
Dynamic equilibrium state of riverbed composed of

extremely wide range of sediment grain sizes

and sediment transport

2016 10

Yuki HIRAMATSU





1

1.1 3

1.2 6

1.3 8

8

9

2.1 11

2.2 19

21

23

3.1 25

3.2 27

3.3 35

38

39

4.1 41

4.2 45

54

55

5.1 57



5.2 70

5.3 72

5.4 76

77

79

85

87

97

99

101







3



4

 (a) 54

14

 (b) (b)

2 3 m

 (c) (d)

(c) (d)

(a)

(d)(c)

(b)

1) (a) 54 (b) 14 (c)
(d)



5



6

L L

M S

L-M-S

L M

L S

L M S

M S

L M S

M-S

L



7



8

6

1

2

3

4 5

4

5

3 (a) 

(b) (c) 

(d) 

6

1) 2

2005 http://www.ktr.mlit.go.jp/ktr_content/con-

tent/000046432.pdf 2016 / 3 / 1







11

1) 2)

0.3 m 8 m 1/1000

4.8 mm

1.2 

l /s 0.028 m 0.015 m/s
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B

3 
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3)

4)

5)

30 m 1 m 1/100

96 mm

80 120 mm

100 mm

10 mm 133 mm

0.4 mm 0.8 mm 50 100 l /s

u* wo u* /wo 1.2 2.2

0 2.3 10-4 m3/s



13

4) 2)

6)

30 m 1 m 1/100
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Blaschke et al.13) Datry et al.14) Gibson et al.15)

Clogging process

Blaschke 

et al.13) 4 (a) Clogging process

(b) Clogging process (c) 

(d) Clogging process
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clogging episodes clogging cycle
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clogging cycle

16) 17)

18) 19) 3 4 Blaschke et al.

clogging cycle

1996 2011

1997

1998 2001 clogging

50 %

2 cm

Datry et al.14) clogging



17

101

2 clogging

50 %

Gibson et al.10)

26 m 0.9 m 1/500

3/1000 60 % 8 mm 0.1 0.5 

mm 4

4

3

7 0.085 

m3 / s 1/500 2.5 N / m2

0.093 m3 / s 3/1000 3.5 N / m2
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”fine bridging”
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10.6 fine bridging

10.6 15.4
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 (a)

5 m 0.1 m 0.1 m

Experimental Set 1  (b)

16 m 0.2 m 1/250

Experimental Set 2 2.5 3.5 m

8.5 14 m 0.05 m

M

0.25 m

L  (a)

DL = 50 (mm) 3.98

 (a) DL = 40 (mm) 3.60

L DL = 40 (mm)

DL = 50 (mm) L

L

L  (b) (c)

DM = 5 (mm) 2 (mm) 2.5 M

 (d) DS = 0.21 (mm) 2.65 S

L-M-S 1

Experimental Set 1 DM = 5 (mm) Experimental Set 2 DM = 2 (mm) M

τ*MC = 0.042

τ*MC = 0.050 S woS = 0.025 (m/s)
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L
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L l L
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l / DL = 1  (d) (e) l / DL = 3 4

L  (a) (e) Experimental Set 1

Experimental Set 2  (a)

Experimental Set 1 2

Experimental Set 1 L 2

Experimental Set 2 4

Experimental Set 1

Experimental Set 2

L M L-M L S

L-S L M S

L-M-S

L M-S

Experimental Set 2 (a)

(b) L

M S M RM

RM 0.5 Experimental Set 1 RM=0.6

RM 0.6

M

0.5

Experimental Set 1 L-M-S RM 0.5 0.1

Experimental Set 2 RM = 0.5
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M RM 0.6

0.02 m

0.02 m

(a)

(b)

M RM = 0.5 (a) (b) 
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Experimental Set 1 Qw = 2.5 8.0 (l /s)

u* = 0.045 0.14 (m/s) Experi-

mental Set 2 Qw = 1.5 12 (l /s) u* = 0.035 0.06 (m/s)

