ ōǳǘ ǎƘƻǳƭŘ ōŜ ŎƻƳǇƭŜƳŜƴǘŜŘ ōȅ ƴŀǘǳǊŀƭ ŀǇǇǊƻŀŎƘŜǎΦ ¢Ƙƛǎ ƴŀǘǳǊŜπōŀǎŜŘ 

ŀǇǇǊƻŀŎƘ ǿŀǎ ǘƻ ōŜ ŎŀǘŎƘƳŜƴǘ ōŀǎŜŘΣ ŀƛƳŜŘ ŀǘ ǎƭƻǿƛƴƎ ǘƘŜ ƅƻǿ ŀƴŘ ǎǘƻǊƛƴƎ ǿŀǘŜǊ ƻƴ ǊǳǊŀƭ 

ƅƻƻŘǇƭŀƛƴǎΦ Lǘ ǿŀǎ ǊŜŎƻƳƳŜƴŘŜŘ ǘƘŀǘ ǘƘŜǊŜ ǎƘƻǳƭŘ ōŜ ǎƛǘŜ ǎǇŜŎƛŬŎ ŀǎǎŜǎǎƳŜƴǘ ŀƴŘ ŘŜƳƻƴǎǘǊŀǝǾŜ 

ŜǾƛŘŜƴŎŜ ǘƘŀǘ ƅƻƻŘ Ǌƛǎƪ ǿƻǳƭŘ ōŜ ƳƛǝƎŀǘŜŘ ōȅ ǘƘƛǎ ǎŎƘŜƳŜΦ 

{ƛƴŎŜ ǘƘŜ tƛǧ wŜǾƛŜǿ όнллуύΣ ŀƴ ŀƭǘŜǊƴŀǝǾŜ ƳŜǘƘƻŘΣ ƻǘƘŜǊ ǘƘŀƴ ǊŜƭƛŀƴŎŜ ƻƴ ŎƻƴǾŜƴǝƻƴŀƭΣ ƘŀǊŘ 

ŜƴƎƛƴŜŜǊŜŘ ƅƻƻŘ ŘŜŦŜƴŎŜǎΣ Ƙŀǎ ƎŀƛƴŜŘ ŎǊŜŘŜƴŎŜ ƛƴ ¦Y ǇƻƭƛŎȅ ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлннōύΦ 

IƻǿŜǾŜǊΣ ǘƘŜǊŜ ƛǎ ǳƴŎŜǊǘŀƛƴǘȅ ŀǎ ǘƻ Ƙƻǿ ŀ ƴŀǘǳǊŜπōŀǎŜŘ ŀǇǇǊƻŀŎƘΣ ƛƴŎƭǳŘƛƴƎ ǇƭŀƴǝƴƎ ƻŦ ǘǊŜŜǎ ƛƴ 

ǘƘŜ ǳǇƭŀƴŘǎΣ ƛƴǎǘŀƭƭƛƴƎ ƛƴǎǘǊŜŀƳ ²55ǎΣ ŀƴŘ ŎǊŜŀǝƴƎ ǇƻƴŘǎ ǘƻ ǎǘƻǊŜ ŜȄŎŜǎǎ ǿŀǘŜǊΣ ǿƻǳƭŘ ǿƻǊƪ ƻƴ ŀ 

ƭŀǊƎŜ ǎŎŀƭŜ όaŎLƴǘȅǊŜ ŀƴŘ ¢ƘƻǊƴŜΣ нлмоύΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ǘƘŜ DƻǾŜǊƴƳŜƴǘ Ƙŀǎ ƛƴǾŜǎǘŜŘ ϻмр Ƴƛƭƭƛƻƴ 

ǘƻ ƭŜŀǊƴ ƳƻǊŜ ŀōƻǳǘ bCa ǘƘǊƻǳƎƘ сл Ǉƛƭƻǘ ǎŎƘŜƳŜǎ ŀŎǊƻǎǎ 9ƴƎƭŀƴŘΣ ƻƴŜ ƻŦ ǿƘƛŎƘ ƛǎ {ƘǊƻǇǎƘƛǊŜ 

{ƭƻǿ ǘƘŜ Cƭƻǿ ς {ŜǾŜƴ ¢ǊƛōǳǘŀǊƛŜǎΣ ǿƛǘƘ ϻснсΣллл ŀƭƭƻŎŀǘŜŘ ǘƻ ǊŜǎŜŀǊŎƘ ƻƴ Ƙƻǿ ǘƻ ǊŜŘǳŎŜ ƅƻƻŘ Ǌƛǎƪ 

ǘƻ ƘƻƳŜǎ ό9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅΣ нлннōύΦ {ƘǊƻǇǎƘƛǊŜ ƛǎ ƘƛǎǘƻǊƛŎŀƭƭȅ ƘƛƎƘƭȅ ǎǳǎŎŜǇǝōƭŜ ǘƻ ƅƻƻŘǎΣ ǿƛǘƘ 

ǘƘŜ 9! ƛŘŜƴǝŦȅƛƴƎ ǇǊƻǇŜǊǝŜǎ ƛƴŎƭǳǎƛǾŜ ƻŦ ƘƻƳŜǎ ŀƴŘ ōǳǎƛƴŜǎǎŜǎ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ wƛǾŜǊ /ƻǊǾŜ 

ŎŀǘŎƘƳŜƴǘ ǇǊƻƴŜ ǘƻ ƅƻƻŘƛƴƎΦ ¢ƘŜ {ƘǊƻǇǎƘƛǊŜ bCa ǇǊƻƧŜŎǘ ŀƛƳǎ ǘƻ ǳǎŜ ²55ǎ ǘƻ ǊŜŘǳŎŜ 

ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘ ƳŀƎƴƛǘǳŘŜΣ ŘŜŎǊŜŀǎƛƴƎ ƅƻƻŘ ǇŜŀƪǎ ŀƴŘ ƛƴŎǊŜŀǎƛƴƎ ƭŀƎ ƻǊ ǘǊŀǾŜƭ ǝƳŜǎΦ 
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¢Ƙƛǎ ǎǘǳŘȅ ŜȄŀƳƛƴŜǎ Ƙƻǿ ²55ǎ ǎƭƻǿ ǘƘŜ ƅƻǿΣ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ {ƘǊƻǇǎƘƛǊŜ {ƭƻǿ ǘƘŜ Cƭƻǿ tǊƻƧŜŎǘ ōȅ 

ǊŜǇǊŜǎŜƴǝƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ ŀǘ ǘƘŜ ŬŜƭŘ ǎƛǘŜ ƛƴ ŎƻƴǘǊƻƭƭŜŘ ŎƻƴŘƛǝƻƴǎΦ ²55ǎ ŀƭǘŜǊ ŎƘŀƴƴŜƭ ƘȅŘǊŀǳƭƛŎǎ 

ǿƘƛŎƘ ŘƛǾŜǊǘ ƅƻǿǎΣ ǾŀǊȅ ǾŜƭƻŎƛǝŜǎΣ ǎƘŜŀǊ ǎǘǊŜǎǎŜǎ ŀƴŘ ǘǳǊōǳƭŜƴŎŜ ŀƴŘ ƎŜƴŜǊŀǘŜǎ ƛƴŎǊŜŀǎŜŘ ƅƻǿ 

ǊŜǎƛǎǘŀƴŎŜ όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфύΦ LƴǘŜǊŀŎǝƻƴǎ ōŜǘǿŜŜƴ ŘƛǎŎƘŀǊƎŜ όvύ ŀƴŘ ǘƘŜ ²55 ŎŀǳǎŜǎ 

ŎƻƳǇƭŜȄ ŜŘŘƛŜǎ ŀƴŘ ǿŀƪŜǎ ǘƻ ŦƻǊƳΦ ²55ǎ ŀƭǘŜǊ ƭƻŎŀƭ ƘȅŘǊŀǳƭƛŎǎ ŀƴŘ ǎŜŘƛƳŜƴǘ ǊƻǳǝƴƎΣ ǿƘƛŎƘ Ŏŀƴ 

ǊŀǇƛŘƭȅ ƛƴŘǳŎŜ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƴŜƭ ŀŘƧǳǎǘƳŜƴǘ ό.ŜǎŎƘǘŀΣ мфуоΤ 9ƭƻǎŜƎƛ Ŝǘ ŀƭΣ нлмсΤ DǳǊƴŜƭƭ ŀƴŘ 

DǊŀōƻǿǎƪƛΣ нлмсΤ {ǇǊŜƛǘȊŜǊ Ŝǘ ŀƭΦΣ нлнмύΦ .ȅ ŦŀŎƛƭƛǘŀǝƴƎ ŬƴŜ ǎŜŘƛƳŜƴǘ ŘŜǇƻǎƛǝƻƴ ƻƴ ǘƘŜ ŎƘŀƴƴŜƭ 

ōŜŘ όCŀǳǎǝƴƛ ŀƴŘ WƻƴŜǎΣ нллоύΣ ǇǊƻƳƻǝƴƎ ǎŜŘƛƳŜƴǘ ǎǘƻǊŀƎŜ ŀǊŜŀǎ ό²ƻƘƭ ŀƴŘ {ŎƻǧΣ нлмтΤ ²ŜƭƭƛƴƎΣ 

нлмфύ ŀƴŘ ŎǊŜŀǝƴƎ ǾŜǊǝŎŀƭ ǾŀǊƛŀǝƻƴǎ ƛƴ ǘƘŜ ŎƘŀƴƴŜƭ ōŜŘΣ ǎǳŎƘ ŀǎ ǘƘǊƻǳƎƘ ŦƻǊŎŜŘ ǇƻƻƭπǊƛƉŜ 

ǎŜǉǳŜƴŎƛƴƎ ǿƛǘƘ Ŧŀǎǘ ŀƴŘ ǎƭƻǿ ƅƻǿƛƴƎ ŀǊŜŀǎ ό[ƛƴǎǘŜŀŘ ŀƴŘ DǳǊƴŜƭƭΣ мфффΤ aƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ нллоΣ 

9ƭƻǎŜƎƛ Ŝǘ ŀƭΦΣ нлмсύΣ ²55ǎ ŎƻƴǘǊƛōǳǘŜ ǘƻ ƎǊŜŀǘŜǊ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ǎƛƴǳƻǎƛǘȅ ŀƴŘ ŎƘŀƴƴŜƭ 

ƘŜǘŜǊƻƎŜƴŜƛǘȅ ǿƘƛŎƘ ƭŜƴƎǘƘŜƴǎ ǘƘŜ ƅƻǿ ǇŀǘƘǿŀȅ ŀƴŘ ŎǊŜŀǘŜǎ ǘŜƳǇƻǊŀǊȅ ǿŀǘŜǊ ǎǘƻǊŀƎŜ ŀǊŜŀǎ ǎƻ 

ǊŜŘǳŎƛƴƎ ŘƻǿƴǎǘǊŜŀƳ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфΤ .ŀǊƴǎƭŜȅ Ŝǘ ŀƭΦΣ нлнмύΦ 

!ƭǘƘƻǳƎƘ ǘƘŜǊŜ ƘŀǾŜ ōŜŜƴ Ƴŀƴȅ ƅǳƳŜ ǎǘǳŘƛŜǎ ƛƴǾŜǎǝƎŀǝƴƎ ƅƻǿ ŀǊƻǳƴŘ ŎȅƭƛƴŘǊƛŎŀƭ ōǊƛŘƎŜ ǇƛŜǊǎ 

ŜǘŎΦΣ ŦŜǿŜǊ ƛƴǾŜǎǝƎŀǝƻƴǎ ŦƻŎǳǎ ƻƴ ǎŎƻǳǊƛƴƎ ŀǘ ƘƻǊƛȊƻƴǘŀƭ ƪŜȅ ƳŜƳōŜǊǎ ǎǇŀƴƴƛƴƎ ǘƘŜ ŎƘŀƴƴŜƭ ǿƛŘǘƘΦ 

¢Ƙƛǎ ƛǎ ǊŜƭŜǾŀƴǘ ōŜŎŀǳǎŜ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ŀǊŜ ƛƴǎǘŀƭƭŜŘ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ ƅƻǿ ŘƛǊŜŎǝƻƴ ŜƛǘƘŜǊ 

ǇƻǎƛǝƻƴŜŘ ƻƴ ǘƘŜ ōŜŘΣ ƻǊ ǎǳǎǇŜƴŘŜŘ ŀǘ ǾŀǊƛŜŘ ŜƭŜǾŀǝƻƴǎ ŎǊŜŀǝƴƎ ŎƻƳǇƭŜȄ ƭƻŎŀƭ ƅƻǿǎ ŀƴŘ ǎŎƻǳǊ 

ƳŜŎƘŀƴƛǎƳǎΦ ¢ƘŜ ƘȅŘǊŀǳƭƛŎǎ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ²55ǎ ŀǊŜ ŎƻƳǇƭŜȄ ōȅ ǘƘŜƛǊ ǳƴƛǉǳŜ ŘŜǎƛƎƴǎ ŀƴŘ ǾŀǊƛŜŘ 

ǇƻǊƻǎƛǘȅΦ ¢ƘŜȅ ŀƭǘŜǊ ǘƘŜ ƅƻǿ ŘȅƴŀƳƛŎǎ ōŀǎŜŘ ƻƴ ǘƘŜƛǊ ǎǘǊǳŎǘǳǊŜ ό[ƛǎƭŜΣ мфусύΣ ǿƛǘƘ ǘƘŜƛǊ ŎƻƳǇƻǎƛǝƻƴ 

ŘŜŬƴŜŘ ŀǎ ǘƘŜ ƴǳƳōŜǊ ŀƴŘ ǎƛȊŜ ƻŦ ǿƻƻŘ ǇƛŜŎŜǎ ǿƘƛŎƘ ǾŀǊƛŜǎ ǘƘŜ ōƭƻŎƪŀƎŜ ŎŀǇŀŎƛǘȅ ŀƴŘ ƘŜƴŎŜ 

ǇƻǊƻǎƛǘȅ όaŀƴƴŜǊǎΣ нллсύΦ ¢Ƙƛǎ ǎǘǳŘȅ ƛƴǘŜƴŘǎ ǘƻ ŜƴƘŀƴŎŜ ǘƘŜ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ²55 ŘŜǎƛƎƴ ƻƴ 

ŎƘŀƴƴŜƭ ƘȅŘǊŀǳƭƛŎǎ ǿƘƛŎƘ ŀƭǘŜǊǎ ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊȅΦ 

9ŀǊƭȅ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ŎƻƴŘǳŎǘŜŘ ōȅ .ŜǎŎƘǘŀ όмфуоύ ǳǎƛƴƎ ŀ ǎƛƴƎƭŜ ƘƻǊƛȊƻƴǘŀƭ ŎȅƭƛƴŘŜǊ ǇƻǎƛǝƻƴŜŘ 

ŀǘ ŘƛũŜǊŜƴǘ ŜƭŜǾŀǝƻƴǎΣ ƛŘŜƴǝŬŜŘ ǘƘŀǘ ŀǘ ƘƛƎƘŜǊ ŘƛǎŎƘŀǊƎŜΣ ƪŜȅ ƳŜƳōŜǊǎ ǇƻǎƛǝƻƴŜŘ ƻƴ ŀƴŘ ŀōƻǾŜ 

ǘƘŜ ōŜŘ ŘƛǎǇƭŀȅŜŘ ŘƛũŜǊŜƴǘ ŀƳƻǳƴǘǎ ƻŦ ǎŎƻǳǊ ŀƴŘ ŦƻǳƴŘ ǘƘŜ ǇǊƛƴŎƛǇŀƭ ŎŀǳǎŜ ƻŦ ǎŎƻǳǊƛƴƎ ǿŀǎ 

ŜȄǘǊŜƳŜƭȅ ƘƛƎƘ ǘǳǊōǳƭŜƴŎŜ ŀǘ ǘƘŜ ōƻǧƻƳ ƻŦ ǘƘŜ ǇƻƻƭΦ /ƘŜǊǊȅ ŀƴŘ .ŜǎŎƘǘŀ όмфуфύ ŦƻǳƴŘ ǘƘŜ 

ǇƻǎƛǝƻƴΣ ƻǊƛŜƴǘŀǝƻƴ ŀƴŘ ǎƛȊŜ ƻŦ ŀ ǎƛƴƎƭŜ ŎȅƭƛƴŘŜǊ ŀũŜŎǘŜŘ ǘƘŜ ǎŎƻǳǊ ŘŜǇǘƘΦ aƻǊŜ ǊŜŎŜƴǘƭȅΣ tŜƴƴŀ 

Ŝǘ ŀƭΦ όнлнлōύ ƛƴǾŜǎǝƎŀǘŜŘ ƭƻŎŀƭ ǘǳǊōǳƭŜƴŎŜ ƎŜƴŜǊŀǘŜŘ ōȅ ŀ ǎƛƴƎƭŜΣ ƘƻǊƛȊƻƴǘŀƭ ŎȅƭƛƴŘŜǊ ŀǘ ŘƛũŜǊŜƴǘ 

ŜƭŜǾŀǝƻƴǎ ŀōƻǾŜ ǘƘŜ ōŜŘ ǿƘŜǊŜōȅ ŘǳǊƛƴƎ ǎǘŜŀŘȅ ǎǘŀǘŜ ŎƻƴŘƛǝƻƴǎΣ ŘŜŜǇŜǊ ǎŎƻǳǊ ŦƻǊƳŜŘ ŀǘ ǘƘŜ 

ŎȅƭƛƴŘŜǊ ǇƻǎƛǝƻƴŜŘ ƻƴ ǘƘŜ ōŜŘ ǊŀǘƘŜǊ ǘƘŀƴ ǘƘƻǎŜ ŜƭŜǾŀǘŜŘ ŀōƻǾŜ ǘƘŜ ōŜŘΦ ¢ƘŜ ǎǳōƳŀǊƛƴŜ 

ǇƛƎƎȅōŀŎƪ ǇƛǇŜƭƛƴŜΣ ǳǎŜŘ ŦƻǊ ƻƛƭ ŀƴŘ Ǝŀǎ ǘǊŀƴǎǇƻǊǘΣ Ǌǳƴǎ ŀƭƻƴƎ ǘƘŜ ǎŜŀōŜŘ ŀƴŘ Ƙŀǎ ǘǿƻ ǇƛǇŜƭƛƴŜǎΣ 
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ǿƛǘƘ ǘƘŜ ǎƳŀƭƭ ǇƛǇŜƭƛƴŜ ƭƻŎŀǘŜŘ ŘƛǊŜŎǘƭȅ ŀōƻǾŜ ǘƘŜ ƭŀǊƎŜǊ ŘƛŀƳŜǘŜǊ ƻƴŜΦ {ǳōƳŀǊƛƴŜ ǇƛƎƎȅōŀŎƪ 

ǇƛǇŜƭƛƴŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴΣ ƎƛǾŜǎ ƛƴŘƛŎŀǝƻƴ ƻŦ ǘƘŜ ƛƴǘŜǊŀŎǝƻƴ ƻŦ ŎƻƳǇƭŜȄ ǾƻǊǝŎŜǎ ōŜǘǿŜŜƴ ǘƘŜ 

ōƻǧƻƳ ǇƛǇŜ ŀƴŘ ǘƘŜ ōŜŘ ŀƴŘ ǘƘŜ ǎǇŀŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ǇƛǇŜǎ ǿƘƛŎƘ ƛƴ ǎƻƳŜ ǊŜǎǇŜŎǘǎ ƛǎ 

ŎƻƳǇŀǊŀōƭŜ ǘƻ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΦ ½Ƙŀƻ Ŝǘ ŀƭΦ όнлмуύΣ ƛƴǾŜǎǝƎŀǝƴƎ ǘƘŜ ƛƴƅǳŜƴŎŜ ƻŦ ǇƛƎƎȅōŀŎƪ 

ǇƛǇŜƭƛƴŜǎ ƻƴ ǎŎƻǳǊΣ ŦƻǳƴŘ ǘƘŀǘ ƘƛƎƘŜǊ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ό¦ύ ŎǊŜŀǘŜŘ ŘŜŜǇŜǊ ŀƴŘ ǿƛŘŜǊ ǎŎƻǳǊ Ǉƻƻƭ 

ŀƴŘ ǘƘŀǘ ŀ ǎƳŀƭƭŜǊ ƎŀǇ Ǌŀǝƻ ŎƻǳƭŘ ƛƴŘǳŎŜ ŀ ƭŀǊƎŜǊ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘΦ {ƻ ŦŀǊΣ ƻƴƭȅ ŀ ŦŜǿ 

ƭŀōƻǊŀǘƻǊȅ ŜȄǇŜǊƛƳŜƴǘǎ ƘŀǾŜ ƛƴǾŜǎǝƎŀǘŜŘ ǘƘŜ ŜũŜŎǘ ƻŦ ²55 ƳƻŘŜƭǎ ŎƻƴǎƛǎǝƴƎ ƻŦ ƳǳƭǝǇƭŜ 

ƘƻǊƛȊƻƴǘŀƭ ŎȅƭƛƴŘŜǊ ŀǊǊŀƴƎŜƳŜƴǘǎΣ ƻƴ ǎŎƻǳǊ ŦƻǊ bCa ǇǳǊǇƻǎŜǎΦ CƻǊ ƛƴǎǘŀƴŎŜΣ aǸƭƭŜǊ Ŝǘ ŀƭΦ όнлнмύ 

ŎƻƴŘǳŎǘŜŘ ƭŀōƻǊŀǘƻǊȅ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ƻƴ ƳǳƭǝǇƭŜ ƘƻǊƛȊƻƴǘŀƭ ǎǘǊǳŎǘǳǊŜǎ ǘƻ ƛƴǾŜǎǝƎŀǘŜ Ƙƻǿ 

ŎǳǊǊŜƴǘ ǇƘȅǎƛŎŀƭ ŘŜǎƛƎƴǎ ƻŦ ƭŜŀƪȅ ōŀǊǊƛŜǊǎ ƛƳǇŀŎǘ ƻƴ ŬǎƘ ƳƻǾŜƳŜƴǘΦ aǳƘŀǿŜƴƛƳŀƴŀ Ŝǘ ŀƭΦ όнлнмύ 

ŀǧŜƳǇǘǎ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ōŀŎƪǿŀǘŜǊ ŜũŜŎǘǎ ƻŦ ƭŜŀƪȅ ōŀǊǊƛŜǊ ŘŜǎƛƎƴǎ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ƅƻƻŘ 

ŀǧŜƴǳŀǝƻƴ ƛƴ ƭŀōƻǊŀǘƻǊȅ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ǿƘƛŎƘ ǳǎŜǎ ŀ ƴƻƴπŜǊƻŘƛōƭŜ ōŜŘ ǿƘƛŎƘ ŀũŜŎǘǎ ǊŜǎǳƭǘǎΦ 

²ƘƛƭŜ Ƴŀƴȅ ǎǘǳŘƛŜǎ ŎƻƴŘǳŎǘ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ƻƴ ŀ ǎƛƴƎƭŜ ƪŜȅ ƳŜƳōŜǊ ŀƴŘ ǎƻƳŜ ƘŀǾŜ ǎǘŀǊǘŜŘ 

ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ ŎƻƳǇƭŜȄƛǝŜǎ ƻŦ ²55 ŘŜǎƛƎƴǎΣ ǘƘƛǎ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ 

ŦƻŎǳǎŜǎ ƻƴ ƅƻǿ ǿƛǘƘ ŀƴ ŜǊƻŘƛōƭŜ ōŜŘ ŀƴŘ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ǘƘǊŜŜ ƘƻǊƛȊƻƴǘŀƭ ƪŜȅ ƳŜƳōŜǊǎΣ ǿƘƛŎƘ ƛǎ 

ǘȅǇƛŎŀƭ ƻŦ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ όCƛƎǳǊŜ оΦмŀύΦ ¢Ƙƛǎ ƎƛǾŜǎ ƎǊŜŀǘŜǊ ǊŜŀƭƛǎƳ ŀƴŘ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ 

ƘȅŘǊŀǳƭƛŎ ŎƻƳǇƭŜȄƛǝŜǎ ŀǘ ²55ǎ ǿƘƛŎƘ ŀǊŜ ǎǘǊƻƴƎƭȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ŘŜǎƛƎƴ ŀƴŘ ǇƻǊƻǎƛǘȅ όCƛƎǳǊŜ 

оΦмōύΦ ¢ƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ŜȄǇƭƻǊŜǎ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ƻŦ ²55 ŘŜǎƛƎƴǎ ƻƴ ƭƻŎŀƭ ǎŎƻǳǊΦ 

 

  

Figure 3.1: a) An engineered WDD in the field, commonly composed of 3 key members laid one above the 
other, spanning the width of the channel with varying gaps between woods and a gap between the base 
log and the channel bed. The wood is usually locally sourced. Taken from Water Friendly Farming (2020). 
b) Structure, representative of an engineered WDD, used in this laboratory flume experiment. Depth of the 
base of the structure to the bed (e) and vertical spacing between two key members (G) are shown on the 
image. 
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¢ƘŜ ŎƻƳǇƭŜȄ ƅƻǿ ŎƻƴŘƛǝƻƴǎΣ ŀƴŘ ƳŜŎƘŀƴƛǎƳǎ ƻŦ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇŜƴŘŜƴǘ ǳǇƻƴ ²55 ŘŜǎƛƎƴ ƛǎ ǎǝƭƭ 

ƴƻǘ ǎǳŶŎƛŜƴǘƭȅ ǳƴŘŜǊǎǘƻƻŘ ό.ŜƴƴŜǘ Ŝǘ ŀƭΦΣ нлмрΤ [ŜŀƪŜȅ Ŝǘ ŀƭΦΣ нлнлύΦ 9ƴƎƛƴŜŜǊŜŘ ²55ǎ Ŏŀƴ ōŜ 

ƛƴǎǘŀƭƭŜŘ ǿƛǘƘƻǳǘ ŎƻƴǎƛŘŜǊŀǝƻƴ ƻŦ ǘƘŜƛǊ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŜũŜŎǘ ƻƴ ǘƘŜ ŎƘŀƴƴŜƭ ƘƻǿŜǾŜǊ ǘƘŜƛǊ 

ƳƻǊǇƘƻƭƻƎƛŎŀƭ ƛƳǇŀŎǘǎ ŀǊŜ ƛƳǇƻǊǘŀƴǘ ŀǎ ǘƘŜȅ Ŏŀƴ ƎŜƴŜǊŀǘŜ ōŜƴŜŬǘǎ ǘƻ bCa ōǳǘ Ŏŀƴ ŀƭǎƻ ƘŀǾŜ 

ŀŘǾŜǊǎŜ ƛƳǇŀŎǘ ƻƴ ƅƻƻŘ ŀǧŜƴǳŀǝƻƴ όtŜŀǊǎƻƴΣ нлнлύΦ ¢ƘŜ ǇǳǊǇƻǎŜ ƻŦ ǘƘƛǎ ǎǘǳŘȅ ƛǎ ǘƻ ƳƻŘŜƭ ǘƘŜ 

ƛƳǇŀŎǘ ƻŦ ²55ǎ ƻƴ ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊȅ ŀƴŘ ƅƻǿ ǊŜƎƛƳŜǎ ǘƻ ƛƴŦƻǊƳ ŘŜǎƛƎƴ ŎǊƛǘŜǊƛŀΦ Lǘ ƛǎ ƛƳǇƻǊǘŀƴǘ 

ǘƻ ƪƴƻǿ Ƙƻǿ ƳƻǊǇƘƻƭƻƎȅ ŎƘŀƴƎŜǎ ƛƴ ǊŜǎǇŜŎǘ ǘƻ ²55 ŘŜǎƛƎƴ ǘƻ ƘŜƭǇ ǎŜƭŜŎǘ ǘƘŜ ƻǇǝƳŀƭ ŘŜǎƛƎƴ ŦƻǊ 

ǘƘŜ ŘŜǎƛǊŜŘ ŦǳƴŎǝƻƴΦ ¢ƘŜ ƻōƧŜŎǝǾŜ ƛǎ ǘƻ ŜƳǇƛǊƛŎŀƭƭȅ ŀǎǎŜǎǎ ǘƘŜ ƛƳǇŀŎǘ ƻŦ ŘƛũŜǊŜƴǘ ²55ǎ ƻƴ 

ōŀǘƘȅƳŜǘǊƛŎ ŜǾƻƭǳǝƻƴ ǘƻ ŀƴŀƭȅǎŜ ²55 ŘŜǎƛƎƴ ŜũŜŎǘǎΦ ¢Ƙƛǎ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ǘƻƻƪ ǇƭŀŎŜ ƛƴ ŀ 

ƭŀōƻǊŀǘƻǊȅ ƅǳƳŜΣ ǳǎƛƴƎ ǎƛƳǇƭƛŬŜŘ ƘƻǊƛȊƻƴǘŀƭ ǎǘǊǳŎǘǳǊŜǎΣ ŜŀŎƘ ŎƻƳǇƻǎŜŘ ƻŦ ǘƘǊŜŜ ǿƻƻŘŜƴ ƪŜȅ 

ƳŜƳōŜǊǎ ǿƛǘƘ ŘƛũŜǊƛƴƎ ƎŀǇǎ ŀǘ ǘƘŜ ōŜŘ ŀƴŘ ǾŜǊǝŎŀƭ ǎǇŀŎƛƴƎǎ ōŜǘǿŜŜƴ ǎǳōǎŜǉǳŜƴǘ ƪŜȅ ƳŜƳōŜǊǎ 

ŀōƻǾŜΣ ǿƘƛƭǎǘ ƳŀƛƴǘŀƛƴƛƴƎ ǘƘŜ ǎŀƳŜ ƻǾŜǊŀƭƭ ōƭƻŎƪŀƎŜ ŀǊŜŀΦ ¢Ƙƛǎ ǎǘǳŘȅ ŀŘŘǊŜǎǎŜǎ ǘƘŜ ƪƴƻǿƭŜŘƎŜ ƎŀǇ 

ƛŘŜƴǝŬŜŘ ōȅ ǘƘŜ ²ǿbt ό.ǳǊƎŜǎǎπDŀƳōƭŜ Ŝǘ ŀƭΦΣ нлмуύ ǿƘƛŎƘ ǘŀǊƎŜǘǎ ǘƘŜ ƴŜŜŘ ŦƻǊ ōŜǧŜǊ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ǎǘǊǳŎǘǳǊŜ ŘŜǎƛƎƴ ŀƴŘ ŎƻƴŘƛǝƻƴ ƻƴ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ 

ŘȅƴŀƳƛŎǎ όbƎŀƛ Ŝǘ ŀƭΦΣ нлмтΣ DŀǇΣ нΦпΦуΦрΦύΦ 

 

3.2. Methodology 

3.2.1. Flume experimentation 

3.2.1.1. Experimental set-up 

9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ƛƴ ŀ ǎǘǊŀƛƎƘǘΣ ǝƭǝƴƎΣ ǳƴƛŘƛǊŜŎǝƻƴŀƭ ŀƴŘ ǊŜŎƛǊŎǳƭŀǝƴƎΣ ǇƭŜȄƛƎƭŀǎǎπǎƛŘŜŘ 

ƭŀōƻǊŀǘƻǊȅ ƅǳƳŜ ƻŦ ƭŜƴƎǘƘ мл ƳΣ ǿƛŘǘƘ мΦн Ƴ ŀƴŘ ŘŜǇǘƘ лΦо ƳΣ ƛƴ ǘƘŜ {ŎƘƻƻƭ ƻŦ 9ƴƎƛƴŜŜǊƛƴƎΣ ŀǘ 

/ŀǊŘƛũ ¦ƴƛǾŜǊǎƛǘȅΦ ¢ǿƻ t±/ ǎŜŎǝƻƴǎ ŜŀŎƘ ƳŜŀǎǳǊƛƴƎ мл Ƴ Ȅ лΦо Ƴ Ȅ лΦннр Ƴ ǿŜǊŜ ŀŘƘŜǊŜŘ ǘƻ ǘƘŜ 

ƅǳƳŜ ōŜŘ ŀƴŘ ǎƛŘŜǎ ǘƻ ŦƻǊƳ ǘǿƻ ǿŀǘŜǊǇǊƻƻŦ ōƻȄŜǎ ǿƘƛŎƘ ŀŎǘŜŘ ŀǎ ƅƻƻŘǇƭŀƛƴǎΣ ƴŀǊǊƻǿƛƴƎ ǘƘŜ Ƴŀƛƴ 

ŎƘŀƴƴŜƭ ǿƛŘǘƘ ό.ύ ǘƻ лΦс ƳΣ ǿƘƛŎƘ ŀƭƭƻǿŜŘ млл҈ ōŀƴƪŦǳƭƭ όvōŦύ όǎŜǊƛŜǎ !ύ ŀƴŘ ул҈ vōŦ όǎŜǊƛŜǎ .ύ ƅƻǿ 

ŎƻƴŘƛǝƻƴǎΦ !ƴ ŜǊƻŘƛōƭŜ ǎŜŘƛƳŜƴǘ ōŜŘ ƘŜƛƎƘǘ ƻŦ тр ƳƳ ǿƛǘƘ ŀ ǊŜǇǊŜǎŜƴǘŀǝǾŜ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ 

ƻŦ м ƳƳ όŀǎ ŘŜǘŜǊƳƛƴŜŘ ƛƴ ǎŜŎǝƻƴ оΦнΦмΦмΦнΦύΣ ǿŀǎ ǇƭŀŎŜŘ ƻƴ ǘƘŜ ŎƘŀƴƴŜƭ ōŀǎŜ όCƛƎǳǊŜ оΦнύΦ tǊƛƻǊ 

ǘƻ ŜŀŎƘ Ǌǳƴ ǘƘŜ ōŜŘ ǿŀǎ Ƴŀƴǳŀƭƭȅ ƭŜǾŜƭƭŜŘ ǿƛǘƘ ŀ ƎǊŀŘƛŜƴǘ ƻŦ лΦллм ƳκƳΦ 
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Figure 3.2: Schematic diagram of series 1A and 1B experimental set-up. Series 1 structure comprises 3 
horizontal wooden dowels, each with a diameter (Dic) of 25 mm, sediment height of 75 mm, depth of the 
base of the structure to the bed (e) of 0 mm, vertical spacing between two cylinders (G) of 10 mm and 
maximum height of structure above bed (ht) of 95 mm. The main channel has a height (hmc) of 0.225 m and 
main channel width (B) of 0.6 m which allows for 100% bankfull (Qbf) flow depth (h) of 150 mm and 80% 
Qbf (h = 130 mm). The flume width (Bf) of 1.2 m with two floodplains of width (Bfp) 0.3 m x 2 at each side of 
the main channel to allow for bank overtopping. 

 

¢ƘŜ ŘƛǎŎƘŀǊƎŜ ǿŀǎ ŎƻƴǘǊƻƭƭŜŘ ōȅ ŀƭǘŜǊƛƴƎ ǘƘŜ ǇƻǿŜǊ ǇǊƻǾƛŘŜŘ ǘƻ ǘƘŜ ǇǳƳǇ Ǿƛŀ ǘƘŜ ŎƻƴǘǊƻƭ ōƻȄΦ ¢ƘŜ 

ǿŀǘŜǊΣ ƘŀǾƛƴƎ ǇŀǎǎŜŘ ŀƭƻƴƎ ǘƘŜ ƅǳƳŜΣ Ŧŀƭƭǎ ƛƴǘƻ ŀ ǎŜǧƭƛƴƎ ǘŀƴƪ ŀƴŘ ƛǎ ǘƘŜƴ ǊŜŎƛǊŎǳƭŀǘŜŘΣ 

ƎǳŀǊŀƴǘŜŜƛƴƎ ŀ Ŏƻƴǎǘŀƴǘ ƅƻǿ ǊŀǘŜ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘ όCŀƭŎƻƴŜǊΣ ƴƻ ŘŀǘŜύΦ 

tǊƛƻǊ ǘƻ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ōŜƛƴƎ ƛƴǎŜǊǘŜŘΣ ǳƴƛŦƻǊƳ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ŜǎǘŀōƭƛǎƘŜŘ ŀǘ ǘǿƻ ŘƛǎŎƘŀǊƎŜǎ 

όǎŜǊƛŜǎ !Υ лΦлнн ƳоκǎΤ ǎŜǊƛŜǎ .Υ лΦлму ƳоκǎύΣ ǳǎƛƴƎ ŀ ǘŀƛƭƎŀǘŜ ǘƻ ŎƻƴǘǊƻƭ ƅƻǿ ŘŜǇǘƘΦ ! bƛȄƻƴ ¢ŜŎƅǳƛŘ 

¦ƭǘǊŀǎƻƴƛŎ CƭƻǿƳŜǘŜǊΣ aƻŘŜƭΥ /¦млл ƳŜŀǎǳǊŜŘ ƛƴǎǘŀƴǘŀƴŜƻǳǎ ŀƴŘ ŎǳƳǳƭŀǝǾŜ ŘƛǎŎƘŀǊƎŜΦ ¢ƻ 

ǾŀƭƛŘŀǘŜ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ǊŜŀŘƛƴƎǎΣ ŀ bƻǊǘŜƪ ±ŜŎǘǊƛƴƻ !ŎƻǳǎǝŎ 5ƻǇǇƭŜǊ ±ŜƭƻŎƛƳŜǘǊȅ ό!5±ύ όǾŜƭƻŎƛǘȅ 

ŀŎŎǳǊŀŎȅΥ ҕм ƳƳκǎύ όtƻƛƴŘŜȄǘŜǊ Ŝǘ ŀƭΦΣ нлммύ ǿŀǎ ŀǧŀŎƘŜŘ ǘƻ ŀƴ ƛƴǎǘǊǳƳŜƴǘ ŎŀǊǊƛŀƎŜ ƳƻǳƴǘŜŘ ƻƴ 

ŀ ǘǊŀŎƪ ǿƘƛŎƘ ǿŀǎ ƭƻŎŀǘŜŘ ƻƴ ǘƻǇ ƻŦ ǘƘŜ ƅǳƳŜ ŀǘ ŀ ŘƛǎǘŀƴŎŜ ƻŦ лΦр Ƴ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ 

¢ƘŜ !5± ǿŀǎ ǎŜǘ ǘƻ ŀ ƘŜƛƎƘǘ ŀōƻǾŜ ǘƘŜ ōŜŘ ƻŦ сл ƳƳ όǎŜǊƛŜǎ !ύ ŀƴŘ рн ƳƳ όǎŜǊƛŜǎ .ύΣ ŀǎ ŎŀƭŎǳƭŀǘŜŘ 

ǳǎƛƴƎ ǘƘŜ ƻƴŜπǎŜǾŜƴǘƘ ǇƻǿŜǊ ƭŀǿ ό9ǉǳŀǝƻƴ оΦмύΦ ¢ƘŜ ƻƴŜπǎŜǾŜƴǘƘ ǇƻǿŜǊ ƭŀǿ ƻŦ ǾŜƭƻŎƛǘȅ 

ŘƛǎǘǊƛōǳǝƻƴ ǎǘŀǘŜǎ ǘƘŀǘ ǘƘŜ ǾŜƭƻŎƛǘȅ ŀǘ ŀƴȅ Ǉƻƛƴǘ ƛƴ ǘƘŜ ŎǊƻǎǎπǎŜŎǝƻƴ ǿƛƭƭ ōŜ ǇǊƻǇƻǊǝƻƴŀƭ ǘƻ ǘƘŜ 

ƻƴŜπǎŜǾŜƴǘƘ ǇƻǿŜǊ ƻŦ ǘƘŜ ŘƛǎǘŀƴŎŜ ŦǊƻƳ ǘƘŜ ǿŀƭƭǎΦ ¢Ƙƛǎ ǾŀƭǳŜ ŜƴŀōƭŜŘ ǇƻǎƛǝƻƴƛƴƎ ƻŦ ǘƘŜ !5± ŀǘ 

ǘƘŜ ƳŜŀƴ ǾŜƭƻŎƛǘȅ ό¦лύ ǇǊƻŬƭŜΦ ! ǎŜǇŀǊŀǘŜ ƛƴǎǘǊǳƳŜƴǘ ŎŀǊǊƛŀƎŜ ŎŀǊǊƛŜŘ ŀ ±ŜǊƴƛŜǊ Ǉƻƛƴǘ ƎŀǳƎŜ 

όŀŎŎǳǊŀŎȅΥ ҕлΦм ƳƳύ ό{ŀƴƪŀǊΣ нлмрύ ŀƴŘ YƛƴŜŎǘ ǾмΦлΣ ǘƻ ƳŜŀǎǳǊŜ ōŀǘƘȅƳŜǘǊƛŎ ŎƘŀƴƴŜƭ ŎƘŀƴƎŜ ŦƻǊ 

ŘƛũŜǊŜƴǘ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴǎΦ 
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Ὤ

Ὤ
Ȣ5 πȢψχυ5   

Ὤ ὬπȢψχυ πȢτὬ  

Ḉ 5 πȢψχυ5  ÏÃÃÕÒÉÎÇ ÁÔ πȢτὬ (3.1) 

The seventh power law velocity distribution, with derivations, shown in Equation 3.1 determined the 
appropriate height to set the ADV at the mean velocity profile. Variable for calculation include mean 
velocity (U0), mean velocity increment height (ha), maximum velocity (at free surface) (Umax) and flow depth 
(h). 

 

! ƴǳƳōŜǊ ƻŦ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ƳŀƛƴǘŀƛƴŜŘΥ ǎǘǊǳŎǘǳǊŜ ƭƻŎŀǝƻƴ όр Ƴ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜ ǘŀƛƭƎŀǘŜύΣ ǘƘŜ 

ǎŜŘƛƳŜƴǘ ōŜŘ ƛƴŎƭǳŘƛƴƎ ǘƘŜ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ ŀƴŘ ǎŜŘƛƳŜƴǘ ƘŜƛƎƘǘΣ ōƭƻŎƪŀƎŜ Ǌŀǝƻ ό.Ǌύ ƛƴ ǊŜǎǇŜŎǘ 

ǘƻ ǘƘŜ ǘǿƻ ǎŜǘ ŘƛǎŎƘŀǊƎŜǎ όǎŜǊƛŜǎ !Υ .Ǌ Ґ лΦрΤ ǎŜǊƛŜǎ .Υ .Ǌ Ґ лΦруύΣ ǿƘƛƭŜ ǎǘǊǳŎǘǳǊŜ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ǎǳŎƘ 

ŀǎ ŘŜǇǘƘ ƻŦ ǘƘŜ ōŀǎŜ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ όŜύ ŀƴŘ ǾŜǊǝŎŀƭ ǎǇŀŎƛƴƎ ōŜǘǿŜŜƴ ǘǿƻ ŎȅƭƛƴŘŜǊǎ όDύ 

ǾŀǊƛŜŘ ƛƴ ǎƛȊŜΦ 

.ŜǘǿŜŜƴ ǊǳƴǎΣ ǳƴƛŦƻǊƳ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ƳŀƛƴǘŀƛƴŜŘ ŦƻǊ ŜŀŎƘ ǎŜǊƛŜǎ ό!ǇǇŜƴŘƛȄ !ύΦ CƻǊ 

ƻǇǝƳǳƳ ƎŀǘŜ ƘŜƛƎƘǘΣ ǘƻ ŜƴǎǳǊŜ ǳƴƛŦƻǊƳ ƅƻǿ ŎƻƴŘƛǝƻƴǎΣ ǊŜǎǳƭǘǎ ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ ŬƴŘƛƴƎ ǘƘŜ 

ǎƭƻǇŜ ǿƘƛŎƘ ƎŀǾŜ ŀ ǇŀǊŀƭƭŜƭ ǎǳǊŦŀŎŜ ǎƭƻǇŜ κ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ ό{Ŧύ ǘƻ ŎƘŀƴƴŜƭ ǎƭƻǇŜ ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘ 

ό{лύ όCƛƎǳǊŜ оΦоύΦ ¦ƴƛŦƻǊƳ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ŀǊŜ ŘŜŬƴŜŘ ŀǎ ǿƘŜƴ ǘƘŜ ǿŜǧŜŘ ŀǊŜŀ ό²ύ ŀƴŘ ǾŜƭƻŎƛǘȅ 

ǊŜƳŀƛƴ ǊŜƭŀǝǾŜƭȅ Ŏƻƴǎǘŀƴǘ ŀƭƻƴƎ ǘƘŜ ŎƘŀƴƴŜƭΦ aŀƛƴǘŀƛƴƛƴƎ ŀ ƭƻƴƎƛǘǳŘƛƴŀƭ ǾŜƭƻŎƛǘȅ ǿŀǎ ŎƘŜŎƪŜŘ ōȅ 

ŜȄŀƳƛƴƛƴƎ ƛŦ ǘƘŜ ƅƻǿ ŘŜǇǘƘ ŀƴŘ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ ǊŜƳŀƛƴŜŘ Ŏƻƴǎǘŀƴǘ ŀƭƻƴƎ ǘƘŜ ƅǳƳŜΦ 
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Figure 3.3: To calculate uniform flow conditions, the graph establishes tail gate height for series A and series 
B. The functions (series A: y = 70206x + 91.2 and series B: y = -37737x + 88.7) end values give height of tail 
gate (series A: 91.2 mm and series B: 88.7 mm). 

 

3.2.1.1.1. Woody debris dam designs 

CƻǳǊ ǎƛƳǇƭƛŬŜŘ ǎǘǊǳŎǘǳǊŜǎ όмΣнΣо ŀƴŘ пύ ǘƻ ǊŜǇǊŜǎŜƴǘ ²55ǎ ǿŜǊŜ ŎƻƴǎǘǊǳŎǘŜŘ ǘƻ ŀǎǎŜǎǎ ǘƘŜ 

ƛƴƅǳŜƴŎŜ ƻŦ ǘƘŜƛǊ ŘŜǎƛƎƴǎ ƻƴ ǘƘŜ ƭƻŎŀƭ ǎŎƻǳǊΦ ¢ƘŜ ŘƛƳŜƴǎƛƻƴǎ ŀƴŘ ŀǊǊŀƴƎŜƳŜƴǘǎ ƻŦ ǘƘŜ ŦƻǳǊ 

ǎǘǊǳŎǘǳǊŜǎ ŀǊŜ ŀǎ ǎŜǘ ƻǳǘ ƛƴ CƛƎǳǊŜ оΦпΦ 9ŀŎƘ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƳŀŘŜ ƻŦ ǘƘǊŜŜ ǿƻƻŘŜƴ ŎȅƭƛƴŘŜǊǎ ǿƛǘƘ ŀ 

ƪŜȅ ƳŜƳōŜǊ ŘƛŀƳŜǘŜǊ ό5ƛŎύ ƻŦ нр ƳƳΣ ǾŜǊǝŎŀƭƭȅ ǎǘŀŎƪŜŘ ŀƴŘ ǿƛǘƘ ŘƛũŜǊƛƴƎ ǎǇŀŎƛƴƎǎ ōŜǘǿŜŜƴ ǘƘŜƳΦ 

CǊƻƳ ǘƘƛǎ Ǉƻƛƴǘ ŦƻǊǿŀǊŘǎΣ ǿƻƻŘŜƴ ŎȅƭƛƴŘŜǊǎ ǿƛƭƭ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ƪŜȅ ƳŜƳōŜǊǎΣ ǿƘƛŎƘ ŀǊŜ ǘƘŜ Ƴŀƛƴ 

ǇƛŜŎŜǎ ƻŦ ƭŀǊƎŜ ǿƻƻŘ ǘƘŀǘ ŦƻǊƳ ŀ ²55 όaŀƴƴŜǊǎΣ нллсύΦ ¢ƘǊŜŜ ƪŜȅ ƳŜƳōŜǊǎ ǿŜǊŜ ŎƘƻǎŜƴ ŦƻǊ 

ŘŜǎƛƎƴǎΣ ŦǊƻƳ ƻōǎŜǊǾŀǝƻƴǎ ƛƴ ǘƘŜ ŬŜƭŘ όǘǿƻ ǇƘƻǘƻƎǊŀǇƘ ŘŀǘŀǎŜǘǎΣ ŘŀǘŜŘ !ǳƎΦ нлмфΤ {ŜǇǘΦ нлнлΣ 

ŀƴŘ ŀ ǎǳǊǾŜȅ ƻŦ ²55 ǇƘȅǎƛŎŀƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŎƻƴŘǳŎǘŜŘ ōŜǘǿŜŜƴ ммπмрǘƘ CŜōΦ нлмфύΦ ¦ǎƛƴƎ ŀ ǘƘǊŜŜπ

ƭƻƎ ǎǘŀŎƪ Ƙŀǎ ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ŀǎ ŀƴ ƛƴŘƛŎŀǝǾŜ ŘŜǎƛƎƴ ǇǊƻǇƻǎŜŘ ōȅ ǘƘŜ wǳǊŀƭ tŀȅƳŜƴǘǎ !ƎŜƴŎȅ 

όнлнлύΦ 9ŀŎƘ ǎǘǊǳŎǘǳǊŜ ǘǊŀƴǎǾŜǊǎŜŘ ǘƘŜ ǿƛŘǘƘ ƻŦ ǘƘŜ ƅǳƳŜ ŀƴŘ ǿŀǎ ŀƭƛƎƴŜŘ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ 

ƅƻǿ ǊŜƎƛƳŜΦ Ŝ ŀƴŘ D ǎƛȊŜ ǾŀǊƛŜŘ ŘŜǇŜƴŘŜƴǘ ǳǇƻƴ ²55 ŘŜǎƛƎƴ όCƛƎǳǊŜ оΦпύΦ 

Legend 
 Series A 
 Series B 

 Linear (Series A) 
 Linear (Series B) 
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Figure 3.4: Series composition: Schematic representation of the horizontal structure designs and the 
geometrical conditions of the experimental series and runs. The Z axis denotes depth while y axis represents 
longitudinal direction along the flume. Series A is 100% Qbf and series B is 80% Qbf and structures are 
numbered 1-4. 

 

¢ƘŜ ƎŀǇ Ǌŀǝƻ ōŜǘǿŜŜƴ ǘƘŜ ōŀǎŜ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ όŜκ5ƛŎύ ŀƴŘ ǘƘŜ ǎǇŀŎƛƴƎ 

Ǌŀǝƻ ōŜǘǿŜŜƴ ǘǿƻ ƪŜȅ ƳŜƳōŜǊǎ ƛǎ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ όDκ5ƛŎύ ό¸ŀƴƎ Ŝǘ ŀƭΦΣ нлмфύΦ {ǘǊǳŎǘǳǊŜǎ м ŀƴŘ о ƘŀŘ 

Ŝ Ґ лΣ ǎǘǊǳŎǘǳǊŜ н ƘŀŘ Ŝ Ґ ор ƳƳ όмΦп5ƛŎύΣ ŀƴŘ ǎǘǊǳŎǘǳǊŜ п ƘŀŘ Ŝ Ґ мр ƳƳ όлΦс5ƛŎύΦ D ǿŀǎ ǎŜǘ ǘƻ мл 

ƳƳ όлΦп5ƛŎύ όǎǘǊǳŎǘǳǊŜǎ м ŀƴŘ нύ ŀƴŘ нл ƳƳ όлΦу5ƛŎύ όǎǘǊǳŎǘǳǊŜǎ о ŀƴŘ пύΦ {ǘǊǳŎǘǳǊŀƭ ōƭƻŎƪŀƎŜ ŀǊŜŀ 

ό!Ǉύ ǿŀǎ ƳŀƛƴǘŀƛƴŜŘ ŀǘ лΦлпр ƳнΣ ōȅ Ŧǳƭƭȅ ǎǳōƳŜǊƎƛƴƎ ŀƭƭ ǎǘǊǳŎǘǳǊŜǎ ŦƻǊ ŀƭƭ ǘŜǎǘǎΦ 9ŀŎƘ ǎǘǊǳŎǘǳǊŜ ǿŀǎ 

ǘŜǎǘŜŘ ŀǘ млл҈ vōŦ ŀƴŘ ул҈ vōŦ ǘƻ ŀƴŀƭȅǎŜ ǎŎƻǳǊ ŀǘ ǘƘŜ ǘǿƻ ŘƛǎŎƘŀǊƎŜǎΦ  

  

Series 1A: 100% Qbf 
Series 1B: 80% Qbf 

Series 2A: 100% Qbf 
Series 2B: 80% Qbf 

Series 3A: 100% Qbf 
Series 3B: 80% Qbf 

Series 4A: 100% Qbf 
Series 4B: 80% Qbf 

    

 
 

   
Single-column vertical 
stack WDD design with 
G = 10 mm or G = 0.4Dic 

and e = 0. 

Single-column vertical 
stack WDD design with 
G = 10 mm or G = 0.4Dic 

and e = 35 mm or e = 
1.4Dic. 

Single-column vertical 
stack WDD design with 
G = 20 mm or G = 0.8Dic 
and e = 0. 

Single-column vertical 
stack WDD design with G 
= 20 mm or G = 0.8Dic  
and e = 15 mm or e = 
0.6Dic. 

½ ½ ½ ½ 

ȅ ȅ ȅ ȅ 
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3.2.1.1.2. Sediment characteristics and flow conditions 

¢ƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ǊŜǉǳƛǊŜŘ ǊŜǇǊŜǎŜƴǘŀǝǾŜ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ όŘǊύ ŦƻǊ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ǳƴŘŜǊ 

ŎƭŜŀǊ ǿŀǘŜǊ ŎƻƴŘƛǝƻƴǎΣ ǘƘŜ /ǊƛǝŎŀƭ ¢ǊŀŎǝǾŜ CƻǊŎŜ ƳŜǘƘƻŘ ǿŀǎ ǳǎŜŘΦ /ƭŜŀǊ ǿŀǘŜǊ ŎƻƴŘƛǝƻƴǎ ŀǊŜ 

ŘŜŬƴŜŘ ŀǎ ŀ ŎŀǎŜ ǿƘŜƴ ǘƘŜ ōŜŘ ƛǎ ƛƴ ŜǉǳƛƭƛōǊƛǳƳΣ ǿƘŜǊŜōȅ ǎŜŘƛƳŜƴǘ ƛǎ ǎǘŀōƭŜ ƛƴ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ 

ό¢ŀƳƳŜƭŀ Ŝǘ ŀƭΦΣ нлмлύΦ .ȅ ŎŀƭŎǳƭŀǝƴƎ ŀ {ƘƛŜƭŘǎ ǇŀǊŀƳŜǘŜǊ όˍϝύ ƻŦ лΦлсм ǳǎƛƴƎ 9ǉǳŀǝƻƴ оΦн ŀƴŘ 

ǇŀǊǝŎƭŜ wŜȅƴƻƭŘǎ ƴǳƳōŜǊ όwŜϝύ ƻŦ омΦон όǎŜǊƛŜǎ !ύ ŀƴŘ нфΦуо όǎŜǊƛŜǎ .ύ ǳǎƛƴƎ 9ǉǳŀǝƻƴ оΦоΦ hƴŎŜ 

ǘƘŜ ǾŀǊƛŀōƭŜǎ ǿŜǊŜ ŘŜǊƛǾŜŘΣ ǘƘŜ ǎŜƭŜŎǘŜŘ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ ƻŦ Ғ м ƳƳ ǿŀǎ ǇƭƻǧŜŘ ƻƴ ǘƘŜ {ƘƛŜƭŘǎ 

ŘƛŀƎǊŀƳ όмфосύ όCƛƎǳǊŜ оΦрύ ǘƻ ŜǎǘŀōƭƛǎƘ ƛŦ ǘƘŜ ǎŜŘƛƳŜƴǘ ǎƛȊŜ ǿŀǎ ŀǇǇǊƻǇǊƛŀǘŜ ŦƻǊ ǘƘƛǎ ǎǘǳŘȅΦ ¢ƘŜ 

/ǊƛǝŎŀƭ ¢ǊŀŎǝǾŜ CƻǊŎŜ ƳŜǘƘƻŘ ŜǎǘŀōƭƛǎƘŜŘ ǘƘŜ Ǉƻƛƴǘ ŀǘ ǿƘƛŎƘ ǘƘǊŜǎƘƻƭŘ ƻŦ Ƴƻǝƻƴ ǿŀǎ ǊŜŀŎƘŜŘ 

ǿƘŜǊŜ ōŜŘ κ ōƻǳƴŘŀǊȅ ǎƘŜŀǊ ǎǘǊŜǎǎ Ŝǉǳŀƭǎ ŎǊƛǝŎŀƭ ǘǊŀŎǝǾŜ ŦƻǊŜ ǊŜǉǳƛǊŜŘ ǘƻ ƛƴƛǝŀǘŜ Ƴƻǝƻƴ ό̱ō Ґ ̱Ŏύ 

όDǊŀǎǎΣ мфтлΤ {ƻǳǘƘŀǊŘΣ нллсύΦ ²ƘŜƴ ō̱ Ҕ ̱ŎΣ ŜȄŎŜǎǎ ǎƘŜŀǊ ǎǘǊŜǎǎ όŜ̱ύ ƛǎ ŘƛǎǇƭŀȅŜŘΣ ŎŀǳǎƛƴƎ ǘƘŜ ōŜŘ 

ǘƻ ŜǊƻŘŜ όIŀōƛōƛΣ мффпύΦ aŀƴȅ ŘƛũŜǊŜƴǘ ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ ŎƻƴǎƛŘŜǊŜŘ ōȅ ǘƘŜ /ǊƛǝŎŀƭ ¢ǊŀŎǝǾŜ CƻǊŎŜ 

ƳŜǘƘƻŘΣ ŀƴŘ ƛǘ ƛǎ ǘƘŜǊŜŦƻǊŜ ǾƛŜǿŜŘ ŀǎ ŀƴ ŜǎǘŀōƭƛǎƘŜŘ ŀǇǇǊƻŀŎƘ ǘƻ ŘŜǘŜǊƳƛƴŜ ǘƘǊŜǎƘƻƭŘ ƻŦ ƳƻǝƻƴΦ 

 

ʐᶻ
ʐ

ʍÇ3 ρÄ
 (3.2) 

Equation 3.2 calculated the Shields parameter non dimensionalized (ˍϝύ ǳǎƛƴƎ ŎǊƛǘƛŎŀƭ ǘǊŀŎǘƛǾŜ ŦƻǊŎŜ ǊŜǉǳƛǊŜŘ 
to initiate motion όˍc), ǊŜƭŀǘƛǾŜ ǎǳōƳŜǊƎŜŘ ǎǇŜŎƛŦƛŎ ŘŜƴǎƛǘȅ όˊύΣ gravity (g), specific gravity of sediment 
divided by specific gravity of water (Ss), representative sediment grain size (dr). LŦ ǘƘŜ ˍϝ ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ 
ˍϝŎǊƛǘƛŎŀƭ ǾŀƭǳŜΣ ǘƘŜƴ ǘƘŜ ōŜŘ ƛǎ ƛƴ ƳƻǘƛƻƴΦ 

 

2Åᶻ
5ᶻÄ

Ö
 7ÈÅÒÅȡ 5ᶻ Ç23 (3.3) 

Equation 3.3 calculated the particle Reynolds number (Re*) using shear velocity (U*) and kinematic viscosity 
(v) and representative sediment grain size (dr), hydraulic radius (series A: R = 0.09 m and series B: R = 0.078 
m) and channel slope angle / gradient (S0 = 0.001 m/m). 
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Figure 3.5: Shields Diagram showing Re* (x-axis) compared to ̱ ϝ όȅ-axis). Shields, through a series of 
flume experiments under uniform flow conditions, established initiation of motion. Comparative 
flume experiments are displayed for comparison to the present study. 

