THEORY AND DESIGN OF STABLE CHANNELS
IN ALLUVIAL MATERIALS

by
Daryl B. Simons

Department of Civil Engineering

Colorado State University
Fort Collins, Colorado

May 1957

CER. NO. 57DBS17



THESIS

e

THEORY AND DESIGN OF STABLE CHANNELS

IN ALLUVIAL MATERIALS

Submitted by

Daryl B, Simons

In partial fulfillment of the requirements
for the Degree of Doctor of Philosophy
Colorade State University
Fort Collins, Colorado

May, 1957

AN

Ulau0l 0591011



ACKNOWLEDGMENTS

The data used in this thesis are made up of three sub
groups:

(1) Data collected by Mr, D, L. Bender and the writer
from stable irrigation canals during 1953 and 1954,

(2) Canal data taken from reports published by the
Central Board of Irrigation, Simla, India and The
Punjab Irrigation Research Institute.

(3) Data collected by the U. S. Bureau of Reclamation
and other agencies from stable canals and rivers,

The collection of the original data was initiated as a
result of conferences held by Professor Maurice L, Albertson, Civil
Bngineering Department, Colorado State College and the writer with
Professor Thomas Blench, Civil Engineering Department, University
of Alberta, Canada, on the need for information regarding side
factors and bed factors for stable channels in the United States,
The scope of the investigation was broadened considerably following
consultation with Professor E, W, Lane, Civil Engineering Depart-
ment, Colorado State University, Mr, Whitney M, Borland, and Mr.
Kenneth B. Schroeder of the Bureau of Reclamation, Mr, Don C.
Bondurant of the Corps of Engineers, and Mr. Paul C. Benedict of
the U, S. Geological Survey,

The project as proposed was sponsored cooperatively by
the above three governmental agencies, Colorado State University
and the University of Wyoming,

Based on the data collected during the summer of 1953
Mr, D, L. Bender prepared a Master of Science thesis entitled
“Suspended Sediment Transport in Alluvial Irrigation Channels”,
that was completed in December 1955, The writer wishes to
express his thanks to Mr, Bender for his assistance and cooper-
ation in the collection and laboratory analysis of the data,

The writer wishes to express his appreciation to Dean
T. H. Evans and Professors D, F, Peterson, J. E, Cermak, and H. K,
Liu of the Civil Engineering Department and Dr, S, A. Basri of
the Physics Department for the many helpful suggestions given.

Special acknowledgment is due Professor M, L. Albertson
who was the major professor for this study and Professor E, W,
Lane of the Civil Engineering Department for their assistance and
encouragement which to a large extent has made the completion of
this study possible,



The writer also wishes to thank Dr, J, G, Hodgson,
Director of Libraries, Colorado State University, and his staff
for their cooperation in the preparation of the bibliography.



/YP‘(\
AP )
it

TABLE OF CONTENTS

Chapter
I mTRowcTION ® L ] L 4 [ ] * L] [ 2 L ] L ® * L

II REVIEW OF LITERATURE , o o o o ¢ o o

Present methods of design , o »
Regime theory o o ¢ o ¢ ¢ & o o

Application of the Lacey and Blench

regime theories to design , . &
Tractive force method of design
Tractive force design procedure
Channel shape as related to
tractive force ¢ o o » 2 o o o
Limitations of the tractive

e o ¢

force method + ¢ o ¢ ¢ ¢ ¢ ¢ o ¢ o 0 o &

III FACTORS INFLUENCING STABILITY OF OPEN CHANNELS

DiSCharge e @ & ¢ o ¢ 0 ¢ 0 0 &
Steady diSCharge e & 0o o o
Variation of discharge
with crop needs o o« o o o
Periodic operation , o ¢«
Design discharge exceeded

81°pe ¢ o * o > o @ [ ® o e o

Shape of channel , 4 « o o o

Boundary material , ., ¢« o o o &
Cohesive range o, « o o « o o
Nonmcohesive materials, sand

Nonecohesive materials,; coarse

Water temperature , o o »
Wash 10adsS o« ¢ ¢ o o o o
Bed loads . ¢ o o o o o
Berms o o o o o o & & o o
Deposition of wash load ,

. e & o »
e o ® o o
e & & o

Shape of channels possessing berms

Influence of berm formation on
banks vegetation , , &« ¢ ¢
Bank stabilization , ¢ ¢ o o
Secondary circulation , , o
Bffect of wind action on
stability of channels , ¢ « « o
Bstimate of tractive shear, T ,
exerted on the bed of a channel
due tO WaVvesS ¢ o ¢ o o ¢ o o o

* o o

range

e & o * o ® 9

® o o o o & o o

® 66 & & ¢ 9 & o & & 2o o o ¢ o [ ]

® & » & & & o o o o 0o o o » o

® & & © 0 © ¢ » o " & S o & ¢ L

e o

e & & o ¢ o o 9 ¢ ¢ 5 0 o ° o *

® ® & & © 5 O o & * * & g 0 o L]

® © ® @ * @ & ¢ & O ¢ © ¢ o » [ 2

oo 0o

14
19
26

27

28

29

29
29

30
30
31
31
32
32
33
33
33
33
34
35
36
36
36

36
37
41

44

45



Chapter
II1

Iv

TABLE OF CONTENTS, continued

FACTORS INFLUENCING STABILITY OF

OPEN CHANNELS ~ continued . o« o ¢ ¢« o o o »

Effect of percolation on the

stability of a permeable bed . . . . .
Effect of waves on bank stability. . .

Wind effect during the non-
Operating S€ASOIN o ¢ o o o ¢ & s o » o

THBORETICAL ANALYSIS . ¢ & o ¢ o &

Analysis of the regime theory

Lindley equations . . .
Lacey equations . « «
Blench equaticns , « « &
The development of the
Lacey equationse « « « «
The development of the
Blench equations . . .
Evaluation of bed and

-

s & @

. . L 4

-

L - . L

sidéfactOIS.............
Effect of sediment concentration . ¢ « «

Physical significance of the

Lacey equations . « « o o o«

Physical significance of the

Blench equations . « « « o+ o«
Tractive force concept . . .

Tractive force on the bed

Tractive force on the sides
Significance of the tractive

force theoty ® o o o o o o @
Effect of Charge e o v o o o

Analysis of the geometry

of stable channels . . « « .

Dimensional analysis of the

variables influencing C/4g,

Relationship between regime

theory and tractive force

.

Slope relationship « « « o
Width to depth ratios . . »

Relationship between bed and
side factors and tractive force

¢ o e+
.

. & s @
L

L] L] . -

. . L] *

. [ ] . .
L 4 LI
* - * &
* e o o9
. L] . L d

. L 4 * o

¢ o o @

* * [ 2N J

47
51

52
53
53
53
54
54
54
57

60
64

66
67
67
67
70

73
73

74
75
79
79
81

82



Chapter
\'s

Vi

TABLE QF CONTENTS, continued

BQUIPMENT AND PROCEDURE . ¢« o & o o

Slope measurementsS . « « « o

Velocity measurements . . . .
Sediment samples . o ¢« ¢ ¢ o @
Sampling of bed and side

material . . ¢ 4 o o o o o o o

Armor coat « o o« ¢ « o » o o o
Shape of canal . « « o & & « &
Water temperatures . « ¢« o« « &
Vegetation.o...--...
DiSCharge .« « o o« o o o o o

Bed condition s & o o » & s »

PhotographS. v« « « o o o « s o

PRESENTATION OF DATA . « ¢ « o o

General information on the canal

reaches investigated . . . . .
Velocity data . ¢ « o « o o »
Cross—sectional shape and

properties of the section . .

Slope of energy grade line . .

Suspended sediment . . . . . .
Total sediment load . . . . .
Bed and side material . . . .
Standard deviation . . « o« .« .
Visual tube analysis . + « « .
Magnitude of suspended
sediment 1load. . &« ¢ ¢« o & « &
Magnitude of total sediment
1oad & & 4o 4 4 o o ¢ o s o o @
Computation of tractive force

Tractive force based on T = XDS

Average tractive force based
on T aye =¥RS ¢ ¢ o 4 ¢ . .
Tractive force based on
velocity gradient . . . « « o«
Tractive force based on

the concept of zero momentum
excha.nge...........
Summary of data for the 24
canals investigated . . . . .

* & & ®

.

L3

L] * L] L 4 *

* & 5 &

Page
83

86
87
90

90
92
95
95
95
95
95
95

97
97
97
98
98
99
99
100
100
101
102

102
102
103
103

103

103

104



Chapter
VI

VII

VIII

TABLE OF CONTENTIS, continued

PRESENTATION OF DATA , 4 ¢« ¢ ¢ ¢ o ¢ ¢ o

United States Bureau of
Reclamation data
India data . ¢ ¢ o
Richardsons number
Temperature data ,

® & e
. o o
® o o o
® & o o
. o o o
* & o o
. 9 o @
® & s 8

ANALYSISOFMMQQQOOOOOOO.O

Relationship between R

and D, P and W e s e o 0 0 @
Estimating the W/D ratio , ¢ o «
Bstimating W and D and/oxr P
and R 4 ¢ o ¢ o 6 06 6 0 008 0 0 o
Bstimating W and P . o o o ¢ o o
Bstimating D and R ¢ ¢ o ¢ o o o«
Determination of W' and D by

the Blench regime equations , o o «

* & o >

Bstimating bed and side factors , . .

Relationship between Q and A
Bxpressions involving velocity,
diSCharge andlepe s 6 0 8 o 0 o o
Other regime slope equations ., ,
The Blench, King regime

slope formula o o o o o o« o ¢ o o o
Other correlations involving slope
Tractive force relationships . , .
Magnitude of tractive force . ¢« ¢ »
Correlation of tractive force

with mean diameter of bed
material ., 4 ¢ o s o o o

® & o & @
Channel shape ¢ « ¢« ¢ ¢ o ¢ ¢ « o «
Transition function e °o & ¢ 85 & o o
Modified Binstein theory ., . « o o
Channel roughness o « « o« o o s » »

DBSIGN PROCEDURBS , o ¢ ¢ ¢ o ¢ ¢ ¢ o o

Discussion of correlation presented
in the preceding chapter , o ¢« o »
Scope of recommended design

procedures . o« o o ¢ o ¢ o 06 s o

* o » & @

* ® e @

* & s o

e o

¢ & & 8

* o & ¥

* & & & @

¢ ¢ & o

* o * & b

®* & * °

e o & » o0

* & & o

* & * &

® o &

4

® » & o

*® e & s

104
104
105
106

107

107
107

109
109
111

112
113
115

115
117

119
120
121
121

122
124
124
125
126

129

129

129



Chapter

VIII

IX

TABLE OF CONTENTS, continued

DESIMN PROCEDURES -continued . . « « &

Selecting W/ or
PR ratioS o+ ¢ ¢« o o o o o o o
Estimating W knowing P

OF ViSA VeISA 4+ o o o « s ¢ o o o
Estimating D knowing R
orViSaversa...¢......
Estimating W/D or PAR
fordesign......-.....
Seiection of P and/or W . . .
Selection of D and/or R . . .
Checking W/D against the WD
ratio indicated by independent
values of W and D ., v o o« o o »
Computing W and D based

on the Blench regime equations . .
Selection of A based on Q
andsoiltype s s s & o & s 8 o &
Determination of design slope . .
Slope determined by the
correlation § vs, f’"’/’Q"/6 . . .
Slope determination by the
correlation S vs, d°'86/Q0'21

Slope determination by the
Blench-King slope formula . . . .
Determination of S by the
tractive force method . . . . . .
Slope determination in accordance
with the transition function . . .
Slope based on the modified
Einstein equation . . ¢ ¢ ¢ o o =
Correlation of Richardsons

number and C/ VE ¢ o o o o » o o
Summary . « s o ¢« o o

¢ & 8 & & 3

APPLICATION TO DESIGN + & & o o o o o »
Design (1) & &« ¢« 4 ¢ o o o s o o =
Design (2) &« o o 4 o o ¢ o « o o
Design (3) v« o ¢« ¢ ¢ o o ¢ 0 o o @

DESign(‘l).......-...‘.

Page

129

129
130
130
130
131
132
133

133

133
134

135
135
136
136
136
137

138
138

141
141
144
147

150



TABLE OF CONTENTS, continued

Chapter Page
X SUMMARY AND CONCLUSIONS . ¢ ¢« 4 « ¢« 6 o ¢« ¢ o ¢« o s « 155
X1 PROPOSED FUTURB STUDIES . ¢« . « « ¢ « ¢ o « o e« » & o 159

BIBLIOGRAPHY | | |, | . i i i e v v o o oo . ., 101-167

APPBNDIXA"’FIGURES © ® e & & e e e e & & & o o 169‘232

APPENDIXB-TABLBS & & o & & & ° & & ¢ & s o » 233'394



LIST OF TABLES

No. Title Page

1, Values of Mannings n and permissible velocities
for different soil types according to Etcheverry . « « o o o 4

2, Values of Mannings n and permissible velocities
for different soil types according to Fortier
and SCObey @ 5 5 o + 5 5 8 @ s e s 8 e 8 e ® 8 e e o s e @ 5

3. U.S.S.R. permissible velocities for silt stable
Channels . o ¢ o o ¢ ¢« ¢ o ¢ s o o ¢« ¢ ¢ 5 8 o s 8 6 ¢ o o o 5

4, U,S5.S.R, permissible velocities and tractive forces
considering cohesive soils and various degrees of
compPaction o o o o o o s o o 8 ¢ 5 s ¢ s s 5 o o s 06 0 0 & 8 6

5. Recommended side factorS ¢+ ¢ o e« o o o o s 6 6 ¢ 6 6 6 0 s » 16

6., Variation of permissible tractive force with
tYpEOfSOil...-...o...........o-o.- 19

7. Limiting tractive force recommended for fine non-
cohesive materials e 8 ® 8 8 ¢ 8 ° ® 8 8 © © 8 & 9 & s s o & 22

8. Influence of bends on permissible tractive force . o« « o o 26

9, Tractive force on a channel bed resulting from
wave actionl . 4 4 e e e e e ¢ o 8 s o 6 o o * 5 o & s o o o 48

10. The effect of seepage forces on the stability of
achannel Ded . o o o ¢ o ¢ o ¢ 2 o o« o 06 o o 6 6 86 0 0 ¢ o S0

11, Comparison of the Kutter, Lacey, and Manning
coefficientsS o o o o o o o « o o ¢ o o o o s o o o o o s o o 57

12, Regime equations that qualitatively recognize the
influence Of sediment load e ® * ® & 8 ® 6 & & * ¢ & ¢ @ @ 65

13, General information on canals investigated by
simonsmdBender..no...oooco.ooooo.oo 233

14, VEIOCitY distribution data « +« ¢« o ¢ o » « o s o & o o & = » 236
15, Cross—section data @« 6 o ® ® & 6 ¢ ® # 6 8 & 6 8 6 & 8 e e @ 260

16. Water Surface elevations . . ; e & 5 &+ 5 & % 6 &8 * " e e e 275



No.

17.

18.

19,

21.

22,

23,

24,
25‘
26.

27,

28,

29,

31.
32,
33.

34,

35.

36.

LIST OF TABLES cont,

Title

Suspendedloaddatao...-.--»......

Total load data and particle size distribution . ., . &

Size analysis of bed and side material. . . .

Standard deviation of bed and side material .

L] L] L] L] L]

L . - Ld *®

Size analysis of bed and side material based on

VeAe tube o ¢ o o o ¢ ¢ ¢ ¢ o ¢ ¢ 06 o o 0 o o

Standard deviation of bed and side material
based On V.A. tube - . L] [ ] L ] . . L] L ] L ] * * .

Summary of mean sizes and standard deviations
by the two methods of analysis . « « o ¢ o «

Computation of suspended sediment load . . .
Summary of suspended and total sediment loads
Tractive force computations . « « ¢ ¢ « o« o @

Tractive force computations based on zero
momentum tranSfer « o« « o« o o ¢ « o o s o & o

e & o s

obtained

- * L d L

¢ & & o o

Summary of Simons and Bender data and computed

parameters............o....

Us S. Bureau of Reclamation data and computed
parameterS . « o s 6 o o 6 o 6 0 0 @ 6 o o o

Punjab canal data and computed parameters , ,
Sediment concentrations, Punjab canals , .
Sind canal data and computed parameters . . .
Sediment concentrations, Sind canals , « « &

Imperial Valley canal data and computed
parmeters L 2 . *» - * L 2 L ] L ] L * L ] L J - . . - .

Values of Richardson’s number and C/ Vg
based on U, S, Geological Survey and Colorado
State University data . « o ¢« o ¢ ¢ o ¢ o o o

Summary of measured and computed slopes . . .

L 4 ® * L] .

309

343

347

350

351

352

354

355

370

371

378

380

387

388

391

392

393

394



No.

1.

2.

3.

4.

5.
6.
7
8.
9.
10,
11,
12,
13,

14,

15.

16,

17.

18,

19,

LIST OF FIGURES

Title
Definition of W and D o & & 0 & &6 & 0 o o o o o

Variation of width W with discharge Q
where Cw = b/s ¢ o & o o & & & & 6 & 6 6 & * o s @

Variation of depth D with discharge Q
where CD = S/bz e & ® & @ 8 & ¢ & o & 5 6 v v P s @

Variation of slope S with discharge Q
where Cs = b>/8 s1/22 54 s = Cq qQ 2/

2080
Tmax in terms of ¥DS on the bottom of channels .,
Tmax in terms of ¥DS on the sides of channels . ,
Variation of K with side slope and angle of repose
Angle of repose for non—cohesive materials . . 4 o« o
Variation of tractive force T with bed material d
Angle of repose of non-cohesive materials . . « « »
Overbank channel caused by method of operation . . .
Shape of typical stable channel with natural berms ,
Effect of velocity on angle of repoS€ o+ « o o « s o

Methods used to launch protective blankets

in Indid o o o ¢ o ¢ o ¢ o ¢ 06 s o s ¢ 6 00 o0 o .

Typical shape of channel stabilized by the
India method 8 + & &6 ® % ® ® & ® & ® 6 8 ® ®© ® ® s e

Placing of protective material on the banks
of the Interstate canal in Wyoming . « « o o » o o o

Original observation of secondary currents
according to Moller and Sterns o« « « o o = « o » o »

Secondary circulation according to Prandtl . + + . &

Secondary circulation . . . e 8 o o @ ¢ s e = e e @

Page

12

17

17

17

23
23
23
24
24
25
30
36

38

39

39

40

41

41

42



No.

20,

21,

23.

24.

25.

26,

28,

29,

31.
32,
33.
34,

35,

36,
37.
38,
39,

40.

LIST OF FIGURES continued

Title
Secondary circulation below Grand Coulee Dam
Velocity of oscillation of a flat plate . .

Instantaneous flow net in a porous bed due
to wave action « o o« o ¢ ¢ 2 o 6 o o 8 o s o

Erosion on the bed of Canal No, 1 caused
by wave action . o o « « o o o o o o o o o @

Tractive force analYSiS ¢ & & & o o o s & @

Tractive force considering the effect of
momen tum QXChange e ¢ o & * o & o+ s e s 2 s

Stress diagram of the major forces acting on
sides of anopen channel v ¢« « « ¢ o o o o o

Theoretical distribution of tractive force .
Photos of Canal Noe 1l o ¢ o o 0 0 ¢ o o oo
Photos of Canal NOu 9 o o o ¢ 0 0 0 ¢ o ¢ o

Construction and use of the portable
hoOk 82Z€ 4 « « o o s o s ¢ ¢ o 0 s ¢ o o o

Current metering equipment . « ¢« o« ¢ o ¢ o «
Bed material sampler .« o ¢« ¢ ¢« + o o ¢ o s o
Armour coat sampling equipment . ¢« « o o o o
Armour coat SampleS .+ « o o o o ¢ o ¢ o o o

Typical variation of velocity with depth,
Canal No. 9 ., . e & o 0 ¢ & o @ s o s s e o

Typical iSovelS « o ¢ o ¢ ¢ o o ¢ s ¢ o o &
Comparison of cross-sections, Canal No, 2 ,
Comparison of cross—-sections, Canal No, 11 ,
Comparison of cross~sections, Canal No. 20 .,

Typical water surface S10Pe€S « o o o o o o o

49

51

67
69

71
73
84

85

89
89
91
93

94

169
170
171
172
173

174



No,

4l1.

423

42b

43,

45,

47,

43,

49,

50.

51.

52,

53.

LIST OF FIGURES continued

Title

Typical variation of sediment concentration
with depth, Canal NOs 2 4+ o o o o o o o « »

Typical sediment size distribution . . « « &

Typical variation of sediment size
with depth e ® o & ® & ®» 5 & o o & & o 8 o o

Percent finer curves for the bed and
side material of Canal No. 23 . o« ¢ ¢ o o o

Comparison of pércent finer cufves
resulting from V.A, tube and mechanical
methods of analySisS .+ 4 o ¢« o o« o o o o o o

Variation of hydraulic radius R with
depth D e @ o 8 o 9 06 % 5 8 8 6 o e e & @

Variation of average width W with
wetted perimeter P e & & 5 o ® ® o 8 o e ®

Variation of side material d with width-
depth ratio W/D e ® o6 5 &6 8 4 8 & 8 s e v @

Variation of bank soil with width-
depthtatioW/D.....c.o......

Variation of top width~depth ratio W1 D
with discharge Q and type of bank material

Variation of roughness C/ Vg with width~
depth ratio W/D e & & & ® €& 6 o % + 3 & e @

Variation of shape factor P/AR with
discharge Q and type of bank and bed
material e o ® o 8 s 8 e o &6 & 0 0 s 6 8 e ®

Variation of top width-depth ratio Wr/D
with Shape faCtOr P/R e & ¢ & @ & 6 0 o o @

Variation of top width Wp with suspended
sediment dgs and discharge Q . o o o o «

Page

175

176

176

177

178

179

180

181

182

183

184

185

186

187



LIST OF FIGURES continued

No, Title Page

54, Variation of side material d with
suspended sediment d85 . L] . * * L 2 L] L ] - L ] . L ] *® L] [ ] L ] L] 188

55. Variation of wetted perimeter P with
discharge Q and type of channel . « ¢« o ¢ ¢« o« o o ¢ o o 189

56, Variation of wetted perimeter P with
discharge Q and type of channel . ¢« « ¢« o ¢ o o ¢ « o » 190

57. Variation of wetted perimeter P with
discharge Q and type of channel, all data .« ¢ « ¢« o o o 191

58, Variation of average width W with discharge
Qandtypeofchannel...............o.o 192

59, Variation of average width W with discharge
Q and type of channel, all data . . ¢ o« ¢ ¢ ¢ @ o o o @ 193

60, Variation of average width W with top
Widthw‘roooooao.c--ooococoooooon 194

61, Variation of bed depth D with discharge
Q and type of channel, all data « o « o o ¢ o o o o o o o 195

62, Variation of hydraulic radius R with
discharge Q and type of channel, all data . . « o « o o 196

63. Variation of P/Q*/? with the Blench
shapefa.ctorW/V'D..................... 197

64, Variation of bed factor V2, with bed
material d Ll L] * L] * L ] - L] L] o * [ ] * L] L ] [ ] [ ] ] L ] L ] - L] ® 198

65. Variation of bed factor V2, with bed
material d, all data . . 4 o o o o o ¢ ¢ ¢ e o 0 o o o o 198

66, Variation of shear velocity U* with
bedfactorVz/D..-..........-........ 199

67. Variation of shear velocity U * with
bed factor V2/D, three groups of dat2 o « « o « o o o o o 200

68, Variation of type of bank material with
Sidefactojfv3/w‘-.oooo-o'oacbooooct 201



LIST OF FIGURES continued

No. Title Page

69, Variation of side material d with
side factor VS/W e & o + o ® 6 ® & 8 @ @ ® 06 @ © o ¢ o o 201

70, Variation of area of water cross—section
A with discharge Q and type of channel .« ¢« o « « o o 202

71. Variation of average velocity V with
discharge Q and type of bed roughness . « ¢ o o o o « » 203

72, Variation of average velocity V with
discharge Q and type of channel, all data . . . « « « & 204

73, Variation of average velocity V with
RZS,Indiadata ® @ o 6 e © e & & o & ¢ o & O 0 O & o o o 205

74, Variation of average velocity V with
R2S and type of channel, all data o ¢ « o ¢ o e o o » o o 206

75. Variation of average velocity V + 1
with RS and type of channel . ¢« v« o« o o o o ¢ o o ¢ o o 207

76, Variation of average velocity V with
D?S and type of channele o o o ¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢ 06 06 ¢ 0 o o 208

77. Variation of slope S with f3/3,Q3/s
and type of channel . o o ¢ o o o2 o o 6 0 ¢ 6 06 0 0 ¢ o o 209

78. Variation of slope S with t’5/3/Q"/6
and type of channel, all data . « ¢« o« o o s ¢ o o ¢ o o & 210

79. Variation of slope S with d0'86/Q0'21

e o 06 ¢ o 8 0 0 @ 211
80, Variation of slope S with do'sé/Q‘o'21
three groups of data o o o « o o o ¢ ¢ o 0 o o 060 o s o o 212
81. Variation of V2/gDS with VW4 and
type of channel ., ® @ ® o ¢ o o o 2 & o s & ® & s s s 0 0 213

82. Variation of slope S with vd/g2/2p3/2 ,

e e o @ ¢ o ¢ 214

83, Variation of slope S with Vd/gl/st/h,
twogroupSOfdata..oo.oo-ooooo-.ot... 215



LIST OF FIGURES continued

No, Title Page

84, Variation of median size - bed depth
ratio d/D with U*D/b 2 o o & 8 & ® & e & & o o ° @ o » 216

85, Variation of S(D/W)l/é with Vd/g1/5D3/é,

and type of channel . . o o o« ¢« o « ¢« o o o o« o o ¢ o o ® 217
86, Tractive force distributions, Canal No. 2 ¢ &« o« o o ¢ o o 218
87. Tractive force distribution, Canal Noe 19 . ¢« & o o o & o 219
88, Tractive force distribution, Canal No, 23 ¢ & ¢ o o o « &« 220

89, Variation of tractive force T = (D).
with bed material d ® ® ® ® e & s ® e s @ = e+ 8 & 6 ® @ 221

90, Variation of tractive force U= XRS with
bed matetial d L] 3 L] - - . L) - - - L3 . - . - » . . L ] 222

91. Variation of tractive force T = K(V_ - V1)3
with bed material d and type of
natural material . .« .« 4 ¢ o o o o s s o 6 2 . o e o 0 » 223

92, Variation of tractive force with bed
material d, type of channel, and discharge Q 4+ « o « o 224

93, Variation of bed material d with tractive
force and plastic index, Wyoming flume data . o« o« o &+ o« & 225

94, Variation of tractive force with bed

material d, Wyoming flume data included . « o « o o « o 226
95. Transition function for channel roughness . « « o o« o o 227
96, Einstein corrective parameter . . v ¢« + o o o o o » o o 228

97, Variation based on the modified Einstein
equatiﬂn 8 8 & ¢+ » 8 8 e 8 e w e & ® & ® & ® & e 8 &8 8 @ 229

98. Variation of dune height with Manning’s n
and extent of bank vegetation . v . 4 « ¢ ¢ « o « o o o o 230

99, Variation of Manning’s n with bed
material d and bed condition . « o o o + o » o o o & o 231



LIST OF FIGURES continued

No. Title Page

100, Variation of C/ Vg with Richardsons
number R; and bed condition . . . .« ¢ ¢ ¢ v o o 0 s 232

101, Channel Shape, DeSign No. 1 e e o & o o ¢ @ & o ¢ & a @ 143
102, Channel shape, Design No. 2 . 4 o ¢« ¢ o o o o o o o o @ 145
103, Channel shape, Design NOoe 3 4« o o ¢ ¢ ¢« ¢ ¢« o o o &« & o 149

104, Channel shape, Design NOs 4 ¢ o ¢« o o o o o s o » o o 152



Symbol Dimensions
a L
A L2
b L/T?
B L
B -
ck EA3
Ca FA3
C ———
C Ll/ 2 /T
ct —
Co ——
d L
dy, L
ds L
d,s L
D L
E [

f L/1?
f -—
h L
hg L
i ——
J JR—
k P
K ——
K -
K, L
L L
M F
n -
ng —
nk —
N ———
Fp —
Re —
p 1T
P FA?
P L

LIST OF SYMBOLS

Definition or Description

Amplitude of waves

Area of water cross—section

Bed factor

Bed width of channel

A function of channel shape

Sediment concentration at D-y/y = 10
Sediment concentration

Constant when not designated otherwise
Chezy coetficient

Ratio of qs/qw

Discharge coefficient

Mean diameter

Mean diameter of bed material

Mean diameter of side material

Fif teen percent passing size
Seventy-five percent passing size
Eighty-five percent passing size
Average bed depth

Buler number

Lacey silt factor

Friction factor

Wave height

Head loss

Hydraulic gradient

A function of the roughness, K
Constant unless designated otherwise
Constant unless designated otherwise
Ratio of critical tractive force
on the sides to that on the bed
Bed roughness assumed equal to the
mean diameter of the bed material
Wave length

Weight of granular mass

Manning coefficient of roughness
Lacey coefficient of roughness
Kutter coefficient of rcughness
Number of points involved

Froude number

Reynolds number

Frequency

Pressure

Wetted perimeter



Symbol

~'<

D oAb~ w

LIST OF SYMBOLS, continued

Dimensions Definition or Description
E/T Weight of sediment being transported per
foot of width per second
F/T Weight of water flowing per foot of
width per second
L3/T Discharge
E/T Weight of sediment being transported
— -5 1/4
(5—)
oY)
L Hydraulic radius
- Richardsons number
L2/m3 Side factor
- Slope
T Wave period
T Time
L/T Velocity of oscillation of a flat
plate at time t = O
L/T Velocity of oscillation of a flat
plate at time t
L/T Velocity of water adjacent to the bed
due to wave action
L/T Shear velocity
L/T Kennedy non-silting velocity
L/T Average velocity
L/T Velocity at Yi above bed
L/T Velocity at Y, above bed
L/T Fall velocity
L Average width of channel such that
A =WD
L Top width of channel at water surface
L Distance from origin
— Corrective parameter for the transition

from smooth to rough

L Distance from origin

L Thickness of permeable bed

L Distance above bed to point where
Vy is measured

L Distance above bed to point where
V2 is measured

degrees Angle channel bed makes with horizontal
FA3 Specific weight

- Apparent surface roughness

L Thickness of laminar sub-layer

degrees Angle of repose



LIST OF SYMBOLS, continued

Symbol Dimensions Definition or Description
K - von Karman coefficient
“ BT/N? Dynamic viscosity
Y L3/ Kinematic viscosity
P FT? Mass density
Ps FT* N4 Mass density of sediment
(. L Standard deviation
- - Standard deviation in dimensionless form
T FAN? Tractive force or shear
Tbed ) I Tractive force or the bed due to
wave action

Te FA2 Critical Tractive force
] degrees Angle of side slope

) -— Potential function

y, - Stream function



Chapter 1

INTRODUCTION

The design of stable or regime channels has been the object of
considerable research during the past four decades, It is known that any
design theory must recognize the effect of the many variables involved,
Originally only a single equation of the Chezy or Manning type was utilized,
In recent years, however, various investigators have concluded that width,
depth, and slope are all variable in alluvial channels and that this im-
plies mathematically the necessity of at least three design equations. The
problem appears even more complex when one recognizes that sediment trans=
port also affects channel stability,

Recently two schools of thought, one empirical, the other pri=
marily theoretical, have each evolved theories more capable of adequately
predicting channel behavior than any heretofore, As yet, however, these
theories are incomplete and should be subjected to further study and ine
vestigation in order to broaden their scope and possibly reduce them into
one general comprehensive and complete theory,

Definition of a Stable Channel

An excellent definition of stable or regime channels was prew
sented by Lane (35) in 1952 as follows,

"A stable channel is an unlined earth canal for carrying water,
the banks and bed of which are not scoured by the moving water
and in which objectionable deposits of sediment do not occur",

) ) The foregoing definition does not exclude minor erosion or accres-
tion Qur1ng the yearly cycle of flow, It does, however, require that these
opposing effects should balance and cancel one another on an annual basis.