Case A D 4

5.5 0.11 0.071 0.068
6.0 0.11 0.079 0.084
7.0 0.11 0.104 0.152
7.5 0.11 0.106 0.152
8.0 0.11 0.126 0.218
5.5 0.11 0.073 0.073
6.0 0.11 0.096 0.127
7.0 0.12 0.134 0.243
8.0 0.12 0.147 0.296
5.6 0.11 0.072 0.071
6.5 0.11 0.097 0.129
7.0 0.12 0.111 0.168
5.7 0.11 0.081 0.089
6.0 0.11 0.088 0.106
6.5 0.12 0.102 0.142
5.7 0.11 0.072 0.071
6.0 0.11 0.072 0.071
6.3 0.12 0.094 0.120
2.5 0.11 0.041
3.0 0.11 0.045
3.5 0.11 0.053
4.0 0.11 0.056
4.2 0.11 0.062
4.5 0.11 0.075
2.5 0.12 0.048
3.0 0.12 0.058
3.5 0.12 0.061
4.0 0.12 0.073
2.5 0.11 0.040
3.0 0.12 0.058

1

Q w  ( l /s) h  (m)

l/D L =1)

l/D L =2

1

l/D L =3

l/D L =4

L-M

1.0

1.0

1.0

u* (m/s) τ*
Experimental

Set R ML

1.0

1.0

l/D L =1)

L-S

0.0

-0.0

l/D L =2 -

-0.0

h
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5.5 0.11 0.063 0.055
6.0 0.11 0.079 0.086
6.5 0.11 0.084 0.097
7.0 0.11 0.103 0.145
8.0 0.11 0.118 0.189
6.0 0.11 0.086 0.102
7.0 0.11 0.107 0.157
8.0 0.11 0.125 0.212
5.5 0.11 0.065 0.057
6.0 0.11 0.086 0.101
6.5 0.11 0.089 0.107
7.0 0.11 0.114 0.178
7.5 0.11 0.125 0.212
8.0 0.11 0.118 0.188
6.0 0.11 0.091 0.113
7.0 0.11 0.107 0.156
8.0 0.11 0.123 0.206
5.0 0.11 0.074 0.074
6.0 0.11 0.091 0.112
7.0 0.11 0.110 0.163
5.0 0.11 0.068 0.063
5.2 0.11 0.082 0.090
5.5 0.11 0.090 0.110
6.0 0.11 0.099 0.134
7.0 0.12 0.116 0.181
8.0 0.12 0.140 0.267
5.0 0.11 0.074 0.074
5.5 0.11 0.091 0.112
6.0 0.12 0.100 0.135
7.0 0.12 0.113 0.175
8.0 0.12 0.138 0.257

1 L-M-S

Q w  ( l /s) h  (m) u* (m/s) τ*
Experimental

Set R ML

0.7

0.8

0.9

l/D L =1)

0.5

0.5

0.6

0.7

h

Case A B D Qw 

= 5 (l /s) Case C Qw = 9 (l /s) u* = 0.038 0.047 (m/s)

u* = 0.048 0.052 (m/s)
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5.5 0.11 0.068 0.062
6.0 0.11 0.082 0.090
5.5 0.11 0.069 0.064
6.0 0.12 0.092 0.114
6.2 0.12 0.092 0.116
5.2 0.11 0.064 0.055
5.7 0.12 0.081 0.088
6.0 0.12 0.093 0.118
5.2 0.11 0.071 0.068
5.5 0.12 0.080 0.087
5.7 0.12 0.088 0.106
5.2 0.11 0.065 0.058
5.5 0.11 0.066 0.058
5.8 0.12 0.100 0.135
5.2 0.12 0.079 0.085
5.3 0.12 0.082 0.091
5.5 0.12 0.089 0.107
2.3 0.04 0.037 0.047
4.3 0.06 0.042 0.061
5.8 0.07 0.047 0.075
8.3 0.08 0.052 0.092
11.9 0.10 0.059 0.118
1.6 0.04 0.038
2.5 0.05 0.041
3.9 0.06 0.047
5.5 0.07 0.050
8.3 0.09 0.053
9.0 0.09 0.054
11.8 0.10 0.059
5.2 0.07 0.047 0.076
9.2 0.09 0.053 0.096

1 L-M-S

Q w  ( l /s) h  (m) u* (m/s) τ*
Experimental

Set R ML

0.7
l /D L =2

0.5

1.0
l/D L =1)L-M2

l/D L =3

0.5

0.7

l/D L =4

0.5

0.7

2

-

L-M-S
l/D L =1) 0.5

0.0
l/D L =1)L-S2

h

M S QM QS Case B Qw 

= 5 (l /s) M QM

QM M
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M S QM QS

h
a b L

M S

Q M Q S

A1 5.0 0.0 0.059 0.046 0.073

A2 5.0 0.2 0.061 0.046 0.072
A3 5.2 0.4 0.063 0.046 0.073
A4 5.1 1.4 0.061 0.045 0.069
A5 5.2 2.5 0.059 0.045 0.068
A6 4.9 3.8 0.048 0.039 0.053
A7 5.0 4.5 0.048 0.038 0.050