 

CƻǊ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴΣ ǊŜǇǊŜǎŜƴǘŀǝǾŜ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ όŘǊύ ŀƴŘ ƅƻǿ ǊŜƎƛƳŜ 

ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ǎŜǘ Ƨǳǎǘ ōŜƭƻǿ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƻŦ Ƴƻǝƻƴ ǎƻ ǘƘŀǘ ǘƘŜ ōŜŘ ǿŀǎ ǎǘŀōƭŜ ƻƴ ǘƘŜ ǾŜǊƎŜ 

ƻŦ ōŜƛƴƎ ŜƴǘǊŀƛƴŜŘ ōŜŦƻǊŜ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƛƴǎŜǊǘŜŘΦ {ŜŘƛƳŜƴǘ ƛǎ ƛƴƛǝŀǘŜŘ ƛƴǘƻ Ƴƻǝƻƴ ŀǘ ǘƘŜ 

ǎǘǊǳŎǘǳǊŜΣ ǿƛǘƘ ō̱ Ҕ ̱Ŏ ǿƛǘƘ ŀ ŘŜŎǊŜŀǎŜ ƛƴ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ ǾŀƭǳŜ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜ 

ōƭƻŎƪŀƎŜ ǊŀǝƻΦ !ǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǎŜŘƛƳŜƴǘ ƛǎ ƛƴƛǝŀƭƭȅ ǎŎƻǳǊŜŘ ŀǘ ŀ ƘƛƎƘŜǊ {ƘƛŜƭŘǎ ǇŀǊŀƳŜǘŜǊ ƴƻƴ 

ŘƛƳŜƴǎƛƻƴŀƭƛǎŜŘ ό̱ ϝύ ƻŦ лΦмо ŦƻǊ ǎŜǊƛŜǎ ! ŀƴŘ лΦмму ŦƻǊ ǎŜǊƛŜǎ . ōŜŦƻǊŜ ŘŜŎǊŜŀǎƛƴƎ ǳƴǝƭ ǘƘŜ 

ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ ƛǎ ǊŜŀŎƘŜŘ ŀǘ ǿƘƛŎƘ Ǉƻƛƴǘ ǘƘŜ ōŜŘ ǊŜπǎǘŀōƛƭƛǎŜǎΦ ¢ȅǇƛŎŀƭƭȅΣ ˍϝ 

ǾŀƭǳŜǎ ŀǊŜ ŦƻǳƴŘ ǘƻ ǊŀƴƎŜ ŦǊƻƳ лΦлнрπлΦу ŘŜǇŜƴŘƛƴƎ ƻƴ ǎŜŘƛƳŜƴǘ ǎƛȊŜ ό.ŜǊŜƴōǊƻŎƪ ŀƴŘ 

¢ǊŀƳƳŜǊΣ нллуύΦ CƻǊ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴΣ ˍϝ ǾŀƭǳŜǎ ŀǊŜ ǎƘƻǿƴ ǿƛǘƘ ǘƘŜ ǊŜŘ Řƻǘ Ƨǳǎǘ 

ōŜƭƻǿ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƻŦ Ƴƻǝƻƴ ŀƴŘ ǘƘŜ ȅŜƭƭƻǿ Řƻǘǎ ƛƴŘƛŎŀǝƴƎ ō̱ ŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŦƻǊ ōƻǘƘ ǎŜǊƛŜǎ 

όCƛƎǳǊŜ оΦрύΦ 

DŀǊŎƛŀ όмфффύ 

{ƘƛŜƭŘǎ όмфосύ 

tǊŜǎŜƴǘ ǎǘǳŘȅΣ ōŜŦƻǊŜ ƛƴǎŜǊǝƻƴ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ 
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tǊŜǎŜƴǘ ǎǘǳŘȅ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǘƻ ǎƛƳƛƭŀǊ ŜȄǇŜǊƛƳŜƴǘŀƭ ƭƛǘŜǊŀǘǳǊŜΦ tŜƴƴŀ Ŝǘ ŀƭΦ 

όнлнлōύΣ 5Ŝȅ ŀƴŘ {ƛƴƎƘ όнллуύ ŀƴŘ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ŀǊŜ Ƨǳǎǘ ōŜƭƻǿ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƻŦ ƳƻǝƻƴΣ 

ŘǳŜ ǘƻ ƘŀǾƛƴƎ ŀ ƭƻǿŜǊ ˍϝ ǿƛǘƘ ŀ ƭŀǊƎŜǊ ǎŜŘƛƳŜƴǘ ǎƛȊŜ ƻŦ Ғ мΦро ƳƳΣ мΦус ƳƳ ŀƴŘ м ƳƳ 

ǊŜǎǇŜŎǝǾŜƭȅΣ ŎƻƳǇŀǊŜŘ ǘƻ [ŜŜ Ŝǘ ŀƭΦ όнлмуύΣ Dŀƻ Ŝǘ ŀƭΦ όнллсύ ŀƴŘ .ŜŜōŜ όнлллύ ǿƛǘƘ Ғ лΦрн 

ƳƳΣ лΦпп ƳƳ ŀƴŘ лΦоу ƳƳ ǊŜǎǇŜŎǝǾŜƭȅ όCƛƎǳǊŜ оΦр ǿƛǘƘ ŦǳǊǘƘŜǊ ŘŜǘŀƛƭǎ ǇǊƻǾƛŘŜŘ ƛƴ !ǇǇŜƴŘƛȄ 

.ύΦ 5Ŝȅ ŀƴŘ {ƛƴƎƘ όнллуύ ƘŀǾŜ ŀ ƭŀǊƎŜǊ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ ǘƘŀƴ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ŀƴŘ tŜƴƴŀ Ŝǘ 

ŀƭΦ όнлнлōύ ǿƘƛŎƘ ǊŜǎǳƭǘǎ ƛƴ ŀ ƘƛƎƘŜǊ wŜϝΦ [ŜŜ Ŝǘ ŀƭΦ όнлмуύΣ Dŀƻ Ŝǘ ŀƭΦ όнллсύ ŀƴŘ .ŜŜōŜ όнлллύ 

ƳƻǊŜ ŎƭƻǎŜƭȅ Ŧƻƭƭƻǿ ǘƘŜ DŀǊŎƛŀ ŎǳǊǾŜ όмфффύΣ ŀƴ ŜȄǘŜƴŘŜŘ ǾŜǊǎƛƻƴ ƻŦ ǘƘŜ {ƘƛŜƭŘǎ ŘƛŀƎǊŀƳΣ ŘǳŜ 

ǘƻ ǘƘŜƛǊ ǎƳŀƭƭŜǊ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ƻǘƘŜǊ ǎǘǳŘƛŜǎ ό{ƛƳƻŜǎΣ нлмпύΦ 

! ǎƛŜǾŜ ŀƴŀƭȅǎƛǎ όCƛƎǳǊŜ оΦсύ ŀǎǎŜǎǎŜŘ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ ŘƛǎǘǊƛōǳǝƻƴ ŀƴŘ ŎƻƳǇŀǊŜŘ ǘƘƛǎ ǘƻ 

ǘƘŜ ǎǳǇǇƭƛŜǊ ƎǊŀƛƴ ǎƛȊŜ ǎǇŜŎƛŬŎŀǝƻƴǎ ό¢ŀōƭŜ оΦмύΦ ! ǊŀƴŘƻƳ ǎŀƳǇƭŜ ƻŦ ǎŜŘƛƳŜƴǘ ǿŜƛƎƘƛƴƎΥ прл 

Ǝ ǿŀǎ Ǉǳǘ ǘƘǊƻǳƎƘ ŀ ǎƛŜǾƛƴƎ ǇǊƻŎŜǎǎ ŦƻǊ мл ƳƛƴǳǘŜǎ ǳǎƛƴƎ ŀƴ 9ƭŜŎǘǊƻπƳŜŎƘŀƴƛŎŀƭ ǎƛŜǾŜ ǎƘŀƪŜǊΦ 

¢ƘŜ ǎƛŜǾƛƴƎ ǇǊƻŎŜǎǎ ŎƻƴǎƛǎǘŜŘ ƻŦ ǳǎƛƴƎ ǘƘǊŜŜ ǎŜǇŀǊŀǘŜ ǎƛŜǾŜǎ ƻŦ ǎƛȊŜǎΥ м ƳƳΣ мΦму ƳƳ ŀƴŘ н 

ƳƳΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ƎǊŀƛƴ ǎƛȊŜ мπн ƳƳΣ ǘƘƻǳƎƘ ǎƭƛƎƘǘ ǾŀǊƛŀƴŎŜ ƻŎŎǳǊǊŜŘ 

ό¢ŀōƭŜ оΦмύΦ  

 

Figure 3.6: Electro-mechanical sieve shaker. Sediment was put through the sieve process for 10 
minutes, with progressively smaller graded sieve mesh to obtain the average particle size and range. 
When the sediment distribution was obtained this was checked against the particle standards to 
ascertain the correct grade of sediment. Sediment range displayed in Table 3.1. 

  

  /ƻƭƭŜŎǝƴƎ ǘǊŀȅ {ƛŜǾŜΥ н ƳƳ 

{ƛŜǾŜΥ мΦму ƳƳ {ƛŜǾŜΥ м ƳƳ 
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Table 3.1: Sediment distribution was obtained by weighing the trays before and after the sieving 
process for the percentage captured by each sieve and the percentage able to pass through. Majority 
of sample: 52% ranged from 1-1.18 mm. 

Sieve size: Supplier specifications (% passing): Sieving process (% passing): 

2.00 95 ς 100 95 
1.18 5 ς 30 60 
1.00 0 ς 5 12 
Tray 0 ς 1 0 

 

3.2.1.2. Measurements 

3.2.1.2.1. Equilibrium scour depth 

Lƴ ƭƛǘŜǊŀǘǳǊŜ ǘƘŜ ŎƻƴŎŜǇǘ ƻŦ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ ǊŜƳŀƛƴǎ ǎǳōƧŜŎǝǾŜΣ ǿƘƛŎƘ Ƙŀǎ 

ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǇǊŜŎƛǎƛƻƴΦ {ƻƳŜ ŀǊƎǳŜ ǘƘŀǘ ŜǉǳƛƭƛōǊƛǳƳ Ŏŀƴƴƻǘ ōŜ ǉǳŀƴǝŬŜŘ ǘƻǿŀǊŘǎ ǘƘŜ ŜƴŘ 

ƻŦ ŎƭŜŀǊπǿŀǘŜǊ ŜȄǇŜǊƛƳŜƴǘǎ ŀǎ ǘƘŜ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŦǊƻƳ ǘƘŜ ŜǎǘŀōƭƛǎƘŜŘ ŘŀǘǳƳ ǇǊƛƻǊ ǘƻ ƅƻǿ 

ŎƻƴŘƛǝƻƴǎ ƛǎ ŀǎȅƳǇǘƻǝŎ ƻǾŜǊ ǝƳŜ όǘύ ŀƴŘ ƛǎ ǎƻ ǎƳŀƭƭ ǘƘŀǘ ƛǘ ƛǎ ŀƭƳƻǎǘ ƛƳǇŜǊŎŜǇǝōƭŜ ŀƴŘ 

ǘƘŜǊŜŦƻǊŜ ŘƛŶŎǳƭǘ ǘƻ ŀŎŎǳǊŀǘŜƭȅ ƳŜŀǎǳǊŜ όhƭƛǾŜǘƻ ŀƴŘ IŀƎŜǊΣ нллрύΦ 5ǳǊƛƴƎ ǘƘŜ ŜŀǊƭȅ ǎǘŀƎŜΣ ǘƘŜ 

ǎŎƻǳǊ ŘŜǇǘƘ ǎƘŀǊǇƭȅ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜƴ ŘǳǊƛƴƎ ǘƘŜ ƭŀǘŜǊ ǎǘŀƎŜǎΣ ǘƘŜ ǎŎƻǳǊƛƴƎ ǇǊƻŎŜǎǎ ƎǊŀŘǳŀƭƭȅ 

ŘŜŎǊŜŀǎŜǎ ǳƴǝƭ Ŭƴŀƭƭȅ ǘƘŜ ǎŎƻǳǊ ǊŀǘŜ ōŜŎƻƳŜǎ ǎǘŀōƭŜ ŀƴŘ ŀǇǇǊƻŀŎƘŜǎ ǘƘŜ Ǉƻƛƴǘ ƻŦ ŜǉǳƛƭƛōǊƛǳƳ 

ǿƛǘƘ ŀ ǾŜǊȅ ǎƳŀƭƭ ǎŎƻǳǊ ǊŀǘŜΦ ¢Ƙƛǎ ǎǘǳŘȅ ǳǎŜŘ ŀ ƎǊŀǇƘƛŎŀƭ ǎƻƭǳǝƻƴ ǘƻ ŎƻƴǎǘǊǳŎǘ ƴƻƴǇŀǊŀƳŜǘǊƛŎ 

ǊŜƎǊŜǎǎƛƻƴ ŦǳƴŎǝƻƴǎ ŦƻǊ ŜǎǝƳŀǝƴƎ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ ŀŎŎƻǊŘƛƴƎ ǘƻ ŘƛǎŎƘŀǊƎŜΦ 

[ƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ όŘǎŜύ ǿŀǎ ǊŜŀŎƘŜŘ ǿƘŜƴ ǘƘŜ ōŜŘ ǊŜπǎǘŀōƛƭƛǎŜǎ όtŀǇŀƴƛŎƻƭŀƻǳ 

Ŝǘ ŀƭΦΣ нлмуōύΦ ¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ǝƳŜ ǘƻ ŘŜǾŜƭƻǇ ŜǉǳƛƭƛōǊƛǳƳ ǎŎƻǳǊ ŘŜǇǘƘ όǘŜύ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ŀǎ 

ǘƘŜ Ǉƻƛƴǘ ƻŦ ƛƴƛǝŀǝƻƴ ƻŦ ǘƘŜ ǇƭŀǘŜŀǳΣ ǿƛǘƘ ǘƘŜ Ǉƻƛƴǘ ƻŦ ǇƭŀǘŜŀǳ ŘŜŬƴŜŘ ŀǎ ǿƘŜƴ ǘƘŜ ǊŜŘǳŎǝƻƴ 

ƻŦ ǘƘŜ ǎŎƻǳǊ ǊŀǘŜ ƛǎ ғ лΦлр ƻŦ ǘƘŜ ƪŜȅ ƳŜƳōŜǊ ŘƛŀƳŜǘŜǊ ό5ƛŎύ ǿƛǘƘƛƴ нп ƘǊǎΦ YŜȅ ƳŜƳōŜǊǎ ŀǊŜ 

ǘƘŜ Ƴŀƛƴ ǎǳǇǇƻǊǝƴƎ ƭƻƎǎ ƻŦ ǘƘŜ ²55Φ ! ŎƻƴǎƛǎǘŜƴǘ ǝƳŜ ƻŦ фс ƘǊǎ ŦƻǊ ǎƘǳǩƴƎ Řƻǿƴ ǘƘŜ 

ŜȄǇŜǊƛƳŜƴǘǎ ǿŀǎ ǎŜǘ ǘƻ ŜȄŀƳƛƴŜ ǘƘŜ ŘƛũŜǊŜƴŎŜǎ ƛƴ ǘƘŜ ōŜŘ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎΣ ŜƴǎǳǊƛƴƎ 

ǇǊŜŎƛǎƛƻƴ ŀƴŘ ŀŘŜǉǳŀǘŜ ǝƳŜ ŦƻǊ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ ǘƻ ōŜ ǊŜŀŎƘŜŘΦ ¢ƻ ƻōǘŀƛƴ ǘƘŜ 

ŀǇǇǊƻǇǊƛŀǘŜ ǝƳŜ ǘƻ ŜǉǳƛƭƛōǊƛǳƳ ŀƴ ŀōǎƻƭǳǘŜ Ǉƭƻǘ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ ŦƻǊ ŀƭƭ ǎŜǊƛŜǎ ǿƛǘƘ ǝƳŜ όȄπ

ŀȄƛǎύ ŀƴŘ ǎŎƻǳǊ ŘŜǇǘƘ όȅπŀȄƛǎύΦ 

¢ƻ ŜƴǎǳǊŜ ǇǊŜŎƛǎƛƻƴΣ ǾŜǊƛŬŎŀǝƻƴ ƻŦ ǇƭŀǘŜŀǳƛƴƎ ŀƴŘ Ŝŀǎȅ ƛŘŜƴǝŬŎŀǝƻƴ ƻŦ ƻǳǘƭƛŜǊǎ ŀ ƴƻƴπ

ŘƛƳŜƴǎƛƻƴŀƭ ƭƻƎπƭƻƎ Ǉƭƻǘ ǿŀǎ ŀŘŘƛǝƻƴŀƭƭȅ ŎƻƴǎǘǊǳŎǘŜŘ ŦƻǊ ǎŜǊƛŜǎ м!Σ м. ŀƴŘ н! ǿƛǘƘ ǘκǘŜ όȄπŀȄƛǎύ 

ŀƴŘ ŘǎκŘǎŜ όȅπŀȄƛǎύΦ ¢ƘŜ ǇŀǊŀƳŜǘŜǊǎ ƛƴƅǳŜƴŎƛƴƎ ŎǳǊǾŜ ŎƻƴǎǘǊǳŎǝƻƴ ŀǊŜ ōƭƻŎƪŀƎŜ Ǌŀǝƻ ƛƴ ǊŜǎǇŜŎǘ 
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ǘƻ ŘƛǎŎƘŀǊƎŜΦ tŀǊŀƳŜǘŜǊǎ ǘƻ ōŜ ǳǎŜŘ ŀǊŜ ǎŜǊƛŜǎ !Υ v Ґ лΦлнн ƳоκǎΤ .Ǌ Ґ лΦр ŀƴŘ ŦƻǊ ǎŜǊƛŜǎ .Υ v Ґ 

лΦлму ƳоκǎΤ .Ǌ Ґ лΦруΦ 5ƛǎŎƘŀǊƎŜǎ ŀƴŘ ōƭƻŎƪƛƴƎ Ǌŀǝƻǎ ŀǊŜ ŦƻǳƴŘ ƛƴ ǎŜŎǝƻƴ оΦнΦмΦмΦ 

ό9ȄǇŜǊƛƳŜƴǘŀƭ ǎŜǘπǳǇύΦ [ƻƎŀǊƛǘƘƳƛŎ ǾŀƭǳŜǎ ǿŜǊŜ ǳǎŜŘ ŦƻǊ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ ŬƴƛǘŜ 

ǝƳŜΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ŀǎȅƳǇǘƻǝŎ ŦǳƴŎǝƻƴǎ ǘƘŀǘ ŜȄƛǎǘ ǿƛǘƘƛƴ ǘƘŜ ǉǳŀǎƛπŜǉǳƛƭƛōǊƛǳƳ ǇŜǊƛƻŘ ό[ƛŀƴƎ 

Ŝǘ ŀƭΦΣ нлнлύΦ 

 

3.2.1.2.2. Bed profiling and measurement of scour 

! YƛƴŜŎǘ ǾмΦл ƛƴǇǳǘ ŘŜǾƛŎŜΣ ŘŜǎƛƎƴŜŘ ŦƻǊ ǘƘŜ aƛŎǊƻǎƻƊ ·ōƻȄ осл ǾƛŘŜƻπƎŀƳŜǎ ǎȅǎǘŜƳ ǿŀǎ ǳǎŜŘ 

ƛƴ ǘƘƛǎ ǎǘǳŘȅ ŀǎ ŀ ǎƘƻǊǘπǊŀƴƎŜ о5 ƛƴŦǊŀǊŜŘπƛƳŀƎƛƴƎ ǎȅǎǘŜƳ ǿƛǘƘ ǘƘŜ ŎŀǇŀōƛƭƛǘȅ ƻŦ ǇǊƻŘǳŎƛƴƎ ōŜŘ 

ŜƭŜǾŀǝƻƴ Řŀǘŀ ǿƛǘƘ ǊŜƭŀǝǾŜƭȅ ƎƻƻŘ ŀŎŎǳǊŀŎȅΣ ōŜƛƴƎ ƴƻƴπƛƴǘǊǳǎƛǾŜ ǘƻ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ 

όYƘƻǎƘŜƭƘŀƳ ŀƴŘ 9ƭōŜǊƛƴƪΣ нлмнΤ /ƘƻǳǊŀǎƛȅŀ Ŝǘ ŀƭΦΣ нлмтύΦ ¢ƘŜ YƛƴŜŎǘ Ŏŀƴ ŘŜǘŜŎǘ ƳƻǾŜƳŜƴǘ 

ǘƻǿŀǊŘǎ ŀƴŘ ŀǿŀȅ ŦǊƻƳ ƛǘ ōȅ ǳǎƛƴƎ ŀƴ ƛƴŦǊŀǊŜŘ όLwύ ŘŜǇǘƘπǎŜƴǎƛƴƎ ŜƳƛǧŜǊ ŀƴŘ ǊŜŎŜƛǾŜǊ όCƛƎǳǊŜ 

оΦтύΦ 5ŀǘŀ ŎƻƭƭŜŎǝƻƴ ŀƴŘ ōŀǎƛŎ Řŀǘŀ ŀƴŀƭȅǎƛǎ ǳǎƛƴƎ ǘƘŜ YƛƴŜŎǘΣ ǇǊƻǾŜǎ ǳǎŜŦǳƭ ŀǎ ŀƴ ƻōǎŜǊǾŀǝƻƴŀƭ 

ǘƻƻƭ ƛƴ ǎǘǊŜŀƳ ōŀǘƘȅƳŜǘǊȅ ŀƴŘ ǎŜŘƛƳŜƴǘƻƭƻƎƛŎŀƭ ǘƻǇƻƎǊŀǇƘƛŎ ƳŀǇǇƛƴƎ ƛƴ ǘƘƛǎ ǘȅǇŜ ƻŦ ƅǳƳŜ 

ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ όaŀƴƪƻũ ŀƴŘ wǳǎǎƻΣ нлмоΤ /ƘƻǳǊŀǎƛȅŀ Ŝǘ ŀƭΦΣ нлмтύΦ 

 

 

 

Figure 3.7: Kinect v1.0 depicting camera and sensors. Diagram showing IR emitter and IR receiver; RGB 
camera and LED locations. Image adapted from Andrews (2010). 

 

3.2.1.2.3. Calibration of Kinect 

tǊƛƻǊ ǘƻ ǘƘŜ ŜȄǇŜǊƛƳŜƴǘǎΣ ǘƘŜ YƛƴŜŎǘ ǿŀǎ ŎŀƭƛōǊŀǘŜŘ ǘƻ ƳƛƴƛƳƛǎŜ ŀƴȅ ƳŜŀǎǳǊŜƳŜƴǘ ǳƴŎŜǊǘŀƛƴǘȅ 

ŀƴŘ ƻōǘŀƛƴ ǊŜƭƛŀōƭŜ ǊŜǎǳƭǘǎΦ ¢ƘŜ ŎŀƭƛōǊŀǝƻƴ ƻŦ ǘƘŜ YƛƴŜŎǘ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ƳŀǇǇƛƴƎ ŦǊƻƳ Ǌŀǿ ŘƛƎƛǘŀƭ 

ƴǳƳōŜǊ ό5bύ ŎƻƻǊŘƛƴŀǘŜǎ ǘƻ ǊŜŀƭπǿƻǊƭŘΣ ȄΣ ȅΣ Ȋ Ǉƻƛƴǘǎ όaŀƴƪƻũ ŀƴŘ wǳǎǎƻΣ нлмоύΦ tƻƻǊ 

Lw 9ƳƛǧŜǊ 

wD. /ŀƳŜǊŀ 

[95 

Lw wŜŎŜƛǾŜǊ 
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ŎŀƭƛōǊŀǝƻƴ ƻŦ ǘƘŜ YƛƴŜŎǘ Ŏŀƴ ŎǊŜŀǘŜ ƛƴŀŎŎǳǊŀŎƛŜǎΣ ŜǊǊƻǊǎ ŀƴŘ ƛƳǇŜǊŦŜŎǝƻƴǎ ƛƴ ǘƘŜ ŎŀǇǘǳǊŜŘ 

Ǉƻƛƴǘ ŎƭƻǳŘ ƛƳŀƎŜǊȅΦ !ǇǇǊƻǇǊƛŀǘŜ ŎŀƭƛōǊŀǝƻƴ ŦƻǊ Ǌƻōǳǎǘ ŀǇǇƭƛŎŀǝƻƴǎ ƛǎ ŜǎǎŜƴǝŀƭ ǘƻ ƎŜƴŜǊŀǘŜ 

ƎǊŜŀǘŜǊ ŀŎŎǳǊŀŎȅΣ ǘƻ ǇǊŜǾŜƴǘ ǎȅǎǘŜƳŀǝŎ ƛƳǇǊŜŎƛǎƛƻƴǎ ƛƴ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƴŘ ƛǊǊŜƎǳƭŀǊƛǝŜǎ ƛƴ 

ƎŜƻƳŜǘǊƛŎ ŘƛǎǘƻǊǝƻƴ όYƘƻǎƘŜƭƘŀƳ ŀƴŘ 9ƭōŜǊƛƴƪΣ нлмнΤ .ŀǎǎƻ Ŝǘ ŀƭΦΣ нлмуύΦ ¢ƘŜ ŎŀƭƛōǊŀǝƻƴ ƻŦ 

ǘƘŜ YƛƴŜŎǘΣ ƛƴŎƭǳŘƛƴƎ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴΣ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅΣ ŘŜǇǘƘ ǊŜǎƻƭǳǝƻƴ ŀƴŘ ǇǊŜŎƛǎƛƻƴΣ ŀƴŘ 

ƎŜƻƳŜǘǊƛŎ ŎŀƭƛōǊŀǝƻƴ ŀǊŜ ŘŜǎŎǊƛōŜŘ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ǎŜŎǝƻƴǎ ōŜƭƻǿΦ 

 

3.2.1.2.3.1. Spatial resolution of the Kinect 

¢ƻ ƻōǘŀƛƴ ǊŜŀƭπǿƻǊƭŘ ǾŀƭǳŜǎ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ǿŀǎ ŜȄŀƳƛƴŜŘΦ !ƴ ŜȄǘŜǊƴŀƭ ŎŀƭƛōǊŀǝƻƴ ǇǊƻŎŜŘǳǊŜ 

ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƴǾŜǊǘ ǘƘŜ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ όYƳύΣ ŘŜŬƴŜŘ ŀǎ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǇƛȄŜƭǎ ǳǝƭƛǎŜŘ ƛƴ 

ŎƻƴǎǘǊǳŎǝƻƴ ƻŦ ǘƘŜ Ǉƻƛƴǘ ŎƭƻǳŘ ό{ǇǊƛƴƎ Ŝǘ ŀƭΦΣ нлнлύΣ ƛƴǘƻ ǊŜŀƭ ƳŜŀǎǳǊŜŘ ŘƛǎǘŀƴŎŜ ό¢Řύ ǳǎƛƴƎ ŀ 

ŎŀƭƛōǊŀǝƻƴ ŦŀŎǘƻǊΦ ¢ƻ ƻōǘŀƛƴ ǘƘŜ YƛƴŜŎǘ ƘƻǊƛȊƻƴǘŀƭ ŀƴŘ ǾŜǊǝŎŀƭ ǊŜǎƻƭǳǝƻƴǎ όȄ ŀƴŘ ȅ ŘƛǊŜŎǝƻƴǎύΣ 

ǘƘŜ YƛƴŜŎǘ ǿŀǎ ǇƻǎƛǝƻƴŜŘ ŀǘ ŀ ǘǊǳŜ ƳŜŀǎǳǊŜŘ ŘƛǎǘŀƴŎŜ ό½ōǎύ ƻŦ мΦлнр Ƴ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ŦǊƻƳ ŀ 

ǇƭŀƴŀǊ ǎǳǊŦŀŎŜΦ Lƴ ǘƘƛǎ ŎŀǎŜ ǘƘŜ ǇƭŀƴŀǊ ǎǳǊŦŀŎŜ ǿŀǎ ŀ ƅŀǘ ǿŀƭƭ ǿƛǘƘ ƘƻƳƻƎŜƴŜƛǘȅ ƻŦ ŎƻƭƻǳǊ ŀƴŘ 

ǊŜƅŜŎǝǾƛǘȅ ǎǇŀƴƴƛƴƎ ǘƘŜ Ŧǳƭƭ CƛŜƭŘ ƻŦ ±ƛǎƛƻƴ όCƻ±ύ όYƘƻǎƘŜƭƘŀƳ ŀƴŘ 9ƭōŜǊƛƴƪΣ нлмнΤ ¸ŀƴƎ Ŝǘ ŀƭΣ 

нлмрΤ tƻƘƭƳŀƴƴ Ŝǘ ŀƭΦΣ нлмсύΦ Lw ŎŀƳŜǊŀ Ǉƻƛƴǘǎ ǿŜǊŜ ƳŀǊƪŜŘ ƛƴ ǘƘŜ Ȅ ŀƴŘ ȅ ŘƛǊŜŎǝƻƴǎ ŀǘ ǘƘŜ 

ƳŀȄƛƳǳƳ YƛƴŜŎǘ Cƻ±Σ ǿƛǘƘ ¢Ř ōŜǘǿŜŜƴ Ǉƻƛƴǘǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀ ǘŀǇŜ ƳŜŀǎǳǊŜ όŀŎŎǳǊŀŎȅΥ ҕлΦо 

ƳƳύ ό¢ŀǇŜ {ǘƻǊŜΣ нлнлύΦ ¢ƘŜ ŎŀƭƛōǊŀǝƻƴ ŦŀŎǘƻǊ ƻǊ Ȅ ŀƴŘ ȅ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ǿŀǎ ǉǳŀƴǝŬŜŘ 

ǳǎƛƴƎ 9ǉǳŀǝƻƴ оΦпΦ CƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅΣ ǘƘŜ YƛƴŜŎǘ ƴŜŜŘŜŘ ŀ Cƻ± ƻŦ ǘƘŜ ŜƴǝǊŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ 

ǿƛŘǘƘ όлΦс Ƴύ ŀƴŘ ŀǎ ƳǳŎƘ ƻŦ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ŘƛǎǘŀƴŎŜ ό[ Ґ мл Ƴύ ŀǎ ǇƻǎǎƛōƭŜΣ ǿƘƛƭŜ ŀŎƘƛŜǾƛƴƎ 

ŀ ƘƛƎƘ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ǿƛǘƘ ǊŜŘǳŎŜŘ ǇƛȄŜƭ ōƭƻŎƪƛƴƎΦ ! ŘƛǎǘŀƴŎŜ Ȅ ŀƴŘ ȅ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ 

ŀƴŀƭȅǎƛǎ ǿŀǎ ǊŜǉǳƛǊŜŘ ǘƻ ǉǳŀƴǝŦȅ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ½ōǎΦ ¢ǿƻ ½ōǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘΣ ǘƘŜ ŎŀƭƛōǊŀǝƻƴ 

ŦŀŎǘƻǊ κ Ȅ ŀƴŘ ȅ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ŀǘ ½ōǎ Ґ мΦлнр Ƴ ǿŀǎ мΦс Ȅ мΦст ƳƳ ŎƻƳǇŀǊŜŘ ǘƻ ½ōǎ Ґ лΦу Ƴ 

ŀǘ мΦон Ȅ мΦор ƳƳΦ ¢Ƙƛǎ ƛǎ ǾŜǊƛŬŜŘ ōȅ {ȊŀǎȊ Ŝǘ ŀƭΦ όнлммύ ǘƘŀǘ ŀǘ ½ōǎ Ґ лΦу ƳΣ ǘƘŜ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ 

ǿŀǎ Ƨǳǎǘ ƻǾŜǊ мΦо ƳƳ ǇŜǊ ǇƛȄŜƭΦ ¢ƘŜ YƛƴŜŎǘ Ƙŀǎ ŀƴ ƻǇǝƳŀƭ ǊŜŎƻƳƳŜƴŘŜŘ ǿƻǊƪƛƴƎ ŘƛǎǘŀƴŎŜ ƻŦ 

лΦуπпΦл Ƴ όtŀƎƭƛŀǊƛ ŀƴŘ tƛƴǘƻΣ нлмрΤ !ƭπbŀƧƛΣ нлмтΤ hǳƳŀΣ нлмфύΦ Lǘ Ŏŀƴ ōŜ ƴƻǘŜŘ ǘƘŀǘ ŀǘ ŀ ŎƭƻǎŜǊ 

ŘƛǎǘŀƴŎŜ ǘƘŜ ǊŜǎƻƭǳǝƻƴ ƛƳǇǊƻǾŜǎΣ ƘƻǿŜǾŜǊΣ ƛǘ ǿŀǎ ŘŜŎƛŘŜŘ ǘƻ ǳǎŜ ½ōǎ Ґ мΦлнр Ƴ ŀǎ ŘŜǇƻǎƛǝƻƴ 

ŎŀǳǎŜŘ ǘƘŜ YƛƴŜŎǘ ǘƻ ōƭŀŎƪ ƻǳǘ ǿƛǘƘƛƴ ǘƘŜ ƳƛƴƛƳǳƳ ǘƘǊŜǎƘƻƭŘ ǿƻǊƪƛƴƎ ŘƛǎǘŀƴŎŜ ό½ōǎ Ґ лΦу Ƴύ 

ό/ƘƻǳǊŀǎƛȅŀ Ŝǘ ŀƭΦΣ нлмтύΦ hƴŎŜ ŀǇǇǊƻǇǊƛŀǘŜ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ǿŀǎ ƻōǘŀƛƴŜŘΣ ŦǳǘǳǊŜ Ǉƻƛƴǘ 

ŎƭƻǳŘǎ YƳ ƛƴ ǘƘŜ Ȅ ŀƴŘ ȅ ŘƛǊŜŎǝƻƴǎ ǿŜǊŜ ŎƻƴǾŜǊǘŜŘ ƛƴǘƻ ¢Ř ōȅ ƳǳƭǝǇƭȅƛƴƎ YƳ ōȅ ǘƘŜ ŎŀƭƛōǊŀǝƻƴ 

ŦŀŎǘƻǊ ό/ŦύΦ  
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#
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+
 (3.4) 

Equation 3.4 calculated the Calibration factor (Cf) (x and y-direction). The calibration factor was 
quantified at a true measured distance (Zbs) of 1.025 m with real measured distance (Td) measured at 
1.024 m (x-direction) and 0.802 m (y-direction). At Zbs = 0.8 m, Td was measured at 0.845 m (x-
direction) and 0.648 m (y-direction). The Kinect resolution was set at Km = 640 px (x-direction) and Km 
= 480 px (y-direction). 

 

3.2.1.2.3.2. Depth accuracy of the Kinect 

¢Ŝǎǘǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ǘƻ ǾŀƭƛŘŀǘŜ ǘƘŜ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅΦ YƛƴŜŎǘ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅ ƛǎ ǘƘŜ ŘƛũŜǊŜƴŎŜ 

ōŜǘǿŜŜƴ ǘƘŜ ŘƛƎƛǘŀƭ ƳŜŀǎǳǊŜŘ ŘƛǎǘŀƴŎŜ ŦǊƻƳ YƛƴŜŎǘ ǘƻ ǘƘŜ ǇǊƛƴŎƛǇŀƭ Ǉƻƛƴǘ όYύΣ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ 

ǘƘŜ ǘǊǳŜ ƳŜŀǎǳǊŜŘ ŘƛǎǘŀƴŎŜ ό½ōǎύ όaŀƴƪƻũ ŀƴŘ wǳǎǎƻΣ нлмоΤ aŀƭƭƛŎƪ Ŝǘ ŀƭΦΣ нлмпΤ ²ŀǎŜƴƳǼƭƭŜǊ 

ŀƴŘ {ǘǊƛŎƪŜǊΣ нлмтύΦ !ǎ ½ōǎ ƛƴŎǊŜŀǎŜǎΣ ǘƘŜ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅ ƳŜŀǎǳǊŜŘ ōȅ ǘƘŜ YƛƴŜŎǘ ŘŜŎǊŜŀǎŜǎ 

ǉǳŀŘǊŀǝŎŀƭƭȅ όYƘƻǎƘŜƭƘŀƳ ŀƴŘ 9ƭōŜǊƛƴƪΣ нлмнΤ aŀƭƭƛŎƪ Ŝǘ ŀƭΦΣ нлмпύΦ 5ŜǇǘƘ ŀŎŎǳǊŀŎȅ ǿŀǎ 

ƻōǘŀƛƴŜŘ ōȅ ƳŜŀǎǳǊƛƴƎ ǘƘŜ ½ōǎ ǘƻ ǘƘŜ YΣ ŘƛǊŜŎǘƭȅ ƛƴ ŦǊƻƴǘ ƻŦ ǘƘŜ YƛƴŜŎǘΦ ! Ǉƻƛƴǘ ŎƭƻǳŘ ƻŦ ǘƘŜ 

ǇƭŀƴŀǊ ǎǳǊŦŀŎŜ ǇǊƻǾƛŘŜŘ 5bǎ ǘƘŀǘ ŀŎǘŜŘ ŀǎ ǘƘŜ Y ǾŀǊƛŀōƭŜΦ !ǘ ½ōǎ Ґ мΦлнр ƳΣ ǘƘŜ YƛƴŜŎǘ ǊŜŀŘƛƴƎ 

ǿŀǎ Y Ґ млнпΦ 5ŜǇǘƘ ŀŎŎǳǊŀŎȅ ŜǊǊƻǊ ό9ύ ŦǊƻƳ Y ǘƻ ½ōǎ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǘ лΦм҈ ƻǊ 9 Ґ мΦло ƳƳ ŀǘ 

ǘƘƛǎ ŘƛǎǘŀƴŎŜ ό9ǉǳŀǝƻƴ оΦрύΦ ¢Ƙƛǎ ǾŀƭǳŜ ƛǎ ǎǳōǎǘŀƴǝŀǘŜŘ ōȅ tƻƘƭƳŀƴƴ Ŝǘ ŀƭΦ όнлмсύ ǿƘƻǎŜ 

Ŝǉǳŀǝƻƴ ŎŀƭŎǳƭŀǘŜŘ ǘƘŀǘ ŀǘ ½ōǎ Ґ мΦн ƳΣ ǘƘŜ YƛƴŜŎǘ ƘŀŘ ŀ 9 ғ н ƳƳΣ ǿƘƛƭŜ aŀƴƪƻũ ŀƴŘ wǳǎǎƻ 

όнлмоύ ǎǘŀǘŜŘ ŀǘ ½ōǎ Ґ м ƳΣ 9 Ґ н ƳƳ ŀƴŘ ŀǘ ½ōǎ Ґ п ƳΣ 9 Ґ пт ƳƳΦ ! ǎƛƳƛƭŀǊ ƳŜǘƘƻŘ ǘƻ ŎƻƴǾŜǊǝƴƎ 

YƳ ƛƴǘƻ ¢ŘΣ ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƴǾŜǊǘ Y ƛƴǘƻ ½ōǎ ǘƘǊƻǳƎƘ ƳǳƭǝǇƭƛŎŀǝƻƴ ƻŦ ǘƘŜ ŎŀƭƛōǊŀǝƻƴ ŦŀŎǘƻǊ ό/Ŧύ 

ό9ǉǳŀǝƻƴ оΦсύ ōȅ ǘƘŜ Y ǾŀǊƛŀōƭŜ ǘƻ ŘŜǘŜǊƳƛƴŜ Ǉƻƛƴǘ ŎƭƻǳŘ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅΦ  

 

%
: +

:
 (3.5) 

Equation 3.5 calculated Kinect depth accuracy percentage error (E) using the true measured distance 
(Zbs) and conveyance (K0) (Mankoff and Russo, 2013). 
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#
:

+
 (3.6) 

Equation 3.6 calculated the Calibration factor (Cf) used for depth accuracy in Z-direction at a set Zbs of 
1.025 m. This equation was used to convert the digital measured distance from the Kinect to the 
principal point to the true measured distance. 

 

¢ƻ ŎƘŜŎƪ ǊŜǎǳƭǘǎΣ ŀ ōƻƻƪ ƻŦ ƪƴƻǿƴ ŘƛƳŜƴǎƛƻƴǎ όǿƛŘǘƘ Ґ уф ƳƳΤ ŘŜǇǘƘ Ґ пл ƳƳΤ ƭŜƴƎǘƘ Ґ нпр 

ƳƳύ όCƛƎǳǊŜ оΦуύ όYƘƻǎƘŜƭƘŀƳ ŀƴŘ 9ƭōŜǊƛƴƪΣ нлмнΤ tƻƘƭƳŀƴƴ Ŝǘ ŀƭΦΣ нлмсύ ǿŀǎ ǇƭŀŎŜŘ ƻƴ ǘƘŜ 

ƅǳƳŜ ōŜŘΦ ¢ƘŜ ƻōǘŀƛƴŜŘ ŎŀƭƛōǊŀǝƻƴ ŦŀŎǘƻǊ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ Ǉƻƛƴǘ ŎƭƻǳŘ ǾŀƭǳŜǎ ǘƻ ǉǳŀƴǝŦȅ YƛƴŜŎǘ 

ŘŜǇǘƘ ŀŎŎǳǊŀŎȅ ŀƴŘ ŜǎǘŀōƭƛǎƘ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴΦ hƴŎŜ ǘƘŜ ŎŀƭƛōǊŀǝƻƴ ŦŀŎǘƻǊ ǿŀǎ ǾŜǊƛŬŜŘΣ ƛǘ ǿŀǎ 

ŀǇǇƭƛŜŘ ǘƻ ŀƭƭ ōŜŘ ƳƻǊǇƘƻƭƻƎƛŎŀƭ Ǉƻƛƴǘ ŎƭƻǳŘǎΦ 

 

 

Figure 3.8: Calibration of sensor from a known object (in this case a book was used) at Zbs = 1.025 m. 
The width, length and depth of a book was used (width = 89 mm; depth = 40 mm; length = 245 mm). 
Point cloud values were converted into real-world distances using Equation 3.4 and Equation 3.6. 

 

3.2.1.2.3.3. Depth resolution and precision of the Kinect 

5ŜǇǘƘ ǊŜǎƻƭǳǝƻƴ ƛǎ ǘƘŜ ǎǘŜǇ ǎƛȊŜŘ ŘŜǾƛŀǝƻƴ ŦǊƻƳ ǘƘŜ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅ ŀƴŘ ƛǎ ǘƘŜ ǎƳŀƭƭŜǎǘ 

ƳŜŀǎǳǊŜŘ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ Ǉƻƛƴǘǎ ǘƘŀǘ ƛǎ ǊŜǇŜŀǘŀōƭŜ ǳƴŘŜǊ ǳƴŎƘŀƴƎŜŘ ŎƻƴŘƛǝƻƴǎ ό{ƳƛǎŜƪ Ŝǘ 



68 
 

ŀƭΦΣ нлммΤ aŀƴƪƻũ ŀƴŘ wǳǎǎƻΣ нлмоΤ aŀƭƭƛŎƪ Ŝǘ ŀƭΦΣ нлмпΤ {ƳƛǎŜƪΣ ǇŜǊǎƻƴŀƭ ŎƻƳƳǳƴƛŎŀǝƻƴΣ 

aŀȅ нлнлύΦ tǊŜŎƛǎƛƻƴ ƛǎ ŘŜŬƴŜŘ ŀǎ ǘƘŜ ǎǇǊŜŀŘ ƻŦ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀǊƻǳƴŘ ǘƘŜ ƳŜŀƴ ŀƴŘ ƛǎ ŀƭǎƻ 

ǊŜǇŜŀǘŀōƭŜ ǳƴŘŜǊ ǳƴŎƘŀƴƎŜŘ ŎƻƴŘƛǝƻƴǎ όaŀƴƪƻũ ŀƴŘ wǳǎǎƻΣ нлмоΤ ²ŀǎŜƴƳǸƭƭŜǊ ŀƴŘ {ǘǊƛŎƪŜǊΣ 

нлмтΤ aŀƴƪƻũΣ ǇŜǊǎƻƴŀƭ ŎƻƳƳǳƴƛŎŀǝƻƴΣ aŀȅ нлнлύΦ ¢ƘŜ ǎƳŀƭƭŜǊ ǘƘŜ ŘƛǎǘŀƴŎŜ ŘƛũŜǊŜƴŎŜ 

ŘŜǘŜŎǘŀōƭŜΣ ǘƘŜ ōŜǧŜǊ ǘƘŜ ŘŜǇǘƘ ǊŜǎƻƭǳǝƻƴ ŀƴŘ ǘƘŜ ǎǇŀǝŀƭ ŘŜƴǎƛǘȅ ŀŎƘƛŜǾŜŘ ό{ǇǊƛƴƎ Ŝǘ ŀƭΦΣ 

нлнлύΦ 5ŜǇǘƘ ǊŜǎƻƭǳǝƻƴ ƛǎ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǘƘŜ ƴǳƳōŜǊ ƻŦ 5bǎ ǳǎŜŘ ǿƛǘƘ ǘƘŜ YƛƴŜŎǘ ŎƻƴǎƛǎǝƴƎ 

ƻŦ ммπōƛǘ ƛƴǘŜƎŜǊǎ ǇǊƻǾƛŘƛƴƎ нΣлпу ƭŜǾŜƭǎ ƻŦ ǎŜƴǎƛǝǾƛǘȅ όYƘƻǎƘŜƭƘŀƳ ŀƴŘ 9ƭōŜǊƛƴƪΣ нлмнύΦ 

¢ƘŜ YƛƴŜŎǘ ǎŜƴǎƻǊ ƳŜŀǎǳǊŜǎ ŘŜǇǘƘ ǾŀƭǳŜǎ ōȅ ǘǊƛŀƴƎǳƭŀǝƻƴ ǿƛǘƘ ǘƘŜ Lw ŜƳƛǧŜǊ ǇǊƻƧŜŎǝƴƎ ŀ 

ŬȄŜŘ ǎǇŜŎƪƭŜŘ ǇŀǧŜǊƴ ƻƴǘƻ ǘƘŜ ƻōƧŜŎǘ ŀƴŘ ǘƘŜ Lw ǊŜŎŜƛǾŜǊ ŎŀǇǘǳǊƛƴƎ ǘƘŜ ǊŜƅŜŎǘŜŘ ǇŀǧŜǊƴ ŀƴŘ 

ŎƻǊǊŜƭŀǝƴƎ ƛǘ ŀƎŀƛƴǎǘ ǘƘŜ ǎǘƻǊŜŘ ǊŜŦŜǊŜƴŎŜ ǇŀǧŜǊƴ ƻŦ ǘƘŜ ƻǊƛƎƛƴŀƭ ǎǳǊŦŀŎŜΦ ¢Ƙƛǎ ǇŀǧŜǊƴ ŀƴŀƭȅǎƛǎ 

ƳŜǘƘƻŘ ƻŦ ŘŜǇǘƘ ƳŜŀǎǳǊŜƳŜƴǘ ƛǎ ƪƴƻǿƴ ŀǎ ŀ ǎǘǊǳŎǘǳǊŜŘ ƭƛƎƘǘ ŀǇǇǊƻŀŎƘ όaŀƭƭƛŎƪ Ŝǘ ŀƭΣ нлмпΤ 

{ŀǊōƻƭŀƴŘƛ Ŝǘ ŀƭΦΣ нлмрύΦ 5ŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ½ōǎΣ ǘƘŜ ǊŜƅŜŎǘŜŘ ǎǇŜŎƪƭŜŘ ǇŀǧŜǊƴ ǎƘƛƊǎ ƛƴ ǘƘŜ 

ŘƛǊŜŎǝƻƴ ƻŦ ǘƘŜ YƛƴŜŎǘ ōŀǎŜƭƛƴŜ ōŜǘǿŜŜƴ ǘƘŜ Lw ŜƳƛǧŜǊ ŀƴŘ ǘƘŜ Lw ǊŜŎŜƛǾŜǊ ǿƘƛŎƘ ƛǎ тр ƳƳ 

ŀǇŀǊǘ ό{ŀǊōƻƭŀƴŘƛ Ŝǘ ŀƭΦΣ нлмрΤ tŀƎƭƛŀǊƛ ŀƴŘ tƛƴǘƻΣ нлмрύΦ 

Lƴ ƛƳŀƎŜ ŀŎǉǳƛǎƛǝƻƴ ǘƘƛǎ ǎǇŜŎƪƭŜŘ ǇŀǧŜǊƴ ǘŜŎƘƴƛǉǳŜ Ƴŀȅ Ƴƛǎǎ ŀ 5b ŀƴŘ ǘƘƛǎ ǾŀƭǳŜ ƛǎ ǊŜǇƭŀŎŜŘ 

ǿƛǘƘ ŀ ǎƛƳƛƭŀǊ ǾŀƭǳŜ ŦǊƻƳ ŀ ƴŜŀǊōȅ ǇƛȄŜƭ ŎǊŜŀǝƴƎ ǘƘŜ ŀǇǇŜŀǊŀƴŎŜ ƻŦ ǎǘŜǇǎ ōŀǎŜŘ ƻƴ ǘƘŜ 

ǊŜŦŜǊŜƴŎŜ ǇŀǧŜǊƴ ό{ŀǊōƻƭŀƴŘƛ Ŝǘ ŀƭΦΣ нлмрΤ ²ŀǎŜƴƳǼƭƭŜǊ ŀƴŘ {ǘǊƛŎƪŜǊΣ нлмтύΦ ¢ƘŜ YƛƴŜŎǘ 

ƛƴǘŜǊƴŀƭƭȅ ƳŀƪŜǎ ǘƘŜ ōŜǎǘ ƳŀǘŎƘ ǘƻ ǘƘŜ ŘƛǎǇŀǊƛǘȅ ǾŀƭǳŜ ǘƻ ŀŎƘƛŜǾŜ ǎǳōπǇƛȄŜƭ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅ 

ǳǎƛƴƎ ŀ Dŀǳǎǎƛŀƴ ŘƛǎǘǊƛōǳǝƻƴ ό{ǘƻƳƳŜƭ Ŝǘ ŀƭΦΣ нлмоΤ [ŀƴŘŀǳ Ŝǘ ŀƭΦΣ нлмсύΦ 9ŀŎƘ ŘŜǇǘƘ ƛƳŀƎŜ ƻƴ 

ǘƘŜ YƛƴŜŎǘ Ŏƻƴǘŀƛƴǎ ŀ ŬȄŜŘ спл Ȅ пулǇȄΣ ƘƻǿŜǾŜǊΣ ŀǎ ǘƘŜ ½ōǎ ƛƴŎǊŜŀǎŜǎ ǘƘŜ Ǉƻƛƴǘ ŘŜƴǎƛǘȅ 

ŘŜŎǊŜŀǎŜǎ ŀƴŘ ǎǘŜǇǎ ŀǇǇŜŀǊ ŦǳǊǘƘŜǊ ŀǇŀǊǘ ǿƛǘƘ ƭƻǿŜǊ ŘŜǇǘƘ ǊŜǎƻƭǳǝƻƴ ŦƻǳƴŘ ŀǘ ƎǊŜŀǘŜǊ 

ŘƛǎǘŀƴŎŜǎ ό!ƴ Ŝǘ ŀƭΦΣ нлмсύ ό!ǇǇŜƴŘƛȄ /ύΦ ¢ƻ ŀƴŀƭȅǎŜ ǘƘƛǎΣ ǘǊƛŀƭǎ ǿŜǊŜ ŎŀǊǊƛŜŘ ƻǳǘ ŀǘ ǘǿƻ 

ŘƛǎǘŀƴŎŜǎ ƻŦ ½ōǎ Ґ мΦлнр Ƴ ŀƴŘ ½ōǎ Ґ лΦу Ƴ όCƛƎǳǊŜ оΦфύΦ ¦ǎƛƴƎ 9ǉǳŀǝƻƴ оΦт όYƘƻǎƘŜƭƘŀƳ ŀƴŘ 

9ƭōŜǊƛƴƪΣ нлмнύ ǘƘŜ ƳŀȄƛƳǳƳ ŘŜǇǘƘ ǊŜǎƻƭǳǝƻƴ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ƛǎ Ғ нΦт ƳƳ ŀǘ ½ōǎ Ґ мΦлнр 

ƳΦ ¢Ƙƛǎ ƛǎ ŀƭǎƻ ǾŜǊƛŬŜŘ ōȅ 9ǉǳŀǝƻƴ оΦу ŀǘ Ғ о ƳƳ ό{ƳƛǎŜƪ Ŝǘ ŀƭΦΣ нлммΤ {ƳƛǎŜƪΣ ǇŜǊǎƻƴŀƭ 

ŎƻƳƳǳƴƛŎŀǝƻƴΣ aŀȅ нлнлύ ŀƴŘ !ǇǇŜƴŘƛȄ / ŀǘ Ғ о ƳƳ όaŀƴƪƻũ ŀƴŘ wǳǎǎƻΣ нлмоΤ aŀƴƪƻũΣ 

ǇŜǊǎƻƴŀƭ ŎƻƳƳǳƴƛŎŀǝƻƴΣ aŀȅ нлнлύΦ YƘƻǎƘŜƭƘŀƳ ŀƴŘ 9ƭōŜǊƛƴƪ όнлмнύΣ {ƳƛǎŜƪ Ŝǘ ŀƭΦ όнлммύ 

ŀƴŘ aŀƴƪƻũ ŀƴŘ wǳǎǎƻ όнлмоύ ŘŜǘŜǊƳƛƴŜŘ ǎǘŜǇ ǎƛȊŜ ōȅ ǇƻǎƛǝƻƴƛƴƎ ŀ YƛƴŜŎǘ ŀǘ ŘƛũŜǊŜƴǘ ½ōǎ 

ŦǊƻƳ ŀ ǇƭŀƴŀǊ ǘŀǊƎŜǘ ŀƴŘ ŎƻƴǎǘǊǳŎǝƴƎ ŀ ƴƻǊƳŀƭƛǎŜŘ ŘŜǇǘƘ ŘƛǎǇŀǊƛǘȅ ŎǳǊǾŜΣ ½ōǎ ǾŜǊǎǳǎ 5bΦ ¢ƘŜ 

ŎƻƴǎǘǊǳŎǘŜŘ ƎǊŀǇƘǎ ŀƭƭƻǿ ŦƻǊƳǳƭŀǝƻƴ ƻŦ Ŝǉǳŀǝƻƴǎ ǿƘƛŎƘ ŜƴŀōƭŜǎ ŘŜǇǘƘ ǾŀƭǳŜǎ ǘƻ ōŜ 

ŎŀƭŎǳƭŀǘŜŘ ŦǊƻƳ ǘƘŜ ƴƻǊƳŀƭƛǎŜŘ ŘƛǎǇŀǊƛǝŜǎ ŀƴŘ ǉǳŀƴǝȊŀǝƻƴ όǉύ ǎǘŜǇǎ ŀǘ ŎƘƻǎŜƴ ½ōǎΦ YƛƴŜŎǘ 
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ŘŜǇǘƘ ŀŎŎǳǊŀŎȅ ǿŀǎ ŎǊƻǎǎπǊŜŦŜǊŜƴŎŜŘ ǘƻ ǘƘŜ Ǉƻƛƴǘ ƎŀǳƎŜ ŀƴŘ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ŀ ƳŜŀƴ 

ǇǊŜŎƛǎƛƻƴ ƻŦ мΦр ƳƳ ǿŀǎ ǾŜǊƛŬŜŘΦ 

 

ÑÚ
Í

ÆÂ
Ú  (3.7) 

Equation 3.7 determined the quantization step size (q(Zbs)) defined as being the depth difference 
corresponding to two successive levels of disparity. This involved using the Khoshelham and Elberink 

(2012) equation where  was pre-determined as being 2.85Exp-5. 

 

 

 

 

Figure 3.9: Two Zbs trialled in flume experiments to analyse the effects of per patch error (Zbs = 1.025 
m and 0.8 m). When moving the Kinect closer to the bed the 1.025 m image was captured however 
the exact location to align images is lost due to moving the location of the Kinect and re-focusing. 
Transects formed from point clouds taken 10 mm downstream of the structure after flow (series 2B, 
run 2). It is noted step size increases from 1.8 mm to 2.7 mm using Equation 3.7. 

 

ÑÚ ςȢχσÚ πȢχτÚ πȢυψ (3.8) 

Equation 3.8 determined the depth resolution as a function of distance (Smisek et al. 2011) with true 
measured distance (Zbs) required.  