Application of Stable Channel Theory

] Stable channel theory is widely applicable to many phases of
w0fk in the fields of civil and agricultural engineering, the major ones
being the design and operation of drainage and waste water channels, the
desigh of power canals, and scour prevention and control,

Satisfactory design of irrigation systems requires an intimate
knowledge of channel design relationships., In fact considering the cur~

;e?t quality ?f ?hese relations considerable experience is necessary to

i:1:§: zﬁ:n§§;Stl?g gzgs. Improper design may well introduce instability
§ of such magnitude that it is not i i

operite poone ot economically feasible to



Drainage and waste water channels constructed for the purpose of
conveying drainage and waste water from given areas have been subjected to
such gross neglect that they warrant special mention., Certainly lack of a
suitable channel design theory or at least lack of application of it to
problems falling in this group has caused loss of considerable tillable
acreage, the loss of many hydraulic structures and the formation of unw
sightly scars on the earth's surface.

An adequate knowledge of the many variables influencing channel
stability would make possible a more intelligent treatment of:

1. Bank scour problems caused by increasing normal flow in
channels,

2, Bvaluation of the effect of slope changes, due to the use
of meander cut~offs, on channel stability.

3. Brosion problems above and below bridges and other types of
hydraulic structures that constrict channels,

4, Stabilization of nonwregime channels by armormcoating the
banks with material more resistant to scour than the existe
ing natural material and/or by introducing structures to
control slope,

It is of particular importance to be able to design stable power
canals in alluvial materials since the quantity of sediment being trans-
ported to the power plant penstocks must be controlled; in fact, for the
most part, eliminated,

Proposed Research

v Based on the inadequacy of current design methods and lack of
understanding of the regime theory in a field study of stable canals was
proposed in 1953 with the purpose in mind of attempting to clarify, ex=
pand, and perhaps combine the above theories, Specifically, the ma jor
objectives of this research are as follows. '

1. To investigate the validity of the regime theories as
developed in India,

2, To investigate, expand, and possibly improve the tractive
force method of stable channel design,

3. To relate the regime theories to the t i .
ractive forc
as possible, rce insofar

A detailed discussion of the field phase of the r ine
clu?ing a description of canals investigated,pthe data 6011::::§cha;g the
equl?ment utilized is presented in Chapter V, As a prelude to tﬂis dism
cussion the review of literature, factors influencing stability of canals
and a theoretical analysis of the problem follows,



Chapter 11

REVIEW OF LITERATURE

Reiterating, satisfactory design and construction of artificial
channels in alluvial material is affected by many factors some of which
are extremely complex and hence are only vaguely comprehended., A brief
history of the development of currently used empirical rules and theories
follow:

A survey of existing records, research reports, and texts re-
veals that the problem of determining a standard roughness for channels in
alluvial material has been studied by many investigators., Most investi~
gators in this field were concerned primarily with determining a roughness
coefficient for canals and natural rivers,

One of the first open channel formulae of importance was proposed
in 1775 by Chezy (23), a French engineer, His equation may be stated as:

Q = CAVRS (1)

In 1891 the Manning formula (41) and (42) was developeds This
formulaj

Q = 1.486 AR2/3 s1/2 (2)
n

is now more widely used than the Chezy formula, particularly in the United
States, Terminology is the same as in Eq 1 with the exception that n,
which is the Manning coefficient of resistance is introduced, This coef~-
ficient is considered to be characteristic of the boundary and to remain
constant for particular types of material in a fixed condition,

Permissible maximum velocities were recommended by Etcheverry (19)
and values of Manning’s n for different types of materials were recommended
by Lane (35) as follows:



Table 1, Values of n and Permissible Velocities for
Different Types of Materials

Value of
Manning's
Material n used Velocity
(ft/sec)
Very light pure sand 0,020 0.75=1,00
of quick~sand character
Very light loose sand .020 1,00~1,50
Coarse sand or light .020 1.50-~2,00
sandy soil
Average sandy soil .020 2,00-2,50
Sandy loanm .020 2,50m=2,75
Average loam, alluvial .020 2,75»3,00
soil, volcanic ash soil
Firm loam, clay loam 020 2,00-3,75
Stiff clay soil, ordinary .025 4,00=5,00
gravel soil
Coarse gravel, cobbles and .030 5.00=6,00
shingles
Conglomerate, cemented .025 6.00-8,00

gravel soft slate,
tough hardpan, soft
sedimentary rock

Scobey (59) summarized most of the studies on flow of water in
open channels., In addition, he made a number of field studies for the pure
pose of determining resistance coefficients in several discharge formulae
which would be applicable to the various conditions found in practice,

Fortier and Scobey (22) presented data on permissible canal
velocities and Lane (35) gave corresponding values of Manning!s n for
different water conditions in straight channels after aging, Their recome
mended values are given as follows,



Table 2, Values of Manning®s n and Permissible Velocities for
Different Soil Types According to Fortier and Scobey & Lane

For clear Water transport=
Manning®s water ing colloidal
Material n velocity silts velocity
(ft/sec) (ft/sec)

Fine sand colloidal 0.020 1.50 2,50
Sandy loam noncolloidal .020 1,75 2.50
Silt loam noncolloidal +020 2,00 3.00
Alluvial silts noncolloidal .020 2,00 3.50
Ordinary firm loam .020 2,50 3.50
Volcanic ash .020 2.50 3.50
Stiff clay very colloidal .025 3.75 5.00
Alluvial silts colloidal .025 3.75 5,00
Shales and hardpans .025 6,00 6.00
Fine gravel .020 2,50 5,00
Graded loam to cobbles when

noncolloidal .030 3.75 5,00
Graded silts to cobbles when

colloidal .030 4,00 5.50
Coarse gravel noncolloidal .025 4,00 6,00
Cobbles and shingles .035 5,00 5.50

In keeping with the foregoing, the Union of Soviet Socialist
Republics, as of 1936, published a code of rules to assist in the design
of silt stable canals (37) and Lane (35). The interdependence of size of
grain and average velocity is again illustrated.

Table 3, U.S.S.R, Permissible Velocities for Silt Stable Channels

Mean

Material d Velocity

(mm) (ft/sec)
Silt 0,005 0.49
Pine sand 0,05 0,66
Medium sand 0.25 0,98
Coarse sand 1,00 1.80
Fine gravel 2.50 2.13
Medium gravel 5.00 2.62
Coarse gravel 10,00 3.28
15,00 3.94




Fine pebbles 15 3.94

Medium pebbles 25 4,59
Coarse pebbles 40 5.91
Large pebbles lgg 2.87
Large pebbles .86

150 10,83
Large pebbles 200 12 %0

Velocities determined by this means are then modified by a correcw
tion factor which varies with depth as follows:

Depth, ft: 0,98 1,97 3.28 4,92 6,56 8,20 9.84
Correction factor: 0,8 0,90 1,00 1,10 1,15 1,20 1.25

For cohesive materials their code of practice related the effect
of voids ratio or compactness of bed material to permissible average veloce
ity and tractive force,

Table 4, U.S.S.R. Permissible Velocities and Tractive Forces (37)
Considering Cohesive Soils and Various Degrees of Compaction

Compactness of Bed Material

Fairly Very
Loose Compact Compact Compact
Voids ratio 2,0~1,2 1,2-0,6 0,6=0,3 0,3-0,2

Limiting mean velocities in ft/sec
and limiting tractive force in 1b/sq ft

Sandy clays ft/ 1b/ ft/ 1b/ ft/ 1v/ ft/ 1b/

(sand content sec sq ft sec sq ft sec sq ft sec sq ft

more than 50

per cent) 1,48 0,040 2.95 0,157 4,26 0,327 5.90 0,630
Heavy clayey

soils 1,31 0,031 2,79 0,141 4,10 0,305 5,58 0.563
Clays 1,15 0,024 2.62 0.124 3.94 0,281 5,41 0,530
Lean clayey

soils 1,05 0,020 2,30 0,096 3.44 0,214 4,43 0,354

As before a correction factor is applied to the foregoing ve=
locities, its magnitude being a function of depth,



Depth, ft: 0.98
0.8

.64
Correction factor: 9

1 2,46 3.2 6
° 0. 0.95 1.0 . 1. . .

The introduction of effect of voids ratio on bank and bed
stability is a concept thus far omitted from other theories,

Rouse (54) discussed the relations between existing flow formulas
and the boundary resistance, He stated that the standard flow equations
do not apply in their present form because of the characteristics of the
boundary layer which exerts a varied viscous effect depending on such varim
ables as velocity, slope, cross=section, and bed material,

Barbarossa and Einstein (18) studied river channel roughness.
They used the Manning and the Strickler (63) equations in the theoretical
solutions because of their practical value. By using the shear theory and
the formula for transportation of bed load developed by Binstein (17),
they showed that the friction loss due to channel irregularities is a
function of sediment transport, The assumptions and the conditions of this

study were:

1, The grain roughness and irregularities were assumed to be
uniformly distributed over the river boundary area,

2. The slope was calculated as the total drop over the total
distance,

3. The water surface profile was assumed to be essentially a
straight line in a long reach and to remain straight with
unvarying slope as the discharge changed,

4, The average crosswsection in a fairly long reach was ascer=
tained not to change substantially in shape and size as dise=

charge varied,

Many studies have been made on artificial roughness; the most
complete one was that by Powell (46), (47) and (48). He made a series of
experiments using square steel strips across the sides and bottom of a
channel, Utilizing the fundamental formula given by Keulegen (30) he

developed the equation:

- R
C = 1.263J + 17.9 By + 41.2 Log X, €3)
where
C = Chezy coefficient
J = function of roughness K; which is the diameter of

equivalent Nikuradse sand particles



function of the shape of the cross~section

By

R = hydraulic radius,

Robinson and Albertson (52) made a study of artificial roughness
in open channels, In this study they showed that a standard of artificial
roughness could be established similar to the roughness standard that
exists for pipes., The coefficient of roughness C was expressed in terms
of the ratio of depth of flow over the bed to height of artificial roughw

ness,

During recent years growth of interest in the theory and design
of stable canals in erodible material has been phenomenal, This increased
interest has stimulated both laboratory and field research, As a consew
quence improved theories and methods of design have been developed, These
design methods while neither uniform nor exact are based on fundamentals
that can be at least partially explained in terms of the basic engineering
sciences, The trend then is toward a better understanding of the complex
factors involved and hence more exact design methods,

Present Methods of Design

A study of man~made alluvial channels suggests that they have
three degrees of freedom, that is, channels are free to adjust in slope,
depth, and width after construction, The concept of three degrees of free=
dom implies three unknowns which in turn requires three independent equa~
tions to obtain a satisfactory salution,

This explains in part the futility of attempting to design a
stable channel based on a single equation of the Manning or Chezy type
without supplementary knowledge and information, The average hydraulic
engineer obtains the necessary additional information from rules of thumb,
empirical relationships, and experience., In general this design procedure
is more of an art than a science and consequently satisfactory designs
based on this approach are not always attained. A sounder approach to the
solution of stable channel design problems involves using some form of the
Regime Theory as developed in India, the tractive force or drag theory
which is currently gaining popularity in this country, or possibly a com=

bination of both approaches,

Regime Theory

The regime theory of India was initiated by Kennedy in 1895 when
he produced his classic empirical equation

Vo = ¢ D™ (4)



where C and m were thought to be constants and were originally assigned
values of 0,84 and 0,64 respectively, Kennedy concluded that channels
having velocities based on his formula would neither silt nor scour their
beds, The equation was empirically formulated based on data collected on
the Bari Doab canal system in the Punjab,

According to the above equation it is permissible to design a
narrow deep channel or a wide shallow one to carry the same discharge,
Actually this is far from the truth of the matter, As far as design is
concerned the only time the Kennedy equation can possibly yield correct
results is when shape is also properly selected, or when dealing with very
stable materials,

Other investigators attempting to prove or disprove Eq 4 soon
established that the constant C , and the exponent m , varied from system
to system, In spite of this the Kennedy equation, in its original form,
can still be found in many recent engineering texts and it was applied ex=
tensively in design as eriginally presented until about 1930,

A paper on "Regime Channels" was presented in 1919 by E, S,
Lindley, In this paper he introduced the following regime equations:

V = 0,95 DOe57 (5)
V = 0,57 B0+355 (©)
B = 3,80 D'e61 (7

These equations were derived by correlating data obtained from 786 obsere
vations in branch surveys of the Lower Chenab Canal, This was the first
time that bed width and depth were introduced as regime variables, In his
reply to the discussion on his paper he stated:

"The existence of these relations meant that the dimensions
width, depth, and gradient of a channel to carry a given
supply loaded with a given silt discharge were all fixed
by nature,”

That is, W, D, and S are uniquely determined, The variables bed
width, depth, and slope were observed, Velocities, however, were not obw
served, They were computed by means of the Kutter and Chezy equations,
the Kutter equation being:

0.002814_1.811
S n (8)

1+ -2 la165 + 0.00281
/R S

41,65 +
C =




The value of n in this equation was assumed constant at 0,0225, The
Lindley equations, although never popular in this country, were used
extensively in India until about 1935,

In 1927 Gerald Lacey was commissioned by the Governments of
England and India to systematize all data that had been collected relative
to stable channels, A summary of the results of the study were published
in 1929 and 1933 respectively, in the form of two papers entitled "Stable
Channels in Alluvium” and '"Uniform Flow in Alluvial Channels" (28), Lacey's
original equations as presented in the first paper were:

V = 1,17-/fR 9
A f?2 = 3,8V (10)
S = 0,000387 £3/2 /Q° (11)
P = 2,668 QY2 (12
where P = the wetted perimeter
f = the lLacey silt factor,

They were later modified to:

V = 1,155 fR (13)
Af2 = 4,0 V° (14)
s = 0,000383 £3/2 /g2 (15)

These equations can be restated in terms of discharge as follows:

P = 2,668 QY2 (16)
A = 1,26 Q%6 /£1/3 (17)
R = 0,4725 QY/3/£/3 (18)
vV = 0,794 QY6 /£1/3 (19)

At the time of his reply to the discussion of his latter paper he added
four other equations:

S = 0,000547 £5/3/qQ*/® (20)

10



0.0225 fY4 (21)

na =
V = 1.3458 R¥Y4 s¥2 €22)
V = 16.116 R¥3 s¥2 (23)

The difference in the constant terms in Bqs 22 and 23 is compensated for
by the exponent of R .,

In 1936 Dr, N, K, Bose (28) and the staff of the Punjab Irriga-
tion Research Institute presented the following formulas

P =2,8QY2 (24)
$ x 103 = 2,09 d°+86/Q°-2* (25)
R = 0,47 Q¥3 C26)

These equations represent the results of several years of painstaking
collection and statistical analysis of the data, Note the similarity of

Bgs 16 and 24,

The Lacey equations were officially accepted as correct by the
Central Board of Irrigation in India in 1934 and they have been in cone
tinuous use since, The coefficients currently associated with the equa=
tions have been modified to include new data as it has been collected,
The equations as they now stand are:

V = 1,15473 «/fR 27)
A f2 = 4,000 V° (28)
$ = 0,0003759 f¥2/RY?2 (29)
P = -;5 Q¥?2 (30)
A = 1,260 Q¥ /£V/3 (31)

11



0.47247 QY3 /£Y/3 (32)

R =
V = 0,7937 Q¥ ® /£¥3 (33)
S = 0,0005469 F¥3/Q¥6 (34)

As before f is called the Lacey number or silt factor and is defined as

VZ
"y (35)

Hiw

f =

In addition, according to Lacey, f depends upon size of sediment particles
but is not affected by concentration of silt load being transported by the
stream, In applying the Lacey theory Q is known, f is estimated, and
bed width, depth, and slope are calculated,

In 1951 Thomas Blench ( 6 ) presented his concept of the Regime

Theory, His equations are expressed in terms of W and D where W is
the mean width and D is the depth to an average line through the channel

bottom such that:

Area of water cross~section = A = WD

This concept is illustrated in Fig, 1,

l\ —

Fig. 1 Definition of W and D

The design equations presented by Blench ( 6) are:

W= ‘\E—Q’/-" (36)

12



3rs va
D = V'b—z Q (37)
s = b6 Y12 Q16 /0807 (38)
where
1/4
-5

- @)

v2
b = bed factor = —

D

v3
s = side factor = ?;

During the same period of time that the regime theory developed,
equations of a similar type were published in Bgypt., For instance K., O,
Ghabb (37) presented a non~silting, nonescouring equation similar to
Kennedy's which stated that

Vo = 0.39 D073 (39)
Another equation developed for upper Egypt states that
p= {90605 +0.725] B (40)

this expression involves both slope and shape measurements,

Bq 40, as modified by A, B, Buckley states that

2
p = 0.0025 (100,000 8 + 8)2 ¢ Ca1)

1.62

where again slope, depth and bed width are all involved in one equation,

At least one American engineer, C, R, Pettis (37) has investi~
gated the applicability of the regime theory to American rivers, The equa~
tions he presented were of the same form as the regime equations but did

not have the same magnitude of constants and exponents, Hence one might
conclude that regime equations depend on the conditions upon which they are
based and are valid only within the range of the observed data,

13



The importance of sediment transport on the behavior of stable
channels and the fact that it has never been quantitatively introduced
into the regime theory has been a major factor retarding its use in the
United States. One of the few equations involving concentration directly
is the Beleida formula (37)

V = 147 + 3,92 (C, =~ 10)©-383 g0.85 g0.72 (42)

where Ci = the sediment charge in grams per cubic meter of water,

This expression was developed originally for the Nile, If
147 + 3,72 (C1 = 10)°-383 js compared with the Chezy C it is obvious
that they are vastly different since in this case C , being a function
of charge, will vary continuously throughout the year,

Application of the Lacey and
Blench Theories to Design

The design process, using the Lacey equations, is based on a
knowledge of discharge capacity, an ability to estimate the Lacey silt
factor, and the application of one form or another of his equations.
Specifically if Q 4is known and f can be estimated then referring to
Bqs 27 through 34, the wetted perimeter can be computed by means of Eq 30.

ngQl/Z (30)

the hydraulic radius can be computed from Bq 32,

V)
0,47 S (32}
£Y3

=~
n

and slope can be computed based on either Eq 29 or 34

£¥2

S = 0,00038 —— (29)
R
£93

$ = 0.00053 — (34)

Considering the complete group of equations presented, other combinations
of them could also be used to evaluate the magnitude of P and R .,

14



Knowing the values of 8 , P , and R and the geometry of
stable shapes the design may be completed, If desired, R can be related
to any measure of channel depth and P to any measure of channel width
by means of correlations such as are shown in Figs, 36 and 37,

About the same results are obtained by using BEqs 24, 25 and 26
which Bose recommended. In this case it is necessary to know design Q
and to be able to anticipate the mean size of bed material d , then P
is computed from the expression

P=2,8QY2 C24)
R is computed from the equation
R = 0,47 QY3 (26)

and S is evaluated from the relationship

dO.SG

S x 103 = 2,09 (25)

Qo.21

As before, width and depth can be obtained knowing P and R and the dew
sign is complete,

Using the Blench equations it is necessary to know b, s , and
Q . The bed factor b seems to be a function of the course fraction of
the sediment load that is in motion on and near the bed, The bed factor
cannot be selected arbitrarily, its value is imposed by natural conditions,
Determining a proper value of b by means of the Blench equations for
additions to existing systems is not difficult, The engineer in charge of
the project usually can provide information on changes that have occurred
in the channels, as well as the necessary data required to compute b any=
where in the system, If one is then to design a new channel which is part
of an old system a value of b can be estimated by referring te similar
channels that are behaving satisfactorily., Values of b are usually come
puted by means of Bq 38 in this case, This is discussed in greater detail

in Chapter III,

When a new canal system is being designed there is no reliable
equation that enables the designer to evaluate b , The best method is to
consult with experts, study records of similar successful canal systems,
and study the effect of headworks and the possibility of using sediment exw
clusion and ejection devices., A value of b based on this approach is as
good as can be obtained,
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The correct evaluation of side factor is not nearly as critical
as is the correct evaluation of bed factor. The magnitude of s can be
estimated when designing canals that are part of an existing system by
using a value based on similar canals operating successfully in the system
or a value can be assumed based on the type of bank material, The latter
method would be used in designing an entirely new system. Recommended
values of s for design are:

Table 5., Recommended Side Factors

Type of Bank Value of s,

Material side factor

Shale and hardpan 0,30 -~ 0,40

Silty clay loam 0.20 - 0,25
Coarser material 0.15
Nonecohesive materials 0, 10

The actual process of design once Q , b and s are known involves the
simple application of Egs 36, 37 and 38, that is, average width is deter=

mined by using
W = E QY2 (36)

the bed depth is given by

3 fr—
S
s O° (3"

-]
|

and S is evaluated from

_ p¥e gi/12

2080r QY

(38)

The solution of these equations can be facilitated by using design charts
as shown in Figs. 2, 3, and 4 taken from reference (),
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Fig, (2) - Variation of W with Q
where C, =b

]

Fig. (3) = Variation of D vs. Q
where Cp = s/b®

Fig. (4) - Variation of S vs., Q where
CS = b5/6sl/12 and S = CSQ 1/6/2080
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Inadequacy of Regime Methods

The Lacey equations and modifications of them have been very
popular in India but have never been used extensively elsewhere in the
world., This group of equations undoubtedly provide as sound a basis for
design as currently exists if they are used under circumstances similar
to those from which they were obtained. The major disadvantages of the

method are:

1. It has not been developed based on the wide variety of
conditions encountered in practice,

2, It fails to recognize the important influence of sediment
charge on design,

3., It involves factors that require a knowledge of the condiw=
tions upon which the formulas are based if they are to be

applied successfully,

The regime equations presented by Blench modify the Lacey equa~
tions in such a way that the effect of the side and bed of the channel can
be evaluated separately by means of the side factor and bed factor, This
approach seems basically more sound than averaging the two effects as the
Lacey equatidns do since effect of bed and side conditions on flow are
vastly different., To illustrate the point, canals have been designed by
the Lacey method that have functioned properly during the normal period
of operation but have failed to transport the sediment during the low flow
period, These canals were later operated at full supply in an attempt to
flush out the deposited sediment, The material would not flush out and
the canal could not carry the design discharge thereafter, Blench points
out that he believes this situation can be avoided by using his concept

of the regime theory,

With the Blench equations, the major disadvantages facing the
engineer are identical with those cited for the Lacey theory, That is,
the theory involves factors that are difficult to evaluate, it fails to
consider the influence of charge, and it is based on limited field condi=

tions,

To make either or both of the regime concepts, as presented by

Lacey and Blench, generally acceptable, it will be necessary to modify
these theories in such a way that effect of sediment transport is recognized,

Better methods of estimating f in the Lacey theory and b , and s in
the Blench theory would also materially increase the usefulness of these

equations,

Inglis (28), Bose (9 ), Blench (6 ), and others have recognized

the shortcomings of the regime theory as cited above and are currently atwe
tempting to introduce charge of sediment as a regime variable. Tentative
equations qualitatively involving charge as a factor have been suggested by
both Blench and Inglis, These new equations are presented and discussed

in Chapter 1V,
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Tractive Force Method

The tractive force design theory is formulated on the basis
that stability of bank and bed material is a function of the ability of
the bank and bed to resist erosion resulting from the drag force exerted
on them by the moving water,

This concept has been widely applied to the theory of sediment
transport both in the United States and in other countries but only to a
limited extent in connection with design of channels in alluvial material,
Use of this method for design has been suggested by Williams (35) and
Schoklitsch (57), The latter suggests that the following relations exist
between type of soils and permissible tractive force and that these data
are suitable for design purposes,

Table 6, Variation of Permissible Tractive Force with Type of Soil

Permissible tractive

Soil force
(1bs/ft%)

Loam 0,062
Sand 0,102
Stony and loamy soil 0,082
Course gravel 0,205
Very compact soil 0,256

More recently, owing to the efforts of E, W, Lane, the U, S,
Bureau of Reclamation became convinced of the validity of the tractive
force concept, Under Lane®!s supervision and leadership an entirely new
line of approach has developed that has great promise. This new procedure
as outlined in detail in reference (35) is based on the hypothesis that
practical canal design is a tractive force problem, beyond that the ap~

proach is new and theoretical,

Three distinct classes of instability have been defined by Lane
as follows:

1., Channels subjected to scour that do not silt,

2. Channels in which objectional deposition occurs but do
not scour,

3, Channels in which objectional scour and silting both occur,
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Class 1 instability is the simplest of the three proposed and
fortunately it is also the one of primary importance since most of the
present and future canal problems are and will be clear water problems,

The recommended design procedure was developed by considering:

1., Distribution of tractive force over the chanmnel periphery
for different side slopes with special emphasis on the magw
nitude of shear exerted on the sides as compared to the bed.

2, Relative stability of soil particles on the bed and on the
sloping sides of the channel,

3. Magnitude of safe tractive force for different mean sizes
and gradations of nonwmcohesive materials,

The shear distribution was worked out mathematically for rectanw
gular channels and by membrane analogy and the method of finite differences
for trapezoidal sections (24), It was found that maximum shear on the bed
was approximately equal to ¥DS and on the sides it was about 0,76 of
this value, The combined results of this study are presented graphically
in Figs. 5 and 6,

Various theories have been developed making it possible to esti=
mate magnitude of tractive force resulting from the movement of a fluid
with respect to a fixed boundary with which it is in contact as follows,

First
T= ¥DS (42)

where T is the tractive force exerted on the bed at a point where the
water depth is D , The derivation of this expression is based on equilib=
rium of forces tangent to the channel boundary and it is presented in

Chapter IV, Second
T= YRS (43)

where U is the average tractive force exerted on the channel periphery.
This equation is derived by using the same procedure as for Bq 36, Third

Vi~ V, 2
T = e ~—__—__—7: (44)

5.75 Log —
7 g Y1
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where T is defined as the tractive force on the channel bed directly
beneath the normal to the bed in which V; , V, , Y; , and Y, are
measured, The derivation of this expression involves use of shear
theory and the von Karman logarithmic velocity distribution law and is
given in Chapter IV,

It should be noted that Bq 42 is only believed to be valid for
relatively wide alluvial channels, For narrower channels T should be
computed as follows, Bxtend lines from the portion of the canal periphery
in question in such a way that they are at right angles to the isovels
(lines of equal velocity) of the crosswsection, Next determine the volume
of water confined between these lines per unit of channel length, ana
multiply it by the slope of the energy gradient s and the unit weight of
water to obtain the magnitude of the tractive force, Using this procedure
the net momentum transfer across the section is held to zero,

The effect of side slopes on limiting tractive shear was developed
by considering the forces acting on the particles forming the sides of the
canal, namely the tractive force exerted by the water and the force of grave

ity tending to move the particles down the inclined sides, A theoretical
treatment, Chapter IV, considering these forces shows that

T = M (cos® # x tan® © « sin? @)v? (45)

where @ is the angle the sloping side makes with the horizontal,
® is the angle of repose of the material,

T is the tractive shear corresponding to © , and M is the
weight of granular material whose stability is in question,

If @ is equal to zero the condition is equivalent to that on the bed and

T=Mtan ® , (46)

Taking the ratio of ecritical tractive force on the sides to that on the
bed and defining this ratio as K

{cos2 @ tan?e = sin® ﬁ] }/2

tan @

or

ol
N

tan® @

cos @ [ 1 EEEiJQ ] 2 47
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A graphical solution of this equation as prepared by Lane is presented in
Fig, 7.