B1 5.2 0.0 0.052 0.042 0.060
B2 5.2 0.4 0.054 0.043 0.063
B3 5.1 1.4 0.051 0.040 0.053
B4 5.2 2.8 0.052 0.041 0.056
B5 5.3 3.1 0.052 0.042 0.059

C1 9.1 0.0 0.082 0.051 0.087
C2 9.3 0.4 0.084 0.051 0.090
C3 9.0 1.4 0.083 0.052 0.090
C4 9.0 2.5 0.084 0.052 0.091

C5 9.1 3.4 0.085 0.052 0.093

C6 9.1 4.5 0.084 0.052 0.094
C7 8.8 5.0 0.075 0.048 0.079
C8 9.1 5.7 0.080 0.051 0.087

D1 5.3 0.2 0.061 0.046 0.072
D2 5.2 0.4 0.063 0.046 0.073
D3 5.0 1.4 0.062 0.047 0.075
D4 5.2 3.8 0.053 0.042 0.060

τ*

0.4

0.4a

a

b

h  (m) u * (m/s)Case Q w  (l /s)
 (cm3/s)

a

1.2

0.4

Meyer Peter and Müller 1)

QM = 1.2 (cm3/s)

L Case A C D Case B

QM = 0.4 (cm3/s) Case

Qw M QM QS
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Q
w

QM QS

QS 0 5.7 cm3/s L

M S

S QS Qw

tan θ tan θ

M S

M S

2

Case A C

Case D L

M-S Case D

Case A
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Experimental Set 1

Experimental Set 2

9.5 13 m 0.5 m

2) Experimental Set 1

Experimental Set 2

Experimental 1 2

M

M-S

L

L M-S

L M-S

(a) (e) Experi-

mental Set 1 (f) Experimental Set 2  (a) (e)

 (a) (e) L Experimental Set 1

2.875 3.075 m Experimental Set 2 11.175 11.625 m

L Experimental 

Set 1 1 Experimental Set 2 3

L L

M-S

1 L

1

2.5 cm 4 cm 5 cm 5
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(e)

1a

1b 2b 3b 4b 5b

5a4a3a2a

(f)

66a65a64a63a62a61a60a59a58a57a56a55a54a53a52a51a50a49a 68a67a

66b65b64b63b62b61b60b59b58b57b56b55b54b53b52b51b50b49b 68b67b

66c65c64c63c62c61c60c59c58c57c56c55c54c53c52c51c50c49c 68c67c

66d65d64d63d 62d61d60d59d58d57d56d55d54d53d52d51d50d49d 68d67d

(d)

1a

1b 2b 3b 4b 5b 6b 7b

6a5a4a3a2a 7a

(c)

1a

1b 2b 3b 4b 5b 6b 7b 8b 9b 10b

2a 10a9a8a7a6a5a4a3a

(b)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

(a)

1a

1b 2b 3b 4b 5b 6b 7b 8b 9b 10b 11b 12b 13b 14b 15b 16b 17b 18b 19b 20b

2a 18a17a16a15a14a13a12a11a10a9a8a7a6a5a4a3a 20a19a

(a) L (b) (c)
L l L DL l / DL = 2 (d) l / DL = 3 (e) l /DL = 4

(a) (e) Experimental Set 1 (f) Experimental Set 2 (f) (a) L
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2 cm  (c) (e) 9 13 9

M S L

L

h

L M-S

L

M S

u*M u*S L

u* M-S

u*M u*S

M 5 S

L

h

M S

Flow

M S
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5 1 30

δE

3)

M

M

M S

δE

1) Meyer-Peter, E., and Müller, R.: Formulas for bed-load transport, Proc., 2nd Meeting, 

IAHR, Stockholm, Sweden, pp. 39–64, 1948.

2) Einstein, H.A.: Formulas for the transportation of bed load, Trans. ASCE, Vol.107, No. 

2140, pp.561-577, 1942.