  

Legend 
ƶ 0.8 m distance 

 1.025 m distance 

. όƳƳύ 

5
Ŝ
Ǉ
ǘ
Ƙ
 
ό
Ƴ
Ƴ
ύ

 



70 
 

3.2.1.2.3.4. Geometric calibration of the Kinect 

¢ƻ ŎŀƭƛōǊŀǘŜ ŎƻƳƳƻƴ ŎƻǊǊŜǎǇƻƴŘŜƴŎŜ ŀƴŘ ƛŘŜƴǝŦȅ ƭŜƴǎ ŘƛǎǘƻǊǝƻƴ ŀƴŘ ŘŜπŎŜƴǘǊƛƴƎΣ ƛǘ ǿŀǎ 

ƛƳǇƻǊǘŀƴǘ ǘƻ ŎŀƭŎǳƭŀǘŜ ŎƻǊǊŜƭŀǝƻƴ ǇŀǊŀƳŜǘŜǊǎΣ ǎǳŎƘ ŀǎ ǊŀŘƛŀƭ ŀƴŘ ǘŀƴƎŜƴǝŀƭ ƭŜƴǎ ŘƛǎǘƻǊǝƻƴΦ 

¢ƘŜ ǾƛǎƛōƭŜ ŜũŜŎǘ ƻŦ ǊŀŘƛŀƭ ŘƛǎǘƻǊǝƻƴ ŎŀǳǎŜǎ ǘƘŜ ƛƳŀƎŜ ǘƻ ōƻǿ ǎƭƛƎƘǘƭȅ ƛƴǿŀǊŘǎ ŀǘ ǘƘŜ ŜŘƎŜǎΦ 

¢ŀƴƎŜƴǝŀƭ ŘƛǎǘƻǊǝƻƴ ƻŎŎǳǊǎ ǿƘŜƴ ǘƘŜ ƭŜƴǎ ŀƴŘ ǘƘŜ ƛƳŀƎŜ ǇƭŀƴŜ ŀǊŜ ƴƻǘ ǉǳƛǘŜ ǇŀǊŀƭƭŜƭ όaŀǘƭŀōΣ 

нлнлŀύΦ 

5ŜǇǘƘ ŎŀƭƛōǊŀǝƻƴ Ŏƻƴǎƛǎǘǎ ƻŦ ŘŜŦƻǊƳŀǝƻƴ ŀƴŀƭȅǎƛǎ ǘƻ ǊŜŘǳŎŜ Ǉƻƛƴǘ ŎƭƻǳŘ ŎǳǊǾŀǘǳǊŜΦ ²ƘŜƴ 

ƻōǘŀƛƴƛƴƎ ǘƘŜ ŎŀƭƛōǊŀǝƻƴ ŦŀŎǘƻǊΣ ƎŜƻƳŜǘǊƛŎ ŎŀƭƛōǊŀǝƻƴ ǿŀǎ ŀƭǎƻ ǳƴŘŜǊǘŀƪŜƴ ǘƻ ǊŜŘǳŎŜ ŘŜǇǘƘ 

ŘƛǎǇŀǊƛǘȅ ŀƴŘ ƛƳǇǊƻǾŜ YƛƴŜŎǘ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ƻŦ Ǉƻƛƴǘ ŎƭƻǳŘǎ ό!ƴŘŜǊǎŜƴ Ŝǘ ŀƭΦ нлмнύΦ 

!ƳǇƭƛǘǳŘŜ ŀƴŘ ǊŀƴƎŜ ǿŜǊŜ ŜȄŀƳƛƴŜŘ ŦƻǊ ǾŀǊƛŀǝƻƴǎ ǊŜƭŀǝǾŜ ǘƻ ǘƘŜ ƴŜƛƎƘōƻǳǊƛƴƎ ǇƛȄŜƭǎΦ ¢ƘŜ 

Ǉƻƛƴǘ ŎƭƻǳŘǎ ƛƴƛǝŀƭƭȅ ŜȄƘƛōƛǘŜŘ ŀ ǉǳŀŘǊŀǝŎ ƛƴŎǊŜŀǎŜ ƛƴ ŎǳǊǾŀǘǳǊŜ ŀǘ ǘƘŜ ŎƻǊƴŜǊǎ όCƛƎǳǊŜ оΦмлύΦ 

¢ƻ ǊŜŘǳŎŜ ǘƘŜ ǊŀŘƛŀƭ ŘƛǎǘƻǊǝƻƴ ŀǊƻǳƴŘ ǘƘŜ Ǉƻƛƴǘ ŎƭƻǳŘ ŜŘƎŜǎΣ ǘƘŜ ƳƻŘŜƭ ǇǊƻǇƻǎŜŘ ōȅ .Ǌƻǿƴ 

όнллнύ ŦƻǊ ŎŀƳŜǊŀ ŘƛǎǘƻǊǝƻƴ ŎƻǊǊŜŎǝƻƴ ǳǎƛƴƎ ƭŜŀǎǘπǎǉǳŀǊŜǎ ŀŘƧǳǎǘƳŜƴǘ ǿŀǎ ŀǇǇƭƛŜŘ ό9ǉǳŀǝƻƴ 

оΦфύ ǘƘǊƻǳƎƘ ŀ ŎƻƳǇǳǘŜǊ ǇǊƻŎŜǎǎƛƴƎ ŀƴŘ ŎŀƳŜǊŀ ŎŀƭƛōǊŀǘƻǊ ŀǇǇ ǳǎƛƴƎ aŀǘƭŀōΦ CƻǊ ǇƻƭȅƴƻƳƛŀƭ 

ǊŀŘƛŀƭ ŘƛǎǘƻǊǝƻƴ ǘǿƻ ŎƻŜŶŎƛŜƴǘǎ ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘ ōȅ ŬǊǎǘƭȅ ǇǊŜǇŀǊƛƴƎ ŀƴŘ ǘƘŜƴ ŜȄŀƳƛƴƛƴƎ 

ŘƛǎǘƻǊǝƻƴ ŦǊƻƳ мр ƛƳŀƎŜǎ ƻŦ ŀ ƪƴƻǿƴ ǎƛȊŜŘ ŎƘŜŎƪŜǊōƻŀǊŘ όŎƘŜŎƪŜǊōƻŀǊŘ ǎƛȊŜŘ ǎǉǳŀǊŜΥ нл 

ƳƳύΦ .ȅ ŀŘŘƛƴƎ ŀƴŘ ǊŜƳƻǾƛƴƎ ƛƳŀƎŜǊȅΣ ǊŜǇǊƻƧŜŎǝƻƴ ŜǊǊƻǊǎ ǿŜǊŜ ŘŜŎǊŜŀǎŜŘ ǿƛǘƘ ŀ ƳŜŀƴ 

ŎŀƭƛōǊŀǝƻƴ ŀŎŎǳǊŀŎȅ ƻŦ лΦмпΣ ŎŀƳŜǊŀ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ŜȄǇƻǊǘŜŘ ǎƻ ōŜŘ ƳƻǊǇƘƻƭƻƎƛŎŀƭ Ǉƻƛƴǘ 

ŎƭƻǳŘǎ ŎƻǳƭŘ ƘŀǾŜ ǘƘŜ ŘƛǎǘƻǊǝƻƴ ǊŜƳƻǾŜŘ όCƛƎǳǊŜ оΦммύΦ LƳŀƎŜ ǎǘŀƴŘŀǊŘ ŜǊǊƻǊ ŎƻǊǊŜǎǇƻƴŘƛƴƎ 

ǘƻ ŜŀŎƘ ŀŎǘǳŀƭ ǾŀƭǳŜ ƻŦ ŀ ƎƛǾŜƴ ǇŀǊŀƳŜǘŜǊ όŦƻŎŀƭ ƭŜƴƎǘƘΣ ǇǊƛƴŎƛǇŀƭ Ǉƻƛƴǘ ŀƴŘ ŘƛǎǘƻǊǝƻƴ 

ŎƻŜŶŎƛŜƴǘύ ǿŀǎ ǘƘŜƴ ŀƴŀƭȅǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ŎƻƴŬŘŜƴŎŜ ƛƴǘŜǊǾŀƭǎ ǿƛǘƘƛƴ ŀ фр҈ ǎǘŀƴŘŀǊŘ 

ŘŜǾƛŀǝƻƴ όaŀǘƭŀōΣ нлнлōύΦ LŦ ǘƘŜ ǊŜǇǊƻƧŜŎǝƻƴ ƻǊ ŜǎǝƳŀǝƻƴ ŜǊǊƻǊ ǿŀǎ ǿƛǘƘƛƴ ǘƘŜ фр҈ 

ŎƻƴŬŘŜƴŎŜ ǘƘǊŜǎƘƻƭŘΣ ǘƘŜ ŎŀƭƛōǊŀǝƻƴ ŀŎŎǳǊŀŎȅ ǿŀǎ ŎƻƴǎƛŘŜǊŜŘ ŀŎŎŜǇǘŀōƭŜΦ IƻǿŜǾŜǊΣ ǘƘƻǎŜ 

ƛƳŀƎŜǎ ƻǳǘǎƛŘŜ ǘƘƛǎ ǘƘǊŜǎƘƻƭŘ ǿŜǊŜ ŜƛǘƘŜǊ ŜȄŎƭǳŘŜŘ ƻǊ ǊŜŘŜŬƴŜŘΦ ¢ƘŜ ŎŀƳŜǊŀ ǇŀǊŀƳŜǘŜǊǎ 

ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǘƻ ǇǳōƭƛǎƘŜŘ ƭƛǘŜǊŀǘǳǊŜ ǘƻ ŜȄŀƳƛƴŜ ŘƛǎǘƻǊǝƻƴ ŎƻŜŶŎƛŜƴǘǎ ŀƴŘ ŜƴǎǳǊŜ ǘƘŀǘ ŀ 

ǊŜŘǳŎǝƻƴ ƛƴ ŀƴȅ ŜǊǊƻǊ ǿŀǎ ǎǳŶŎƛŜƴǘ ό!ǇǇŜƴŘƛȄ 5ύΦ 
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Figure 3.10: Radial IR distortion with respect to the plane at Zbs = 1.025 m. The DNs were computed 
and represented as a point cloud, in which a surface plot was interpolated using Matlab. Kinect IR 
distortion shows that the further from the Kinect to the principal point, the greater the size of the 
pixel displacements where the edges are heightened and curved (Smisek et al. 2011). Radial effects 
increase with the distance between Kinect and target (Mallick et al., 2014). The residuals can reach 
approximately 1cm to tens of centimetres at the corners at maximum usable ranges (Lachat et al., 
2015). 

 

Ø Øρ ËÒ ËÒ ËÒ  7ÈÅÒÅȡ Ò Ø Ù (3.9a) 

Ù Ùρ ËÒ ËÒ ËÒ   (3.9b) 

Equation 3.9a and b determined calibration to remove distortion (Li, 2018). For Equation 3.9a this 
involved letting x be the ideal coordinates on the image plane, xd being the corresponding real 
observed coordinates and 0, 0 denoted the principal point, free of any distortion and k1, k2, k3 denotes 
the radial distortion coefficients. While for Equation 3.9b, distortion is removed in the y plane. Zhang 
and Zhang (2011) claims the first two terms in these equations are sufficient to adequately undistort 
images in most cases. r is the square root of the sum of x and y which was used to obtain the 
undistorted image. 
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Figure 3.11: Schematic of radial distortion removal (top row) (adapted from Li, 2018) compared to 
point cloud deviations between radial distorted images and corrected images (bottom row). Colour 
representation of the residuals with respect to a fitted plane (Zbs = 1.025 m), a) before correction and 
b) after correction. A slight residual vertical error line can be seen at the point cloud centre line. After 
calibration there remains a slight residual error due to the limitations of the Kinect cameras. 

 

3.2.1.3. Scientific procedure 

¢ƘŜ ŜȄǇŜǊƛƳŜƴǘ ǿŀǎ ǎǘŀǊǘŜŘ ōȅ ŜǎǘŀōƭƛǎƘƛƴƎ ǳƴƛŦƻǊƳ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ŀƴŘ ŀ Ŏƻƴǎǘŀƴǘ ƅƻǿ ŘŜǇǘƘ 

ƛƴ ǘƘŜ ƅǳƳŜΦ ¦ƴƛŦƻǊƳ ƅƻǿ ƛǎ ŀŎƘƛŜǾŜŘ ǿƘŜƴ ǘƘŜǊŜ ƛǎ ƴƻ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ƅƻǿ ŘŜǇǘƘ ŀƭƻƴƎ ǘƘŜ 

ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǿŀǘŜǊ ōƻŘȅΦ ¢ƘŜ ǘŀƛƭƎŀǘŜ ƘŜƛƎƘǘǎ ŦƻǊ ǎŜǊƛŜǎ ! ŀƴŘ . ǿŜǊŜ ŎŀƭŎǳƭŀǘŜŘΣ ŀǎ ƳŜƴǝƻƴŜŘ 

ŜŀǊƭƛŜǊ ƛƴ ǘƘŜ ǎŜǘǳǇ ǎŜŎǝƻƴ όоΦнΦмΦмΦύΣ ŀƴŘ ǿŜǊŜ ŬȄŜŘ ŘŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŘƛǎŎƘŀǊƎŜ ǾŀƭǳŜ όǎŜǊƛŜǎ 

! ŀƴŘ .ύΦ Cƭƻǿ ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ŎƻƴǘǊƻƭƭŜŘ ōȅ ǳǎƛƴƎ ǘƘŜ ǘŀƛƭƎŀǘŜ ŀǘ ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ ŜƴŘ ƻŦ ǘƘŜ 

ƅǳƳŜΦ ! ±ŜǊƴƛŜǊ Ǉƻƛƴǘ ƎŀǳƎŜ ǿŀǎ ǳǎŜŘ ǘƻ ƳŜŀǎǳǊŜ ǘƘŜ ŎŜƴǘǊŜ ƭƛƴŜ ƅƻǿ ŘŜǇǘƘ όƘύ ŀƴŘ ǿŀǘŜǊ 

ǎǳǊŦŀŎŜ ǇǊƻŬƭŜ ōŜŦƻǊŜ ŜŀŎƘ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƛƴǎŜǊǘŜŘΦ Lƴ ŜŀŎƘ ǊǳƴΣ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ Ŧǳƭƭȅ 

· 

ȅ wŀŘƛŀƭ ŘƛǎǘƻǊǝƻƴ 

· 

ȅ 
bƻ ŘƛǎǘƻǊǝƻƴ 

{ƭƛƎƘǘ wŜǎƛŘǳŀƭ ŜǊǊƻǊ ŀύ ōύ 
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ǎǳōƳŜǊƎŜŘ όǎŜǊƛŜǎ !Υ Ƙ Ґ мрл ƳƳ ŀƴŘ ǎŜǊƛŜǎ .Υ Ƙ Ґ мол ƳƳύΦ ²ƛǘƘ ǘƘŜ ƛƴǎŜǊǝƻƴ ƻŦ ǘƘŜ 

ǎǘǊǳŎǘǳǊŜ ǘƘŜ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ŎƘŀƴƎŜŘΣ ǿƛǘƘ ǘƘŜ ǿŀǘŜǊ ǎǳǊŦŀŎŜ ǇǊƻŬƭŜ ƎŜƴŜǊŀǝƴƎ ƎǊŀŘǳŀƭƭȅ 

ǾŀǊƛŜŘ ƅƻǿ όD±Cύ ŎƻƴŘƛǝƻƴǎΦ ¢ƘŜ ƅƻǿ ŘŜǇǘƘ ǿŀǎ ƳŜŀǎǳǊŜŘ ǳǎƛƴƎ ŀ ±ŜǊƴƛŜǊ Ǉƻƛƴǘ ƎŀǳƎŜΣ ŀƴŘ 

ŘƛǎŎƘŀǊƎŜ ǿŀǎ ƛƴǎǘŀƴǘŀƴŜƻǳǎƭȅ ŀƴŘ ŎǳƳǳƭŀǝǾŜƭȅ ƳƻƴƛǘƻǊŜŘ ōȅ ǘƘŜ ƅƻǿ ƳŜǘŜǊΦ LƴƛǝŀƭƭȅΣ ǎŎƻǳǊ 

ƛƴŎǊŜŀǎŜŘ ǊŀǇƛŘƭȅ ƻǾŜǊ ǝƳŜ ōŜŦƻǊŜ ǎƭƻǿƛƴƎΣ ǿƛǘƘ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ǊŀǘŜǎ ǘŜƴŘƛƴƎ ǘƻǿŀǊŘǎ 

ȊŜǊƻ ŀƴŘ ǇƭŀǘŜŀǳƛƴƎΦ 9ȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ Ǌǳƴ ŦƻǊ фс ƘƻǳǊǎ ǳƴǝƭ ŀ ƳŀȄƛƳǳƳ ŘŜǇǘƘ ƻŦ ǎŎƻǳǊ ŀǘ 

ŜǉǳƛƭƛōǊƛǳƳ ǿŀǎ ŀŎƘƛŜǾŜŘΦ ¦Ǉƻƴ ŎƻƳǇƭŜǝƻƴ ƻŦ ŜŀŎƘ ŜȄǇŜǊƛƳŜƴǘΣ ǘƘŜ ǇǳƳǇǎ ǿŜǊŜ ƎǊŀŘǳŀƭƭȅ 

ǎƘǳǘ Řƻǿƴ ŀƴŘ ǘƘŜ ǿŀǘŜǊ ǎƭƻǿƭȅ ŘǊŀƛƴŜŘ ŦǊƻƳ ǘƘŜ ƅǳƳŜ ǘƻ ǇǊŜǎŜǊǾŜ ǘƘŜ ƛƴǘŜƎǊƛǘȅ ƻŦ ǘƘŜ 

ŎƘŀƴƴŜƭ ƳƻǊǇƘƻƭƻƎƛŎ ŘŜǘŀƛƭǎΦ ¢ƘŜ ±ŜǊƴƛŜǊ Ǉƻƛƴǘ ƎŀǳƎŜ ƳŜŀǎǳǊŜŘ ǘƘŜ ŎŜƴǘǊŜƭƛƴŜ ƳŜŀǎǳǊŜƳŜƴǘǎ 

ŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǊǳƴǎΦ ¢ƘŜ ŎŜƴǘǊŜ ƭƛƴŜ ƛǎ ŘƛǎǇƭŀȅŜŘ ƛƴ CƛƎǳǊŜ оΦмнΦ LƳŀƎŜǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘ ǳǎƛƴƎ 

ŀ YƛƴŜŎǘ ƳƻǳƴǘŜŘ ŀōƻǾŜ ǘƘŜ ōŜŘ ƻƴ ǘƘŜ ŎŀǊǊƛŀƎŜǿŀȅ ό½ōǎ Ґ мΦлнр ƳύΦ tƻƛƴǘ ŎƭƻǳŘǎ ŎŀǇǘǳǊŜŘ 

ǘƘŜ ŘǊȅ ōŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ŀŎŎǳǊŀŎȅ ŀƴŘ ǊŜŘǳŎŜ ŜǊǊƻǊǎ ŦǊƻƳ ǿŀǘŜǊ ǊŜƅŜŎǝƻƴ ŀƴŘ ǊŜŦǊŀŎǝƻƴΣ ŀǎ 

ǿŜƭƭ ŀǎ ǇǊŜǾŜƴǘ ǇƻǘŜƴǝŀƭ ƛƴǘŜǊŦŜǊŜƴŎŜ ƻŦ ǘƘŜ !5± ŀƎƎǊŜƎŀǘŜ ƻƴ ǘƘŜ ƛƳŀƎŜΦ 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.12: A Vernier point gauge measured the centre line flow depth before and after the structure 
was inserted. 

 

¢ƘŜ YƛƴŜŎǘΣ ƛƴ ŎƻƴƧǳƴŎǝƻƴ ǿƛǘƘ aŀǘƭŀō LƳŀƎŜ !Ŏǉǳƛǎƛǝƻƴ ǘƻƻƭōƻȄΣ ǿŀǎ ǳǎŜŘ ǘƻ ŎǊŜŀǘŜ ŀƴŘ 

ƳŜŀǎǳǊŜ 5ƛƎƛǘŀƭ 9ƭŜǾŀǝƻƴ aƻŘŜƭǎ ό59aǎύ ƻŦ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ ǘƻ ƎŜƴŜǊŀǘŜ ŀŎŎǳǊŀǘŜ 

9Ȅƛǘ ŘǳƴŜ 

{ŜǊƛŜǎ п ǎǘǊǳŎǘǳǊŜ 

/ŜƴǘǊŜ ƭƛƴŜ 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 
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ǊŜǇǊŜǎŜƴǘŀǝƻƴǎ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊȅΦ ¢ƘŜ LƳŀƎŜ !Ŏǉǳƛǎƛǝƻƴ ǘƻƻƭōƻȄ ŀƭƭƻǿŜŘ ƛƴǘŜǊŀŎǝǾŜ 

ŘŜǘŜŎǝƻƴ ŀƴŘ ŎƻƴŬƎǳǊŀǝƻƴ ƻŦ YƛƴŜŎǘ ǇǊƻǇŜǊǝŜǎ ŦǊƻƳ ǘƘŜ YƛƴŜŎǘ ǘǊƛƎƎŜǊƛƴƎ ǘƻ Ǉƻƛƴǘ ŎƭƻǳŘ 

ŀŎǉǳƛǎƛǝƻƴΦ ¢ƘŜ LƳŀƎŜ !Ŏǉǳƛǎƛǝƻƴ ǘƻƻƭōƻȄ ǇǊƻǾƛŘŜŘ ƛƳŀƎŜ ǇǊƻŎŜǎǎƛƴƎΣ Ǿƛǎǳŀƭƛǎŀǝƻƴ ŀƴŘ 

ŀƭƎƻǊƛǘƘƳ ŘŜǾŜƭƻǇƳŜƴǘ ǘƻ ŘƛǎǇƭŀȅ ŀƴŘ ŀƴŀƭȅǎŜ ǘƘŜ Řŀǘŀ ŦǊƻƳ ǘƘŜ ƅǳƳŜ ōȅ ƎŜƴŜǊŀǝƴƎ aŀǘƭŀō 

ǎŎǊƛǇǘ ŦƻǊ ƎǊŀǇƘ ŎƻƴǎǘǊǳŎǝƻƴ ƻǊ ǎŎǊƛǇǘǎΣ ǿƘƛŎƘ ǿŜǊŜ ŜȄǇƻǊǘŜŘ ǘƻ ŜȄŎŜƭ ŦƻǊ ƴǳƳŜǊƛŎŀƭ ŀƴŀƭȅǎƛǎΦ 

59a ŀŎŎǳǊŀŎȅ ǿŀǎ ǾŀƭƛŘŀǘŜŘ ǳǎƛƴƎ Ǉƻƛƴǘ ƎŀǳƎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ŀƭƻƴƎ ǘƘŜ ŎŜƴǘǊŜƭƛƴŜ ŀǘ лΦлр Ƴ 

ǎǇŀŎƛƴƎǎΣ мΦп Ƴ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǘƻ ƳŀƪŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘƻ Ǉƻƛƴǘ ŎƭƻǳŘ ŀŎŎǳǊŀŎȅ 

ǊŜǇǊŜǎŜƴǝƴƎ ǘƘŜ ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊȅΦ .ŜŘ ǇǊƻŬƭŜǎ ǿŜǊŜ ƳŜŀǎǳǊŜŘ ŦǊƻƳ ŀ ǇǊŜŘŜŬƴŜŘ ŘŀǘǳƳ 

ŀōƻǾŜ ǘƘŜ ƅǳƳŜ ǳǎƛƴƎ ǘƘŜ ǇƻƛƴǘπƎŀǳƎŜΦ ¢ƘǊŜŜ ŎǊƻǎǎπǎŜŎǝƻƴǎ ŀǘ ƴƻǘŀōƭŜ ŜƭŜǾŀǝƻƴǎ ǿŜǊŜ 

ƳŜŀǎǳǊŜŘ ƛƴ ǘƘŜ ƭŀǘŜǊŀƭ ŘƛǊŜŎǝƻƴ ŀǘ лΦлр Ƴ ƛƴǘŜǊǾŀƭǎΣ ǿƛǘƘƛƴ мΦп Ƴ ŘƛǎǘŀƴŎŜ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ 

ǎǘǊǳŎǘǳǊŜΦ .ƻǘƘ ŎǊƻǎǎπǎŜŎǝƻƴǎ ŀƴŘ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜǎ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ 59a ǘƻ ŎƘŜŎƪ 

YƛƴŜŎǘ ŘŜǇǘƘ ŀŎŎǳǊŀŎȅ ŀƴŘ ŎƻƴŬǊƳ ǘƘŜ ŎŀƭƛōǊŀǝƻƴ ŦŀŎǘƻǊ ǿŀǎ ǇǊŜŎƛǎŜ ƻƴ ǘƘŜ ŀǇǇƭƛŜŘ 59aǎΦ 

LŘŜƴǝŬŜŘ ƻǳǘƭƛŜǊǎ ǿŜǊŜ ǊŜǇŜŀǘŜŘΦ [ŀǘŜǊŀƭ ŀǾŜǊŀƎŜǎ Řƻǿƴ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜ ǿŜǊŜ 

ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ǘƘŜ 59a ǘƻ ŀƴŀƭȅǎŜ ǎǇŀǝŀƭ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴΦ 

 

3.2.2. Hydro-environmental modelling 

IȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ ǊŜƭŀǘŜǎ ǘƻ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ǇŀǊŀƳŜǘŜǊǎΣ ǿŀǘŜǊ ƭŜǾŜƭǎ ŀƴŘ 

ǾŜƭƻŎƛǝŜǎΣ ŀƴŘ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ǎƛǘŜ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŀǎ ƛƴŎƭǳŘŜŘ ƛƴ CƭƻƻŘ aƻŘŜƭƭŜǊ 

ǾсΦмΦ όCaύΣ ŘŜǘŀƛƭŜŘ ƛƴ ǘƘƛǎ ǘƘŜǎƛǎΦ ¢ƻ ƻōǘŀƛƴ ƴƻƴπƛƴǘǊǳǎƛǾŜ ŜǎǝƳŀǘŜǎ ƻŦ ƭƻŎŀƭ ǾŜƭƻŎƛǘȅΣ ǾŜǊƛŦȅ 

ǿŀǘŜǊ ǎǳǊŦŀŎŜ ǇǊƻŬƭŜǎ ŀƴŘ ŜȄŀƳƛƴŜ ō̱ ǎǇŀǝŀƭ ŘƛǎǘǊƛōǳǝƻƴǎΣ Ca ǿŀǎ ŎƘƻǎŜƴ ŀǎ ƛǘ ŜƴŀōƭŜŘ 

ŀǧŜƴǳŀǝƻƴ ƳƻŘŜƭƭƛƴƎ ǘƘǊƻǳƎƘ ƴǳƳŜǊƛŎŀƭ ǎƻƭǾŜǊǎ ŀƴŘ ǘƘŜ ŀōƛƭƛǘȅ ǘƻ ǎƛƳǳƭŀǘŜ ǘƘŜ ƛƳǇŀŎǘ ƻŦ 

ƘȅŘǊŀǳƭƛŎ ǎǘǊǳŎǘǳǊŜǎ ƻƴ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ όWŀŎƻōǎ CƭƻƻŘ aƻŘŜƭƭŜǊΣ нлноŀύΦ м5 ƳƻŘŜƭƭƛƴƎ ŜƴŀōƭŜǎ 

ƘȅŘǊŀǳƭƛŎ ǎƛƳǳƭŀǝƻƴǎ ƻŦ ƛƴπŎƘŀƴƴŜƭ ƅƻǿΣ ǿƘƛƭŜ н5 ƳƻŘŜƭƭƛƴƎ Ŏŀƴ ŜȄǇƭƻǊŜ ǎǇŀǝŀƭ ǾŀǊƛŀǝƻƴǎ ƛƴ 

ō̱ όaŎtŀǊƭŀƴŘ Ŝǘ ŀƭΦΣ ǇŜǊǎƻƴŀƭ ŎƻƳƳǳƴƛŎŀǝƻƴΣ CŜōǊǳŀǊȅ нлноύΦ 
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3.2.2.1. 1D model scheme (schematization) 

3.2.2.1.1. Cross-section construction 

¢ƻ ŘŜƭƛƴŜŀǘŜ ǘƘŜ ŎƘŀƴƴŜƭ ŎŜƴǘǊŜ ƭƛƴŜΣ ŀ р Ƴ ǇƻƭȅƭƛƴŜ ǿŀǎ ŘǊŀǿƴ ǳǎƛƴƎ ǘƘŜ ǎǘŀƴŘŀǊŘ ŦƻǊƳŀǘ 

ǇƻƭȅƭƛƴŜ ǎƘŀǇŜŬƭŜΦ ¦Ǉƻƴ ŀŎǉǳƛǊƛƴƎ ǘƘŜ ŎƘŀƴƴŜƭ ŎŜƴǘǊŜ ƭƛƴŜΣ млл ŎǊƻǎǎπǎŜŎǝƻƴǎ ǿŜǊŜ ƎŜƴŜǊŀǘŜŘ 

ǿƛǘƘ ŘƛǎǘŀƴŎŜǎ ōŜǘǿŜŜƴ ŎǊƻǎǎπǎŜŎǝƻƴǎ ǎŜǘ ŀǘ лΦлр Ƴ ŀƭƻƴƎ ǘƘŜ ǇƻƭȅƭƛƴŜΦ ! Ǝƭƻōŀƭ aŀƴƴƛƴƎΩǎ ƴ 

ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘ ƻŦ лΦло ÓÍϳ  ǿŀǎ ǎŜǘ ŀǎ ǊŜŎƻƳƳŜƴŘŜŘ ōȅ ǘƘŜ 9ƴƎƛƴŜŜǊƛƴƎ ¢ƻƻƭōƻȄ 

όнллмύΦ ¢ƘŜ ŬǊǎǘ ƴƻŘŜ ƴŀƳŜ ǿŀǎ ŘŜŬƴŜŘ ŀǎ Ψ·ψǎŜŎǘмΩ ŀƴŘ ǎǳōǎŜǉǳŜƴǘ ƴƻŘŜ ƴŀƳŜǎ ƘŀǾƛƴƎ ǘƘŜ 

ƴǳƳŜǊƛŎŀƭ ƴǳƳōŜǊ ƛƴŎǊŜƳŜƴǘŀƭƭȅ ƛƴŎǊŜŀǎŜ ōȅ м ŦƻǊ ŜǾŜǊȅ лΦлр ƳΣ ǿƛǘƘ ŀƴ ŜȄǘǊŀ ŎǊƻǎǎπǎŜŎǝƻƴ 

ŀŘŘŜŘ ŀǘ ǘƘŜ ŜƴŘ ƻŦ ǘƘŜ ǇƻƭȅƭƛƴŜΦ ¦Ǉƻƴ ƛƴǎŜǊǝƴƎ ǾŀǊƛŀōƭŜǎΣ ƴŜǿ ŎǊƻǎǎπǎŜŎǝƻƴǎ ǿŜǊŜ ŘƛǎǇƭŀȅŜŘ 

ƻƴ ǘƘŜ ƴŜǘǿƻǊƪ ǎŜŎǝƻƴΦ /ǊƻǎǎπǎŜŎǝƻƴǎ ǿŜǊŜ ƛƴŘƛǾƛŘǳŀƭƭȅ ǎŜƭŜŎǘŜŘΣ ŀƴŘ ǘƘŜ ŎƘŀƴƴŜƭ ƎŜƻƳŜǘǊȅ 

ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ƅǳƳŜ ŎƘŀƴƴŜƭ όCƛƎǳǊŜ оΦнύΦ ¢ƻ ƛƳǇǊƻǾŜ ŎƘŀƴƴŜƭ ŎƻƴǾŜȅŀƴŎŜ 

ǎƻ ǘƘŜ ƳƻŘŜƭ ŎƻǳƭŘ Ǌǳƴ ǿƛǘƘ ǊŜŘǳŎŜŘ ŜǊǊƻǊǎΣ ǇŀƴŜƭ ƳŀǊƪŜǊǎ ǿŜǊŜ ŀŘŘŜŘΦ 

 

3.2.2.1.2. Boundary conditions 

¢ƻ ǊŜǇƭƛŎŀǘŜ ƅǳƳŜ ǎǘǳŘȅ ƅƻǿ ŎƻƴŘƛǝƻƴǎΣ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ ƛƴǎŜǊǘŜŘ ƛƴǘƻ ŀ Cƭƻǿπ¢ƛƳŜ 

ōƻǳƴŘŀǊȅ όv¢.5¸ύ ƴƻŘŜΣ ǇƻǎƛǝƻƴŜŘ ŀǘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ƴŜǘǿƻǊƪΣ ǿƘƛŎƘ ŜƴŀōƭŜŘ ŎƻƴǎǘǊǳŎǝƻƴ ƻŦ 

ŀ ŘƛǎŎƘŀǊƎŜ ƘȅŘǊƻƎǊŀǇƘΦ ¢Ƙƛǎ ǳƴƛǘ ǎǇŜŎƛŬŜŘ ǘƘŜ ƅƻǿ ŜƴǘŜǊƛƴƎ ǘƘŜ ǎȅǎǘŜƳΣ ǿƘŜǊŜōȅ ƻǾŜǊ ŀ нп 

ƘǊ ǇŜǊƛƻŘ ŘƛǎŎƘŀǊƎŜ όǎŜǊƛŜǎ !Υ лΦлнн ƳоκǎΤ ǎŜǊƛŜǎ .Υ лΦлму Ƴоκǎύ ǿŀǎ ƳŀƛƴǘŀƛƴŜŘΦ !ǘ ǘƘŜ ōƻǧƻƳ 

ƻŦ ǘƘŜ ƴŜǘǿƻǊƪΣ ŀ bƻǊƳŀƭ κ /ǊƛǝŎŀƭ 5ŜǇǘƘ .ƻǳƴŘŀǊȅ όb/5.5¸ύ ǿŀǎ ƛƴǎŜǊǘŜŘ ǿƘƛŎƘ ŜƴŀōƭŜŘ 

ƅƻǿ ǘƻ ƭŜŀǾŜ ǘƘŜ ǎȅǎǘŜƳΦ ¢Ƙƛǎ ōƻǳƴŘŀǊȅ ƎŜƴŜǊŀǘŜŘ ŀ ƅƻǿπƘŜŀŘ ǊŜƭŀǝƻƴǎƘƛǇ ōŀǎŜŘ ƻƴ ŎǊƻǎǎπ

ǎŜŎǝƻƴ Řŀǘŀ όWŀŎƻōǎ CƭƻƻŘ aƻŘŜƭƭŜǊΣ нлноōύΦ ! CƭƻǿπIŜŀŘ ōƻǳƴŘŀǊȅ όvI.5¸ύ ǿŀǎ ƴƻǘ 

ǎŜƭŜŎǘŜŘ ŀǎ ŘƛǎŎƘŀǊƎŜ ǊŜƳŀƛƴŜŘ Ŏƻƴǎǘŀƴǘ ǘƘǊƻǳƎƘƻǳǘ ǎƛƳǳƭŀǝƻƴǎ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀ ǊŀǝƴƎ ŎǳǊǾŜ 

ŎƻǳƭŘ ƴƻǘ ōŜ ŎƻƴǎǘǊǳŎǘŜŘΦ ¦Ǉƻƴ ǎŜǘπǳǇ ƻŦ ōƻǘƘ ǘƘŜ ŎǊƻǎǎπǎŜŎǝƻƴǎ ŀƴŘ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴǎΣ 

ǘƘƛǎ ŀŎǘŜŘ ŀǎ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭ ǿƘƛŎƘ ǿŀǎ ǎŀǾŜŘ ŀǎ ŀ м5 wƛǾŜǊ bŜǘǿƻǊƪΦ 
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3.2.2.1.3. Simulations 

{ǘŜŀŘȅ ǎǘŀǘŜ ǎƛƳǳƭŀǝƻƴǎ ǇǊƻǾƛŘŜŘ ƛƴƛǝŀƭ ŎƻƴŘƛǝƻƴǎ όCƭƻǿ ŀƴŘ {ǘŀƎŜύΦ 9ǊǊƻǊǎ ƛƴ ǎƛƳǳƭŀǝƻƴǎ 

ǿŜǊŜ ŎƘŜŎƪŜŘ ǳǎƛƴƎ ǘƘŜ Ψм5 ƳƻŘŜƭ ƘŜŀƭǘƘ ŎƘŜŎƪΩΦ !ŘŘƛǝƻƴŀƭƭȅΣ Ŧŀǘŀƭ ŜǊǊƻǊ ŎƻŘŜǎ ǿŜǊŜ ŎƘŜŎƪŜŘ 

ƛƴ ǘƘŜ Ca ǘŜŎƘƴƛŎŀƭ ǊŜŦŜǊŜƴŎŜ ƻƴƭƛƴŜ ƳŀƴǳŀƭΦ ¢ƘŜǎŜ ŘƛŀƎƴƻǎǝŎ ƳŜǎǎŀƎŜǎ ǇǊƻǾƛŘŜŘ ƛƴŦƻǊƳŀǝƻƴ 

ǊŜƎŀǊŘƛƴƎ ǘƘǊŜŜ ǘȅǇŜǎ ƻŦ ƳŜǎǎŀƎŜǎΥ Ŧŀǘŀƭ ŜǊǊƻǊǎ ǿƘƛŎƘ ŎŀǳǎŜŘ ǘƘŜ ǘŜǊƳƛƴŀǝƻƴ ƻŦ ǎƛƳǳƭŀǝƻƴǎΣ 

ǿŀǊƴƛƴƎ ƳŜǎǎŀƎŜǎ ǎǘŀǝƴƎ ŎŜǊǘŀƛƴ ŜƭŜƳŜƴǘǎ ƛƴ ǘƘŜ ƳƻŘŜƭ ǎƘƻǳƭŘ ōŜ ŎƘŜŎƪŜŘ ŀƴŘ ƴƻǘŜǎ ǿƘƛŎƘ 

ŎƻǳƭŘ ŀǎǎƛǎǘ ƛƴ ƛƴǘŜǊǇǊŜǝƴƎ ǘƘŜ ǊŜǎǳƭǘǎ όWŀŎƻōǎ CƭƻƻŘ aƻŘŜƭƭŜǊΥ hƴƭƛƴŜ aŀƴǳŀƭΣ нлннŀύΦ 

{ƛƳǳƭŀǝƻƴ ǎŜǾŜǊƛǘȅ ǿŀǎ ǇǊƻǾƛŘŜŘ ǿƛǘƘ ŀ ŎƻŘŜ ŦǊƻƳ мπр ǿƘŜǊŜ м ǊŜǇǊŜǎŜƴǘǎ ŀ Ŧŀǘŀƭ ŜǊǊƻǊ ŀƴŘ р 

ǊŜǇǊŜǎŜƴǘǎ ŀ ƴƻǘŜΦ 

{ǘŜŀŘȅ ǎǘŀǘŜ ǎƛƳǳƭŀǝƻƴǎ ƘŀŘ ǘƘŜ Ψ5ƛǊŜŎǘ aŜǘƘƻŘ ¢ǊŀƴǎŎǊƛǝŎŀƭ {ƻƭǾŜǊΩ ƻǇǝƻƴ ŀǇǇƭƛŜŘΣ ǎƻ 

ŎƻƳǇŀǊƛǎƻƴǎ ŎƻǳƭŘ ōŜ ƳŀŘŜ ōŜǘǿŜŜƴ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ ŀƴŘ ƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΦ ²ƘŜƴ 

ǎƛƳǳƭŀǝƴƎ ǎǘǊǳŎǘǳǊŜǎ ƛƴ ǘƘŜ ƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΣ ǘƘŜ ƴƻƴƭƛƴŜŀǊ м5 {ŀƛƴǘπ±Ŝƴŀƴǘ ŜǉǳŀǝƻƴǎΣ 

ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘ Ƴŀǎǎ ŀƴŘ ƳƻƳŜƴǘǳƳ ŎƻƴǎŜǊǾŀǝƻƴΣ ǿŜǊŜ ŀǇǇƭƛŜŘ ǿƛǘƘ ǘƘŜ ƴǳƳŜǊƛŎŀƭ ǎŎƘŜƳŜ 

ǊŜǾŜǊǎƛƴƎ ǘƘŜ ǳǇǎǘǊŜŀƳ ŀƴŘ ŘƻǿƴǎǘǊŜŀƳ ƅƻǿ ŘƛǊŜŎǝƻƴ ƛƴ ǎǳǇŜǊŬŎƛŀƭ ǇŀǊǘǎ ƻŦ ǘƘŜ ƴŜǘǿƻǊƪΦ 

¢ƘŜ Ψ¢ǊŀƴǎŎǊƛǝŎŀƭ ǎƻƭǾŜǊΩ ŜƴŀōƭŜǎ ǎǳǇŜǊŎǊƛǝŎŀƭ ƅƻǿ ǘƻ ōŜ ƳƻŘŜƭƭŜŘ ōȅ ƴŜƎŀǝƴƎ ǘƘŜ Ҝ!κҜȅ ǇŀǊǘ 

ƻŦ ǘƘŜ ŀŘǾŜŎǝǾŜ ŀŎŎŜƭŜǊŀǝƻƴ ǘŜǊƳ ƛƴ ǘƘŜ ƳƻƳŜƴǘǳƳ 9ǉǳŀǝƻƴ оΦмл ǿƘŜƴ ǘƘŜ CǊ ŜȄŎŜŜŘǎ ŀ 

ǎǇŜŎƛŬŎŀƭƭȅ ŘŜǎƛƎƴŀǘŜŘ ǘŜǊƳΦ ²ƛǘƘƛƴ Ca ǘƘŜǎŜ ǘŜǊƳǎ ǿŜǊŜ ǎŜǘ ǘƻ ǘƘŜ ŘŜŦŀǳƭǘ ǾŀƭǳŜǎ ƻŦ лΦтр 

όƭƻǿŜǊ CǊύ ŀƴŘ лΦф όǳǇǇŜǊ CǊύΦ ! ƭƛƳƛǘŀǝƻƴ ƛƴǾƻƭǾŜŘ ǿƛǘƘƛƴ ǘƘŜ Ψ¢ǊŀƴǎŎǊƛǝŎŀƭ ǎƻƭǾŜǊΩ ƛǎ ǘƘŀǘ ŀǎ ƛǘ 

ǎƻƭǾŜǎ ǘƘŜ ƳƻƳŜƴǘǳƳ Ŝǉǳŀǝƻƴ ƛƴ ǘƘŜ ŘƛũŜǊŜƴǝŀƭ ŦƻǊƳΣ ǎƻƭǳǝƻƴǎ ŦƻǊ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ƧǳƳǇ Ŏŀƴ 

ōŜ ƛƴŀŎŎǳǊŀǘŜ όWŀŎƻōǎ CƭƻƻŘ aƻŘŜƭƭŜǊΥ hƴƭƛƴŜ aŀƴǳŀƭΣ нлннōύΦ IȅŘǊŀǳƭƛŎ ƧǳƳǇǎ ŀƴŘ ōƻǊŜǎ Ŏŀƴ 

ōŜ ŎƻƳǇƭƛŎŀǘŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ ƛƴ ƘȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭǎ ŘǳŜ ǘƻ ǘƘŜ ƅƻǿΩǎ ƘƛƎƘƭȅ ǘǳǊōǳƭŜƴǘ 

ƴŀǘǳǊŜ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ŀ ǎǘǊǳŎǘǳǊŜ ƻǊ ǇŜǊǘǳǊōŀǝƻƴ ό²ŀƴƎ Ŝǘ ŀƭΦΣ нлмтύΦ LƴǎǘŜŀŘ ƻŦ ǘƘŜ ƘȅŘǊŀǳƭƛŎ 

ƧǳƳǇ ōŜƛƴƎ ƴƻǘŜŘ ŀǎ ƎǊŀŘǳŀƭƭȅ ƛƴŎǊŜŀǎƛƴƎΣ ŀ ǎƘŀǊǇ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎǳǊŦŀŎŜ ǿŀǘŜǊ ǇǊƻŬƭŜ Ŏŀƴ 

ƻŎŎǳǊΦ 
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(3.10) 

Momentum Equation 3.10 denoted equilibrium as calculated using localised velocity (U), time (t), 
wetted area (W), longitudinal direction along the flume in y-direction (y), discharge (Q), gravity (g), 
flow depth (h), channel slope angle / gradient (S0) and surface slope / hydraulic gradient (Sf) adapted 
from Jacobs Flood Modeller: Online Manual (2022c). 

 

3.2.2.1.4. Obstructed channel 

¢ƻ ŎƻƴǾŜǊǘ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭ ƛƴǘƻ ŀƴ ƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΣ ŬǊǎǘƭȅΣ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ м5 

wƛǾŜǊ bŜǘǿƻǊƪ ǿŀǎ ǎŀǾŜŘ ŀƴŘ ŎƻǇƛŜŘ ōŜŦƻǊŜ ŜŘƛǝƴƎ ŎƻǳƭŘ ōŜƎƛƴΦ ¢ƻ ōŜǎǘ ǊŜǇƭƛŎŀǘŜ ǎǘǊǳŎǘǳǊŜ м 

ǿƛǘƘƛƴ CaΣ ŀ ōǊƻŀŘ ŎǊŜǎǘŜŘ ǿŜƛǊ ǳƴƛǘ ǿƛǘƘ ǘƘŜ ǎŀƳŜ ǎƛȊŜ ōƭƻŎƪŀƎŜ ŀǊŜŀ ǿŀǎ ƛƴǎŜǊǘŜŘΦ !ǎ 

ŜȄǇŜǊƛƳŜƴǘǎ ǿŜǊŜ Ǌǳƴ ǳǎƛƴƎ ŀ Ŏƻƴǎǘŀƴǘ ŘƛǎŎƘŀǊƎŜ ǿƛǘƘ ǎǘǊǳŎǘǳǊŀƭ ǎǳǊŎƘŀǊƎƛƴƎΣ ŀ ǿŜƛǊ ǳƴƛǘ ǿŀǎ 

ǿŜƭƭ ǎǳƛǘŜŘΣ ǿƘŜƴ ŘƛǎŎƘŀǊƎŜ ǾŀǊƛŜǎ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ƭŜŀƪƛƴŜǎǎ ŀǊŜ ǊŜǉǳƛǊŜŘ ǎƻ ƭƻǿ ŘƛǎŎƘŀǊƎŜ ƛǎ 

ƴƻǘ ŀǧŜƴǳŀǘŜŘΦ ²55ǎ ǊŜǎŜƳōƭŜ ƻǇŜƴ ǎƭǳƛŎŜ ƎŀǘŜǎ ŀǎ ǘƘŜȅ ŀǊŜ ōƻǘƘ ǾŜǊǝŎŀƭ ǎǘǊǳŎǘǳǊŜǎΣ ǇŀǊǘƭȅ 

ōƭƻŎƪƛƴƎ ǘƘŜ ŎƘŀƴƴŜƭ ŀƴŘ ŀǊŜ ƭŀǊƎŜƭȅ ƻǇŜƴ ǘƻ ǘƘŜ ŀƛǊ όaŎtŀǊƭŀƴŘΣ нлнмύΦ IƻǿŜǾŜǊΣ ǎƭǳƛŎŜ ƎŀǘŜǎ 

ƻƴƭȅ ŀƭƭƻǿ ƅƻǿ ǘƻ Ǉŀǎǎ ǳǇ ǘƻ ŀ ŘŜǇǘƘ Ŝǉǳŀƭ ǘƻ ǘƘŜ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ǎƻŶǘ ōŜŎŀǳǎŜ ǘƘŜȅ ŀǊŜ ǎƻƭƛŘ 

ŀǘ ǘƘŜ ǘƻǇ όDǊƛōōƛƴΣ нлмоύΣ ǿƘƛƭŜ ²55ǎ ŀǊŜ ǇƻǊƻǳǎ ŀƴŘ Řƻ ƴƻǘ ƘŀǾŜ ŀ ŘŜŬƴƛǘŜ ǎƻŶǘΦ IƻǿŜǾŜǊΣ 

²55ǎ Ŏŀƴ ōŜ ǎǳǊŎƘŀǊƎŜŘ ŀƴŘ ƛƴ ǘƘƛǎ ǿŀȅ ōŜƘŀǾŜ ƳƻǊŜ ƭƛƪŜ ŀ ōǊƻŀŘ ŎǊŜǎǘŜŘ ǿŜƛǊ ǿƘŜǊŜōȅ ǘƘŜ 

ǿŀǘŜǊ ǇŀǎǎŜǎ ŀōƻǾŜ ǘƘŜ ƅŀǘ ŎǊŜǎǘ ǘƘŀǘ ŎƻǾŜǊǎ Ƴƻǎǘ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ό.Ŝƴƴ Ŝǘ ŀƭΦΣ нллпύ ŀƴŘ ǎƻ 

ōǊƻŀŘ ŎǊŜǎǘŜŘ ǿŜƛǊ ŦƻǊƳǳƭŀŜ ŀǊŜ ǳǎŜŘ ǘƻ ƳƻŘŜƭ ƅƻǿ ǘƘŀǘ ƻǾŜǊǘƻǇǎ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ 

Ca Ƙŀǎ ŀ ōǳƛƭǘπƛƴ ŎŀǇŀŎƛǘȅ ŦƻǊ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ƳƻŘŜƭƭƛƴƎ ŀƴŘ ŎƘŀƴƴŜƭ ŎƘŀƴƎŜǎΣ ōǳǘ м5 

ǎƛƳǳƭŀǝƻƴǎ ŀǊŜ ǳƴŀōƭŜ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ŎŀǳǎŜŘ ōȅ ǎǘǊǳŎǘǳǊŜǎ όaŎtŀǊƭŀƴŘ 

Ŝǘ ŀƭΦΣ ǇŜǊǎƻƴŀƭ ŎƻƳƳǳƴƛŎŀǝƻƴΣ CŜōǊǳŀǊȅ нлноύΦ ¢ƘŜǊŜŦƻǊŜΣ ŀǎ ǎǘǊǳŎǘǳǊŜ м Ƙŀǎ Ŝ Ґ лΣ ŀ ōǊƻŀŘ 

ŎǊŜǎǘŜŘ ǿŜƛǊ ǳƴƛǘ ǿŀǎ ǿŜƭƭ ǎǳƛǘŜŘ ǘƻ ǊŜǇǊŜǎŜƴǘ ǎǘǊǳŎǘǳǊŀƭ ƛƴŘǳŎŜŘ ƘȅŘǊŀǳƭƛŎǎ ǿƛǘƘƻǳǘ ǘƘŜ 

ǎǘǊǳŎǘǳǊŜ ōŜƛƴƎ ǳƴŘŜǊƳƛƴŜŘΦ ²ƛǘƘƛƴ ǘƘŜ ŎƻǇƛŜŘ ƴŜǘǿƻǊƪΣ ǘƘƛǎ ǳƴƛǘ ǿŀǎ ƛƴǎŜǊǘŜŘ н Ƴ 

ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ v¢.5¸ ŀƴŘ о Ƴ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜ b/5.5¸Φ LƴǎŜǊǝƻƴ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ 

ōŜǘǿŜŜƴ ǘǿƻ ŎǊƻǎǎπǎŜŎǝƻƴǎ ǿŀǎ ŀŎƘƛŜǾŜŘ ōȅ ŬǊǎǘƭȅ ǇƭŀŎƛƴƎ ŀ ǊŜǇƭƛŎŀǘŜ ǳƴƛǘΣ ǘƻ ŜƴƘŀƴŎŜ ƳƻŘŜƭ 

ǎǘŀōƛƭƛǘȅΣ ōŜŦƻǊŜ ǇƭŀŎƛƴƎ ǘƘŜ ōǊƻŀŘ ŎǊŜǎǘŜŘ ǿŜƛǊ όCƛƎǳǊŜ оΦмоύΦ 
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Figure 3.13: Schematic displaying the structure represented by a broad crested weir. To simulate flow 
entering the system a QTBDY was located at the top of the network while to simulate flow leaving the 
system a NCDBDY was located at the bottom of the network. 

 

¢ƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ŘŜǎƛƎƴ ƻŦ ǎǘǊǳŎǘǳǊŜ м ǿƛǘƘƛƴ CaΣ ǘƘŜ ǿŜƛǊ ƎŜƻƳŜǘǊȅ ǿŀǎ ŀƭǘŜǊŜŘΦ 9ƭŜǾŀǝƻƴ ƻŦ 

ǘƘŜ ŎǊŜǎǘ ǿŀǎ ǎŜǘ ǘƻ лΦмр Ƴ ǘƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ǎŜŘƛƳŜƴǘ ƘŜƛƎƘǘΣ ǿƛǘƘ ǘƘŜ ōǊŜŀŘǘƘ ƻŦ ǘƘŜ ŎǊŜǎǘ 

ōŜƛƴƎ ǎŜǘ ǘƻ лΦс Ƴ ƛƴ ƻǊŘŜǊ ǘƻ ǘǊŀƴǎǾŜǊǎŜ ǘƘŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘ ŀƴŘ ǿŜƛǊ ƭŜƴƎǘƘ ƛƴ ǘƘŜ 

ƭƻƴƎƛǘǳŘƛƴŀƭ ŘƛǊŜŎǝƻƴ κ ŘƛǎǘŀƴŎŜ ό[ύ ǿŀǎ ǎŜǘ ǘƻ лΦнр Ƴ ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ƪŜȅ ƳŜƳōŜǊ ŘƛŀƳŜǘŜǊ 

ό5ƛŎύ όCƛƎǳǊŜ оΦмпύΦ 

 

 

 

 

 

Figure 3.14: Displays how design of structure 1 was represented in FM using a broad crested weir. 
Structure 1 variables were replicated in FM to mimic the effects of the structure using a hydraulic 
structure representation approach.  
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¢ƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ ǘŀƛƭƎŀǘŜ ǘƻ ƳŀǘŎƘ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ǿƛǘƘƛƴ CaΣ ŀ ǎƘŀǊǇ 

ŎǊŜǎǘŜŘ ǿŜƛǊ ǿŀǎ ƛƴǎŜǊǘŜŘ ŀǘ ǘƘŜ ōƻǧƻƳ ƻŦ ǘƘŜ ƴŜǘǿƻǊƪ όCƛƎǳǊŜ оΦмрύΦ ¢ƘŜ ǿŜƛǊ ǇƭŀǘŜ ƘŜƛƎƘǘ 

ŀōƻǾŜ ǘƘŜ ōŜŘ ǿŀǎ ǎŜǘ ǘƻ ǘƘŜ ǎŀƳŜ ƘŜƛƎƘǘ ŀǎ ǳǎŜŘ ǿƛǘƘƛƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ŀǎ ǎƘƻǿƴ ƛƴ 

CƛƎǳǊŜ оΦпΦ 

 

 

 

 

Figure 3.15: Schematic displaying the tailgate represented by a sharp crested weir. To simulate flow 
entering the system a QTBDY was located at the top of the network, while to simulate flow leaving 
the system a NCDBDY was located at the bottom of the network. 

 

¢ƘŜ ŜũŜŎǘǎ ƻŦ ǘƘŜ ƅƻǿ ŎƻƴǘǊŀŎǝƻƴ ŀƴŘ ōŀŎƪǿŀǘŜǊ ǊƛǎŜ ǇƻǎŜŘ ōȅ ǘƘŜ ǎƘŀǊǇ ŎǊŜǎǘŜŘ ǿŜƛǊ ǿŜǊŜ 

ŜȄǇǊŜǎǎŜŘ ǳǎƛƴƎ ŀ ŘƛǎŎƘŀǊƎŜ ŎƻŜŶŎƛŜƴǘ όvŎύ ό9ǉǳŀǝƻƴ оΦммύΦ 9ŀǊƭȅ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ǿƻǊƪ ƻŦ 

wŜƘōƻŎƪ όмфнфύ ŦƻǳƴŘ ǘƘŀǘ vŎ Ґ лΦсммΦ 9ǉǳŀǝƻƴ оΦмм ŀǎǎǳƳŜǎ ǘƘŀǘ ǘƘŜ ƅƻǿ ŘƻŜǎ ƴƻǘ ŎƻƴǘǊŀŎǘ 

ŀǎ ƛǘ ƻǾŜǊǘƻǇǎ ǘƘŜ ǿŜƛǊ όIŜƴŘŜǊǎƻƴΣ мфтпύΦ 

 

1
ς

σ
1 ςÇ(  (3.11) 

Discharge (Q) in respect to a sharp crested weir was calculated using Equation 3.11 with variables 
including the discharge coefficient (Qc), gravity (g) and effective weir head (H). 

 

3.2.2.1.5. 1D-2D linked model 

Lƴ ǘƘŜ м5 ǎƛƳǳƭŀǝƻƴΣ ƛƴπŎƘŀƴƴŜƭ ƅƻƻŘ ƳŀǇǇƛƴƎ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘΦ ¢ƻ ŎǊŜŀǘŜ ǘƘƛǎΣ ŀ ΨǘǊƛŀƴƎǳƭŀǘŜ 

ǎŜƭŜŎǘŜŘ ŬƭŜΩ ǿŀǎ ǎŜƭŜŎǘŜŘ ǿƛǘƘƛƴ Ca ¢ƻƻƭōƻȄΦ ¢Ƙƛǎ ŜƴŀōƭŜŘ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ƻŦ ǘƘŜ ǎǳǊŦŀŎŜ 

ƳƻǊǇƘƻƭƻƎȅ ό!ǊŎaŀǇΣ нлнмŀύ ōȅ ŎƻƴǾŜǊǝƴƎ ǘƘŜ ƅƻǿ ŘŜǇǘƘ Ǉƻƛƴǘǎ ǘƻ ŀ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘΦ ¢ƘŜ 

ƳŀȄƛƳǳƳ ƅƻǿ ŘŜǇǘƘ ǿŀǎ ŘƛǎǇƭŀȅŜŘ ǳǎƛƴƎ ŀ ¢ǊƛŀƴƎǳƭŀǊ LǊǊŜƎǳƭŀǊ bŜǘǿƻǊƪ ό¢Lbύ ǿƛǘƘ Řŀǘŀ 

ŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ǘƘŜ м5 ƴŜǘǿƻǊƪ ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ƭŀȅŜǊ ǇŀƴŜƭΦ ! ƅƻƻŘ ŘŜǇǘƘ ƎǊƛŘΣ ǿƘƛŎƘ ƛƭƭǳǎǘǊŀǘŜǎ 

ǘƘŜ ƅƻƻŘ ŘŜǇǘƘΣ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ ǳǎƛƴƎ ǘƘŜ Ψм5 ƅƻƻŘ ƳŀǇ ŎŀƭŎǳƭŀǘƻǊΩΦ CƭƻƻŘ ŘŜǇǘƘ ƎǊƛŘǎ ŀǊŜ 

ǳǎŜŦǳƭ ƛƴ ǘƘŀǘ ǘƘŜȅ ǇǊƻǾƛŘŜ ƛƴŦƻǊƳŀǝƻƴ ǊŜƎŀǊŘƛƴƎ ǎǇŀǝŀƭ ǾŀǊƛŀǝƻƴǎ ƛƴ ƅƻƻŘ ǎŜǾŜǊƛǘȅ όCŜŘŜǊŀƭ 

²ŜƛǊ ǊŜǇǊŜǎŜƴǝƴƎ ǘƘŜ ǘŀƛƭƎŀǘŜ 
v¢.5¸ 

b/5.5¸ 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 
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9ƳŜǊƎŜƴŎȅ aŀƴŀƎŜƳŜƴǘ !ƎŜƴŎȅΣ нлмфύΣ ǿƘŜǊŜōȅ ƛƴ Ca ƅƻƻŘ ŘŜǇǘƘ ƎǊƛŘǎ ǿŜǊŜ ǳǎŜŘ ǘƻ 

ƛƭƭǳǎǘǊŀǘŜ ǘƘŜ ōŀŎƪǿŀǘŜǊ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ 

 

3.2.2.2. 2D model 

3.2.2.2.1. DEM construction of the computational flume 

¢ƻ Ǌǳƴ н5 ǎƛƳǳƭŀǝƻƴǎΣ ŀƴ ŀŎǝǾŜ ŀǊŜŀ ǿƛǘƘ ƎǊƻǳƴŘ ŜƭŜǾŀǝƻƴ ŘŜǘŀƛƭǎ ǿŀǎ ǊŜǉǳƛǊŜŘ όWŀŎƻōǎ CƭƻƻŘ 

aƻŘŜƭƭŜǊΥ hƴƭƛƴŜ aŀƴǳŀƭΣ нлннŘύΦ Lƴ CaΣ ǘǿƻ 59aǎ ǿŜǊŜ ŎǊŜŀǘŜŘ ŘƛǎǇƭŀȅƛƴƎ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ 

όCƛƎǳǊŜ оΦмсŀύ ŀƴŘ ǘƘŜ ƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭǎ όCƛƎǳǊŜ оΦмсōύΦ tƻƛƴǘ ŎƭƻǳŘǎ ǿŜǊŜ ŎǊŜŀǘŜŘ ǳǎƛƴƎ 

aƛŎǊƻǎƻƊ 9ȄŎŜƭ оср ǿƘƛŎƘ ǇǊƻŘǳŎŜŘ ŀ ƳŀǘǊƛȄ ŘƛǎǇƭŀȅƛƴƎ с ŎƻƭǳƳƴǎΥ /ǊƻǎǎπǎŜŎǝƻƴ L5Σ ·Σ ¸Σ ½Σ 

aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŀƴŘ ǊŜǇǊŜǎŜƴǘŀǝǾŜ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜΦ ¢ȅǇƛŎŀƭƭȅ ŦƻǊ ŀ ōǊƻŀŘ ǎŎŀƭŜ 

ƳƻŘŜƭΣ Ca ǳǎŜǎ ŀ н5 ƎǊƛŘ ŎŜƭƭ ǎƛȊŜ ƻŦ нр Ƴ Ȅ нр Ƴ όǊǳǊŀƭύ ŀƴŘ ŦƻǊ ŀ ŘŜǘŀƛƭŜŘ ƳƻŘŜƭ мл Ƴ Ȅ мл Ƴ 

όǳǊōŀƴύ ό/ǊƻǿŘŜǊΣ нллфύΦ IƻǿŜǾŜǊΣ ŀǎ ǘƘŜ ƳƻŘŜƭ ǿŀǎ ǊŜǇǊŜǎŜƴǝƴƎ ŀ ƅǳƳŜΣ ŀ ǎƳŀƭƭŜǊ н5 ƎǊƛŘ 

ŎŜƭƭ ǎƛȊŜ ƻŦ лΦлр Ƴ ǿŀǎ ǳǎŜŘΣ ǿƛǘƘ 59aǎ ǎƘƻǿƛƴƎ улл ƳƳ ǳǇǎǘǊŜŀƳ ŀƴŘ мплл ƳƳ ŘƻǿƴǎǘǊŜŀƳ 

ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ ¦Ǉƻƴ ŎǊŜŀǝƴƎ ǘƘŜ ƳŀǘǊƛȄΣ ƛǘ ǿŀǎ ǘƘŜƴ ƛƳǇƻǊǘŜŘ ƛƴǘƻ !ǊŎDL{ tǊƻ нΦфΦлΦ ¢Ƙƛǎ 

ƛƴǾƻƭǾŜŘ ǎŀǾƛƴƎ ǘƘŜ ƻǳǘǇǳǘ ŦŜŀǘǳǊŜ Ŏƭŀǎǎ ŀǎ ŀ ǎƘŀǇŜŬƭŜ ŀƴŘ ǎŜǩƴƎ ǘƘŜ ŎƻƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ ǘƻ 

.ǊƛǝǎƘ ƴŀǝƻƴŀƭ ƎǊƛŘΦ ¢ƘŜ ǎƘŀǇŜŬƭŜ ǿŀǎ ŎƻƴǾŜǊǘŜŘ ƛƴǘƻ ŀ 59a ǳǎƛƴƎ ǘƘŜ о5 ŀƴŀƭȅǎǘ ǘƻƻƭΣ ǿƛǘƘ 

ǘƘŜ ƻǳǘǇǳǘ ŎŜƭƭ ǎƛȊŜ ōŜƛƴƎ ǎŜǘ ǘƻ лΦлр Ƴ ŀƴŘ ƛƳǇƻǊǘŜŘ ƛƴǘƻ CaΦ  



81 
 

   

 

 

 

 
Figure 3.16: Digital Elevation Model (DEM) displaying a) unobstructed channel with banks, b) 
Obstructed channel with banks. A broad crested weir with an elevated bed represented series 1 within 
the flume experimentation. Flume width (Bf) is displayed on the x-axis and Longitudinal direction / 
distance (L) on the y-axis. 