In addition Lane presented another diagram relating the size,
shape, and angle of repose of nonwcohesive materials, see Fig., 8. A
revision of this figure based on recent research carried out by the writer (60)
under the direction of B, W. Lane, see Fig, 10, should be used instead of
the foregoing,

The last step taken by Lane to complete the theory involved
determining a relationship from which the critical value of the shear on
a horizontal bed could be determined for various materials, Considering
coarse materials first, a study of a group of San Luis Valley canals conw
structed in coarse nonwcohesive materials was completed, Based on this
investigation it was found that critical tractive force could be related to
the size of bed material, In this case the size of the material which
correlated best was the seventy=five per cent passing size, This corre=
lation is presented graphically in Fig, 9, A similar relationship of not
quite so high a quality results when T is correlated with mean size,

For the finewgrain nomscohesive size range, mean diameter less
than 5 mm, no similar correlation has been developed, However, Lane has
suggested tentative information for design as follows,

Table 7., Limiting Tractive Forces Recommended
for Fine Non~cohesive Soils

Limiting Tractive Force
(lbs/sq ft)

Median Light load Heavy load
size of of fine of fine
material Clear Water sediment sediment

(mm)

0.1 0,025 0,050 0,075

0.2 0.026 0.052 0,078

0.5 0.030 0.055 0,083

1.0 0.040 0.060 0.090

2,0 0.060 0,080 0.110

5.0 0,140 0,165 0,185

Values of limiting shear indicated in Table 7 are greater for
canals than drag flume experiments indicate. Values given were determined
by converting permissible canal velocities to the equivalent limiting shear,

The influence of bends on permissible tractive force has been
similarly estimated by Lane (35).
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Figure 5, 6, and 7
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Table 8., Influence of Bends on Permissible Tractive Force

Corresponding
Relative limiting relative limite
Degree of sinuosity tractive force ing velocity
Straight canals 1,00 1,00
Slightly sinuous canals 0.90 0.95
Moderately sinuous canals 0.75 0.87
Very sinuous canals 0,66 0,78

This information clearly indicates conformity with existing condi=
tions, that is, reduced stability on the outsides of the canal bends.

For cohesive materials little or no research has been completed.
Consequently, work must be done in this field.

In conclusion, it is of importance to note that because of the
effect of sediment transport the basic laws of mechanics of transportation
eventually may be a significant part of stable channel theory.

Tractive Force Design Procedure

Considering coarse nonecohesive materials, it is possible to dee
sign a canal for clear water conditions, class 1 instability, providing Q
and the seventy=five per cente-passing size of bed material can be estimated
by using the preceding theory as follows,

1. EKnowing Q and dgs assume a shape,

2. Calculate B/D based on assumed shape, Bnter Fig., 5 with
this arbitrary value and determine the magnitude of C in
the equation T = C ¥DS,Tbeing defined as the critical

tractive force,
3. Determine the value of T from Fig., 9 corresponding to d.4

4., Based on bed conditions estimate the maximum permissible
longitudinal slope by equating the value of T taken from
Pig, 9 to CY¥DS and solve for S , that is



The influence of the stability of the canal sides on channel
slope § must now be checked. Usually the side material
cannot resist as great a tractive force as the bed because
of the additional effect of gravity.

5. Knowing size and shape of material, enter Fig, 8 and esti=
mate the angle of repose,

6. Evaluate K from Fig, 7. Knowing K and the critical trac~
tive force acting on the bed the tractive force on the sides

can be computed,

7. ZEnter Fig, 6 and determine the maximum tractive force in
terms of YDS acting on the sides of the canal, That is,
determine C in the expression T = C¥DS .

8. Bquate T from step 6 to CY¥DS , and knowing C the slope
S can be evaluated.

9. Compare the slope based on bed stability, step 4, with slope
based on side stability, step 8, whichever is smaller governs,

10, Check the capacity of the canal using the established slope
and assumed shape, If the capacity is incorrect assume a new
shape and repeat the above procedure, This process continues
until a satisfactory design results,

The application of the above procedure to a design problem is discussed and
illustrated in reference ( 35,

Channel Shape as Related to
Tractive Force

The distribution of tractive force in trapezoidal channels was
thoroughly investigated as reported by Glover and Florey (24), see Bureau
of Reclamation Hydraulic Laboratory Report No, Hyd =~ 325, 1In addition to
investigating the intensity of tractive force distribution on the bed and
banks of trapezoidal sections the possibility of determining a shape such
that the material on the entire wetted perimeter is in a state of incipient

motion was also investigated,

This shape which was developed and which is subjected to a limitw
ing tractive force over the entire wetted perimeter proved to have many
interesting properties. That is, a channel of this shape in coarse, non~
cohesive material according to Lane (35) proved to be:

1. The channel of minimum excavation where water surface is
below ground level,

2. The channel of minimum top width,
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3. The channel of maximum mean velocity,

4, The channel of minimum water area,

It is interesting to note that the most efficient trapezoidal
shape as discussed by hydraulic and fluid mechanics texts for given side
slopes and rate of flow give a channel having a minimum water cross=
sectional area but this is not necessarily the channel of minimum excavaw
tion as described in the foregoing paragraph,

It is apparent that in design it may be desirable to design a
channel such that it has a factor of safety against motion. This can be
accomplished by reducing the angle of repose of the natural bank material

below its actual value,

Limitations of the Tractive
Force Method

The tractive force theory is basically sound insofar as it has
been developed, that is, for clear water conditions in coarse non~cohesive
materials, In this range the design procedure, in accordance with the
foregoing outline, is valid and can be expected to yield good results,

Working with fine non~cohesive soils is more indefinite, Little
or no field work has been done in this size range., The only basis for dew
signing in this category is the tentative recommendations suggested by Lane
(35) as shown in Table 7, Chapter II, It appears that additional research
is needed to definitely relate limiting tractive force to size, gradation
and possibly other characteristics such as particle shape for the soils in

question,

In the cohesive range even less is known about design, Again re-
search is needed to relate limiting tractive force to the properties of

clay affecting its stability.

Thus far sediment transport has not been incorporated etfectively
into the tractive force theory. The basic effects created by introducing
varying amounts of sediment are understood but only in a qualitative way.
In this respect all methods thus far considered are in the same category.
To obtain a complete theory applicable to the full range of design condi~
tions encountered in nature, additional effort will be required, It seems
that in the final analysis stable channel theory must incorporate sediment
transport theory at least to a limited extent.

A detailed discussion of the field phase of the research including
a description of canals investigated, the data collected and the equipment
utilized is presented in Chapter V, As a prelude to this discussion, the
factors influencing stability of canals, and a theoretical analysis of the

problem follows.
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Chapter III

FACTORS INFLUENCING STABILITY OF OPEN CHANNELS

A detailed study of existing design methods immediately verim
fies the complexities of stable channel theory. To cover adequately each
existing design case, any suitable theory must include the effect of all
of the pertinent variables. To date no theory has been conceived capable
of adequately considering all of them and their influence on channel
behavior, A brief discussion follows of the major variables involved.

Discharge

The primary purpose of any irrigation or power channel is to
deliver, at a minimum annual cost to the project, the required amount of
water to the point or points of need, The method of delivering water to
the project units varies appreciably from area to area depending on such
factors as soil conditions and climate, In connection with this, the method
of delivery may have a rather profound affect on channel behavior, That
is, channel stability may be influenced by the method of canal operation,

A study of existing methods of canal operation and design shows that

1., Canals may be operated at full supply throughout the irriga=
tion season,

2, Canals may operate in accordance with crop need which can
vary widely over the irrigation season,

3. Canals may operate periodically during the irrigation season
such that they are in operation a few days then out a few

days.

4, Design may be such that some cross drainage from storms is
picked up and this may cause the magnitude of discharge to
vary drastically upward to discharge considerably in excess
of design discharge for short periods of time, These varim
ous methods of operation will now be considered in more de~

tail,

Steady Discharge

Canals which operate continuously throughout the irrigation season,
or possibly throughout the year as in the case of some power canals, are
rather common, This method of operation is the simplest case possible, The
validity of this statement is more apparent after comsidering the influence
of a slow, or rapid fluctuation in discharge with respect to time,
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Variation of Discharge with Crop Needs

In many areas the initial demand for irrigation water may be
very small, The discharge is then gradually or abruptly increased to meet
peak demand, after which it tapers off again toward the end of the irriga~
tion season, The influence of this method of operation on stability is
somewhat different than in the case of the steady, fullesupply method. 1In
this instance initially only a small part of the stream cross~section is
used and rate of increase in discharge is usually sufficiently slow that
various forms of vegetation have a chance to develop at and above the
water line ~~ depending on soil texture to a certain extent. The net re=
sult is that each increase in discharge submerges a new portion of the
banks covered with weed growth, The roots of the weeds reinforce the banks,
The weeds themselves superpose a roughness on the flow that causes reduced
velocities at the bank and this condition thus presents a greater opportunity
for berming to occur providing the necessary wash load is present in the

flow,

Summarizing the foregoing situation, bank stability is increased,
berm growth is encouraged, and over—all roughmness is increased to the exe
tent that the canal may not be capable of conveying the design discharge
until the bank condition is improved by maintenance, Furthermore, it should
be noted that these conditions also may encourage deposition of sediment on
the bed e~ thereby introducing instability,

Similarly, the demand for water may be of such a nature that a
minor channel develops within the main channel that has shape characteristics
consistent with an initial small discharge which remains fairly steady over
the beginning and perhaps final periods of the irrigation season, This
double channel condition has been observed on the Cozad Canal near
Gothenburg, Nebraska, Fig, 11 illustrates this situation,

7—r}$\7—7~\ Maximum discharge conditions —/ /<_tr‘r<<<“¢—_—
— —~ L 2 A~ n
Small / Weeds grow
discharge )%51;qu,>‘ n e during low flow
conditions \__&
i ‘((‘
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Fig. 11 Overbank Channel Caused by Method of Operation

Periodic Discharge

Type of distribution system, and availability of supply may
necessitate operating in such a way that the canal is at full supply
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(maximum discharge) for a period varying from a few days to a week, after
which the canal is dry for a similar time period, For a given type of
bank material it appears that this type of operation yields the maximum
W/D ratio possible for a given discharge, This is because of the extra
forces brought into play on the banks by rapidly dropping the water sur=
face in the canal, $Sloughing of banks is encouraged by this type of
operation,

The forces brought into play to cause the bank sloughing are
similar to those experienced by an earth dam subjected to sudden drawdown
except that they are even more severe since the banks of the channel are
usually much steeper than those encountered in design of dams. The slope
of the banks probably approaches closely the angle of repose of the material,
However, in cohesive materials cohesion would exert some influence on bank
slope also. Considering an element of canal bank and applying the fundaw
mentals of soil mechanics it seems doubtful that stability would ever be
achieved in a channel of this type., A common characteristic of channels
resulting from this method of operation is ragged, irregular canal banks
if they are of appreciable size, say of capacity greater than 100 cfs. One
possibility of maintaining stability of banks for this range of conditions
seems to be to build them at very flat slopes, 1:2, or 1:3 depending on
characteristics of the bank material, It also may be worthwhile to conw
sider using a gravel riprap, depending on the economics of the situation,
to provide a further factor of safety against sloughing.

Design Discharge Exceeded

This situation is the exception other than the rule, However,
on small irrigation canals and laterals it may not always be possible to
afford adequate protection against influx of crosse~drainage water. In
this case small canals may fill and even overflow their banks for short
periods of time during and immediately following storms., The damage to
channels as a result of being subjected to excess flows may or may not be
of importance depending on duration of the excess discharge, the degree of
protection afforded the bank by existing vegetation, the amount of sediment
carried in, and the expense of repairing the damage,

The most common damage noted in the canals subjected to this
treatment has been either excessive scour or deposition, The banks are
usually capable of resisting the extra shear due to increased strength
derived from vegetal growth., Depending upon the effect of the design dis=
charge being exceeded, either scour will occur and the bottom will gradually
refill to the equilibrium level or deposition will occur and the canal must

be cleaned out by maintenance crews,

Slope

Determination of correct slope is one of the most critical facw
tors in stable channel design., If a channel is constructed on an excessive
slope the upper end of the channel begins to degrade and over a period of
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years it will adjust to a new slope that suits existing conditions. The
other danger is selecting a slope that is too small to maintain velocities
capable of conveying the influx of sediment through the system., In addi-
tion, the channel under these circumstances may not even be capable of
carrying design discharge., It is apparent that stability is a function

of slope and in turn slope is a function of such variables as required
capacity, magnitude and gradation of charge, channel shape, type of bed
and bank material, bed condition, extent and nature of weeds, effect of
wind, and bends., Most of these variables related to stability will be
considered independently as they directly affect channel behavior.

Shape of Channel

The channel shape which is selected that will remain stable is
a function of many variables some of which have already been discussed., As
previously noted, width, depth, and slope of channel are all free to ad-
just if they are not properly selected initially, Two schools of thought
exist regarding shape. In accordance with the tractive force theory any
width and depth consistent with the magnitude of boundary shear and sedi-
ment transport may be selected. In fact a study of trapezoidal canals by
the U, S, Bureau of Reclamation under the supervision of E, W. Lane (35)
shows that limiting tractive forces occur over only part of the perimeter,
Because of this they investigated the feasibility of designing channels
so that limiting tractive shear acted over the entire perimeter., The shape
yielding this condition was determined by application of the membrane
analogy theory and also by the method of finite differences. The shape of
channel arrived at is the channel of minimum excavation, minimum top width,
maximum mean velocity and minimum water area, The significance of these
findings needs additional study from the viewpoint of application,

According to the regime theory as developed and applied in India,
there is only one correct shape of channel for a given set of design condi-
tions, that is, shape cannot be arbitrarily selected, The basic equations
(30 and 32) are the ones most commonly used to establish the channel di-
mensions P and R or if one prefers W and D can be estimated using
Egs 36 and 37, as recommended by Blench. The theory as presented by Lacey
fails to consider the separate and different effects of bed and side condi-
tions on regime, The modified regime theory as presented by Blench (6)
supposedly takes this factor into account by means of a bed factor and a
side factor as previously mentioned. A more specific discussion of the in-
fluence of soil type on stability follows,

Boundary Material

The effect of natural bed and bank materials on stability is in
general taken care of when selecting shape since shape is a function of
soil type. The major types of materials that form the initial peripheries
of channels are:

1., Cohesive materials,
2. Non-cohesive materials, sand range,
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3. Nonmcohesive materials, gravel and cobble range.
4, Lensed materials, that is, alternate layers of sand and

clay, etc,
5, Cemented materials,
6, Shales,

7. Some form or type of rock,

In this dissertation canals falling within the first three groups
will be considered,

Cohesive Materials

Cohesive materials are more resistant to scour because of cohesive
strength and they seem to present a smoother boundary to flow than the other
material, They also seem to support vegetation more readily than the coarser
materials and thus further increased bank stability. In conclusion, stable
channels in material of this type do not require as large a W/D ratio as
canals of equal capacity in the nonwcohesive sand range.

Non=Cohesive Materials, Sand Range

These materials, due to lack of cohesive strength and reduced
ability to support vegetal growth, must rely primarily on their weight,
shape, and surface texture to resist displacement. Canals in sandy material
tend to be wide and shallow., That is, W/D ratios are larger than those
found in canals of similar size constructed in cohesive materials, Pailure
to recognize the need for a large W/D ratio in this group is a serious
mistake since the chamnnel will increase in width until stability is achieved
and the eroded bank material may fill the smaller distributaries and
laterals downstream of such a condition, causing tremendous maintenance

problems,

Non~Cohesive Materials, Coarse Range

Due to the greater weight of individual particles, and larger
angle of repose, materials in this range are much more stable than are the
sands, As a result of Lane's study of canals in coarse nonwcohesive materials
it is known that tractive force in 1bs/ft? is approximately equal to 0,45
times the particle size for which 75 per cent of the particles are finer,
This fact means a greater latitude in selection of shape and greater perw
missible velocities are possible, As is pointed out on page 37 materials
of this type are quite commonly used to stabilize banks which are composed
of materials that are less resistant to scour, The bank slopes must, of
course, be within the angle of repose of the protective layer,

Water Temperature

The precise and total effect of temperature variation is not come

pletely understood, It is known however, that viscosity of the wateresediment
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complex changes with temperature and consequently the ability of the liquid
to transport sediment also changes, Providing Blench’s regime equations
are valid, it can be noted by referring to Eq 38 that stable slope varies
directly with kinematic viscosity to the one-fourth power, It can also be
noted that shear exerted by the water on the boundary varies directly with
its density which is a function of temperature,

The effect of temperature on sediment transport has been very
clearly demonstrated by Lane (36) by considering concurrently observations
of discharge, sediment concentration, and water temperature on the
Colorado River for the period 1943-47, It was verified that a definite
increase in the per cent by weight of the suspended sediment load trans-
ported per unit volume of water occurs as temperature decreases, The ef~
fect of temperature on stability as compared in magnitude with the effect
of other variables is probably small, However, further investigations
should be conducted before making this as a statement of fact,

Wash Load

Wash load is defined by the sub-committee on sediment terminology
(3) as that part of the sediment load of a stream which is composed of
particle size smaller than those found in appreciable quantities in the
shif ting portions of the stream bed. In general sizes are so small that
very little turbulence is required to keep the material in suspension. The
wash load may be quite uniformly distributed in the vertical, The effect
of wash load on stability is not clearly understood but it is known that it
is necessary if berming is to occur, The viscosity of the water—-sediment
complex is probably influenced by the presence of wash load and density is
increased,

Recent laboratory research completed at Colorado State University,
Fort Collins, Colorado by A. H. Makarechian indicates that sediment trans-
port is related to the concentrations of wash load, That is, if wash load
is increased, the amount of bed material load that can be transported, with
no change in other conditions, is increased,

The primary effects of wash load on stability are:

1. It causes berms that are fairly tough and resistant
to erosion to form,

2. The berm formation encourages weed growth above the
water line, thereby increasing bank stability,

3. The sub~surface vegetal growth, such as moss is inhibited,
4, The mass density and viscosity of the water—-sediment

mixture is increased and its ability to transport bed
material seems to increase,
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Bed Load

This fraction of sediment load is defined as the coarse material
moving on or near the bed of the channel, There is no distinct dividing
line separating suspended load and bed load, The bed load is kept in mo=-
ticn by turbulence and boundary drag. Any given channel is capable of
transporting a certain quantity of sediment depending on other related
factors such as shape of channel, size of sediment, slope of energy gradient,
and amount of wash load., The effect of reducing charge in an otherwise
stable channel is to initiate scour and hence non-equilibrium, The water has
excess energy when charge is reduced and this energy is dissipated by pick-
ing up sediment from the bed. The scouring agents are the velocity and the
turbulence of the water, Turbulent action is apparent even at the water
surface in the form of an undulating motion and dappled color effect, On
the other hand, accretion begins if charge is increased above the stability
level. This means that the effect of the scouring agents is more than
counteracted by the rate of deposition, The situation has been illustrated
in equation form by A. R, Thomas as follows:

Scouring agents = velocity and turbulence,

Depositing agents = bed load from upstream plus bombardment
of bed by suspended particles,

Agents resisting scour = weight of particle plus friction
and cohesion among the particles.,

If equilibrium is to exist

Scouring agents = agents resisting scour plus depositing agents,
The delicate balance between stability of channel and charge has been even
more clearly illustrated by E., W, Lane (33) and in a different manner, He

presents the following relationship to assist with the qualitative analysis
of stream morphology problems,

Qg d~ Qs

Where Qg = quantity of sediment being transported,
d = mean particle diameter or size of sediment,

S

slope of energy gradient,

Q

water discharge

This expression shows that if a stream in equilibrium has its sediment load
decreased, equilibrium can be restored by increasing d or by decreasing
Qw and/or S . The same line of reasoning can be applied in the event of



instability originating as a result of increased charge., Other subwfactors
that may be of importance to the stability problem are variability of
charge, variation of concentration of sediment with depth and possibly

chemical effects.
Berms

The interrelationship between wash load and berms and the effect
of berms on stability have been discussed generally in the preceding parae
graph, Some additional factors of interest will be considered at this time,

Deposition of Wash Load

The mechanics of berm deposition are not clearly defined, From
theory, field and laboratory measurements, and observations it is known,
however, that reduced velocity and turbulence adjacent to the banks, effect
of gravity, precipitating effect, and bombardment of the bank with wash
load resulting from the secondary circulation are all involved in the
deposition of berm material. The rate at which the berm builds is also a
function of concentration and possibly chemical composition of the wash

load,

Shape of Channels Possessing Berms

The berms that form are of a cohesive nature and consequently are
capable of standing on steep slopes., The most usual shape to which canals
with natural berms adjust is a section having a fairly flat bottom with
sides resembling parabolic, elliptic, or even semicircular curves that are
tangent to the channel bed and in some cases nearly vertical at the water
surface, The elliptic shape has been called the ideal theoretical shape.
A typical canal shape is illustrated in Fig. 12,

Pig, 12 Shape of Typical Stable Canal with Natural Berms

The Influence of Berm Formation
on Bank Vegetation

This subject is interrelated with other variables influencing
stability and it has already been briefly discussed, It is a well known
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fact that vegetal growth on the banks accelerates the formation of berms
and that weeds and grass usually grow even more vigorously in berm material
than in the natural material, The magnitude of the reinforcing effect of
the root system is largely a function of type of vegetation growing in

the berm, From observation two general types of plant growth predominate:

1, A high, dense bank weed growth that eventually bends from
wind action and its own weight so that at least in part it
hangs into the water cross=section,

2. A growth of grass usually so short that it does not bend
over into the water cross~section to any appreciable extent,

In the first case the reduction in velocity, and the strength of
the reinforced berm are capable of protecting the banks against erosion and
the weeds encourage additional berm to form, The major disadvantages accome
panying this condition are reduced capacity of channel because of berm for=
mation and reduction in velocity due to the additional resistance caused by
the weeds which may cause part of the sediment load to drop out — thereby
further reducing the carrying capacity and increasing maintenance costs.

In the second case increase in resistance to flow is quite nege
ligible and yet the banks are strengthened by the formation of the berm
reinforced with grass roots, There may be some undercutting below the
grass roots but in general no serious disadvantages develop such as in the

preceding case,

Bank Stabilization

In many instances it may be desirable to stabilize scouring canal
banks for one or more of the following reasons:

1. To confine the channel within the limits of the right of way,
2, To maintain a smaller W/D ratio to reduce seepage.

3. To act as a sediment load control measure,

4, To protect the access road adjacent to the canal,

5. To protect bridges and hydraulic structures,

6. To control erosion at bends where shears exerted are in excess
of those occurring in the straight reaches.

Coarse nonscphesive materials are most commonly used to form the
stable envelope, The size of material utilized must be capable of resisting
the maximum boundary shear acting on the banks, The required mean size that
must be equaled or exceeded can be estimated using the design procedure

recommended by B. W, Lane (35).



The required depth of material is fixed rather arbitrarily ace-
cording to experience. Along the Interstate Canal in Wyoming and Nebraska
the depth of layer is about 3 in, = 6 in, The average size of material used
is about 1% in, and average canal velocity is close to 3 fps, Por greater
velocities and coarser materials, a greater thickness of layer would be rew
quired since it seems that a lower 1limit would be on the order of thickness

equal to the maximum size of material being used to protect the bank,

The side slope of channels being protected against erosion by
this method must not exceed the angle of repose of the protective material
revised downward to account for drag on the particle and to provide an
adequate factor of safety.

The effect of the velocity of water on angle of repose was invese
tigated in India (28) see Fig, 13,

0.6

0.4 0,6 0.8 1.0 1.2 1.4 1.6

Velocity in Ft/sec 1/2” above the stones

Fig, 13 Effect of Velocity on Angle of Repose

The results of this research provides a means of modifying angle of repose
data downward to compensate for drag force, The velocity correlated with
angle of repose was measured at a distance of one~half inch, in a normal
direction, away from the bank,

A rather thorough study of angle of repose of nonmcohesive
materials, previously mentioned in Chapter II, ranging in size from 0,10 in,
to 24 in, and ranging in shape from round to very angular was recently con-
ducted and reported by the writer under the supervision of Lane (60). The
results of this study are presented in Fig, 10 and should be used in
preference to Fig, 8 to estimate angle of repose of nonwcohesive materials,

As shown later in Chapter VII the effect of a protective blanket
on channel roughness was found to be minor, Values of Manning's n for
gravel channels are about 40 per cent higher than values found in the smooth

cohesive ones and approximately the same as channels having sand beds with
a well developed dune pattern,



Methods of placing protective blankets vary depending on cost of
labor and methods of canal operation, If the canals are nonwoperative
during any portion of the year, then during this time the bank can be
shaped to proper slope, usually by hand labor, and the protective material
can be dumped at the top of the canal bank and worked downward utilizing
the effect of gravity to cover the entire bank. If the canal is in opera-
tion continuously, the Indian method, as described by Sir Claude Inglis
(28) could be employed at the outset provided artificial berms exist.

This procedure involves placing two rows of protective material parallel to
the axis of the canal on the berms, The distance from the edge of the
water to the protective material is fixed by desired width of channel as

indicated in Fig. 14,

Protective Material is Launched as :

Channel Widens
D oy _4;///<A

Fig, 14 Method Used to Launch Protective Blankets in India

As scour progressively widens the channel the windrows are undermined and
the protective material is launched. A typical cross~section obtained by

this type of treatment is shown in Fig, 15,

ive Blankets

Protect
/47 9\ f _— 4 -
///

Fig, 15 Typical Shape of Channel Stabilized by India Method

A second method of placing protective material during the period of opera=
tion, used on the Interstate canal in Wyoming and Nebraska, is to shape the
canal bank with hand shovels to a suitable slope and then dump the protec=
tive material over the bank from trucks as shown in Fig, 16,
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Fig, 16 Placing of Protective Material on the Banks of the
Interstate Canal in Wyoming

The protective material is worked on down the bank beneath the water surw
face by hand labor, by the action of the water and by gravity., This proe-
cedure is only used when a section of canal requires immediate attention,

The foregoing procedures can also be used to place protective
materials on the outside banks of bends to avoid erosien resulting from
the excessive shear exerted on them at these points,

Some concept of the influence of degree of sinuousity on perw
missible tractive force can be obtained by studying Table 8 in Chapter II,
taken from reference (35). Additional research is needed to improve design
methods and understanding of this phase of channel stability., Only a very
limited knowledge of the magnitude of the tractive force at bends and the
effect of the secondary circulation and turbulence developed and superposed
on the channel below are currently available,

In areas where coarse non~cohesive material is not readily ac=
cessible similar results have been obtained by protecting banks of straight
and curved sections of canals with Brule clay which is tough, highly co~
hesive and is found in the Brule formation, This material is placed in
lump form. It gradually disintegrates over a period of two or three years
to form a rather smooth protective surface, This procedure is used by the
Farmers Irrigation District, Mitchell, Nebraska on their main canal, They
estimate the life of such protection at about twenty years,
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Secondary Circulation

Considerable speculation regarding the existance of secondary
circulation in open channels and the extent of its effect on sediment
transport, sediment distribution, velocity distribution, and channel roughe
ness has been presented by various authors., A rather comprehensive summary
of the beliefs and hypotheses of these writers has been presented on pages
116 to 125 of reference (68) by Paul F., Nemenyi as well as his own concepts
of this phenomenon, According to Nemenyi, secondary circulation in open
channels was first observed by the German geophysicist Max Moller and the
American hydraulic engineer F, P, Sterns, They observed the existence of
circulation simultaneously and independently in 1882, According to them
secondary circulation consists of two perfectly symmetrical parts as illusw

trated in Fig. 17.

Fig, 17 Original Observation of Secondary Currents
According to Moller and Sterns

The simple form indicated in this figure is challenged by the re~
sults of the more thesough research of L, Prandtl conducted in closed con~
duits., His research when applied to open channels suggests the presence of
several cells as shown in Fig, 18,

Fig, 18 Secondary Circulation According to Prandtl

Others contributing to the knowledge of secondary circulation in
open channels mentioned by Nemenyi are Terada of Tokyo Imperial University
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and Hugh Casey, Based on laboratory observations in a wide and steep
channel heated from below Terada found that secondary circulation re-
sulting from temperature differences was of the form indicated in Fig, 19a,
In a paper prepared by Casey a photograph was presented illustrating
secondary circulation for a wide open channel with movable bed as shown

in Fig. 19b,

- CCCO0O

Fig. 19a Secondary Circulation in a Wide Open Channel Resulting
from Temperature Differences

[OOCOCOOOCOCO

Fig., 19b Secondary Circulation as Observed by Casey

Fig. 19 Secondary Circulation

This pattern is very similar to that presented by Terada,

Vanoni (68) observed that the sediment was not uniformly disw
tributed across the flume., When the flow was stopped, bands of sediment
were deposited on the flume floor indicating the existence of a secondary

circulation similar to that observed by Terada and Casey., It is also
suggested that the number of cells is probably a function of width to depth

ratio, W/D
In his summary on circulation Nemenyi states that:

Secondary circulation is a normal occurence in open channel
flow and it can occur without the influence of sediment or

temperature,

1.
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2., The longitudinal velocity distribution, quantity and dise
tribution of suspended sediment, and the magnitude of secw
ondary circulation are all interrelated in such a way that
if one is varied the others will be affected.