3) Armoring 195

pp.55-65 1971
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L M

S

L M L-M L S

L-S

(a) (b)

L-M L-S

u* = 0.11 0.04 (m/s)  (a) (b)

S

S

M

M

LDL

M S(a) (b) (c)

(b)

(a)

(a) L-M u* = 0.11 (m/s) (b) 
L-S u* = 0.04 (m/s)

(a) L-M (b) L-S (a) L-M-S
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L M S

ΔM ΔS M

S

M u*MC

S u*SC woS L

L

u* M S

0.0

0.2

0.4

0.6

0.8

1.0

M
/D

L

(a)

0.0 0.2 0.4 0.6 0.8 1.0
HM

0.0

0.2

0.4

0.6

0.8

1.0

M
/D

L

(c)

0.0

0.2

0.4

0.6

0.8

1.0

M
/D

L

(b)

0.0

0.2

0.4

0.6

0.8

1.0

S
/D

L
(d)

0.0

0.2

0.4

0.6

0.8

1.0
S
/D

L

(e)

0.0 0.2 0.4 0.6 0.8 1.0
HS

( f )

0.0

0.2

0.4

0.6

0.8

1.0

S
/D

L

Set 1
Set 2

Set 1
Set 2

l /DL=2
l /DL=3
l /DL=4

L (a) (c) (e) L-M (b) (d) (f) L-S (a) (b)
L (c) (d) (e) (f) L

Experimental Set 1 Experimental Set 2
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u*MC u*SC u*MC / u* u*SC / u* Hi = HM HS 

ΔM ΔS L DL

Hi  (a) (b) L

(c) (d) (e) (f) L

(a) (c)

(e) L-M (b) (d) (f) L-S

Experimental Set 1 Experimental Set 2

L l

(a) (b) L

l L DL 1 (e) l / DL = 2 3

4 (f) l / DL = 2

u* Hi

ΔM ΔS (a) (b)

 (a) (f)

Δ / DL = α × ( Hi 
-2 – 1 ) 0.5                                                      (1)

α 0.3 Δ ΔM ΔS

L-M HM = u*MC / u* ( 

τ*M - τ*MC ) 0.5

ΔM / DL = β × ( τ*M - τ*MC ) 0.5                                                   (2)

β = α × τ*MC
 -0.5 DM = 5 (mm) Experimental Set 1 β = 1.3

DM = 2 (mm) Experimental Set 2 β = 1.5 (2)

Meyer-Peter and Müller

 (a) (b) L M

S L
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L

L

Δ / DL u* M

S (a) (b)

Experimental Set 1 2 M DM

 (c) (d) L (e) (f)

L

L L

l DL 3 4

l

L M S

1)
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M S

L-M-S

Experimental Set 1 RM

0.3

u* = 0.070 (m/s)  (c) L-M-S

L

L M

M M

S L M

L

(a) L-M L M ΔM

 (a) ΔM L DL ΔM / DL M

τ*MC τ* τ* / 

τ*MC Experimental Set 1 2

M τ*MC τ*

M

L-M-S Experimental Set 1 M RM = 0.3
u* = 0.070 (m/s)
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(2) L-M

L-S RM =1.0 0.0

Experimental Set 1 RM = 1.0 0.5 0.4 0.3 0.2

0.1 Experimental Set 2 RM = 0.5

 (a) M RM ΔM

(b) M LM  (b) LM M

DM τ* / τ*MC LM / DM 1

2 τ* / τ*MC RM

LM / DM RM LM

(c) τ* ΔM / DL (1) M

τ*M τ*MC RM

L-M-S (a) M /DL * / *MC (b) LM  /DM * / *MC

L

0.0

0.2

0.4

0.6

0.8

1.0

1

(a)

2 3 4 5 6

M
/D

L

*/ *MC

(b)

0.0

1.0

2.0

3.0

4.0

L M
/D

M

DM = 2 (mm)
RM = 0.5

DM = 5 (mm)

RM = 0.4
RM = 0.3
RM = 0.2

RM = 1.0
RM = 0.5

RM = 0.1
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L-M-S (c) *M  / *MC RM (d) (e)
M RM RM

L

(e)

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

(c)

(d)

0.0

0.2

0.4

0.6

0.8

1.0

* M
/

* M
C

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0

R M

RM

DM = 2 (mm)
RM = 0.5

DM = 5 (mm)

RM = 0.4
RM = 0.3
RM = 0.2

RM = 1.0
RM = 0.5
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LM / DM = γ × ( ( u*S / u*M ) -2 – 1 ) 0.5                                              (3)
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LM / DM 1.7 2)

1.8
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(5)
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1) 

59 pp.991-996 2005

2) 

47 pp.168-169 1992
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M S

M QM S
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Qw= 5 (l /s) M QM = 0.4 