 

3.2.2.2.2. 2D simulation processing 

! ŎƻƳǇǳǘŀǝƻƴŀƭ ŀǊŜŀ ǿŀǎ ŘǊŀǿƴ ŀǊƻǳƴŘ ǘƘŜ !ǊŜŀ ƻŦ LƴǘŜǊŜǎǘ ό!ƻLύ ŀƴŘ ŎŀƭŎǳƭŀǝƻƴǎ ǿŜǊŜ 

ǊŜǎǘǊƛŎǘŜŘ ǘƻ ǘƘƛǎ ŀǊŜŀΦ ¢ƘŜ ŎƻƳǇǳǘŀǝƻƴŀƭ ŀǊŜŀ ǿŀǎ ŘǊŀǿƴ ǎƳŀƭƭŜǊ ǘƘŀƴ ǘƘŜ 59a ǎƻ CƭƻƻŘ 
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aƻŘŜƭƭŜǊ ŎƻǳƭŘ ŎƻƴŘǳŎǘ ŎŀƭŎǳƭŀǝƻƴǎ ŀƴŘ ǎƻ ǘƘŜ ƳƻŘŜƭ ŎƻǳƭŘ ōŜ ƳƻǊŜ ŜŶŎƛŜƴǘ ōȅ ƻƴƭȅ 

ǎƛƳǳƭŀǝƴƎ ƅƻǿ ƛƴ ǘƘŜ !ƻL όWŀŎƻōǎ CƭƻƻŘ aƻŘŜƭƭŜǊΥ hƴƭƛƴŜ aŀƴǳŀƭΣ нлннŜύΦ  

¢ƘŜ ŎƘŀƴƴŜƭ ƛƴƅƻǿ ŀƴŘ ƻǳǜƭƻǿ ƻŦ ǘƘŜ ƳƻŘŜƭ ǿŜǊŜ ŘŜŬƴŜŘ ŀƭƻƴƎ ǿƛǘƘ ǘƘŜ ŎƘŀƴƴŜƭ ŀƴŘ 

ƅƻƻŘǇƭŀƛƴΦ {Ǉŀǝŀƭƭȅ ǾŀǊȅƛƴƎ ǊƻǳƎƘƴŜǎǎ ǾŀƭǳŜǎ ǿƛǘƘ ŘƛũŜǊŜƴǘ ǊƻǳƎƘƴŜǎǎ ǾŀƭǳŜǎ ōŜǘǿŜŜƴ ǘƘŜ 

ŎƘŀƴƴŜƭ ŀƴŘ ǘƘŜ ƅƻƻŘǇƭŀƛƴ ǿŜǊŜ ŀŘŘŜŘΦ aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘǎ ǿŜǊŜ ƛƴǎŜǊǘŜŘ 

ǿƘŜǊŜōȅ ǘƘŜ ŎƘŀƴƴŜƭ ǿŀǎ ǎŜǘ ǘƻ лΦло ÓÍϳ  ŀƴŘ ǘƘŜ ƅƻƻŘǇƭŀƛƴ ǎŜǘ ǘƻ лΦлмм ÓÍϳ  ŀǎ 

ǊŜŎƻƳƳŜƴŘŜŘ ōȅ ǘƘŜ 9ƴƎƛƴŜŜǊƛƴƎ ¢ƻƻƭōƻȄ όнллмύΦ 

CƻǊ ǘƘŜ ƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΣ ǘƻ Ƴŀƛƴǘŀƛƴ ǳƴƛŦƻǊƳƛǘȅΣ ǘƘŜ ǎŀƳŜ ŎƻƳǇǳǘŀǝƻƴŀƭ ŀǊŜŀΣ ŀŎǝǾŜ ŀǊŜŀΣ 

ōƻǳƴŘŀǊȅ ƭƛƴŜ ƛƴƅƻǿ ŀƴŘ ƻǳǜƭƻǿ ǿŜǊŜ ƪŜǇǘ ǘƘŜ ǎŀƳŜ ŀǎ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΦ IƻǿŜǾŜǊΣ 

ǘƻ ƎƛǾŜ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀ ŘƛũŜǊŜƴǘ ǊƻǳƎƘƴŜǎǎ ǘƻ ǘƘŀǘ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭΣ ŀ ƴŜǿ ǊƻǳƎƘƴŜǎǎ ǇƻƭȅƎƻƴ 

ǿŀǎ ŘǊŀǿƴ ŀǊƻǳƴŘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ŀ aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘ ƻŦ лΦлрсÓÍϳ Φ ¢Ƙƛǎ 

ǾŀƭǳŜ ǿŀǎ ǎŜƭŜŎǘŜŘ ŀǎ ŀ ǎǘǳŘȅ ōȅ {ƘƛŜƭŘǎ ŀƴŘ DƛǇǇŜƭ όмффрύ ǿƘƻ ŎƻƴŎƭǳŘŜŘ ǘƘŀǘ ²55ǎ ƛƴ ŀ 

ǎǘǊŀƛƎƘǘ ŀƴŘ ǎŀƴŘ ōŜŘ ŎƘŀƴƴŜƭ ƘŀŘ ŀ aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘ ƻŦ лΦлрс ÓÍϳ  ό¢ŀōƭŜ 

нΦм ŀǎ ǎƘƻǿƴ ƛƴ ǎŜŎǝƻƴ нΦрΦύΦ 

! ƴŜǿ н5 ǎƛƳǳƭŀǝƻƴ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ ǿƛǘƘ ǘƘŜ Ψwǳƴ ¢ƛƳƛƴƎΩ ƻǇǝƻƴΣ ǎǘŀǊǘ ǝƳŜ ǎŜǘ ǘƻ л ƘǊǎ ŀƴŘ 

ŬƴƛǎƘ ǝƳŜ ǎŜǘ ǘƻ нп ƘǊǎΦ ²ƛǘƘƛƴ ǘƘŜ ǎǳōŘƻƳŀƛƴ ŘŜǘŀƛƭǎ ǘŀōΣ ǘƘŜ ǇǊŜŎƻƴǎǘǊǳŎǘŜŘ ǳƴƻōǎǘǊǳŎǘŜŘ 

ŎƘŀƴƴŜƭ ƭŀȅŜǊ ǿŀǎ ƛƴǎŜǊǘŜŘ ƛƴǘƻ ǘƘŜ ǘƻǇƻƎǊŀǇƘȅ ŬŜƭŘ ǿƘƛƭŜ ǘƘŜ ŘǊŀǿƴ ŀŎǝǾŜ ŀǊŜŀ ǿŀǎ ƛƴǎŜǊǘŜŘ 

ƛƴǘƻ ǘƘŜ ŀŎǝǾŜ ŀǊŜŀ ŬŜƭŘΦ ²ƛǘƘƛƴ ŀ ŘƛũŜǊŜƴǘ ǎƛƳǳƭŀǝƻƴΣ ǘƘŜ ƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭ ƭŀȅŜǊ ǿŀǎ 

ƛƴǎŜǊǘŜŘ ƛƴǘƻ ǘƘŜ ǘƻǇƻƎǊŀǇƘȅ ŬŜƭŘΦ ²ƛǘƘƛƴ ǘƘŜ !5L н5 ǎƻƭǾŜǊ ƛǘ ƛǎ ǊŜŎƻƳƳŜƴŘŜŘ ǘƘŀǘ ǘƘŜ ǝƳŜ 

ǎǘŜǇ ǎƘƻǳƭŘ ōŜ ƘŀƭŦ ǘƘŜ ƎǊƛŘ ǎƛȊŜ όWŀŎƻōǎ CƭƻƻŘ aƻŘŜƭƭŜǊΥ hƴƭƛƴŜ aŀƴǳŀƭΣ нлннŦύΣ ǿƘƛŎƘ ƛƴ ǘƘƛǎ 

ŎŀǎŜ ǿŀǎ ǎŜǘ ǘƻ лΦлнр ǎŜŎǎ ŀǎ ǘƘŜ ƎǊƛŘ ǎƛȊŜ ǿŀǎ лΦлр ƳΦ ¢ƘŜ ǊƻǳƎƘƴŜǎǎ ǇƻƭȅƎƻƴ ǿŀǎ ŀŘŘŜŘ ǎƻ 

ǘƘŜ aŀƴƴƛƴƎΩǎ ƴ ǊƻǳƎƘƴŜǎǎ ŎƻŜŶŎƛŜƴǘ ǇǊŜǾƛƻǳǎƭȅ ƛƴǎŜǊǘŜŘ ŎƻǳƭŘ ōŜ ǳǎŜŘ ǿƛǘƘƛƴ ǘƘŜ 

ǎƛƳǳƭŀǝƻƴΦ 

¢ƘŜ ƛƴƅƻǿ ōƻǳƴŘŀǊȅ ƭƛƴŜ ǿŀǎ ƛƴǎŜǊǘŜŘ ŀƴŘ ǘƘŜ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴ ǿŀǎ ǎŜǘ ǘƻ ΨƛƴƅƻǿΩΣ ǿƛǘƘ ŀ 

ΨŎƻƴǎǘŀƴǘ ƛƴƅƻǿΩ ǎŜǘ ǘƻ лΦлнн Ƴоκǎ όǎŜǊƛŜǎ !ύ ŀƴŘ лΦлму Ƴоκǎ όǎŜǊƛŜǎ .ύ ƛƴ ǊŜǎǇŜŎǘ ǘƻ ǎƛƳǳƭŀǝƻƴΦ 

¢Ƙƛǎ ǇǊƻŎŜǎǎ ǿŀǎ ǊŜǇŜŀǘŜŘ ŦƻǊ ǘƘŜ ƻǳǜƭƻǿ ōƻǳƴŘŀǊȅ ƭƛƴŜΣ ǿƛǘƘ ǘƘŜ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴ ǎŜǘ ǘƻ 

ΨƴƻǊƳŀƭ ŘŜǇǘƘΩ ŀƴŘ ǘƘŜ ŎƘŀƴƴŜƭ ǎƭƻǇŜ ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘ ǎŜǘ ǘƻ лΦллм Ƴκǎ ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ƅǳƳŜ 

ŜȄǇŜǊƛƳŜƴǘŀǝƻƴΦ 
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¢ƻ ƛƴǾŜǎǝƎŀǘŜ ǘƘŜ Ŧǳƭƭ ǎƘŀƭƭƻǿ ǿŀǘŜǊ Ŝǉǳŀǝƻƴǎ όƛΦŜΦΣ Ƴŀǎǎ ŀƴŘ ƳƻƳŜƴǘǳƳ ŎƻƴǎŜǊǾŀǝƻƴύΣ ǘƘŜ 

!ƭǘŜǊƴŀǝƴƎ 5ƛǊŜŎǝƻƴ LƳǇƭƛŎƛǘ ό!5Lύ ŬƴƛǘŜ ŘƛũŜǊŜƴŎŜ ǎƻƭǳǝƻƴ ǇǊƻŎŜŘǳǊŜ ǿŀǎ ŀǇǇƭƛŜŘΣ ŀǎ ƛǘ ƛǎ 

ǘȅǇƛŎŀƭƭȅ ǳǎŜŘ ŦƻǊ ƅŀǘ ƅƻƻŘǇƭŀƛƴǎΣ ǿƘƛƭŜ ǘƘŜ ¢ƻǘŀƭ ±ŀǊƛŀǝƻƴ 5ƛƳƛƴƛǎƘƛƴƎ ό¢±5ύ ŀƭƎƻǊƛǘƘƳ ǿŀǎ 

ŀŘŘŜŘ ǿƘŜƴ ŀōǊǳǇǘ ŎƘŀƴƎŜǎ ƻŎŎǳǊ ƛƴ ǘƘŜ ǾŜƭƻŎƛǘȅΦ hǳǘǇǳǘ ǇŀǊŀƳŜǘŜǊǎ ǿŜǊŜ ǎŜǘ ǘƻ ŘŜǇǘƘΣ 

ŜƭŜǾŀǝƻƴΣ ŘƛǎŎƘŀǊƎŜΣ ǾŜƭƻŎƛǘȅ ŀƴŘ ō̱Φ Ψ{ƘŜŀǊ ǎǘǊŜǎǎ ǎŜǩƴƎΩ ǿŀǎ ƛƴǎŜǊǘŜŘ ŀǎ ƘŀǾƛƴƎ ŀ 

ǊŜǇǊŜǎŜƴǘŀǝǾŜ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ ƻŦ м ƳƳΣ ŀǾŜǊŀƎŜ ǎŜŘƛƳŜƴǘ ŘŜƴǎƛǘȅ ŀǎ мслн ƪƎκƳоΣ ǊŜƭŀǝǾŜ 

ǎǳōƳŜǊƎŜŘ ǎǇŜŎƛŬŎ ŘŜƴǎƛǘȅ ό́ύ ŀǎ мллл ƪƎκƳо ŀƴŘ ǘƘŜ ŘƛƳŜƴǎƛƻƴƭŜǎǎ ŎǊƛǝŎŀƭ ǎǘǊŜǎǎ ǿŀǎ ǎŜǘ ǘƻ 

ǘƘŜ ŘŜŦŀǳƭǘ ǾŀƭǳŜ ƻŦ лΦлптΣ ŀǎ ǊŜŎƻƳƳŜƴŘŜŘ ōȅ Ca ǳǎŜǊ ƳŀƴǳŀƭΦ {ƛƳǳƭŀǝƻƴǎ ǿŜǊŜ ǊǳƴΣ ǿƛǘƘ 

ǝƳŜπǎŜǊƛŜǎ ǊŜǎǳƭǘǎ ōŜƛƴƎ ŘƛǎǇƭŀȅŜŘΦ 

 

3.3. Results 

3.3.1. Flume experimentation 

3.3.1.1. Time to equilibrium 

!ƭƭ ǎŜǊƛŜǎ ! Ǌǳƴǎ ǿƛǘƘ ƘƛƎƘŜǊ ŘƛǎŎƘŀǊƎŜ ƻŦ лΦлнн ƳоκǎΣ ƳŜŀƴ ǾŜƭƻŎƛǘȅ ƻŦ лΦнпп Ƴκǎ ŀƴŘ ƎǊŜŀǘŜǊ 

ǿŜǧŜŘ ŀǊŜŀ ƻŦ лΦлф Ƴн ǊŜǎǳƭǘŜŘ ƛƴ ŀ ŘŜŜǇŜǊ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ . 

ǿƘŜǊŜ ŘƛǎŎƘŀǊƎŜ ǿŀǎ лΦлму ƳоκǎΣ ƳŜŀƴ ǾŜƭƻŎƛǘȅ ǿŀǎ лΦннн Ƴκǎ ŀƴŘ ǿŜǧŜŘ ŀǊŜŀ ǿŀǎ лΦлту Ƴн 

όCƛƎǳǊŜ оΦмтύΦ CƻǊ ŜȄŀƳǇƭŜΥ ǎŜǊƛŜǎ м! Ǌǳƴ о ƘŀŘ ŀ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ƻŦ см ƳƳ ŎƻƳǇŀǊŜŘ 

ǘƻ ǎŜǊƛŜǎ м.Σ Ǌǳƴ о ŀǘ плΦм ƳƳ ό!ǇǇŜƴŘƛȄ !ύΦ 9ȄǇŜǊƛƳŜƴǘŀǝƻƴ ǎƘƻǿŜŘ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ ƳŜŀƴ 

ǾŜƭƻŎƛǘȅ ό¦лύΣ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŦǊƻƳ ŜǎǘŀōƭƛǎƘŜŘ ŘŀǘǳƳ ǇǊƛƻǊ ǘƻ ƅƻǿ ŎƻƴŘƛǝƻƴǎ όŘǎύ ǘŀƪŜǎ 

ƭƻƴƎŜǊ ǘƻ ǊŜŀŎƘ ŜǉǳƛƭƛōǊƛǳƳΣ ǿƘŜǊŜōȅ ǎŜǊƛŜǎ ! ǊŜŀŎƘŜŘ ŜǉǳƛƭƛōǊƛǳƳ ŀǘ тн ƘǊǎ ŀƴŘ ǎŜǊƛŜǎ . 

ǊŜŀŎƘŜŘ ŜǉǳƛƭƛōǊƛǳƳ ŀǘ пу ƘǊǎΦ ¢ƘŜǊŜŦƻǊŜΣ ǝƳŜ ǘƻ ŘŜǾŜƭƻǇ ŜǉǳƛƭƛōǊƛǳƳ ǎŎƻǳǊ ŘŜǇǘƘ όǘŜύ ŦƻǊ 

ǎŜǊƛŜǎ ! ŎƻƴǝƴǳŜŘ ŦƻǊ нп ƘǊǎ ƭƻƴƎŜǊ ǘƘŀƴ ǎŜǊƛŜǎ .Φ 

CƛƎǳǊŜ оΦмт ǎƘƻǿǎ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ όŘǎŜύ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ ŘŜǇǘƘ ƻŦ ǘƘŜ 

ōƻǧƻƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ όŜύ ŀƴŘ ǾŜǊǝŎŀƭ ǎǇŀŎƛƴƎ ōŜǘǿŜŜƴ ǘǿƻ ƪŜȅ ƳŜƳōŜǊǎ ƻǊ 

ŀǇŜǊǘǳǊŜ ǎƛȊŜ όDύ ǾŀƭǳŜǎΦ !ǘ млл҈ vōŦΣ ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ǘƘŜ ƎǊŜŀǘŜǎǘ ŘǎŜ ŀǊŜ ǘƘƻǎŜ ǿƛǘƘ 

ǎƳŀƭƭŜǊ D ǾŀƭǳŜǎ όǎŜǊƛŜǎ м! ŀƴŘ н! ǿƛǘƘ D Ґ лΦп5ƛŎύ ŀƴŘ ōŜǘǿŜŜƴ ǘƘŜǎŜΣ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ǘƘŜ 

ƎǊŜŀǘŜǎǘ ŘǎŜ ƛǎ ǎŜǊƛŜǎ м!Σ ǿƛǘƘ Ŝ Ґ лΦ {ǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ƭŀǊƎŜǊ D ƘŀǾŜ ǊŜŘǳŎŜŘ ŘǎŜ όǎŜǊƛŜǎ о! ŀƴŘ 

п! ǿƛǘƘ D Ґ лΦу5ƛŎύ ŀƴŘ ōŜǘǿŜŜƴ ǘƘŜǎŜΣ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ ǘƘŜ ƭƻǿŜǎǘ ŘǎŜ ƛǎ ǎŜǊƛŜǎ п!Σ ǿƛǘƘ Ŝ Ґ 

лΦ 
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{ŜǊƛŜǎ ! ƘŀŘ ŀ ƎǊŜŀǘŜǊ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ǾŀǊƛŀƴŎŜ όмоΦф ƳƳύ ōŜǘǿŜŜƴ ǘƘŜ ƭŀǊƎŜǎǘ όǎŜǊƛŜǎ 

м!Σ Ǌǳƴ оύ ŀƴŘ ǎƳŀƭƭŜǎǘ ǾŀƭǳŜǎ όǎŜǊƛŜǎ п!Σ Ǌǳƴ мύ ŘŜǇŜƴŘƛƴƎ ǳǇƻƴ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴΦ Lƴ 

ŎƻƳǇŀǊƛǎƻƴ ǎŜǊƛŜǎ . ƘŀŘ ŀ ƭƻǿŜǊ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ǾŀǊƛŀƴŎŜ όмо ƳƳύ ōŜǘǿŜŜƴ ǘƘŜ ƭŀǊƎŜǎǘ 

όǎŜǊƛŜǎ о.Σ Ǌǳƴ нύ ŀƴŘ ǎƳŀƭƭŜǎǘ ǾŀƭǳŜǎ όǎŜǊƛŜǎ п.Σ Ǌǳƴ мύΣ ŀƭǎƻ ŘŜǇŜƴŘŜƴǘ ǳǇƻƴ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ 

ŘŜǎƛƎƴΦ !ŘŘƛǝƻƴŀƭƭȅΣ ǎŜǊƛŜǎ ! ǎƘƻǿŜŘ ŀ ƘƛƎƘŜǊ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ό̀ύ 

ƻŦ рΦун ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ . ŀǘ пΦмн ό9ǉǳŀǝƻƴ оΦмнύΦ ¢Ƙƛǎ ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴ 

ƛƴ ǊŜǎǇŜŎǘ ƻŦ ŘƛǎŎƘŀǊƎŜ ƎƻǾŜǊƴǎ ǘƘŜ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘΦ
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Figure 3.17: a) Linear scale graph showing local scour depth from established datum prior to flow 
conditions to bed (ds) as a function of time (t). b) Non-dimensional log-log plot for predicting the time 
variation of maximum scour depth. Local scour depth from established datum prior to flow conditions 
(ds) in clear-water conditions is asymptotic and so threshold criteria is when scour development in 
time has reduced to negligible change. The threshold criteria used is at the time the scour rate reaches 
the initiation of plateau which gives consistency of scour development for all series.
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„
ВὨ Ὠ

ὲ
 (3.12) 

Equation 3.12 ŎŀƭŎǳƭŀǘŜŘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǘƛƻƴ όˋύ ǳǎƛƴƎ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ όŘse), mean 

scour depth at equilibrium (Ὠ ) and number of samples (nu). 

 

3.3.1.2. Structural design affecting channel bathymetry 

3.3.1.2.1. Temporal development of scour and depositional features 

¢Ƙƛǎ ǎŜŎǝƻƴ ŘŜǎŎǊƛōŜǎ ōŀǘƘȅƳŜǘǊƛŎ ŜǾƻƭǳǝƻƴ ŎŀǳǎŜŘ ōȅ ŀ ²55Σ ǿƛǘƘ ŎƘŀƴƴŜƭ ŜǾƻƭǳǝƻƴ 

ŘŜǇŜƴŘŜƴǘ ǳǇƻƴ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴ ƛƴ ŎƭŜŀǊπǿŀǘŜǊ ŎƻƴŘƛǝƻƴǎΦ !ƭƭ ǎŜǊƛŜǎ ǿŜǊŜ 

Ǌǳƴ ŦƻǊ фс ƘǊǎΣ ǘƘƻǳƎƘ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ ŜǉǳƛƭƛōǊƛǳƳ ǿŀǎ ǊŜŀŎƘŜŘ ŀǘ тн ƘǊǎ όǎŜǊƛŜǎ !ύ ŀƴŘ пу 

ƘǊǎ όǎŜǊƛŜǎ .ύΦ IƻǿŜǾŜǊΣ ōŀǘƘȅƳŜǘǊƛŎ ŜǾƻƭǳǝƻƴ ŎƻƴǝƴǳŜǎ Ǉŀǎǘ ǝƳŜ ǘƻ ŘŜǾŜƭƻǇ ŜǉǳƛƭƛōǊƛǳƳ 

ǎŎƻǳǊ ŘŜǇǘƘΣ ŀǎ ǎŜŜƴ ǿƛǘƘ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ŜȄǘŜƴŘƛƴƎ ŦǳǊǘƘŜǊ ŘƻǿƴǎǘǊŜŀƳΦ {ŎƻǳǊ ǎǘŀǊǘǎ ŀǘ ǘƘŜ 

ŦǊƻƴǘ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ όҒ ол ƳƳύ ŀƴŘ ǇǊƻƎǊŜǎǎƛǾŜƭȅ ŘŜǾŜƭƻǇǎ ǘƘǊƻǳƎƘ ǎǳōƳŜǊƎŜŘ ŜǊƻǎƛƻƴ 

ōŜƴŜŀǘƘ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǿƛǘƘ ǎƻƳŜ ǳǇǎǘǊŜŀƳ ǎŜŘƛƳŜƴǘ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ōƻǧƻƳ ƪŜȅ ƳŜƳōŜǊ 

ōŜŦƻǊŜ ŜǉǳƛƭƛōǊƛǳƳ ƛǎ ǊŜŀŎƘŜŘΦ CƛƎǳǊŜ оΦму ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ŎƻƴǝƴǳŜǎ ǘƻ 

ŘŜŜǇŜƴ ŦǊƻƳ рмΦт ƳƳ ǘƻ ру ƳƳ ǘƻ см ƳƳ ƻǾŜǊ ос ƘǊǎ όǎŜǊƛŜǎ м!Σ wǳƴ м κ н κ о ǊŜǎǇŜŎǝǾŜƭȅύ 

ό!ǇǇŜƴŘƛȄ !ύ ŀƴŘ ǇǊƻƎǊŜǎǎƛǾŜƭȅ ƳƻǾŜǎ ŘƻǿƴǎǘǊŜŀƳ ŀƊŜǊ ǊŜŀŎƘƛƴƎ ŜǉǳƛƭƛōǊƛǳƳΦ ¢Ƙƛǎ ǿŀǎ ŀƭǎƻ 

ǎŜŜƴ ǿƛǘƘ ǘƘŜ ƳŀȄƛƳǳƳ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ŜȄƛǘ ŘǳƴŜ όƘƳŀȄύ ŜȄǘŜƴŘƛƴƎ ŘƻǿƴǎǘǊŜŀƳ ƻǾŜǊ ǝƳŜ ό[ Ґ 

рнс ƳƳΣ ƘƳŀȄ Ґ птΦм ƳƳ ǘƻ [ Ґ уол ƳƳΣ ƘƳŀȄ Ґ рнΦт ƳƳ ǘƻ [ Ґ фпт ƳƳΣ ƘƳŀȄ Ґ ррΦм ƳƳύ 

ό!ǇǇŜƴŘƛȄ !ύ ōǳǘ ŀǎ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ƭŜƴƎǘƘŜƴǎ ŀƴŘ ƅŀǧŜƴǎΣ ŜƭƻƴƎŀǝƴƎ ŦǳǊǘƘŜǊ ŘƻǿƴǎǘǊŜŀƳΣ ǘƘŜ 

ŀƴƎƭŜ ƻŦ ǊŜǇƻǎŜ ŘŜŎǊŜŀǎŜǎ όCƛƎǳǊŜ оΦмфύΦ 

[ƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ƛǎ ǎǘǊƻƴƎƭȅ ŘŜǇŜƴŘŜƴǘ ƻƴ ǝƳŜ ŀŎŎƻǊŘƛƴƎ ǘƻ ŘƛǎŎƘŀǊƎŜΦ ²ƛǘƘƛƴ ǘƘŜ ŬǊǎǘ сл 

ƘǊǎΣ ǘƘŜ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ƛƴŎǊŜŀǎŜŘ ǊŀǇƛŘƭȅ ǘƻ рмΦт ƳƳΣ ǿƘƛƭŜ ǿƛǘƘƛƴ ŀƴ ŀŘŘƛǝƻƴŀƭ ос ƘǊǎΣ ǘƘŜ 

ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ǾŀƭǳŜ ŘŜŜǇŜƴŜŘ ōȅ фΦо ƳƳΦ ¢Ƙƛǎ ƛǎ ŀƭǎƻ ǎƘƻǿƴ ǿƛǘƘ ǘƘŜ ƳŀȄƛƳǳƳ ƘŜƛƎƘǘ ƻŦ 

ǘƘŜ ŜȄƛǘ ŘǳƴŜΣ ǿƘŜǊŜōȅ ǿƛǘƘƛƴ ǘƘŜ ŬǊǎǘ сл ƘǊǎΣ ǘƘŜ ƳŀȄƛƳǳƳ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ƛƴŎǊŜŀǎŜŘ 

ǊŀǇƛŘƭȅ ōŜŦƻǊŜ ǎƭƻǿƭȅ ƛƴŎǊŜŀǎƛƴƎ ƛƴ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ос ƘǊǎΦ IƻǿŜǾŜǊΣ ǿƛǘƘƛƴ ǘƘŜ Ŭƴŀƭ ос ƘǊǎ ǘƘŜ 

ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊȅ ŎƻƴǎƛŘŜǊŀōƭȅ ŎƘŀƴƎŜŘ ǿƛǘƘ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ŜȄǘŜƴŘƛƴƎ пнм ƳƳ 

ŘƻǿƴǎǘǊŜŀƳ όCƛƎǳǊŜ оΦмуύΦ 
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Figure 3.18: Centreline longitudinal scour profiles around a horizontal structure with e = 0 and G = 
0.4Dic showing temporal development of evolution. Three separate runs for series 1A were completed 
over different times (60 hrs, 84 hrs and 96 hrs). The structure was placed at 0 mm (x-axis) on the graph. 
The Kinect measurements for each run were verified by the point gauge for accuracy. 

 

!ǎ ŘŜǇƛŎǘŜŘ ƛƴ CƛƎǳǊŜ оΦмфΣ ǘƘŜ ǎŎƻǳǊ ƘƻƭŜ ŀƴŘ ŜȄƛǘ ŘǳƴŜ ŀǊŜ ƴƻǘ ŜǾŜƴƭȅ ŘƛǎǘǊƛōǳǘŜŘ ŀŎǊƻǎǎ ǘƘŜ 

ǿƛŘǘƘΦ ¢ƻ ŜȄŀƳƛƴŜ ǎǇŀǝŀƭ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ ŀŎǊƻǎǎ ǘƘŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘΣ 

ƭŀǘŜǊŀƭ ŀǾŜǊŀƎŜǎ ǿŜǊŜ ǇƭƻǧŜŘΦ [ŀǘŜǊŀƭ ŀǾŜǊŀƎŜǎ ƻũŜǊ ŀ ǊŜŀƭƛǎǝŎ ƻǾŜǊπǾƛŜǿ ƻŦ ǎŎƻǳǊ ŀƴŘ 

ŘŜǇƻǎƛǝƻƴ ŀŎǊƻǎǎ ǘƘŜ Ƴŀƛƴ ŎƘŀƴƴŜƭ ǿƛŘǘƘ ŀǎ ƻǇǇƻǎŜŘ ǘƻ ŀ ƴŀǊǊƻǿ ōŀƴŘ ŀǘ ǘƘŜ ŎŜƴǘǊŜƭƛƴŜΦ Lǘ 

ǿŀǎ ƴƻǘŜŘ ŀƭƭ ŎŜƴǘǊŜƭƛƴŜǎ ŜȄƘƛōƛǘŜŘ ŀ ǘŀƭƭŜǊ ƳŀȄƛƳǳƳ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ŀƴŘ ŘŜŜǇŜǊ 

ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ǘƘŀƴ ƭŀǘŜǊŀƭ ŀǾŜǊŀƎŜǎ ǎƘƻǿŜŘΦ 

{ŜǊƛŜǎ м!Σ wǳƴ м ǎƘƻǿǎ ǘƘŀǘ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ŦƻǊƳǎ ŀ ΨǘƻƴƎǳŜΩ ǇŀǧŜǊƴ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ ŎǊŜǎǘ 

ǿƘƛŎƘ ƛǎ ŘƛǎǝƴƎǳƛǎƘŀōƭŜ ƛƴ CƛƎǳǊŜ оΦмф ōǳǘ ƛǎ ƴƻǘ ŘƛǎǝƴƎǳƛǎƘŀōƭŜ ƻƴ ǘƘŜ ŎŜƴǘǊŜƭƛƴŜ όCƛƎǳǊŜ 

оΦмуύΦ {ƛƳƛƭŀǊƭȅΣ ƛƴ ǎŜǊƛŜǎ м!Σ wǳƴ нΣ ǘƘŜǊŜ ƛǎ ŀ ŎǊŜǎŎŜƴǘπǎƘŀǇŜŘ ŎǊŜǎǘ ǿƘƛŎƘ ƛǎ ōƻǿŜŘ 

ŘƻǿƴǎǘǊŜŀƳ ŀƴŘ ƛƴ ǎŜǊƛŜǎ м!Σ wǳƴ оΣ ǘƘŜǊŜ ƛǎ ŀ ōƻǿ ǎƘŀǇŜŘ ƛƴŘŜƴǘ ǘƻǿŀǊŘǎ ǘƘŜ ŎŜƴǘǊŜƭƛƴŜΣ 

ǿƘŜǊŜ ƻƴŜ ǎƛŘŜ ƻŦ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ƛǎ ǎƘŀƭƭƻǿŜǊ ǘƘŀƴ ǘƘŜ ƻǘƘŜǊΦ 
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Figure 3.19: A 3D point cloud mesh showing the temporal development of the scour hole and exit 
dune with evolutionary changes in bed morphology. Series 1A, Run 1 has yet to reach equilibrium (72 
hrs). Series 1A; Run 1 continued for 60 hrs, Run 2: 84 hrs and Run 3: 96 hrs. It can be noted local scour 
depth continues to deepen from 60 hrs to 84 hrs with the exit dune extending further downstream 
past the time to develop equilibrium scour depth. Though series 1A, Run 2 has approached time to 
equilibrium with slight change over 12 hrs, this is shown with Run 2 having a maximum scour depth of 
58 mm compared to Run 3 at 61 mm. Therefore, the exit dune continued to develop along the channel. 
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3.3.1.2.2. Scour depth with variation in discharge 

CƛƎǳǊŜ оΦнл ŘƛǎǇƭŀȅǎ ŎŜƴǘǊŜƭƛƴŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜǎ ǿƛǘƘ ŎƻƳǇŀǊƛǎƻƴǎ ŦƻǊ ŘƛũŜǊŜƴǘ ŘƛǎŎƘŀǊƎŜ 

ǾŀƭǳŜǎΦ Lǘ Ŏŀƴ ōŜ ƴƻǘŜŘ ǘƘŜǊŜ ŀǊŜ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ǎŎƻǳǊ ƘƻƭŜ ŀƴŘ ŜȄƛǘ ŘǳƴŜ ǎƛȊŜ ŀŎŎƻǊŘƛƴƎ ǘƻ 

ŘƛǎŎƘŀǊƎŜΣ ǿƛǘƘ ǎŜǊƛŜǎ ! ŘƛǎǇƭŀȅƛƴƎ ŘŜŜǇŜǊ ǎŎƻǳǊ ƘƻƭŜǎ ŀƴŘ ǘŀƭƭŜǊ ŜȄƛǘ ŘǳƴŜǎ ǳǇƻƴ ǊŜŀŎƘƛƴƎ 

ǝƳŜ ǘƻ ŜǉǳƛƭƛōǊƛǳƳΦ {ŜǊƛŜǎ ! ŜȄƛǘ ŘǳƴŜǎ ŘŜǾŜƭƻǇŜŘ ŦǳǊǘƘŜǊ ŘƻǿƴǎǘǊŜŀƳ ǘƘŀƴ ǎŜǊƛŜǎ . ŜȄƛǘ 

ŘǳƴŜǎΦ Lǘ ƛǎ ŜǾƛŘŜƴǘ ǘƘŀǘ ǎǘǊǳŎǘǳǊŜπǊŜƭŀǘŜŘ ǎŎƻǳǊ ƛǎ ǎŜƴǎƛǝǾŜ ǘƻ ǾŀǊƛŀǝƻƴǎ ƛƴ ŘƛǎŎƘŀǊƎŜΦ CƻǊ 

ŜȄŀƳǇƭŜΣ ǎŜǊƛŜǎ м!Σ wǳƴ о ƘŀŘ ŀ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ƻŦ см ƳƳ ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ м.Σ wǳƴ 

о ŀǘ плΦм ƳƳ ό!ǇǇŜƴŘƛȄ !ύΦ 

 

 
a) Series 1A, Run 3 and series 1B, Run 2. 

 
b) Series 2A, Run 2 and series 2B, Run 1. 

 
c) Series 3A, Run 1 and series 3B, Run 1. 

 
d) Series 4A, Run 1 and series 4B, Run 1. 

 

 

 

 

Figure 3.20: Diagrams display Kinect acquired point cloud longitudinal centrelines including initial 
flatbed datum. Channel bathymetric evolution, using 100% Qbf and 80% Qbf flow conditions, for the 
four structural designs: a) series 1, b) series 2, c) series 3 and d) series 4 are displayed. 
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5ŜǇǘƘ ƻŦ ǘƘŜ ōƻǧƻƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ ƛƴƅǳŜƴŎŜǎ ōŀǘƘȅƳŜǘǊƛŎ ŜǾƻƭǳǝƻƴ ǿƘƛŎƘ ƛǎ 

ǇŀǊǝŎǳƭŀǊƭȅ ƴƻǘŀōƭŜ ŦƻǊ ǎŜǊƛŜǎ м! ŀƴŘ м. όCƛƎǳǊŜ оΦнлŀύΦ !ǘ млл҈ vōŦΣ ǎŜǊƛŜǎ м! ƘŀŘ ǘƘŜ ƭŀǊƎŜǎǘ 

ǎŎƻǳǊ ƘƻƭŜ ǿƛǘƘ ŀ ƎŜƴǘƭŜ ŀƴŘ ŜȄǘŜƴŘŜŘ ŀƴƎƭŜ ƻŦ ǊŜǇƻǎŜΣ ǇƭŀǘŜŀǳƛƴƎ ŀǘ ǘƘŜ ŎǊŜǎǘ ƻŦ ǘƘŜ ŜȄƛǘ ŘǳƴŜΦ 

{ŜǊƛŜǎ м! ŀƴŘ м. όCƛƎǳǊŜ оΦнлŀύ ŀƴŘ ǎŜǊƛŜǎ о! ŀƴŘ о. όCƛƎǳǊŜ оΦнлŎύ ƘŀŘ ǎƛƳƛƭŀǊ ǎŎƻǳǊ ƘƻƭŜ ŀƴŘ 

ŜȄƛǘ ŘǳƴŜ ǎǇŀǝŀƭ ǇŀǧŜǊƴǎΣ ŀƭǘƘƻǳƎƘ ǘƘŜ ǎƛȊŜ ƻŦ ǘƘŜ ƘƻƭŜ ŀƴŘ ƘŜƛƎƘǘ ƻŦ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ǾŀǊƛŜŘ 

ōŜǘǿŜŜƴ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴǎΦ CƻǊ ƛƴǎǘŀƴŎŜΣ ǎŜǊƛŜǎ м! ƘŀŘ ŀ ŘŜŜǇŜǊ ŘǎŜ ŀƴŘ ŀ ƭŀǊƎŜǊ ƳŀȄƛƳǳƳ 

ƘŜƛƎƘǘ ƻŦ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ǿƛǘƘ ǎǘŜŜǇŜǊ ŀƴƎƭŜǎ ƻŦ ǊŜǇƻǎŜΣ ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ о!Φ 

{ŜǊƛŜǎ н! ŀƴŘ н. ŀƴŘ п! ŀƴŘ п. ǿƛǘƘ Ŝ Ҕ л ŘƛǎǇƭŀȅ ǎƛƳƛƭŀǊ ōŀǘƘȅƳŜǘǊƛŎ ǇŀǧŜǊƴǎ όCƛƎǳǊŜ оΦнлō 

ŀƴŘ CƛƎǳǊŜ оΦнлŘύ ǿƛǘƘ ǇƻǎƛǝƻƴƛƴƎ ƻŦ ǎŎƻǳǊ ƘƻƭŜǎ ŀƴŘ ŜȄƛǘ ŘǳƴŜǎΦ IƻǿŜǾŜǊΣ ǎƛȊŜ ŘƛũŜǊǎ ǿƛǘƘ 

ǎŜǊƛŜǎ н! ƘŀǾƛƴƎ ŀ ƎŜƴǘƭŜǊ ŀƴƎƭŜ ƻŦ ǊŜǇƻǎŜ ŀƴŘ ǘƘŜ ŜȄƛǘ ŘǳƴŜ ƘŀǾƛƴƎ ŀ ǎƘƻǊǘ ǇƭŀǘŜŀǳ ŎƻƳǇŀǊŜŘ 

ǘƻ ǎŜǊƛŜǎ п!Φ ¢ƘŜǊŜŦƻǊŜΣ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ Ŝ Ґ л ƘŀŘ ǎǘŜŜǇŜǊ ŀƴƎƭŜǎ ƻŦ ǊŜǇƻǎŜ ŎƻƳǇŀǊŜŘ ǘƻ ǿƘŜƴ 

Ŝ Ҕ лΦ 

5ƛǎŎƘŀǊƎŜ ŀƴŘ ǘƘŜ ŘŜǇǘƘ ƻŦ ǘƘŜ ōƻǧƻƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ ŀǊŜ ǘƘŜ Ƴŀƛƴ ŘǊƛǾŜǊǎ ƻŦ 

ǾŀǊƛŜŘ ǎŎƻǳǊΣ ōǳǘ ǘƘŜǎŜ ŀǊŜ ƴƻǘ ǘƘŜ ƻƴƭȅ ŘǊƛǾŜǊǎΦ !ǘ млл҈ vōŦΣ Ŝ ƛƴǘŜǊŀŎǘǎ ǿƛǘƘ D ǘƻ ƛƴŎǊŜŀǎŜ ǘƘŜ 

ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘΦ {ǘǊǳŎǘǳǊŜǎ ǿƛǘƘ D Ґ лΦп5ƛŎ ƘŀŘ ŘŜŜǇŜǊ ŘǎŜ ŎƻƳǇŀǊŜŘ ǘƻ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ D Ґ 

лΦу5ƛŎΦ CƻǊ ƛƴǎǘŀƴŎŜΣ {ŜǊƛŜǎ м! όŜ Ґ лΤ D Ґ лΦп5ƛŎύ ŀƴŘ ǎŜǊƛŜǎ н! όŜ Ґ мΦп5ƛŎΤ D Ґ лΦп5ƛŎύ ƘŀŘ 

ŘŜŜǇŜǊ ŘǎŜ ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ о! όŜ Ґ лΤ D Ґ лΦу5ƛŎύ ŀƴŘ ǎŜǊƛŜǎ п! όŜ Ґ лΦсΤ D Ґ лΦу5ƛŎύ 

ό!ǇǇŜƴŘƛȄ !ύΦ ¢Ƙƛǎ ǎƘƻǿǎ ǘƘŀǘΣ ŀǎ ǿŜƭƭ ŀǎ ōŀǘƘȅƳŜǘǊƛŎ ŎƘŀƴƎŜ ōŜƛƴƎ ŘŜǇŜƴŘŜƴǘ ǳǇƻƴ Ŝκ5ƛŎΣ ƛǘ 

ƛǎ ŀƭǎƻ ŘŜǇŜƴŘŜƴǘ ǳǇƻƴ Dκ5ƛŎ ŀƴŘ ōƭƻŎƪƛƴƎ ŎŀǇŀŎƛǘȅΦ ¢Ƙƛǎ ǎǳƎƎŜǎǘǎΣ ǘƻ ŀǧŀƛƴ ŘŜŜǇŜǊ ŘǎŜ ŘǳǊƛƴƎ 

ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ǎǘǊǳŎǘǳǊŜǎ ǎƘƻǳƭŘ ƘŀǾŜ Ŝ Ґ л ŀƴŘ ŀ ǎƳŀƭƭ DΦ 

 

3.3.1.2.3. Digital Elevation Models 

¢ƘŜ ƭŀǊƎŜǊ ǘƘŜ ŘŜǇǘƘ ƻŦ ǘƘŜ ōƻǧƻƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ όŜύΣ ǘƘŜ ŦǳǊǘƘŜǊ ŘƻǿƴǎǘǊŜŀƳ 

ǘƘŜ ǎŎƻǳǊ Ǉƻƻƭ ŀƴŘ ŜȄƛǘ ŘǳƴŜ ƛƴƛǝŀǘŜǎΦ {ŜǊƛŜǎ н! ŀƴŘ н. όŜ Ґ мΦп5ƛŎύ ƘŀŘ ǘƘŜ ƳŀȄƛƳǳƳ ǎŎƻǳǊ 

ŘŜǇǘƘ ƳƻǾŜŘ ŦǳǊǘƘŜǊ ŘƻǿƴǎǘǊŜŀƳ ŦǊƻƳ ōŜƴŜŀǘƘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ όCƛƎǳǊŜ оΦнмύ ǿƛǘƘ ƭŀǊƎŜ ŀǊŜŀƭ 

ŜȄǘŜƴǘΦ {ŜǊƛŜǎ м. ŀƴŘ н. ǎƘƻǿ ŀ ŘƛũŜǊŜƴǘ ǎǇŀǝŀƭ ǇŀǧŜǊƴ ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ м! ŀƴŘ н! ŀǎ ǘƘŜȅ 

ǊŜǾŜŀƭ ŀ ōƭǳƴǘŜǊ ǎŎƻǳǊ ōƻǳƴŘŀǊȅ ǿƘƛŎƘ ŘƻŜǎ ƴƻǘ ŜȄǘŜƴŘ ŀǎ ŦŀǊ ŘƻǿƴǎǘǊŜŀƳΦ {ŜǊƛŜǎ . ŜȄƛǘ ŘǳƴŜǎ 

ŀǊŜ ǎƳŀƭƭŜǊ ƛƴ ŜȄǘŜƴǘ ŀƴŘ ŎƭƻǎŜǊ ǘƻ ǘƘŜ ǎŎƻǳǊ ƘƻƭŜ ǿƛǘƘ ǎǘŜŜǇŜǊ ŀƴƎƭŜ ƻŦ ǊŜǇƻǎŜ ǘƻǿŀǊŘǎ ǘƘŜ 

ŜȄƛǘ ŘǳƴŜǎΦ
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Figure 3.21: DEMs displaying series 1 - 4 (100% and 80% Qbf) showing spatial distribution of scour and 
deposition using clear-water conditions. Bed topographical contours placed at 10 mm height 
elevations. 0 mm refers to a fixed datum established prior to water flow. All locality and scour patterns 
are shown from the structure to 1.35 m downstream. Longitudinal direction / distance (L) is displayed 
on the x-axis and main channel width (B) on the y-axis. 
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3.3.1.2.4. Downstream turbulence 

!ǎ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ оΦннΣ ǘǳǊōǳƭŜƴŎŜ ǿŀǎ Ǿƛǎǳŀƭƭȅ ƻōǎŜǊǾŜŘ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜǎ 

ŎǊŜŀǝƴƎ ǎŎƻǳǊ ǿƛǘƘ ǾƻǊǝŎŜǎΦ {ǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ŀ ǎƳŀƭƭŜǊ ǾŜǊǝŎŀƭ ǎǇŀŎƛƴƎǎ ōŜǘǿŜŜƴ ǘǿƻ ƪŜȅ 

ƳŜƳōŜǊǎ όDύ ƎŜƴŜǊŀǘŜŘ ƎǊŜŀǘŜǊ ŘƻǿƴǎǘǊŜŀƳ ǾƻǊǝŎŜǎΣ ǿƘƛŎƘ ŜƴƘŀƴŎŜŘ ǘǳǊōǳƭŜƴŎŜ ŀƴŘ 

ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘΦ ±ƻǊǝŎŜǎ ǿŜǊŜ ǇŀǊǝŎǳƭŀǊƭȅ ƴƻǘŜŘ ŀǘ ǎŜǊƛŜǎ м!Φ ¢ƘŜǎŜ ƻōǎŜǊǾŀǝƻƴǎ 

ŎƻƴŬǊƳŜŘ ǘƘŀǘ ǘǳǊōǳƭŜƴŎŜ ǿŀǎ ƛƳǇƻǊǘŀƴǘ ƛƴ ǘƘŜ ŜƴǘǊŀƛƴƳŜƴǘ ŀƴŘ ǎŎƻǳǊƛƴƎ ǇǊƻŎŜǎǎΦ !ǎ 

ŘŜǇƛŎǘŜŘ όCƛƎǳǊŜ оΦпύΣ ǎŜǊƛŜǎ м! ŀƭƭƻǿǎ ǾƻǊǝŎŜǎ ǘƻ ǎǳǊŎƘŀǊƎŜ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ŦƻǊƳ ōŜǘǿŜŜƴ 

ƪŜȅ ƳŜƳōŜǊǎ όD Ґ лΦп5ƛŎύΣ ǿƘŜƴ Ŝ Ґ лΦ ¢Ƙƛǎ ŎǊŜŀǘŜǎ ǘǳǊōǳƭŜƴŎŜ ƛƴ ǘƘŜ ǿŀƪŜ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ 

ŎŀǇŀōƭŜ ƻŦ ŜƴǘǊŀƛƴƛƴƎ ǎŜŘƛƳŜƴǘΦ {ŜǊƛŜǎ н! ǿƛǘƘ D Ґ лΦп5ƛŎ ŀƴŘ Ŝ Ґ мΦп5ƛŎ ǿƘƛŎƘ ŜƴŀōƭŜŘ ŀ нл 

ƳƳ ǎǘǊǳŎǘǳǊŀƭ ǎǳǊŎƘŀǊƎŜΣ ƘŀŘ ƭŜǎǎ ǘǳǊōǳƭŜƴŎŜ ƻŎŎǳǊǊƛƴƎ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿƘƛŎƘ 

ŀŎŎƻǳƴǘŜŘ ŦƻǊ ǘƘŜ ǊŜŘǳŎŜŘ ŘǎŜΦ 

 

¢ƻ ƻōǘŀƛƴ ǘƘŜ ǇǊŜǎǎǳǊŜ ƭƻǎǎ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǊŜƭŀǝǾŜ ǊƻǳƎƘƴŜǎǎ όʶύ ŀƴŘ wŜȅƴƻƭŘǎ 

ƴǳƳōŜǊ ŦƻǊ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ όwŜƘύ ǿŜǊŜ ǊŜǉǳƛǊŜŘ ŦƻǊ ŎŀƭŎǳƭŀǝƻƴ ƻŦ ǘƘŜ ŦǊƛŎǝƻƴ ŦŀŎǘƻǊ 

ŎƻŜŶŎƛŜƴǘ όŦύΦ Lǘ ǿŀǎ ƴƻǘŜŘ ǘƘŀǘ ŦƻǊ ŀ ǳƴƛŦƻǊƳ ōƻǳƴŘŀǊȅ ǎŜŘƛƳŜƴǘΣ ǇŀǊǝŎƭŜ ǊƻǳƎƘƴŜǎǎ όƪǎύ Ғ 

ǊŜǇǊŜǎŜƴǘŀǝǾŜ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ ǿƘƛŎƘ ƛƴ ǘƘƛǎ ǎǘǳŘȅ ǿŀǎ м ƳƳ όbƛƪǳǊŀŘǎŜΣ мфооΤ YƛǊƻƴƻǘƻ 

  
Series 1A Series 2A 

Figure 3.22: Turbulence observed in the wake of the structure. Series 1A depicted with e = 0, G = 
0.4Dic. As shown here at 100% Qbf the structural surcharge is 55 mm which is the maximum of all 
four design structures. For comparison, series 2A is shown with e = 1.4Dic, G = 0.4Dic and structural 
surcharge of 20 mm. ADV aggregate has clouded the water at series 2A. 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 

±ŜǊǝŎŀƭ ǾƻǊǝŎŜǎ 

/ƭƻǳŘȅ ǿŀǘŜǊ 

ŎŀǳǎŜŘ ōȅ !5± 

ŀƎƎǊŜƎŀǘŜΦ 
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ŀƴŘ DǊŀŦΣ мффпύΦ ¢ƘŜ ʁ  ǾŀƭǳŜ ŦƻǊ ǘƘŜ ƴƻǊƳŀƭ ƅƻǿ ŘŜǇǘƘ όƘƴύ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ лΦлм όǎŜǊƛŜǎ !ύ 

ŀƴŘ лΦлммм όǎŜǊƛŜǎ .ύ ό9ǉǳŀǝƻƴ оΦмоύΦ ¢ƻ ŜȄŀƳƛƴŜ ǘǳǊōǳƭŜƴǘ ƭƻƎŀǊƛǘƘƳƛŎ ƅƻǿΣ wŜƘ ǿŀǎ 

ŎŀƭŎǳƭŀǘŜŘ ŀǘ нплсл ǘƻ нпроп όǎŜǊƛŜǎ !ύ ŀƴŘ нллнм ǘƻ нлусс όǎŜǊƛŜǎ .ύ ƛƴ ǊŜǎǇŜŎǘ ǘƻ лΦр Ƴ 

ǳǇǎǘǊŜŀƳ ŀƴŘ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ό9ǉǳŀǝƻƴ оΦмпύΦ ʶ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǘ лΦллфт ǘƻ 

лΦлмлм όǎŜǊƛŜǎ !ύ ŀƴŘ лΦлм ǘƻ лΦлмм όǎŜǊƛŜǎ .ύΦ Lƴ ŘŜǘŜǊƳƛƴƛƴƎ ǘƘŜ ǾŜƭƻŎƛǘȅ ƅƻǿ ŘƛǎǘǊƛōǳǝƻƴ ŀƴŘ 

Ŧ ǾŀƭǳŜǎΣ ōƻǘƘ ʶ ŀƴŘ wŜƘ ǿŜǊŜ ǇƭƻǧŜŘ ƻƴ ǘƘŜ aƻƻŘȅ ŘƛŀƎǊŀƳ ό!ǇǇŜƴŘƛȄ 9ύΦ ¢ƻ ǾŜǊƛŦȅ ǘƘŜ ƳƻƻŘȅ 

ŘƛŀƎǊŀƳΣ ǘƘŜ ŜƳǇƛǊƛŎŀƭ /ƻƭŜōǊƻƻƪπ²ƘƛǘŜ 9ǉǳŀǝƻƴ оΦмр ǿŀǎ ǳǎŜŘ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ŦǊƛŎǝƻƴ ŦŀŎǘƻǊ 

ŎƻŜŶŎƛŜƴǘΦ ¢ƘŜ ŦǊƛŎǝƻƴ ŦŀŎǘƻǊ ŎƻŜŶŎƛŜƴǘ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ǘƻ ōŜ лΦлофут ǘƻ лΦлплнф όǎŜǊƛŜǎ !ύ 

ŀƴŘ лΦлплсп ǘƻ лΦлпмст όǎŜǊƛŜǎ .ύΦ !ƭƻƴƎ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜΣ ŀƭƭ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ǊŜƳŀƛƴŜŘ 

ƛƴ ǘƘŜ ǘǊŀƴǎƛǝƻƴŀƭ ȊƻƴŜΣ ǿƛǘƘ ǎƳƻƻǘƘ ǘǳǊōǳƭŜƴŎŜ ƅƻǿ ŀƴŘ ǊƻǳƎƘƴŜǎǎ ŜƭŜƳŜƴǘǎ ƭȅƛƴƎ ǿƛǘƘƛƴ ƻǊ 

Ƨǳǎǘ ƻǳǘǎƛŘŜ ƻŦ ǘƘŜ ƭŀƳƛƴŀǊ ǎǳōπƭŀȅŜǊΦ ¢Ǌŀƴǎƛǝƻƴ ǘǳǊōǳƭŜƴǘ ƅƻǿ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ŀǘ лΦоту 

ό9ǉǳŀǝƻƴ оΦмсύΦ 

 

ʀ
Ë

2
 (3.13) 

Equation 3.13 calculated wŜƭŀǘƛǾŜ ǊƻǳƎƘƴŜǎǎ όʶύ ƛƴ ŀƴ ƻǇŜƴ ŎƘŀƴƴŜƭ ǳǎƛƴƎ ǇŀǊǘƛŎƭŜ ǊƻǳƎƘƴŜǎǎ όƪs) and 
hydraulic radius (R) (Fenton, 2010). 

 

2Å
5Ȣ2

Ö
 (3.14) 

Equation 3.14 calculated Reynolds number of the hydraulic radius (Reh) using localised velocity (U), 
hydraulic radius (R) and kinematic viscosity (v). 

 

ρ

ЍÆ
ςÌÏÇ

ʀ

σȢχ2

ςȢυρ

2ÅЍÆ
 (3.15) 

The Colebrook-White Equation 3.15 for open channel flow calculated the friction factor coefficient (f) 
using relative roughness (ʁύΣ hydraulic radius (R) and Reynolds number of the hydraulic radius (Reh). 
(EngineerExcel, 2023). 
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5 5ᶻ ςȢυÌÏÇ
Ú5ᶻ

Ö
υȢυφ 
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Ú5ᶻ

Ö
ÌÏÇ

Ὤ5ᶻ

Ö
σȢπφ υȢυφ 

ÏÒ ςȢυÌÏÇ
Ú5ᶻ

Ὤ5z
ςȢυ 

Å
ᾀ

Ὤ
πȢσφψ (3.16) 

Equation 3.16 determined the transitional turbulent flow, with derivations shown, using mean velocity 
(U0) and height of depth average velocity (za) which can be calculated using Shear velocity (U*), 
kinematic viscosity (v) and flow depth (h). 

 

3.3.1.2.5. Insertion of the structure altering hydrodynamics 

¢ƘŜ ƅǳƳŜ ǎǘǳŘȅ ǿŀǎ ƛƴƛǝŀƭƭȅ Ǌǳƴ ǳƴŘŜǊ ǳƴƛŦƻǊƳ ƅƻǿ ŎƻƴŘƛǝƻƴǎ ǿƛǘƘ ŀ ǎŜŘƛƳŜƴǘ ƎǊŀƛƴ ǎƛȊŜ 

ǎŜƭŜŎǘŜŘ ŀǘ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƻŦ Ƴƻǝƻƴ όŎ̱ Ґ ̱ōύΦ ¦Ǉƻƴ ƛƴǎŜǊǝƴƎ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŦƻǊ ŀ ƭƻŎŀƭƛǎŜŘ ō̱ Ҕ 

Ŏ̱Σ ǘƘƛǎ ŎŀǳǎŜŘ ǎŎƻǳǊƛƴƎ ŀƴŘ ƴƻƴπǳƴƛŦƻǊƳ ƅƻǿ ŎƻƴŘƛǝƻƴǎΦ ²ƛǘƘƛƴ ǘƘŜ ŎǊƛǝŎŀƭ ǘǊŀŎǝǾŜ ŦƻǊŎŜ 

ƳŜǘƘƻŘΣ ƛƴǎŜǊǝƻƴ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƻƴƭȅ ŎƘŀƴƎŜŘ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ ǾŀƭǳŜ ό9ǉǳŀǝƻƴ оΦнύ ŀƴŘ 

ǘƘŜǊŜŦƻǊŜ ǎŎƻǳǊƛƴƎ ƻŎŎǳǊǊŜŘ ǳƴǝƭ ŜǉǳƛƭƛōǊƛǳƳ ƻǊ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƻŦ Ƴƻǝƻƴ ǿŀǎ ǊŜπŜǎǘŀōƭƛǎƘŜŘΦ 

!ǎ ŀƭƭ ǎŜǊƛŜǎ ǿŜǊŜ Ǌǳƴ ŀǘ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƻŦ ƳƻǝƻƴΣ ŀƊŜǊ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƛƴǎŜǊǘŜŘ ŀƴŘ ŀǘ ǝƳŜ 

ǘƻ ŜǉǳƛƭƛōǊƛǳƳΣ ǘƘŜ ǎŀƳŜ ǎƛȊŜ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ ƻŎŎǳǊǊŜŘ ŀƭƻƴƎ ǘƘŜ ŎƘŀƴƴŜƭ ǿƛǘƘ ǎƭƛƎƘǘ ǾŀǊƛŀƴŎŜǎ 

ƛƴ ŘǎŜΣ ŎŀǳǎŜŘ ōȅ ƪŜȅ ƳŜƳōŜǊ ŦǊƛŎǝƻƴΣ ǾƻǊǝŎŜǎ ǇƭŀŎŜƳŜƴǘΣ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ŀƴŘ ǎƭƻǇŜ ŀƴƎƭŜ Ψ 

ƎǊŀŘƛŜƴǘ ƛƴŎǊŜŀǎŜŘ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ Lƴƛǝŀƭƭȅ ǿƘŜƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƛƴǎŜǊǘŜŘΣ ŀ 

ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ ƻŦ лΦлон ƳκƳ ƻŎŎǳǊǊŜŘ ƻǾŜǊ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ƘƻǿŜǾŜǊ ǿƘŜƴ ŜǉǳƛƭƛōǊƛǳƳ ǿŀǎ 

ǊŜπŜǎǘŀōƭƛǎƘŜŘ ŀ ŘŜŎǊŜŀǎŜ ƻŦ Ғ пп҈ ƻŎŎǳǊǊŜŘ ƛƴ ǘƘŜ ŦǊƛŎǝƻƴ ǎƭƻǇŜΣ ƎƛǾƛƴƎ ŀ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ 

ƻŦ лΦлму ƳκƳ όCƛƎǳǊŜ оΦноύΦ 
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Figure 3.23: Surface water profile of series 1A, Run 2. A point gauge measured flow depth every 0.02 
m for 0.5 m upstream and downstream of the structure followed by distances of 0.05 m for 0.1 m and 
0.1 m for an additional 0.4 m. Larger h1-h2 was measured when the structure was first inserted 
however when equilibrium was re-established, h1-h2 decreased. The normal flow depth (hn) is 
displayed to show how the structure altered the surface water profile.  