3. There is a possibility that artificial modification of sece
ondary circulation might be used to modify or stabilize sediw
ment distribution and bed formation,

4, Turbulent flow is of a three dimensional nature and this is
probably a major reason for discrepancies between experi-
mental results and results based on the von Karman theory of
velocity distribution and sediment suspension,

The cause of circulation is debatable, In the above summary it
was stated that circulation exists independently of temperature gradient
and/or suspended sediment, and that nonwuniform sediment distribution across
the section is the result of secondary circulation, In contrast to this
Vanoni (68) believes that secondary circulation is either caused or at
least appreciably strengthened by the lateral nonwuniform distribution of

sediment,

The extent of the effect of secondary circulation on factors ree
lated to channel stability is unknown, Based on existing knowledge its ine
‘fluence may be negligible, of considerable importance, or somewhere in bew
tween these limits; however, many speculate that it is of minor importance,
Only additional research can answer this question completely,

Lane suggested to the writer that one might gain additional ine
sight to this phenomenon by studying the existence of secondary circulaw
tion, and the number of cells generated in channels having different W/D
ratios by sprinkling material such as saw dust nniformly across the water
surface in a straight reach then observing to see if the saw dust collects
into bands as one suspects that it would., The number of cells being
generated should be directly related to the number of bands observed, In
accordance with the foregoing concept, see Fig. 20 which shows the channel
immediately below Grand Coulee Dam, Here secondary circulation has gathered
the surface foam into two distinct bands indicating the existence of four

secondary cells,
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Fig, 20 Secondary Circulation Below Grand Coulee Dam

A study of the data collected on stable canals, to be presented
later, shows that very little variation in lateral sediment distribution
occurs that could not be attributed to sampling error, On the other hand
when tractive force is computed, based on vertical velocity distribution
see Fig, 88, considerable variation of an almost cyclical nature occurs
across the bed of the chanmnels, There is a possibility that this may be
related directly to secondary circulation, By combining these results
with a visual study of the circulation pattern as suggested by Lane, more
light might be thrown on this subject,

Bffect of Wind Action on Stability
of Channels

The stability of channels is influenced by wind action in several

ways during both the operating and nomeoperating season, Very little has
been reported on this subject to date and a definite need for investigation
and research on problems related to wind action exists. The two major

classifications of problems are:
1. Forces of wave motion,
2. Wind erosion and deposition,

The first classification of problems has been considered by the writer in
a unpublished paper entitled "Forces of Wave Motion which Affect Canal

Stability”. The following material is summarized from that report.
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Bstimate of Tractive Shear BExerted on
the Bed of a Channel Due to Waves

As an approximation the shear caused by wave action was
computed by using the velecity distribution created by an oscillating

flat plate (56), The velocity of oscillation assumed was u = uo sin pt
as shown in Fig, 21,

Ay

U = Uy sin pt
- X o

Fig, 21 Velocity of Oscillation of a Flat Plate

The concept of no slip at the plate gives the boundary condition U = U,
at y =y, for all time and the Navier-Stokes equations reduce to

Jdu-p 93y (48)
ot Jdy?

which is a simple linear equation of the second order, This expression
has the same structure as the differential equation for thermal expansion
in a rod (linear equation of heat conduction), Solving the differential

equation yields the expression
- -—L - -—2—
U ervz_’, y sin [pt Vz? y (49)
From wave theory the maximum velocity of water at the bed of a channel is

2Ta 1
Uma.x - T sinh ?—:rrll (50)

where Up,, = maximum velocity of the water at the bed of the channel,

a = the amplitude of the wave,
T = wave period,

h = water depth, and

L = wave length
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The wave theory, in other words, implies a situation which violates the
concept of no slip at the boundary, To proceed with the problem, Uo

in Bq 49 is assumed to exist ==~ not at the boundary, but slightly above

it at the top of an assumed boundary layer and Unax from Eq 50 is assumed

to be equal to Uo

To compute the shear at the boundary the expression

T = oa (2‘.’.) (51)
bed
dy bed
was used, From Eq 43
9“) = -\}-‘2— Uo (sin pt + cos pt) (52)
Ay 27
bed
and substituting
= £ .
T bed = ~au |5y Uo (sin pt + cos pt) (53)
If the term sin (pt + cos pt) is maximized it is found to be equal to
1,414, say 1,4 for this case, then
= 2
T pea = = LAA |5y Vo (54
The term p is the frequency and is related to the period as follows
_1
pP=5 - (55)
Assuming a water temperature of 70°F and substituting p = % in Bq 54 the
relation
T beq = 0-0062I%2 To (56)

is obtained, This expression was used to estimate magnitude of shear dee
veloped at the channel bed due to wave action (61). The results for varie
ous depths of water, wave heights, lengths of wave, celerity, and velocity
of water at the bed due to wave action are presented in Table 9 which
follows, Observing the magnitude of these shears and comparing them with
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the magnitude of tractive force caused by the normal flow of the water
based on such Eqs as 42, 43, and 44 it is apparent that wave action might
easily increase the resultant shear on the bed from as much as 50 to 60
per cent, for shallow canals where d < 2,0 ft down to a negligible
quantity for deep canals where d > 6,0 ft,

Bffect of Percolation on the Stability
of a Permeable Bed

If water waves are produced in canals or channels having a relae
tively pervious sand bed a flow net may be drawn to represent the flow in
the bed, see Fig, 22, This flow pattern may be determined mathematically
by means of potential theory (61)., The water flows into that part of the
bed beneath the crest of the wave and emerges in those portions of the
bed under the troughs adjacent to the wave crests, This flow, produced by
the waves in the permeable bed, sets up seepage forces that reduce the
stability of the bed under the wave troughs. The magnitudes of the seepage
force resulting from this phenomenon, in terms of an equivalent shear ex-
pressed as a percentage of an average tractive shear equal to 0,035 1b per
ft2, is shown for various heights of waves and wave lengths in Table 10.

The additional two forces acting on channel beds as previously
discussed fortunately do not exert their maximum effort at the same point
on the bed at the same time, Nevertheless, as has been illustrated in
Tables 9 and 10, the stability of bed material can be decreased as much as

20 to 30 per cent or more by wave action,

To cite an example of probable wind wave effect consider the
Bijou canal, designated in this report as Canal No, 1 and 19, This canal
was observed through two irrigation seasons during operation and while
empty. It gave every indication that it was completely stable, then at the
time of the last observed run a wind developed that was oriented with, but
opposite in direction to, the flow in the reach, Waves at least 2,0 ft
high resulted. The canal was subjected to this action for a period of an
hour or more, Shortly after the storm subsided the water was cut completely
out of the canal and the condition of the bed was observed, In this in=
stance a section of canal bottom 300 ft long had been eroded to a depth of
2 to 3 ft, Fig. 23 records the observed condition, It seems likely that
in this case the wave action may have contributed the additional forces

necessary to cause the scour shown,
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Table 9, Tractive Force on a Channel Bed Resulting from Wave Action
Depth of Height of ILength of Celerity of Period Velocity at
Water Wave Wave ~ Wave of Wave Bed Due to  Shear
D=h H = 2a L=H/0,142 C T=L/C Waves T,
1 0.5 3.5 4,13 0.85 0.63 0,0043
1 1,0 7.0 5,07 1.38 2,22 0,0117
1 2.0 14.0 5.50 2.55 5.25 0.0204
2 0.5 3.5 4.24 0.83 0.10 0.0005
2 1.0 7.0 5.84 1.20 0.89 0,0051
2 2,0 14,0 7.17 1,95 3.14 0.0139
3 0.5 3.5 4,24 0.83 0.,0017 0,00001
3 1,0 7.0 6.02 1,16 0,37 0,00212
3 2.0 14.0 7.91 1,77 2,00 00,0093
4 0.5 3.5 4,24 0.83 small 0
4 1.0 7.0 5.98 1,17 0.147 0.00084
4 2.0 14,0 8.27 1.69 1.26 0.0060
5 0.5 3.5 4,24 8.26 small o
5 1,0 7.0 5.98 1,17 0,06 0,00033
5 2.0 14,0 8.57 1,63 0.83 0,0040
6 0.5 3.5 4.24 8.26 small o
6 1.0 7.0 5.98 1,17 0,024 0.00014
6 2,0 14,0 8.50 1,65 0.52 0,0025
6 3.0 21,2 10,30 2,06 1,59 0,0069
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Pig. 22 Instantaneous Flow Net in Porous Bed
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L = Wave length in ft,
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Table 10,

Stability of a Channel Bed

The Bffect of Seepage Forces on the

Length (1) of Bquivalent
Head Loss (h,) Flow Path Tractive
From =~ 0,8 From » 0,8 Seepage  Force (1)
Depth To - 1,0 To - 1.0 force = as a ¥, of
of Wave Length Taken from Taken from Hydraulic (i) (wt) Average Tracwe
Water Height of Wave Fig, 22 Fig, 22 Gradient unit vol, tive Porce
(D=h) (H) (L =H/ h,
0.142) (=)
1 0,5 3.5 0,035 00,1365 0,257 16,0 22,8
1 1,0 7.0 0,070 - 0,2731 0,257 16.0 22,8
1 2.0 14,0 0,180 0,546 0,330 20,6 29,4
2 0.5 3.5 00,0028 0,1365 0,021 1,28 1,83
2 1,0 7.0 0,032 00,2731 0.117 7.31 10,5
2 2.0 14,0 0,140 0,546 0,256 16,0 22,8
3 0,5 3.5 00,0005 00,1365 0,0036 0,23 0
3 1.0 7.0 00,0135 0,2731 00,0495 3.10 4.4
3 2,0 14,0 0,097 0.546 0,1780 11,0 15.7
4 0,5 3.5 0 0,.1365 0 0] 0
4 1,0 7.0 0.0055 00,2731 0,02 1,25 1.8
4 2,0 14,0 0,064 0,546 0.117 7.30 10.5
5 1,0 7.0 0 0,2731 0 0 0
5 2,0 14,0 0,042 0.546 0,077 4,8 6.9
5 3.0 21,2 0,130 0,825 0,158 9,80 14.0
6 1.0 7.0 0 0,2731 0 0 0
6 2.0 14,0 0,027 0.546 0.0495 3.10 4,5
6 3.0 21.2 0,099 0,825 0,120 7.48 10,7
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Fig, 23 Brosion of the Bed of Canal No, 1 Caused by Wave Action

The study of wind effect on the bed indicates forces of sufficient
magnitude that they might well play an important role in stability, It may
be worthwhile to conduct further investigation of these actions in a more
precise manner both mathematically and in the laboratory,

Bffect of Waves on Bank Stability

Practically no work seems to have been done on the effect of
waves on bank material, The fact that bank erosion may take place at an
extremely rapid rate is well known from observation, The action of the
waves causes a rapid rise and fall of water surface at the water line, As
the water level rises water is forced into the bank, when the water level
falls the water starts to drain back out of and down the face of the exposed
bank so that erosion is encouraged both by seepage forces and by the scourw
ing aetion of water draining down the steep side slopes, In addition the
rise and fall of the water surface creates a tractive force that must be of
significant magnitude,

Brosion of this type could be controlled providing it was economi=
cally feasible to do so by placing a protective blanket of coarse nonmcohesive
material on the banks as previously described, Size of material required and
desirable bank side slope may need additional attention however, This erosion
problem was discussed verbally by George H, Johnson, Chief Bngineer of the
Central Nebraska Public Power and Irrigation District of Nebraska, He pointed
out that the wind damage to banks of the Central Nebraska Public Power and
Irrigation District main canal, 2100 cfs capacity, was extremely great
during the winter and spring of 1955 and 1956, khmany cases the banks
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which are composed of loess have eroded back into the access road
making it necessary to organize a maintenance program to control this
problem, It should be noted also that in addition to bank instability
millions of tons of soil are being dumped into the canal to be carried
on downstream to fill reservoirs located along the canal, or simply to
fill the main canal -— depending on its ability, or lack thereof, to
transport this extra sediment load,

Another factor of interest is that wind blowing in the opposite
direction to flow in canals causes a reduction in channel carrying capacity
on the order of 10 per cent, The actual magnitude of the effect varies
with the sinuosity of the canal, the percentage of length of the canal in
cut and fill, the per cent of length oriented parallel to the direction
of the wind, and the wind velocity.

Wind Effect During the Non-Operating Season

In many irrigated areas, particularly where sandy soils prevail,
a large amount of top soil may be transported from time to time by wind
during the dormant season because of lack of surface protection. As the
air, laden with sediment, sweeps over canal sections some of the sediment
is dropped out due to the reduction in wind velocity over the channel, It
is not uncommon to find that some reaches of canal, depending on location
relative to mean ground level and direction of the prevailing wind, are
entirely filled by wind-borne sediment during the non-operating season,
This is an expensive and disconcerting situation which can be controlled
tc a large extent by proper cultivation practices,

Another adverse feature of wind action on canals is that wind
rioving parallel to the channel picks up some of the fine bed material from
the channel bottom and transports it along to the first bend, where it is
deposited. This likewise means additional maintenance expense prior to
the beginning of each new irrigation season,

fHaving in mind these major factors affecting channel stability»
a more theoretical treatment of stable channel problems follows,
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Chapter IV

THEBORETICAL ANALYSIS

The theory of stable channel design is obviously neither
completely clear cut nor definite, The fact that so many varied

and different approaches to this problem are used by design engineers

is in itself a verification of this situation. Considering the
theories discussed in the introductory chapter, it is very apparent
that no completely theoretical treatment of the subject exists,
Current popular design methods including the regime theory of India,
the tractive force concept, and other less complete theories must
be expanded eventually to include quantitatively the effect of such
factors as natural bank and bed material, and sediment transport,

Analysis of the Regime Theory

As already pointed out, the regime theory of India is
largely empirical, It was initiated by Kennedy when he presented
his non-silting non-scouring equation

VO = 0.84 D 0-64

as previously cited., At the time of its presentation this equation
was based upon data from twenty reaches of the Bari Doab Canal in
the Punjab,

It was derived by simply noting that a relationship
could be written relating measured values of V and D for silt
stable reaches in this canal system, As already mentioned further
investigators verified that both the constant and the exponent
in Kennedy’s equation changed from one canal system to ancther,
Actually, the constant term varied between the limits 0.67 to 0.95
and the exponent varied between 0,52 and 0,64, It is interesting
to note that Kennedy’s original exponent is at the upper limit,

Lindley Equations

The Lindley equations as presented in Chapter II were
published in 1919 in a paper entitled “Regime Channels", in the
Proceedings of the Punjab Irrigation Congress, vol, 7.

These equations were developed empirically based on
786 observations made in the Lower Chenab Canal system. The only
additional point of interest not previously mentioned in Chapter
II is that Lindley was the first to organize stable channel
theory into a group of three equations that recognized width,
depth, and slope as regime variables,
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Lacey Equations

The potential of Lindley’s equations was quickly recognized
in India even though some confusion naturally existed regarding their
validity. To eliminate this confusion and to capitalize on Lindley’s
contribution, the governments of India and England commissioned
Gerald Lacey to investigate and systematize all available stable
channel data,

Lacey accepted the form of Lindley’s equations as correct
but adopted P and R as variables in preference to W and D. Arguments
both pro and con developed as a result of this change. Egs 27
through 34 in Chapter II are the ones most generally used for design
and analysis. The slight differences between these and the originals
has resulted from continual study and adjustment based on new data,
They were derived empirically, as were Lindley’s by correlating
measured data taken from one of the most extensive irrigation systems
in the world,

Blench Equations

The Blench equations, Bgqs 36, 37, and 38 are modifications
of Lacey’s equations. Blench stated that Lacey’s adoption of P and R
in preference to W and D as variables was retrograde. He maintains
that the bed and the sides function differently and, since P and R
averaged these effects, use of W and D make it possible to achieve
superior results,

In order to clarify the development and use of regime
theories, an analysis of them follows,

The Development of the Lacey Equations

The reasoning leading to the Lacey equations is in some
cases obscure, Obviously, his approach was in many ways identical
to that employed by Kennedy and Lindley, That is, it is based on
concepts indicated by observing and studying stable canals and
the data collected from them., Lacey’s first equation

V2 =¢ (59)

was verified by plotting V versus R on log-log paer. Having satisfied
himself of the validity of this expression he mcdified it to the form

f =378 V2 (60)
R
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and defined f as a silt factor, The significance of f was previously
discussed. ‘ :

His next step was to correlate P and Q. These data plotted
in straight line form on log-log paper to yield the equation

P = 2,67 Q*/2

Neither the constant nor the exponent of this relation are universal,
They vary within certain prescribed limits depending upon the data
used to establish the relation,

As examples, considering Sind canals the constant term
varies from 1,955 to 3,122, Considering the 42 Punjab canals used
in this report, the relation between P and Q is

It is also of interest to note that a similar equation is obtained by
correlating W and Q. Working with the Punjab canals again

From a statistical viewpoint either of the preceeding two relation-
ships yield good results, the coefficient of correlation being 0.995
in both cases.

A third relationship was derived by first correlating
R and S. This showed that

RY/2 5 = constant
Then using equation (59)

=C RMa2

and noting that since R®/2 5 jis a constant it is possible to say that
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v = ¢ rRY2 r¥/2s5)" (65)

If, based on Manning's equation, it is assumed that V is a function of
S¥2 then the exponent n = 1/2 and

V =C RY* s¥2 (66)

The constant C was then found to be a function of a roughness coefficient
similar to Manning*®s, that is,

1,346
n

C= 67)

a

where n, is defined as the Lacey roughness coefficient, Substituting
this value of C in Bq 66 yields

V = i'nﬁ‘-(’- RY4 s¥2 (68)
a

This equation has the same form as Manning®s except for the exponent of
R which has increased, Lacey also verified that

n, = 0,0225 f¥/4 (69)

Substituting n, into Eq 68 yields the expression

a

V = 16 RY/? s/3 (70)

This equation can be verified more directly by correlating V and R? S

as shown in Fig, 73, taken from reference (28), Capacities of canals
yielding these data ranged from approximately 5,0 to 9000,0 ¢fs, Lacey
calls Bq 70 his regime test formula, Accordingly, canals which agree with
it are classified as regime channels and those that do not agree as unstable,
In connection with stability Blench (6) points out that all Lacey channels
are regime channels but not all regime channels are Lacey channels, This
simply means that the Lacey criterion of stability does not cover all
situations,

Since the Lacey coefficient, n, , has been used but very little
in this eountry it is interesting to compare it with the Kutter and the
Manning coefficients for both stable and unstable canals, This is done in
Table 11,
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Table 11

Comparison of the Kutter, Lacey, & Manning Coefficients

Number of Condition of

observations canal Q =200 ny ng n
65 stable more 0,0213 ,0220 ,.0203
30 unstable more .0218 ,0220 ,0213
35 stable less .0199 ,0194 ,0209
55 unstable less .0206 ,C202 ,0220

Note that

n,<n<n for Q<200 cfs.
n < ng<n, for Q>200 cfs.,

Refering again to Bq 70 the fact that it is not completely valid
for all canal systems was clearly demonstrated by Inglis and
Heranandani in reference (28), Working with Sind canals Inglis
found that

V = 12 (R® §)0-29 (71)

working with essentially the same data Heranandani found that

V = 11,96 (R? §)0+2902 (72)

These equations are essentially the same. There usefulness is
considered debatable by most, however, since comparing computed
values of V with observed values reveals errors as large as 32,6
percent. Other Lacey equations can be derived directly from BEgs 60,
62, and 70 or by correlation procedures similar to those already
described,

The Development of the Blench Bquations

The Blench regime equations for width and depth are
inherent in the Lacey theory and can be developed therefrom, Begin
with the Lacey equation
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P=kQ/? (30)
which may be squared to give

PP z-cq (73)
Next replace Q by its equivalent AV, This yields

P2ZcAv (74)
The A can be replaced by P R and

PPZCPRV
which reduces to

-

P =zc (68)
RY

Since P is closely related to W and R is closely related to D, see
Figs. 45 and 46, Eq 68 can be written as

A =c (69)
DV

Multiplying the top and bottom of this expression by V2 and rearranging
terms

1
Ve

=v? v3
R F"/'ﬁ"" =C (70)

The parameters in the above relation were defined by Blench as follows

w“
— - shape factor
DV ap
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b = v2 = bed factor
D

s = V3 = side factor
W

The bed factor is closely related to the Lacey silt factor

f =

%l<~

3
4

and is designated as such for several reasons, That is, it is a
function of bed depth} it seems to be a measure of force per unit
mass of fluid acting to overcome gravity of the bed sediment as
preliminary to permitting it to be transported by the flow and
the side factor, s, seems to fully consider the side effect.

To illustrate the concept that side factor is a measure

of side effect, Blench assumes that a laminar film exists on the
sides, For this situation

@) (%)

where Vo is the velocity at the top of the laminar sublayer and $ is
its thickness (69). It is also known that

.= s
e

where X is a distance measured in the direction parallel to flow
along a flat plate, Next, multiply numerator and denominator of
Eq 77 by X to obtain

T ~audo X
X 3
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Using Bq 78, X can be eliminated from Eq 79 yielding
3

T~ A Yo QLQ._)S._)l/a (80)
X Y
or
T af¥02x N2 w Vo?\1/2 (81)
X2V G2 r)

In this equation if V ~ Vo (which is probable) and X~ W (which seems
improbable) then

Tf\/ AL !3 1/2 (82)
(v) 72 \j
and shear on the sides of the channel is proportional to the side factor,
v3 .
W

The generalized Blench and King design equation for esti-
mating slope

vz
= ¢ (}g_ )1/4 (83)

is somewhat different from the Lacey slope equation, It was derived

by plotting W/D against various non-dimensional groups established

by a dimensional analysis of the problem, It could have been obtained

at once by plotting V2 against VW on log-log paper, This equation
ghs v

was modified by Blench into the design form

S = pS/6 gi/2
2080 r Q /¢ (38)

Evaluation of Bed and Side Factors

The process of development of both the Lacey and the
Blench equations has been presented, Condider again the Blench
equation
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w=\[b @@ (36)

Substituting the assigned values of bed and side factor gives

W= (V2 X W \*2 tr2
D (A

Squaring both sides of this expression and substituting WxD xV for
Q vyields

or
Waw

The same situation arises if the values of b and s are substi-
tuted in the Blench equation

D= (Eb,)*/s Qt/? (37)
That is, one verifies that

D3 = p?
or

D=p

It is then obvious that if W/Q*/? is plotted against
(b/s)r/2 4 straight line having a slope of 45 degrees results,
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The same is true if D/Q*/2 is plotted versus (s/®)/?2, It is then
also obvious that the usefulness of Blench’s regime equations hinges

on how accurately b and s can be evaluated by independent relation=-
ships, The determination of these factors for use in design was
discussed earlier in Chapter II,

It should be emphasized that the influence of selected side
factor on design slope is relatively small since it appears in the
slope equation, Eq 38, to the 1/12th power. Blench (6) points out
that a 24 percent error in s will make but 2 percent error in slope.
In general s can be selected for design by referring to the side
factor of a few existing channels that are apt to be similar and using
the average value,

The influence of bed factor on canal behavior, on the other
hand, is much more pronounced. This is made obvious by referring
again to Eq 38, In this case it is noted that slope varies directly
with bed factor to the 5/6 power and any large error in b causes
a correspondingly large error in slope, hence the best possible
methods of evaluating b should be used,

Lacey has provided a rough qualitative rule which relates
bed factor to the square root of the mean diameter of the sediment

exposed on the bed, His rule is based on rough data and covers the
sand to boulder range inclusively and it states that

b ~r VT

where

o
]

= bed factor

Q
]

= mean diameter in millimeters of sediment exposed on
a regime channel bed,

This rule should be used only in a realistic manner, That
is, it should only be used to estimate order of magnitude of an
effect or where a small error in estimated b will not have much
effect on the final results,

Blench (4) states that at present there is no satisfactory
rule or equation linking bed factor with sediment diameter, It does
seem reasonable, however, that an improved method of describing b
hawing a form similar to that indicated in Eq 85 might be developed
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b=f (d,0, qassa,) (85)

mass discharge of bed sediment per unit of bed width

ds
Qw = water discharge per unit of bed width

g standard deviation of d

Blench (4) presented a speculative non-dimensional formula having
a more complex form as indicated

X b4
(vi)“l/3 b -k dg VS a
P ) () e e
where
k = non-~dimensional constant

Q.
!

= the mean diameter of sediment exposed on the bed
Vg is the fall velocity of bed sediment in still water

B and F are functions of the relative density of thesediment

¥ = the kinematic viscosity
g = the acceleration due to gravity

The importance of suspended sediment on the bed factor is unknown
and deserves study, It is fairly definite, however, that increasing
the wash load increases the ability of the sediment-water complex

to carry sediment load and reduces viscosity which in turn reduces
channel resistance to flow.

Blench (6) states that the upper limit of b is fixed

by the coarsest grade of suspended sediment as modified by quantity
and that the upper limit can be estimated by

b = 2.0 \]'d" 87

where d is defined as before. This expression is subject to severe
limitations and should only be used by those who fully appreciate this
fact,
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Effect of Sediment Concentration

In a recent paper presented by Blench in 1955 titled
“Regime Formulas for Bed Load Transport” (7) an equation for bed
factor of the following form was proposed

b=V =f(d 1+f(C)) (88)
D

where C’ = charge as a ratio of weight of sediment per second divided
by weight of water per second reduced to thousands of a pereent,

Other terms retain their original meanings, Note that the equation
reduces to b = f (d) for vanishingly small charge.

Based on current research at the University of Alberta,
Blench recommends that the following equation for bed factor be
used for natural materials

b=V2 (1+0,12C%) (89)
D

and points out that additional work must be done before an exact
formulation of bed factor can be developed,

The basic slope equation has likewise been modified to include
influence of charge, The new recommended slope equation is

V2 23,63 (1 + C/(VW)/a (90)
ghs 233 ¥

Considering this expression it is doubtful that concentrations such
as are usually experienced in irrigation canals will cause an
appreciable difference in results,

The Lacey equations have been modified by Ingles (28),
see pages 136 and 137, to show the qualitative effect of charge
on channel regime, In the following table a partial list of these
newly derived equations, considering charge, and their Lacey
equivalents are given,
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Table 12

Regime Equations Which Qualitatively Recognize The Influence of Sediment Load

New Formulas Lacey Equivalent

i v, 1/a
b = f| @/~ ( o \fcvs ) »

2.67 Q*/2
gi/s ds/zgx/z/ wg)i/3 67 Q

L

A= flQ*/s Q 1/30 [ oy 12
gl"/‘?" (5/2 91/2) <__._§._.....) A 1.26 Q5 fl/a

d

- 7
VvV = f _-s;;’%: Q1/6 (d C’vs)l/lz v - 0.7937 Q1/6 f1/3
- _A/1s -1/3
D = f|Q/5 Q c'Vs R = 0.4725 Q */3
g1./.5 . ds/zgx/z (’\r‘g)”/a f
- 1/s 5/12

5/3
0.000547 £5/ @

s = f Q Cc’vs S
(d’ 281/2 ) ((vg)x/a)

where C' = asgw

These modifications to the various Lacey equations conform with the
generally-accepted significance of sediment load on regime. That is,
variation of charge has:

1, Little effect on required area of channel and its
mean velocity.

2. A rather large effect on slope.

3. An influence on channel shape,
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4, Considerable effect on channel width,

5. An influence on the viscosity of the water
sediment complex,

Additional research must be completed before engineers
will be able to predict the quantitative effect of charge on channel
regime.

Physical Significance of the Lacey Equations

The Lacey equations presented are empirical in nature.
They have been and currently are being used rather widely and with
good success in many cases. The physical meanings of the formulas
have never been explained completely. However, certain relation-
ships exist which should be pointed out.

The parameter, 3/4 V¥R is called the silt factor. This
factor can be expressed as a function of the Froude number by dividing
both sides of the foregoing expression by g as follows:

£ =374 ¥2 =374 (B))2
g gR

Perhaps, however, it is more significant to relate f to the Euler
number and in turn to a discharge coefficient, that is,

f =0 (F) =01 (B) =0

Certainly other parameters would be necessary to define a completely
satisfactory discharge coefficient but E may well be the one of
major concern for the conditions existing in the canals observed to
establish the Lacey theory.

Using the basic relationships it can be shown that

f2 ~ gvs

The product VS is the vertical distance moved by the water per
second, The term gVS is then a measure of the rate at which
gravity is doing work,

The silt factor can be related in a similar manner to the
boundary shear or tractive force. Thus, Eq 43 states that T =¥RS,
combining this expression with Eq 93 it can be shown that

f“(i!)l/é

€R
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By such means as this it may be possible to relate regime and tractive
force methods of design.

Physical Significance of the Blench Equations

The bed factor, as in the case of silt factor, is closely
related to a discharge coefficient, that is

b=V =WN)2 =g (B) =¢p (95)
g gD

The complete physical significance of b is obscure but some specu=-
lation regarding its meaning has been done, Lacey considers the term
to be a “turbulence criterion’. Blench states that he and others think
of it as a measure of force per unit mass of fluid acting to overcome
the gravity of the bed sediment as a preliminary to permitting it to

be transported by the flow, and in a more complete theory, would be
associated with at least a function of relative density of bed material,

The parameter V2/D has been designeted as a bed factor
since geometrically it is a function of depth of flow over the bed
only, and in addition V3/4, the side factor, according to Blench (6)
clearly evaluates side effect.

Tractive Force Concept

The validity of tractive force concept is generally recog-
nized but has never been generally accepted as a basis for canal
design particularly in this country except possibly by the uU. S.
Bureau of Reclamaticn. In applying this concept to design of stable
channels two different situations must be evaluated properly, these are,

(1) the forces acting on the bed material anu,
(2) the forces acting on the side material.

Tractive Force on the Bed

As water flows in a channel it exerts a drag or tractive
force on its periphery., To estimate the magnitude of this effect
consider the free body of unit width and length shown in Fig. 24.
For this free body to be in equilibrium the summation of the forces
acting must be zero. Based on this fact

T = ¥D sinf
S Water Surface

Channel Bed

Fig., 24 Tractive Force Analysis
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For small values of f , sinf = tan # and since tan f equals the
slope the above expression becomes
T = ¥DS (42)
where T equals shear per unit area corresponding to a particular
iepth. This equation is Eq 42 of Chapter 1I, A similar expression
based on hydraulic radius is obtained by extending the foregoing
unit width of free body all the way across the channel, in this
case as before

(T) (P) (1) = A(1) sinB

or

(43)

~
(R
13>
7]

it
P
&

and T is the average shear per unit of area acting on the periphery
of the canal, This equation is Eq 43 of Chapter II,

Referring to the principles of fluid mechanics, it is known
that shear stress per unit area is a function of velocity gradient
adjacent to the boundary., This principle can be employed to evaluate
tractive force, First refer to the general logarithmic velocity
distribution equation as presented by Einstein (16).

Va = 5.75 wfr log 30.2Y_ (96)
A
where Vi = the average point velocity at a distance y from

the bed
T = the unit tractive force or shear
€ I the density of the water

A = the apparent roughness of the surface and contains
a corrective parameter

5.75 = a constant which includes the Karman coefficient, 0,40.

Next consider two points on a velocity vertical at distances yi and

Y2 above the channel bed, The difference in the velocities at these
points according to BEq 96 is
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Vaava = 5,75 V;%;- Log 30.2Y2- Log 30.2Y1
a Y-

or

V2 = V1 2 5,75 \g Log Ya
Ya
and solving for T
T=p¢ | X2-Va 2 (44)
5.75 Log Y2
Y,

This equation is Eq 44 of Chapter 1I, If Y, and Y, are constant
distances and @ is also constant this equation reduces to

T =C (Vy - V1)2 (97)

For best results Y1 and Y, should be small relative to the
dimensions of the section,

The computation of shear by means of Eq 42 has quite of ten
been criticized, except in the case of very wide rivers and canals,
because of transverse momentum exchange, The reason for this criticism
is made more apparent by referring to Fig. 25 taken from reference (37).