(cm3/s) QS Case A

λ M RM

(a) QS = 0 (cm3/s) M

ΔM / DL 0.15 S RM

1.0 ΔS / DL 0.37 0.36

M

M L M 0.4

L

M 0.6

0.6 M

M

S L M

M

δE /D M
Q M Q S

A1 5.0 0.0 1.00 0.15 0.37 0.66 1.3

A2 5.0 0.2 0.82 0.15 0.20 0.49 1.7
A3 5.2 0.4 0.72 0.15 0.15 0.49 1.9
A4 5.1 1.4 0.59 0.13 0.13 0.56 1.9
A5 5.2 2.5 0.24 0.11 0.11 0.51 3.1
A6 4.9 3.8 0.11 0.00 0.00 0.50 3.2
A7 5.0 4.5 0.08 0.00 0.00 0.57 2.7

Case Q w  (l /s)
 (cm3/s)

R M

0.4

λΔM /D L ΔS /D L

Case A M S L M S E

M RM
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RM* = ( 1  λM ) / ( 1  λ* )                                                      (7)

RM > RM* Stage 1 RM < RM* Stage 3 5 M

λS S λ*

λ

( ) ( )
( ) MSL

MSSL

R
R

*1
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λ−λ−λ−
λ−λ−λλ−
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λu (6)

(8) (9) (11)

λ = λu  ( 1  RM ) / RM ( 1  λu )                                                 (9)

RM* = 1 / ( 1 + λu )                                                        (10)

λ= ( 1  RM ) λu / ( 1  RM λu )                                                 (11)

RM > RM* (9) RM < RM* (11)  (b)

λu = 0.6 (10)

RM* = 0.63 (9) (11) RM
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Stage 1 RM λ
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M
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M M L1 L3

L

L1 : L2 : L3 = 1.15 : 1.51 : 1.51                                                 (12)
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×
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M QM S QS

M QM Case A

Case B

Qw = 5 (l /s) QM = 1.2 (cm3/s) QS Case 

A Qw QM

Case A B M

Case B

 (a) ΔM / DL ΔS / DL

M RM Case B M

QM Meyer-Peter and Müller

(a) ΔM / DL 0

M

Meyer-Peter and Müller

QS RM

M QS

L M S

δE /DM
Q M Q S

B1 5.2 0.0 1.00 0.03 0.38 0.49 1.4

B2 5.2 0.4 0.80 0.03 0.07 0.57 2.1
B3 5.1 1.4 0.56 0.00 0.00 0.56 -
B4 5.2 2.8 0.37 0.02 0.02 0.50 -
B5 5.3 3.1 0.28 0.02 0.02 0.53 -
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 (cm3/s)
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Qw = 9 (l /s) QM = 0.4 (cm3/s) QS Case 

C

Case A

M QM Qw

u* = 0.048 0.052 (m/s)

Case C
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 (a) ΔM / DL ΔS / DL RM

QS = 2.5 (cm3/s) Stage 2 QS

Stage 1 Stage 3

Stage 4 QS

Case A Stage 4 L M S

M S

 (a)  

δE /DM
Q M Q S

C1 9.1 0.0 1.00 0.20 0.42 0.57 1.4

C2 9.3 0.4 0.79 0.21 0.26 0.45 -
C3 9.0 1.4 0.63 0.20 0.21 0.44 1.7
C4 9.0 2.5 0.58 0.21 0.22 0.42 1.9
C5 9.1 3.4 0.34 0.20 0.21 0.45 -
C6 9.1 4.5 0.37 0.19 0.19 0.50 2.9
C7 8.8 5.0 0.23 0.17 0.17 0.54 2.9
C8 9.1 5.7 0.15 0.17 0.17 0.43 -
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M-S L

Case A

Case D

(a) (c) Case A  (a) (c)
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M

Qw = 5 (l /s) QM = 0.4 (cm3/s) QS = 0.4 (cm3/s)

Case D2 M-S L

M M-S L

M-S

M-S

Q M Q S

D1 5.3 0.2 0.80 0.15 0.18 0.57 2.1

D2 5.2 0.4 0.78 0.14 0.14 0.41 1.9
D3 5.0 1.4 0.65 0.15 0.15 0.61 1.7
D4 5.2 3.8 0.14 0.01 0.01 0.49 3.5
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1) 

49 pp.991-996 2005

2) Muhammad Sulaiman

50 pp.1021-1026 2006

3) 61

pp.493-494 2006
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