 

²ƛǘƘƛƴ ǘƘƛǎ ǎǘǳŘȅ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ƎǊŀŘƛŜƴǘ ǾŀƭǳŜ ǿŀǎ ŎŀƭŎǳƭŀǘŜŘ ƻǾŜǊ ŀ лΦну Ƴ ŘƛǎǘŀƴŎŜ ǘƻ ƴŜƎŀǘŜ 

ǘǳǊōǳƭŜƴŎŜΦ ¦Ǉƻƴ ƛƴǎŜǊǝƻƴ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǘƘŜ D±C ƛƴŎǊŜŀǎŜŘ ǘƘŜ ǳǇǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ ōȅ Ғ 

р ƳƳ ŀōƻǾŜ ŘŀǘǳƳΣ ǎŜǘ ŀǘ ǘƘŜ ƴƻǊƳŀƭ ƅƻǿ ŘŜǇǘƘΦ IƻǿŜǾŜǊΣ ǳǇƻƴ ǊŜŀŎƘƛƴƎ ŜǉǳƛƭƛōǊƛǳƳΣ ǘƘŜ 

ǳǇǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ ŘŜŎǊŜŀǎŜŘ ōȅ Ғ пΦр ƳƳΦ Lƴ ŎƻƳǇŀǊƛǎƻƴ ǿƘŜƴ ŜȄŀƳƛƴƛƴƎ ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ 

ƅƻǿ ŘŜǇǘƘΣ ǳǇƻƴ ƛƴǎŜǊǝƻƴ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ ǊŜŘǳŎŜŘ ōȅ Ғ р ƳƳ 

ŀƴŘ ǳǇƻƴ ǊŜŀŎƘƛƴƎ ǘƘŜ ǝƳŜ ǘƻ ŘŜǾŜƭƻǇ ŜǉǳƛƭƛōǊƛǳƳ ǎŎƻǳǊ ŘŜǇǘƘΣ ǘƘƛǎ ƛƴŎǊŜŀǎŜŘ ōȅ Ғ оΦр ƳƳΣ 

ǘƻ ƳƻǊŜ ŎƭƻǎŜƭȅ Ŧƻƭƭƻǿ ǘƘŜ ƴƻǊƳŀƭ ƅƻǿ ŘŜǇǘƘΣ ǘƘƻǳƎƘ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘΦ 

 

3.3.2. Hydro-environmental modelling 

3.3.2.1. 1D modelling 

.ƻǘƘ ƅǳƳŜ ŀƴŘ Ca ǊŜǎǳƭǘǎ ǎƘƻǿŜŘ ǘƘŀǘ ǿƘŜƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƛƴǎŜǊǘŜŘΣ D±C ŎƻƴŘƛǝƻƴǎ ǿŜǊŜ 

ŘƛǎǇƭŀȅŜŘ ǿƛǘƘ ŀƴ ƛƴŎǊŜŀǎŜŘ ŀƉǳȄ όƘмπƘнύΦ ƘмπƘн ƛǎ ŘŜŬƴŜŘ ŀǎ ǘƘŜ ƛƴŎǊŜŀǎŜ ƛƴ ƅƻǿ ŘŜǇǘƘ 

ǳǇǎǘǊŜŀƳ ƻŦ ŀ ǇŜǊǘǳǊōŀǝƻƴ ǘƘŀǘ ǿŀǎ ŎǊŜŀǘŜŘ ŀǎ ŀ ǊŜǎǳƭǘ ƻŦ ŀƴ ƻōǎǘǊǳŎǝƻƴ ǘƻ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ 

Legend 

ƶ 
Upon structure 
insertion 

 At equilibrium Key member  Bed ƶ hn --- Linear (hn) 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 

¦Ǉƻƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ōŜƛƴƎ ƛƴǎŜǊǘŜŘΥ 

ƘмπƘн Ґ мл ƳƳ 

!ǘ ŜǉǳƛƭƛōǊƛǳƳΥ 

ƘмπƘн Ґ н ƳƳ 

{ŎƻǳǊ ŘŜǾŜƭƻǇŜŘ ƻǾŜǊ ǝƳŜ 
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ό[ŀƳō Ŝǘ ŀƭΦΣ нллсŀύΦ {ǘŀǝǎǝŎŀƭ ŀƴŀƭȅǎƛǎ ǉǳŀƴǝŬŜŘ ǎƛƎƴƛŬŎŀƴŎŜ ōŜǘǿŜŜƴ ŘŀǘŀǎŜǘǎ ǿƛǘƘ ǎŜǊƛŜǎ 

! ƘŀǾƛƴƎ ŀ ǾŜǊȅ ǎǘǊƻƴƎ ǇƻǎƛǝǾŜ ǊŜƭŀǝƻƴǎƘƛǇ ǿƛǘƘ ŀ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǝƻƴ ŎƻŜŶŎƛŜƴǘ ƻŦ лΦфмм 

ŀƴŘ ǎŜǊƛŜǎ . ƘŀǾƛƴƎ ŀ ǎǘǊƻƴƎ ǇƻǎƛǝǾŜ ǊŜƭŀǝƻƴǎƘƛǇ ƻŦ лΦутм ό9ǉǳŀǝƻƴ оΦмтύΦ 

¢ƻ ŜȄŀƳƛƴŜ Ƙƻǿ ǘƘŜ ƅƻǿ ǾŀǊƛŜŘ ōŜǘǿŜŜƴ ǘƘŜ ƻōǎǘǊǳŎǘŜŘ ŀƴŘ ǳƴƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΣ ǘƘŜ 

ǎǘŀǝǎǝŎŀƭ ǘπǘŜǎǘ tŀƛǊŜŘ ¢ǿƻ {ŀƳǇƭŜ ƻŦ aŜŀƴǎ ό9ǉǳŀǝƻƴ оΦмуύ ǿŀǎ ǳƴŘŜǊǘŀƪŜƴΦ ¢ƘŜ ǘπǘŜǎǘ ŎƻǳƭŘ 

ƴƻǘ ōŜ ǳǎŜŘ ǘƻ ǾŜǊƛŦȅ ǘƘŜ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǝƻƴ ŎƻŜŶŎƛŜƴǘ όtŎύ ƛƴ ŜȄŀƳƛƴƛƴƎ ǘƘŜ ǾŀǊƛŀǝƻƴ 

ōŜǘǿŜŜƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ŀƴŘ Ca ŀǎ ōƻǘƘ ŘŀǘŀǎŜǘǎ ǊŜǉǳƛǊŜŘ ǘƘŜ ǎŀƳŜ ƴǳƳōŜǊ ƻŦ 

Řŀǘŀ ǇƻƛƴǘǎΦ !ǘ млл҈ vōŦ ǿƛǘƘƛƴ CaΣ ǘƘŜ ŀōǎƻƭǳǘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ ǘπǎǘŀǝǎǝŎ όπуΦлутύ ǿŀǎ ƭŜǎǎ ǘƘŀƴ 

ǘƘŜ ŎǊƛǝŎŀƭ ǘ ǾŀƭǳŜ ŦƻǊ ōƻǘƘ ŘŀǘŀǎŜǘǎ όhōǎǘǊǳŎǘŜŘΥ мΦсрт ŀƴŘ ¦ƴƻōǎǘǊǳŎǘŜŘΥ мΦфтфύΦ !ǎ ǘƘŜ tπ

ǾŀƭǳŜǎ όhōǎǘǊǳŎǘŜŘΥ нΦпрф9ȄǇπмо ŀƴŘ ¦ƴƻōǎǘǊǳŎǘŜŘΥ пΦфму9ȄǇπмоύ ǿŜǊŜ ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ ǾŀƭǳŜ 

ƻŦ ŀƭǇƘŀ όлΦлрύ ǘƘŜ ƴǳƭƭ ƘȅǇƻǘƘŜǎƛǎ ǿŀǎ ŀŎŎŜǇǘŜŘ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǘƘŜ ƳŜŀƴ ƻŦ ōƻǘƘ ŘŀǘŀǎŜǘǎ ŀǊŜ 

Ŝǉǳŀƭ όCƛƎǳǊŜ оΦнпŀύΦ ! ǎƛƳƛƭŀǊ ǇŀǧŜǊƴ ŦƻƭƭƻǿŜŘ ŀǘ ул҈ vōŦ ǿƘŜǊŜ ǘƘŜ ŀōǎƻƭǳǘŜ ǾŀƭǳŜ ƻŦ ǘƘŜ ǘπ

ǎǘŀǝǎǝŎ ǿŀǎ πуΦллр ǿƘƛŎƘ ǿŀǎ ƭŜǎǎ ǘƘŀƴ ǘƘŜ ŎǊƛǝŎŀƭ ǾŀƭǳŜ ŦƻǊ ōƻǘƘ ŘŀǘŀǎŜǘǎ όhōǎǘǊǳŎǘŜŘΥ мΦсрт 

ŀƴŘ ¦ƴƻōǎǘǊǳŎǘŜŘΥ мΦфтфύΦ !ŘŘƛǝƻƴŀƭƭȅΣ ŀǎ ǘƘŜ tπǾŀƭǳŜǎ όhōǎǘǊǳŎǘŜŘΥ оΦулу9ȄǇπмо ŀƴŘ 

¦ƴƻōǎǘǊǳŎǘŜŘΥ тΦсмр9ȄǇπмоύ ǿŜǊŜ ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ ŀƭǇƘŀ όлΦлрύΣ ǘƘŜ ƴǳƭƭ ƘȅǇƻǘƘŜǎƛǎ ǿŀǎ 

ŀŎŎŜǇǘŜŘ ǿƛǘƘ ǘƘŜ ƳŜŀƴǎ ōŜǘǿŜŜƴ ǎŀƳǇƭŜǎ ōŜƛƴƎ Ŝǉǳŀƭ όCƛƎǳǊŜ оΦнпōύΦ {ǘŀǝǎǝŎŀƭ ŀƴŀƭȅǎƛǎ 

ǎǳƎƎŜǎǘǎ ǘƘŀǘ ǘƘŜ ƅƻǿ ŘŜǇǘƘ ǾŀǊƛŜŘ ƻƴŎŜ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƛƴǎŜǊǘŜŘΣ ǘƘƻǳƎƘ ƴƻǘ ǎƛƎƴƛŬŎŀƴǘƭȅΦ 

!ŘŘƛǝƻƴŀƭƭȅΣ ǎǘŀǝǎǝŎŀƭ ŀƴŀƭȅǎƛǎ ǎƘƻǿŜŘ ǘƘŀǘ ǿƛǘƘƛƴ CaΣ ǘƘŜ ǎƘŀǊǇ ŎǊŜǎǘŜŘ ǿŜƛǊ ǿŀǎ ŀ ǎǳƛǘŀōƭŜ 

ǳƴƛǘ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ǘŀƛƭƎŀǘŜ ǿƛǘƘ ōƻǘƘ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ 

ŀƴŘ Ca ŘƛǎǇƭŀȅƛƴƎ ǎƛƳƛƭŀǊ ŘƻǿƴǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘǎ όCƛƎǳǊŜ оΦнпŀ ŀƴŘ ōύΦ 

 

0
ВØ Ø Ù Ù

ВØ Ø ВÙ Ù
 (3.17) 

Equation 3.17 calculated the PearsonΩǎ correlation coefficient (Pc) using x-values in a sample (xi), mean 
of the x-values (ȄɎ), y-values in a sample (yi) and mean of the y-ǾŀƭǳŜǎ όỦύΦ 

 

4
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ὲ ВὨ ВὨ
ὲ ρ

 
(3.18) 

Equation 3.18 displays the T-Test for Paired Two Sample for Means (T). Variables required for this 
equation include the number of samples (nu) which in FM was number of cross-sections (120). The 
difference per paired value (d) was also required.  
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Figure 3.24: a) Series A surface water profile displayed with a 0.05 m spatial resolution. Comparison is 
made between the obstructed channel (solid line) versus the unobstructed channel (dotted line). 
sediment bed height is shown without erosion as readings were taken at the beginning of the 
experiment. 

Legend 
 FM Point gauge 

 Bed  Obstructed channel  Obstructed channel 
I FM structure  Unobstructed channel   Unobstructed channel 

 Flume individual key member    

Series A statistics 

 

Obstructed channel Unobstructed channel 

FM Point 
gauge 

FM Point 
gauge 

Standard Error (mm) 4.66 5.78 1.59 2.94 
Standard deviation ( )̀ 5.21 5 1.77 1.02 
Sample Variance 2.71 2.5 0.312 0.104 
Kurtosis -1.505 -1.9 -1.199 0.102 
Skewness 0.599 -0.149 -0.0298 1.043 
Flow depth minimum (mm) 220 218 220 222 
Flow depth maximum including outliers (mm) 233 232 226 224 
Confidence Level (95.0%) 0.922 1.15 0.314 0.647 

t-Test: Paired Two Sample for Means 
 FM: Obstructed vs unobstructed channel 

Hypothesised mean difference 0 
Degree of Freedom 120 
t- statistic -8.087 
P (T Җ t) one-tail (Obstructed channel) 2.459Exp-13 
t Critical one-tail (Obstructed channel) 1.657 
P (T Җ t) two-tail (Unobstructed channel) 4.918Exp-13 
t Critical two-tail (Unobstructed channel) 1.979 

CƭǳƳŜ ōŀǎŜ 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 

CƭǳƳŜΥ {ŜŘƛƳŜƴǘ ōŜŘ 

CaΥ bƻƴπŜǊƻŘƛōƭŜ ōŜŘ 

{ǘǊǳŎǘǳǊŜ 

IŜƛƎƘǘŜƴŜŘ ǳǇǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ 
5ƻǿƴǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ 
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Figure 3.24: b) Series B surface water profile displayed with a 0.05 m spatial resolution. Comparison is 
made between the obstructed channel (solid line) versus the unobstructed channel (dotted line). 
sediment bed height is shown without erosion as readings were taken at the beginning of the 
experiment.

Legend 
 FM Point gauge 

 Bed  Obstructed channel  Obstructed channel 
I FM structure  Unobstructed channel  Unobstructed channel 

 Flume individual key member    

Series B statistics 

 

Obstructed channel Unobstructed channel 

FM Point 
gauge 

FM Point 
gauge 

Standard Error (mm) 8.59 1.1 1.58 1.9 
Standard deviation ( )̀ 9.61 9.57 1.76 0.67 
Sample Variance 92.3 92 3.1 4.5 
Kurtosis -1.523 -1.994 -1.198 0.924 
Skewness 0.672 -0.0658 -0.0336 -0.8009 
Flow depth minimum (mm) 203 202 203 204 
Flow depth maximum including outliers (mm) 226 224 209 206 
Confidence Level (95.0%) 1.7 2.2 0.313 0.443 

t-Test: Paired Two Sample for Means 
 FM: Obstructed vs unobstructed channel 

Hypothesised mean difference 0 
Degree of Freedom 120 
t- statistic -8.005 
P (T Җ t) one-tail (Obstructed channel) 3.808Exp-13 
t Critical one-tail (Obstructed channel) 1.657 
P (T Җ t) two-tail (Unobstructed channel) 7.615Exp-13 
t Critical two-tail (Unobstructed channel) 1.979 

CƭǳƳŜ ōŀǎŜ 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 

CƭǳƳŜΥ {ŜŘƛƳŜƴǘ ōŜŘ 

CaΥ bƻƴπŜǊƻŘƛōƭŜ ōŜŘ 

{ǘǊǳŎǘǳǊŜ 

IŜƛƎƘǘŜƴŜŘ ǳǇǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ 

5ƻǿƴǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ 
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²ƘŜƴ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀƭ ǊŜǎǳƭǘǎ ǘƻ ǘƘŜ Ca ǊŜǎǳƭǘǎΣ ǘƘŜ ŬƴŘƛƴƎǎ ǎƘƻǿŜŘ ŀ 

ǎƛƳƛƭŀǊ ǇŀǧŜǊƴΣ ǿƘŜǊŜōȅ ŦƻǊ D±C ŎƻƴŘƛǝƻƴǎΣ ŀ ōŀŎƪǿŀǘŜǊ Ǉƻƻƭ ǿŀǎ ŎǊŜŀǘŜŘ ǿƘƛŎƘ ƛƴŎǊŜŀǎŜŘ 

ǘƘŜ ǳǇǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘΦ IƻǿŜǾŜǊΣ ǘƘƻǳƎƘ ǘƘŜȅ Ŧƻƭƭƻǿ ǎƛƳƛƭŀǊ ǇŀǧŜǊƴǎΣ ǘƘŜ ƘмπƘн ŜȄǘŜƴǘ 

ŘƛũŜǊŜŘ ƴƻǝŎŜŀōƭȅΦ CƻǊ ǎŜǊƛŜǎ !Σ ǘƘŜ ƘмπƘн ǾŀƭǳŜ ǿŀǎ ŦƻǳƴŘ ǘƻ ōŜ мм ƳƳ ŦƻǊ ǘƘŜ ƅǳƳŜ 

ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ у ƳƳ ŦƻǊ CaΣ ǿƘƛƭŜ ŦƻǊ ǎŜǊƛŜǎ . ǘƘŜ ǊŜǎǳƭǘǎ ǿŜǊŜ ƭŀǊƎŜǊ ƎƛǾƛƴƎ ƘмπƘн ƻŦ нл ƳƳ 

ŦƻǊ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ мт ƳƳ ŦƻǊ CaΦ ¢Ƙƛǎ ǾŀǊƛŀƴŎŜ ǿŀǎ ŎŀǳǎŜŘ ōȅ ǎŜǊƛŜǎ ! ƘŀǾƛƴƎ 

ǎƭƛƎƘǘ ōŀƴƪ ƻǾŜǊǘƻǇǇƛƴƎΣ ǿƘƛŎƘ ǊŜŘǳŎŜŘ ƘмπƘнΣ ǿƘƛƭŜ ŦƻǊ ǎŜǊƛŜǎ . ǘƘŜ ƅƻǿ ǿŀǎ ŎƻƴŬƴŜŘ ǘƻ ǘƘŜ 

ŎƘŀƴƴŜƭΦ 

Ca Ƙŀǎ ōŜŜƴ ŘŜǎƛƎƴŜŘ ǘƻ ǎƛƳǳƭŀǘŜ ǎƳŀƭƭ ǘƻ ƭŀǊƎŜ ǊƛǾŜǊ ǊŜŀŎƘŜǎΣ ǘȅǇƛŎŀƭƭȅ Ҕ о Ƴ ǿƛŘŜ ǿƛǘƘ 

ŘƛǎǘŀƴŎŜǎ ōŜǘǿŜŜƴ ŎǊƻǎǎπǎŜŎǝƻƴǎ ƻŦ рлπнлл Ƴ όaŎtŀǊƭŀƴŘ Ŝǘ ŀƭΦΣ ǇŜǊǎƻƴŀƭ ŎƻƳƳǳƴƛŎŀǝƻƴΣ 

CŜōǊǳŀǊȅ нлноύΦ ¢ƘŜǊŜŦƻǊŜΣ ŀǎ Ca ǎƛƳǳƭŀǘŜŘ ǊŜƭŀǝǾŜƭȅ ǎƘŀƭƭƻǿ ƅƻǿ ƛƴ ǘƘŜ ƅǳƳŜΣ ŀ ƘȅŘǊŀǳƭƛŎ 

ƧǳƳǇ ǿŀǎ ƴƻǘ ƻōǎŜǊǾŜŘΦ LƴǎǘŜŀŘΣ ŀ ǎƘŀǊǇ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ǎǳǊŦŀŎŜ ǿŀǘŜǊ ǇǊƻŬƭŜ ƻŎŎǳǊǊŜŘΦ ¢Ƙƛǎ 

ŬƴŘƛƴƎ ǎǳǇǇƻǊǘǎ ƻǘƘŜǊ ǎƳŀƭƭπǎŎŀƭŜ ǎǘǳŘƛŜǎ ǎǳŎƘ ŀǎ !ƳōƛŜƴǘŀƭ όнлмфύΣ ǿƘƛŎƘ ǳǎŜŘ Ca ǘƻ ǇǊŜŘƛŎǘ 

ōŀŎƪǿŀǘŜǊ ǊƛǎŜ ǳǇǎǘǊŜŀƳ ƻŦ ŀ ŎǳƭǾŜǊǘΦ 

²ƛǘƘƛƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ƛƴŎǊŜŀǎŜŘ ǘǳǊōǳƭŜƴŎŜ ǿŀǎ ƴƻǘŜŘ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ 

Lƴ ŎƻƴǘǊŀǎǘ Ca ŘƛŘ ƴƻǘ ŘƛǎǇƭŀȅ ǘǳǊōǳƭŜƴŎŜ ŀǎ ǘƘƛǎ Ŏŀƴ Ŏƻƴǎǘŀƴǘƭȅ ƅǳŎǘǳŀǘŜ ƛƴ ǝƳŜ ŀƴŘ ǎǇŀŎŜΦ 

aƻŘŜƭƭƛƴƎ ǘǳǊōǳƭŜƴŎŜ ŀǘ ǘƘƛǎ ǎŎŀƭŜ ǿƻǳƭŘ ǊŜǉǳƛǊŜ ŀŘǾŀƴŎŜŘ ŀƴŘ ŜǾƻƭǾƛƴƎ ƴǳƳŜǊƛŎŀƭ 

ǎƛƳǳƭŀǝƻƴǎΣ ǘȅǇƛŎŀƭƭȅ ōŀǎŜŘ ƻƴ ŘƛǊŜŎǘ ƴǳƳŜǊƛŎŀƭ ǎƛƳǳƭŀǝƻƴǎ ǿƘƛŎƘ ŀǊŜ ǾŜǊȅ ŘŜƳŀƴŘƛƴƎ ƛƴ 

ǘŜǊƳǎ ƻŦ ŎƻƳǇǳǘŀǝƻƴŀƭ ǝƳŜ ŀƴŘ ǎǘƻǊŀƎŜ ό²ŀƴƎ Ŝǘ ŀƭΦΣ нлмтύΦ ¢ǳǊōǳƭŜƴŎŜ ǿŀǎ ŀŎŎƻǳƴǘŜŘ ŦƻǊ 

ōȅ ǊŜǇǊŜǎŜƴǘŀǝƻƴǎ ƻŦ ŎƘŀƴƴŜƭ ŎƻƴǾŜȅŀƴŎŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ ǎǘŜŀŘȅ ǎǘŀǘŜ ǎƛƳǳƭŀǝƻƴǎ όWŀŎƻōǎ 

CƭƻƻŘ aƻŘŜƭƭŜǊΥ hƴƭƛƴŜ aŀƴǳŀƭΣ нлннōύΦ IƻǿŜǾŜǊΣ ŀǎ ǘǳǊōǳƭŜƴŎŜ ŀƭǘŜǊǎ ǘŜƳǇƻǊŀƭƭȅ ŀƴŘ 

ǎǇŀǝŀƭƭȅ ƛǘ ƛǎ ƴƻǘ ŘƛǎǇƭŀȅŜŘ ƛƴ CƛƎǳǊŜ оΦнпŀ ŀƴŘ ōΦ 

Ca ǊŜǎǳƭǘǎ ǎƘƻǿŜŘ ǘƘŀǘ ̱ō ƛƴŎǊŜŀǎŜŘ ƛƳƳŜŘƛŀǘŜƭȅ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ōŜǘǿŜŜƴ ǘƘŜ 

ǘǿƻ ŎǊƻǎǎπǎŜŎǝƻƴǎΦ ¢Ƙƛǎ ŬƴŘƛƴƎ ƛǎ ǎǳǇǇƻǊǘŜŘ ōȅ ƻǘƘŜǊ ƘȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ 

ǇŀŎƪŀƎŜǎ ǎǳŎƘ ŀǎ I9/πw!{Φ .ƻǘƘ Ca ŀƴŘ I9/πw!{ ǳǎŜ ƭƛƴŜŀǊ ƛƴǘŜǊǇƻƭŀǝƻƴ ǘƻ ƻōǘŀƛƴ 

ŎƻƴǾŜȅŀƴŎŜ ŀǎ ǘƘŜ ǊŀǘŜ ƻŦ ŜƴŜǊƎȅ ƭƻǎǎ ƛǎ ǳǎǳŀƭƭȅ ƴƻǘ ƭƛƴŜŀǊ ό.ǊǳƴƴŜǊ Ŝǘ ŀƭΦΣ нлнмΤ WŀŎƻōǎ CƭƻƻŘ 

aƻŘŜƭƭŜǊΥ hƴƭƛƴŜ aŀƴǳŀƭΣ нлннōύΦ ¢ƻ ƛƳǇǊƻǾŜ ƳƻŘŜƭ ŀŎŎǳǊŀŎȅ ŀǘ ǘƘŜ !ƻLΣ ƛǘ ƛǎ ǊŜŎƻƳƳŜƴŘŜŘ 

ǘƻ ǳǎŜ ƳƻǊŜ ǳǎŜǊ ŘŜŬƴŜŘ ŎǊƻǎǎπǎŜŎǝƻƴǎΦ LŦ ŎǊƻǎǎπǎŜŎǝƻƴǎ ŀǊŜ ǇƭŀŎŜŘ ǘƻƻ ŦŀǊ ŀǇŀǊǘΣ ŀ 

ǊŜǇǊŜǎŜƴǘŀǝǾŜ ŜƴŜǊƎȅ ƭƻǎǎ ǿƛƭƭ ƴƻǘ ōŜ ŘŜǘŜǊƳƛƴŜŘΦ IƻǿŜǾŜǊΣ ƛŦ ŎǊƻǎǎπǎŜŎǝƻƴǎ ŀǊŜ ǇƭŀŎŜŘ ǘƻƻ 

ŎƭƻǎŜ ǘƻƎŜǘƘŜǊ ǿƛǘƘ ǎƛƎƴƛŬŎŀƴǘƭȅ ǾŀǊƛŜŘ ŎǊƻǎǎπǎŜŎǝƻƴŀƭ ǎƛȊŜ ŀƴŘ ǎƘŀǇŜ ǘƘƛǎ ŎƻǳƭŘ ƭŜŀŘ ǘƻ 

ƛƴŀŎŎǳǊŀŎƛŜǎ ƛƴ ǘƘŜ ǊŜǇǊŜǎŜƴǘŀǝƻƴ ƻŦ ǘƘŜ ƴƻƴƭƛƴŜŀǊ ŎƻƴǾŜȅŀƴŎŜ ŦǳƴŎǝƻƴ ǳƴƭŜǎǎ ŀ ƭŀǊƎŜ ŜŘŘȅ 
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ǎƛƳǳƭŀǝƻƴ ǘǳǊōǳƭŜƴŎŜ ƳƻŘŜƭ όƻǊ ǎƛƳƛƭŀǊύ ƛǎ ƛƴŎƭǳŘŜŘ όWŀŎƻōǎ CƭƻƻŘ aƻŘŜƭƭŜǊΥ hƴƭƛƴŜ aŀƴǳŀƭΣ 

нлннōύΦ 

Ca ǊŜǎǳƭǘǎ ǎƘƻǿŜŘ ǘƘŀǘ ̱ō ƛƴŎǊŜŀǎŜŘ ǎƛƎƴƛŬŎŀƴǘƭȅ ŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǎƛǘŜ ōȅ лΦрто ό{ŜǊƛŜǎ !ύ ŀƴŘ 

лΦпом όǎŜǊƛŜǎ .ύ ŎŀǳǎŜŘ ōȅ ŎƘŀƴƴŜƭ ŎƻƴŬƴŜƳŜƴǘ όCƛƎǳǊŜ оΦнрŀ ŀƴŘ ōύΦ ¢ƘŜ ŎƭƻǎŜǊ ǘƘŜ ō̱ ƛǎ ǘƻ л 

ǘƘŜ ƭŜǎǎ ƭƛƪŜƭȅ ǘƘŜ ŎƘŀƴƴŜƭ ƛǎ ǘƻ ŜǊƻŘŜΦ .ƻǘƘ ǎŜǊƛŜǎ ! ŀƴŘ ǎŜǊƛŜǎ . ǎƘƻǿŜŘ ǘƘŀǘ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜ 

ǎǘǊǳŎǘǳǊŜ ƛƴ ǘƘŜ ƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΣ ō̱ ǿŀǎ ŎƭƻǎŜǊ ǘƻ л ŎƻƳǇŀǊŜŘ ǘƻ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΦ 

¢Ƙƛǎ ƳŜŀƴǘ ŘŜǇƻǎƛǝƻƴ ǿŀǎ ƳƻǊŜ ƭƛƪŜƭȅ ǘƻ ƻŎŎǳǊ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿƘƛƭŜ ǎŎƻǳǊƛƴƎ 

ƛƴƛǝŀǘŜŘ ŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ 5ƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ŀƊŜǊ ǘƘŜ ǎǳŘŘŜƴ ƛƴŎǊŜŀǎŜ ƛƴ ō̱Σ ǘƘŜ 

ŘƻǿƴǎǘǊŜŀƳ ǾŀƭǳŜ ƻŦ ̱ō ƛƴ ǘƘŜ ƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭ ŜǉǳŀƭƭŜŘ ǘƘŀǘ ƻŦ ǘƘŜ ǳƴƻōǎǘǊǳŎǘŜŘ ŎƘŀƴƴŜƭΦ 

¢ƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘŜ ƭŀǊƎŜǊ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ƘŜƴŎŜ ƭŀǊƎŜǊ ŘǎŜ ƛƴ ǎŜǊƛŜǎ ! ΣŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ .Σ ŀƴ 

ΨуπǇŜǊƛƻŘ ƳƻǾƛƴƎ ŀǾŜǊŀƎŜΩ ǿŀǎ ǇƭƻǧŜŘ ŦƻǊ ǎŜǊƛŜǎ ! ŀƴŘ ŀ ΨрπǇŜǊƛƻŘ ƳƻǾƛƴƎ ŀǾŜǊŀƎŜΩ ǿŀǎ 

ǇƭƻǧŜŘ ŦƻǊ ǎŜǊƛŜǎ .Φ ±ŀǊƛŀǝƻƴ ƛƴ ǇŜǊƛƻŘ ǎƛȊŜ ǿŀǎ ŘŜǘŜǊƳƛƴŜŘ ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ǎŎƻǳǊ ƭƻƴƎƛǘǳŘƛƴŀƭ 

ŘƛǎǘŀƴŎŜ ŘƛǎǇƭŀȅŜŘ ƛƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎΣ ǿƘŜǊŜōȅ ǘƘŜ ǇŜǊƛƻŘ ǎƛȊŜ ǿŀǎ ǎŜǘ ǘƻ ǘƘŜ Ǉƻƛƴǘ 

ǿƘŜǊŜ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ŘƛǎǘŀƴŎŜ ƘŀŘ ŘǎŜ ǎŜǘ ǘƻ ŘŀǘǳƳ όƛΦŜΦΣ ŘǎŜ Ґ л ƳύΦ  
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Figure 3.25: Diagrams focusing on structural induced ̱b at varied L along the centre line at a) 100% Qbf 
and b) 80% Qbf flow conditions.
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3.3.2.2. 1D-2D modelling 

{ƛƳƛƭŀǊ ǘƻ ǘƘŜ м5 ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭΣ ǘƘŜ м5πн5 ƭƛƴƪŜŘ ƅƻƻŘ ŘŜǇǘƘ ƎǊƛŘǎ ǎƘƻǿŜŘ ǘƘŀǘ ŀǘ млл҈ 

vōŦ ŀƴŘ ул҈ vōŦΣ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƛƴŎǊŜŀǎŜŘ ǘƘŜ ǳǇǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ ǿƘƛƭǎǘ ŘŜŎǊŜŀǎƛƴƎ ǘƘŜ 

ŘƻǿƴǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ όCƛƎǳǊŜ оΦнсŀ ŀƴŘ ōύΣ ǿƘƛŎƘ ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ŎǊŜŀǝƴƎ 

ƛƴπŎƘŀƴƴŜƭ ŀǧŜƴǳŀǝƻƴΦ ²ƘŜƴ ŎƻƴǎǘǊǳŎǝƴƎ ǘƘŜ ƅƻƻŘ ŘŜǇǘƘ ƎǊƛŘǎΣ ƅƻǿ ŘŜǇǘƘ Ǉƻƛƴǘǎ ǿŜǊŜ 

ƎǊƻǳǇŜŘ ǘƻƎŜǘƘŜǊ ŀƴŘ ŀƴ ŀǾŜǊŀƎŜ ŎŀƭŎǳƭŀǘŜŘΦ !ǾŜǊŀƎŜǎ ǿŜǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ǳǎƛƴƎ ŀ ǎƛƴƎƭŜ ŎƻƭƻǳǊΦ 

¢ƘŜǊŜŦƻǊŜΣ ǘƘŜ ƅƻƻŘ ŘŜǇǘƘ ƎǊƛŘǎ ŘƛǎǇƭŀȅŜŘ ōŀƴŘƛƴƎ ǿƛǘƘ ǘƘŜ ǳǇǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ ōŜƛƴƎ 

ƎǊŜŀǘŜǊ ǘƘŀƴ ǘƘŜ ŘƻǿƴǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘ όƘм Ҕ ƘнύΦ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.26: Flood depth grid displaying flow depth spatial variations including sediment height. The 
structure has been marked with a black dashed line. Flow conditions were simulated at a) 100% Qbf 
and b) 80% Qbf.
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3.3.2.3. 2D modelling 

¢ƘŜ н5 ƘȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ ǎƘƻǿŜŘ ŦƻǊ ƭŀǊƎŜǊ ǘƘŜ ŘƛǎŎƘŀǊƎŜΣ ǘƘŜ ƎǊŜŀǘŜǊ ǘƘŜ tōΦ 

¢Ƙƛǎ ǿŀǎ ǇŀǊǝŎǳƭŀǊƭȅ ƴƻǝŎŜŀōƭŜ ŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǿƘŜǊŜōȅ ǎŜǊƛŜǎ ! ŘƛǎǇƭŀȅŜŘ ŀ ƎǊŜŀǘŜǊ tō ŜũŜŎǘ 

ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ .Φ ! ǎƛƳƛƭŀǊ ǇŀǧŜǊƴ ŎƻǳƭŘ ōŜ ǎŜŜƴ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ōŜǘǿŜŜƴ 

пллπслл ƳƳΣ ǿƘŜǊŜōȅ ŦƻǊ ǎŜǊƛŜǎ ! ǘƘŜ ŜũŜŎǘ ƻŦ tō ǿŀǎ ƭŀǊƎŜǊΦ !ŘŘƛǝƻƴŀƭƭȅΣ ǎŜǊƛŜǎ ! ǎƘƻǿŜŘ ŀǘ 

нлл ƳƳ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƘŀǘ ŀƴ ŀǊŜŀ ƻŦ ƘƛƎƘŜǊ tō ƻŎŎǳǊǊŜŘ ŀǘ ǘƘŜ ƭŜƊ ōŀƴƪΦ 

aƻŘŜƭƭƛƴƎ ƻŦ ǘƘŜ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ tō ǎƘƻǿŜŘ ǘƘŀǘ ŀǘ ŀ ƘƛƎƘŜǊ ŘƛǎŎƘŀǊƎŜ ƳƻǊŜ ŘƻǿƴǎǘǊŜŀƳ 

ǎŎƻǳǊƛƴƎ ƻŎŎǳǊǊŜŘΣ ŀǎ ŀƭǎƻ ƴƻǘŜŘ ƛƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎΦ 

²ƛǘƘƛƴ CaΣ ǳǎƛƴƎ ǘƘŜ !5L ǎƻƭǾŜǊΣ ǾŜƭƻŎƛǘȅ ǾŜŎǘƻǊǎ ŀǊŜ ŎŀƭŎǳƭŀǘŜŘ ŀǘ ŎŜƭƭ ŜŘƎŜǎ ǿƘƛŎƘ ŜƴŀōƭŜǎ 

ǘƘŜ ƳƻŘŜƭ ǘƻ ŘŜǘŜǊƳƛƴŜ ƅƻǿ ŬŜƭŘǎ όWŀŎƻōǎ CƭƻƻŘ aƻŘŜƭƭŜǊΣ нлноŎύΦ ±ŜƭƻŎƛǘȅ ǾŜŎǘƻǊǎ ŀƴŘ 

ǎǘǊŜŀƳƭƛƴŜǎ ǎƘƻǿ ƅƻǿ ƛǎ ǎǘǊǳŎǘǳǊŜŘ ŀǎ ƛǘ ŀǇǇǊƻŀŎƘŜǎ ǘƘŜ ǎǘǊǳŎǘǳǊŜ όCƛƎǳǊŜ оΦнтύΦ IƻǿŜǾŜǊΣ ƛƴ 

ǎŜǊƛŜǎ ! Ƨǳǎǘ ōŜŦƻǊŜ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ǎƭƻǿŜŘ όCƛƎǳǊŜ оΦнуύ ŀƴŘ ōŜŎŀƳŜ ƭŜǎǎ 

ǎǘǊǳŎǘǳǊŜŘ ǘƻǿŀǊŘǎ ǘƘŜ ōŀƴƪ ǎƛŘŜǎ όCƛƎǳǊŜ оΦнтύΦ ¢ƘŜ ǎǘǊŜŀƳƭƛƴŜ ŘƛǊŜŎǝƻƴ ŎƘŀƴƎŜ ǿŀǎ ŎŀǳǎŜŘ 

ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƘŜƛƎƘǘŜƴƛƴƎ ǘƘŜ ǳǇǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘΣ ǿƘƛŎƘ ǿŀǎ ƳƻǊŜ ǇǊƻƳƛƴŜƴǘ ŦƻǊ ƘƛƎƘ 

ǾŀƭǳŜǎ ƻŦ ŘƛǎŎƘŀǊƎŜΦ 5ƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ōƻǘƘ ǎŜǊƛŜǎ ! ŀƴŘ .Σ ǎǘǊŜŀƳƭƛƴŜǎ ōŜƎŀƴ ǘƻ 

ǊŜπŜǎǘŀōƭƛǎƘ ƳƻǊŜ ǎǘǊǳŎǘǳǊŜŘ ƅƻǿ ǿƛǘƘ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ǉǳƛŎƪŜƴƛƴƎ όCƛƎǳǊŜ оΦнуύΦ  
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Figure 3.27: Diagrams displaying tb spatial distribution with 
velocity vectors. 100% Qbf flow conditions are shown in the 
obstructed channel (a) and the unobstructed channel (b). 
80% Qbf flow conditions are shown in the unobstructed 
channel (c) and obstructed channel (d). 
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Figure 3.28: Diagrams displaying velocity vectors at 100% Qbf in the (a) unobstructed channel and (b) 
obstructed channel. Flume width (Bf) is displayed on the x-axis and Longitudinal direction / distance 
(L) on the y-axis. 
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Figure 3.28: Diagrams displaying velocity vectors at 80% Qbf in the unobstructed channel (c) and 
obstructed channel (d). Flume width (Bf) is displayed on the x-axis and Longitudinal direction / distance 
(L) on the y-axis. 
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3.4. Discussion 

¢ƻ ŘŀǘŜΣ ǘƘŜǊŜ ƛǎ ŀ ƭŀŎƪ ƻŦ ŜũŜŎǝǾŜ ŘŜǎƛƎƴ ŎǊƛǘŜǊƛŀ ŦƻǊ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ό.ǳǊƎŜǎǎπDŀƳōƭŜΣ 

нлмуύΣ ǇƻǘŜƴǝŀƭƭȅ ŘǳŜ ǘƻ ǘƘŜƛǊ ŎƻƳǇƭŜȄ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ƴƻǘ ōŜƛƴƎ ǿŜƭƭ ǳƴŘŜǊǎǘƻƻŘ ό.ŜƴƴŜǧ 

Ŝǘ ŀƭΦΣ нлмрΤ IǳŀƴƎ Ŝǘ ŀƭΦΣ нлннύΦ ¢Ƙƛǎ ƭŜŀŘǎ ǘƻ ƳŀƧƻǊ ŘǊŀǿōŀŎƪǎ ƻƴ ǘƘŜƛǊ ŜũŜŎǝǾŜ ƛƴǎǘŀƭƭŀǝƻƴ 

ƛƴ ǘƘŜ ŬŜƭŘ ŀƴŘ Ŏŀƴ ƭŜŀŘ ǘƻ ǳƴǊŜŀƭƛǎǝŎ ǊŜǎǳƭǘǎ ƛƴ ƘȅŘǊŀǳƭƛŎ ƳƻŘŜƭƭƛƴƎΦ bǳƳŜǊƻǳǎ ǘȅǇŜǎ ƻŦ ²55 

ǊŜǇǊŜǎŜƴǘŀǝƻƴǎ ŀǊŜ ōŜƛƴƎ ǳǎŜŘ ƛƴ ƘȅŘǊƻŘȅƴŀƳƛŎ ŀƴŘ ƘȅŘǊƻπŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ ǿƘƛŎƘ 

ǘƻ ŀ ƭŀǊƎŜ ŜȄǘŜƴǘ ƛǎ ŘǳŜ ǘƻ ǘƘŜǊŜ ōŜƛƴƎ ƴƻ ǎǘŀƴŘŀǊŘƛǎŜŘ ŘŜǎƛƎƴ ŦƻǊ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ŀƴŘ ƴƻ 

ǎǇŜŎƛŬŎ ǘƻƻƭ ǘƻ ǊŜǇǊŜǎŜƴǘ ǘƘŜƳ ƛƴ ǘƘŜ ƳƻŘŜƭƭƛƴƎ ŘƻƳŀƛƴ ό!ŘŘȅ ŀƴŘ ²ƛƭƪƛƴǎƻƴΣ нлмфύΦ ¢Ƙƛǎ 

ǎǘǳŘȅ ǇǊƻǾƛŘŜǎ ŀ ƎǊŜŀǘŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ƛƳǇŀŎǘǎ ƻŦ ²55ǎ ƻƴ ǘƘŜ ŎƘŀƴƴŜƭ 

ōŀǘƘȅƳŜǘǊȅ ŀƴŘ ƻũŜǊǎΣ ƛƴ ǇŀǊǘΣ ŀ ǿŀȅ ƛƴǘƻ ƻǇǝƳƛǎƛƴƎ ǘƘŜƛǊ ŘŜǎƛƎƴΦ 

 

3.4.1. Discharge and structural design 

wŜǎǳƭǘǎ ǎǳƎƎŜǎǘ ŀ ŎƻǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ ǘƘŜ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ŀƴŘ ŘƛǎŎƘŀǊƎŜΦ CƛƎǳǊŜ оΦмт 

ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ŀǘ млл҈ vōŦ ό{ŜǊƛŜǎ !ύΣ ƛǘ ǘƻƻƪ ƭƻƴƎŜǊ ǘƻ ǊŜŀŎƘ ŜǉǳƛƭƛōǊƛǳƳ ŎƻƳǇŀǊŜŘ ǘƻ ул҈ vōŦ 

ό{ŜǊƛŜǎ .ύΦ !ǘ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ̱ō ƛǎ ƎǊŜŀǘŜǊ ǘƘŀƴ ŀǘ ƭƻǿ ŘƛǎŎƘŀǊƎŜΣ ŀǎ ǾŜǊƛŬŜŘ ǘƘǊƻǳƎƘ ƘȅŘǊƻπ

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭƭƛƴƎ όCƛƎǳǊŜ оΦнп ŀƴŘ CƛƎǳǊŜ оΦнтύΣ ǘƘŜǊŜŦƻǊŜ млл҈ vōŦ ǘƻƻƪ ƭƻƴƎŜǊ ǘƻ ǊŜπ

ŜǎǘŀōƭƛǎƘ ǘƘŜ ǘƘǊŜǎƘƻƭŘ ƻŦ Ƴƻǝƻƴ ŎƻƳǇŀǊŜŘ ǘƻ ул҈ vōŦΦ ²ƛǘƘ ƅƻǿ Ŏƻƴǝƴǳƛǘȅ ōŜƛƴƎ ŘƛǎǊǳǇǘŜŘ 

ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ŘŜŎǊŜŀǎƛƴƎ ǘƘŜ ƘȅŘǊŀǳƭƛŎ ǊŀŘƛǳǎ ŀƴŘ ƛƴŎǊŜŀǎƛƴƎ ǾŜƭƻŎƛǘȅΣ ǿƛǘƘ ŘǎŜ ǘŀƪƛƴƎ ƭƻƴƎŜǊ 

ǘƻ ōŜ ǊŜŀŎƘŜŘΦ [ƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ƻǾŜǊ ǘƘŜ ǎŎƻǳǊ ƘƻƭŜ ŎƻƴǘǊƻƭǎ ō̱ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ǘƘŜ ŜȄǘŜƴǘ ƻŦ 

ǎŎƻǳǊΦ ¢ŀƳƳŜƭŀ Ŝǘ ŀƭΦ όнлмлύ ƘƛƎƘƭƛƎƘǘŜŘ ǘƘŀǘ ǿƛǘƘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǊŜǎǘǊƛŎǝƴƎ ǘƘŜ ƘȅŘǊŀǳƭƛŎ 

ǊŀŘƛǳǎΣ ǎŎƻǳǊƛƴƎ ŎƻƴǝƴǳŜǎ ǳƴǝƭ ŎǊƛǝŎŀƭ ǾŜƭƻŎƛǘȅ ŜȄŎŜŜŘǎ ǘƘŜ ƭƻŎŀƭ ǾŜƭƻŎƛǘȅΦ LƴŎǊŜŀǎŜŘ ƭƻŎŀƭƛǎŜŘ 

ǾŜƭƻŎƛǘȅ ǾŀƭǳŜǎ ǘŀƪŜ ƭƻƴƎŜǊ ǘƻ ŘŜŎǊŜŀǎŜ ǘƻ ŎǊƛǝŎŀƭ ǾŜƭƻŎƛǘȅ ǳƴŘŜǊ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǿƛǘƘ ŀƴ 

ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘΣ ǘƘŜ ǎŎƻǳǊ ǊŀǘŜ ǘƘŜǊŜŦƻǊŜ ŘŜŎǊŜŀǎŜǎ ǘŀƪƛƴƎ ƭƻƴƎŜǊ ǘƻ ǊŜπ

ŜǎǘŀōƭƛǎƘ ŜǉǳƛƭƛōǊƛǳƳΦ 

YŜȅ ƳŜƳōŜǊ ǊŀǝƻǎΣ ǘƘŜ ƎŀǇ Ǌŀǝƻ ōŜǘǿŜŜƴ ǘƘŜ ōŀǎŜ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ ǘƘŜ ōŜŘ όŜκ5ƛŎύ Σ ŀƴŘ 

ǘƘŜ ǎǇŀŎƛƴƎ Ǌŀǝƻ ōŜǘǿŜŜƴ ǘǿƻ ƪŜȅ ƳŜƳōŜǊǎ όDκ5ƛŎύ ǿŜǊŜ ƛƴǾŜǎǝƎŀǘŜŘ ǳƴŘŜǊ ŎƭŜŀǊπǿŀǘŜǊ 

ŎƻƴŘƛǝƻƴǎ ǘƻ ŀƴŀƭȅǎŜ ŘŜǎƛƎƴ ŜũŜŎǘǎΦ !ƴ ƛƴǘŜǊǇǊŜǘŀǝƻƴ ƻŦ ǘƘŜ ŬƴŘƛƴƎǎ ƛƴ CƛƎǳǊŜ оΦмт ǊŜǾŜŀƭŜŘ 

ŀ ŎƻǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴ ŀƴŘ ŘƛǎŎƘŀǊƎŜ ǿƛǘƘ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘΦ CƛƴŘƛƴƎǎ 

ƛƴŘƛŎŀǘŜ ǘƘŀǘ Ŝκ5ƛŎΣ ŀƭƻƴƎ ǿƛǘƘ Dκ5ƛŎ ƘŀǾŜ ŀ ǎǘǊƻƴƎ ƛƴƅǳŜƴŎŜ ƻƴ ǎŎƻǳǊΣ ǿƘŜǊŜōȅ ǘƘŜ ǊŀǘŜ ƻŦ 
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ǎŎƻǳǊ ŘŜŎǊŜŀǎŜŘ ǿƛǘƘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ǘƘŜ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘΦ {ŜǊƛŜǎ м!Σ ǿƛǘƘ Ŝ Ґ л ŀƴŘ ǘƘŜ 

ǎƳŀƭƭŜǎǘ D όƛΦŜΦΣ лΦп5ƛŎύ ǘŀƪŜǎ ǘƘŜ ƭƻƴƎŜǎǘ ǝƳŜ ǘƻ ǊŜŀŎƘ ŜǉǳƛƭƛōǊƛǳƳΣ ŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ п! 

ǿƛǘƘ ŀ ƭŀǊƎŜǊ Ŝ όлΦс5ƛŎύ ŀƴŘ D όлΦу5ƛŎύ ŀƴŘ ǿƘƛŎƘ ǊŜŀŎƘŜǎ ŜǉǳƛƭƛōǊƛǳƳ ǉǳƛŎƪŜǊ ǿƛǘƘ ǘƘŜ ƭŜŀǎǘ 

ǎŎƻǳǊΦ ¢Ƙƛǎ ƛƴŘƛŎŀǘŜǎ ǘƘŀǘ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ǘƘŜ ǎƳŀƭƭŜǎǘ Ŝ ŀƴŘ D ŎǊŜŀǘŜ ǘƘŜ ŘŜŜǇŜǎǘ ƭƻŎŀƭ ǎŎƻǳǊ 

ŘŜǇǘƘΦ aƻǊŜƻǾŜǊΣ ǎŜǊƛŜǎ о! όŜ Ґ л ŀƴŘ D Ґ лΦу5ƛŎύ ƘŀŘ ƭŜǎǎ ǎŎƻǳǊ ǘƘŀƴ ǎŜǊƛŜǎ м! όŜ Ґ л ŀƴŘ D Ґ 

лΦп5ƛŎύΣ ŜǾŜƴ ǘƘƻǳƎƘ ōƻǘƘ ƘŀŘ Ŝ Ґ лΣ ōŜŎŀǳǎŜ ǎŜǊƛŜǎ м! ƘŀŘ ŀ ǎƳŀƭƭŜǊ D ǾŀƭǳŜΦ [ƛƪŜǿƛǎŜΣ ǎŜǊƛŜǎ 

н! όŜ Ґ мΦп5ƛŎ ŀƴŘ D Ґ лΦп5ƛŎύ ŎǊŜŀǘŜŘ ŘŜŜǇŜǊ ǎŎƻǳǊ ƘƻƭŜǎ ǘƘŀƴ ǎŜǊƛŜǎ п! όŜ Ґ лΦс5ƛŎ ŀƴŘ D Ґ 

лΦу5ƛŎύ ŀǎ ǎŜǊƛŜǎ н! ƘŀŘ ŀ ǎƳŀƭƭŜǊ D ǾŀƭǳŜΦ ¢Ƙƛǎ ŬƴŘƛƴƎ ǎǳǇǇƻǊǘǎ ǘƘŜ ŬƴŘƛƴƎǎ ƻŦ ½Ƙŀƻ Ŝǘ ŀƭΦ 

όнлмуύ ǿƘƻ ŜȄǇŜǊƛƳŜƴǘŜŘ ƻƴ ŀ ǇƛƎƎȅōŀŎƪ ǇƛǇŜƭƛƴŜ όŜ Ґ лύ ŀƴŘ ŦƻǳƴŘ ǝƳŜ ǘƻ ŘŜǾŜƭƻǇ 

ŜǉǳƛƭƛōǊƛǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ƛƴŎǊŜŀǎŜŘ ǿƘŜƴ ǘƘŜ Dκ5ƛŎ ŘŜŎǊŜŀǎŜŘΣ ǿƛǘƘ ǎƳŀƭƭ Dκ5ƛŎΣ ŎǊŜŀǝƴƎ ŀ 

ƭŀǊƎŜǊ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘΦ 

²ƘŜƴ Ŝ Ґ лΣ ŀǎ ƛƴ ǎŜǊƛŜǎ м!Σ ǘƘŜ ŀǇǇǊƻŀŎƘƛƴƎ ƅƻǿ ōŜŎƻƳŜǎ ŎƻƴŬƴŜŘ ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ŎŀǳǎƛƴƎ 

ǘƘŜ ǎƘŜŀǊ ǾŜƭƻŎƛǘȅ ǘƻ ƛƴŎǊŜŀǎŜ ŀƴŘ ŀ ǇǊŜǎǎǳǊŜ ŘƛũŜǊŜƴŎŜ ǘƻ ŦƻǊƳΣ ǘƘŜǊŜōȅ ŦƻǊŎƛƴƎ ǘƘŜ ƅƻǿ 

ǳƴŘŜǊƴŜŀǘƘ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ƪƴƻǿƴ ŀǎ ŀ ǎŜŜǇŀƎŜ ƅƻǿ όCǊŜŘǎǄŜΣ нлмсύΦ ¢Ƙƛǎ ŜǊƻŘŜǎ ǘƘŜ ǎŜŘƛƳŜƴǘ 

ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǎǘŀǊǘǎ ǘƻ ƛƴƛǝŀǘŜ ǎŎƻǳǊΣ ǿƘƛŎƘ ƛǎ ŦƻƭƭƻǿŜŘ ōȅ ǘǳƴƴŜƭ ŜǊƻǎƛƻƴ 

ǿƛǘƘ ŀ ƧŜǘ ƅƻǿ ŘǊŀǿƴ ǾƛƻƭŜƴǘƭȅ ǳƴŘŜǊ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ό[ŜŜ Ŝǘ ŀƭΦΣ нлмуύΦ ¢ƘŜ ƛƴŎǊŜŀǎŜŘ ƭƻŎŀƭƛǎŜŘ 

ǾŜƭƻŎƛǘȅ ōŜƴŜŀǘƘ ǘƘŜ ōŀǎŜ ƪŜȅ ƳŜƳōŜǊ ŎŀǳǎŜǎ ŜǊƻǎƛƻƴ ǘƻ ƻŎŎǳǊΦ Lƴ ǘƘƛǎ ǿŀȅ ǘƘŜ ǎŎƻǳǊ ƘƻƭŜ 

ǊŀǇƛŘƭȅ ŘŜŜǇŜƴǎΣ ƛƴŎǊŜŀǎƛƴƎ ǘƘŜ ƅƻǿ ƛƴǘŜƴǎƛǘȅ ǳƴŘŜǊ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ 9ǾŜƴǘǳŀƭƭȅ ǘƘŜ ōƻǧƻƳ 

ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ŀǘ ǘƘŜ ŘŜŜǇŜǎǘ Ǉƻƛƴǘ ƻŦ ǘƘŜ ǎŎƻǳǊ ƘƻƭŜ ŘŜŎǊŜŀǎŜǎ ǿƛǘƘ ǘƘŜ ǎŎƻǳǊ ŘŜǇǘƘ 

ƛƴŎǊŜŀǎƛƴƎΦ ¢Ƙƛǎ ƳŜŎƘŀƴƛǎƳ ǘŀƪŜǎ ƭƻƴƎŜǊ ŦƻǊ ǘƘŜ ǎŎƻǳǊ ǊŀǘŜ ǘƻ ǊŜŀŎƘ ŘǎŜ ŦƻǊ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ Ŝ Ґ 

л ƛƴ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ŀ ǎǘǊǳŎǘǳǊŜ ǿƛǘƘ Ŝ л όCƛƎǳǊŜ оΦмтύΦ /ƻƴǎŜǉǳŜƴǘƭȅΣ ŀǘ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ 

ŘŜŎǊŜŀǎŜŘ Ŝκ5ƛŎΣ ƻƴŎŜ ǘƘŜ ǎŎƻǳǊ ƘƻƭŜ ƛƴŎǊŜŀǎŜŘΣ ƭƻŎŀƭ ǎŎƻǳǊ ŘŜǇǘƘ ǎƭƻǿǎ ǎŎƻǳǊƛƴƎ ŀƴŘ ǘƘŜ ōŜŘ 

ǘŀƪŜǎ ƭƻƴƎŜǊ ǘƻ ǊŜŀŎƘ ŜǉǳƛƭƛōǊƛǳƳ ό/ƘŜƴƎ Ŝǘ ŀƭΦΣ нлмпύΦ 

¢ƘŜ ǎŎƻǳǊƛƴƎ ƳŜŎƘŀƴƛǎƳ ƛǎ Ƴƻǎǘ ǇǊƻƴƻǳƴŎŜŘ ŀǘ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ Ŝ Ґ л ŀƴŘ ǎƳŀƭƭ Dκ5ƛŎΦ {ŜǊƛŜǎ 

м! ƎŜƴŜǊŀǘŜǎ ƭŀǊƎŜ ŘƻǿƴǎǘǊŜŀƳ ǾƻǊǝŎŜǎ ǿƛǘƘ ǎǘǊƻƴƎ ƛƴǘŜǊŀŎǝƻƴ ōŜǘǿŜŜƴ ǘƘŜ ǎƘŜŘ ǾƻǊǝŎŜǎ 

ŦǊƻƳ Ŝ ŀƴŘ DΦ LƴŎǊŜŀǎŜŘ ǘǳǊōǳƭŜƴŎŜ ǿŀǎ ŜǎǇŜŎƛŀƭƭȅ ƴƻǘŜŘ ŘƻǿƴǎǘǊŜŀƳ ƛƴ ǎŜǊƛŜǎ м! ǿƛǘƘ D Ґ 

лΦп5ƛŎ όCƛƎǳǊŜ оΦннύΦ IƻǿŜǾŜǊΣ ŀǘ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ Dκ5ƛŎ ŀƴŘ Ŝκ5ƛŎΣ ƘƛƎƘŜǊ 

ǘƘǊƻǳƎƘƅƻǿǎ ŀƴŘ ƭƻǿŜǊ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ǾŀƭǳŜǎ ƻŎŎǳǊǊŜŘ ǳƴŘŜǊ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ό½Ƙŀƻ Ŝǘ ŀƭΦΣ 

нлмуύ ǿƛǘƘ ǘƘŜ ƛƴǘŜƴǎƛǘȅ ƻŦ ǘƘŜ Ƴǳǘǳŀƭ ƛƴǘŜǊŀŎǝƻƴǎ ōŜǘǿŜŜƴ ǾƻǊǝŎŜǎ ōŜŎƻƳƛƴƎ ǿŜŀƪŜǊΦ ¢Ƙƛǎ 

ƛƴǘŜǊŀŎǝƻƴ ǿŀǎ ǿŜŀƪŜǊ ŦƻǊ ǎŜǊƛŜǎ . ǘƘŀƴ ǎŜǊƛŜǎ ! ό!ǇǇŜƴŘƛȄ CύΦ 
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5ǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΣ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ Ŝ Ґ л ŀƴŘ ǎƳŀƭƭ D ǿƛƭƭΣ ƛƴ ŜũŜŎǘΣ ōŜŎƻƳŜ ŜƭŜǾŀǘŜŘ ŀōƻǾŜ 