1.0/

a|- IE - [T
[
} .

Fig. (25)- Tractive Force Considering the Effect of Momentum Exchange
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Beginning with Fig, 25a the isovels are very nearly parallel to the
bed of the channel particularly toward the center. This means that
velocity distribution to the left of ac and to the right of bd
are essentially the same as at ac¢ and bd, This also means that
there can be little or no momentum exchange across the surfaces, In
this case Eq 42 should apply. Next consider Fig, 25b., Here the
velocity profiles change drastically from point to point across the
section and a definite momentum exchange takes place across the
verticals eh and fg, In this case depth is no longer a measure
of tractive force on the periphery. 1In order to eliminate momentum
exchange draw two lines, one extending from h the other from g
so that they are normal to the isovels, see lines hl and gk,

The shear on the area of bed (gh x 1) conforming with the concept
of zero momentum exchange can now be evaluated as follows

Tz (Area) ;, x 1x X'x/§g;;1

This procedure is preferable to direct application of Eq 42 for
determining shear intensity and distribution in narrow and/ or
irregular canals,

The ability of a particle to resist the tractive force
generated by the flowing water depends upon its weight, shape,
specific gravity, its location relative to other particles, the
1ift force created by the water and the way it is related to
ad jacent particles cohesively,

Tractive Force on the Sides

The magnitude of tractive force on the sides can be
estimated by means of Eq 44 provided the velocity distribution
normal to the point in question is known, or by isolating the
weight of water associated with a certain portion of the side
of the channel consistent with zero momentum exchange along the
defining boundaries, that is, in the manner indicated in Fig. 25.

Considering the complete stability picture it is necessary
to consider rolling down or gravitational effect on the particles
forming the sides since it tends to displace them and to relate
magnitude of shear on the bed to shear on the sides., Fig. 26 is
a three~dimensional stress diagram showing the combined effect of
tractive force and gravity.
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Canal Side

Canal Bed

Fig. (26) Stress Diagram of the Major Forces Acting on the Sides
of An Open Channel

The resultant force R tending to cause particle movement is equal
to

R :\[:(sa + NSIR 0 (98)

The criterion for stability is that the friction force equal to the
normal component of M multiplied by the angle of repose must equal
or exceed R, that is

(g + M sin® ¢ »5e oo (M cos ¢ ) (tan® (99)
solving for 'rs
T, = (Mcos?® ¢ tan? € - sin® § )2/2 (100)

s

It is now a simple matter to compare the magnitude of the tractive
force on the side to that on the bed, Letting K equal the ratio
of these two drags
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K = 1’2 = M®cos? @ tan® © -M sin® ¢ ]‘/3
T M* tan® § J

or

2 4 |272

Lal
]

cos ¢ E}_ tan

2 (101)
tan“ ©

Considering the total resultant force the value of R
in equation 98, may indicate a value slightly smaller than it should
because of the l1ifting action (which has been ignored) that the
water probably exerts on the particles as it flows over then,

The total force tending to hold a particle in position
is made up of

1, The friction force, see Fig., 24 as used above
F-Mcos¢ tane (102)

where
© = angle of repose of the material

2, The cohesive force which is absent in the case of
non-cohesive materials.,

3. The shear caused by secondary circulation which may
or may not increase stability.

4, The effect of turbulence and eddies superposed on
the normal flow,

A qualitative illustration of theoretical shear distri-
bution on the boundary of a trapezoidal irrigation canal based on

the procedure indicated by the United States Bureau of Reclamation(24)
is shown in Fig, 27,
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Intensity of
drag on the
side

Intensity of drag on the bed
Fig. 27 Theoretical Distribution of Tractive Force

Significance of the Tractive Force Theory

The tractive force theory is based on the hypothesis that
stable channel design is a tractive force problem., Beyond this point
the method of design as outlined by Lane is theoretical except that
it has been modified by empirical coefficients developed from a field
study, Three classes of instability were cited. The latter two
are a function of sediment transport and consequently are difficult
to use since effect of sediment on stability is understood only in
a qualitative sense.

The two types of problems for which the tractive force
theory provides a quantitative solution at present ares

1. Design of clear-water canals in course non-cohesive
materials. '

2. Design of sediment-laden canals provided the natural
material forming the periphery of the channel is
sufficiently resistant to scour that an average
velocity can be selected which is capable of trans-

porting the sediment load without scouring the banks
and bed,

Bffect of Charge

Proper design of canals required to transport sediment
involves a knowledge of factors influencing transport capacity,
The designer must be able to establish in his design such factors
as shape and slope, which will guarantee that material being
introduced at the upper end of a canal will be carried on through
the system and at the same time objectional scour will not occur,
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So far information has not been developed that enables the inexper-~
ienced engineer to achieve these results, A great many factors

and their interrelationship first must be determined on a quanti-
tative basis before this will be possible. Current research acti-
vity on basic sediment transport laws, effect of wash load, factors
influencing channel roughness, and secondary circulation and turbu-
lence will undoubtedly improve existing knowledge in the field of
stable channel design.

Analysis of the Geometry of Stable Channels

Ref erring to the regime equations, very simple expressions

have been developed to evaluate such channel dimensions as D, R, P,
and W, They are of the form:

o
1"

¢ (Q,f)
R = ¢, (Qf)
¢ (Q)
9. (Q)

-]
[ 1]

=
11

where f = Lacey silt factor

These equations are based on field data collected from canals that

have sand beds, and sides that are related to the sediment being

transported., Considering all of the possible design conditions

encountered in nature, it is apparent that if equations for channel

dimensions are to apply other variables should be considered, In
terms of channel width and depth it seems logical that

W = f Q, gs, wash load, natural boundary material,
method of operation )
and

D = f ( Q, gs, wash load, natural boundary material,

method of operation)

The possibility of generalizing the basic regime equations in terms
of additional variables will be considered in Chapter VII,
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Dimensional Analysis of the Variables
Influencing C/=/g , Bed Factor, and
Side Factor

For the purpose of initiating a preliminary analysis of the
stable channel problem refer again to Fig, 24, in this Chapter and the
results obtained there, namely

T = ¥RS (43)

To develop an equation of a more inclusive nature than Bq 43, dimensional
analysis will be employed, The general relation that exists may be stated
as:

T=¢1(V’D’w:(°s":”~, d, €sg»s &) (109)

Choosing V, D, and @ as repeating variables, dimensional analysis
yields

L ry¥ o & 4 Vv 0
sz—ﬁz[D'D’e’D’ %—D’K] (110)
and
r=evz¢2[5,—;,-—§§,;, R, , Fr] (111)
Bquating Bq 43 to Bq 111 yields,
w o d e
ns=ev=gz[-n,—f)-,3,-—é-s-, Re » Fr] (112)
Solving for V
W a e _
V= %ﬁs 3:%:3:_?’ Re » Fr:,-/RS (113)

and
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v : Tg_ qa ﬁ. z, 9_, PS, Re’ Pr] VRS (114)
D DD ¢
Comparison with the Chezy equation, V = C VRS, shows that

» Bs, Re, F_ ] (115)

and

C = 0'3[2!. T,
D D

R

, __%s_, R, prJ (116)

vle

For steady flow in alluvial channels Ps and g~ will be considered

D
constant and Bq 116 simplifies to
C_ = o.|HN, 4, R, pr] (117)
78 D D

The foregoing theory is based on the premise that the canal presents a
homogeneous boundary, Actually, differences between bed and side
material are great and their respective effects on flow should be
considered, To account for these differences, the mean diameter of
bed material d will be designated as db in the remaining dimen~
sional analysis equations, and an additional term dg, a measure of

the effect of side material, are introduced in the dimensional analysis
so that

C/ Ve =g, .V!'dbods-Re,Fr (118)
D I-)— D

Now consider Blench’s regime slope equation in the form

Vzcia ( Db ) 1/a VgDS (119)

(s »)i/z
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where b and s are respectively Blench?s bed factor and side factor,

Prom this eliminate C because of its absolute value then

1/a
- Db —
V= ./g [(S'P):Vz] -/m
Now comparison with the Chezy equation
V=C /R

shows that proevided R~D

c . Db Ve
/T (sv)Y?

and BEq 118 and Bq 121 may be equated to obtain

1/a
['(_'s—;l'l';'.'l??:l =5[’g’%ag§a ResFr]

or

Db W a
(s P2 =ﬁ°[5 % —Ds’ Re s F"]

Solving for b and s

(sP)Y? W od,
b = D ”6[30‘5:’#: ReoFr]

and
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(120)

(121)

(122)

(123)

(124)
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According to Blench'’s regime equations

b Z v2,p = bed factor

and

V3/W = side factor

7]
n

Substituting these expressions in Bq 124 and 125 respectively shows
that

b-vy3 1/
y_.f._l’__.i O | W, gp_'_ 2§, Re, Fr]
wt/2 p D T

or
b=|\Viy _ 07 [W, dp, ds, Re, p,]
AD D 5 D
and
$=V gs|W, db, dg, Re, Fy
» D D p
or

S :eV"’ qQ [ﬂ. db’ ds’ Re, Fr]
A D D p

These expressions for b and s are very complex and even then may
be incomplete in that certain assumptions have been made and again
the effect of sediment charge has been neglected.

Bliminating what appears to be the least important terms,
Bgs 127 and 129 can be rewritten as indicated
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b = v3/2 _Px/z Qs [ W, dp, pr] (130)

s = ..v:. 010 E’ dsg Re] (131)
v D p

With complete field data on reaches of stable channels, the validity
of these and similar expressions for b and s can be investigated.

Relationship Between Regime Theory and Tractive Force

The regime theory has evolved principally as a result of
making field observations and developing empirical relationships
by a correlation procedure, Consequently, the results should be
applied only to those cases falling within the realm of the originally
observed data. To try to extrapolate information beyond the actual
scope covered is to invite large errors,

The tractive force theory, on the other hand is fundamental
and is the result of deductive rational thinking., Once the concept
of stability of particles being related to tractive force is established
the procedure is purely theoretical provided equations such as 42,
43, and 44 are an adequate measure of this force., It does seem,
however, that certain points from both theories could be incorporated
to facilitate the solution of practical design problems,

Slope Relationship

It is conceivable that a study of canals in general might
provide information relating shear stress, mean diameter of bed
material, and/or other variables in the manner indicated by Lane (35)
for the canals studied by the United States Bureau of Reclamation,
see Fig. 9, Chapter 11. Perhaps this type of expression then would
yield information on design slope for the complete range of conditions.
It has been verified that good correlations result when ¥ is plotted
versus d for at least some of the various existing canal systenms,

It is also obvious by comparison that two systems of canals carrying
the same size of sediment and having the same diameter of bed material
are not in agreement at all regarding magnitude of tractive force
being exerted on the bed., The fact that the tractive force in one
canal system can be so very different from those in another similar
system, both of which are stable, may be due to the fact that impor-
tant variables are being neglected particularly for bed and side
material in the sand range and finer, The fact that important
variables are perhaps being neglected and that regime and tractive
force theories can be related is easily verified by first referring
to the correlation of ¥ versus d in Fig, 9 used to estimate channel
slope when canals are constructed in course non-cohesive material , namely

19



Tr~d

Next consider the regime equation recommended by Bose (25)
to determine slope in the sand bed range of conditions

S x 103 = 2,09 ¢°-86

Q0.21
Rewriting this expression
S A 21 yO2? =C 0.86

since A=ZWD

Multiplying both sides by ¥ and DO+79
.2 -
DS WO 1 v0.21 =c D0'79 d0'86
or

DS = ¢ pOe79 40+86
WO+21 ,0.21

and hence

Y

"

F(C¥ ,d,D, W, V)

Comparing Eq 132 and 133 from the view point of variables involved
the second of the two is similar to the first but much more compre=~
hensive and should apply with better accuracy to slope determination
than an expression of the original type in the sand bed range,
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Modifying Eq 133 to include viscosity
T=¢ (%,4,D,W,V,") (134)

and applying the principles of dimensional analysis selecting V,
D, and ¥ as the repeating variables

T=9 (D, W, VD) (135)
d v

w,
D

In effect this suggestion implies again that sediment transport theory
must be incorporated in present design methods if the current empirical
elements ultimately are to be reduced to a minimum,

Width to Depth Ratios

According to regime theory, only one stable canal cross—
section exists for a given set of conditions, that is, a channel
has but one regime slope, depth, and width, The theoretical shape
indicated, unfortunately, is not always in agreement with actual
shape. This was verified as a result of Lane’s comprehensive and
systematic analysis of existing design methods which he conducted
prior to the design of the All-American canal,

On the other hand, it must be recognized that regime
relationships such as those presented by Lacey and Blench are suit-
able for estimating stable widths to depths under certain circum=
stances, In view of this it may be feasible to expand the scope
of these expressions so that they apply to all design conditions,
Provided the foregoing can be accomplished, the resultant equations
then could be employed to estimate stable width and depth and rela-
tions of the tractive force type could be utilized to estimate slope,
provided the tractive force relationships could be similarly expanded
to apply to all design conditions, The expansion or generalization
of the tractive force theory would involve bringing additional
pertinent variables into the relationship as implied by Eq 135,

Such a relation would undoubtedly consider median size, gradation
plasticity, cohesion of the natural bed and bank material., Also
effect of magnitude and gradation of sediment load should be included,

From the viewpoint of effect of soil type on shape, ignoring
sediment load, it seems that three distinct classes of natural boundary
conditions exist,

1, Completely non-cohesive sand channels,
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2, Channels having sand beds and cohesive sides,
3, Channels with completely cohesive beds and sides,

It is quite obvious considering the magnitudes of gravitational
and cohesive forces that channels in sandy material will tend to have large
W/D ratios, channels in completely cohesive materials will exhibit minie
mum W/D ratios, and intermediate cases will be primarily a function of
the cohesiveness of side material and their W/D ratios will range between
the above limiting cases, These foregoing suppositions are also at least
partially dependent on the type and magnitude of sediment load,

Relationship Between Bed and Side
Factors and Tractive Force

The analysis of the side factor according to the procedure sugw
gested by Blench (6), shows that s is a measure of shear on the sides,
He also points out that the bed factor might be a measure of the force per
unit mass of fluid acting to overcome the gravity of the bed sediment as
preliminary to permitting it to be transported by the flow, Both of these
terms then should be directly, or at least indirectly, related to tractive
force and size of sediment, Considering these factors, it seems that this
provides still another possibility of relating these parameters, and cone
sequently relating tractive foree procedure, with regime theory,

As a means of expanding and possibly combining the various
theories as described in this Chapter in accordance with the objectives as
cited in Chapter I, a field study of stable channel was organized, A
discussion of the study, the equipment used, and the data collected are
presented in the following chapter,
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Chapter V

EQUIPMENT AND PROCEDURE

The objectives of this thesis as previously outlined are
as follows:

1, To investigate and extend the scope of the regime
theory as developed in India.

2. To investigate and extend the scope of the tractive
force method of stable channel design.

3. To relate the regime theory to the tractive force
theory insofar as possible,

To obtain data that would assist in achieving the fore-
going objectives, a field study of straight reaches of stable
irrigation canals was proposed, This study was jointly sponsored
by the Corps of Engineers, the U, S, Geological Survey, the U. S,
Bureau of Reclamation, Colorado State University, and the University
of Wyoming, Field data on selected sites were taken during the
summers of 1953 and 54 in the Wyoming, Colorado, and Nebraska area.
Figs. 28 and 29 show the typical characteristics of the canals
investigated,

The nature of the problem, design of stable channels in
alluvial materials, dictated that the studies should be conducted
on stable irrigation canals, In all cases only straight reaches
considered to be of sufficient length to eliminate effect of
sinuosity were investigated, Other factors of major consideration
that also governed site selection were:

1. Location relative to downstream hydraulic structures
that might cause back water in the test reach.

2., Accessibility of site,

3. Insofar as possible, the selected canals were
investigated while operating more or less contin-
uously at nearly full-supply conditions.

4, Canals were selected for observation that covered
a wide range of situations with respect to both
capacity and the type of natural material in which
they were constructed,
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Fig., 28 Photographs of Canal No. 1
Located — 9 Miles West of Fort Mprgan, Colorado
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a = Canal No. 9 at full supply

b = Canal No, 9, empty

Fig. 29 Photographs of Canal No. 9
Located = 1 Mile West of Fort Morgan, Colorado



The discharge capacity of canals investigated ranged from
43 cfs to 1400 cfs, It was not always possible to obtain data from
the canals studied while they were discharging at 100 percent of
capacity. The reason for this was that during the 1953 and 1954
irrigation seasons water was in short supply because of drouth
conditions in the western United States, In all cases, however,
observations were taken at discharges equal to or greater than 80
percent of design discharge,

The stability of the reaches selected for study was deter-
mined by a careful visual examination. In addition the history of
each reach was investigated by checking with irrigation company
engineers and ditch riders in charge of operation and maintenance
of these canals.

The data taken in the field from the selected straight
stable reaches included magnitude of discharge, velocity distri-
bution, slope of water surface, shape of canal cross=section,
suspended sediment distribution, total sediment load whenever
possible, samples of bed material and side material, armor coat
samples, general condition of the bed, temperature of the water,
and photographs, The sequence in which these data were taken varied
somewhat from canal to canal, but generally the procedure was as
fOllows .

Slope Measurements

The length of the stable reaches investigated varied from
500 to 2000 ft depending on the size and slope of the canal, The
upper end of each reach was always located a sufficient distance
downstream from bends to insure that the effects of the bend on
flow conditions would be negligible,

Beginning at the upper end of the reacb, the zero station,
standard 4-ft laths were driven into the canal bank approximately
1-1/2-ft from the edge of the canal at each 100-ft station over
the entire length of the reach., Bach lath was driven so that its
top extended about 0.1-ft above the water surface, Stakes of this
type were used because they were always available, were fairly cheap,
and were of sufficient length and strength to satisfy the stability
requirements of the situation, that is, capable of supporting the
weight of a Philadelphia surveying rod without buckling and without
being driven further into the canal banks,

With the stakes properly located, the next step involved
determining as accurately as possible the elevation of the water
surface relative to the top of each stake. This was accomplished
by using a portable hook gage developed for this purpose by the
United States Bureau of Reclamation. The gage used is pictured in
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Fig. 30 and consists simply of a pitot tube without a stagnation
point orifice through which water enters a plastic stilling well
equipped with a hook gage. The entry and exit of water into the
'stilling well is controlled by a valve. Briefly, the procedure
followed to determine water level relative to top of stake involved
setting the adjustable foot of the gage on top of the stake. With
the pitot tube below water level the valve to the stilling basin

was opened., Sufficient time was allowed to elapse for the water

in the stilling basin to rise to the same level as the water in the
canal, The valve was closed and the gage was removed from the stake,
The water level in the stilling basin was determined to the nearest
one thousandth of a foot by means of the small hook gage within it,
Knowing depth of water in the stilling basin and position of stilling
basin relative to top of stake the distance from top of stake to
water surface was accurately established., To insure maximum accuracy,
measurements were always taken in the downstream direction and were
repeated at least twice and in some instances as many as five times,
The need for several determinations at each stake arose when small
surges or waves generated by wind or an upstream hydraulic structure
had to be averaged,

Having established elevation of the water surface relative
to the top of each stake, the elevation of the stakes with respect
to an arbitrary bench mark was next determined using precise
differential leveling procedure. The method followed, which gave
best results, involved setting up the level at every other station.
This way backsight and foresight distances were equal and the two
peg method of adjusting levels was used to determine accurately
the difference in elevation between these alternate stations., The
elevation of stakes adjacent to the level were sufficiently close
to the instrument, which was continuously checked for proper adjust-
ment, to enable precise determination of their elevations. As an
additional precaution care was taken to eliminate temperature effects
on the instrument by surveying early in the morning, in the evening,
or while cloudy conditions prevailed, The elevations of water
surface thus obtained were plotted and water surface slopes were
determined from best fit lines drawn through these data using the
method of averages. Ig most instances, except where very flat slopes
were involved, slope determination was a clear cut process and
success or failure was entirely a function of proper technique and
use of instruments,

Velocity Measurements

The following items were used in connection with making
velocity determinations: a standard Price current meter, a pygmy
meter, a current meter rod, a 16~pound sounding weight, a U. S.
Geological Survey Model A sounding reel and cable, a 14-foot
aluminum boat, a cable tag line, and a wooden boom to support the
sounding reel, the current meter, and the sounding weight,
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The current meters provided by the U, S, Bureau of Reclam-
ation were carefully protected at all times and were calibrated in
the calibration flume with and without a sounding weight at Fort
Collins, Colorado both in the spring and again in the fall of each
year to insure the accuracy of the velocity data., The standard
Price meter was used to determine velocities to within 0.,4-ft of
the bed, The Pygmy meter was used to try to establish the magni-
tude of the velocities at points closer to the bed than Q.4-ft,.
The successful determination of velocities close to the bottom
depended on bed conditions., That is, the use of a Pygmy meter was
successful only in those canals having a smooth bottom free from
loose sand and dunes,

In the smaller canals the current meter was used on a
rod and the section was traversed by wading or from a plank. To
determine velocities in the larger canals it was necessary, because
of depth, to work from a boat. A cable tag line marked in feet
was stretched across the section to be investigated and normal to
direction of flow, This tag line was used to hold the boat in
position and to fix the location relative to the banks, The current
meter was attached to the cable of the class A reel O.4=ft above
the bottom of the 16-~1b sounding weight at the end of the cable,
The meter and weight supported by the cable could then be lowered
by means of the reel and boom to any desired depth to determine the
velocity at that point. To overcome a slight tendency of the meter
to twist out of orientation with direction of flow, extra fins
were attached to the sounding weight. Some non-alignment still
existed after modifying the equipment. This was attributed to
secondary circulation effect, With the reel depth scale properly
zeroed, lowering the 16-1b weight to the bed gave depth of section
at the point.

Data to establish vertical velocity profiles were taken
every 2 to 5 feet, depending on size of channel, at one cross=-
section in each reach investigated, This gave from 5 to 15 verti-
cal distributions of velocity in each canal cross-section, The
velocities in each vertical were measured at 0.1, 0.2, 0.4, 0.6,
0.9 the depth and at a point 0.4-ft above the bed. When 0.1 the
depth was less than Q.4-ft, and when nine-tenths of the depth was
close to the 0.,4~-ft point, these readings were usually omitted,

All velocities were based on time intervals of obser-
vation equal to or greater than 70 seconds., The minimum 70-second
interval used to record the revolutions of the current meter was
established by experimentation to be the minimum that should be
used to insure accurate results, Current metering equipment is
shown in Fig, 31,
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(a) Portable hook gage

(b) Using the Portable hook gage

Fig. 30 - Construction and Use of the
Portable hook gage.

Fig, 31 = Current Metering Equipment
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Sediment Samples

Both suspended and total load sediment samples were taken
with a U, S, DH48 hand sampler. The sampler was fitted with a nose
cap which sealed off the nozzle of the sampler., The cap could be
opened at any time by means of a string attached to it., The use
of this device prevented partial filling of the sample bottle before
it reached the sampling point. The sampler was fitted to a specially-
constructed two-piece rectangular aluminum bar, The two pieces
could be attached together when extra length of bar was required, The
bar was graduated in feet and tenths of feet, The suspended sediment
verticals were always at one of the velocity verticals, usually every
other one. Samples were taken with the same vertical spacing as the
velocity spacing.

During the summer of 1953 the size of samples collected
consisted of two pint bottles at each point. From each bottle
sufficient clear water was decanted so that the remaining contents
could be combined into one. Analysis of these samples was diffi-
cult because of the small concentrations. To improve this situation,
four pint bottle samples were taken at each point during the summer
of 1954, As before, sufficient clear water was decanted from each
of the four bottles to allow them to be combined into a single pint
container,

The total load samples could only be taken when hydraulic
structures causing extreme turbulence existed upstream or downstream
of the reach in question, When suitable structures existed, depth
integrated samples were taken in verticals immediately downstream
of the structure and tombined into a single sample. Turbulence at
the structure had to be sufficient to force the total sediment load
upward into suspension.,

Sampling of Bed and Side Material

Samples of bed and side material were taken from each
reach, Usually, one or two samples were taken from each of the
sides and three to five across the bed, The material was collected
from the top 1 to 2 in. of the canal boundary, The samples of
side material were usually cohesive and it was found that good
samples could be obtained by pushing a piece of 2 in. plastic
tubing into the material to be sampled, twisting it loose, and
lifting it out, The problem of sampling non-cohesive bed material
was not always as simple. In the case of fairly shallow canals,
the foregoing method worked but in deeper canals the sample was
usually lost before the tube could be brought to the surface, To
overcome this situation the sampler shown in Fig, 32 was developed
by Donald L, Bender and the writer, This sampler consists of a
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(a) Sampler in Cutting Position

(b) Sampler in Retrieving Position

Fig, 32 Bed Material Sampler
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handle made up of pipe sections terminating in a 4-in., diameter by
6=in, high cylinder attached to the handle by means of a hinge,

A pin connected to the handle and extending through a smaller

pipe welded to the cylinder gives the handle and cylinder stability,
The cylinder with pin in position is driven into the bed, the pin
is then pulled by a string allowing the cylinder to rotate with
respect to the vertical handle., The string used to pull the pin
is also attached to the lower lip of the pivoting cylinder. By
pulling the string and pushing down on the handle the cylinder is
totated into an upright position trapping the sample and it can
then be brought to the surface. No good method was found for
sampling beds of gravel or cobble stone during operation. Canals
having beds of this type are best sampled during the non-operating
season,

Armor Coat

Samples of the material directly in contact with the
flowing water, defined here as armor coat, were also collected,
To the best of the writer’s knowledge no method for doing this
had been established previously so some experimentation was
required, This was carried out during the spring of 1953, The
method developed consisted of using a handle made up of 2~1/2-ft
sections of 3/4-~in, pipe. The first section was threaded to
receive a 3-in cup as indicated in Fig. 33a. The cup was filled
with a thin layer of pump grease, Conoco pump grease gave best
results, The cup filled with grease was lowered slowly vertically
downward by means of the handle and pressed lightly against the
bed material, The top layer of bed material adhered to the
grease and was brought to the surface, The cap was then unscrewed
from the handle, a metal form was clamped around the cup, and
the form was filled with a moderately liquid mixture of plaster
of Paris, see Fig, 33b.

Af ter the plaster of Paris had set the form could be
removed and the plaster of Paris cap pulled away from the grease
bringing the armor coat with it, This leaves the material picked
up from the bed imbedded in the plaster of Paris with the side
of the particles that had originally extended into the water
exposed, Typical armor coat samples obtained by this method are
shown in Fig, 34, A method similar to this is currently being
used by the U, S, Geological Survey to sample armor coat. The
principle difference is that the sand collected in the grease
is scraped off the surface of the container and separated from
the grease by titration, The sand is then analyzed by conven~
tional methods,
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(a) Canal No. 9

(b) Canal No. 23

Fig, 34 Armor Coat Samples
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Shape of Canal

The shape of the canal cross—section at the sampling
station was determined while taking velocity measurements., To
establish uniformity of shape or lack thereof the shape of cross-
section at from two to four additional stations was taken in each
reach, These additional shapes were determined by direct depth
measurement using a current meter rod either from the boat or by
wading depending on depth of canal,

Water Temperatures

Temperatures of the water were taken every one-half to
one hour during the two-to-four-day period spent at the site. Addi-
tional supplementary readings were occasionally obtained by revisi-
ting the site. In many cases the canals investigated were suffi-
ciently similar both with regard to size and location that tempera-
tures recorded at one site probably also applied to others, The
temperature variation of the canal water during a twenty-four
hour period was in some cases as much as 25 degrees F.

Vegetation

The extent of vegetal growth on the banks and its pro-
bable influence on canal stability, operation, and maintenance
was recorded, see table 13, based on visual observation,

Discharge

The flow rate at the time of the investigation was estab-
lished from the velocity measurements. The record of flow for each
canal was checked by referring to irrigation company records and
ditch riders reports to establish how near full supply the canal
was operating,

Bed Condition

The condition of the bed of each reach was examined for
the presence of dunes. In the canals having depths in excess of
2 to 2-1/2~ft the bed condition was determined by probing. A rod
with a shoe fitted to its base was used for this purpose., In the
shallower canals, probing was used and in addition a more intimate
examination was made by wading on the bed, Insofar as possible,
whenever any form of dunes existed, an attempt was made to measure
their relative location, height, and spacing, It proved impractical
to determine the rate of movement of the dunes with the equipment
available,

Photograghs

The reaches examined were photographed in both the up-
stream and downstream direction at full supply and when empty
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with both a standard 35 mm camera and a 35 mm stereo camera. Koda-
chrome film was used exclusively on the canals examined during 1953.
In 1954 a second 35 mm camera was used to photograph the canals in
black and white. It would have been advantageous to photograph

all canals in this manner from the report point of view.