ǘƘŜ ōŜŘ ōȅ ǎŎƻǳǊƛƴƎ ōŜƴŜŀǘƘ ǘƘŜƳΣ ǿƘƛŎƘ Ŏŀƴ ƘŀǾŜ ƳŀƧƻǊ ƛƳǇƭƛŎŀǝƻƴǎ ŦƻǊ ǘƘŜ ŘŜǎƛƎƴ ƻŦ 

ŜƴƎƛƴŜŜǊŜŘ ²55ǎΦ Lƴ ǘǳǊƴΣ ǘƘƛǎ ǿƻǳƭŘ ŘŜŎǊŜŀǎŜ ǘƘŜ ²55 ŜũŜŎǝǾƛǘȅ ƛƴ ŀǧŜƴǳŀǝƴƎ ǇŜŀƪ 

ŘƛǎŎƘŀǊƎŜ ŀƴŘ ŎƻǳƭŘ ŎƻƳǇǊƻƳƛǎŜ ǎǘǊǳŎǘǳǊŀƭ ǎǘŀōƛƭƛǘȅ ŀƴŘ ƛƴǘŜƎǊƛǘȅΦ .ǳǊƎŜǎǎπDŀƳōƭŜ όнлмуύ Ǉǳǘǎ 

ŦƻǊǿŀǊŘ ǘƘŀǘ ²55ǎ ǎƘƻǳƭŘ ōŜ ƛƴǎǇŜŎǘŜŘ ŀƊŜǊ ŀ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ŜǾŜƴǘ ǘƻ ŎƘŜŎƪ ŦƻǊ ǿƻƻŘ 

ŀŎŎǳƳǳƭŀǝƻƴΣ ǿƘƛŎƘ ŎƻǳƭŘ ŎǊŜŀǘŜ ŘŜǎǘŀōƛƭƛǎŀǝƻƴ ŀƴŘ ŎŀǳǎŜ ŎƘŀƴƴŜƭ ōƭƻŎƪŀƎŜΦ CǳǊǘƘŜǊƳƻǊŜΣ 

ƛǘ ǿŀǎ ŦƻǳƴŘ ǘƘŀǘ ǎŜǊƛŜǎ м!Σ ǿƛǘƘ ƛƴŎǊŜŀǎŜŘ ǎŎƻǳǊƛƴƎ ŘǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜ ŀǎ ƳŜƴǝƻƴŜŘΣ ǿƛƭƭ 

ƭƻǎŜ ƛǘǎ ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ŀǧŜƴǳŀǝƴƎ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ōȅ Ғ пп҈ ǳǇƻƴ ǊŜŀŎƘƛƴƎ ŜǉǳƛƭƛōǊƛǳƳ όCƛƎǳǊŜ 

оΦноύΦ ¢ƘŜǊŜŦƻǊŜΣ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ƛƴǘƻ ŜȄŀƳƛƴƛƴƎ ²55 ŜũŜŎǝǾŜƴŜǎǎ ƛƴ ŀǧŜƴǳŀǝƴƎ ǘƘŜ 

ǇŜŀƪ ŘƛǎŎƘŀǊƎŜΣ ŎƻƴŘǳŎǘŜŘ ƻƴ ŀ ƴƻƴπŜǊƻŘƛōƭŜ ōŜŘΣ ǿƛƭƭ ǇǊƻŘǳŎŜ ǳƴǊŜŀƭƛǎǝŎŀƭƭȅ ƘƛƎƘ ŀǧŜƴǳŀǝƻƴ 

ǇǊŜŘƛŎǝƻƴǎΦ 

 

3.4.2. Computational model of the flume experiment 

Ca м5 ŀƴŘ н5 ǎƛƳǳƭŀǝƻƴǎ ǿŜǊŜ ŀōƭŜ ǘƻ ǊŜǇƭƛŎŀǘŜ ō̱ ŀǘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ƛƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ 

ǿƛǘƘ ̱ō ƛƴŎǊŜŀǎƛƴƎ ƛƳƳŜŘƛŀǘŜƭȅ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŀƭƻƴƎ ǘƘŜ ŎŜƴǘǊŜƭƛƴŜΦ ¢Ƙƛǎ ŬƴŘƛƴƎ 

ǎǳǇǇƻǊǘǎ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘ ǿƘŜǊŜōȅ ǘƘŜ ŘŜŜǇŜǎǘ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ǾŀƭǳŜ ƻŎŎǳǊǊŜŘ 

ƛƳƳŜŘƛŀǘŜƭȅ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ ¢ƘŜ ŎƻƳǇǳǘŀǝƻƴŀƭ ƳƻŘŜƭ ƻŦ ǘƘŜ ƅǳƳŜ ƛƴ Ca 

ǎƘƻǿŜŘ ǘƘŀǘ ǿƘŜƴ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ƛƴǎŜǊǘŜŘΣ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ ŎƘŀƴƎŜŘΦ ¦ǇǎǘǊŜŀƳ ƻŦ ǘƘŜ 

ǎǘǊǳŎǘǳǊŜΣ ōŜǘǿŜŜƴ πулл ƳƳ ǘƻ πрлл ƳƳΣ ǎǘǊŜŀƳƭƛƴŜǎ ǿŜǊŜ ǎŜǘ ƻƴ ŀ ǎǘǊǳŎǘǳǊŜŘ ǘǊŀƧŜŎǘƻǊȅ ōǳǘ 

ƻƴŎŜ ǘƘŜ ƅƻǿ Ǝƻǘ ŎƭƻǎŜǊ ǘƻ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ōŀŎƪǿŀǘŜǊ ŜũŜŎǘǎ ǿŜǊŜ ƛƴŘǳŎŜŘ ŀǘ πрлл ƳƳΣ ŀƴŘ 

ǘƘŜ ǎǘǊŜŀƳƭƛƴŜ ōŜƎŀƴ ǘƻ ŘŜǾƛŀǘŜ ƻũ ǘƘŜ ǎǘǊǳŎǘǳǊŜŘ ŎƻǳǊǎŜΦ ¢ƘŜ ǎǘǊŜŀƳƭƛƴŜ ŘƛǊŜŎǝƻƴ ŎƘŀƴƎŜǎ 

ǿŜǊŜ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭƭȅ ƛƴŘǳŎŜŘ ōŀŎƪǿŀǘŜǊ ŜũŜŎǘǎΣ ǿƘƛŎƘ ŎǊŜŀǘŜŘ ŀƴ ǳǇǎǘǊŜŀƳ ōǳũŜǊ 

ȊƻƴŜΣ ǊŜŘǳŎƛƴƎ ǘƘŜ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅ ǾŀƭǳŜǎ ŀǎ ƛƭƭǳǎǘǊŀǘŜŘ ǿƛǘƘ ǎƘƻǊǘŜǊ ǾŜƭƻŎƛǘȅ ǾŜŎǘƻǊǎ όCƛƎǳǊŜ 

оΦнуύΦ 

.ƻǘƘ ǘƘŜ н5 ƳƻŘŜƭ ŀƴŘ ǎŜǊƛŜǎ м! 59a ǎƘƻǿŜŘ ƛƴŎǊŜŀǎŜŘ ō̱ ŀƴŘ ŀ ǎŎƻǳǊ ƘƻƭŜΣ ǿƘƛŎƘ ŘŜǾŜƭƻǇŜŘ 

ŎƭƻǎŜ ǘƻ ǘƘŜ ƭŜƊ ōŀƴƪ όл ƳƳύΦ ¢Ƙƛǎ ǇŀǧŜǊƴΣ ǿƘƛŎƘ ǿŀǎ ƴƻǘŀōƭȅ ǎŜŜƴ ŀǘ млл҈ vōŦΣ ǿŀǎ 

ǇƻǘŜƴǝŀƭƭȅ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ŎƘŀƴƎƛƴƎ ŎƘŀƴƴŜƭ ƅƻǿ ŘȅƴŀƳƛŎǎΣ ǿƘŜǊŜōȅ ŀǎ ǘƘŜ ƅƻǿ 

ǎǳǊŎƘŀǊƎŜŘ ǘƘŜ ǎǘǊǳŎǘǳǊŜΣ ǾŜƭƻŎƛǘȅ ǾŜŎǘƻǊǎ ǇƻƛƴǘŜŘ ǘƻǿŀǊŘǎ ǘƘŜ ƭŜƊ ōŀƴƪΦ ¢Ƙƛǎ ŬƴŘƛƴƎ ƛǎ ŎŀǳǎŜŘ 

ōȅ ŎƻƳǇǳǘŀǝƻƴŀƭ ƳƻŘŜƭǎ ƘŀǾƛƴƎ ŘƛŶŎǳƭǘȅ ƛƴ ǊŜǇǊŜǎŜƴǝƴƎ ƅƻǿ ŘƛǎŎƻƴǝƴǳƛǘȅ ŀǘ ǎǘǊǳŎǘǳǊŜǎΣ 

ǊŜǇǊŜǎŜƴǝƴƎ ǿƘŀǘ ǘƘŜ ƳƻŘŜƭ ŀǎǎǳƳŜǎ ŀǎ ƳƛȄƛƴƎΣ ŀǎ ƎǊƛŘ ǎŎŀƭŜ ƻǎŎƛƭƭŀǝƻƴ όCŀƭŎƻƴŜǊΣ мфусύΦ ¢Ƙƛǎ 
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ŜȄǇƭŀƛƴǎ ǿƘȅ ŀ ŘŜŜǇ ǎŎƻǳǊ ƘƻƭŜ ŜȄƛǎǘŜŘ ŎƭƻǎŜ ǘƻ ǘƘŜ ƭŜƊ ōŀƴƪΣ ŀǎ ŘƛǎǇƭŀȅŜŘ ƛƴ ǘƘŜ н5 ǎƛƳǳƭŀǝƻƴ 

όCƛƎǳǊŜ оΦнтύΦ ¢Ƙƛǎ ǾŜƭƻŎƛǘȅ ǾŜŎǘƻǊ ǇŀǧŜǊƴ ǿŀǎ ŀƭǎƻ ƻōǎŜǊǾŜŘ ŀǘ ул҈ vōŦ ōǳǘ ǘƻ ŀ ƭŜǎǎŜǊ ŜȄǘŜƴǘΦ 

 

3.4.3. Strength and limitation in hydro-environmental modelling 

¦ƴŦƻǊǘǳƴŀǘŜƭȅΣ ƛǘ ǿŀǎ ƴƻǘ ǇƻǎǎƛōƭŜ ǘƻ ŜƳǇƛǊƛŎŀƭƭȅ ƳŜŀǎǳǊŜ ǾŜƭƻŎƛǝŜǎ ŀŎǊƻǎǎ ŀƴŘ ŀƭƻƴƎ ǘƘŜ ƅǳƳŜ 

ŘǳǊƛƴƎ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴΣ ŘǳŜ ǘƻ ŎƻǾƛŘπмф ǇǊŜǾŜƴǝƴƎ ŀŎŎŜǎǎ ǘƻ ǘƘŜ ƭŀōƻǊŀǘƻǊȅ ƅǳƳŜ ŀƊŜǊ ǘƘŜ 

ƅƻǿ ŘŜǇǘƘ ŀƴŘ ǎŎƻǳǊ ŎƻƳǇŀǊƛǎƻƴǎ ƘŀŘ ōŜŜƴ ǊŜŎƻǊŘŜŘΦ IƻǿŜǾŜǊΣ ƛƴ ƻǊŘŜǊ ǘƘŀǘ ǘƘŜ ǊŜǉǳƛǊŜŘ 

ǾŀƭǳŜǎ ƻŦ ƭƻŎŀƭ ǾŜƭƻŎƛǘȅ ŀƴŘ ƭƻŎŀƭ ō̱ ŎƻǳƭŘ ōŜ ƻōǘŀƛƴŜŘΣ ŀ ŎƻƳǇǳǘŀǝƻƴŀƭ ƅǳƳŜ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ 

ƛƴ CaΦ ¢ƘŜǎŜ ǾŀƭǳŜǎ ǿŜǊŜ ƎŜƴŜǊŀǘŜŘ ǳǎƛƴƎ ƛƳǇƻǊǘŜŘ ŎƘŀƴƴŜƭ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŦǊƻƳ ǘƘŜ ƅǳƳŜ 

ŜȄǇŜǊƛƳŜƴǘǎΦ 

! ǎǘǊŜƴƎǘƘ ƛƴ м5 ƳƻŘŜƭƭƛƴƎ ǿŀǎ ǘƘŀǘ ƛǘ ǿŀǎ ŀōƭŜ ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ǎǳǊŦŀŎŜ ǿŀǘŜǊ ǇǊƻŬƭŜ ŀǘ ǘƘŜ 

ǎǘŀǊǘ ƻŦ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎΣ ǿƛǘƘ ŀ ǾŜǊȅ ǎǘǊƻƴƎ ŀƴŘ ǇƻǎƛǝǾŜ ǊŜƭŀǝƻƴǎƘƛǇ ōŜƛƴƎ ŜǎǘŀōƭƛǎƘŜŘ 

ƘŀǾƛƴƎ ŀ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǝƻƴ ŎƻŜŶŎƛŜƴǘ ƻŦ лΦфмм όǎŜǊƛŜǎ !ύ ŀƴŘ лΦутм όǎŜǊƛŜǎ .ύΦ ! ǎǘŀǝǎǝŎŀƭ 

ŀƴŀƭȅǎƛǎ ǎƘƻǿŜŘ ǘƘŀǘ Ca ǿŀǎ ŀōƭŜ ǘƻ ŎƻƳǇǳǘŀǝƻƴŀƭƭȅ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ǎǘŀǊǘ ƻŦ ǘƘŜ ƅǳƳŜ 

ŜȄǇŜǊƛƳŜƴǘǎ ōŜŦƻǊŜ ǘƘŜ ōŀǘƘȅƳŜǘǊƛŎ ŎƘŀƴƴŜƭ ŎƘŀƴƎŜǎ ƻŎŎǳǊǊŜŘΣ ǿƛǘƘ ōƻǘƘ ŘŀǘŀǎŜǘǎ ŘƛǎǇƭŀȅƛƴƎ 

ǎƛƳƛƭŀǊ ƘмπƘн ǾŀƭǳŜǎ ŀƴŘ ŘŜƎǊŜŜǎ ƻŦ ƅƻǿ ŀǧŜƴǳŀǝƻƴΦ 

! ƭƛƳƛǘŀǝƻƴ ŀǎǎƻŎƛŀǘŜŘ ǿƛǘƘ ǘƘŜ Ca м5 ŀƴŘ н5 ǎƛƳǳƭŀǝƻƴǎ ƛǎ ǘƘŀǘ ƛǘ ŎƻǳƭŘ ƴƻǘ ǎƛƳǳƭŀǘŜ ŀƴ 

ŜǊƻŘƛōƭŜ ǎǳǊŦŀŎŜ ǿƛǘƘ ǎǘǊǳŎǘǳǊŜǎ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŎƻǳƭŘ ƴƻǘ ƳƻŘŜƭ ǘƘŜ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ 

ŜǾƻƭǳǝƻƴ ǎƘƻǿƴ ƛƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎΦ IƻǿŜǾŜǊΣ Ca ŎƻǳƭŘ ǎƻƭǾŜ ŎƘŀƴƎŜǎ ƛƴ ō̱ ŀƴŘ ˍϝ ǘƻ 

ƛƴŦŜǊ Ƙƻǿ ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ƳƛƎƘǘ ŎƘŀƴƎŜ όaŎtŀǊƭŀƴŘ Ŝǘ ŀƭΦΣ ǇŜǊǎƻƴŀƭ ŎƻƳƳǳƴƛŎŀǝƻƴΣ 

CŜōǊǳŀǊȅ нлноύ ōǳǘ ƻƴƭȅ ŦƻǊ ŘƛǎŎǊŜǘŜ ǘŜƳǇƻǊŀƭ ƭƻŎŀǝƻƴǎΦ LŦ ǎƛƳǳƭŀǝƻƴǎ ŎƻǳƭŘ ōŜ Ǌǳƴ ǿƛǘƘ ŀƴ 

ŜǊƻŘƛōƭŜ ōŜŘΣ ǘƘŜƴ ǘƘƛǎ ǿƻǳƭŘ Ƴƻǎǘ ƭƛƪŜƭȅ ǇǊƻŘǳŎŜ ŀ ǎƛƳƛƭŀǊ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ ǇŀǧŜǊƴΦ 

IƻǿŜǾŜǊΣ ǘƻ ŀŎŎǳǊŀǘŜƭȅ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ǊŜŀƭπǿƻǊƭŘ ōŀǘƘȅƳŜǘǊȅ ǘƘƛǎ ǿƻǳƭŘ ǊŜǉǳƛǊŜ ŀ ƘƛƎƘ ƭŜǾŜƭ ƻŦ 

ŎƻƳǇǳǘŀǝƻƴŀƭ ǇƻǿŜǊ ǿƛǘƘ Ŧǳƭƭ ŎƘŀƴƴŜƭ ŘŜǘŀƛƭǎ ōŜƛƴƎ ƛƴŎƭǳŘŜŘ ƛƴ ǘƘŜ ƳƻŘŜƭ ό5ŀǎŀƭƭŀǎ Ŝǘ ŀƭΦΣ 

нлмфύ ǿƘƛŎƘ ŎƻǳƭŘ ƴƻǘ ōŜ ǇǊŀŎǝŎŀƭƭȅ ŀŎƘƛŜǾŀōƭŜΦ 

! ŎƻƳǇǳǘŀǝƻƴŀƭ ƳƻŘŜƭƭƛƴƎ ƭƛƳƛǘŀǝƻƴ ƛǎ ǘƘŀǘ ǘƘŜǊŜ ƛǎ ƴƻ ǎǘŀƴŘŀǊŘƛǎŜŘ ǳƴƛǘ ǘƻ ǊŜǇƭƛŎŀǘŜ ²55ǎ 

ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŀ ǿŜƛǊ ǳƴƛǘ ǿŀǎ ŀǎǎŜǎǎŜŘ ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ōƭƻŎƪŀƎŜΦ Lƴ ǘƘŜ ƅǳƳŜ 

ŜȄǇŜǊƛƳŜƴǘ ŀǎ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ ǿƛǘƘ ǘƘǊŜŜ ƪŜȅ ƳŜƳōŜǊǎ ǘƘŜǊŜ ǿƻǳƭŘ ƘŀǾŜ ōŜŜƴ 

ƅƻǿ ǎŜǇŀǊŀǝƻƴ ŀǊƻǳƴŘ ǘƘŜ ƪŜȅ ƳŜƳōŜǊǎ ǿƘƛƭǎǘ Ca ŘƻŜǎ ƴƻǘ ƘŀǾŜ ŀ ǳƴƛǘ ǘƻ ǊŜǇƭƛŎŀǘŜ ǎǇŀŎƛƴƎǎ 
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ōŜǘǿŜŜƴ ƘƻǊƛȊƻƴǘŀƭ ƪŜȅ ƳŜƳōŜǊǎΦ 5ƛũŜǊŜƴǘ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴǎ ƳŜŀƴ ǾŜƭƻŎƛǘȅ ǾŜŎǘƻǊǎ ŀƴŘ ō̱ 

ǎǇŀǝŀƭƭȅ ǾŀǊƛŜŘ ƛƴ ǘƘŜ ǿŀǘŜǊ ŎƻƭǳƳƴ ōŜǘǿŜŜƴ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘ ŀƴŘ Ca ǿƛǘƘ ƘƛƎƘŜǊ ƭƻŎŀƭ 

ǾŜƭƻŎƛǘȅ ǾŀƭǳŜǎ ƻŎŎǳǊǊƛƴƎ ŀǘ ŘƛũŜǊŜƴǘ ƭƻŎŀǝƻƴǎΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴ 

ŜȄǘŜƴǘ ǿƻǳƭŘ ǾŀǊȅ ōŜǘǿŜŜƴ ǘƘŜ ǊŜŀƭπǿƻǊƭŘ ŜȄǇŜǊƛƳŜƴǘǎ ŀƴŘ ŎƻƳǇǳǘŀǝƻƴŀƭƭȅ ƳƻŘŜƭƭŜŘ ǊŜǎǳƭǘǎΦ 

 

3.5. Conclusion 

IƛƎƘŜǊ ŘƛǎŎƘŀǊƎŜ ǾŀƭǳŜǎ ǘƻƻƪ ƭƻƴƎŜǊ ǘƻ ǊŜŀŎƘ ŜǉǳƛƭƛōǊƛǳƳΣ ǿƛǘƘ ǎŜǊƛŜǎ ! ǊŜŀŎƘƛƴƎ ŜǉǳƛƭƛōǊƛǳƳ 

ŀǘ тн ƘǊǎ ŀƴŘ ǎŜǊƛŜǎ . ŀǘ пу ƘǊǎΦ !ƊŜǊ ǝƳŜ ǘƻ ŘŜǾŜƭƻǇ ŜǉǳƛƭƛōǊƛǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ǿŀǎ ǊŜŀŎƘŜŘΣ 

ǘƘŜ ŎƘŀƴƴŜƭ ŎƻƴǝƴǳŜŘ ǘƻ ŜǾƻƭǾŜΣ ŀǎ ǎƘƻǿƴ ǿƛǘƘ ǘƘŜ ǎŜǊƛŜǎ м! ŜȄƛǘ ŘǳƴŜ ŜȄǘŜƴŘƛƴƎ ŦǳǊǘƘŜǊ 

ŘƻǿƴǎǘǊŜŀƳ ŦǊƻƳ рнс ƳƳ ς уол ƳƳ ς фпт ƳƳΦ ¢Ƙƛǎ ƛƭƭǳǎǘǊŀǘŜŘ ǘƘŀǘ ǎǳŶŎƛŜƴǘ ǝƳŜ ǿŀǎ 

ǊŜǉǳƛǊŜŘ ǘƻ ŜƴŀōƭŜ ǘƘŜ ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊƛŎ ŎƘŀƴƎŜǎ ǘƻ Ŧǳƭƭȅ ŘŜǾŜƭƻǇΦ IŜƴŎŜ ŀƭƭ ŜȄǇŜǊƛƳŜƴǘŀƭ 

Ǌǳƴǎ ǿŜǊŜ ƭŜƊ ŦƻǊ фс ƘǊǎ ōŜŦƻǊŜ ŎƻƳǇƭŜǝƻƴΦ 

¢ƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ǎƘƻǿŜŘΣ ǘƘŀǘ ǘƘŜ ƘƛƎƘŜǊ ǘƘŜ ŘƛǎŎƘŀǊƎŜ ǾŀƭǳŜ ǘƘŜ ƳƻǊŜ ǎŎƻǳǊ ŀƴŘ 

ŘŜǇƻǎƛǝƻƴ ƻŎŎǳǊǊŜŘΦ ¢Ƙƛǎ ŬƴŘƛƴƎ ǿŀǎ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ Ca н5 ǎƛƳǳƭŀǝƻƴΣ ǿƘŜǊŜōȅ ǿƘŜƴ 

ŘƛǎŎƘŀǊƎŜ ƛƴŎǊŜŀǎŜŘ ǎƻ ŘƛŘ ǘƘŜ ō̱Φ !ŘŘƛǝƻƴŀƭƭȅΣ ǘƘŜ ƘƛƎƘŜǊ ǘƘŜ ŘƛǎŎƘŀǊƎŜ ǾŀƭǳŜΣ ǘƘŜ ƎǊŜŀǘŜǊ ǘƘŜ 

ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴΦ ¢Ƙƛǎ ǎƘƻǿŜŘ ǘƘŀǘ ǘƘŜ ƘƛƎƘŜǊ ǘƘŜ 

ŘƛǎŎƘŀǊƎŜ ǾŀƭǳŜΣ ǘƘŜ ƎǊŜŀǘŜǊ ǘƘŜ ōŀǘƘȅƳŜǘǊƛŎ ŎƘŀƴƎŜǎ ōŜǘǿŜŜƴ ǘƘŜ ǎǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴǎΦ 

{ǘǊǳŎǘǳǊŀƭ ŘŜǎƛƎƴ ǇƭŀȅŜŘ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ŜǎǘŀōƭƛǎƘƛƴƎ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǎŎƻǳǊ ŀƴŘ ŘŜǇƻǎƛǝƻƴΦ 

²ƘŜƴ Ŝ Ґ лΣ ǘƘŜ ƎǊŜŀǘŜǎǘ ŘǎŜ ǾŀƭǳŜǎ ƻŎŎǳǊǊŜŘ ŀƴŘ ǿƘŜƴ Ŝ Ҕ лΣ ŘǎŜ ŘŜŎǊŜŀǎŜŘΦ !ǎ ǿŜƭƭ ŀǎ Ŝ 

ŎƻƴǘǊƻƭƭƛƴƎ ŘǎŜΣ D ƛƴƅǳŜƴŎŜŘ ǘƘŜ ŜȄǘŜƴǘ ƻŦ ǎŎƻǳǊΦ {ǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ŀ ǎƳŀƭƭ D ǾŀƭǳŜ ǎƘƻǿ ŀ 

ǎǘǊƻƴƎŜǊ ƛƴǘŜǊŀŎǝƻƴ ǿƛǘƘ ǾƻǊǝŎŜǎΣ ǿƘƛŎƘ ŎǊŜŀǘŜǎ ŀ ƎǊŜŀǘŜǊ ŘǎŜ ǘƘŀƴ ǎǘǊǳŎǘǳǊŜǎ ǿƛǘƘ ŀ ƭŀǊƎŜ D 

ǾŀƭǳŜΦ {ŜǊƛŜǎ м!Σ wǳƴ о όD Ґ лΦп5ƛŎύ ǎƘƻǿŜŘ ƻōǎŜǊǾŀōƭŜ ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ ǘǳǊōǳƭŜƴŎŜ 

ŘƻǿƴǎǘǊŜŀƳ ŀƴŘ ŀ ƭŀǊƎŜǊ ƳŀȄƛƳǳƳ ǎŎƻǳǊ ŘŜǇǘƘ ŀǘ см ƳƳΣ ŎƻƳǇŀǊŜŘ ǘƻ ǎŜǊƛŜǎ о!Σ wǳƴ м όD Ґ 

лΦу5ƛŎύ ŀǘ пф ƳƳΦ 

!ǎ ǘƘŜ ǎŎƻǳǊ ƘƻƭŜ ŘŜǾŜƭƻǇŜŘ ŀƴŘ ǎŜŘƛƳŜƴǘ ǿŀǎ ŜƴǘǊŀƛƴŜŘΣ ǘƘŜ ƅƻǿ ǳƴŘŜǊŎǳǘǎ ǘƘŜ ǎǘǊǳŎǘǳǊŜΦ 

¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘΣ ƻǾŜǊ ǝƳŜΣ ǘƘŜ ƅƻǿ ōȅǇŀǎǎŜŘ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƘŜǊŜōȅ ǊŜŘǳŎƛƴƎ ǘƘŜ 

ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ²55ǎ ƛƴ ŀǧŜƴǳŀǝƴƎ ǘƘŜ ƛƴπŎƘŀƴƴŜƭ ƅƻǿΦ ²ƛǘƘƛƴ ǘƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ƘмπƘн ǿŀǎ 

ǎƘƻǿƴ ǘƻ ŘŜŎǊŜŀǎŜ ōȅ Ғ пп҈ ǳǇƻƴ ǊŜŀŎƘƛƴƎ ǘƘŜ ǝƳŜ ǘƻ ŘŜǾŜƭƻǇ ŜǉǳƛƭƛōǊƛǳƳ ǎŎƻǳǊ ŘŜǇǘƘΦ 
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¢ƘŜ Ca м5 ǎƛƳǳƭŀǝƻƴǎ ǊŜǇƭƛŎŀǘŜŘ ǘƘŜ ǎǳǊŦŀŎŜ ǿŀǘŜǊ ǇǊƻŬƭŜ ŀŎŎǳǊŀǘŜƭȅ ŀǘ ǘƘŜ ǎǘŀǊǘ ƻŦ ǘƘŜ ƅǳƳŜ 

ŜȄǇŜǊƛƳŜƴǘǎΣ ǿƛǘƘ ŀ ǾŜǊȅ ǎǘǊƻƴƎ ŀƴŘ ǇƻǎƛǝǾŜ ǊŜƭŀǝƻƴǎƘƛǇ ƘŀǾƛƴƎ ŀ tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǝƻƴ 

ŎƻŜŶŎƛŜƴǘ ƻŦ лΦфмм όǎŜǊƛŜǎ !ύ ŀƴŘ лΦутм όǎŜǊƛŜǎ .ύΦ ¢ƘŜ м5 ŀƴŘ н5 ǎƛƳǳƭŀǝƻƴǎ ǿŜǊŜ ŀƭǎƻ ŀōƭŜ 

ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ̱ō ŀƴŘ ˍϝ ǾŀƭǳŜǎ ŀǘ ǘƘŜ ǎǘŀǊǘ ƻŦ ǘƘŜ ƅǳƳŜ ŜȄǇŜǊƛƳŜƴǘǎ ǿƘŜǊŜ ǎŎƻǳǊ ǎǘŀǊǘŜŘ ǘƻ 

ƻŎŎǳǊΦ
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4  

 

{ƛǘŜ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŀƴŘ ŬŜƭŘ ŜǉǳƛǇƳŜƴǘ 

 

4.1. Site description of Wilderhope Brook 

¢ƘŜ ¦Y ƎƻǾŜǊƴƳŜƴǘ ƛƴǾŜǎǘŜŘ ϻмр Ƴƛƭƭƛƻƴ ǘƻ ŘŜǾŜƭƻǇ ƪƴƻǿƭŜŘƎŜ ƛƴ ǇǊƻƳƻǝƴƎ ǇǊŀŎǝŎŀƭ 

ǎƻƭǳǝƻƴǎ ŦƻǊ ƛƳǇƭŜƳŜƴǝƴƎ bCaΦ ¢Ƙƛǎ ǘƘŜǎƛǎ ƛǎ ǇŀǊǘ ƻŦ ƻƴŜ ƻŦ ǘƘŜ Ǉƛƭƻǘ ǎŎƘŜƳŜǎ ƛƴ ŜȄŀƳƛƴƛƴƎ 

ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ²55ǎ ƛƴ ǊŜŘǳŎƛƴƎ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘƛƴƎ ŀǘ ǘƘŜ wƛǾŜǊ /ƻǊǾŜΣ {ƘǊƻǇǎƘƛǊŜΣ 

¦YΦ ²ƛǘƘƛƴ ǘƘŜ wƛǾŜǊ /ƻǊǾŜ ŎŀǘŎƘƳŜƴǘΣ ƅƻƻŘ Ǌƛǎƪ ƛǎ ǇǊƻƧŜŎǘŜŘ ǘƻ ƛƴŎǊŜŀǎŜ ǿƛǘƘ ŎƭƛƳŀǘŜ ŎǊŜŀǝƴƎ 

ƳƻǊŜ ƅŀǎƘ ƅƻƻŘ ŜǾŜƴǘǎΦ 5ŀǘŀ ŀŎǉǳƛǊŜŘ ŦǊƻƳ ǘƘŜ 9ƴǾƛǊƻƴƳŜƴǘ !ƎŜƴŎȅ ό9!ύ ǿŀǎ ǳǎŜŘ ǘƻ 

ŎƻƴǎǘǊǳŎǘ CƛƎǳǊŜ пΦм ǿƘƛŎƘ ƛŘŜƴǝŬŜǎ мм ȊƻƴŜ о ƘƻǘǎǇƻǘǎ ǿƛǘƘ рл ǊǳǊŀƭ ǇǊƻǇŜǊǝŜǎ ŀǘ ƘƛƎƘ Ǌƛǎƪ 

ƻŦ ƅƻƻŘƛƴƎ ǿƛǘƘ ŀ ǊŜŎǳǊǊŜƴŎŜ ƛƴǘŜǊǾŀƭ ƻŦ мΥмллπȅŜŀǊ ƅƻƻŘ ŜǾŜƴǘ ό/ƻƳƳƛǧŜŜ ƻƴ /ƭƛƳŀǘŜ 

/ƘŀƴƎŜΣ нлмуύΦ ¢ƘŜ Ƴŀƛƴ ƘƻǘǎǇƻǘ ƻƴ ǘƘŜ wƛǾŜǊ /ƻǊǾŜ ŎŀǘŎƘƳŜƴǘ ƛǎ [ǳŘƭƻǿ ǿƛǘƘ мст ǇǊƻǇŜǊǝŜǎ 

ƭƻŎŀǘŜŘ ƛƴ ƅƻƻŘ ȊƻƴŜ оΣ мс ƪƳ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ²ƛƭŘŜǊƘƻǇŜ .ǊƻƻƪΦ  

!ǘ ²ƛƭŘŜǊƘƻǇŜ .ǊƻƻƪΣ ŀƴ ǳǇƭŀƴŘ ǘǊƛōǳǘŀǊȅ ƻŦ ǘƘŜ wƛǾŜǊ /ƻǊǾŜΣ ŦǊƻƳ мффф ǘƻ нлмо ǇǊŜŎƛǇƛǘŀǝƻƴ 

5ŜǇǘƘΣ 5ǳǊŀǝƻƴ ŀƴŘ CǊŜǉǳŜƴŎȅ ό55Cύ Ƙŀǎ ƛƴŎǊŜŀǎŜŘΣ ŎƻǳǇƭŜŘ ǿƛǘƘ ǎƘƻǊǘŜǊ ǊŜǘǳǊƴ ǇŜǊƛƻŘǎ 

ό9ǉǳŀǝƻƴ пΦмύ ό/ǊƛǘŎƘƭŜȅ Ŝǘ ŀƭΦΣ мффмύ ŀǎ ǎŜŜƴ ƛƴ CƛƎǳǊŜ пΦоΦ wŜǘǳǊƴ ǇŜǊƛƻŘǎ ǎƘƻǿ ǘƘŜ ƭƛƪŜƭƛƘƻƻŘ 

ƻŦ ƅƻƻŘ ŦǊŜǉǳŜƴŎȅΣ ŦƻǊ ƛƴǎǘŀƴŎŜ ŀ мΥмлл ǊŜǘǳǊƴ ǇŜǊƛƻŘ Ƙŀǎ ŀ м҈ ŎƘŀƴŎŜ ƻŦ ōŜƛƴƎ ŜȄŎŜŜŘŜŘ ƛƴ 

ŀƴȅ ƎƛǾŜƴ ȅŜŀǊΦ 9ȄŀƳƛƴƛƴƎ мΥрлл ǊŜǘǳǊƴ ǇŜǊƛƻŘ ƛǎ ŘƛŶŎǳƭǘ ŘǳŜ ǘƻ ƭƻǿ ƻŎŎǳǊǊŜƴŎŜΦ IƻǿŜǾŜǊΣ ŀǘ 

²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ŎŀǘŎƘƳŜƴǘ ǊŀƛƴŦŀƭƭ ƛƴǘŜƴǎƛǘȅ Ƙŀǎ ƛƴŎǊŜŀǎŜŘ ǿƘƛƭŜ ǊŀƛƴŦŀƭƭ ŘǳǊŀǝƻƴ Ƙŀǎ 

ǎƘƻǊǘŜƴŜŘΣ ŎǊŜŀǝƴƎ ƳƻǊŜ ƅŀǎƘ ƅƻƻŘ ŜǾŜƴǘǎ ŀƴŘ ǘƘŜ ŎƘŀƴŎŜ ƻŦ мΥрлл ǊŜǘǳǊƴ ǇŜǊƛƻŘ ǎǘƻǊƳ 

ŜǾŜƴǘǎ ƳƻǊŜ ǇǊƻōŀōƭŜΦ !ǎ ǇǊŜŎƛǇƛǘŀǝƻƴ 55C Ƙŀǎ ƛƴŎǊŜŀǎŜŘ ǘƘƛǎ ǇǊƻǾƛŘŜŘ ǘƘŜ ǊŜŀǎƻƴ ŀǎ ǘƻ ǿƘȅ 

²55ǎ ƘŀǾŜ ōŜŜƴ ƛƴǎǘŀƭƭŜŘ ŀǘ ²ƛƭŘŜǊƘƻǇŜ ƛƴ ƻǊŘŜǊ ǘƻ ǇǊŜǾŜƴǘ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘƛƴƎ ǘƻ 

ŎƻƳƳǳƴƛǝŜǎ ǎǳŎƘ ŀǎ [ǳŘƭƻǿΦ 

 

2ÅÔÕÒÎ 0ÅÒÉÏÄ
Î ρ

Î
 (6.1) 

Equation 4.1 calculates Return Period using number of recorded years (ny) and observed occurrence 
rank when arranged in descending order (nm) (Rajneesh and Anil, 2015).
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Figure 4.1: Geographic Information Systems (GIS) map of the River Corve catchment displaying 
property located in the Environment Agency flood zone 3 risk area. The map shows the extent a 100-
year flood event with 2017 flood adaption methods put in place. The River Corve is 30.98 km from 
source to the River Teme confluence.  

²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ 

Cƭƻǿ ŘƛǊŜŎǝƻƴ [ǳŘƭƻǿ 
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Figure 4.2: Graph displaying precipitation DDF at Wilderhope Brook catchment with return periods 
displayed indicating climate change has increased rainfall intensity while rainfall duration has 
shortened. Data obtained from the Centre of Ecology and Hydrology (CEH, 2022). 

 

¢ƻ ŀƭƭŜǾƛŀǘŜ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘƛƴƎΣ млр ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ǿŜǊŜ ƛƴǎǘŀƭƭŜŘ όнлмтύ ƻƴ ²ƛƭŘŜǊƘƻǇŜ 

.ǊƻƻƪΦ 9ŀŎƘ ²55 ǿŀǎ ƎŜƻǘŀƎƎŜŘ ŀƴŘ ƴǳƳōŜǊŜŘ ŦǊƻƳ м ǘƻ млр όCƛƎǳǊŜ пΦоύΣ ǎǘŀǊǝƴƎ ǿƘŜǊŜ 

²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ŜƴǘŜǊǎ ǘƘŜ wƛǾŜǊ /ƻǊǾŜ όрнонфлΦрф9Σ румтффлΦлфbύ ŀƴŘ ŜƴŘƛƴƎ ŀǘ ǘƘŜ 

ǎƻǳǊŎŜ ƻŦ ²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ όрннррпΦрф9Σ рунлоппΦсbύΦ ²55ǎ ƘŀǾŜ ōŜŜƴ ƎǊƻǳǇŜŘ ƛƴǘƻ ǘƘǊŜŜ 

ǎŜŎǝƻƴǎ ŘŜǇŜƴŘƛƴƎ ǳǇƻƴ ƭƻŎŀǝƻƴΥ ƭƻǿŜǊΣ ƳƛŘ ŀƴŘ ǳǇǇŜǊ ǊŜŀŎƘŜǎΣ ǿƛǘƘ ƭŀƴŘƻǿƴŜǊ ŎƻƻǇŜǊŀǝƻƴ 

όCƛƎǳǊŜ пΦоύΦ ¢ƘŜ ǇǳǊǇƻǎŜ ƻŦ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ƛǎ ǘƻ ƳƛƳƛŎ ǘƘŜ ŜũŜŎǘǎ ƻŦ ƴŀǘǳǊŀƭ ǿƻƻŘ ōȅ 

ǎƭƻǿƛƴƎ ǘƘŜ ƅƻǿ ŀƴŘ ŀǧŜƳǇǝƴƎ ǘƻ ǊŜŘǳŎŜ ƅƻƻŘ ƳŀƎƴƛǘǳŘŜ ό!ŘŘȅ ŀƴŘ ²ƛƭƪƛƴǎƻƴΣ нлмфύΦ   
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CƛƎǳǊŜ пΦоΥ aŀǇ ŘƛǎǇƭŀȅƛƴƎ млр ƎŜƻπǇƻǎƛǝƻƴŜŘ ²55 ƭƻŎŀǝƻƴǎ ŀƭƻƴƎ ²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ǿŀǘŜǊ ŎƻǳǊǎŜΦ 
²55ǎ ƛƴ ²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ƘŀǾŜ ōŜŜƴ ƎǊƻǳǇŜŘ ƛƴǘƻ ǘƘǊŜŜ ǎŜŎǝƻƴǎΥ ƭƻǿŜǊΣ ƳƛŘ ŀƴŘ ǳǇǇŜǊ ǊŜŀŎƘŜǎ ŀǎ 
ŘƛǎǇƭŀȅŜŘ ƛƴ ǘƘŜ ŬƎǳǊŜΦ 

  

²ƛƭŘŜǊƘƻǇŜ 
.Ǌƻƻƪ 

²ƛƭŘŜǊƘƻǇŜ 
aŀƴƻǊ 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 

wΦ /ƻǊǾŜ 

aƛŘ ǊŜŀŎƘ 

[ƻǿŜǊ {ǘŀƴǿŀȅ 
CŀǊƳ 

[ƻǿŜǊ ǊŜŀŎƘ 

¦ǇǇŜǊ ǊŜŀŎƘ 

.посу ōǊƛŘƎŜ 
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²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ Ƙŀǎ ŀ ŎŀǘŎƘƳŜƴǘ ǎƛȊŜ ƻŦ Ғ рΦс ƪƳнΣ ŀƴŘ ŀ ǘƻǘŀƭ ŎƘŀƴƴŜƭ ƭŜƴƎǘƘ ƻŦ Ғ оΦфу ƪƳΣ 

ƛƴƛǝŀǘŜŘ ōȅ Ǌǳƴƻũ ŀǘ ²ŜƴƭƻŎƪ 9ŘƎŜ ƛƴ ǘƘŜ ǳǇǇŜǊ {ƘǊƻǇǎƘƛǊŜ ƘƛƭƭǎΦ Lǘ ƛǎ ƭƻŎŀǘŜŘ ƛƴ ŀ ±πǎƘŀǇŜŘ 

ǾŀƭƭŜȅ ōƻǊŘŜǊŜŘ ōȅ wƛŎƪƘƻǳǎŜ /ƻǇǇƛŎŜ ǘƻ ǘƘŜ ǿŜǎǘ ŀƴŘ {ǘŀƴǿŀȅ /ƻǇǇƛŎŜ ǘƻ ǘƘŜ Ŝŀǎǘ όCƛƎǳǊŜ 

пΦоύΦ 

wƛǾŜǊ ŎƻǊǊƛŘƻǊ ŜƴƘŀƴŎŜƳŜƴǘΣ ǎǳŎƘ ŀǎ ǇƭŀƴǝƴƎ ŀƭŘŜǊΣ Ǉƭŀȅǎ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ǇǊŜǾŜƴǝƴƎ 

ƭƛǾŜǎǘƻŎƪ ŦǊƻƳ ǇǳŘŘƭƛƴƎ ǘƘŜ ŎƘŀƴƴŜƭ ōŀƴƪǎΣ ǇǊƻǾƛŘƛƴƎ ōŀƴƪ ǎǘŀōƛƭƛǘȅ ŀƴŘ ƛƴǘŜǊŎŜǇǝƴƎ ǎŜŘƛƳŜƴǘ 

ǎǳǊŦŀŎŜ ǊǳƴƻũΣ ǎƻ ǎƭƻǿƛƴƎ ǘƘŜ ƅƻǿ όtŀǊƪȅƴΣ нллпύΦ CƻǊŜǎǘ ǘƘƛƴƴƛƴƎ ŀƴŘ ŎƻǇǇƛŎƛƴƎ ǇǊƻǾƛŘŜǎ 

ƳƻǊŜ ƎǊƻǿǘƘ ŎŀǇŀōƛƭƛǘȅ ŦƻǊ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ǘǊŜŜǎ ŀƴŘ Ŏŀƴ ŀƛŘ ƛƴ ŦǳǘǳǊŜ ǾŜƎŜǘŀǝƻƴ ŘŜǾŜƭƻǇƳŜƴǘ 

όCL{w²DΣ мффуύΦ ¢ƘŜ ²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ǊƛǇŀǊƛŀƴ ōǳũŜǊ ǎǘǊƛǇ Ŏƻƴǎƛǎǘǎ ƻŦ ŀƭŘŜǊΣ ƘŀǿǘƘƻǊƴΣ ƘƻƭƳ 

ƻŀƪΣ ŀǎƘΣ ōŜŜŎƘΣ Ƙƻƭƭȅ ŀƴŘ ƘŀȊŜƭΦ Lƴ ǘƘŜ ƭƻǿŜǊ ǊŜŀŎƘΣ ŦƻǊŜǎǘǊȅ ƛǎ ǎǇŀǊǎŜ ǿƛǘƘ ǎǇƻǊŀŘƛŎ ǘǊŜŜǎΣ 

ǿƘƛƭŜ ŦǳǊǘƘŜǊ ǳǇ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜ ǘƻǿŀǊŘǎ ǘƘŜ ǎƻǳǊŎŜΣ ǾŜƎŜǘŀǝƻƴ ōŜŎƻƳŜǎ ŘŜƴǎŜǊΦ 

²55 ƳŀƛƴǘŜƴŀƴŎŜ Ŏŀƴ ŀƭǘŜǊ ŘŀƳ ŘŜǎƛƎƴ ό.ŜǎŎƘǘŀΣ мфтфύ ǿƘƛƭŜ ŎƘŀƴƴŜƭ ǊŜǎǘƻǊŀǝƻƴ Ŏŀƴ ŎǊŜŀǘŜ 

ǊŀǇƛŘ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎ όYŀƛƭ Ŝǘ ŀƭΦΣ нллтύΦ ¢ƘŜǊŜŦƻǊŜΣ ǎǘǳŘƛŜǎ ǿŜǊŜ ŎƻƴŘǳŎǘŜŘ ǇǊƛƻǊ 

ǘƻ ²55 ƳŀƛƴǘŜƴŀƴŎŜ ŀƴŘ ǊƛǇŀǊƛŀƴ ǘǊŜŜ ŦŜƭƭƛƴƎΦ [ƻƴƎπǘŜǊƳ ƭƻǎǎ ƻŦ ǊƛǇŀǊƛŀƴ ǾŜƎŜǘŀǝƻƴ Ŏŀƴ ǊŜǎǳƭǘ 

ƛƴ ƛƴŎǊŜŀǎŜŘ ōŀƴƪ ŜǊƻǎƛƻƴ ŀƴŘ ŎƘŀƴƴŜƭ ǿƛŘŜƴƛƴƎ όIŀǊǘƳŀƴ Ŝǘ ŀƭΦΣ мфутΤ hƭƛǾŜǊ ŀƴŘ IƛƴŎƪƭŜȅΣ 

мфутΤ {ƘƛŜƭŘǎ Ŝǘ ŀƭΦΣ мффпύΦ wƛǇŀǊƛŀƴ ǾŜƎŜǘŀǝƻƴ ǊŜƳƻǾŀƭ Ƙŀǎ ōŜŜƴ ǎƘƻǿƴ ǘƻ ƛƴŎǊŜŀǎŜ ǇŜŀƪ 

ŘƛǎŎƘŀǊƎŜ όCL{w²DΣ мффуύΦ wƛǾŜǊ ǊŜǎǘƻǊŀǝƻƴ ƻōƧŜŎǝǾŜǎ ǘŜƴŘ ǘƻ Ǌŀƴƪ ƎŜƻƳƻǊǇƘƻƭƻƎȅ ŀƴŘ 

ǎŜŘƛƳŜƴǘ ǘǊŀƴǎǇƻǊǘ ŀǎ ŀ ƭƻǿ ǇǊƛƻǊƛǘȅ ŎƻƳǇŀǊŜŘ ǘƻ ǎǳǇǇƻǊǝƴƎ ŘƛǾŜǊǎŜ ōƛƻŘƛǾŜǊǎƛǘȅ ŀƴŘ ŎǊŜŀǝƴƎ 

ŀǊŜŀǎ ƻŦ ƅƻƻŘ ŀǧŜƴǳŀǝƻƴ κ ǎŀŎǊƛŬŎƛŀƭ ƭŀƴŘ όaŀƴǘ ŀƴŘ {ƻŀǊΣ нллфύΦ wŜŀŘƛƴƎǎ ǿŜǊŜ ŜȄŀƳƛƴŜŘ 

ŦǊƻƳ ǘƘŜ нƴŘ !ǇǊƛƭ нлмф ǳƴǝƭ нƴŘ !ǇǊƛƭ нлнл ŀƊŜǊ ǿƘƛŎƘ ǝƳŜ ǘǊŜŜ ŦŜƭƭƛƴƎΣ ²55 ƳŀƛƴǘŜƴŀƴŎŜ 

ό!ǇǇŜƴŘƛȄ Yύ ŀƴŘ ŎƘŀƴƴŜƭ ǊŜǎǘƻǊŀǝƻƴ ƻŎŎǳǊǊŜŘΣ ƛƴ ƭƛƎƘǘ ƻŦ ǇƘȅǘƻǇƘǘƘƻǊŀ ŘƛǎŜŀǎŜ ŀƴŘ ǘƘŜ 

ŎƭƛƳŀǘŜ ŎǊƛǎƛǎ ǊŜǎǇŜŎǝǾŜƭȅΦ Lƴ ƭƛƴŜ ǿƛǘƘ ŎƻƳƳƻƴ ǇǊŀŎǝŎŜΣ ǘƘŜ ŀũŜŎǘŜŘ ŀƭŘŜǊ ǘǊŜŜǎ ǿŜǊŜ 

ǊŜƳƻǾŜŘ ƻǊ ŎƻǇǇƛŎŜŘ ǘƻ ǇǊƻǘŜŎǘ ǘƘŜ ǊƛǇŀǊƛŀƴ ǿƻƻŘƭŀƴŘ ŦǊƻƳ ŦǳǊǘƘŜǊ ŘƛǎŜŀǎŜ ό²ŜōōŜǊ Ŝǘ ŀƭΦΣ 

нллпύΦ .ȅ ŀƴǘƘǊƻǇƻƎŜƴƛŎŀƭƭȅ ŀƭǘŜǊƛƴƎ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ǘƘǊƻǳƎƘ ŎŀǘŎƘƳŜƴǘ ƳŀƛƴǘŜƴŀƴŎŜ ǘƘƛǎ 

ƳŜŀƴǘ ƳƻƴƛǘƻǊƛƴƎ ƴŀǘǳǊŀƭ ƎŜƻƳƻǊǇƘƛŎ ŎƘŀƴƎŜ ŎƻǳƭŘ ƴƻǘ ōŜ ŀŎƘƛŜǾŜŘ ŀƊŜǊ нƴŘ !ǇǊƛƭ нлнлΣ 

ǿƛǘƘƻǳǘ ǊŜŎŀǘŜƎƻǊƛȊƛƴƎ ǘƘŜ ²55ǎ ŀƴŘ ōȅ ǊŜπǎǳǊǾŜȅƛƴƎ ŀƴŘ ǊŜπŜȄŀƳƛƴƛƴƎ ǎǇŀǝŀƭ ŎƘŀƴƎŜ ŎŀǳǎŜŘ 

ōȅ ŀƴǘƘǊƻǇƻƎŜƴƛŎ ƛƴƅǳŜƴŎŜΦ   
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4.2. Field equipment 

¢ƻ ƳƻƴƛǘƻǊ ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ǘƘŜ ²55ǎ ƛƴ ǘƘŜ ŬŜƭŘ ŀǇǇǊƻǇǊƛŀǘŜ ŜǉǳƛǇƳŜƴǘ ǘƘŀǘ ŀŘŘǊŜǎǎŜŘ 

ǘƘŜ ǎǘǳŘȅ ǊŜǎŜŀǊŎƘ ƻōƧŜŎǝǾŜǎ ǿŀǎ ŎƘƻǎŜƴΦ ¢Ƙƛǎ ǿŀǎ ŀŎƘƛŜǾŜŘ ōȅ ŀŎǉǳƛǊƛƴƎ ǘƘǊƻǳƎƘ ŎƻƴǘǊŀŎǘƻǊǎ 

ǘƘŜ ƴŜŎŜǎǎŀǊȅ ŬŜƭŘ ŜǉǳƛǇƳŜƴǘ ǿƛǘƘ ŀŘǾŀƴǘŀƎŜǎ ŀƴŘ ŘƛǎŀŘǾŀƴǘŀƎŜǎ ƛŘŜƴǝŬŜŘ ό!ǇǇŜƴŘƛȄ WύΦ 

CƛŜƭŘ Řŀǘŀ ŜƴŀōƭŜŘ ŎŀǘŎƘƳŜƴǘ ǎǇŜŎƛŬŎ ōƻǳƴŘŀǊȅ ŎƻƴŘƛǝƻƴǎ ǘƘŀǘ ŎƻǳƭŘ ōŜ ŀǇǇƭƛŜŘ ǘƻ ƘȅŘǊƻπ

ŜƴǾƛǊƻƴƳŜƴǘŀƭ ƳƻŘŜƭǎΦ 

¢ƘŜ ŎƘƻǎŜƴ ŬŜƭŘ ŜǉǳƛǇƳŜƴǘ ƛǎ ŀǎ ŦƻƭƭƻǿǎΥ 

 

4.2.1. Tipping bucket rain gauge 

! [ŀƳōǊŜŎƘǘ пŎƳо ¢ƛǇǇƛƴƎ .ǳŎƪŜǘ wŀƛƴ DŀǳƎŜ όǇǊŜŎƛǎƛƻƴΥ лΦн ƳƳύ ǎǳǇǇƻǊǝƴƎ ŀ Iƻōƻ tŜƴŘŀƴǘ 

9ǾŜƴǘ [ƻƎƎŜǊ ό!ǇǇŜƴŘƛȄ [ύ ǿŀǎ ƛƴǎǘŀƭƭŜŘ ŀǘ {ǘŀƴǿŀȅ CŀǊƳ ǘƻ ǘƘŜ bƻǊǘƘǿŜǎǘ ƻŦ ²ƛƭŘŜǊƘƻǇŜ 

.Ǌƻƻƪ ŎŀǘŎƘƳŜƴǘ όорнммо9Σ нуфопнbύΦ ¢ƘŜ ǝǇǇƛƴƎ ōǳŎƪŜǘ Ǌŀƛƴ ƎŀǳƎŜ ŎƻƭƭŜŎǘŜŘ ǇǊŜŎƛǇƛǘŀǝƻƴ 

55C ŦǊƻƳ ǘƘŜ нƴŘ !ǇǊƛƭ нлмф ǳƴǝƭ ǘƘŜ нƴŘ !ǇǊƛƭ нлнлΦ  

 

4.2.2. Flow logger 

!ǘ ǘƘŜ .посу ōǊƛŘƎŜ ƭƻŎŀǘŜŘ ǘƻ ǘƘŜ ǿŜǎǘ ƻŦ ǘƘŜ ƭƻǿŜǊ ǊŜŀŎƘ όоррмпт9Σ нфлсуоbύ όCƛƎǳǊŜ пΦоύΣ 

ƻǇŜƴ ŎƘŀƴƴŜƭ ƅƻǿ ǿŀǎ ƳƻƴƛǘƻǊŜŘ ōȅ ŀ IŀŎƘ C[флл Cƭƻǿ [ƻƎƎŜǊ ǎǳǇǇƻǊǝƴƎ ŀƴ !±фллл !ǊŜŀ 

±ŜƭƻŎƛǘȅ {ŜƴǎƻǊΦ ¢ƘŜ ǎŜƴǎƻǊ ƳƻŘǳƭŜ ǿŀǎ ōƻƭǘŜŘ ǘƻ ŀ ǎǘŀƛƴƭŜǎǎπǎǘŜŜƭ ǇƭŀǘŜ ǿƘƛŎƘ ǿŀǎ ǎŜŎǳǊŜŘ 

ǳǎƛƴƎ ŀ ǎǘŀƛƴƭŜǎǎ ǎǘŜŜƭ ¦ƴƛǎǘǊǳǘ ŎƘŀƴƴŜƭΣ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ŀ ǎŜŎƻƴŘŀǊȅ ōǊƛŘƎŜ ŀƴŘ ǊŜŎǘŀƴƎǳƭŀǊ 

ŎǳƭǾŜǊǘ όCƛƎǳǊŜ пΦпύΦ ¢ƘŜ ǎŜƴǎƻǊ ƳƻŘǳƭŜ ǿƛǘƘ ŀ ǘƘǊŜǎƘƻƭŘ ǿƻǊƪƛƴƎ ŘŜǇǘƘ ƻŦ л ǘƻ о ƳΣ ƳŜŀǎǳǊŜŘ 

ƅƻǿ ŘŜǇǘƘΣ ƭƻŎŀƭƛǎŜŘ ǾŜƭƻŎƛǘȅΣ ŘƛǎŎƘŀǊƎŜ ŀƴŘ ǘŜƳǇŜǊŀǘǳǊŜ ŜǾŜǊȅ мр Ƴƛƴǎ ǿƘƛƭŜ ǘƘŜ ŀǳǘƻƳŀǘŜŘ 

ƅƻǿ ƭƻƎƎŜǊ ǊŜŎƻǊŘŜŘ ǊŜŀŘƛƴƎǎΦ tǊƻƧŜŎǘ ŎƻƴǘǊŀŎǘƻǊǎ ŎƻƭƭŜŎǘŜŘ ƅƻǿ ƭƻƎƎŜǊ ǊŜŎƻǊŘŜŘ ǊŜŀŘƛƴƎǎΦ 
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Figure 4.4: Photographs displaying: a) flow logger, housed in a secure box, 
placed next to the B4368 bridge. b) Flow logger outside of the secure box. 
c) The velocimeter placed downstream of second bridge culvert. 

 

 

ōύ ŀύ ¦ǇǎǘǊŜŀƳ ŎǳƭǾŜǊǘ κ .посу ōǊƛŘƎŜ 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 

Cƭƻǿ ŘƛǊŜŎǝƻƴ 

¦ǇǎǘǊŜŀƳ ŎǳƭǾŜǊǘ Ŏύ 

!± фллл ǎŜƴǎƻǊ 

IŀŎƘ C[флл ǎŜŎǳǊŜ ōƻȄ 
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4.2.3. Pressure level sensors 

¢ǿƻ hǊǇƘŜǳǎ aƛƴƛΣ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭ ǎŜƴǎƻǊǎ ǿŜǊŜ ƛƴǎǘŀƭƭŜŘ ǳǇǎǘǊŜŀƳ ŀƴŘ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ŀ 

ŎƘƻǎŜƴ ²55 ƭƻŎŀǘŜŘ ƛƴ ǘƘŜ ƭƻǿŜǊ ǊŜŀŎƘΦ tǊŜǎǎǳǊŜ ƭŜǾŜƭ ǎŜƴǎƻǊǎ ǿŜǊŜ ƛƴǎǘŀƭƭŜŘ ǘƻ ƳƻƴƛǘƻǊ ǘƘŜ 

ǳǇǎǘǊŜŀƳ ŀƴŘ ŘƻǿƴǎǘǊŜŀƳ ƅƻǿ ŘŜǇǘƘǎ ǎƻ ŀǎ ǘƻ ŜȄŀƳƛƴŜ ǎǘǊǳŎǘǳǊŀƭ ŀǧŜƴǳŀǝƻƴΦ tǊŜǎǎǳǊŜ ƭŜǾŜƭ 

ǎŜƴǎƻǊǎ ǿŜǊŜ ƭƻŎŀǘŜŘ ƛƴ Ǉƻǎƛǝƻƴǎ ǘƻ ŀǾƻƛŘ ǇǊƻƴƻǳƴŎŜŘ ƳŜŀƴŘŜǊǎ ƻǊ ōƻǳƭŘŜǊ ƻǳǘŎǊƻǇǇƛƴƎǎ 

ǿƛǘƘ ǘƘŜ ƭŜǾŜƭǎ ǎǳōƳŜǊƎŜŘ ǳƴŘŜǊ ōŀǎŜ ƅƻǿ ŎƻƴŘƛǝƻƴǎΦ tǊŜǎǎǳǊŜ ƭŜǾŜƭ ǎŜƴǎƻǊǎ ƘŀǾŜ ŀ ǘƘǊŜǎƘƻƭŘ 

ǿƻǊƪƛƴƎ ŘŜǇǘƘ ƻŦ л ǘƻ п Ƴ ǿƛǘƘ ǊŜŀŘƛƴƎǎ ǊŜŎƻǊŘŜŘ ŜǾŜǊȅ мр ƳƛƴǎΦ ¢ƘŜ ǳǇǎǘǊŜŀƳ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭ 

ǎŜƴǎƻǊ ǿŀǎ ƛƴǎǘŀƭƭŜŘ ƛƴ ŀ a5t9 ǎǝƭƭƛƴƎ ǘǳōŜ ƻƴ ǘƘŜ ƭŜƊ ōŀƴƪΣ оΦу Ƴ ǳǇǎǘǊŜŀƳ ƻŦ ǘƘŜ ²55 ŦŀŎŜ 

ŀƴŘ ŀ ǎŜŎƻƴŘ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭ ǎŜƴǎƻǊ ƭƻŎŀǘŜŘ ƻƴ ǘƘŜ ǊƛƎƘǘ ōŀƴƪΣ оΦф Ƴ ŦǊƻƳ ǘƘŜ ²55 

ŘƻǿƴǎǘǊŜŀƳ ŦŀŎŜΦ tǊŜǎǎǳǊŜ ƭŜǾŜƭ ǎŜƴǎƻǊǎ ǿŜǊŜ ǇƻǎƛǝƻƴŜŘ ŀōƻǾŜ ǘƘŜ ōŀƴƪŦǳƭƭ ǎǘŀƎŜ ŎƭƻǎŜ ǘƻ 

ǘƘŜ ǎǝƭƭƛƴƎ ǿŜƭƭǎΦ 

tǊŜǎǎǳǊŜ ƭŜǾŜƭ ǎŜƴǎƻǊǎ ǿŜǊŜ ƎŜƻπǇƻǎƛǝƻƴŜŘ ŀƴŘ ƎŜƻπǊŜŦŜǊŜƴŎŜŘ ǳǎƛƴƎ ŀ 5ƛũŜǊŜƴǝŀƭ Dƭƻōŀƭ 

tƻǎƛǝƻƴƛƴƎ {ȅǎǘŜƳ ό5Dt{ύ ŀƴŘ ǎŜǘ ǘƻ ŀ мсл Ƴ ŘŀǘǳƳ ƛƴ ƻǊŘŜǊ ǘƻ ǉǳŀƴǝŦȅ ƅƻǿ ŘŜǇǘƘΦ ! Ǉƛƴ 

ǿŀǎ ǇƭŀŎŜŘ ŀǘ ǘƘŜ ǘƻǇ ƻŦ ǘƘŜ ƭŜƊ ōŀƴƪ ōŜǘǿŜŜƴ ǘƘŜ ǘǿƻ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭ ǎŜƴǎƻǊǎ ǿƘƛŎƘ ŀŎǘŜŘ ŀǎ 

ŀ ōŀŎƪǳǇ ǊŜŦŜǊŜƴŎŜ Ǉƻƛƴǘ ǘƻ ǾŜǊƛŦȅ ƅƻǿ ŘŜǇǘƘǎ ƛŦ ǘƘŜ ǎǝƭƭƛƴƎ ǿŜƭƭǎ ōŜŎŀƳŜ ŘƛǎƭƻŘƎŜŘΦ ¢ƘŜ Ǉƛƴ 

ŎƻǳƭŘ ōŜ ǳǎŜŘ ǘƻ Ƴŀƴǳŀƭƭȅ ŎƘŜŎƪ ƅƻǿ ŘŜǇǘƘǎ ƻƴ ǘƘŜ ǇǊŜǎǎǳǊŜ ƭŜǾŜƭ ǎŜƴǎƻǊǎ ŘǳǊƛƴƎ ǎƛǘŜ ǾƛǎƛǘǎΦ 
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5  

 

¢ƘŜ ŜũŜŎǘǎ ƻŦ ²ƻƻŘȅ 5ŜōǊƛǎ 5ŀƳǎ ƻƴ ǳǇƭŀƴŘ ǎǘǊŜŀƳ 

ƎŜƻƳƻǊǇƘƻƭƻƎȅ ǘƻ ǊŜŘǳŎŜ ƅƻƻŘ Ǌƛǎƪ 

 

5.1. Introduction 

{ǘǊŜŀƳǎ Ǉƭŀȅ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ǘǊŀƴǎǇƻǊǝƴƎ ǎŜŘƛƳŜƴǘ ŦǊƻƳ ǳǇƭŀƴŘ ǎƻǳǊŎŜǎ ǘƻ ŘƻǿƴǎǘǊŜŀƳ 

ǎƛƴƪǎΦ !ǎ ǘƘŜȅ ǘǊŀǾŜƭ ǘƘǊƻǳƎƘ ŀƴŘ ƻǾŜǊ ǾŀǊƛƻǳǎ ƭŀƴŘŦƻǊƳǎΣ ǎǘǊŜŀƳǎ ŘƛǎǎƛǇŀǘŜ ǘƘŜƛǊ ŜȄŎŜǎǎ ŜƴŜǊƎȅ 

ōȅ ƛƴŎƛǎƛƴƎ ǘƘŜ ǾŀƭƭŜȅΣ ǘǊŀƴǎǇƻǊǝƴƎ ǎŜŘƛƳŜƴǘΣ ŀƴŘ ŎǊŜŀǝƴƎ ǘǳǊōǳƭŜƴŎŜ όYƻƴŘƻƭŦΣ мффтύΦ ¢Ƙƛǎ 

ǇǊƻŎŜǎǎ ƻŦ ǘǊŀƴǎǇƻǊǝƴƎ ŀƴŘ ŘŜǇƻǎƛǝƴƎ ǎŜŘƛƳŜƴǘ ƛǎ ǊŜŎƻƎƴƛǎŜŘ ŀǎ ƎƻǾŜǊƴƛƴƎ ǘƘŜ ǳǇƭŀƴŘ 

ŎŀǘŎƘƳŜƴǘ ƎŜƻƳƻǊǇƘƻƭƻƎȅ όIŀǎǎŀƴ Ŝǘ ŀƭΦΣ нллрΤ WƻȅŎŜ Ŝǘ ŀƭΦΣ нлнлύΦ /ƘŀƴƎŜǎ ƛƴ ǘƘŜ ƅƻǿ 

ǊŜƎƛƳŜΣ ŀƴŘ ǳǇǎǘǊŜŀƳ ǎŜŘƛƳŜƴǘ ǎǳǇǇƭȅΣ ǘǊƛƎƎŜǊ ŎƘŀƴƴŜƭ ŀŘƧǳǎǘƳŜƴǘǎ ŀƴŘ ŀŎǘ ŀǎ ƭƻŎŀƭ ŘǊƛǾŜǊǎ 

ƻŦ ƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜΣ ǎƘŀǇƛƴƎ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘ ǿƛǘƘƛƴ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ό¢ƻŘŘπ.ǳǊƭŜȅ Ŝǘ ŀƭΦΣ 

нлнмύΦ ²ŀǘŜǊ ŎƻǳǊǎŜǎ Ŏƻƴǎǘŀƴǘƭȅ ŜǾƻƭǾŜ ƛƴ ǊŜǎǇƻƴǎŜ ǘƻ ƛƴƅǳŜƴŎŜǎ ǎǳŎƘ ŀǎ ƛƴǎǘǊŜŀƳ 

ǇŜǊǘǳǊōŀǝƻƴǎ όǊƻŎƪǎ ŀƴŘ ǿƻƻŘύΣ ŎƭƛƳŀǘŜ ŀƴŘ ŀƴǘƘǊƻǇƻƎŜƴƛŎ ŀŎǝǾƛǝŜǎ όŦŀǊƳƛƴƎ ŀƴŘ 

ǳǊōŀƴƛǎŀǝƻƴύΦ ¢ƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ŀƭǘŜǊǎ ǘƘǊƻǳƎƘ ƘȅŘǊƻŘȅƴŀƳƛŎ ǇǊƻŎŜǎǎŜǎ ŀǧŜƳǇǝƴƎ ǘƻ ǊŜπ

ŜǎǘŀōƭƛǎƘ ŜǉǳƛƭƛōǊƛǳƳ ōȅ ŎǊŜŀǝƴƎ ŦŜŀǘǳǊŜǎ ǎǳŎƘ ŀǎ ŘŜŜǇŜǊ ŀƴŘ ǿƛŘŜǊ ŎƘŀƴƴŜƭǎΣ ƳŜŀƴŘŜǊǎ ŀƴŘ 

ōŀŎƪǿŀǘŜǊǎ ό²ƛƴǘŜǊōƻǧƻƳΣ мффрΤ WƻȅŎŜ Ŝǘ ŀƭΦΣ нлнлύΦ 

²ƻƻŘ ƛǎ ƻƴŜ ƻŦ ǘƘŜ ƴŀǘǳǊŀƭ ƛƴǎǘǊŜŀƳ ǇŜǊǘǳǊōŀǝƻƴǎ ƛƴ ǳǇƭŀƴŘ ǎǘǊŜŀƳǎ ǿƘƛŎƘ Ƙŀǎ ǇǊƻŦƻǳƴŘ 

ƛƳǇŀŎǘ ƻƴ ƅǳǾƛŀƭ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ǇǊƻŎŜǎǎŜǎΦ Lǘ Ƙŀǎ ōŜŜƴ ǎǳƎƎŜǎǘŜŘ ǘƘŀǘ ƛƴǎǘǊŜŀƳ ǿƻƻŘ 

ŎŀǳǎŜǎ ƳƻǊŜ ŎƘŀƴƴŜƭ ŎƘŀƴƎŜǎ ǘƘŀƴ ŀƴȅ ƻǘƘŜǊ ƴŀǘǳǊŀƭ ƳŜŀƴǎ ό.ŜǾŀƴΣ мфпуύΦ 9ƴƎƛƴŜŜǊŜŘ ²55ǎ 

ŀǊŜ ƴƻǿ ŎƻƳƳƻƴƭȅ ƛƴǎǘŀƭƭŜŘ ƛƴǘƻ ǳǇƭŀƴŘ ǿŀǘŜǊ ŎƻǳǊǎŜǎ ŀǎ ǇŀǊǘ ƻŦ ƴŀǘǳǊŜπōŀǎŜŘ ǎƻƭǳǝƻƴǎ ǘƻ 

ǊŜŘǳŎŜ ƅƻƻŘ ǊƛǎƪΣ ŘǳŜ ǘƻ ǘƘŜƛǊ ƘȅŘǊŀǳƭƛŎ ŜũŜŎǘǎ ǿƘŜǊŜōȅ ǘƘŜȅ ƛƳǇƻǳƴŘ ǘƘŜ ƅƻǿ ǊŜƎƛƳŜ ŀƴŘ 

ŀŘŘ ŎƘŀƴƴŜƭ ǊŜǎƛǎǘŀƴŎŜ όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфΤ [ƻ Ŝǘ ŀƭΦΣ нлнмύ .ȅ ŘŜŎǊŜŀǎƛƴƎ ǾŜƭƻŎƛǘȅ ŬŜƭŘǎ 

ŀƴŘ ƛƴŎǊŜŀǎƛƴƎ ƅƻǿ ŘŜǇǘƘΣ ƅƻǿ Ŏŀƴ ōŜ ŘƛǾŜǊǘŜŘ ƻƴǘƻ ǘƘŜ ƅƻƻŘ Ǉƭŀƛƴ ǿƘƛŎƘ ǇǊƻǾƛŘŜǎ ǘŜƳǇƻǊŀǊȅ 

ǎǘƻǊŀƎŜΣ ŜƴƘŀƴŎŜǎ ƛƴŬƭǘǊŀǝƻƴ ŀƴŘ ƎƛǾŜǎ ŀŘŘƛǝƻƴŀƭ ǝƳŜ ŦƻǊ ŜǾŀǇƻǊŀǝƻƴΦ ¢ƘŜǎŜ ŜũŜŎǘǎ ƘŀǾŜ 
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ōŜŜƴ ŦƻǳƴŘ ǘƻ ƛƴŎǊŜŀǎŜ ƅƻǿ ŎƻƳǇƭŜȄƛǘȅ ŀƴŘ ǿŀǘŜǊ ǊŜǘŜƴǝƻƴ ǿƘƛŎƘ ŀǧŜƴǳŀǘŜǎ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ 

ŀƴŘ ƛƴŎǊŜŀǎŜǎ ƭŀƎ ǝƳŜ όDǊŜƎƻǊȅ Ŝǘ ŀƭΦΣ мфурΤ ¢ƘƻƳŀǎ ŀƴŘ bƛǎōŜǘΣ нлмнΤ ²ǳŀƴƎ Ŝǘ ŀƭΦΣ нлннύΦ 

[ŀǊƎŜ ǿƻƻŘ ƛǎ ŀƭǎƻ ŀ ŘƻƳƛƴŀƴǘ ŎƻƴǘǊƻƭ ƛƴ ŦƻǊŎƛƴƎ ƳƻǊǇƘƻƭƻƎƛŎ ŦŜŀǘǳǊŜǎ ό¢ƻŘŘπ.ǳǊƭŜȅ Ŝǘ ŀƭΦΣ 

нлнмύ ǎǳŎƘ ŀǎ Ǉƻƻƭ ǊƛƉŜ ǎŜǉǳŜƴŎŜǎ όYŜƭƭŜǊ ŀƴŘ {ǿŀƴǎƻƴΣ мфтфύΣ ōŀƴƪ ǎŎƻǳǊ ǿƘƛŎƘ Ŏŀƴ ǿƛŘŜƴ 

ǘƘŜ ŎƘŀƴƴŜƭ ŀƴŘ ŎŀǳǎŜ ŀ ŎƘŀƴƎŜ ƛƴ ŎƘŀƴƴŜƭ ŘƛǊŜŎǝƻƴ όDǳǊƴŜƭƭ ŀƴŘ {ǿŜŜǘΣ мффуύ ŀƴŘ ǎǘƻǊƛƴƎ 

ǎŜŘƛƳŜƴǘ όaƻƴǘƎƻƳŜǊȅ Ŝǘ ŀƭΦΣ нллоύΦ IƻǿŜǾŜǊΣ ŦǊƻƳ ŀ ƅƻƻŘ Ǌƛǎƪ ǇŜǊǎǇŜŎǝǾŜΣ ǘƘŜ ƛƳǇŀŎǘ ƻŦ 

²55ǎ ƻƴ ƎŜƻƳƻǊǇƘƻƭƻƎȅ ƛǎ ǾƛŜǿŜŘ ǿƛǘƘ ƭŜǎǎ ŎŜǊǘŀƛƴǘȅ όtŜŀǊǎƻƴΣ нлнлύΦ LŦ ǳǎŜŘ ŀǇǇǊƻǇǊƛŀǘŜƭȅΣ 

ǘƘŜǎŜ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŦŜŀǘǳǊŜǎΣ ƛƴŘǳŎŜŘ ōȅ ²55ǎΣ Ŏŀƴ ƘŀǾŜ ōŜƴŜŬŎƛŀƭ ŜũŜŎǘǎ ǿƘƛŎƘ Ŏŀƴ ōŜ 

ƘŀǊƴŜǎǎŜŘ ǘƻ ŘŜƭƛǾŜǊ ƴŀǘǳǊŜπōŀǎŜŘ ǎƻƭǳǝƻƴǎ ŦƻǊ ƳŀƴŀƎƛƴƎ ƅƻƻŘ Ǌƛǎƪ όDǊŀōƻǿǎƪƛ Ŝǘ ŀƭΦΣ нлмфύΦ 

¢ƘŜƛǊ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ƛƳǇŀŎǘǎ Ŏŀƴ ōŜ ǳǎŜŘ ǘƻ ǘƘŜ ōŜƴŜŬǘ ƻŦ ƴŀǘǳǊŜπōŀǎŜŘ ǎƻƭǳǝƻƴǎ ŦƻǊ ƅƻƻŘ 

Ǌƛǎƪ ƳŀƴŀƎŜƳŜƴǘΣ ōǳǘ Ŏŀƴ ƛƴŘǳŎŜΣ ƴŜƎŀǝǾŜ ŜũŜŎǘǎ ŦǊƻƳ ŀ ƅƻƻŘ Ǌƛǎƪ ǇŜǊǎǇŜŎǝǾŜΦ ²55ǎ Ŏŀƴ 

ƛƴŘǳŎŜ ǎŎƻǳǊ ǿƘƛŎƘ Ŏŀƴ ŎŀǳǎŜ ǎǘǊǳŎǘǳǊŀƭ ƛƴǎǘŀōƛƭƛǘȅ ǊŜǎǳƭǝƴƎ ƛƴ ƛƴŎǊŜŀǎŜŘ ƅƻƻŘ ǊƛǎƪΦ ¢ƘƻǳƎƘ 

ǘƘŜǊŜ ƛǎ ǊŜǎŜŀǊŎƘ ƛƴǘƻ ²55 ƘȅŘǊƻŘȅƴŀƳƛŎ ƛƳǇŀŎǘΣ ǘƘŜǊŜ ƛǎ ƭŜǎǎ ŦƻŎǳǎ ƻƴ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ 

ŜǾƛŘŜƴŎŜ ǘƻ ǊŜŘǳŎŜ ƅƻƻŘƛƴƎ όtŜŀǊǎƻƴΣ нлнлύΦ 

²ƻƘƭ Ŝǘ ŀƭΦ όнлмсύ ƘƛƎƘƭƛƎƘǘ ǘƘŜ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ōŜƴŜŬǘǎ ƻŦ ǿƻƻŘΣ ōǳǘ ǎǘŀǘŜ ²55ǎ Ŏŀƴ ŀƭǘŜǊ 

ǎŜŘƛƳŜƴǘ ŘȅƴŀƳƛŎǎΣ ǊŜǎǳƭǝƴƎ ƛƴ ƭŀǘŜǊŀƭ ŎƘŀƴƴŜƭ ƳƻǾŜƳŜƴǘ ŀŎǊƻǎǎ ǘƘŜ ƅƻƻŘǇƭŀƛƴ ƻǊ ƭƻŎŀƭ ǎƻǳǊ 

ƻǊ ŀƎƎǊŀŘŀǝƻƴ ό²ƻƘƭΣ нлммΤ /ƻƭƭƛƴǎ Ŝǘ ŀƭΦΣ нлмнύΣ ŜŀŎƘ ƻŦ ǿƘƛŎƘ Ŏŀƴ ŎŀǳǎŜ ƅƻƻŘƛƴƎΦ [ƻ Ŝǘ ŀƭΦ 

όнлнмύ ǇǊƻǇƻǎŜŘ bŀǘǳǊŀƭ CƭƻƻŘ aŀƴŀƎŜƳŜƴǘ όbCaύ ǎǘǊǳŎǘǳǊŜǎ ƘŀǾŜ ŀ ǇǊƛƳŀǊȅ ŜũŜŎǘ ƻƴ ƅƻƻŘ 

Ǌƛǎƪ ŀƴŘ ŀ ǎŜŎƻƴŘŀǊȅ ŜũŜŎǘΣ ŎƻƴǘǊƛōǳǝƴƎ ǘƻ ōŜŘ ƘŜǘŜǊƻƎŜƴŜƛǘȅ ǿƘƛŎƘ ǇǊƻǾƛŘŜǎ ŦƻǊ ŀǉǳŀǝŎ 

ƻǊƎŀƴƛǎƳǎ ŀƴŘ ŜŎƻƭƻƎƛŎŀƭ ōŜƴŜŬǘǎΦ ¢ƻ Ŭƭƭ ǘƘƛǎ ƪƴƻǿƭŜŘƎŜ ƎŀǇΣ ƛǘ ƛǎ ŜǎǎŜƴǝŀƭ ǘƻ ŎƻƴŬǊƳ ǿƘŜǘƘŜǊ 

ǘƘŜǎŜ ǎŜŎƻƴŘŀǊȅ ōŜƴŜŬǘǎ ƘŀǾŜ ŀŘŘƛǝƻƴŀƭ ŀŘǾŀƴǘŀƎŜǎ ǘƘŀǘ Ŏŀƴ ōŜ ǳǎŜŘ ƛƴ ƅƻƻŘ ƳŀƴŀƎŜƳŜƴǘ 

ό.ŀǊƭƻǿ Ŝǘ ŀƭΦΣ нлмпύΦ ¢ƘŜ ǇǊŜǎŜƴǘ ǎǘǳŘȅ ǇǊƻǇƻǎŜǎ ǘƘŀǘ ²55 ƎŜƻƳƻǊǇƘƻƭƻƎƛŎ ŜũŜŎǘǎ ŀǊŜ 

ƛƴǘŜǊƳŜǎƘŜŘ ǿƛǘƘ ƘȅŘǊƻƭƻƎƛŎŀƭ ŜũŜŎǘǎΦ !ǎ ǎǳŎƘ ǿƘŜƴ ŘŜǎƛƎƴƛƴƎ ŀƴŘ ǇƭŀŎƛƴƎ ²55ǎ ŦƻǊ ƅƻƻŘ 

Ǌƛǎƪ ǇǳǊǇƻǎŜǎΣ ŎŀǊŜ Ƴǳǎǘ ōŜ ǘŀƪŜƴ ƻŦ ǘƘŜƛǊ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ƛƳǇŀŎǘǎ ŀǎ ǿŜƭƭ ŀǎ ǘƘŜƛǊ ƅƻƻŘ 

ŀǧŜƴǳŀǝƻƴ ŜũŜŎǘǎΦ ²55 ŜũŜŎǘǎ ƻƴ ŎƘŀƴƴŜƭ ƳƻǊǇƘƻƭƻƎȅ ƛǎ ǎƛǘŜ ǎǇŜŎƛŬŎ ŘŜǇŜƴŘƛƴƎ ǳǇƻƴ 

ŎŀǘŎƘƳŜƴǘ ǾŀǊƛŀōƭŜǎ ǎǳŎƘ ŀǎ ƭŀƴŘŎƻǾŜǊΣ ƎŜƻƭƻƎȅ ŀƴŘ ǾŀƭƭŜȅ ōƻǧƻƳ ǿƛŘǘƘ ό.ƭŀŎƪ Ŝǘ ŀƭΦΣ нлнмύΦ 

!ǎ ǾŀǊƛŀōƭŜ ǇŀǊŀƳŜǘŜǊǎ ŀǊŜ ǳƴƛǉǳŜ ǘƻ bCa ŎŀǘŎƘƳŜƴǘ ǎƛǘŜǎ ŀƴŘ Ŏŀƴ ǇǊŜǾŜƴǘ ǎǘŀƴŘŀǊŘƛǎŀǝƻƴ 

ƻŦ ŜƳǇƛǊƛŎŀƭ Řŀǘŀ ƻƴ ǇŜŀƪ ƅƻǿ ŀǧŜƴǳŀǝƻƴ ŀƴŘ ƅƻǿ ŀǧŜƴǳŀǘŜŘ ōȅ ²55ǎ ό{ŀƭŀȊŀǊ Ŝǘ ŀƭΦΣ нлмнΤ 

{ŜƴƛƻǊ Ŝǘ ŀƭΦΣ нлннύΣ ǘƻ ŜƭǳŎƛŘŀǘŜ ²55 ŜũŜŎǝǾŜƴŜǎǎΣ ǿƛǘƘ ŀƴȅ ŘŜƎǊŜŜ ƻŦ ŎƻƴŬŘŜƴŎŜΣ ŎŀǘŎƘƳŜƴǘ 

ǾŀǊƛŀōƭŜǎ ŀǘ ²ƛƭŘŜǊƘƻǇŜ ǿŜǊŜ ŎƻƴǎƛŘŜǊŜŘΦ ²55ǎ ǿŜǊŜ ǊŜǎŜŀǊŎƘŜŘ ǿƛǘƘƛƴ ǘƘŜ ǎǘǳŘȅ ǎƛǘŜ ƻƴ ŀ 
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ǳƴƛǉǳŜ ŎŀǘŎƘƳŜƴǘ ōŀǎƛǎ ǿƛǘƘ ŀ ǾƛŜǿ ǘƻ ƎŀǘƘŜǊƛƴƎ ƛƴŦƻǊƳŀǝƻƴ ƻƴ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ōŜƴŜŬǘǎ 

ŦƻǊ ƅƻƻŘ ƳŀƴŀƎŜƳŜƴǘ ŘŜǘŀƛƭǎ ƻŦ ǿƘƛŎƘ Ƴŀȅ ōŜ ǘǊŀƴǎŦŜǊǊŀōƭŜ ǘƻ ƻǘƘŜǊ ǎƛǘŜǎΦ 

¢ƘŜ ŀƛƳ ƻŦ ǘƘƛǎ ǎǘǳŘȅ ƛǎ ǘƻ ŀŘŘǊŜǎǎ ǘƘŜ ǊŜǎŜŀǊŎƘ ƎŀǇ ς ǘƘŜ ŜũŜŎǝǾŜƴŜǎǎ ƻŦ ²55ǎ ŀǎ ŀ bCa 

ǘŜŎƘƴƛǉǳŜ ƛƴ ǊŜŘǳŎƛƴƎ ǇŜŀƪ ŘƛǎŎƘŀǊƎŜ ŀǘ ǘƘŜ ŎŀǘŎƘƳŜƴǘ ǎŎŀƭŜ όbƎŀƛ Ŝǘ ŀƭΦΣ нлмтΣ DŀǇΥ нΦпΦуΦнΦύΦ 

¢ƘŜ ƻōƧŜŎǝǾŜ ƛǎ ǘƻ ǳƴŘŜǊǎǘŀƴŘ ǘƘŜ ǎŎŀƭŜ ŀƴŘ ƭƻŎŀǝƻƴ ƻŦ ŜũŜŎǝǾŜ ²55ǎ ŀƴŘ ŎƻƭƭŜŎǘ ǎƛǘŜπ

ǎǇŜŎƛŬŎ ŎŀǘŎƘƳŜƴǘ ŘŀǘŀΦ Lǘ ƛǎ ƛƴǘŜƴŘŜŘ ǘƻ ƛƴǾŜǎǝƎŀǘŜ ǿƘŜǘƘŜǊ ǘƘŜ ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ŀǘ ǘƘŜ 

ŬŜƭŘ ǎƛǘŜ ŜũŜŎǝǾŜƭȅ ŜƴƘŀƴŎŜŘ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎ ŦƻǊ bCa ǇǳǊǇƻǎŜǎ ŀƴŘ ƛƴǾŜǎǝƎŀǘŜŘ 

ǿƘŜǊŜ ōŜǎǘ ǘƻ ƭƻŎŀǘŜ ²55ǎ ŦƻǊ ǘƘŜ ŘŜǎƛǊŜŘ ŜũŜŎǘ ό{9t!Σ нлмрύΦ /ŀǘŎƘƳŜƴǘ ǾŀǊƛŀōƭŜǎ ǿƘƛŎƘ 

ƛƴƅǳŜƴŎŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ŎƘŀƴƎŜ ƛƴ ǊŜǎǇŜŎǘ ǘƻ ²55 ǇƭŀŎŜƳŜƴǘ ŀǊŜ ŀƴ ƛƳǇƻǊǘŀƴǘ ŎƻƴǎƛŘŜǊŀǝƻƴ 

ŜȄǇƭƻǊŜŘ ƛƴ ǘƘƛǎ ǎǘǳŘȅΦ 

 

5.2. Methodology 

Lƴ ǘƘƛǎ ǎǘǳŘȅΣ ŀ ǘŜƳǇƻǊŀƭ ǎŜǊƛŜǎ ƻŦ ƎŜƻǊŜŦŜǊŜƴŎŜŘ Řŀǘŀ ǿŀǎ ƛƳǇƭŜƳŜƴǘŜŘ ǳǎƛƴƎ ŀ ŎƻƳōƛƴŀǝƻƴ 

ƻŦ ǘƻǇƻƎǊŀǇƘƛŎ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǎΣ ŬŜƭŘ ǎǳǊǾŜȅ ŘŀǘŀΣ h{ ƳŀǇǇƛƴƎ όнлмтύ ŀƴŘ ŀ 5ƛƎƛǘŀƭ ¢ŜǊǊŀƛƴ 

aƻŘŜƭ ό5¢aύ όнлмтύ ǳǎƛƴƎ !ǊŎaŀǇ млΦрΦмΦ ¢ƻǇƻƎǊŀǇƘȅ ŀƴŘ ǊƛǾŜǊ ŘƛǎŎƘŀǊƎŜ ƎƻǾŜǊƴ ŎƘŀƴƴŜƭ 

ƘȅŘǊŀǳƭƛŎǎ ŀƴŘ ǳƭǝƳŀǘŜƭȅ ǎǇŀǝŀƭ ǇŀǧŜǊƴǎ ƻŦ ŜǊƻǎƛƻƴ ŀƴŘ ŘŜǇƻǎƛǝƻƴ ŀƴŘ ǘƘŜǊŜŦƻǊŜ ŎƘŀƴƴŜƭ 

ŎƘŀƴƎŜΦ [ƛǘŜǊŀǘǳǊŜ ǎǳǇǇƻǊǘǎ ǘƘŜ ǳǎŜ ƻŦ h{ ƳŀǇǎΣ [ƛƎƘǘ 5ŜǘŜŎǝƻƴ ŀƴŘ wŀƴƎƛƴƎ ǘŜŎƘƴƛǉǳŜǎ 

ό[L5!wύ ŘŀǘŀΣ ƅƻƻŘ ȊƻƴŜǎΣ ƭŀƴŘ ǳǎŜ ŀƴŘ ǘƻǇƻƎǊŀǇƘȅ ŀƴŘ DL{ ǘƻ ƛƴǾŜǎǝƎŀǘŜ ƘƛǎǘƻǊƛŎ 

ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ŎƘŀƴƴŜƭ ŀƴŘ ōŜǎǘ ǇǊŀŎǝŎŜ ƛƴ ŘŜǎƛƎƴ ŀƴŘ ŎƻƴǎǘǊǳŎǝƻƴ ƻŦ 

ŜƴƎƛƴŜŜǊŜŘ ²55ǎ ǘƻ ƛƳǇǊƻǾŜ ǘƘŜƛǊ ŜũŜŎǝǾŜƴŜǎǎΦ 

 

5.2.1. Site reconnaissance 

! ƳƛŘπǊŜŀŎƘ ǎǳǊǾŜȅ ǎƛǘŜ ǿŀǎ ǎŜƭŜŎǘŜŘ ǘƻ ŜƭǳŎƛŘŀǘŜ ǘŜƳǇƻǊŀƭ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŎƘŀƴƎŜǎ ǘƘŀǘ 

ƘŀǾŜ ƻŎŎǳǊǊŜŘ ƛƴ ²ƛƭŘŜǊƘƻǇŜ .ǊƻƻƪΦ ¢Ƙƛǎ ǎǘǳŘȅ ǊŜŀŎƘΣ ōŜƛƴƎ ƭƛƴŜŘ ǿƛǘƘ ŀƭŘŜǊΣ ƘƻƭƳ ƻŀƪΣ ŀǎƘ 

ŀƴŘ ƘŀȊŜƭ ŘƛŘ ƴƻǘ ƻōǎǘǊǳŎǘ ǘƘŜ CƛŜƭŘ ƻŦ ±ƛǎƛƻƴ όCƻ±ύ ƻŦ ŬŜƭŘ ŜǉǳƛǇƳŜƴǘ ŀƴŘ ŀƭƭƻǿŜŘ Ŝŀǎȅ ŀŎŎŜǎǎ 

ǳƴƭƛƪŜ ǘƘŜ ƭƻǿŜǊ ŀƴŘ ǳǇǇŜǊ ŎƻǳǊǎŜǎ ǿƘƛŎƘ ǿŜǊŜ ƭƛƴŜŘ ǿƛǘƘ ǎŜŀǎƻƴŀƭ ǾŜƎŜǘŀǝƻƴ ƻŦ ƘŀǿǘƘƻǊƴΣ 

ōǊŀƳōƭŜǎ ŀƴŘ ƴŜǧƭŜǎΦ ¢ƘŜ ŎƘƻǎŜƴ ǎǳǊǾŜȅƛƴƎ ƭƻŎŀǝƻƴ ǿŀǎ ōŀǎŜŘ ŀǊƻǳƴŘ ǘƘǊŜŜ ²55ǎ ƛƴ ǘƘŜ 

ƳƛŘπǊŜŀŎƘΣ ǿƛǘƘ ǘƘŜ ƳƛŘπǊŜŀŎƘ ǎƘƻǿƴ ƛƴ CƛƎǳǊŜ пΦо όǎŜŎǝƻƴ пΦмΦύΦ ¢ƘŜ ŎƘƻǎŜƴ ²55ǎ ǎŀǝǎŬŜŘ 
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ǘƘŜ ǘƘǊŜŜ ŎƭŀǎǎƛŬŎŀǝƻƴǎ ǇǊƻǇƻǎŜŘ ōȅ DǊŜƎƻǊȅ Ŝǘ ŀƭΦ όмфурύ ǘƘŀǘ ǿŀǎ ŘŜŬƴŜŘ ƛƴ ǎŜŎǝƻƴ нΦнΦнΦ 

¢ƘŜǎŜ ŘŜǎƛƎƴǎ ŀǊŜ ǊŜǇǊŜǎŜƴǘŀǝǾŜ ƻŦ ǘƘŜ ŜƴƎƛƴŜŜǊŜŘ ²55 ŦƻǊƳǎ ŀǘ ²ƛƭŘŜǊƘƻǇŜ .ǊƻƻƪΦ 

 

5.2.2. Sampling 

¢ƻ ŜƴŀōƭŜ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ƎŜƻƳƻǊǇƘƛŎ ŎƘŀƴƎŜ ǿƛǘƘƛƴ ǘƘŜ ǎǘǳŘȅ ǊŜŀŎƘΣ ŀ ŬŜƭŘ ǎǳǊǾŜȅ ƻŦ ǘƘŜ 

ƳƛŘπǊŜŀŎƘ ǿŀǎ ŎƻƴŘǳŎǘŜŘΣ ǿƛǘƘ ǘƘŜ ŎƻƴǎǘǊǳŎǝƻƴ ƻŦ мп ŎǊƻǎǎπǎŜŎǝƻƴǎΣ ŀ ǇƭŀƴŦƻǊƳ ŀƴŘ ŀ 

ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜ όCƛƎǳǊŜ рΦмύΦ ! ǊŜŀŎƘ ƛǎ ŘŜŬƴŜŘ ŀǎ ōŜƛƴƎ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭƭȅ ƘƻƳƻƎŜƴŜƻǳǎ 

ό9ȅǉǳŜƳΣ нллтύΦ ¢ƻ ŜƴŎŀǇǎǳƭŀǘŜ ǘƘŜ ƳƻǊǇƘƻƭƻƎƛŎ ŘƛǾŜǊǎƛǘȅ ǿƛǘƘƛƴ ǘƘŜ ǊŜŀŎƘΣ ŀ ƭŜƴƎǘƘ ƻŦ ǎǘǊŜŀƳ 

ǿƛǘƘ ǎƛƳƛƭŀǊ ŎƘŀƴƴŜƭ ƎǊŀŘƛŜƴǘΣ ŦƻǊƳ ŀƴŘ ōŜŘ ŀƴŘ ōŀƴƪ ŎƻƳǇƻǎƛǝƻƴ ǿŀǎ ŎƘƻǎŜƴΦ Lǘ ƛǎ ǎǳƎƎŜǎǘŜŘ 

ǘƘŀǘ ǊŜŀŎƘŜǎ ǎƘƻǳƭŘ ŜȄǘŜƴŘ ǘƻ ŀ ƭŜƴƎǘƘ ŜǉǳƛǾŀƭŜƴǘ ǘƻ ол ǝƳŜǎ ōŀƴƪŦǳƭƭ ǎǘŀƎŜ ǿƛŘǘƘ ό{ƛƳƻƴ ŀƴŘ 

/ŀǎǘǊƻΣ нллоύΦ CƛŜƭŘ ǎǳǊǾŜȅ ƳƻǊǇƘƻƭƻƎȅ ƻŦ ǘƘŜ ŀǊŜŀ όнлмфύ ǿŀǎ ŎƻƳǇŀǊŜŘ ǘƻ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǇƛƴƎ 

όмфорΣ мффр ŀƴŘ нлмтύ ǘƻ ŜȄŀƳƛƴŜ ƛŦ ŀƴŘ Ƙƻǿ ŎƘŀƴƴŜƭ ǎƛƴǳƻǎƛǘȅ Ƙŀǎ ŎƘŀƴƎŜŘΦ LƴπŎƘŀƴƴŜƭ 

²55ǎ ƘŀǾŜ ǘƘŜ ǇƻǘŜƴǝŀƭ ǘƻ ǘǊƛƎƎŜǊ ŎƘŀƴƎŜǎ ƛƴ ŎƘŀƴƴŜƭ ǇƭŀƴŦƻǊƳ ōȅ ŘŜƅŜŎǝƴƎ ƅƻǿǎ ŀƴŘ 

ŜǊƻŘƛƴƎ ƻǇǇƻǎƛǘŜ ōŀƴƪǎΣ ŜƴŎƻǳǊŀƎƛƴƎ ƛƴŎǊŜŀǎŜŘ ŎƘŀƴƴŜƭ ǎƛƴǳƻǎƛǘȅΦ ²ƛǘƘƻǳǘ ƳŜŀƴŘŜǊǎ ǘƘŜ 

ǎǘǊŜŀƳ ƭŜƴƎǘƘ ƛǎ ǎƘƻǊǘŜƴŜŘΣ ŀƴŘ ǘƘŜ ƎǊŀŘƛŜƴǘ ǎǘŜŜǇŜƴŜŘΣ ǿƘƛŎƘ Ŏŀƴ ƭŜŀŘ ǘƻ ƘƛƎƘŜǊ ǿŀǘŜǊ 

ǾŜƭƻŎƛǝŜǎ ŀƴŘ ǇƻǘŜƴǝŀƭƭȅ ƎǊŜŀǘŜǊ ŘƻǿƴǎǘǊŜŀƳ ƅƻƻŘƛƴƎ ό9ƭƭƛǎπ{ǳƎŀƛ ŀƴŘ DƻŘǿƛƴΣ нллнύΦ 

9ȄŀƳƛƴƛƴƎ ŎƘŀƴƴŜƭ ŎƘŀƴƎŜ ƛƴ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǎ ŀŎǘŜŘ ŀǎ ŀ ŎƻƴǘǊƻƭ ŦƻǊ ŘŜǘŜǊƳƛƴƛƴƎ Ƙƻǿ ƛƴǎǘŀƭƭŜŘ 

²55ǎ ƘŀǾŜ ŀũŜŎǘŜŘ ŎƘŀƴƴŜƭ ƳƻǊǇƘƻƭƻƎȅΦ ! ŎƻƳōƛƴŀǝƻƴ ƻŦ ƎǊƻǳƴŘπōŀǎŜŘ ǎǳǊǾŜȅΣ ƘƛǎǘƻǊƛŎŀƭ 

ƳŀǇǇƛƴƎ ŀƴŘ ǊŜƳƻǘŜ ǎǳǊǾŜȅ ǘŜŎƘƴƻƭƻƎƛŜǎ ǿŜǊŜ ŀŘƻǇǘŜŘ ƘŀǾƛƴƎ ǘƘŜ ŀŘǾŀƴǘŀƎŜ ƻŦ ǇǊƻǾƛŘƛƴƎ 

Řŀǘŀ ƻŦ ǘƘŜ ŜƴǝǊŜ ǎǘǳŘȅ ŀǊŜŀ ŀƴŘ ƻǾŜǊ ŀ ǊŜƭŀǝǾŜƭȅ ƭƻƴƎ ǎǘǳŘȅ ŘǳǊŀǝƻƴΦ  
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Figure 5.1: Three dimensions (3D) of the river channel: a) the cross-section, b) planform and c) long-
profile. These dimensions relate to the discharge and sediment transport. In the field bankfull refers 
to the break of slope between the riverbanks and the adjacent farmland. Pools and riffles are 
fundamental features of stream morphology affecting the shape, location and direction of the channel 
temporally. (Sear et al., 2004).  
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{ŜǾŜǊŀƭ ǎǘǳŘƛŜǎ ƘŀǾŜ ǊŜǎŜŀǊŎƘŜŘ ŎƘŀƴƴŜƭ ǇƭŀƴŦƻǊƳ ŎƘŀƴƎŜǎ ǎǳŎƘ ŀǎ ǿƛŘǘƘΣ ƳƛƎǊŀǝƻƴ ŀƴŘ 

ǎƛƴǳƻǎƛǘȅ ōŀǎŜŘ ƻƴ ǘƻǇƻƎǊŀǇƘƛŎ ƳŀǇǎ ǳǎƛƴƎ ŀŜǊƛŀƭ ǇƘƻǘƻƎǊŀǇƘǎΣ ŬŜƭŘ ǎǳǊǾŜȅǎ ŀƴŘ ŦǊƻƳ ǎŀǘŜƭƭƛǘŜ 

ƛƳŀƎŜǊȅ ό¸ŀƻ Ŝǘ ŀƭΦΣ нлмоΤ aŀƎƭƛǳƭƻΣ нлмсύΦ ¢ƘƻǳƎƘ ǊŜǎŜŀǊŎƘ Ƙŀǎ ŜȄŀƳƛƴŜŘ ǘƻǇƻƎǊŀǇƘƛŎŀƭ 

ŎƘŀƴƴŜƭ ŎƘŀƴƎŜǎ ǘƘǊƻǳƎƘ ŀ ŎƻƳōƛƴŀǝƻƴ ƻŦ ǊŜŎŜƴǘ ŬŜƭŘ ǎǳǊǾŜȅƛƴƎΣ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǎ ŀƴŘ 5¢a 

ƳŜǊƎƛƴƎ ǘƻ ƘƻƳŜ ƛƴ ƻƴ ƳƻǊǇƘƻƭƻƎƛŎ ŎƘŀƴƎŜǎ ƛƴ ǘƘŜ ōŜŘŦƻǊƳΣ ŦŜǿŜǊ ǎǘǳŘƛŜǎ ƘŀǾŜ ƛƴǾŜǎǝƎŀǘŜŘ 

ƻƭŘŜǊ ŜǾƻƭǳǝƻƴŀǊȅ ǘƻǇƻƎǊŀǇƘƛŎŀƭ ŎƘŀƴƎŜǎ ǘƻ Ǝŀƛƴ ƎǊŜŀǘŜǊ ǳƴŘŜǊǎǘŀƴŘƛƴƎ ƻŦ ǊŜŎŜƴǘ 

ŜǾƻƭǳǝƻƴŀǊȅ ŎƘŀƴƎŜǎ ŎŀǳǎŜŘ ōȅ ²55ǎΦ 5Ŝǘŀƛƭǎ ƻŦ ƳŜǘƘƻŘƻƭƻƎƛŜǎ ŀƴŘ ǇǊƻǘƻŎƻƭǎ ŦƻƭƭƻǿŜŘ ŀǊŜ 

ƎƛǾŜƴ ƛƴ ǎǘǳŘƛŜǎ ǎǳŎƘ ŀǎΥ ²ŀƭƭŜǊǎǘŜƛƴ ŀƴŘ ¢ƘƻǊƴŜ όмффтύΦ [ƛǘŜǊŀǘǳǊŜ ǎȅƴƻǇǎƛǎ ό!ǇǇŜƴŘƛȄ Dύ ƎƛǾŜǎ 

ƛƴŘƛŎŀǝƻƴ ƻŦ ǎƛƳƛƭŀǊ ƳŜǘƘƻŘƻƭƻƎƛŜǎ ŜƳǇƭƻȅŜŘΦ 

 

5.2.3. Surveying 

! ŬŜƭŘ ǎǳǊǾŜȅ ǿŀǎ ŎƻƴŘǳŎǘŜŘ ƻǾŜǊ м ǿŜŜƪ ōŜǘǿŜŜƴ ммπмрǘƘ CŜōǊǳŀǊȅ нлмф ŦƻŎǳǎƛƴƎ ƻƴ ǘƘŜ 

ƳƛŘπǊŜŀŎƘ ǎǘǳŘȅ ŀǊŜŀΦ ¢ƘŜ ŎƻƴǘǊƻƭ Ǉƻƛƴǘ ǿŀǎ ƎŜƻπǇƻǎƛǝƻƴŜŘ ŀƴŘ ƎŜƻπǊŜŦŜǊŜƴŎŜŘ ǳǎƛƴƎ ŀ 

½ŜƴƛǘƘнр tǊƻп {ŜǊƛŜǎ Db{{ ǊŜŎŜƛǾŜǊ ǎǳǇǇƻǊǝƴƎ Dt{ ƻŦ ǎǘŀǝŎ ƘƻǊƛȊƻƴǘŀƭ ŀŎŎǳǊŀŎȅ ƻŦ о ƳƳ ŀƴŘ 

ŀ ǎǘŀǝŎ ǾŜǊǝŎŀƭ ŀŎŎǳǊŀŎȅ ƻŦ р ƳƳΦ ¢ƘŜ ǘǊƛǇƻŘ ƘŜŀŘ ǿŀǎ ƭŜǾŜƭƭŜŘ ōŜŦƻǊŜ ŀǧŀŎƘƛƴƎ ǘƘŜ ¢ǊƛƳōƭŜ 

aо aŀƴǳŀƭ ¢ƻǘŀƭ ǎǘŀǝƻƴ όŘƛǎǘŀƴŎŜ ŀŎŎǳǊŀŎȅΥ ҕлΦллм ƳΤ ŀƴƎƭŜ ŀŎŎǳǊŀŎȅΥ лΦн ƳƎ π лΦр ƳƎύΦ ¢ƻ 

ŜƴǎǳǊŜ ŀŎŎǳǊŀŎȅ ƻŦ ǎǳǊǾŜȅŜŘ ǊŜŀŘƛƴƎǎΣ ǘƘŜ ǘƻǘŀƭ ǎǘŀǝƻƴ ǿŀǎ ǇǊŜŎƛǎŜƭȅ ŀƭƛƎƴŜŘ ƻǾŜǊ ǘƘŜ ŎƻƴǘǊƻƭ 

Ǉƻƛƴǘ ǳǎƛƴƎ ŀƴ ƻǇǝŎŀƭ ǇƭǳƳƳŜǘΦ ¦Ǉƻƴ ǎŜǩƴƎ ǳǇ ǘƘŜ ǘƻǘŀƭ ǎǘŀǝƻƴΣ ǘƘŜ ƎŜƻπǊŜŦŜǊŜƴŎŜŘ ŎƻƴǘǊƻƭ 

Ǉƻƛƴǘ ǿŀǎ ƛƴǇǳǘ ƛƴǘƻ ǘƘŜ ǘƻǘŀƭ ǎǘŀǝƻƴ ƛƴǘŜǊƴŀƭ ƳŜƳƻǊȅΦ CƛƴŀƭƭȅΣ ǘƘŜ ǘƻǘŀƭ ǎǘŀǝƻƴ ǿŀǎ ŦƻŎǳǎŜŘ 

ǳǇƻƴ ŀ Řƛǎǘŀƴǘ ƻōƧŜŎǘ ŎƭƻǎŜ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ŀǊŜŀ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ǘƻ ǎƘŀǊǇŜƴ ǘƘŜ ƛƳŀƎŜ ŀƴŘ ǊŜŘǳŎŜ 

ǇŀǊŀƭƭŀȄ ŜǊǊƻǊΦ 

! ǎŜŎƻƴŘ ǘŜŀƳ ƳŜƳōŜǊ ǿŀǎ ŘŜǎƛƎƴŀǘŜŘ ǘƘŜ ǘŀǎƪ ƻŦ ǿŀƭƪƛƴƎ ŀƭƻƴƎ ǘƘŜ ŎŜƴǘǊŜƭƛƴŜ όƭŜƴƎǘƘΥ 

мутΦлу Ƴύ ƘƻƭŘƛƴƎ ǘƘŜ ǊŜƅŜŎǘƻǊΦ ¢ƘŜ ǊŜƅŜŎǘƻǊ ǿŀǎ ǇƻǎƛǝƻƴŜŘ ŀǘ мнл Ǉƻƛƴǘǎ Řƻǿƴ ǘƘŜ 

ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜΦ CƻǳǊǘŜŜƴ ǘǊŀƴǎŜŎǘǎΣ ǿŜǊŜ ŜǎǘŀōƭƛǎƘŜŘ ǳǎƛƴƎ ǎǘŀƪŜǎ ǇŜǊǇŜƴŘƛŎǳƭŀǊ ǘƻ ǘƘŜ 

ŎƘŀƴƴŜƭΦ ¢ǊŀƴǎŜŎǘǎ ǿŜǊŜ ǇƻǎƛǝƻƴŜŘ ғнл. ŦǊƻƳ ŜŀŎƘ ƻǘƘŜǊ ǘƻ ƛƳǇǊƻǾŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǊŜǎƻƭǳǝƻƴΣ 

ǇǊŜŎƛǎƛƻƴ ŀƴŘ ŦǳǊǘƘŜǊ ŜƴƘŀƴŎŜ ƎŜƻƳƻǊǇƘƛŎ ŀƴŀƭȅǎƛǎ ό{ŀƳǳŜƭǎΣ мффлύΦ ¢ƻ ŜƴƘŀƴŎŜ ǇǊŜŎƛǎƛƻƴ ǘƘŜ 

ǊŜƅŜŎǘƻǊ ǿŀǎ ǇƭŀŎŜŘ ŀǘ р ǎǘǊŀǝŬŜŘ ƛƴǘŜǊǾŀƭǎ ŀŎǊƻǎǎ ǘƘŜ ǿŜǘ ǿƛŘǘƘΣ ŘƛǎǘŀƴŎŜ ŘŜǇŜƴŘƛƴƎ ǳǇƻƴ 

ŎƘŀƴƴŜƭ ǎƛȊŜΣ ǘƘŜƴ н Ȅ м ƳΣ п Ȅ р Ƴ ŀƴŘ о Ȅ мл Ƴ ƛƴǘŜǊǾŀƭǎ ǳǇ ǘƘŜ ōŀƴƪ ǎƛŘŜǎ ŀƴŘ ŀŎǊƻǎǎ ǘƘŜ 

ƅƻƻŘ Ǉƭŀƛƴ όCƛƎǳǊŜ рΦнύΦ 
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Figure 5.2: Schema showing positions of reflector in a channel without obstacles obstructing total 
station view to the reflector. 

 

5.2.4. Global information systems 

5.2.4.1. Online acquisition and processing of data 

9ƴǾƛǊƻƴƳŜƴǘŀƭ {ȅǎǘŜƳǎ wŜǎŜŀǊŎƘ LƴǎǝǘǳǘŜ ό9{wLύΣ !ǊŎDL{Σ !ǊŎaŀǇ млΦрΦм ŀƭƭƻǿŜŘ ŘƛƎƛǘŀƭ 

ƛƴǘŜǊŦŀŎŜ ƎŜƻǇǊƻŎŜǎǎƛƴƎ ǘƻ ŀƴŀƭȅǎŜ ǇŀǧŜǊƴǎΣ ƛŘŜƴǝŦȅ ǊŜƭŀǝƻƴǎƘƛǇǎ ŀƴŘ ƻǳǘƭƛŜǊǎ ŀƴŘ ŀƭƭƻǿŜŘ 

ŎƻƴŎŜǇǘǳŀƭƛǎŀǝƻƴ ƻŦ ŎƻƭƭŜŎǘŜŘ ŘŀǘŀΦ ¢Ƙƛǎ ƎŜƻπǇǊƻŎŜǎǎƛƴƎ ǘƻƻƭ ŜƴŀōƭŜŘ ŎƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ 

ŘƛũŜǊŜƴǘ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǎ ŀƴŘ ŎƻƭƭŜŎǘŜŘ ŬŜƭŘ ŘŀǘŀΣ ōŜǘǿŜŜƴ 5¢aǎ ŀƴŘ ŎƻƭƭŜŎǘŜŘ ŬŜƭŘ Řŀǘŀ ŀƴŘ 

ŎƻƴǎǘǊǳŎǝƻƴ ƻŦ ŀ ŎŀǘŎƘƳŜƴǘ ƎŜƻƭƻƎƛŎŀƭ ƳŀǇ ŀƭƻƴƎ ǿƛǘƘ ŀ ŎƻƴǘƻǳǊ ƳŀǇΦ !ŘŘƛǝƻƴŀƭƭȅΣ !ǊŎDL{ 

ƻƴƭƛƴŜ ǇǊƻǾƛŘŜŘ ŀ ŎƭƻǳŘπōŀǎŜŘ ƳŀǇǇƛƴƎ ǇƭŀǜƻǊƳ ǘƘŀǘ ŜƴŀōƭŜŘ о5 ŀƴŀƭȅǎƛǎ ǘƻ ƛŘŜƴǝŦȅ 

ŎŀǘŎƘƳŜƴǘ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ŀƴŘ ŜȄǘŜƴǘΣ ǿƘƛŎƘ ǿŀǎ ǘƘŜƴ ƛƳǇƻǊǘŜŘ ƛƴǘƻ !ǊŎaŀǇΦ 

95Lb!Σ 5ƛƎƛƳŀǇ ŀƭƭƻǿŜŘ ŀƴ ƛƴǘŜǊŦŀŎŜ ǘƻ ōǊƻǿǎŜ ŀƴŘ ŀŎǉǳƛǊŜ ƘƛǎǘƻǊƛŎŀƭΣ ŎƻƴǘŜƳǇƻǊŀǊȅ h{Σ 

ƎŜƻƭƻƎƛŎŀƭ ōŀǎŜ ƳŀǇǎ ŀƭƻƴƎ ǿƛǘƘ ŎƻƴǘƻǳǊ ŘŀǘŀǎŜǘǎΦ ¢ƘŜ 95Lb! ƻƴƭƛƴŜ ǇƻǊǘŀƭ ǇǊƻǾƛŘŜŘ ŀ ǎƛƳǇƭŜ 

ǎŜŀǊŎƘ ŦŜŀǘǳǊŜ ǘƻ ŜƴŀōƭŜ ƴŀǾƛƎŀǝƻƴ ǘƻ ǘƘŜ !ǊŜŀ ƻŦ LƴǘŜǊŜǎǘ ό!ƻLύ ό²ƛƭŘŜǊƘƻǇŜΣ {ƘǊƻǇǎƘƛǊŜύΣ 

Řŀǘŀ ŀŎǉǳƛǎƛǝƻƴ ŀƴŘ ŘƻǿƴƭƻŀŘ ŦŀŎƛƭƛǘȅ ŦƻǊ DL{ ǇǊƻŎŜǎǎƛƴƎΦ  

р Ŝǉǳŀƭ ŘƛǎǘŀƴŎŜǎ 

н Ȅ м Ƴ ŘƛǎǘŀƴŎŜǎ 

п Ȅ р Ƴ ŘƛǎǘŀƴŎŜǎ 

о Ȅ мл Ƴ ŘƛǎǘŀƴŎŜǎ 
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59Cw! Řŀǘŀ ǎŜǊǾƛŎŜ ǇƭŀǜƻǊƳ ƛǎ ŀƴ ΨŀǇǇƭƛŎŀǝƻƴ ǇǊƻŎŜǎǎƛƴƎ ƛƴǘŜǊŦŀŎŜ ό!tLύ ǿƘƛŎƘ ƻũŜǊŜŘ ŀ 

ƳŜǘƘƻŘ ƻŦ ŀŎŎŜǎǎƛƴƎ ŀƴŘ ŘƻǿƴƭƻŀŘƛƴƎ ƻǇŜƴƭȅ ŀǾŀƛƭŀōƭŜ ŘŀǘŀΦ ¢Ƙƛǎ ǇƭŀǜƻǊƳ ǿŀǎ ǳǎŜŘ ǘƻ 

ŀŎǉǳƛǊŜ ŀƴ 9! [L5!w ŎƻƳǇƻǎƛǘŜ ŘƛƎƛǘŀƭ ǎǳǊŦŀŎŜ ƳƻŘŜƭ ό5{aύ όнлмтύΦ 

¢ƻ ŜƴŀōƭŜ ǊŜƳƻǘŜ ǎŜƴǎƛƴƎ ŎƭŀǎǎƛŬŎŀǝƻƴ ƻŦ ƭŀƴŘŎƻǾŜǊ ǘƻ ŘŜǇƛŎǘ ǎǇŀǝŀƭ ǾŀǊƛŀƴŎŜǎ ƛƴ ǎŜŘƛƳŜƴǘ 

ȅƛŜƭŘǎΣ ¦ƴƛǘŜŘ {ǘŀǘŜǎ DŜƻƭƻƎƛŎŀƭ {ǳǊǾŜȅ ό¦{D{ύ ŘŀǘŀǎŜǘǎ ǿŜǊŜ ŀŎǉǳƛǊŜŘΦ ¢ƘŜ Řŀǘŀ ǎŜǊǾƛŎŜ 

ǇƭŀǜƻǊƳΣ ¦{D{ Ǝƭƻōŀƭ ǾƛǎǳŀƭƛȊŀǝƻƴ ǾƛŜǿŜǊ όDƭƻ±ƛǎύ ŀƭƭƻǿŜŘ ŀ ŘŀǘŀǎŜǘ ƭƛōǊŀǊȅ ǎŜŀǊŎƘΣ 

ŀǇǇƭƛŎŀǝƻƴ ƻŦ ǎŜŀǊŎƘ ŎǊƛǘŜǊƛŀ ŀƴŘ ŘƻǿƴƭƻŀŘ ŦŀŎƛƭƛǝŜǎ ŦƻǊ ŀŎǉǳƛǎƛǝƻƴ ƻŦ ǊŜƳƻǘŜ ǎŜƴǎƛƴƎ ŘŀǘŀΦ 

 

5.2.4.2. Historical 

¢ƻ ŀƴŀƭȅǎŜ ǎǇŀǝƻπǘŜƳǇƻǊŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ƭƻǿŜǊ ŎƻǳǊǎŜΣ ǘǿƻ ƘƛƎƘ ŘŜŬƴƛǝƻƴ όмΥнрллύ ƳŀǇǎ 

ǿŜǊŜ ŎƘƻǎŜƴΥ ŀ нƴŘ ǊŜǾƛǎƛƻƴ /ƻǳƴǘȅ {ŜǊƛŜǎ όмфорύ ŀƴŘ мǎǘ ŜŘƛǝƻƴ bŀǝƻƴŀƭ DǊƛŘ όмффрύΣ 

ǇǊƻǾƛŘƛƴƎ ŘŜǘŀƛƭŜŘ ƘƛǎǘƻǊƛŎŀƭ ōŀǎŜ ƳŀǇǎ ǿƘŜǊŜōȅ ƪŜȅ ŦŜŀǘǳǊŜǎ ŀƴŘ Ǉƻƛƴǘǎ ƻŦ ƛƴǘŜǊŜǎǘ ŎƻǳƭŘ ōŜ 

ŜȄǘǊŀŎǘŜŘΦ ¢ƻ ƳŀƪŜ ŎƻƳǇŀǊƛǎƻƴ ǘƻ ǘƘŜ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǎΣ ŀ ƘƛƎƘ ŘŜŬƴƛǝƻƴ όмΥмлллύ h{ 

ƳŀǎǘŜǊƳŀǇ όнлмтύ ǿŀǎ ŀŘŘƛǝƻƴŀƭƭȅ ǎŜƭŜŎǘŜŘΦ ²ƛǘƘƛƴ ƘƛǎǘƻǊƛŎ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ǎǘǳŘƛŜǎΣ ƳŀǇ 

ǎƻǳǊŎƛƴƎ ǘŜƴŘǎ ǘƻ ōŜ ǊŜǎǘǊƛŎǘŜŘ ǘƻ Ғ млл ȅŜŀǊǎ ōŜŦƻǊŜ ǇǊŜǎŜƴǘ ŀǎ ŀƭǘƘƻǳƎƘ ŜŀǊƭƛŜǊ ƳŀǇǎ ŜȄƛǎǘ 

ǘƘŜǊŜ ƛǎ ǊŜŘǳŎŜŘ ǇǊŜŎƛǎƛƻƴ ǿƘƛŎƘ ƎŜƴŜǊŀƭƭȅ Ŝƴǘŀƛƭǎ ŀ ƭŀǊƎŜǊ ǊŜǎƻƭǳǝƻƴ όWŀƳŜǎ Ŝǘ ŀƭΦΣ нлмнύΦ Lƴ 

ǘƘŜ ƭƻǿŜǊ ǎŜŎǝƻƴΣ ŀƭƭ ǊŜǉǳƛǊŜŘ ōŀǎŜ ƳŀǇǎ ƛƴŎƭǳŘƛƴƎ ŀ όмΥнрллύ нƴŘ ǊŜǾƛǎƛƻƴ /ƻǳƴǘǊȅ ǎŜǊƛŜǎ 

όмфорύΣ ŀ όмΥнрллύ мǎǘ ŜŘƛǝƻƴ bŀǝƻƴŀƭ DǊƛŘ όмффрύ ŀƴŘ ŀ όмΥмлллύ h{ ƳŀǎǘŜǊƳŀǇ όнлмтύ ǿŜǊŜ 

ŎƻƳǇŀǊŜŘΦ 

 

5.2.4.3. Topographical change 

¢ƻ ŎƻƴǎǘǊǳŎǘ ŀ ǇǊŜŎƛǎŜ 5{a ƻŦ ²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ŎŀǘŎƘƳŜƴǘ ŀ [L5!w ǘŜŎƘƴƛǉǳŜΣ ǿƘƛŎƘ ǳǎŜǎ ŀ 

ǝƳŜ ƻŦ ƅƛƎƘǘ ƭŀǎŜǊ όрлл aƘȊύ ǘƻ ƳŜŀǎǳǊŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ǘƘŜ ŎŀƳŜǊŀ ǘƻ ǘƘŜ ǘŀǊƎŜǘ ǿŀǎ ǳǎŜŘ 

ό¦Y DƻǾŜǊƴƳŜƴǘΣ нлнмŀύΦ ¢Ƙƛǎ ƭŀǎŜǊ Ŏŀƴƴƻǘ Ŝŀǎƛƭȅ ǇŜƴŜǘǊŀǘŜ ǎǳǊŦŀŎŜ ǿŀǘŜǊ ƳŜŀƴƛƴƎ ǿŀǘŜǊ 

ŎƻǾŜǊŜŘ ŎƘŀƴƴŜƭ ōŀǘƘȅƳŜǘǊȅ Ƴŀȅ ƴƻǘ ƎŜƴŜǊŀǘŜ ŀ ǇǊŜŎƛǎŜ ǊŜŀƭπǿƻǊƭŘ ŎƻƳǇŀǊƛǎƻƴ ό.ŜǘǎƘƻƭǘȊ 

ŀƴŘ bƻǊŘƭǀŦΣ нлмтύΦ ¢ƻ ŀŎŎƻǳƴǘ ŦƻǊ ǘƘƛǎΣ ŀ 5{a ǿŀǎ ŀŎǉǳƛǊŜŘ ŘǳǊƛƴƎ ŀ ŘǊȅ ǇŜǊƛƻŘ ǿƛǘƘ ƭƻǿ 

ŘƛǎŎƘŀǊƎŜ ƛƴ ǘƘŜ ŎƘŀƴƴŜƭΦ [L5!w ŀŎǉǳƛǎƛǝƻƴ ƻŦ 5{a Řŀǘŀ ǇǊƻǾƛŘŜǎ ŀ ƘƛƎƘŜǊ ƭŜǾŜƭ ƻŦ ŘŜǘŀƛƭ 

ŎƻƳǇŀǊŜŘ ǘƻ ǘǊŀŘƛǝƻƴŀƭ ƳŜǘƘƻŘǎ ƻŦ ŎƻƴǎǘǊǳŎǝƴƎ 5{aǎ όaŀǊǎǘƻƴΣ мфунΤ 95Lb!Σ нлнмύΦ [L5!w 



129 
 

ǇǊŜŎƛǎƛƻƴ ƛǎ ŘŜǇŜƴŘŜƴǘ ƻƴ ŎŀƳŜǊŀ ǊŜǎƻƭǳǝƻƴ ŀƴŘ ǝƳŜ ƻŦ ƅƛƎƘǘ ŘƛǎǘŀƴŎŜ ŀƴŘ ŦƻǊ ǘƘŜ ǇǊŜǎŜƴǘ 

ǎǘǳŘȅΣ ǘƘŜ ǎŜƭŜŎǘŜŘ 5{a ŘƛǎǇƭŀȅŜŘ ŀ н Ƴ ǎǇŀǝŀƭ ǊŜǎƻƭǳǝƻƴ ǿƛǘƘ ŀ Ȋ ŀŎŎǳǊŀŎȅ ƻŦ ҕлΦмр Ƴ wa{9 

ό9ǉǳŀǝƻƴ рΦмύ ό¦Y DƻǾŜǊƴƳŜƴǘΣ нлнмŀύΦ 

 

ὙὓὛὉ
ᾀǶ ᾀǶ

ὲ
 (5.1) 

Equation 5.1 calculated the Root Mean Square Errors (RMSE) for vertical (z) direction. This equation 
requires the Number of samples (nu), expected vertical values (ᾀǶ) and observed vertical values (Zi). 