In the following chapter the data collected will be pre-
sented and discussed,
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Chapter VI
PRESENTATION OF DATA
All data collected as indicated in Chapter V have been tabulated

and are presented in Appendix B, Figures developed from these data are
given in Appendix A, A discussion of these tabulations follows,

General Information on the
Canal Reaches Investigated

A total of 24 reaches were investigated, General information
on each reach is presented in Table 13,

In the first column each canal is assigned a reference number,
In the second column the name of the canal is stated, in the third column
the general location of each reach is given, in the fourth column the ex=
tent of bank vegetation is indicated, in the fifth column type of bank
material is given, and in the sixth column general remarks regarding method
of operation, degree of stability, and extent of maintenance required are
given,

Velocity Data

A1l velocity observations taken for each of the reaches are pree
sented in Table 14, Based on these tabulated data the velocity distribue
tion curves for each vertical of ‘each reach can be plotted, To illustrate,
vertical velocity distribution curves for canal No, 9 are presented in
Fig, 35 on semislogarithmic paper, These curves are more or less typical
of the canals investigated, In some cases maximum velocities in the sece
tions ocecurred at or near the water surface, In other instances maximum
velocities were found at about 0,2D below the surface, A study of the varie
ous canals reveals that those having large W/D values follow the semim
logarithmic law of velocity distribution more closely than do the narrow
deep canals, The curving back of the velocity distribution curves near the
surface may be caused to a certain extent by secondary circulation,

The crossesections at the sampling stations can be drawn based
on depths taken while making the velocity determinations, Table 14, and
isovels are obtained by plotting point velocities in the crossesections
and connecting points of equal velecity with smooth continuous lines, Fig,
36 shows the shape of the crossesections and the isovels at the sampling
stations for the canals numbered 4 and 20,
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Crosse=sectional Shape and Properties
of the Sections

The shape of each canal investigated was automatically determined
at the sampling station by making the current meter measurements as pre~
viously discussed. Additional crosswsectional shapes were taken to estab-
lish the degree of uniformity of section within the reach and also to pro=
vide a means of computing slope of energy gradient if the variation in shape
was sufficiently great to warrant it, On some canals two additional shape
measurements were taken while on the others still more measurements were
taken, The data on shape including shape at the sampling station, are pre=
sented for all 24 canals in Table 15,

These data were used to plot actual scale shapes of all crossw
sections measured in each reach, Fairly large scales were used, that is
lwin, = 1eft and 1~in, = 2 ft, Using a carefully calibrated map measurer,
the wetted perimeter of each section was measured, From the same scale
drawings, areas of the cross~sections were determined by planimetering.
Knowing the magnitudes of areas and wetted perimeters, the hydraulic radii
were computed, Values of A, P , and R are given in Table 28, in which
a summary of all the important data and parameters are presented.

To observe shape and shape variation within particular reaches,
refer to Figs, 37, 38 and 39, These figures illustrate graphically the
variation in shape from section to section for sandy, moderately cohesive,
and very cohesive materials, Values of A, P , and R for each of the
sections are also given to indicate numerically the change occurring from
point to point within a particular reach,

Slope of Energy Grade Line

The water surface elevations of each reach were obtained as indiw
cated in Chapter V, These elevations for each station of each canal are
given in Table 16, By plotting elevation of water surface against distance
along the channel, and drawing a best-~fit line to these data, the water
surface slope of each reach was established, This procedure is illustrated
in PFig, 40, The best-fit line was determined by the method of averages
because it gives good accuracy and does not require as much time as finding
the best fit line by the method of least squares., For a perfectly uniform
reach, flow is steady and uniform., In this case slope of water surface
(hydraulic gradient) and slope of energy gradient S are parallel to each
other and the energy gradient lies a distance above the water surface equal
to the velocity head, If appreciable variation of water crossesection
occurs within a given reach, flow is not uniform and the hydraulic gradient
and energy gradient are not parallel because of this fact. That is, the
velocity head and water surface slope are not constant along the reach.

In this case it is necessary to establish the energy gradient line for the
channel by plotting new points a distance, equal to the velocity head, above
the water surface and drawing a best fit-line through them, The slope of
this best-fit line through these points gives the slope of the energy
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gradient, Careful analysis verifies, however, that for all practical pur=
poses slope of energy gradient and hydraulic gradient are the same within
the limits of accuracy of the data, Values of slope for each canal reach

are given in Table 28,

Suspended Sediment

Samples of suspended sediment were taken as described in Chapter
V. All of these samples were analyzed for concentration and size distribue
tion by the U, S, Geological Survey at their Lincoln, Nebraska laboratory,
The location of sampling points and the results of their analysis are sume
marized in Table 17,

Typical variations of con¢entration with depth are shown in Fig,
41, 1In some cases the actual amount of sediment in a given sample was so
small, because of low concentration in the canal and the small size of
samples taken, that the range and accuracy of the data yielded by the
size analysis of the sediment was very limited, In the extreme cases some
percent finer curves are based on as few as one to two points, When such
is the case it has been necessary to determine the 50wpercent passing size
of the suspended sediment by extrapolation,

The extrapolation procedure used to determine the 50 percent size
was based on the fact that percent finer curves plotted on log probability
paper followed a definite pattern, that is, typical percent finer curves
consisted of two families of straight lines as shown in Fig, 42, The slopes
of the two sets of lines are fairly constant for each canal,

Using the assumption that slopes of lines are nearly equal for
similar canals in similar regions it was possible when desired to estimate
the 50 percent size of suspended sediment for all canals as well as other
sizes greater or smaller than the 50 per cent size,

It should be noted that the sand fractions of all suspended sedi=
ment samples were retained and are on file, These could be composited to
obtain a more accurate estimate of the coarse fraction of the suspended
sediment load, An additional study involving a more detailed analysis of
these sediment samples is planned,

It should be noted also that the data being discussed have been
used to prepare a masters thesis entitled "Suspended Sediment Transport in
Alluvial Irrigation Channels"” by Donald L, Bender (5) at Colorado A and M
College, Fort Collins, Colorado, A limited number of copies of this thesis
are available upon request, Only data collected during the summer of 1953
were utilized in the preparation of this thesis,

Total Sediment Load

The precedure used to obtain total load samples was described in
Chapter V, These samples were analyzed in the same manner as the suspended
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sediment samples, Only fourteen of the twenty-four canals investigated
were sampled for total load,

The results of the analysis including concentration and size
distribution are presented in summarized form in Table 18, The 50 percent
sizes based on total load samples for these fourteen canals are also ine
cluded in the table,

Bed and Side Material

The bed and side materials comprising the top 1 to 2 in, of canal
peripher- were sampled as described in Chapter V, The number of samples
takew per canal varied with canal size and shape,

Standard sieving and hydrometer analysis procedures were used to
establish the size distribution of each sample, The results of this analysis
for each sample of each canal are presented in Table 19, Columns of data
pertaining to samples that required both sieve and hydrometer analysis are
broken by two horizontal parallel lines, The data above the lines has been
determined by sieving, the data below the lines by hydrometer,

Based on the data in Table 19, it is possible to draw percente
finer curves from which sizes corresponding to any desired percent passw
ing value can be obtained, Typical percentwfiner curves for canal No, 23
are shown in Fig, 43, These curves have been presented on logeprobability
paper in preference to semimlog paper since normally distributed materials
tend to plot as straight lines, The resulting plots are not straight lines
but there is a strong tendency toward straightness, and straight lines were
forced through the data to facilitate the determination of the standard
deviation of the material,

Standard Deviation

From plots of the foregoing type, the sizes of material correse=
ponding to various percentepassing values can be obtained and used to
evaluate standard deviation,

Standard deviation is a measure of dispersion that is widely used
in the technical fields, It is symbolized as ¢ and is described mathee
matically by the equation

3 0.5 TR
where X = values involved,
N = the number of values occurring, and
X = the mean of these values.,
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One method of determining O~ involves selecting points or values of X

from the percentwfiner curves and applying BEq 136, A second method dese
cribed by Rouse (55) provides a means of computing a measure of standard
deviation in dimensionless form, It is based on the relationship between
slope of the percentefiner curve when the data are plotted on logeprobability
paper and standard deviation, Using this later method of approach the value
of 0, for data that plot as a straight line can be computed as follows

d8s  ds0
d50  di15
, = >

(137)

Although the size distribution curves deviated considerably from a straight
line in some cases, this procedure was used, Values of the 15 percent,

and the 85 percent passing sizes as well as values of 0 ,;, computed by
means of Bq 121 are presented in Table 20, The values in the columns
occurring outside the horizontal lines are classified as side material,

the ones inside as bed material,

The size distribution curves exhibit a discontinuity at the point
where the curves are based on hydrometer sizes instead of sieve sizes,
There is also a marked tendency for a steeper slope in the section of the
curve based on hydrometer analysis, At the point of discontinuity the sizes
indicated by hydrometer are larger than the sizes indicated by sieving,
This is difficult to explain since usually the reverse situation is enw
countered, It is perhaps possible that in high concentrations of fine
material a certain amount of flocculation occurs in spite of the use of
dispersants, It is conceivable too that some small particles are carried
down by the larger ones during the fall out, Finally, and probably of
greatest importance, is the fact that at the point of discontinuity both
methods of analysis tend to give questionable values,

Visual Tube Analysis

During the process of evaluating sizes of materials it was de=
cided that it would be beneficial to determine also at least some size
distributions by means of the visual accumulation tube, more commonly
known as the V,A, tube, This matter was discussed with Paul C, Benedict
of the U, S. Geological Survey and he arranged to have the bed and side
material samples from three canals, Nos, 4, 11, and 13 analyzed by the V.A,
tube method in the Lincoln, Nebraska laboratory, The results of this
investigation are presented in Table 28,

Percent fine curves were prepared from these data and used to
evaluate the 15 percent, the 50 percent, and the 85 percent passing
sizes from which values of U ; were computed, These values are given

in Table 22,

To facilitate a comparison of the sizes and ¢ j;=values resulte
ing from the V,A,~tube analysis with results from the sieve and hydrometer
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method Table 23 was prepared, In this table the values of d obtained by
the two independent methods have been tabulated and compared, Values of
6" 1 and percentage differences in ¢~ ; values for the two methods of ine
vestigations are alse given, It is to be noted that the diameters of the
fifty percent passing agree quite well in most cases, That is, the V,A,~
tube sand and the sieve hydrometer methods give essentially indentical re~
sults in this size range, This is verified further by observing Fig, 44,
Here percentefiner curves resulting from both methods are plotted to the
same scale on the same sheet,

Magnitude of Suspended Sediment Load

Using the suspended sediment data given in Table 17, the susw
pended load was estimated in the manner indicated in Table 24, At the
bottom of the last column of Table 24 the value of

z [(PPM)(V) )]

has been determined, This value was utilized in the following equation
to estimate the quantity of suspended sediment in tens per day, that is,

Tons per day of (62,4) 86400

suspended sediment = Z (PPM x Vave XA o8 000

The suspended load thus obtained for each of the canals is given
in Table 25, It is important to note that the total discharge CroSse
section was used to compute sediment load and that concentrations used
were taken within the limits of the water surface and 0,4 ft above the bed
of the channel,

Magnitude 2£ Total Sediment Load

Based on data for the total sediment load presented in Table 18,
the total number of tons of sediment transported was computed as follows,

. _ PPM 86400 _
Total sediment = Qx-353(62.4) 75;;; = load, tons per day .

The results of these computations are presented for the 13 canals
yielding total load samples in Table 25, together with estimated suspended
sediment load,

Computation of Tractive Force

In accordance with the tractive force theories presented, values
of tractive force were computed as follows,
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Tractive Force Based on T = ¥DS

Corresponding to measured values of depth, the shears along the
periphery of each channel were computed, see Table 26, The depths used were
measured normal to the periphery of the channels,

Average Tractive Forced Based on
Tave = ¥ RS

With the magnitude of R and S known, the average shear was
computed for each of the 24 canals by means of the foregoing equation,
These values of T,y are given in Table 28,

Tractive Force Based on Velocity Gradient

The tractive force based on slope of velocity gradient was come
puted by means of the equation

V, =V,

T=¢€ |5.75 tog Y, (44)

Y,

The value of € wused in this analysis was assumed to be constant having
a magnitude of ¢ = 1,936 , This value corresponds to a water temperature
of TO°F, 1In each case Y; and Y, were respectively equal to 0,4 and
0,8 ft, and were measured normal to the boundary, The velocities V, and
V, were measured at the distances Y, and Y above the bed, With the
values of Y, , Y, , and @ known, Bq 38 reduces to

T = 0,65 (V, » V)2 (138)

Values of V; and V, corresponding to Y; and Y, respectively are
given in Table 26, They were used as indicated to compute the magnitudes
of the tractive forces which are also given in this table,

Tractive Force Based on the Concept
of Zero Momentum Exchange

The method of estimating the tractive force on the sides and/or
the beds of narrow and/or irregular channels as outlined in Chapter IV was
utilized to evaluate tractive force on the canal beds, This involved deter=
mining the volume of water immediately over the area of bed or side in
question such that transverse momentum transfer into or out of the volume
of water was zero,
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Accordingly, the volumes of water related to small areas of the
beds near the center line of each of the twentywfour canals was established
by planimetering, These and the corresponding tractive forces are given
in Table 27, The tractive force in each case was determined by multiplye
ing the foregoing volumes by the unit weight of water and the approximate
water surface slope,

Summary of Data for the Twenty~four
Canals Investigated

All data collected on these canals as well as parameters come
puted for correlation work are summarized in Table 28, This procedure was
used to facilitate the correlation and analysis phase of the study that
follows in Chapter VII,

United States Bureau of Reclamation Data

Because of the limited amount of data on tractive force for coarse
nonwcohesive material, the Bureau of Reclamation in accordance with the
advice of Lane, investigated canals constructed in this type of material in
the San Luis Valley of Colorado (35), The canals were located on an alluvial
fan, The size of the natural material varied considerably, decreasing in
size from the apex outward, The canals constructed in the cone were stable,
straight, and of uniform crossesection, Fifteen reaches of canals were ine
vestigated, Values of Q varied from 17 to 1500 cfs and slopes from 0,79
x 10 to 0,97 x 10®2 , The basic data and parameters derived therefrom
are given in Table 29,

The primary purpose of using these data is to increase the range
of conditions considered and to establish more points for the correlation
phases of this study,

India Data

A rather thorough study of the available literature on regime
theory, its conception, and evolution was undertaken, During the course
of this investigation considerable information was found on the canal
systems of India which was used to help establish and develop the regime
theory were found, Two groups of these data were sufficiently complete
and pertinent to warrant inclusion for use in the theoretical analysis,

The first group of data is for forty~two stable Punjab canals,
see pages 60 through 64 of reference (49), Their capacity varies from 5 to
9000 cfs, Slopes are on the order of 0,12 x 10™3 to 0,34 x 10®3 and the
average diameter of the bed material is approximately 0,43 mm, These data
and the derived parameters to be used in the subsequent analysis are sume
marizéd in Table 30,
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The Punjab canals have been subjected to a long period of invesw
tigation and are classified as stable, They may be considered, according
to page 77 of reference (40), as a sample from an infinite population of
possible observations,

An insight to the magnitude of sediment load carried by the Punjab
canals is given in Table 31, These data were obtained from reference (39),
page 87, The mean silt intensity for the channels listed is 0,238 grams
per liter or 238 ppm., This value is within the order of magnitude of sedi~
ment concentration in the canals measured by Simons and Bender. Considering
the small difference in magnitude of sediment load for these two groups of
canals, it is anticipated that they will behave as a single group except
possibly where major differences in bed and bank conditions exist.

The second group of canal data was found in statement I, pages
70 dnd 71 of reference (26), and statement II, pages 74 and 75 of reference
(27). These data were collected from twenty-eight different reaches of
thirteen Sind canals and according to the foregoing reference are stable,
Their capacity ranges from 311 to 9057 cfs, slopes vary between 0,0592 x 10™3
and 0,0995 x 10”3 and mean size of bed material is within the limits 0.0346
mm to 0,1642'mm, A summary of data taken from statements I and II plus the

additional computed parameters are given in Table 32,

The Sind canals seem to carry a larger amount of sediment than
those of the Punjab, at least during part of each year, This is verified
by studying the data presented in Table 33 taken from reference (28), In
accordance with observations 3 and 4 taken in 1934, the magnitude of the
suspended sediment load ranges from 3,59 grams per liter down to 0,156 grams
per liter or from 3590 ppm down to 156 ppm. The silt in the Sind canals
has a smaller mean diameter than that found in the Punjab canals, With the
somewhat larger sediment load, it is anticipated that these canals will be-
have differently from the Punjab canals and the canals studied by Simons
and Bender unless sufficient wash load occurs in the Sind group to autow~
matically compensate for the difference in conditions,

Data from four irrigation canals in the Imperial Valley canal
systems were obtained from a technical bulletin by Fortier and Blaney (21)
and a masters degree report by Raju (50)., These data are unique in that
their sediment concentrations are relatively high ranging from 2500 to
8000 ppm and their bed and bank conditions are similar to those found in
the Punjab canals, the Sind canals, and the canals investigated by the
writer, A summary of these data including the computed parameters are

given in Table 34,

Richardsons Number

Values of Richardsons number and C/=/g taken from reference (4)
plus additional values of the same parameters based on Niobrara River data
are presented in Table 35, These last data were made available by the U, S,

Geological Survey,
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The primary purpose for introducing river data at this point is
to increase the range of sediment load data with the ultimate goal in mind
that it might assist in determining the effect of sediment load on stability,

Temperature Data

An average effective temperature for the twenty=four canal reaches
investigated by the writer has been worked out for each canal, These data
are given in Table 28,

The temperature of the San Luis Valley canals is not known but
based on climatological conditions an effective temperature of 65°F has
been assumed for each of the fifteen reaches reported,

No specific information on temperature of individual canals in
the Punjab or the Sind was found, It has been pointed out, by N, K, Bose,
on page 55 of reference (9), however, that temperature variation in the
Punjab canals ranges from 9°C to 28°C and that 20°C is a good average for
the entire year. In addition Blench (6) reports that the climate of the
Punjab is similar to that of desert Arizona and that water temperatures
vary from 50°F to 85°F, Based on the foregoing information a base tempera=
ture of 70°F was utilized whenever temperatures of water were involved for
the Punjab and Sind canals., This base temperature probably introduces some

scatter in those relationships in which it is involved,
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Chapter VII

ANALYSIS OF DATA

The summary of basic data and the parameters computed therefrom
can now be utilized to investigate the theory of stable channels, These
data are tabulated in Tables 28, 29, 30, 32, and 34, The shape character=
istics of these canals will be investigated first.

Relationship Between R and D,
and P and W

The Lacey theory is expressed in terms of wetted perimeter and
hydraulic radius., The Blench theory is in terms of average depth on the
channel bed and average width such that

Area =W xD

Considering the 42 Punjab canals, see Table 30, the average depth
on the bed and average width were not given, The only measurements pertaine
ing to shape were wetted perimeter, hydraulic radius, and top width, To
overcome this deficiency of data, hydraulic radii were correlated with average
bed depths and wetted perimeters were correlated with average width of chan~
nel as shown in Figs, 45 and 46, Only the 24 canals investigated by the
writer, Table 28, and the 28 Sind canals, Table 32, were utilized to estab~

lish these curves,

The Imperial Valley canal data have been plotted on Figs., 45 and
46 to show that increased charge has little effect on the relationships bew

tween R and D, and W and P .

Based on Figs. 45 and 46 it is now obvious that average width and
bed depth can be estigmated rather accurately if P and R are known,

The actual method used to compute W and D for the 42 Punjab
canals involved estimating W, knowing P , and then computing average bed
depth by means of equation A = WD , That is,

O
H
=»

Bstimating the W/D Ratio

The proper selection of the W/D ratio is undoubtedly a function
of discharge, type of natural bed and bank material, (primarily the latter)
and concentration and gradation of sediment load,
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The curve of Fig, 47 illustrates that at least a qualitative
relationship exists between W/D and median size of side material, This
curve is based on the information collected on the 24 canals investigated
by the writer,

It may be worthy of note at this time that in some instances the
canals had natural berms, In these cases the median diameter is that of
the berm material, In other instances very little or no berm had formed and
hence the d of the sides in these cases is at least partially a function
of the natural material, The fact that these two different conditions exist
probably accounts for some of the scatter in this particular figure, Canals
having side material more or less independent of the berm are Nos, 1, 12
through 19, 22, and 23, see Table 12,

The implication of Fig, 47 is quite clear, It shows that the
W/D ratio increases with increasing median diameter of side material, that
is sandy materials exhibit a large widthwtowdepth ratio,

The same type of relationship as shown by Fig, 47 was also obwe
tained by correlating type of bank material and the W/D ratio, see Fig.
48, It should be understood clearly in every case that soil types used
are rather arbitrary, No specific soil classification tests were run on
natural bank material and hence classifications used are based on field
observations, Types of natural bank materials were previously indicated

in Table 12,

A slightly more comprehensive insight to variation of W/D ratios
was obtained by correlating Q , W/D , and type of bank material as shown
in Fig, 49, This illustrates that W/D increases with discharge and size
of side material,

In Fig, 50, W/D , C/«/g , and type of bed and bank material have
been correlated, Three curves resulted, the Aecurve is for canals having
cohesive beds and banks, the Becurve applies when the canals have cohesive
banks and sand beds, and the Cecurve characterizes the relationship for
those canals possessing both sand beds and sand banks,

As a final possibility the relationship between P/R and Q was
considered, Fig, 51, This is similar to Fig, 49 since P/R W/D , Values
of P/R and Q for all the canals have been utilized in this case, Values
of P/R are related to Wp/D as shown in Fig, 52,

The trends indicated in the preceding four figures illustrates
that stable widthetomdepth ratios of canals are quite definitely related to
soil type and capacity, More precise relations could probably be obtained
by conducting a more accurate analysis of soil types and introducing the
effect of sediment concentration,

The fact that sediment load and its characteristics are involved
is illustrated in Fig, 53, Here W , dgs of the suspended sediment, and
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Q are correlated, The 85 percent passing size was obtained directly

from Table 28, and indirectly from the basic suspended sediment data
presented in Table 17, The reason why width should correlate with dgg

is not clear unless the presence of a larger size of sediment in suspension
indicates a smaller amount of wash load which should influence berming, bank
stability, and width of channel,

In Fig, 54, an attempt was made to correlate the dgs size of
suspended sediment with mean size of bank material, The results are rather
insignificant except it is interesting to note that canals with sand banks
are at the top of the figure and those with very cohesive banks at the bottom,

It is difficult to accomplish a highly significant correlation
involving sediment because of the narrow range of concentrations occurring
in the 24 canals sampled,

Bstimating W and D and/or P and R

According to the Lacey and Blench theories it is to be expected
that either wetted perimeter or some channel width dimension such as top
width or average width should correlate with rate of discharge, Based on
this type of correlation Lacey arrived at the equation

s
]

2,668 QY2 (16)

Bstimating W and P

'Using Lacey's procedure, values of P and corresponding values
of Q were plotted in Fig, 55, for the canals investigated by Simons and
Bender (referred to as Simons and Bender data), along with a few of the
values from the Punjab canals, The range of materials forming the periphery
of these canals extends from fine cohesive material to coarse nonecohesive
material, The effect of soil type on P is clearly exhibited in this figure,
The sand channels all require a relatively large P for a given Q while
cohesive materials reach stability at a relatively small P for a given Q ,
The few points based on India data were added to define the relationship

better,

To illustrate more fully how the 24 Simons and Bender canals plot
relative to the India canals, consider Fig, 56, Here values of P vs Q
have been plotted for the 24 canals, Table 28, and the forty=two Punjab
canals, Table 30, Three curves have been fitted to these data based on
type of bed and bank material, The equation of the arbitrary straight line
representing canals with sand beds and cohesive banks is

P =2,5Q%5 (139)

Note the similarity of Bqs 16 and 139,
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The effect of bank and bed materials on such a relationship is
illustrated further by also considering the U, S, Bureau of Reclamation
data as shown in Fig, 57. Here it is seen that values of P for a given
Q are even smaller than in the case of cohesive materials, This simply
illustrates the ability of the coarse material to resist a greater trace

tive force,

The Imperial Valley canal data have also been plotted in Fig, 57
to illustrate the quantitative effect of increased charge, From the view
point of type of bank and bed materials these canals are similar to the
other canals excluding those formed in coarse non~cohesive material, The
trend line, however, falls approximately on the trend line representing
the relationship between P and Q for canals formed in coarse non=cohesive
material, This indicates that as charge of the type found in the Imperial
canals decreases, the stable wetted perimeter P and consequently stable
width W decreases,

Next consider the relationship existing between average width
W and Q for the canals investigated by Simons and Bender, Fig, 58, As
before the fact is clearly illustrated that a stable channel in sandy
material develops a greater width for a given Q ., In this case two
separate curves have been drawn, one for canals in sandy materials having
sand banks, the other includes all other types, It should be noted that
canals 12 and 13 have boundaries of coarse nonscohesive material and the
fact that they fall on the second line may be purely coincidental since
velocities are low compared to stability of sides and bed, That is, it is
doubtful if forces ever existed of sufficient magnitude to cause channel
shape to adjust appreciably,

A more comprehensive W vs Q diagram is given in Fig, 59, All
of the canals excluding the Imperial Valley canals are represented in this
plot, including the canals investigated by the U, S, Bureau of Reclamation
(referred to as USBR canals), The sand channels still group in a separate
category, The India canals conform to the same type of relationship as
the non~sand channels, and the USBR canals fall in a group slightly lower
than for the other two cases, The validity of the relationship for the
latter group of camals may be questionable since their boundaries are of
extremely stable material and the present stable shapes may not differ
appreciably from the original design shapes, This is particularly true in
the case of the USBR canals numbered 8 and 10 which have very small vew
locities relative to those experienced in the other channels,

It is apparent that W and P are functions of the natural soil
type in which the canals are constructed and the discharge, The preceding
indicates that three curves, one for sandy material, one for slightly co=
hesive and cohesive material, and one for coarse nonecohesive materials
farily well cover the range of conditions normally experienced in canal

design,

In most of the relationships involving width W , the average
value has been employed, Under certain circumstances it may be advantageous
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to convert average width to top width Wy . To facilitate this conversion,
see Fig, 60, This correlates W with Wy based on the data from the
canals investigated by Simons and Bender and the Punjab canal data, A good
straight line correlation exists between these variables up to a top width
of approximately 300,0 ft, However, for the larger values of W the rew
lationship is based on limited data, The equation relating these variables

is

W=0,92 Wp = 2,0 , (140)

Bstimating D and R

A relationship between D and R for stable irrigation canals
was given in Fig, 45, It is now desirable to relate D and/or R to
other quantities or parameters, Lindley showed that both D and R were
very closely related to Q , The truth of this for D is illustrated in
Fig, 61, In this case values of D and Q for all canals have been
utilized, as in the foregoing relations, between Q and P or Q and W,

The effect of natural bed and bank material is apparent and conw
sistent with the preceding relations, The canals constructed in cohesive
materials fall in one group, those having a sand bed and natural berm in a
second group, those in sandy material in a third group, and those in coarse
nonecohesive material fall in a fourth group, The value of D wused in
the correlation is average depth on the bed and it should be remembered that
values of D for the 42 Punjab canals were estimated as stated earlier,

The basic relationship relating D and Q for canals having a
sand bed and natural berm for Q > 50 cfs is

D = 0,685 Q0+31¢ (141)
The same type relationship for the canals in coarse nonschoesive material is

D = 0,408 QOe314 (142)
An equation for sand range and the cohesive range has not been developed

because of the limited number of canals involved,

This same procedure can also be followed to obtain relationships
between R, Q , and soil type, see Fig, 62, The basic relation for canals
having sand beds and natural berms is

R = 0,43 Q0-361 | (143)
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For coarse nonwcohesive material the expression is
R = 0,247 Q°+3¢* (144)

The influence of sand banks on R has not been expressed in equation
form but their effects are clearly illustrated,

The Imperial Valley canal data have been plotted to illustrate
the importance of charge on stability of channels, see Fig, 62, Comparing
the trend line for these limited data with similar lines representing the
Simons and Bender, Punjab, and Sind data it is apparent that the hydraulic
radius R decreases with increased charge for a given discharge Q indie
cating that as the magnitude of charge is increased it is necessary to ine
crease the average velocity V so that deposition will not occur,

Determination of W and D by the
Blench Regime BEquations

The Blench regime equations recommended fer determining average
width and bed depth, such that W x D = A , are restated here for convenience

W= [-E] Y2 Q2 (36)
3;1b
D = \’;; Q¥/3 37N
where as before
v3
§ = ——
W
and
2
b2,
D

It was established earlier that, when these expressions for bed
factor and side factor are substituted into Eqs 36 and 37, these equations
reduce to

and
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D=D,
This implied that the following relations based on these equations

W_ ys (S)Y?
QY2 b

and

'VTQD vs (—s%)"/a

should give straight lines having slopes of 45 degrees,

It is apparent based on these censiderations that the usefulness
of the regime equations for width and depth hinges on establishing independs
ent expressions for bed and side factors probably in terms of parameters of
the form suggested by Blench, Inglis and others,

In spite of the foregoing it is of interest to make use of the
Blench equations, This has been done by correlating 1>/Q’=/’a with
W/VD = b/s , see Fig, 63, In this plot all canal data with the exception
of the Imperial Valley canals have been utilized, It is interesting to
note that effect of soil type is no longer apparent and that the range
covered by the 24 canals studied by Simons and Bender is very great, exw
ceeding that of any other group or combination of groups considered, The
relationship indicated in Fig, 63 is

P -0,193.% + 1,79 ., (145)
Q73 )

This expression can be useful in design as will be illustrated later, The
expression W/VD = b/s is defined as a shape factor by Blench,

#istimating Bed and Side Factors

Using the Simons and Bender data, attempts to establish other
definite relationships for b and s were made with limited success, The
results that are of interest follow,

Lacey gave a relationship between bed factor and mean diameter of
exposed bed material in millimeters as already indicated and discussed,
Following this concept, Fig, 64, shows the relationship between b and d ,
Note that two arbitrary lines have been drawn, one for canals with dunes on
the bed the other for channels having a more or less smooth cohesive bed,
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Actually canals 16, 17, and 18 do not fit this scheme completely since
they have plane sand beds not plane cohesive beds, These three canals
are all small, their sides are nearly vertical, and cousiderable vegetaw
tien grows on their banks ems some of it trailing in the water,

In Rig, 65 d vs b data for all canals excluding the USBR
group and the Imperial Valley canals have been plotted, It is obvious
that the correlation fer India canals as a group is better than that for
the canals investigated by Simons and Bender, This is probably due to
the fact that a wider range of conditions exist in the latter group, A
correlation line for the 70 India canals would fall in between the two
lines representing the Simons and Bender data, It is also quite definite
that the bed material of the India canals is a function of sediment being
transported whereas in the other group the bed material, particularly in
the cohesive and very coarse size ranges, is probably largely independent
of sediment being transported, In any event b can be estimated only
roughly from such a relationship,

As a result of visually observing the data presented in the sume
mary tables, the shear velocity was plotted against bed factor for the
Simons and Bender data to obtain Fig, 66, The correlation in this case is
more eratic than before, Some of the canals with plane beds fall on the
line marked dunes ~ specifically, numbers 1, 17, 18, and 20 and numbers
12 and 14 are very eratic,

A duplicate of Fig, 66 including the India data is shown in Fig,
67, In this case the India data spread out rather haphazardly detracting
appreciably from the preceding correlation and unless a third variable can
be introduced to help explain the arrangement the results are not particum
larly helpful,

The most recent expression recommended for bed factor by Blench
(7), includes effect of charge, It is difficult to say whether or not it
possesses advantages over other expressions based on the Simons and Bender
data because of the uniformity of concentration in these channels,

The side factor should be closely related to type of side material,
Values of s for different soil types were previously recommended in Chapter
II, In accordance with this concept, type of bank material and s have
been plotted to obtain Fig, 68, It is again important to note that type
of bank material is rather arbitrary ~— being based on field observations
only, The general trend indicates an increase of side factor with decrease
in cohesiveness of material,

In accordance with the foregoing observation, the mean size of
side material has been correlated with the side factor in Fig, 69, The
plotted points have been broken down into two groups by drawing two lines,
The upper line seems to hold for sand bed canals with dunes and for those
which are smooth for Q greater than 100 c¢cfs, The lower line holds for
channels having plane cohesive beds and also for some plane sand beds where
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Q is less than 100 cfs, The exceptions to this observation are No, 18
which should fall on the lower curve and No, 15 which should fall on the

upper curve,

Relationship Between Q and A

It is of interest to note the close relationship existing between
Q and A for regime channels, Once again, however, it is expedient to
introduce type of bank material as a third variable, see Fig, 70. Values
of Q and A from all canals have been plotted., Four curves have been
drawn as indicated by bank material and bed condition, The short uppermost
curve is for canals having sand banks, The intermediate curve is for all
other bank materials finer than sand, The lower curve is for coarse nonwe
cohesive materials as represented by the U, S, Bureau of Reclamation canal
data,

Bquations relating A and Q for two of the foregoing three
conditions follows, For banks of material finer than sand extending into
the very cohesive range

A = 1,076°-873 (146)

and for coarse nonwcohesive materials

A = 0,45 Q°-873 (147)

The relationship between Q and A for the Imperial Valley canal
data shows that as magnitude of charge increases the required area A core
responding to a given discharge Q decreases and the permissible average
velocity V is increased, This is consistent with the trends indicated in
Figs, 57 and 62, It is also important to note in this case, the variation
of vertical displacement of each point relative to the line representing sand
beds and cohesive banks, The effect of variation of charge shows up very
clearly, These exprgssions cover a wide range of discharge and boundary
conditions and should be very useful in practical design work,

Bxpressions Involving Velocity,
Discharge, and Slope

The velocity correlates reasonably well with discharge as shown
by Figs, 71 and 72, In Fig, 72 bank material is introduced as a third

variable and four curves result, The upper curve is for the coarse none
cohesive materials of the U. S8, Bureau of Reclamation canal data, the

second curve is for channels with plane beds, the third curve represents

canals possessing slightly cohesive to cohesive banks with rough sand beds,
and the fourth curve represents sand bed and bank conditions., Expressions
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for the three most significant of these four cases follow, Coarse none
cohesive banks and beds,

V =1,68 Q0182 (148)
Slightly cohesive to cohesive banks with dunes on the bed,

V = 0,843 A®.136 (149)
and sand banks and beds

V = 0,72 Q0156 (150)

The three subdivisions indicated for the lower group of data
are based on a rather intimate knowledge of the canals investigated by
Simons and Bender and to a limited extent on Indian Literature and ¢on=
sultation with Singe Bhala, a graduate Civil Engineering student from
India currently working on an M,S, degree at the University of Wyoming,

A variety of regime type equations have been recommended to
determine design slope by one individual or another, One of the most sige
nificant is the Lacey formula relating V and R®> S as follows

Vv = 16,0 R¥/3 s/3 (151)

The general validity of this expression is shown in Fig, 73 taken from
reference (25), An extremely wide range of discharge is covered, Data
used include the Punjab data summarized in Table 30, and other miscellaneous
India canal data which are not presented or utilized elsewhere in this
report, The difficulty with this expression is that, although the trend

is very definite, some slopes computed by this relationship vary conside
erably from the measured slopes used to establish the cdrrelation,

To serve as a further check on Fig, 73, V vs R2S has been
plotted in Fig, 74 for all the canals included in this report, These data
fall in three separate groups in the plot and a line has been drawn through
each group, The upper line correlates V with R®S for the coarse none
cohesive materials represented by the U, S, Bureau of Reclamation canal data,
The intermediate line does the same for canals with sand beds and slightly
cohesive to cohesive banks, The third line represents sand bed conditionms,
at least insofar as the Simons and Bender data are concerned, The equations
of these lines are:
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V = 17,9 (R3s)0-286 (152)

V = 16,0 RY? s¥3 (153)
and

V = 13.86 (R25)Y/3 (154)

respectively, The second equation is identical with the preceding BEq 151
corresponding to the plot of Fig, 73.

The Imperial Valley canal data show that for a given value of
R2S the permissible average velocity V increases as charge increases
and knowing R and V from Figs, 62 and 70 the slope consistent with
stability can be estimated,

From another point of view, careful observation of the data in
the sand range and finer of Fig., 74 reveals that the logwlog plot does not
yield a perfectly straight line. To improve this condition V + 1 vs
R®D has been plotted in Fig, 75. The equation of the new line for sand
bed and cohesive banks is

V= 9,3 (R?8)°+%8 .. 1 (155)

and for sand beds and banks is
V = 8,53 (R28)°*1% w 1 (156)

In the event that it is more desirable to work in terms of D
instead of R, it should be noted that V vs D?S also correlates fairly
well, see Fig., 76. Again, two lines have been drawn, one for the coarse
materials the other for the sand range and finer, The equations of these
two lines have not been established because of the excess curvature and
the superiority of the preceding relations.

Other Regime Slope Bquations

Other slope equations recommended by Lacey were

s =0,000383 £¥2/RY/? (15)
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and later
$ = 0.000547 £¥3 Q6 (20)

where f is the Lacey silt factor.

In 1936 Bose and the Punjab Irrigation Research Institute staff
presented the equation

d0.86
QO. 21

(25)

S x 10% = 2,09

where d is the mean diameter of material exposed on the bed, This exe
bression was developed as a result of collecting data over several years
and subjecting it to statistical analysis, It is very closely related to

Eq 34 presented by lacey,

It is of interest to demonstrate graphically the degree of corm
relation of Bqs 20 and 25, 1In Fig, 77, S vs f5/3/12 ¢ has been plotted
for the Simons and Bender data, Note that these data again tend to divide
into two groups, The steeper line is fairly well defined being based upon
the canals having sand beds and dunes. The flatter line is not well defined
but more or less signifies the condition when plane cohesive or plane sand
beds exist, Canals 12 and 13 probably should be excluded from the plot
since they are formed in coarse nonmcohesive material,

- The scope covered by the Fig, 77 is now expanded in Fig, 78 to
include the India and the U, S, Bureau of Reclamation canal data., A study
of the results verifies that for the India canals a good correlation exists,
on the other hand agreement of data on an overwall basis is not particularly
significant, The best fit line to the India data falls in between the two
lines drawn based on the Simons and Bender canal data,

In Fig, 79 slopes and corresponding values of d°®+%6/Q®<2* have
been plotted. In this case the 24 points based on Simons and Bender canal
data scatter rather badly, A trend, however, is indicated. Canals No. 12
and No, 13 should probably be excluded or grouped with the U, S. Bureau of
Reclamation canal data, The effect of the 70 India canals on Fig, 79 is
illustrated in Fig, 80. The values of d®+86/Q%+2* for the 42 Punjab canals
were taken from pages 60 through 64 of reference (49)., They can also be
computed from the basic data given in Table 30, Values of d°-86/Q°-?! for
the 28 Sind canals were computed from basic data, see Table 32, These data
correlate quite well passing more or less centrally through the Simons and
Bender data., Values of § computed by BEq 25 agree quite well with values
used to establish the relation, This is verified in Table 36 except where
values of d are less than one tenth of a millimeter, In this case computed
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slopes are only about one half as large as they should be, This deviation
may be due to effect of plasticity in the bed material, in fact these
samples may be of the original material and independent of sediment load,

The foregoing may also help explain why the points given by the
Simons and Bender data scattered so badly in Fig, 79, That is, several of
these canals did not have the typical sand bed with dunes, in addition
some had natural cohesive beds and the corresponding size of bed material
was smaller than one would normally anticipate in a canal carrying a sediw
ment load with a sand fraction,

Based on the preceding information it seems logical that a family
of equations of the form

S=f(d, W, D, V, ag €157)

could be verified for various general types of natural bank and bed material,
particularly if canals possessing cohesive bed material were excluded and
handled on some other basis,

The BlencheKing Regime Slope Formula

The regime slope equation recommended by Blench for design is

pYe si/12

- (38)
2080r QY6

This was derived by plotting W/D against a variety of nonedimensional
groups and would have been found at once, according to Blench, by plotting
V2/gDS against VW4, . The basic regime slope formula is

1/a

2 2
g_g_ - _gyD? =c [y__'y_] (158)

where W is the average channel width,

In Fig, 81, values of V2/gDS have been plotted against VW/4> .
A value of ¥ corresponding to 70°F has been assumed for all India canals,
The 42 Punjab canals yield points that plot quite close to a straight line
on logmlog paper between the limits of 10° < VW4, < 107 , Beyond this
upper limit the V2/gDS terms are nearly constant and the slope of the line
flattens until it lies approximately parallel to the horizontal axis,

The 28 points eorresponding to the Sind data lie more or less
on an extension of the straight line portion of the Punjab data,
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The Simons and Bender data give points that generally intermingle
with the India canal data except that seven of the points corresponding
to canals with nonwcohesive banks fall lower as one would anticipate.

The significance of the basic regime slope equation presented
by King and Blench is quite apparent from study of Fig, 81, The India
data as a group plot close to a straight line between the limits of
105 < W4 < (5)® . Beyond WVA = (5)2® more points fall below the
straight line than above it, however, this may be a function of the canals

sampled.

Other Correlations Involving Slope

Several combinations of data involving slope were tested for
correlation in dimensionless and dimensional forms in accordance with and
independent of dimensional analysis,

In Fig, 82, slope is correlated with the product of the Froude
number and d/D using Simons and Bender data, It is observed that apprecis
able scatter exists but nevertheless there is a definite trend,

In Fig, 83, the scope of the above figure has been expanded to
include the effect of the Punjab canals, The results of Fig., 82 are not
altered appreciably, The Punjab data plot with about the same scatter and
" in the same region as the Simons and Bender data,

A plot of d/D vs U«Df, for the Simons and Bender data core
relate very poorly, On the other hand, using Punjab data a much better
correlation is obtained, see Fig. 84, The fact that the latter plot shows
considerable improvement over the first is undoubtedly due to the fact
that all of the Punjab canals have beds that are related to the sediment
being transported while this is not true of the canals investigated by
Simons and Bender, Using essentially the same procedure as that illustrated

in Figs, 82 and 83,

s(2)"

is plotted against

v _4d

~/gD D

in Pig, 85. The Simons and Bender data again split into two groups, one
representing plane beds and great weed effect, the other representing dune
beds and negligible weed effect except for canals 1, 19, 12, and 13, Cone

sidering these, Nos. 1 and 19 have nearly plane beds and are only slightly
influenced by weeds, Nos. 12 and 13 have gravel beds and sides and there

is no appreciable weed effect.
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Other relations of a dimensional form that show significant
trends, but which will not be presented because of their limited value, are

S s ¥ 4
(wWyY? «/gD D

S yiy/iz db.as
s

————

v
wi/z piYe y1¥12

Tractive Force Relationships

In Chapter IV various procedures used to estimate magnitude of
tractive force on the bed and sides of channels were discussed, Values of
shear on the channel periphery were computed for the 24 canals investigated
by Simons and Bender using all of the methods described, A summary of
these data is given in Table 28,

Magnitude of Tractive Force

The magnitude of boundary shear varies with method of computation,
In Figs, 86, 87, and 88 some typical canal cross~sections are given ine
cluding the shear distribution on their boundaries as indicated by the varie
ous methods of computation, size of side and bed material, and standard
deviation of side and bed material, The data required to establish the
foregoing figures were taken from Table 28, As illustrated in Figs. 86,
87 and 88, shears computed by the various methods for a given channel are
by no means in close agreement, In general, shears computed by the equae

tion

T= ¥DS (42)

and shears computed by use of isovels and the concept of zero momentum
transfer are both larger than shears indicated by the velocity gradients
measured normal to the boundary across the channel, The lack of agreement
in results, and the fact that shears based on velocity gradients are

smaller, leads one to believe that something is being neglected when shears
are computed based on the latter method, It may be that this results because
the energy required to transport the sediment load and/or the energy ine
volved in secondary circulation are being neglected,

Another interesting observation based on shears computed from
knowledge of velocity distributions is the way shears vary across the bed
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section of each canal, Generally, one might expect a more uniform shear
distribution such as is indicated by computations based on T = ¥D§ .
This variation in distribution may be intimately related to secondary
circulation in the canmals, It has been proposed that secondary circulae
tion be studied in the canals investigated by Simons and Bender at some
future date to provide a better knowledge of its effect on shear and shear
distribution, sediment transport, and channel stability in general,

Correlation of Tractive Force with Mean
Diameter 2£ Bed Material

In the U. 8. Bureau of Reclamation, "Progress Report on Design
of Stable Channels", (35), a good relationship was developed which relates
size of bed material and tractive force, see Fig, 9. This correlation pro=
vides a very useful means of establishing the design slope of channels and
canals in coarse nonwcohesive materials provided size of bed and bank material
can be estimated with reasonable accuracy. Design procedure, taking advane
tage of this information, was previously outlined in detail in Chapter II.

Making use of the foregoing approach to design, values of average
shear on the bed based on U = ¥XDS and corresponding values of d have
been plotted to obtain Fig. 89 using the Simans and Bender and U, S. Bureau
of Reclamation data given in Tables 28 and 29, The resulting points indie
cate a curve that is quite steep for small mean diameters, That is, allow=
able tractive force does not increase at an appreciable rate with size in

the range of material, d < 0,6 mm .,

In Fig, 90 values of T = YRS have been plotted against d for
the U, S. Bureau of Reclamation and the Simons and Bender data, The same
type of curve results as did in Fig, 89, The spread of points relative to
arbitrarily~drawn curves is similar in each case,

The values of average shear on the bed based on slope of velocity
gradient, see Bq 97, are plotted against mean size of bed material in Fig,
91 for the Simons and Bender data, The U, S. Bureau of Reclamation data
are also presented, but since data on velocity gradient are not available
shears for this group are again based on: T= ¥RS ., The spread of the
Simons and Bender data relative to the arbitrarily~drawn curve is a little
greater than in the preceding two figures == indicating that they might be
more reliable for design than this last figure. They also have the advan=
tage that shears are expressed in terms of D and R respectively,

The same type of analysis can be presented modifying the tractive
force based on isovels and zero momentum transfer, The results are very
similar to the foregoing and hence are not presented here in figure form,
Data upon which Figs., 89, 90, and 91 were based were taken from Tables 28

and 29 respectively,
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By working in terms of tractive force based on D and/or R ,
the effect of the Punjab and Sind canal data on the foregoing relations
can be shown. In Fig. 92 values of T = ¥RS and corresponding values
of mean diameter of bed material have been plotted for all of the canals
involved in this study, that is the Simons and Bender data, the U. S,
Bureau of Reclamation data and the India data.

The information used to establish the plot is given in Tables 28,
29, 30, and 32. Several facts of interest are immediately apparent in Fig,
92, First a general line extending through all of the data can be drawn,
There is, however, considerable scatter about this line. Next, secondary
lines crossing the major trend line have been drawn based upon an intimate
knowledge of the Simons and Bender data and a limited knowledge of the India
data from a study of the literature and existing data. Moving in the upw
ward direction the first of these lines is associated with canals having
cohesive beds and banks, the second with canals having fine sand beds and
probably berm banks or natural banks of a cohesive nature, the third with
canals having coarser sand beds and berm banks or banks of slightly co~
hesive natural material, the fourth with canals having sand beds and banks,
and the fifth with coarse nonwcohesive beds and banks, Roughness of bed
seems to increase traveling from the bottom secondary line to the fourth
secondary line associated with sand beds and banks,

Next consider each of the five secondary lines, Moving along
these lines in the direction of increasing shear, it is found that canal
capacity increases., ‘The points on the extreme right end of tlie secondary
lines correspond to large Q values, and the points at the extreme left
on these same lines correspond to small Q values, The whole system of
lines shown in this figure are placed rather arbitrarily and would undoubtedly

shift slightly if additional new data were incorporated into the plot,

The Imperial Valley canal data have not been plotted in Fig, 92
because of uncertainty regarding the mean size of bed material, An effort
is currently being made to secure these data since it will be of importance
to reflect the effect of increasing the magnitude of charge on permissible

tractive force,

Considering the lowest element of the major curve, it is noted
that if it were curved td the right it would fit the plotted points somewhat
better, This indicates that allowable tractive force probably increases
with a decrease in mean size of sediment smaller than that size where the
material starts to become plastic. This aspect of the problem was inves-
tigated by a flume study at the University of Wyoming (62)., The flume
study verified that limiting tractive force increases with increase in
plastic index, This is shown in Fig, 93, The investigation was carried
out under the supervision of the writer using natural materials from canal

beds investigated by Simons and Bender,
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The data in Fig, 93 have been added to the data of Fig, 92 in
Fig, 94, It should be noted that shears used from the flume study were
computed based on slope of velocity gradient and this in part accounts
for lack of agreement in values of shear obtained by the two methods, It
was pointed out earlier that shears based on slope of energy gradient were
in general smaller than shears computed by other methods, Another factor
causing some error was that since the flume was small it is questionable
whether or not twowdimensional flow existed,

Channel Shape

Considering the canals investigated by Simons and Bender it was
observed that channel shapes varied widely, It was also apparent that shape
was appreciably effected by the type of natural bank material and the amount
and type of bank vegetation, Most of these canals, excluding those found
in sand, had sides that were very steep near the water surface (this was
possible because of the reinforcement provided by the plant roots) and that
were asymptotic to the channel bed,

The shape of these 24 canals, with some exceptions, conform
reasonably well to the theoretical regime channel shapes as described by
King Yu (70) and Glover (24),

It was pointed out in Chapter II that Lane (32) and others have
investigated the possibility of designing channels to such shape and dimene
sions that the entire wetted perimeter is in a state of incipient motion,
None of the canals investigated have adjusted to the foregoing shape imply=
ing that it is perhaps necessary to construct to this form initially if it
is desired, It seems that this aspect of design is worthy of a more
thorough investigation,

Transition Punction

The transition function as described by Albertson (1) illustrates
the transition from smooth to rough boundaries in wide, alluvial channels,
This is a modification of the Nikuradse function prepared for pipes in
terms of sand roughness,

In Fig., 95 the points corresponding to all canals excluding the
Imperial Valley canals have been superimposed on the transition function
plot presented by Albertson, The majority of points from the Punjab canals,
the Sind canals, and the canals investigated by Simons and Bender fall in
a large cluster near the upper portion of the figure, The U, S, Bureau of
Reclamation data fall near the horizontal uniform roughness line and points
representing canal Nos, 12 and 13 fall intermediate to the foregoing two
groups of data in such a way that a straight line can be drawn through all
the three groups of points,
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A third variable, mean size of bed material, has been introduced
and it is noteworthy that these values of d increase rather uniformly
from left to right along the straight line,

The above data fail to conform to the limiting curves of the
Albertson and Ali transition function (2), also superposed on Fig. 95,
nevertheless the plot may prove to be very useful in the analysis of various
design situations, Bstimating values involved in the correlated parameters
by means of the preceding relationship betweemn @, V, R, D, W,
we, a value of S can be estimated by trial and error from Fig, 95. The
major limitations of the method are:

1, A rather loose correlation between variables exist limiting
the accuracy of the estimate,

2, The procedure that must be followed to determine the numerical
value of S is rather cumbersome,

Modified Binstein Theory

According to the basic theory of sediment transport in open chane
nels as proposed by Binstein (16) and reported by the Sedimentation Section
of the Hydrology Branch of the U, S, Bureau of Reclamation (67)

— v
/RS = 12,27 x D (159)
X
32,63 Log,, == ———
Ks

where 8 = slope of energy gradient,

R = hydraulic radius,
x = corrective parameter for the transition smooth to rough,

D = mean depth of crossesection modified to mean depth on the bed
in this report,

Kg = the roughness of the bed assumed equal to mean diameter of bed
material in this report,

<l
]

average velocity,
The value of x is evaluated by means of Fig. 96 taken from

reference (16), In this figure

§. .67
u*
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where & = thickness of the laminar sublayer,

v

kinematic viscosity,

u*

shear velocity,

In Fig, 97, (RS)/2 has been plotted against

v
12,27 x D
32,63 Log,, — a4

All groups of canal data have been utilized excluding the Imperial Valley
canal data,

A good correlation results, Two lines have been drawn, one
representative of canals in sand material and finer, the other holds coarse
non=cohesive material, Note that as one would anticipate the latter 1line
connects the points corresponding to the Simons and Bender data for canals
12 and 13 with the points representing the U. S. Bureau of Reclamation
data, Although this function is of rather complex form it shows considerable

potential as a means of evaluating design slope,

Channel Roughness

Several different coefficients have been proposed to serve as an
index of channel resistance, Some of the more important ones are

f = resistance coefficient
n = Manning coefficient
n, = Lacey coefficient

C/~/g = Chezy coefficient in dimensionless form,

These coefficients are interrelated to one another, the latter being the
one most commonly used currently,

In terms of uniform channels of nonecircular crossesection

L V2
_ oLy 160

v = v %f y RS (161)



or
v=_C RS (162)

and

3
C= \}—f (163)
70_ = V f (164)

The Chezy C 1is related to the Manning n by writing the Manning equa=
tion in the form

or

e ‘f—__
V = M?__R___ RS (165)
n
or
1/e
Cc = l!.ig.n—R___ (C166)

The Lacey roughness coefficient is also related to the Chezy C. The Lacey
equation

V= —145353 RY4 si/2 C167)
a

can be written as

1/4
vV = 1,346 R WRS

na

and

1/4
_ 1,346 RY (168)

Ny

The values of n have been plotted against dune height in Fig. 98, and
weed effect has been introduced as a third variable considering Simons and
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Bender data only, A dune heighth of zero corresponds to a plane bed such
as was observed in canal Nos., 4, 5, 20, and 21, The effect of weeds on

n is at best only roughly indicated,

In Fig, 99, Manning’s n has been correlated with size of bed
material and bed condition, Three lines have been drawn, one for canals
with pronounced dunes, one for canals with ripples and small dunes, and
one for plane beds. Data do not conform completely to these lines but the

trend is readily apparent,

In reference (4) it has been pointed out that

le

= gL = f (Re » relative roughness, R;)
*

a/g
where R, = Reynolds number
Vs c
R; = Richardsons number =

1 U, S
fall velocity of median sediment size

<
1

concentration of sediment by dry weight in per cent of sample
weight,

[¢]
]

In Table 35 additional values of C/q/g and Ri are given, The
values listed under the heading "Cody Report' are based on field data taken
on the Niobrara River by the U, S. Geological Survey and presented in the
foregoing report, The values given under the heading "Colorado State
University Data'" were obtained directly from reference (2) These three
groups of data were used to prepare Fig., 100, 1In this figure the .canals
and rivers group in accordance with bed condition, those having plane beds
fall in the upper group, and those with rough beds in the lower group,

The new data, particularly the Niobrara River data, were incor=
porated and used because the channel involved carried a larger sediment
load than the canals investigated by Simons and Bender and it was anticipated
that they might help develop a clearer insight to sediment effect om stability,
Actually, little was gained in this respect but it can be concluded from
the figure that magnitude of sediment load has little or no effect on the
magnitude of roughness from this approach,
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Chapter VIII

DESIGN PROCEDURES

Discussion gg Correlations Presented in the Preceding Chapter

Keeping the primary objective in mind, which is design
of stable channels, some of the correlations presented in the
preceding chapter may seem superfluous, On the other hand situa=
tions may arise where they will be of value both in the design
field and in guiding related phases of future research,

Scope of Recommended Design Procedures

The relationships of the previous chapter, regardless
of their limitations, allow considerable latitude in design prow=
cedure, The objective of this chapter is to discuss these pro=-
cedures and to point out their respective limitations and advane

tages,

In most cases, because of the general scatter of data,
the complexity of the relations, and the time involved, curves
have been fitted to the data visually, Where the scatter of the
points about the trend line is not excessive, equations describing
the relations have been determined,

Selecting W/D or P/R Ratios

It is apparent, based on existing literature and the
correlations of the preceding chapter, that W/D and/or P/R
can only be arbitrarily selected when sediment load is negli=
gible and resultant shears exerted on the sides and bed are
not sufficient to erode them, In effect then the designer can
only impose his will on shape as long as he conforms to the
preceding limitations, This approach is simply that recommended
by Lane (35).

When dealing with fine nonecohesive materials, the foree
going procedure would involve using a very flat gradient which
requires a large crossesection and/or a wide shallow channel to
control magnitude of shear on the banks,

The problem is much more complex when sediment transe
port is involved, The channel must now be stable considering
both the stability of the material forming its periphery and its
ability to transport the sediment charge without deposition,
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In nature if a canal or channel is designed properly,
constructed, and then subjected to the action of the proposed
flow, no adjustment of W, D, and S will occur, Conversely a
channel improperly designed will adjust its form to achieve
stability., The figures of Chapter VII, see Appendix A, are based
on data taken in stable canals, Stability in these canals,
excluding the U, S, Bureau of Reclamation group is probably a
function of sediment transport to a minor extent in the canals
investigated by Simons and Bender, and at least to a moderate
extent in the Punjab and Sind canals,

Bstimating W Knowing P or Visa Versa

Wetted perimeter and top width are closely related as
illustrated in Fig, 46, Based on this relation either P or W
can be estimated for stable canals provided one or the other is
known., The wetted perimeter P would undoubtedly correlate
equally well with top width, The wetted perimeter estimated
in this manner should be more representative of true conditions
than if it were computed based on some initial trapezoidal shape,

Bstimating D When R is Known or Visa Versa

Corresponding values of D and R are closely related
to one another.in stable canals as illustrated in Fig,., 54, In
this case D is the average bed depth, A similar correlation
could be established relating average depth to hydraulic radius
or average depth could be correlated directly with bed depth,

The primary use of this relation thus far has been to extend the
scope of the India data, However, knowledge of D in terms -of
R or visa versa is of value in design as will be illustrated

later,

Bstimating W/D or P/R for Design

Figs, 47, 48, and 49 are probably best suited for tentae
tively estimating W/D ratios,

In Fig, 53 some estimate of effect of sediment load on
shape is indicated, In Fig. 49 W/D can be determined indew
pendently in terms of discharge capacity and type of bank material,

As another possibility, Fig, 51 relates P/R and Q,
This is probably not as fundamental an approach as the foree
going ones., However, magnitude of P/R is indicated with
considerable certainty within the limits of the data, 1In order
to express P/R in terms of W/D , refer to Fig, 52, The values
of W/D thus obtained are definitely only approximate and should
be considered further after W and D and/or P and R have
been evaluated individually,
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Selection of P and/or W

In Fig, 57, P, Q , and type and condition of bed and
bank material have been related, The four parallel curves pre=
sented are representative of:

1, Sand beds and banks,

2, Sand beds and slightly cohesive to cohesive banks,
3, Cohesive beds and banks,

4, Coarse non~cohesive beds and baoks,

Although data for canals having sand banks are limited,
Curve 1 provides a means of estimating P for this condition
except possibly in the very small, and also in the very large, ranges
of Q. Curve 2 is valid for the complete range of Q covered by
the basic data and has been described mathematically by Bq 139,

Curve 3 is based on very limited data and should be em=
ployed with this fact in mind,

Curve 4 is recommended as a means of estimating the
magnitude of P in the coarse nonwcohesive range of bed and
bank materials,

At this point, knowing the wetted perimeter, the average
stable channel width could be determined from Fig, 46,

A procedure paralleling the foregoing, but involving
average width instead of wetted perimeter, can be employed, In
this case use of the three curves presented in Fig, 59 is recommended,
Note that the curve representative of cohesive beds and banks coine
cides with the one covering the coarse non~cohesive range of bed
and bank materials,

With regard to preference of above methods, one approach
is about as desirabie as the other, Generally it might be more
convenient to work directly in terms of W , On the other hand
values of W used in the basic correlation were estimated from
P using Fig, 46 for the Punjab canals, This constitutes some=
thing of a restriction but it appears to be of negligible signie
ficance., The net result as far as accuracy is concerned is about
the same in either case,
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Selection gi D and/or R

Values of D and R for stable canals are closely
related as has been shown, see Fig, 45, The values of both D
and R correlate well with discharge and type of bank material
much as P and W did in the preceding paragraph.