 

!ƭƎƻǊƛǘƘƳǎ ŀƴŘ Ƴŀƴǳŀƭ ŜŘƛǝƴƎ ƻŦ Řŀǘŀ ŜƴŀōƭŜŘ ŎƻƴǾŜǊǎƛƻƴ ƻŦ 5{aǎ ƛƴǘƻ 5¢aǎ ό9ƴǾƛǊƻƴƳŜƴǘ 

!ƎŜƴŎȅΣ нлннŀύΦ !ƭƎƻǊƛǘƘƳǎ ŀǊŜ ŀǇǇƭƛŜŘ ǘƻ ǊŜƳƻǾŜ ǳƴǿŀƴǘŜŘ ǎǳǊŦŀŎŜ ƻōƧŜŎǘǎ Ŝŀǎƛƭȅ ŀƴŘ ǉǳƛŎƪƭȅ 

ŀƴŘ ǇǊŜǾŜƴǘ ǘƘŜ ƴŜŜŘ ŦƻǊ Ƴŀƴǳŀƭ ǊŜƳƻǾŀƭ ƻŦ ǎƛƴƎƭŜ ǘǊŜŜǎΦ IƻǿŜǾŜǊΣ ŀƭƎƻǊƛǘƘƳǎ ǎǳŎƘ ŀǎ DǊƻǳƴŘ 

ǇǊƻƻŬƴƎ ƘŀǾŜ ōŜŜƴ ǎƘƻǿƴ ǘƻ ǊŜŘǳŎŜ ŀǾŜǊŀƎŜ ŎƻǊǊŜŎǘƴŜǎǎ ōȅ ф҈ όaƻǳǎŀ Ŝǘ ŀƭΦΣ нлнмύΦ !ǎ 

²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ƳƛŘ ǊŜŀŎƘ ǇŀǎǎŜǎ ǘƘǊƻǳƎƘ ŀǊŀōƭŜ ƭŀƴŘΣ ǘƘŜǊŜ ƛǎ ǎǇŀǊǎŜ ǘǊŜŜ ŎƻǾŜǊ ƻǳǘǎƛŘŜ 

ǘƘŜ ǊƛǇŀǊƛŀƴ ŎƻǊǊƛŘƻǊΦ ²ƛǘƘƛƴ ǘƘŜ ǊƛǇŀǊƛŀƴ ŎƻǊǊƛŘƻǊΣ ǾŜƎŜǘŀǝƻƴ ōŜŎƻƳŜǎ ŘŜƴǎŜǊ ŀƴŘ ǘƘŜǊŜŦƻǊŜΣ 

ŀƭƎƻǊƛǘƘƳǎ ǿŜǊŜ ƴƻǘ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ǿƘƻƭŜ ŎŀǘŎƘƳŜƴǘ ōǳǘ ƛƴǎǘŜŀŘ Ƴŀƴǳŀƭ ŜŘƛǝƴƎ ǿŀǎ ǳǎŜŘΦ  

¢ƘŜ ƳŀǇǇƛƴƎ ŀƴŘ ǎǇŀǝŀƭ ŀƴŀƭȅǎƛǎ ǎƻƊǿŀǊŜΣ !ǊŎDL{ tǊƻ нΦфΦлΦ ǿŀǎ ǳǎŜŘ ǘƻ ŘŜǊƛǾŜ ǘƘŜ 5¢a ŦǊƻƳ 

ǘƘŜ 5{a όCƛƎǳǊŜ рΦоύΦ ¢ƻ ƛŘŜƴǝŦȅ ǳƴǿŀƴǘŜŘ ǾŜƎŜǘŀǝƻƴ ƭƻŎŀǘŜŘ ƛƴ ²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ōǳũŜǊ 

ǎǘǊƛǇΣ ŘƛũŜǊŜƴǘ ŎƻƭƻǳǊŜŘ ǎƘŀŘŜŘ ǊŜƭƛŜŦǎ ǿŜǊŜ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ǊŀǎǘŜǊ ƛƳŀƎŜΦ ¢ƻ ǊŜŎƭŀǎǎƛŦȅ ǇƛȄŜƭǎΣ 

ǊŜƎƛƻƴǎ ŀƴŘ ƻōƧŜŎǘǎΣ ǘƘŜ tƛȄŜƭ 9ŘƛǘƻǊ ǘƻƻƭ ŜƴŀōƭŜŘ ŜŘƛǝƴƎ ƻŦ ŜƭŜǾŀǝƻƴ Řŀǘŀ ǘƻ ǊŜƳƻǾŜ ǘƘŜ 

ǳƴǿŀƴǘŜŘ ǾŜƎŜǘŀǝƻƴ ŀƴŘ ŎǊŜŀǘŜ ŀ ōŀǊŜ ŜŀǊǘƘ ŜƭŜǾŀǝƻƴ ǎǳǊŦŀŎŜ ό9{wLΣ нлнмōύΦ ¢ƘŜǎŜ 

ǇǊƻƳƛƴŜƴǘ ƘŜƛƎƘǘ ŎƘŀƴƎŜ ŦŜŀǘǳǊŜǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ŀƴŘ ŎƻƳǇŀǊŜŘ ǘƻ ōŀǊŜ ƎǊƻǳƴŘ ǇƛȄŜƭǎ ƛƴ ǘƘŜ 

ǾƛŎƛƴƛǘȅΦ ¢ƻ ŀŎƘƛŜǾŜ ǘƘŜ ōŀǊŜ ŜŀǊǘƘ ŜƭŜǾŀǝƻƴ ǎǳǊŦŀŎŜΣ ŀ ǇƻƭȅƎƻƴ ǿŀǎ ŘǊŀǿƴ ŀǊƻǳƴŘ ǘƘŜ 

ƛŘŜƴǝŬŜŘ ŦŜŀǘǳǊŜǎΦ ¢ƘŜ ΨLƴǘŜǊǇƻƭŀǘŜ ŦǊƻƳ ǾŜǊǝŎŜǎΩΣ ƭƛƴŜŀǊ ǝƴƴƛƴƎ ƳŜǘƘƻŘ ǿŀǎ ŀǇǇƭƛŜŘ ǿƛǘƘ ŀ 

ōƭŜƴŘ ƳƛȄ ǎŜǘ ŀǘ н ǇƛȄŜƭǎ ό9{wLΣ нлнмŀύΦ ¢Ƙƛǎ Ƴŀƴǳŀƭ ƳŜǘƘƻŘ ŎƻƴǾŜǊǘŜŘ ǘƘŜ 5{a ƛƴǘƻ ŀ 5¢a 

ōŜŦƻǊŜ ōŜƛƴƎ ƛƳǇƻǊǘŜŘ ƛƴǘƻ !ǊŎaŀǇΦ [ƛƴŜŀǊ ǝƴƴƛƴƎ ƛƴǾƻƭǾŜŘ ŎƻƴǾŜǊǝƴƎ ǘƘŜ ŎŜƴǘǊŜ Ǉƻƛƴǘǎ ƻŦ 

ŜŀŎƘ ŎŜƭƭ ƻōǘŀƛƴŜŘ ŦǊƻƳ ŀƴ ŀǊǊŀȅ ƻŦ ǘǊƛŀƴƎǳƭŀǊ ǎǘǊǳŎǘǳǊŜǎ ǿƘƛŎƘ Ƨƻƛƴ ǘƻ ǊŜǇǊŜǎŜƴǘ ŀ ǎǳǊŦŀŎŜΦ 

¢Ƙƛǎ ǎǳǊŦŀŎŜ ǿŀǎ ƛƴǘŜǊǇƻƭŀǘŜŘ ƛƴǘƻ ŀ 5¢a ό!ǊŎaŀǇΣ нлнмōύΦ 
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Figure 5.3: 3D representations of the surface shaded relief at Wilderhope Brook mid reach, with (left) and without trees (right) bordering the channel. Water course 
has been highlighted in blue. WDDs 28-31 are displayed. Constructed using ArcGIS Pro 2.9.0. by manual editing tree removal. 
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¢ƻ ŦǳǊǘƘŜǊ ŀƴŀƭȅǎŜ ǘƻǇƻƎǊŀǇƘƛŎŀƭ ǎǇŀǝŀƭ ŎƘŀƴƎŜΣ ǘƘŜ 95Lb!Σ 5ƛƎƛƳŀǇ ŀŎǉǳƛǊŜŘ р Ƴ ǾŜǊǝŎŀƭ 

ƛƴǘŜǊǾŀƭ ŎƻƴǘƻǳǊ όнлнлύ ŘŀǘŀǎŜǘ ǿŀǎ ƻǾŜǊƭŀȅŜŘ ǳǇƻƴ ǘƘŜ h{ όнлмтύ ²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ǿŀǘŜǊ 

ŎƻǳǊǎŜΦ ¢Ƙƛǎ ŎƻƴǎǘǊǳŎǘŜŘ ƳŀǇΣ ŎŀǇǘǳǊŜŘ ŘǳǊƛƴƎ ŀ ǇŜǊƛƻŘ ƻŦ ŘǊȅ ǿŜŀǘƘŜǊΣ ǇǊƻǾƛŘŜǎ Ǿƛǎǳŀƭƛǎŀǝƻƴ 

ƻŦ ƎǊƻǳƴŘ ŜƭŜǾŀǝƻƴΣ ƻǾŜǊǾƛŜǿ ƻŦ ŎŀǘŎƘƳŜƴǘ ƭŀƴŘŦƻǊƳǎ ŀƴŘ ǿŀǎ ǳǎŜŘ ǘƻ ŘŜǇƛŎǘ ǾŀƭƭŜȅ ƛƴŎƛǎƛƻƴΦ 

 

5.2.4.4. Soils, geology and drainage 

¢ƻ ǳƴŘŜǊǎǘŀƴŘ ƭƻŎŀƭ ŘǊŀƛƴŀƎŜ όƎǊƻǳƴŘǿŀǘŜǊ ƅƻǿǎΣ ǘƘǊƻǳƎƘƅƻǿΣ ƛƴŬƭǘǊŀǝƻƴ ŀƴŘ ǎǳǊŦŀŎŜ Ǌǳƴƻũύ 

ŦƻǊ ƎŜƻƳƻǊǇƘƻƭƻƎƛŎŀƭ ŜǾƻƭǳǝƻƴ ǿƛǘƘƛƴ ǘƘŜ ŎŀǘŎƘƳŜƴǘΣ ŀƴŀƭȅǎƛǎ ōŜǘǿŜŜƴ ǎƻƛƭ ǘȅǇŜΣ ōŜŘǊƻŎƪ 

ƎŜƻƭƻƎȅ ŀƴŘ ŘǊŀƛƴŀƎŜ ǾŀǊƛŀǝƻƴǎ ǿŀǎ ǳƴŘŜǊǘŀƪŜƴΦ !ǎ ŀŦƻǊŜƳŜƴǝƻƴŜŘ ƛƴ ǎŜŎǝƻƴ рΦмΦ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ŎŀǘŎƘƳŜƴǘ ŘŜǎŎǊƛǇǘƻǊǎ ƛƴ ǊŜǎǇŜŎǘ ǘƻ ²55 ƭƻŎŀǝƻƴ ƛǎ ƛƳǇƻǊǘŀƴǘ ƛƴ 

ǳƴŘŜǊǎǘŀƴŘƛƴƎ ǘƘŜ ǊƻƭŜ ƻŦ ²55ǎ ƛƴ ǘƘŜ ŎŀǘŎƘƳŜƴǘΦ ¢ƻ ŀŎƘƛŜǾŜ ǘƘŜ ŀƛƳΣ /ǊŀƴŬŜƭŘ {ƻƛƭ ŀƴŘ 

!ƎǊƛCƻƻŘ LƴǎǝǘǳǘŜ ό/{!Lύ ŘŀǘŀǎŜǘǎ ƛƴŎƻǊǇƻǊŀǝƴƎ ǘƘŜ bŀǝƻƴŀƭ {ƻƛƭ wŜǎƻǳǊŎŜǎ LƴǎǝǘǳǘŜ όb{wLύΣ 

IȅŘǊƻƭƻƎȅ ƻŦ ǎƻƛƭ ǘȅǇŜ όIh{¢ύ ŀƴŘ ŀ .ǊƛǝǎƘ DŜƻƭƻƎƛŎŀƭ {ǳǊǾŜȅ ό.D{ύ ŘŀǘŀǎŜǘǎ ŦǊƻƳ !ǊŎDL{ 

ƻƴƭƛƴŜ ǿŜǊŜ ƻōǘŀƛƴŜŘΦ ¢ƘŜ !ƻL ǿŀǎ ŎƘƻǎŜƴΣ ŘƻǿƴƭƻŀŘŜŘ ƛƴ 9{wL ǎƘŀǇŜŬƭŜ ŦƻǊƳŀǘ ŀƴŘ 

ǇǊƻŎŜǎǎŜŘ ǳǎƛƴƎ !ǊŎaŀǇΦ {ŜǇŀǊŀǘŜ ǎƻƛƭ ǘȅǇŜǎΣ ƎŜƻƭƻƎȅ ŀƴŘ ŘǊŀƛƴŀƎŜ ŀǊŜŀǎ ǿŜǊŜ ǎŜƭŜŎǘŜŘ 

ōŜŦƻǊŜ ōŜƛƴƎ ŜȄǘǊŀŎǘŜŘ ŀƴŘ ŎƭƛǇǇŜŘ ǘƻ ²ƛƭŘŜǊƘƻǇŜ .Ǌƻƻƪ ŎŀǘŎƘƳŜƴǘΦ .ȅ ǳǎƛƴƎ ǘƘŜ ΨƛŘŜƴǝŦȅΩ 

ƛŎƻƴΣ ƛƴŦƻǊƳŀǝƻƴ ǊŜƎŀǊŘƛƴƎ ŘƛũŜǊŜƴǘ ǎƻƛƭ ǘȅǇŜǎΣ ƎŜƻƭƻƎȅ ŀƴŘ ŘǊŀƛƴŀƎŜǎ ŎƻǳƭŘ ōȅ ŜȄŀƳƛƴŜŘΦ 

 

5.2.4.5. Remote sensing of sedimentological water course input 

¢ƻ ŜȄŀƳƛƴŜ ǎǇŀǝŀƭ ǾŀǊƛŀƴŎŜǎ ƛƴ ǎŜŘƛƳŜƴǘ ȅƛŜƭŘǎ ŀǘ ŘƛũŜǊŜƴǘ Ǉƻƛƴǘǎ ƻŦ ²ƛƭŘŜǊƘƻǇŜ .ǊƻƻƪΣ ŀ 

ǊŜƳƻǘŜ ǎŜƴǎƛƴƎ ǎǳǇŜǊǾƛǎŜŘ ŎƭŀǎǎƛŬŎŀǝƻƴ ƳŀǇ ǎƘƻǿƛƴƎ ǾŜƎŜǘŀǝƻƴ ŘƛǎǘǊƛōǳǝƻƴ ǿŀǎ 

ŎƻƴǎǘǊǳŎǘŜŘΦ ¢ƻ ŀŎƘƛŜǾŜ ǘƘƛǎΣ ƛƴƛǝŀƭƭȅΣ ǘƘŜ !ƻL ǿŀǎ ƭƻŎŀǘŜŘ ǳǎƛƴƎ 9ŀǎǝƴƎ ŀƴŘ bƻǊǘƘƛƴƎ 

όрннррпΦрф9 ŀƴŘ рунлоппΦсbύΣ ōŜŦƻǊŜ ǎŜƭŜŎǝƴƎ ǿƘƛŎƘ ŘŀǘŀǎŜǘǎ ǿŜǊŜ Ƴƻǎǘ ŀǇǇƭƛŎŀōƭŜΦ 

[!b5{!¢у ό¢Iсрпύ ǿŀǎ ǳǎŜŘ ŘǳŜ ǘƻ ƘŀǾƛƴƎ Ŧǳƭƭ Cƻ± ƻŦ ǘƘŜ ŜƴǝǊŜ ǎǘǳŘȅ ǎƛǘŜ ŀƴŘ ŀ мсπŘŀȅ 

ǊŜǇŜŀǘŜŘ ŎȅŎƭŜ ǘƻ ŀƭƭƻǿ ŎƻƳǇŀǊƛǎƻƴ ōŜǘǿŜŜƴ ŘŀǘŀǎŜǘǎ ǘƻ ƻōǘŀƛƴ ōŜǎǘ ǊŜǎǳƭǘǎ ό¢ŀōƭŜ рΦмύΦ aŜǘŀπ

Řŀǘŀ ŬƭǘŜǊǎ ǊŜƳƻǾŜŘ ǳƴǿŀƴǘŜŘ ŘŀǘŀǎŜǘǎ ǿƘŜǊŜ ŎƭƻǳŘπŎƻǾŜǊ ǿŀǎ ǊŜǎǘǊƛŎǘŜŘ ǘƻ ғ нл҈ ό{ŜƭŜŎǘŜŘ 

ŀǘΥ ммΦпс҈ύ ŀƴŘ ƻƴƭȅ ŘŀǘŀǎŜǘǎ ŦǊƻƳ ǘƘŜ ƳƻƴǘƘǎ WǳƴŜ ǘƻ !ǳƎǳǎǘ ǿŜǊŜ ŘƛǎǇƭŀȅŜŘ ǘƻ ǎƘƻǿ ƎǊŜŀǘŜǊ 

ǾŀǊƛŀƴŎŜ ƛƴ bƻǊƳŀƭƛȊŜŘ 5ƛũŜǊŜƴŎŜ ±ŜƎŜǘŀǝƻƴ LƴŘŜȄ όb5±Lύ ǿƛǘƘƻǳǘ ǘƘŜ ƛƴǘŜǊŦŜǊŜƴŎŜ ƻŦ 
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ǿŜŀǘƘŜǊ ŜǾŜƴǘǎ ǎǳŎƘ ŀǎ ǎƴƻǿ ŀũŜŎǝƴƎ ŦŜŜŘōŀŎƪΣ ƻǊ ǘƘŜ ǎƘŀŘƻǿ ŜũŜŎǘ ŎŀǳǎŜŘ ōȅ ǘƘŜ ǎǳƴΩǎ ƭƻǿ 

ŀƴƎƭŜ ƻŦ ƛƴŎƛŘŜƴŎŜ ǇǊŜŘƻƳƛƴŀƴǘƭȅ ŦƻǳƴŘ ƛƴ ǿƛƴǘŜǊ ƳƻƴǘƘǎΦ 

!ǇǇǊƻǇǊƛŀǘŜ ŘŀǘŀǎŜǘǎ ǿŜǊŜ ƛƳǇƻǊǘŜŘ ƛƴǘƻ !w/DL{ tǊƻΦ ǎƻ ǘƘŀǘ ƎǊƻǳƴŘ ŎƻǾŜǊ ǾŜƎŜǘŀǝƻƴ ŎƻǳƭŘ 

ōŜ ŜȄŀƳƛƴŜŘΦ .ŀƴŘǎ ǿŜǊŜ ǎǘŀŎƪŜŘ ǳǎƛƴƎ ǘƘŜ ŎƻƳǇƻǎƛǘŜ ōŀƴŘǎ ƎŜƻπǇǊƻŎŜǎǎƛƴƎ ǘƻƻƭ ǘƻ ŦƻǊƳ ŀ 

ǎƛƴƎƭŜ ƳǳƭǝπǎǇŜŎǘǊŀƭ ŎƻƳǇƻǎƛǘŜ ƛƳŀƎŜ ǿƘƛŎƘ ŜƴŀōƭŜŘ ƳŜǊƎƛƴƎ ƻŦ ǎŜƭŜŎǘŜŘ ōŀƴŘǎ ƛƴ ǊŀǎǘŜǊ 

ŦƻǊƳŀǘΦ {ƘƻǊǘ ǿŀǾŜ ƛƴŦǊŀπǊŜŘ ό{²LwΣ ōŀƴŘΥ сύΣ ƴŜŀǊ ƛƴŦǊŀπǊŜŘ όbLwΣ ōŀƴŘΥ рύ ŀƴŘ ǾƛǎƛōƭŜ ǊŜŘ 

όōŀƴŘΥ пύ ǿŜǊŜ ǎŜƭŜŎǘŜŘ ǘƻ ǎȅƳōƻƭƛǎŜ ǘƘŜ ƳǳƭǝπōŀƴŘ ŎƻƳǇƻǎƛǘŜ ƛƳŀƎŜ ŦƻǊ ǾŜƎŜǘŀǝƻƴ ŀƴŀƭȅǎƛǎ 

ό¢ŀōƭŜ рΦмύΦ hƴƛŜƳŀȅƛƴ Ŝǘ ŀƭΦΣ όнлмсύ ƘƛƎƘƭƛƎƘǘŜŘ ŜƭŜŎǘǊƻƳŀƎƴŜǝŎ ǎǇŜŎǘǊǳƳ ŎƭƻǎŜ ǘƻ ǘƘŜ bŜŀǊ 

aƛŘ LƴŦǊŀπwŜŘ ǇǊƻǾƛŘŜǎ ǎǘǊƻƴƎ ƛƴŦƻǊƳŀǝƻƴ ŦƻǊ ǎŜǇŀǊŀǝƴƎ ǾŜƎŜǘŀǝƻƴ ƭŀƴŘ ŎƻǾŜǊΦ 

 

Table 5.1: Displaying information regarding LANDSAT8 imagery of Wilderhope Brook. 

Data set: Landsat 8 Operational Land Imager (OLI) and Thermal Infra-red Sensor (TIRS) 
Acquisition date: 28th April 2019 
Return period: 16 days 
Processing: Level 1T - Terrain Corrected 
Pixel Size, depth 
and Resolution: 

¶ Size: OLI Multispectral bands and TIRS Thermal bands resolution: 30 m2 

¶ Depth: 32 Bit 

Chosen Band 
wavelength: 

 Mean (pixel) St. dev (pixel) 

Band 4- Visible red 5330 4171 
Band 5- Near infra-red (NIR) 9280 8174 
Band 6- Short wave infra-red 1 (SWIR) 6431 5235 

Total Cloud cover: 11.46% 
Sun angle: 45.98° 

 

¢ƘŜ ƛƳŀƎŜ ŎƭŀǎǎƛŬŎŀǝƻƴ ǘƻƻƭōŀǊ ŜƴŀōƭŜŘ ǘƘŜ ƳǳƭǝπōŀƴŘ ǊŀǎǘŜǊ ƛƳŀƎŜ ǘƻ ōŜ Ƴŀƴǳŀƭƭȅ ŎƭŀǎǎƛŬŜŘ 

ǳǎƛƴƎ ǘǊŀƛƴƛƴƎ ǎŀƳǇƭŜǎ ǘƻ ƎǊƻǳǇ ǘƘŜ ǎǇŜŎǘǊŀƭ ǎƛƎƴŀǘǳǊŜǎΦ ¢ǊŀƛƴƛƴƎ ǎŀƳǇƭŜǎ ǿŜǊŜ ŘŜŬƴŜŘ ōȅ 

ŘǊŀǿƛƴƎ ŀƴŘ ƳŜǊƎƛƴƎ ǇƻƭȅƎƻƴǎ ƻƴ ǘƘŜ ǊŀǎǘŜǊ ƛƳŀƎŜ ƻŦ ǇǊŜπŘŜǘŜǊƳƛƴŜŘ ƭŀƴŘŎƻǾŜǊǎΦ 

5ŜǘŜǊƳƛƴŀǝƻƴ ƻŦ ƭŀƴŘŎƻǾŜǊ ǿŀǎ ŀŎƘƛŜǾŜŘ ōȅ ŜȄŀƳƛƴƛƴƎΥ ŀ ŦŀƭǎŜ ŎƻƭƻǳǊ ƛƳŀƎŜ ƻŦ ǘƘŜ !ƻLΣ ǳǎƛƴƎ 

DƻƻƎƭŜ ƳŀǇǎΣ b5±L ŀƭƻƴƎ ǿƛǘƘ ŀ ŬŜƭŘ ǊŜŎƻƴƴŀƛǎǎŀƴŎŜΦ 5ƛǎǝƴŎǘ ǘǊŀƛƴƛƴƎ ǎŀƳǇƭŜǎ ǿŜǊŜ ŎǊŜŀǘŜŘ 

ǳǎƛƴƎ ŀ ǇǊƻŎŜǎǎ ƻŦ ǘǊƛŀƭ ŀƴŘ ŜǊǊƻǊ ǿƘŜǊŜōȅ ƭƻǿ ŀŎŎǳǊŀŎȅ ǘǊŀƛƴƛƴƎ ǎŀƳǇƭŜǎ ǿŜǊŜ ǊŜŀǎǎƛƎƴŜŘ ǇǊƛƻǊ 

ǘƻ ǊŜπǇǊƻŎŜǎǎƛƴƎ ǘƻ ŎƻƴǎǘǊǳŎǘ ǘƘŜ ƻǳǘǇǳǘ ǊŀǎǘŜǊ όhǊύΦ ¢ƘŜ hǊ ǿŀǎ ŎƭŀǎǎƛŬŜŘ ōȅ ǘƘŜ ŘŜŜǇ ƭŜŀǊƴƛƴƎ 

ƻōƧŜŎǘπōŀǎŜŘ ŀǇǇǊƻŀŎƘ ƎǊƻǳǇƛƴƎ ƴŜƛƎƘōƻǳǊƛƴƎ ǇƛȄŜƭǎ ǘƻƎŜǘƘŜǊ ōŀǎŜŘ ƻƴ Ƙƻǿ ǎƛƳƛƭŀǊ ǘƘŜ 

ǎǇŜŎǘǊŀƭ ǎƛƎƴŀǘǳǊŜǎ ŀǊŜ ƛƴ ŀ ǇǊƻŎŜǎǎ ƪƴƻǿƴ ŀǎ ǎŜƎƳŜƴǘŀǝƻƴΦ {ŜƎƳŜƴǘŀǝƻƴ ŎƻƴǎƛŘŜǊǎ ŎƻƭƻǳǊ 

ŀƴŘ ǘƘŜ ǎƘŀǇŜ ŎƘŀǊŀŎǘŜǊƛǎǝŎǎ ǿƘŜƴ ŘŜŎƛŘƛƴƎ ǇƛȄŜƭ ƎǊƻǳǇƛƴƎǎΦ ¢Ƙƛǎ ŀǇǇǊƻŀŎƘ ƛǎ ŀŎƘƛŜǾŜŘ ōȅ 
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ŀǾŜǊŀƎƛƴƎ ŜƭŜŎǘǊƻƳŀƎƴŜǝŎ ǇƛȄŜƭ ǎǇŜŎǘǊŀƭ ǎƛƎƴŀǘǳǊŜǎ ǿƘƛƭŜ ŀŎŎƻǳƴǝƴƎ ŦƻǊ ƎŜƻƎǊŀǇƘƛŎ 

ƛƴŦƻǊƳŀǝƻƴ ŀƴŘ ǘƘŜǊŜŦƻǊŜΣ ǘƘŜ ƎǊƻǳǇƛƴƎǎ ŎǊŜŀǘŜŘ ŦǊƻƳ ǎŜƎƳŜƴǘŀǝƻƴ ƳƻǊŜ ŎƭƻǎŜƭȅ ǊŜǎŜƳōƭŜ 

ǊŜŀƭπǿƻǊƭŘ ŦŜŀǘǳǊŜǎ ƭƛƪŜ ŬŜƭŘǎ ŎƻƳǇŀǊŜŘ ǘƻ ŀ ǇƛȄŜƭπōŀǎŜŘ ŀǇǇǊƻŀŎƘΦ 

¢ƻ ŀǎǎŜǎǎ ǘƘŜ ŀŎŎǳǊŀŎȅ ƻŦ ǘƘŜ ŎƭŀǎǎƛŬŎŀǝƻƴΣ ǳǎŜǊ ŀŎŎǳǊŀŎȅ ό9ǉǳŀǝƻƴ рΦнύΣ ǇǊƻŘǳŎŜǊ ŀŎŎǳǊŀŎȅ 

ό9ǉǳŀǝƻƴ рΦоύΣ ƪŀǇǇŀ ŎƻŜŶŎƛŜƴǘ ό9ǉǳŀǝƻƴ рΦпύ ŀƴŘ ƻǾŜǊŀƭƭ ŀŎŎǳǊŀŎȅ ό9ǉǳŀǝƻƴ рΦрύ ǿŜǊŜ 

ŎŀƭŎǳƭŀǘŜŘ ōȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ ŎƭŀǎǎƛŬŜŘ ǊŀǎǘŜǊ ǘƻ ŀ ǊŜŦŜǊŜƴŎŜ ŘŀǘŀǎŜǘ ǘƘŀǘ ƻŦ ŀ ƎǊƻǳƴŘ ǘǊǳǘƘ 

ǘŀƪŜƴ ŀǘ ǘƘŜ ǝƳŜ όнуǘƘ !ǳƎΦ нлмфύΦ ¢ƘŜ ŀŎŎǳǊŀŎȅ ŀǎǎŜǎǎƳŜƴǘ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ ǳǎƛƴƎ ŀ ǎŜǘ ƻŦ 

ǊŀƴŘƻƳ Ǉƻƛƴǘǎ ǿƘƛŎƘ ŎƻƳǇŀǊŜŘ ǘƘŜ ŎƭŀǎǎƛŬŜŘ ǊŀǎǘŜǊ ǘƻ ǘƘŜ ƎǊƻǳƴŘ ǘǊǳǘƘ ŀǎ ŘƛǎǇƭŀȅŜŘ ƛƴ ŀ 

ŎƻƴŦǳǎƛƻƴ ƳŀǘǊƛȄΦ 

 

5ÓÅÒ !ÃÃÕÒÁÃÙ
#

4
ρππ (5.2) 

Equation 5.2 calculated the supervised classification raster user accuracy using Number of correctly 
classified pixels in each category (Cp) and Total number of classified pixels in that category (The row 
total) (Tcpr). 

 

0ÒÏÄÕÃÅÒ !ÃÃÕÒÁÃÙ
#

4
ρππ (5.3) 

Equation 5.3 calculated the supervised classification raster producer accuracy using Number of 
correctly classified pixels in each category (Cp) and Total number of reference pixels in that category 
(The column total) (Trpc). 
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+
4 4 В# 2

4 В# 2
ρππ (5.4) 

Equation 5.4 Calculated the supervised classification raster kappa coefficient (Kc) using the Total 
sampled (Ts), Total corrected samples (Tcs), Column Total (CT), and Row Total (RT). 

 

/ÖÅÒÁÌÌ !ÃÃÕÒÁÃÙ
4

4
 (5.5) 

Equation 5.5 calculated the supervised classification raster overall accuracy using the Total number of 
classified pixels (The diagonal total) (Tcpd) and Total number of Reference pixels (Diagonal) (Trpd). 

 

5.2.5. Processing 

¢ƻ ƛŘŜƴǝŦȅ ŀƴŘ ƴŀǾƛƎŀǘŜ ǘƻ ǘƘŜ !ƻL ό²ƛƭŘŜǊƘƻǇŜ ŎŀǘŎƘƳŜƴǘύΣ ǘƘŜ ǎŜŀǊŎƘ ǘƻƻƭōŀǊ ǿƛǘƘƛƴ !ǊŎDL{ 

ƻƴƭƛƴŜ ǿŀǎ ǳǎŜŘΦ ¢ƘŜ ǇŜǊŦƻǊƳ ŀƴŀƭȅǎƛǎ ǘƻƻƭ ǎŜƭŜŎǘŜŘ ǘƘŜ ΨǿŀǘŜǊǎƘŜŘΩ ŀƴŘ ŜƴŀōƭŜŘ ŎǊŜŀǝƻƴ ƻŦ 

ŀ ǇƻƭȅƎƻƴ ǊŜǇǊŜǎŜƴǝƴƎ ²ƛƭŘŜǊƘƻǇŜ ŎŀǘŎƘƳŜƴǘΦ ¢Ƙƛǎ ǇƻƭȅƎƻƴ ǿŀǎ ƛƳǇƻǊǘŜŘ ƛƴǘƻ !ǊŎaŀǇ ŀƭƻƴƎ 

ǿƛǘƘ ǘƘŜ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǎ όмфорΣ мффр ŀƴŘ нлмтύΦ !ƭƭ ƘƛǎǘƻǊƛŎŀƭ ƳŀǇǎ ǿŜǊŜ ǘƘŜƴ ŎƭƛǇǇŜŘ ǘƻ ǘƘŜ 

ǇƻƭȅƎƻƴ ǎƘŀǇŜŬƭŜΦ 

CƻǊ ǘƘŜ ōŀǎŜ ƳŀǇǎΣ ǘƻ ƻōǘŀƛƴ ǊƛǾŜǊ ƻǳǘƭƛƴŜǎ ŀƴŘ ǿŀƴǘŜŘ ƪŜȅ ŦŜŀǘǳǊŜǎΣ ǘƘŜ ǊŀǎǘŜǊ Řŀǘŀ ŜȄǘǊŀŎǝƻƴ 

ǘƻƻƭǎ ǿŜǊŜ ŀǇǇƭƛŜŘ ōȅ ŬǊǎǘƭȅΣ ƛŘŜƴǝŦȅƛƴƎ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜΦ ¢ƘŜ ƎŜƻǇǊƻŎŜǎǎƛƴƎ ǘƻƻƭ ƘŜƭǇŜŘ 

ǊŜƳƻǾŜ ƴƻƛǎȅ ǳƴǿŀƴǘŜŘ ŘŀǘŀΣ ŀƭƭƻǿƛƴƎ ǘƘŜ ŎǊŜŀǝƻƴ ƻŦ ŀ ǎǇŀǝŀƭ ǎǳōǎŜǘΦ ¢ƻ ŜȄǘǊŀŎǘ ǘƘŜ ǿŀƴǘŜŘ 

ƭŀȅŜǊǎ ƛƴ ŀƴ hǊ ŦƻǊƳŀǘΣ ǘƘŜ !ǊŎ ǘƻƻƭōƻȄΣ ǎǇŀǝŀƭ ŀƴŀƭȅǎǘΣ ŜȄǘǊŀŎǘ ōȅ ŀǧǊƛōǳǘŜΣ ŀƭƭƻǿŜŘ ǉǳŜǊȅ 

ōǳƛƭŘƛƴƎ ŦǊƻƳ ǎŜƭŜŎǘŜŘ ǎǳōǎŜǘ ŦŜŀǘǳǊŜǎ ŀƴŘ ǘŀōƭŜ ǊŜŎƻǊŘǎ ό9ǉǳŀǝƻƴ рΦсύΦ ¢ƻ ŜȄŀƳƛƴŜ ǘƘŜǎŜ 

ǎǇŀǝƻπǘŜƳǇƻǊŀƭ ŎƘŀƴƎŜǎ ŀƭƭ hǊǎ ǿŜǊŜ ƻǾŜǊƭŀȅŜŘ ŀƴŘ ŀƭƛƎƴŜŘ ōȅ ŘŜŬƴƛƴƎ ǘƘŜ ǇǊƻƧŜŎǝƻƴ ǳǎƛƴƎ 

ǘƘŜ Řŀǘŀ ƳŀƴŀƎŜƳŜƴǘ ǇǊƻƧŜŎǝƻƴ ŀƴŘ ǘǊŀƴǎŦƻǊƳŀǝƻƴ ǘƻƻƭΦ ¢ƻ Ƴŀƛƴǘŀƛƴ ǳƴƛŦƻǊƳƛǘȅ ŀƴŘ ƘŜƭǇ 

ŀƭƛƎƴƳŜƴǘΣ ŀƭƭ ƭŀȅŜǊǎ ǿŜǊŜ ǎŜǘ ǘƘŜ ŎƻƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ ƻŦ Ψ.ǊƛǝǎƘ bŀǝƻƴŀƭ DǊƛŘΩΦ ¢ƘŜ ǊŀǎǘŜǊ Řŀǘŀ 

ǿŀǎ ǾŜŎǘƻǊƛǎŜŘ ŀƴŘ ŎƻƴǾŜǊǘŜŘ ǘƻ ŀ ǇƻƭȅƎƻƴ ŦŜŀǘǳǊŜΦ ¢ƘŜ ŜŘƛǘƻǊ ǘƻƻƭōŀǊ ǿŀǎ ǘƘŜƴ ǳǎŜŘ ǿƘƛŎƘ 

ŜƴŀōƭŜŘ ŎƻǊǊŜŎǝƻƴ ƻŦ ŬƴƛǘŜ ŜǊǊƻǊǎ ƛƴ ŀƭƛƎƴƳŜƴǘΦ 
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/ 3 3 3 (5.6) 

Equation 5.6 was used to extract the wanted layers using the query building function. This created an 
Output raster (Or) using subset features (S: sub-ǇǊŜŦƛȄ мΣнΣоΧύΦ 

 

¢ƻǘŀƭ ǎǘŀǝƻƴ ƎŜƻǇƻǎƛǝƻƴŜŘ ŎŜƴǘǊŜƭƛƴŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜ όмнл ƛƴǘŜǊǾŀƭǎύ ŀƴŘ мп ǘǊŀƴǎŜŎǘǎ ƛƴ 

ǘŀōǳƭŀǊ ŦƻǊƳŀǘ ǿŜǊŜ ƛƴǇǳǘ ƛƴǘƻ !ǊŎaŀǇ ŀǎ ŜǾŜƴǘ ƭŀȅŜǊǎ ǿƛǘƘ ǘƘŜ ǘǊŀƴǎŦƻǊƳŀǝƻƴ ŎƻƻǊŘƛƴŀǘŜ 

ǎȅǎǘŜƳ ǎŜǘ ŀǎ Ψ.ǊƛǝǎƘ bŀǝƻƴŀƭ DǊƛŘΩΦ ¢ƘŜ ȄΣ ȅ ŀƴŘ Ȋ ŎƻƻǊŘƛƴŀǘŜǎ ό9ŀǎǝƴƎǎΣ bƻǊǘƘƛƴƎǎ ŀƴŘ 

9ƭŜǾŀǝƻƴǎύ ǿŜǊŜ ŘƛǎǇƭŀȅŜŘ ŀǎ ǇƻƛƴǘǎΦ 9ǊǊƻƴŜƻǳǎ Ǉƻƛƴǘǎ ǘƘŀǘ ǿŜǊŜ ƛƴŎƻǊǊŜŎǘƭȅ ƎŜƻπǇƻǎƛǝƻƴŜŘ 

ǿŜǊŜ ƛŘŜƴǝŬŜŘ ŀƴŘ ŎƻǊǊŜŎǘŜŘ ƛƴ ŜȄŎŜƭ ōŜŦƻǊŜ ǊŜπƛƳǇƻǊǝƴƎ ǘƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜ ŀƴŘ 

ǘǊŀƴǎŜŎǘǎ ŀǎ ōƻǘƘ Ǉƻƛƴǘǎ ŀƴŘ ƭƛƴŜǎΦ ¢ƘŜ ƭƻƴƎƛǘǳŘƛƴŀƭ ǇǊƻŬƭŜ ŀƴŘ ǘǊŀƴǎŜŎǘǎ ǿŜǊŜ ƻǾŜǊƭŀȅŜŘ ƻƴ 

ǘƘŜ ƘƛǎǘƻǊƛŎ ƳŀǇǎ ǘƻ ƴƻǘŜ ǎǇŀǝƻπǘŜƳǇƻǊŀƭ ŎƘŀƴƎŜ ƛƴ ǘƘŜ ƳƛŘπǊŜŀŎƘΦ 

 

5.2.6. Processing and analysing transects 

¢ǿƻ ƳŜǘƘƻŘǎ ǿŜǊŜ ǳǎŜŘ ǘƻ ŎƻƴǎǘǊǳŎǘ ǘǊŀƴǎŜŎǘǎΦ CƛǊǎǘƭȅΣ ǘǊŀƴǎŜŎǘ Ǉƻƛƴǘǎ ōŜŜƴ ƛƳǇƻǊǘŜŘ ƛƴǘƻ 

!ǊŎaŀǇ ŀƴŘ ŎƻƻǊŘƛƴŀǘŜ ǎȅǎǘŜƳ ǎŜǘΣ ƛƴŎƭǳŘƛƴƎ ǎŎŀƭŜ ǇǊƻǇŜǊǝŜǎ ŀƴŘ ƳŜŀǎǳǊŜƳŜƴǘ ǘƻƻƭ ŜƴŀōƭŜŘ 

ǇƭŀƴŀǊ ŘƛǎǘŀƴŎŜ ƳŜŀǎǳǊŜƳŜƴǘǎ ǘƻ ōŜ ƳŀŘŜ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŀƴǎŜŎǘ Ǉƻƛƴǘǎ ƛƴ ŀ н5 ŎŀǊǘŜǎƛŀƴ 

ŘƻƳŀƛƴΦ ¢ƘŜ ǎŜŎƻƴŘ ƳŜǘƘƻŘ ƛƴǾƻƭǾŜŘ ǳǎƛƴƎ ŜȄŎŜƭ ǘƻ ŎŀƭŎǳƭŀǘŜ ǘƘŜ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ ŦƻƭƭƻǿƛƴƎ 

ǘǊŀƴǎŜŎǘ Ǉƻƛƴǘǎ ǳǎƛƴƎ ǘƘŜ DŜƻπǇƻǎƛǝƻƴǎ ό9ŀǎǝƴƎǎ ŀƴŘ bƻǊǘƘƛƴƎǎύ ŜǎǘŀōƭƛǎƘŜŘ ōȅ ǘƘŜ ǘƻǘŀƭ 

ǎǘŀǝƻƴΦ CƻǊ ōƻǘƘ ƳŜǘƘƻŘǎΣ ŜȄŎŜƭ ŀŎŎƻǳƴǘŜŘ ŦƻǊ ǘƘŜ ŎƘŀƴƴŜƭ ǎƭƻǇŜ ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘ ōŜǘǿŜŜƴ 

ǘǊŀƴǎŜŎǘ Ǉƻƛƴǘǎ ǳǎƛƴƎ ǘƘŜ tȅǘƘŀƎƻǊŀǎ ǘƘŜƻǊŜƳΦ 9ȄŎŜƭ ŜƴŀōƭŜŘ ŘƛǎǘŀƴŎŜ ōŜǘǿŜŜƴ Ǉƻƛƴǘǎ ǘƻ ōŜ 

ǇƭƻǧŜŘ ǿƛǘƘ ŜƭŜǾŀǝƻƴǎΦ 
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5.2.7. Sinuosity index 

²ƘŜƴ ŀ ǿŀǘŜǊ ŎƻǳǊǎŜ ōŜŎƻƳŜǎ ǎƛƴǳƻǳǎΣ ǘƘŜ ŎƘŀƴƴŜƭ ƭŜƴƎǘƘ ŜȄǘŜƴŘǎ ŀƴŘ ǘƘŜ ŎƘŀƴƴŜƭ ǎƭƻǇŜ 

ŀƴƎƭŜ κ ƎǊŀŘƛŜƴǘ ŘŜŎǊŜŀǎŜǎ ǿƘƛŎƘ ǎƭƻǿǎ ƭƻŎŀƭ ǾŜƭƻŎƛǘȅ ό9ƭƭƛǎπ{ǳƎŀƛ ŀƴŘ DƻŘǿƛƴΣ нллнύΦ ²ŀǘŜǊ 

ŎƻǳǊǎŜǎ ǘŜƳǇƻǊŀƭƭȅ ŀŘƧǳǎǘ ǘƻ ²55ǎ ŀƴŘ Ŏŀƴ ŀƭǘŜǊ ŎƘŀƴƴŜƭ ǎƛƴǳƻǎƛǘȅ ό¢ŀȅƭƻǊ ŀƴŘ /ƭŀǊƪŜΣ нлнмύΦ 

¢ƻ ŎƻƴŎŜǇǘǳŀƭƛǎŜ ŎƘŀƴƴŜƭ ƳŜŀƴŘŜǊǎ ŎŀǳǎŜŘ ōȅ ǘƘŜ ƛƴǎǘŀƭƭŜŘ ²55ǎ ǘƘŜ .ǊƛŎŜ ǎƛƴǳƻǎƛǘȅ ƛƴŘŜȄ 

ό{ƛύ ǿŀǎ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ǘǿƻ ǎǘǳŘȅ ǊŜŀŎƘŜǎΦ ¢ƘŜ .ǊƛŎŜ ƛƴŘŜȄ Ŏŀƴ ōŜ ŘŜŬƴŜŘ ŀǎ ǘƘŜ Ǌŀǝƻ ōŜǘǿŜŜƴ 

ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ōŜŘ ό[ŎƳŀȄύ ǘƻ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ŀȄƛǎ ƻŦ ǘƘŜ ƳŜŀƴŘŜǊǎ ό[лύ ŀǎ ǎƘƻǿƴ 

ƛƴ 9ǉǳŀǝƻƴ рΦтΦ 

 

3
,

,
 (5.7) 

Equation 5.7 calculated the sinuosity index (Si) using the Brice formula (modified by Friend and Sinha, 
1993). Variables within this equation include Centre line of the channel between the determined start 
and end point (Lcmax) and the horizontal distance between the determined start and end point (Lo). 

 

! ǎǘǊŀƛƎƘǘ ǿŀǘŜǊ ŎƻǳǊǎŜΣ {ƛ Ґ м ƛǎ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ǾŀƭƭŜȅΣ ƛƴŘƛŎŀǝƴƎ ǘƘŜ ƳƻǊŜ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ 

ƳŜŀƴŘŜǊǎ ǘƘŜ ƎǊŜŀǘŜǊ ǘƘŜ Ǌŀǝƻ ǿƻǳƭŘ ōŜ Ҕ м όDƻǊŘƻƴ Ŝǘ ŀƭΦΣ нллрύΦ ¢ƘŜǊŜ ƛǎ ƎŜƴŜǊŀƭ ŎƻƴǎŜƴǎǳǎ 

ǘƘŀǘ ŎƘŀƴƴŜƭǎ ǿƛǘƘ ŀ {ƛ ғ мΦр ŀǊŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǎƛƴǳƻǳǎ ǿƘƛƭŜ ŎƘŀƴƴŜƭǎ ǿƛǘƘ {ƛ җмΦр ŀǊŜ ǊŜŦŜǊǊŜŘ 

ǘƻ ŀǎ ƳŜŀƴŘŜǊƛƴƎ ό[ŜƻǇƻƭŘ ŀƴŘ ²ƻƭƳŀƴΣ мфртΤ .ǊƛŎŜΣ мфупΤ !ƭǾŀǊŜȊΣ нллрΤ {ƛƴƎƘΣ нллрΤ hȊǘǳǊƪ 

ŀƴŘ {ŜǎƭƛΣ нлмрύΦ {ŎƘǳƳƳ όмфсоύ ǊŜŎƻƳƳŜƴŘǎ ŬǾŜ ŎƭŀǎǎƛŬŎŀǝƻƴǎΥ ǎǘǊŀƛƎƘǘ όҖмΦмύ ǘǊŀƴǎƛǝƻƴŀƭ 

όмΦоύΣ ǊŜƎǳƭŀǊ όмΦтύΣ ƛǊǊŜƎǳƭŀǊ όмΦуύ ŀƴŘ ǘƻǊǘǳƻǳǎ όҗнΦоύΦ ¢ƘŜǊŜ ŀǊŜ ƴǳƳŜǊƻǳǎ ƳŜǘƘƻŘǎ ǘƻ 

ŎŀƭŎǳƭŀǘŜ ǘƘŜ ǎƛƴǳƻǎƛǘȅ ƛƴŘŜȄ ǿƛǘƘ ŀŘǾŀƴǘŀƎŜǎ ŀƴŘ ŘƛǎŀŘǾŀƴǘŀƎŜǎ ŀǎ ƻǳǘƭƛƴŜŘ ƛƴ !ǇǇŜƴŘƛȄ IΦ 

 

5.2.8. Channel incision 

²ƘŜƴ ŎƘŀƴƴŜƭǎ ōŜŎƻƳŜ ǎǘǊŀƛƎƘǘŜǊΣ ǘƘƛǎ ŎŀǳǎŜǎ ǘƘŜƛǊ ƭŜƴƎǘƘ ǘƻ ōŜŎƻƳŜ ǎƘƻǊǘŜǊΣ ǎǘŜŜǇŜǊ ŀƴŘ 

ŎǊŜŀǘŜ ŦŀǎǘŜǊ ƅƻǿƛƴƎ ǿŀǘŜǊΣ ǿƘƛŎƘ ƛƴ ǘǳǊƴ Ŏŀƴ ƭŜŀŘ ǘƻ ŜƴƘŀƴŎŜŘ ƭƻŎŀƭ ŜǊƻǎƛƻƴ ŀƴŘ ƛƴŎƛǎƛƻƴ ό9ƭƭƛǎπ

{ǳƎŀƛ ŀƴŘ DƻŘǿƛƴΣ нллнύΦ [ƛƪŜ ŀ ŎƻƴŬƴŜŘ ǾŀƭƭŜȅΣ ŀƴ ŜƴǘǊŜƴŎƘŜŘ ǿŀǘŜǊ ŎƻǳǊǎŜ ƛǎ ǳƴŀōƭŜ ǘƻ 

ŀŎŎŜǎǎ ƛǘǎ ƅƻƻŘǇƭŀƛƴ ŘǳǊƛƴƎ ƘƛƎƘ ŘƛǎŎƘŀǊƎŜΦ ¢ƘŜ wƻǎƎŜƴ ŎƘŀƴƴŜƭ ŜƴǘǊŜƴŎƘƳŜƴǘ ό9ƴǘύ Ǌŀǝƻ ƛǎ ŀ 
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ŬŜƭŘ ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ŎƘŀƴƴŜƭ ƛƴŎƛǎƛƻƴ ŀƴŘ ƛǎ ŜǎǝƳŀǘŜŘ ōȅ ǳǎƛƴƎ ǘƘŜ Ǌŀǝƻ ƻŦ ǘƘŜ ǿƛŘǘƘ ƻŦ ǘƘŜ 

ƅƻƻŘ ǇǊƻƴŜ ŀǊŜŀ ό²ŦǇŀύ ǘƻ ōŀƴƪŦǳƭƭ ǎǘŀƎŜ ǿƛŘǘƘ ό.ǎǿύ ό9ǉǳŀǝƻƴ рΦуύΦ Lƴ ŀ ƴƻƴπŜƴǘǊŜƴŎƘŜŘ 

ŎƘŀƴƴŜƭΣ ǘƘŜ ōŀƴƪŦǳƭƭ ǎǘŀƎŜ ƻǊ млл҈ vōŦ ƛǎ ǘƘŜ ŜƭŜǾŀǝƻƴ ƻŦ ǘƘŜ ƅƻƻŘǇƭŀƛƴ ŀŘƧŀŎŜƴǘ ǘƻ ǘƘŜ ŀŎǝǾŜ 

ŎƘŀƴƴŜƭΦ LŦ ǘƘŜ ǎǘǊŜŀƳ ƛǎ ŜƴǘǊŜƴŎƘŜŘΣ ǘƘŜ Ƙǎ ƛǎ ƛŘŜƴǝŬŜŘ ŀǎ ŀ ǎŎƻǳǊ ƭƛƴŜ ƻǊ ǾƛŜǿŜŘ ŀǎ ǘƘŜ Ǉƻƛƴǘ 

ƻŦ ǾŜƎŜǘŀǝƻƴ ŎƘŀƴƎŜ όCƛƎǳǊŜ рΦпύΦ 

 

%
7

"
 (5.8) 

Equation 5.8 calculated channel entrenchment (Ent) using width of the flood prone area (Wfpa) and 
bankfull stage width (Bsw) (Rosgen, 1994). 

  

 

 

 

 

Figure 5.4: Schematic showing variations in channel entrenchment from the bankfull stage (Stantec, 
2018). Maximum depth of scour (dsmax), width of the flood prone area (Wfpa) and bankfull stage width 
(Bsw) are displayed. 

 

¢ƘŜ ƅƻƻŘπǇǊƻƴŜ ǿƛŘǘƘ ƛǎ ǘƘŜ ŎǊƻǎǎπǎŜŎǝƻƴŀƭ ƳŜŀǎǳǊŜƳŜƴǘ ŀǘ ǘƘŜ ŜƭŜǾŀǝƻƴ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ǘƻ 

ǘǿƛŎŜ ǘƘŜ ƳŀȄƛƳǳƳ ŘŜǇǘƘ ƻŦ ǘƘŜ ōŀƴƪŦǳƭƭ ǎǘŀƎŜΦ ¢ƘŜ ŎƘŀƴƴŜƭ ŜƴǘǊŜƴŎƘƳŜƴǘ Ǌŀǝƻ ŘŜŬƴŜǎ ǘƘŜ 

ǾŜǊǝŎŀƭ ŎƻƴǘŀƛƴƳŜƴǘ ƻŦ ǘƘŜ ŎƘŀƴƴŜƭ ǿƛǘƘ ǘƘŜ Ǌŀǝƻǎ ƻŦ мΥ мΦпΣ ŜƴǘǊŜƴŎƘŜŘΤ мΦпмΥ нΦнΣ 

ƳƻŘŜǊŀǘŜƭȅ ŜƴǘǊŜƴŎƘŜŘ ŀƴŘ нΦн ǎƭƛƎƘǘƭȅ ŜƴǘǊŜƴŎƘŜŘ όwƻǎƎŜƴΣ мффпύΦ ²ƘƛƭŜ Iŀƭƭ Ŝǘ ŀƭΦ όнллтύ 

ŎƭŀǎǎƛŬŜǎ ŜƴǘǊŜƴŎƘŜŘ ŎƘŀƴƴŜƭǎ ŀǎ ƘŀǾƛƴƎ ŀ Ǌŀǝƻ ҖоΦуΣ ǳƴŎƻƴŬƴŜŘ ŀƴŘ Ҕ оΦуΣ ŎƻƴŬƴŜŘ ōŀǎŜŘ ƻƴ 

ŬŜƭŘ ŜȄǇŜǊƛƳŜƴǘŀǝƻƴ ƭŀǘŜǊŀƭ ŎƘŀƴƴŜƭ ƳƛƎǊŀǝƻƴΦ 

 

5.2.9. Valley bottom width 

¢ƘŜ ǎƘŀǇŜ ŀƴŘ ǎƛȊŜ ƻŦ ǘƘŜ ǾŀƭƭŜȅ ōƻǧƻƳΣ ŎƻƳǇǊƛǎŜŘ ƻŦ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ŀƴŘ ƭƻǿπƭȅƛƴƎ ƭŀƴŘΣ 

ŘƛŎǘŀǘŜǎ ǘƘŜ ŦƻǊƳ ŀƴŘ ŦǳƴŎǝƻƴ ƻŦ ǘƘŜ ǿŀǘŜǊ ŎƻǳǊǎŜ ό.ǊƛŜǊƭŜȅ ŀƴŘ CǊȅƛǊǎΣ нлмоύ ŀǎ ǿŜƭƭ ŀǎ ƛǘǎ 


































































































































































































































































































































































