Referring to the relationships between discharge and
bed depth, Fig. 61, values of D corresponding to Q can be
obtained directly from the appropriate curve or may be computed
by equation if, in the sand bede~cohesive bank or coarse nons
cohesive range of materials., From the preceding chapter these
equations are:

D = 0,685 QO-314 (141)
for sand beds and cohesive banks, and
D = 0,408 Q°-314 (142)

for coarse nonscohesive materials,

Bquations were not developed for the other two curves
because these trends are based on rather limited information,

Rate of discharge could be correlated with average
depth if the need developed, However, the writer feels that bed
depth is a more meaningful measure for design purposes,

The hydraulic radius R is related to Q and soil
type in the same way that D is, That is, relationships for the
foregoing four classes of materials in terms of R are given in
Fig, 62, The use of this approach is essentially equivalent to
working in terms of D from all view points, and since R and
D are related in Fig, 45 determination of D fixes R, or
conversely determination of R fixes D .,

The only advantage of determining both R and D by
the preceding relations is that these values could both be referred
back to Fig, 45 to see if they give a point on the R versus D
curve, This would constitute a double check on the above values
and if a discrepancy occurred an adjustment could be made,
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Checking W/D égginst the W/D Ratio Indicated
by Independent Values of W and D

Methods of estimating an initial value of W/D were
discussed., In these cases the W used was top width and D was
bed depth, The magnitude of this estimated ratio should now be
compared with the W/D ratio indicated by independent values of
W and D determined from the relationships involving D and W
with Q and type of material, see Figs, 59 and 61, It is important
to recall that W in the latter case is average width and hence
it is necessary to convert from average width to top width before
the equivalent W/D can be evaluated for comparison., This converms
sion can be accomplished by Fig, 60 which relates these variables,

In general the W/D ratio based on individual values of
W and D is the more meaningful of the two because of superior
correlation in the relations yielding these values, It is impore
tant to keep in mind, however, that W/D is related to suspended
sediment load and from this viewpoint the original relations yield=s
ing W/D directly should not be overlooked,

Computing W and D Based on the Blench Regime Equations

It was pointed out in Chapter IV that the accuracy with which
W and D can be determined using the Blench regime equations is
solely a function of how accurately the bed and side factor can be
determined,

It appears that b and s can be evaluated rather accurately
for design of canals that are to be part of an existing system, In
other cases the determination of b and s is largely dependent on
experience and independent rules of thumb, These facts tend to compli=
cate the issue, The possibility of establishing accurate independent
equations for b and s was investigated. The results of the ine
vestigation, Figs, 64 through 69, inclusive show that to date no
precise reliable method of evaluating b and s exists, Because of
this the writer feels that currently the regime equations are not
superior to the preceding methods, and will not become so until it
is possible to evaluate the bed and side factors more accurately,

Selection of A Based on Q and Soil Type

As a partial alternative to the foregoing it may be expedient
to determine A based on Q and soil type. Knowing A and the
value of W from Fig, 59 the bed depth could be selected, or knowe
ing A and the value of D based on Fig, 61 the average width
could be determined., The value of A can be determined from the
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“curves of Fig., 70 knowing Q and soil type or it can be solved
directly if Bqs 146 or 147 (which depend on soil type) apply.
As before, because of limited data, no equation was written for
canals with both sand beds and sand banks,

The area required to transport a given discharge is
maximum for sand banks and beds, somewhat less for slightly
cohesive to cohesive banks inclusive and a minimum for coarse
non~cohesive banks and beds, The explanation of the preceding
is primarily a difference in stability of the different bank

materials,

Determination of Design Slope

The value of average velocity can be estimated from Fig, 72
based on a knowledge of Q and soil type or it can be determined
from values of Q and A , the magnitude of the area being deter~
mined as indicated in the preceding paragraph, Having evaluated
V by one means or the other, knowing the value of D from Fig. 61,
convert it to equivalent R by means of Fig, 45 or evaluate R
directly from Fig, 62, Knowing V and R it is possible to
egaluate slope by referring to Fig., 74 which correlates V and
RS

The foregoing process is made more direct by evaluating
S from the equations relating V, R, 8 , and soil type presented
in the preceding chapter, That is, for coarse non~cohesive materials.

V = 17,9 (R35)0-286 (152)
and for canals with sand beds and cohesive banks
V = 16,0 (R35)Y/3 (153)

Bq 153 is the same as Bq 151 suggested by Lacey, For canals with
sand beds and banks

V = 13,86 (R%S)Y3 (154)

Using the same procedure, Fig, 75 provides another means
of estimating S ., The advantage of this figure is that the data
plot more nearly on a straight line., 7Two curves are given, Eqs 155
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and 156 which express the two relationships mathematically., These
equations cover a wide range of design conditions. Values of Q
between the limits of 5 and 9000 cfs are represented as well as
soil conditions ranging from fine cohesive to and including coarse
non~cohesive materials,

The limitations of the method are of course obvious,
Points scatter appreciably about the major trend lines indicating
that slopes computed from these relationships might vary appreciably
from actual slopes used to establish the plot. The relation is
also limited by the fact that it in no way considers variation in
charge although the sediment load carried by the canals used to
establish the relation varied rather widely indicating that, at least
within the range of concentrations considered sediment, transport did
not play a major role,

The above procedure would also apply if Fig. 76 were used,
However, because of a less significant relation between parameters,
the method is not recommended.

Slope Determined by the Correlation of S and £3/3 /76

A study of Fig. 78 relating S and f£53/3/Q*/6 jndicates
that slopes for canals having sand beds that are a function of the
sediment load being transported can be estimated from such a rela-
tionship. The way the Punjab and Sind canal data plot verifies
this., On the other hand, considering the rather wide scatter
exhibited by the Simons and Bender data the correlation has its
limitations,

To estimate slope, evaluate V and R occuring in the
expression f = 3/% y2 R using Figs. 62 and 70. Knowing Q and
f, compute the parameter f£3/3/Q*/6 and enter the figure to
estimate the slope.

d0.86 0.21

/Q

Slope Determined by the Correlation of S and

Fig, 80 shows that good correlation exists for the India
data where bed material is a function .of sediment transport. The
scatter is rather extreme for the Simons and Bender data in the
several cases where bed condition was not a function of the
sediment being transported. When applying the results of this
figure to design problems, the designer should bear this fact in mind.

Application of this correlation requires knowledge of the

magnitude of Q and a means of estimating mean diameter of future
bed material. The latter can be estimated in most cases by studying
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river conditions and the natural bank and bed material, However,
more precise methods of predicting d are needed,

Slope Determination by the Blench-King Slope Formula

The Blench-King slope formula when applied in dimensionless
form to the Simons and Bender and the India canal data yielded Fig, 81,
The correlation is quite significant for values of VW = Ra< 8,000,000
particularly for the India data, Beyond this point it seems logical
to use some other method, such as illustrated in Fig. 75, or possibly
one of the following methods —— since even the India data scatter
badly when Rg >2x107.

To evaluate slope estimate W, D, and V using such Figs,
as 59, 61, and 70. Next compute the parameter VW/p using an
appropriate value for the viscosity. Then enter Fig., 81 and obtain
a value for V2/gDS, Knowing V and D, the slope can be deter=~
mined,

Determination of S by the Tractive Force Method

The basic method of determining slope using the tractive
concept was outlined in Chapter VII. In this case shape was imposed
and slope selected so that stable conditions existed in the canal.
This method is only valid for clear water conditions., In the case
of sediment transport a lower limit on slope must be established
such that harmful deposition will not occur,

The scope of the original d vs. T relation proposed in
reference (35) has been broadened to include conditions encountered
in the canals investigated by Simons and Bender and the India
canals, see Fig, 92, Using this family of curves an estimate of
S can be made by first estimating mean size of bed material,
hydraulic radius, type of bank conditions that will result, and by
knowing Q.

The major limitations of this method are lack of know-
ledge of size of bed material and the scatter occuring in the plot -—
which is of course related to the accuracy with which slope can
be estimated,

Slope Determined in Accordance With the Transition Function

A plot of the transition function for smooth to rough
boundaries as it applies to wide alluvial canals in terms of the
basic canal data is given in Fig. 95, The function is rather
complex making it more difficult to work with than preceding
methods, In this case C/'VE can be expressed in terms of D and
S and the values of D, W, V, and R can be estimated as previously
described, A slope can be assumed and then both ordinate and
abscissa values can be evaluated, If they indicate a point on the
figure consistent with expected mean diameter of the material the
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selected slope was correct otherwise revision of S and calcula-
tion must be repeated until the preceding condition is satisfied,
The slope yielding this condition is theoretically the correct
design slope,

This method is not recommended at present because of
the appreciable scatter occuring in the plot -~ indicating that
S thus selected might be in considerable error,

Slope Based on the Modified Binstein Equation

A plot of the basic canal data in terms of the modified
Binstein equation is given in Fig. 97. 7Two major lines have been
drawn, one for canals in sand size material and smaller and the
other for coarse non~cohesive material, This is the only plot
involving slope, with the exception of V vs. R?S, that is consis~-
tently good over the complete range of conditions, Solving for
slope involved the following:

1, A value of X must be estimated based on Fig, 96,
Considerable error in X does not effect materially
the net result since X occurs in a log function,

2. The magnitudes of average velocity based on Figs,
70 and 75 and bed depth based on Fig., 61 must be
estimated, '

3. The anticipated mean diameter of bed material must
be approximated,

4, Knowing the preceding values the magnitude of
\J
32,63 Log 12,27 X D
d
can be computed and the corresponding value of (RS)*/2
can be taken from the Fig,

5. Bstimating the magnitude of R from Fig. 62, or
using the D value already established and con-
verting to R, the value of S can be computed,

6. As a check evaluate X and if necessary repeat
the preceding procedure until the assumed X equals
the computed X,

The major limitations of this procedure are the accuracy,

or lack thereof, with which one can estimate d, D, R, and V, and
the complexity of the computational process,
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Correlation of Richardsons Number and CAg

As discussed in Chapter VII the Richardsons number has
been computed for the Simons and Bender data and two reaches in
the Niobrara River. These values of Rj and corresponding values
of CA/lg were employed along with additional data from reference (4)
to construct Fig. 100.

A study of this figure shows that C/ Vg and hence S,
within the range of the canal data, when plotted against R; is
fairly constant having a value on the order of 10 for canals with
dune beds. In the same manner C/ Vg is fairly constant for canals
with plane beds having a value on the order of 16,0,

One might conclude from the foregoing that design slope
within certain limits of Rj for a given type of bed roughness tends
to be independent of sediment effect as represented by the Richardson
number which is not reasonable, Certainly this plot will not yield
slope with sufficient accuracy for design purposes. However, it may
be useful for situation analysis.

Summarz

I. A summary of the range of the more important variables
follows:

Q varies from 5 to 9000 cfs

Slope varies from 0.000058 to 0.000388

Average width varies from 2 ft to 264 ft

Depth varies from 2,8 ft to 10,5 ft

Sediment concentration varies from 50 ppm to 500 ppm
excluding four canals which have concentmtbns ranging
from 2500 to 8000 ppm

In conclusion it may be stated that within the limits of
the canal data presented:

1, Both P and W can be estimated with fair accuracy
by using Figs. 57 and 59 and/or the corresponding
equations.,

2, Both D and R can be estimated with fair accuracy
by means of Figs. 61 and 62 and/or the corresponding
equations,

3. A reasonable estimate of design slope can be obtained
by using one or more of the following:

a, Figs, 74 or 75 correlating V and RZ3S,

b, Fig. 81 representing the Blench-King regime
equation in dimensionless form,
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c. Fig, 80 relating slope, mean diameter of bed
material, type of bank material, and discharge.

d. Fig, 97 based on the modified Einstein equation,
The relative merits of the respective methods available to
help estimate design slope can be comprehended and appreciated fully

by referring to the following chapter where actual design problems
are considered,
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Chapter IX

APPLICATION TO DESIGN

In the preceding chapter possible design procedures were
outlined, As a means of further explaining and clarifying these suggested
methods, four canals will be designed.

Considering these four canals, assume that all have the same
capacity but that each is to be constructed in a different type of
natural material as indicated.

Q = 500.0 cfs
Soil Types

(1) Coarse non-cchesive material

(2) Sandy material

(3) Cohesive banks and sand bed

(4) Cohesive banks and beds
The specific sediment load to be carried is not given but it is assumed
since the preceding quantitative correlations have been developed for
canals carrying a suspended sediment load that the relations are valid for
sediment concentrations ranging from a negligible quantity up to 500 ppm
and possibly more, depending on whether or not wash load concentrations are
negligible or appreciable, That is, considering the Sind canals utilized
in this study, concentrations are on the order of 1000 to 3000 ppm for at

least limited time periods and yet they grouped rather well geometrically
with the other canal data where concentrations are generally much smaller,

Design (1)
Given:
a. Q = 500 cfs

b. Coarse non-cohesive bed and bank material having a mean
diameter of one inch,

Cce Sediment load 100 to 500 ppm
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Determine:

a. Mean width
b. Bed depth
c. Slope
Solution:

Referring to Fig, 70, the required area of water cross—section can be
determined either graphically or by Eq 147, Using the equation,

A = 0,45 Q0¢873

A = 0.45 (500)°*873 = A = 102,5 ft?

The average velocity based cn continuity is

V=Q=_500 =4.87 ft/sec
A 102.5

Referring to Fig, 62,

R = 0,247 Q°-362

so that

R = 0,247 (500)°+361 = 3 32 f¢,

Then by definition

= 102,5 = 44,2 ft

5| 3>
[\
L ]
(93]
[\
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From Fig, 61, the bed depth D can be estimated as follows:

= 0.408 Q°-31¢

o
I

or

o
i

= 0,408 (500)°°314 = 2,88 ft
Using the definition that

WD = A
Average width is

W=A=102,5 = 35.6 ft
D 2,88

In Fig, 10, the angie of repose of coarse non—cohesive
material having a mean diameter of 1 in. is approximately equal
to 39 degrees., This should be reduced about 5 degrees to compen~—
sate for the action of the flowing water. Based on these values
it appears that side slope of 34 degrees (side slope of about
1.5:1) is reasonable, The geometry of the cross—secticn has now
been evaluated and its shape and dimensions are shown in Fig. 101,

— . ) Jy—
\ ! D =2,88" /(34O
L W = 35.6" N
N l

Fig, 101 Channel Shape, Design I

Considering the various correlations presented involving
slope, it appears that those of the type prescribed by Lane, see
Fig. 9, and the relationship of Fig. 74 are superior. Using the
latter of the two

V = 17,9 (R35)°.286
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or

1

s=1| v |0.28
R%117.9
= 1 4.87 1 3.50 = 0.00195
(2.32)° |17.9

If the Lane theory is used the question arises: What is the mean
diameter of the material on the bed after it has been subjected
to the transporting and sorting action of the water? It is ap-
parent that the mean size of exposed material will be increased.
Consequently, using a mean diameter equal to that of the natural
material introduces error on the safe side. To illustrate, based
on Fig, 74, for a mean diameter of bed material equal to that of
the natural material, 1 in., the value of ¥DS is 0,22 and

S = 0,22 = 0,22 = 0,00123
D (62.4)(2.88)

Design No. 2%
Given:
a. Q = 500.0 cfs
b. Sandy bank and bed material
C. Sediment load 100 to 500 ppm
Determine:
a. Mean width
b. Bed depth
c. Slope

Solution:

As before referring to Fig, 70, the required area of water cross—

section can be determined., In this case graphically
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A = 290,0 sq ft .

The average velocity based on continuity is

500 1,75 ft/sec
290,0

Referring to Fig, 62,
R=3,40 ft .,

Using the relationship R = Ap

p=A_20.0_ 853 ft
R 3.40

From Fig., 61, the value of bed depth can be estimated, that is,

D =3,90 ft .

Using the expression, A = WD , the average width is

A _ 290.0 . 74.4 ft
W=9=7330 .

This width can also be verified by referring to Fig, 59, The
desirable side slope of the channel should be slightly flatter
than the angle of repose indicated by PFig. 10, Considering the
sand range this should be on the order of 27 degrees =~ that is,
32 w 5 = 27 degrees (a 2:1 side slope), As the channel ages it
is anticipated that the sides will fill in near the bed and
vegetation will stabilize the top portion of the bank such that
it is nearly vertical giving a final shape that is elliptical or
perhaps parabolic., The initial stable section is indicated in

Fig, 102,

N— WS
‘]:\ 3 D = 3,90 ‘//fzgzd//
I

>

W = 74,40’

Fig, 102 Channel Shape, Design II
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The design slope can be estimated by various relations
given in Appendix A. The problem is to determine the most
reliable correlation for the problem at hand., If one favors a
relationship that is independent of size of bed sediment, Fig,
75 probably serves as good a means as any method presented.,

That is, for sand bed and banks

V = 8,53 (R%5)0°18 -1
substituting

1.75 + 1 = 8,53 (3.40)2 (8) 018
and solving for S

S = 0,000162 ,

A second possibility involves use of Fig, 81. 1In this case
assuming an average water temperature during the period of opera-
tion of 70°F.

W = (1.75)(74.4) (10)® = 1,23 x 107

Y 1.059
and

Ve = 136,0

gDS
then

1,75 2 = 136

(32.2)(3.9)(8)

and

S = 0.000185 ,
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These two values of slope are reasonably close to one another. It
should be emphasized, however, that none of the canals stuadied by
Simons and Bender with sand beds and banks had capacities of 500 cfs,
hence these results are based on extrapolated values, It is also
the writer’s opinion that the magnitude of S is a function of type
of bed configuration. If conditions were favorable toward development
of an extremely rough bed, it may be that this value of S should
be increased,
Design No., 3

Given:

a. Q = 500.,0 cfs

b. Sand bed and cohesive banks

c. Sediment load 100 to 500 ppm

Determine:

a. Mean width

b. Bed depth

c. Slope

Solution:

Based on Fig, 70

A = 1,076 Q°-873
or
A = 1,076 (500)°*873 = 245,0 sq ft .

The average velocity based on continuity is

V =Q =500 = 2,04 ft/sec .
A 245
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Referring to Fig. 62

R = 0,43 Q00361

and

R = 0.43 (500)°°3%2 » 4,05 .

Using the relationship R = A
P

P = A =245.0 = 60.50 .

4.05

PTES

From Fig, 61, bed depth is

D = 0,685 Q314

or

D = 0,685 (500)9°314 . 4.82 ft .

Using the expression A = WD

W =245 = 50.9 ft .
4.82

This value for W can be verified directly by referring to Fig, 59.
The stable side slope of slightly cohesive to cohesive material is
on the order of 40 degrees, Reducing this slightly to compensate
for reduced stability due to wave action, seepage forces, and effect
of the flowing water a slope of about 35 degrees (about 1,4:1 side
slope) is recommended.

Based on the above computations the shape of initial water
cross—section is shown in Fig. 103,

148



N~ | -
} D = 4,82 pd
{

W = 50.9° 'l

Fig, 103 Channel Shape, Design III

If it was deemed desirable to estimate top width this can be
obtained by referring to Fig., 60, That is,

W, =59.0 ft .

T

To estimate slope Fig, 75 will be used and the results checked
by means of Fig. 81, It is also noteworthy that if mean diameter
of bed material can be established accurately based on existing
conditions,such as sediment load and data taken from similar
existing canals, the relationship indicated in Fig., 80 (based on
Punjab and Sind data) or Bq 25 should give excellent results,
From Fig, 75

V = 9,3 (R?S)0+18 1

from which
R3S = ,00183
and
_ 0.00183 _ o oo01pp
(4.05)

Assuming an average temperature of water equal to 7O°F,

WW - (2,04)(50.9) x 10° = 9,81 x 10°
v 1.059
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Utilizing the above value in Fig, 81

V¢ = 200.0
gDS
and

S = 2,04 = 0.000134
(32.2)(4.82)(200) )

As before reasonable agreement exists between the two
computed values,

Design No. 4
Given:
a. Q = 500,0 cfs
b. Cohesive bank and bed material
¢. Sediment load 100 to 500 ppm (no deposition on bed),
Determine:
a., Mean width
b. Bed depth
Ce Slope
Referring to Fig, 70 the required area of water cross-
section can again be estimated by the equation
A = 1.076 Q©°873
or directly from the graph, that is
A = 1,076 (500)°+873

or

A = 245,0 sq ft .
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Both the method involved and the magnitude of A correspond to
hat of the preceding example. This situation exists because
anals having cohesive beds and banks fall on the same curve as

those canals having sand beds and cohesive banks. Note in

particular the location of the points 4, 5, 20, and 21 in the
relation, These points represents canals having cohesive banks
and beds,

The average velocity is also the same as that established
in the above example,

V =9 =500 = 2,04 ft/sec .

A 245

Referring to Fig. 62, the value of R corresponding to the prescribed
conditions is

R = 4.70 ft .

Then

= 245,0 = 52,1 ft .

From Fig, 61, referring to the line representing cohesive banks
and beds

D = 6,70 ft .

Using the relation

A =WD

W =A =245,0 = 36,6 ft .
D 6.70

The estimated top width based on Fig., 60 and the preceding value of
W is

WT =W + 2,0
0.92



or
Wr = 42,0 ft .

Based on observation, and the theory of channel shapes (70) canals
constructed in this type of material can be given side slopes of

as much as 1:1 if the level of the water in the canal is held fairly
constant. The shape of the required cross—section is shown in Fig. 104,

ﬁ——\ll* Wr = 42.?' : :LJ

Fig, 104 Channel Shape, Design IV

To determine slope refer to Fig. 8l. Assuming a value of corres-
ponding to T = 70° E,

VW - (2.04)(36.6) x 10° = 7.06 x 10°

v 1,059
and
C2/g =V2 = 303.0
gDS
or
S = (2.04)2 = 0,0000636 .
(32,2)(6.7)(303.)

This design corresponds closely to conditions found in canals
4 and 5., A comparison of the above computed slope with the measured
slope in the two similar canals indicated general agreement,

Only a limited number of the relations developed and presented
have been. applied to determine solutions to the foregoing design problems,
Those utilized, however, yield results that are as good as or superior to
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those given by the majority of the unused relations for these problems, It
should not be assumed on the basis of the foregoing, however, that the une
used relations are unimportant., Considering other problems it may be that
better results can be obtained by using different combinations of the rela-

tionships of Appendix A,

The importance of charge on the stability of channels should be
rewemphasized, Using the relations based on the Imperial Valley canals as
shown by the arbitrary trend lines of Figs. 45, 46, 57, 62, 70, and 74
considerable insight as to the effect of increasing charge is gained, BEven
though these trends are based on very limited data they are extremely ime
portant, For example, assuming a discharge of 1000 cfs, a sand bed, and
cohesive banks the qualitative effect of a sediment load of magnitude on
the order of 5000 ppm as compared to the effect of a sediment load ranging
from O = 500 ppm is to reduce average width W by 28 per cent, reduce the
depth by 23 per cent, increase the velocity by 86 per cent, and increase

the slope by 84 per cent,
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Chapter X

SUMMARY AND CONCLUSIONS

Two basically different theories are currently recog-
nized because of their superiority over other available existing
methods used to approximate the design of stable channels, These
concepts are:

1. The Regime Theory of India as developed by Kennedy,
Lindley, Lacey, Bose, Blench, and others and,

2, The Limiting Tractive Force Theory as proposed
by Lane and others,

In accordance with the objectives of the proposed
research, see Chapter I, the validity of the regime theory, the
validity of the limiting tractive force theory, and the inter-
relationship between these two methods of design have been
investigated and both theories have been expanded to a certain
extent,

An investigation of the regime theory verifies that the
regime equations of India are only valid for the limited range of
conditions upon which they are based as follows:

1, Channels having sand beds, and slightly cohesive
to cohesive banks, the banks of which are msually
formed by the berming action of the suspended
sediment,

2. Channels that are not required to carry a heavy
charge of sediment for sustained periods of time,
That is, the canals yielding the data upon which
the India regime theory is based have their magni-
tude of charge controlled by sediment exclusion
and/or ejection structures so that it is generally
less than 500 ppm.

The range of conditions to which this theory applies
has been expanded as a result of this study so that canals in each
of the following groups can be designed by this method.

1, Canals formed in coarse non-cohesive material of
the type studied by the U. S, Bureau of Reclamation(35)
(charge < 500 ppm)

2. Canals formed in sandy material with sand beds and
banks (charge < 500 ppm)
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3. Canals possessing sand beds and slightly cohesive
to cohesive banks (Good results when charge € 500 ppm,
qualitative results when charge > 500 ppm)

4, Canals having cohesive beds and banks (charge « 500 ppm)

Within each of the preceding four classifications it is
possible to evaluate area, average width, top width, bed depth,
average depth, hydraulic radius, wetted perimeter, and average
velocity and side slopes with ease and a practical degree of accuracye
This is accomplished by means of the regime type correlations
involving these parameters as previously discussed, see Figs, 45 to
85 inclusive in Appendix A.

The regime slope equations as they apply to this sub-
classification of canals are of two types:

1. Those relating V, R, and S, and,

2, Those which relate slope, size of bed material and
other variables. ‘

Those of the first type, as illustrated in Fig, 74 have
the advantage that they can be applied directly af ter estimating
V and R and the disadvantage that values of S computed by
this tvpe of relation can vary as much as 30 percent from the
original values, The advantage of the second type is increased
accuracy provided the mean size of bed material can be pre-determined
and its disadvantages are:

1, Inability to pre-determine accurately mean diameter
of bed material in many instances and,

2. Equations of this type only seem to apply with
accuracy to those channels having sand beds,

As a result of utilizing all of the data presented in
this report, the relations shown in Figs, 74, 75 and 81 are
recommended for estimating slope in those canals falling within
the sub~classifications numbered 2, 3, and 4, Considering coarse
non-cohesive materials the original relation presented by Lane (35)
relating T and d as shown in Fig, 9, or the relations of Figs.
89 and 97 are recommended for estimating regime slope. In this
latter case it is definitely necessary in all instances to esti-
mate the mean diameter of bed material before the slope can be
evaluated,



With the exception of Fig., 74 none of the slope equations
or relations presented in this report properly reflect the effect
of sediment load on slope. The major reason why the Simons and
Bender data have not cast more light on this problem is that the
sediment load measured in these canals proved to be fairly constant
varying only within very narrow limits =— thereby making it vir=-
tually impossible to determine any meaningful effect.

The limiting tractive force concept of design in its
current form, as presented by Lane, has the advantage over other
methods that it is theoretically sound ~- being based entirely
on the fundamentals of fluid mechanics and soil mechanics once
the hypothesis is accepted that the tractive force concept applies.
The major drawback as previously cited is that it has thus far
cnly been developed adequately to apply quantitatively to those
channels constructed in coarse non-cohesive materials.,

Utilizing all of the basic data, an attempt to extend
the range of applicability of the tractive force method to
include all types of canals was investigated. The results of
this study are fairly well summarized in Fig, 92. In terms of
this it is immediately obvious that canals formed in materials
"in the sand range and finer constitutes a group within which
conditions are significantly more complex than in the coarse
non-cohesive range. Note that five different curves have been
drawn, each representative of a different sub~group of canals,
and that Q increases moving from left to right along any curve.
Estimating a design slope in the range cf sand and finer by means
of these curves is in no sense a precise approach, but the figure
is extremely useful in that within limits slopes can be estimated
and the presentation gives an insight to the complexity of condi-
tions within this range of operation heretofore unrecognized by
the tractive force approach,

Summarizing, the tractive force method of design seems
to be valid fog the coarse non-cohesive range, however, it is
recommended that equations of the regime type relating such terms
as W and Q and D and Q, should be used to estimate width~
to~depth ratio in preference to arbitrarily selecting W and D
and then computing a slope consistent with stability of sides
and bed, see Figs, 57, 59, 61, 62, and 70,

Because of the less significant correlation between
tractive force, mean diameter of bed material and etc., as
depicted by Fig, 92 within the sand and cohesive range of particle
sizes, other relations of the regime type are perhaps equal or
superior to the tractive force method for estimating design slope.
In any event it seems logical, based on the validity of regime
type area, width, and depth relations that they should be used
to establish W/MD regardless of whether regime or tractive force
equations are used to estimate design slope.
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The disadvantage of imposing an arbitrary W/ ratio
on a design problem is that when narrow widths are selected (that
is, a small W/D ratio) the magnitude of slope must be limited
to avoid bank erosion. This also means a small average velocity
and an inability to transport appreciable sediment,

The above brings out the advantages of combining the
strong points of the two theories, as was illustrated in Chapter
IX, except possibly in tnose cases wiiere coarse non—cohesive
materials, limited slope, and small sediment load are involved.

As an independent function relative to regime and
tractive force theories the correlation illustrated by Fig. 97
is worthy of attention. It is, however, of a form involving both
S and d, and ccocnsequently is related to post-design conditions,
This graphical presentation based on the Modified Einstein Theory(18)
provides a means of estimating slope for all of the types of canals
considered. The results are particularly good in the coarse non-
cohesive range, It should be noted also that the Sind data tend
to plot to the right of the Simons and Eender and the Punjab data
and that this group carries a larger than average sediment load
and has, in terms of averages, a mean size of bed material smaller
than any of the other groups,
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Chapter XI

PROPOSED FUTURE STUDIES

An analysis of the status of stable channel theory verifies
that rapid progress has been made in this field during the past two
decades, There are, however, a multitude of shortcomings in exist-
ing theories that should be given additional consideration. As a
means of gaining a more comprehensive insight to stability of
channels than this report has provided, the following studies are

proposed:

1.

2.

3.

4.

Se

6.

7e

8.

9.

10,

A thorcugh investigation of the influence of the
Imperial Valley canal data presented in reference (21)
and the Nile canal data from reference (37) on the
correlations presented in this report.

The effect of magnitude of sediment load on W/D
and slope.

How W/, slope, and ability to transport sediment
are influenced by varying percent of wash load.

The mechanics of ripple and dune formation and
their influence on channel roughness and slope.

The influence of natural soil type on stable
shape -- that is, how it relates to W/D.

The influence of wave action on the stability
of channel banks and beds.

Secondary circulation and its effect on sediment
transport, expenditure of energy, and distribution
and magnitude of the tractive force exerted on the
periphery of channels,

Relationship connecting characteristics of the
natural soils, the sediment being transported,
and the size of bed material,

A study of the factors influencing magnitude of
bed factors and side factors with the ultimate
goal in mind of describing them more accurately
in terms of known variables so as to increase
the usefulness of the regime theory as proposed
by Blench.

Investigate the distribution of tractive force in

channels of different shapes and the influence of

tractive force distribution on the ultimate stable
shape of cross—section,
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11, Consider the influence of particle shape and size
distribution on armor plating, and allowable mag-
nitude of critical tractive force,

12, Study the influence of clays on channel stability,

13, Consider effect of vegetation on bank stability,
and vegetal growth as related to type of bank
material and method of canal operation.

14, Investigate the magnitude and distribution of the
tractive forces exerted on the channel sides and
bed at bends; alsc, methods of bank stabilization
in these regions, the effect of spiraling the
curves, and effect of superelevating the channel
bed.

A rather intimate relationship exists between some of
the preceding research proposals, Consequently, it is conceivable
that several of these problems could be incorporated into one study.

As pointed out in Chapter 10, it is apparent that the
most significant shortcoming in the existing theories is the
lack of an adequate slope formula capable of accounting for the
effect of type and magnitude of sediment load. The foregoing
studies should alleviate this situation and at the same time
strengthen methods of selecting W,/D and give a means of pre-
dicting the influence of bends on overall stability and mainte-
nance, Such information would round out the existing theory
making design of stable channels still more of a science and less
of an art,
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